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Foreword

I am delighted to have been given the opportunity to
write a Foreword for this important, landmark book in
Surface and Colloid Chemistry. It is the first major book
of its kind to review, in such a wide-ranging and com-
prehensive manner, the more technical, applied aspects
of the subject. Yet it does not skip the fundamentals. It
would have been wrong to have done so. After all, chem-
ical technology is the application of chemical knowledge
to produce new products and processes, and to control
better existing ones. One cannot achieve these objec-
tives without a thorough understanding of the relevant
fundamentals. An attractive feature of this book is that
the author of each chapter has been given the free-
dom to present, as he/she sees fit, the spectrum of the
relevant science, from pure to applied, in his/her par-
ticular topic. Of course this approach inevitably leads
to some overlap and repetition in different chapters, but
that does not necessarily matter. Fortunately, the editor
has not taken a "hard-line" on this. This arrangement
should be extremely useful to the reader (even if it
makes the book look longer), since one does not have
to search around in different chapters for various bits of
related information. Furthermore, any author will natu-
rally have his own views on, and approach to, a specific
topic, moulded by his own experience. It is often useful
for someone else, particularly a newcomer, wanting to
research a particular topic, to have different approaches
presented to them. (There is no absolute truth in sci-
ence, only commonly accepted wisdom!). For example,
someone primarily interested in learning about the roles
that surfactants or polymers play in formulating a phar-
maceutical product, might well gain from also reading
about this in a chapter of agrochemicals, or food deter-
gents. Alternatively, someone wishing to learn about
paper making technology might also benefit from delv-
ing into the chapter on paints. It is very useful to have all
this information together in one source. Of course, there
are, inevitably, some gaps. The editor himself points out
the absence of a comprehensive chapter on emulsions,
for example, but to have covered every nook and cranny
of this field would be an impossible task, and have taken

forever to achieve! A refreshing feature of this book is
its timeliness.

The book will be of tremendous use, not only to
those working on industrial research and development,
over a whole range of different technologies which are
concerned with surface and colloid chemistry, but also
to academic scientists in the field, a major proportion
of whom interact very strongly with their industrial col-
leagues. It will compliment very well, existing textbooks
in surface and colloid science, which, in general, take
the more traditional approach of reviewing systemati-
cally the fundamental (pure) aspects of the subject, and
add in a few examples of applications, by a way of
illustration.

I personally will find this book an extremely useful
teaching aid, and I am certain many of my colleagues
and universities (particularly at post-graduate level), but
also to an activity more and more of us in the field
are becoming involved in, namely presenting various
aspects of surface and colloid science to industrialists, at
a specialist schools, workshops, awareness forums, etc.

I believe that Krister Holmberg was the ideal choice
to have edited this book. Not only does he have a
wide experience of different aspects of the field, but
he has successively worked in Industry, been Direc-
tor of an internationally recognised research institute
(The Ytkemiska Institutet - The Institute for Surface
Chemistry - in Stockholm), and is now heading up the
Department of Applied Surface Chemistry at Chalmers
University of Technology. He has done an outstanding
job in putting this book together, and has produced an
extremely valuable reference source for all of us work-
ing with surfaces and colloids.

Brian Vincent
Leverhulme Professor of Physical Chemistry and

Director of The Bristol Colloid Centre
School of Chemistry, University of Bristol

BS8 ITS, UK





Preface

This book is intended as a comprehensive reference
work on surface and colloid chemistry. Its title, "Hand-
book of Applied Surface and Colloid Chemistry",
implies that the book is practically oriented rather than
theoretical. However, most chapters treat the topic in a
rather thorough manner and commercial aspects, related
to specific products, etc. are normally not included. All
chapters are up-to-date and all have been written for the
specific purpose of being chapters in the "Handbook".
As will be apparent to the user, the many topics of the
book have been covered in a comprehensive way. Taken
together, the chapters constitute an enormous wealth of
surface and colloid chemistry knowledge and the book
should be regarded as a rich source of information,
arranged in a way that I hope the reader will find useful.

When it comes to the important but difficult issues
of scope and limitations, there is one clear-cut border-
line. The "Handbook" covers "wet" but not "dry" sur-
face chemistry. This means that important applications
of dry surface chemistry, such as heterogeneous catal-
ysis involving gases, and important vacuum analysis
techniques, such as Electron Spectroscopy for Chemical
Analysis (ESCA) and Selected-Ion Mass Spectrometry
(SIMS), are not included. Within the domain of wet sur-
face chemistry, on the other hand, the aim has been to
have the most important applications, phenomena and
analytical techniques included.

The book contains 45 chapters. The intention has
been to cover all practical aspects of surface and
colloid chemistry. For convenience the content material
is divided into five parts.

Part One, Surface Chemistry in Important Technolo-
gies, deals with a selected number of applications of sur-
face chemistry. The 11 chapters cover a broad range of
industrial and household uses, from life-science-related
applications such as pharmaceuticals and food, via deter-
gency, agriculture, photography and paints, to industrial
processes such as paper-making, emulsion polymeriza-
tion, ceramics processing, mineral processing, and oil
production. There are several more areas in which sur-
face chemistry plays a role and many more chapters

could have been added. The number of pages are lim-
ited, however, and the present topics were deemed to
be the most important. Other editors may have made a
different choice.

Part Two, Surfactants, contains chapters on the four
major classes of surfactants, i.e. anionics, nonionics,
cationics and zwitterionics, as well as chapters on
polymeric surfactants, hydrotropes and novel surfac-
tants. The physico-chemical properties of surfactants and
properties of liquid crystalline phases are the topics of
two comprehensive chapters. The industrially important
areas of surfactant-polymer systems and environmental
aspects of surfactants are treated in some detail. Finally,
one chapter is devoted to computer simulations of sur-
factant systems.

Part Three, Colloidal Systems and Layer Structures
at Surfaces, treats four important colloidal systems, i.e.
solid dispersions (suspensions), foams, vesicles and lipo-
somes, and microemulsions. A chapter on emulsions
should also have been included here but was never
written. However, Chapter 8, Surface Chemistry in the
Polymerization of Emulsion, gives a rather thorough
treatment of emulsions in general, while Chapter 24,
Solid Dispersions, provides a good background to col-
loidal stability, which to a large part is also relevant to
emulsions. Taken together, these two chapters can be
used as a reference to the field of emulsions. Part Three
also contains chapters on two important layer systems,
i.e. Langmuir-Blodgett films and self-assembled mono-
layers.

Part Four, Phenomena in Surface Chemistry, consists
of extensive reviews of the important phenomena of
foam breaking, solubilization, rheological effects of
surfactants, and wetting, spreading and penetration.

Part Five, Analysis and Characterization in Surface
Chemistry, concerns a selected number of experimental
techniques. As with the selection of topics that make up
Part One, this list of 12 chapters could have been longer
and another editor may have made a different choice of
topics within the given number of chapters. However,
the experimental methods chosen are all important and I
hope that the way this part is organized will prove useful.



XVI PREFACE

Most books related to analysis and characterization
are divided into chapters on different techniques, such
as "Fluorescence" or "Self-diffusion NMR", i.e. the
division is by method. By contrast, the division here
is by problem. As an example, when the reader wants
to find out how to best measure micelle size he (or
she) does not need to know from the beginning which
methods to consider. The reader can go directly to
Chapter 38, Measuring Micelle Shape and Size, where
the relevant information is collected.

All 45 chapters can be regarded as overview arti-
cles. They all cover the area in a broad way and in
addition they often give in-depth information on spe-
cific sub-areas which the author has considered par-
ticularly important. Each chapter also gives references
to literature sources for those who need deeper pen-
etration into the area. Each of the chapters is written
as a separate entity, meant to stand on its own. This
means that each chapter can be read separately. How-
ever, those knowledgeable in the field know that the
topics of the "Handbook" chapters are not isolated.
For example, there are obviously many connections
between Chapter 25, Foams and Foaming, and Chap-
ter 31, Foam Breaking in Aqueous Systems, Chapter 27,
Microemulsions, has much in common with both Chap-
ter 32, Solubilization, and Chapter 40, Characterization
of Microemulsion Structure, while Chapter 19, Physico-
chemical Properties of Surfactants, deals among many
other things with lyotropic liquid crystals which is
the topic of Chapter 21 and which has strong links
to Chapter 39, Identification of Lyotropic Liquid Crys-
talline Mesophases. Such connections will lead to some
overlap. However, this is natural and should not present
any problem. First, a certain overlap is unavoidable if
each chapter is to be an independent entity. Secondly,
different authors will treat a particular topic differently
and these different views can often complement each
other. Since both of these aspects are helpful to the
reader, small overlaps have not been a concern for the
editor.

The "Handbook of Applied Surface and Colloid
Chemistry" is unique in scope and the only work of
its kind in the field of surface and colloid chemistry.
There exist comprehensive and up-to-date books lean-

ing towards the fundamental side of surface chemistry,
with Hans Lyklema's "Fundamentals of Interface and
Colloid Science" being one good example. There are
excellent books on surfactants and there are good text-
books on surface chemistry in general, such as "The
Colloidal Domain" by Fennell Evans and Hakan Wen-
nerstrom and "Surfactants and Interfacial Phenomena"
by Milton Rosen. However, there exists no substantial
work like the "Handbook of Applied Surface and Col-
loid Chemistry" which covers applied surface chemistry
in a broad sense. Against this background, one may say
that the book fills a gap. I hope therefore that the "Hand-
book" will soon establish itself as an important reference
work for researchers both in industry and in academia.

I am grateful to my co-editors, Milan Schwuger of
Forschungzentrum Julich and Dinesh O. Shah from the
University of Florida for helping me to identify the
chapter authors. We, the editors, are extremely pleased
that we have managed to raise such an interest for
the project within the surface chemistry community.
Almost all of those that we approached expressed a
willingness to contribute and the result has been that the
contributors of the "Handbook" are all leading experts
in their respective fields. This is the best guarantee for
a balanced treatment of the topic and for an up-to-date
content.

On behalf of the entire editorial team, I would like
to thank all those who contributed as chapter authors.
Four persons, Bjorn Lindman, Robert Pugh, Tharwat
Tadros and Krister Holmberg, have written two chapters
each. The rest of the 45 chapters have been written by
different individual authors. In total 70 individuals from
10 countries contributed to the work. I hope that when
they see the "Handbook" in print they will regard the
result to be worth the effort. Finally, I would like to
thank Dr David Hughes at Wiley (Chichester, UK) for
his constant encouragement and patience.

Krister Holmberg
Chalmers University of Technology

Sweden

Goteborg, January 2001
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1 INTRODUCTION

Issues related to surface chemistry are quite abundant
in drug delivery, but are frequently not recognized as
such. The primary reason for this is that surface and
colloid chemistry has only during the last few decades
matured into a broad research area, and researchers active
in adjacent research areas, such as galenic pharmacy in
academia and industry, have only recently started to pay
interest to surface chemistry and recognized its impor-
tance, e.g. for the understanding of particularly more

advanced drug delivery fomulations. Such fomulations
play an important role in modern drug delivery, since
the demands on delivery vehicles have increased, e.g.
regarding drug release rate, drug solubilization capacity,
minimization of drug degradation, reduction of drug toxi-
city, taste masking, etc., but also since the vehicle as such
may be used to control the drug uptake and biological
response. As will be discussed in some detail below, this
is the case, e.g. in parenteral administration of colloidal
drug carriers, topical formulations and oral vaccination.

In this present chapter, different types of colloidal
drug carriers will be discussed from a surface and colloid

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
ISBN 0471 490830 © 2001 John Wiley & Sons, Ltd



SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

chemistry point of view. This will include discussions
of dispersed systems such as emulsions, liposomes,
dispersed solid particles, dispersed liquid crystalline
phases etc. Furthermore, thermodynamically stable sys-
tems, such as micellar solutions, microemulsions, liq-
uid crystalline phases and gels will be covered, as
will biodegradable and responsive carrier systems. Fre-
quently, the surface activity of the active substance in
itself affects the structure and stability of such carri-
ers, which must therefore be taken into account when
designing the drug delivery system. Moreover, the sur-
face chemistry of the carrier in itself is sometimes of
direct importance for the performance of the formula-
tion, as will be exemplified below.

Clearly, there are also numerous other areas which
could be included in a chapter devoted to the application
of surface and colloid chemistry in pharmacy, in particu-
lar relating to the surface properties of dry formulations,
such as spray or freeze-dried powders, wettability of
drug crystals, etc. However, in order to harmonize with
the scope of the volume as a whole, these aspects of
surface chemistry in pharmacy will not be covered here.
Furthermore, even with the restriction of covering only
"wet" systems, the aim of the present chapter is to illus-
trate important and general effects, rather than to provide
a complete coverage of this vast field.

2 SURFACE ACTIVITY OF DRUGS

Even small drug molecules are frequently amphiphilic,
and therefore also generally surface active. This means
that the drug tends to accumulate at or close to an
interface, be it a gas/liquid, solid/liquid or liquid/liquid
interface. This surface activity frequently depends on the
balance between electrostatic, hydrophobic and van der
Waals forces, as well as on the drug solubility. Since
the former balance depends on the degree of charging
and screening, the surface activity, and frequently also
the solubility of the drug, it often depends on the
pH and the excess electrolyte concentration. As an
example of this, Figure 1.1 shows the adsorption of
benzocaine at nylon particles and the corresponding
drug dissociation curve (1). As can be seen, the two
curves overlap perfectly, indicating that the surface
activity in this case is almost entirely dictated by the
pH-dependent drug solubility. Thus, with decreasing
solubility, accumulation at the surface, resulting in
a reduction of the number of drug-water contacts,
becomes relatively more favourable.

Considering the surface activity of drugs, as well as
its consequences, e.g. for the interaction between the

Figure 1.1. Adsorption of benzocaine on nylon 6 powder
versus pH at an ionic strength of 0.5 M and a temperature
of 30°C (filled symbols). The drug dissociation curve (open
symbols) is also shown (data from ref. (1))

drugs and lipid membranes and other supermolecular
structures, one could expect that the action of the drug
could be at least partly attributed to its surface activity.
During the past few years, there have been several
attempts to correlate the biological effects of drugs with
their surface activities. At least in some cases, such a
correlation seems to exist. For example, Seeman and
Baily investigated the surface activity of a series of
neuroleptic phenolthiazines, and found a correlation with
the clinical effects of these substances (2). Similarly,
the surface activities of local anesthetics have been
found to correlate to the biological activities of these
substances (3). For example, Figure 1.2 show results by
Abe et al. on this (3a). In general, however, the surface
activities of drugs may contribute to their biological
action, although the relationship between surface activity
and biological effect is less straightforward.

Although even small drug molecules may be strongly
surface active, the general trend is that provided that
the substance is readily soluble, i.e. forming a one-
phase solution, this surface activity is typically rather
limited. With increasing size of the drug molecule,
e.g. on going to oligopeptide or other macromolecu-
lar drugs, the surface activity of the drug generally
increases as a result of the decreasing mixing entropy
loss on adsorption. The adsorption of oligopeptides at
a surface depends on a delicate balance of a num-
ber of factors, including the molecular weight, the sol-
vency (solubility) of the peptide, and the interactions
between the peptide and the surface, just to mention
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Figure 1.2. Correlation between the biological potency of local
anaesthetics, given as the minimum blocking concentration
(MBQ, and activated carbon adsorption (a, filled squares) or
octanol-water partition coefficient P (open squares) (data from
ref. (3a))

a few. For example, Malmsten and co-workers inves-
tigated the adsorption of oligopeptides of the type
[AlaTrpTrpPro]/i (Tn), [AlaTrpTrpAspPro]^ (Nn) and
[AlaTrpTrpLysPro]rc (Pw) (1 < n < 3) at methylated sil-
ica and found that the adsorption of these peptides
increases with the length of the peptides in all cases,
but more strongly so for the positively charged Pn pep-
tides than for the Tn and Nn peptides (4, 5). This is a
result of the electrostatic attractive interaction between
the lysine positive charges and the negatively charged
methylated silica surface. The importance of the amino
acid composition for the surface activity of oligopeptide
drugs was also demonstrated by Arnebrant and Ericsson,
who investigated the adsorption properties of arginine
vasopressin (AVP), a peptide hormone involved, e.g.
in blood pressure regulation and kidney function, and
desamino-8-D-arginine vasopressin (dDAVP), a commer-
cial analogue, at the silica/water and air/water inter-
faces (6). It was found that the adsorption in this case
was also dominated by electrostatic interactions, and that
both peptides are highly surface active. Furthermore,
analogously to the results discussed above, the adsorp-
tion was found to depend quite strongly on the rather
minor variation in structure for the two substances.
These and other issues on the interfacial behaviour
of biomolecules have been discussed more extensively
elsewhere (7, 8).

For the same reason that oligopeptide drugs tend
to be more surface active than small-molecule drugs,

proteins and other macromolecular drugs are frequently
more surface active than oligopeptide drugs. Again,
however, the surface activity is dictated by a del-
icate balance of contributions, such as the protein
size and conformational stability, protein-solvent, pro-
tein-protein, and protein-surface interactions, etc. As
an example of this, Figure 1.3 shows the adsorption ol
insulin at hydrophilic chromium surfaces as a function
of concentration of Zn2+, which is known to induce
formation of hexamers (9, 10). With an increasing con-
centration of Zn2+, the surface activity was also found
to increase, clearly as a result of protein aggregation.
In fact, at certain conditions only the oligomers adsorb,
whereas the unimers do not (8). This makes monomeric
forms, in which amino acid substitutions preventing the
oligomerization are made, interesting, e.g. for preventing
the adsorption in storage vials, which otherwise could
result in problems relating to material loss and hence in
a change in the amount of drug administered.

An interesting way to reduce the surface activity
of both small and large drugs is to couple the drug
molecules to chains of poly(ethylene oxide) (PEO)
(11, 12). Through the introduction of the PEO chains, a
repulsive steric interaction between the modified drug
and a surface is introduced at the same time as the
attractive interactions of van der Waals, hydrophobic or
electrostatic nature are reduced. Naturally, this is analo-
gous to modifying surfaces with PEO chains in order to
make them protein-rejecting, as discussed in detail previ-
ously (8, 13-16). By reducing the surface activity of the
drug through PEO modification, numerous other positive
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Figure 1.3. Amount of insulin adsorbed on chromium versus
time at stepwise additions of Zn2+ (number of Zn2+/hexamer)
to an initially zinc-free human insulin solution (data from
ref. (9))
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effects can also be achieved, e.g. relating to increased
circulation time, reduced immunicity and antigenic-
ity after parenteral administration, reduced enzymetic
degradation and proteolysis, increased solubility, stabil-
ity towards aggregation, and reduced toxicity (11). For
example, analogous to PEO-modified colloidal drug car-
riers (discussed below), the bloodstream circulation time
of intravenously administered peptide and protein drugs
may be significantly enhanced through coupling of PEO
chains to the protein/peptide (11). The reason for this
is probably that the PEO chains form a steric protec-
tive layer, analogous to that formed for PEO-modified
colloids, which in turn reduces short-range specific inter-
actions (e.g. immuno-recognition). Also analogous to
PEO-modified colloidal drug carriers is that the reduced
interaction with serum proteins also causes reduced
immunicity and antigenicity (11). Furthermore, due to
the PEO modification, close proximity between the drug
and enzymed is precluded, which in turn may enhance
the drug chemical stability. As an illustration of this,
Table 1.1 shows the effect of proteolysis on the remain-
ing activity for a number of proteins. As can be seen, a
significantly higher remaining activity is found for the
PEO-modified proteins in most cases. PEO-modification
may also be used in order to increase the solubility of
both hydrophobic and strongly crystallizing substances,
etc. These and other aspects of PEO-modifications of
both macromolecular and low-molecular-weight drugs
have been discussed in detail previously (11-14).

Due to the surface activities of drugs, as well as
the influence of interfacial interactions on the structure
and stability of colloidal and self-assembled systems, the
presence of the drug is frequently found to affect both
the types of structure formed and their stabilities. This
is of great importance, since it means that the properties
of the drug must be considered in the design of the drug
carrier, irrespective of the carrier being an emulsion, a
microemulsion, a micellar solution, a liquid crystalline

Table 1.1. Enzymatic activity, relative to that of the native
enzyme, after extensive degradation with trypsin, as well as the
effect of PEO-modification of the enzymes on the proteolysis
by trypsin (from ref. (11))

Protein

Catalase
Asparaginase
Streptokinase
^-glucuronidase
Phenyialanine-

ammonia-lyase

% Activity
(native)

0
12
50
16
17

% Activity
(PEO-modified)

95
80
50
83
34

phase, etc. This will be discussed and illustrated in more
detail below.

3 EFFECTS OF DRUG SURFACE
ACTIVITY ON FORMULATION
STRUCTURE AND STABILITY

As outlined briefly above, particularly surface-active
drugs, but also hydrophobic and charged hydrophilic
ones, frequently affect the performance of drug car-
rier systems. In particular, surfactant-containing sys-
tems, such as micellar solutions, microemulsions and
liquid crystalline phases, are quite sensitive to the pres-
ence of drugs. In order to understand the effect of the
drug on the structure and stability of these systems, it
is helpful to consider the packing aspects of these sur-
factant structures. Thus, the structures formed by such
systems depend to a large extent on the favoured pack-
ing of the surfactant molecules. This, in turn, depends
on the surfactant charge, the screening of the charge, the
surfactant chain length, the bulkiness of the hydropho-
bic chain, etc. For example, for charged surfactants
with not too long a hydrocarbon tail at low salt con-
centrations, structures strongly curved towards the oil
phase are generally preferred due to the repulsive elec-
trostatic head-group interaction and the small volume
of the hydrophobic tail, thus resulting in small spheri-
cal micelles. On increasing the excess salt concentration
or the addition of intermediate or long-chain cosurfac-
tants (e.g. alcohols), etc., the balance is shifted, and
less curved aggregates (e.g. hexagonal or lamellar liq-
uid crystalline phases) are formed. These and numerous
other effects relating to the packing of surfactant in self-
assemblied structures have been discussed extensively
earlier (17-20).

On addition of a drug molecule to such a sys-
tem, this will distribute according to its hydrophobic-
ity/hydrophilicity and surface activity. Thus, while small
and hydrophobic drug molecules will be solubilized
in the hydrophobic domains, hydrophilic and strongly
charged ones tend to become localized in the aque-
ous solution, and surface-active ones to at least some
extent at the interface between these regions. The effect
of the incorporation of the drug molecules in different
domains of self-assembled surfactant systems can be
understood from simple packing considerations. Thus,
if a hydrophobic drug molecule is incorporated in the
hydrophobic domains, the volume of the latter increases,
which results in a decreased curvature toward the oil
(in oil-in-water (o/w) structures) or an increased curva-
ture towards the water (in reversed water-in-oil (w/o)
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structures). This tends to lead to micellar growth (o/w
systems), transition between liquid crystalline phases
(e.g. from micellar to hexagonal, hexagonal to lamellar
(o/w systems) or lamellar to reversed hexagonal (w/o
systems)), etc., or a change in microemulsion structure
(e.g. from o/w to bicontinuous, or from bicontinuous
to w/o). If the drug is distributed towards the aqueous
compartment, the effect of the solubilization depends to
some extent on its charge, at least for ionic surfactant
systems. Therefore, the drug can act as an electrolyte,
thus screening the electrostatic interactions in the self-
assembled system, and thereby promoting structures less
curved towards the oil phase (o/w) or more pronounced
towards the water phase (w/o). For uncharged water-
soluble drugs, on the other hand, electrostatic effects
are minor. For amphiphilic drugs, finally, the situation
is somewhat more complex, as the final outcome of the
drug incorporation will depend on a balance of these
factors, and will hence be dependent on the charge of
the molecule (and frequently also on pH), the length and
bulkiness of its hydrophobic part, the excess electrolyte
concentration, etc.

As an example of the effects of an amphiphilic drug
on the structure of surfactant self-assemblies, Figure 1.4
shows part of the phase diagram of monoolein, water,
lidocaine base and licocaine-HCl (21). As can be seen,
the cubic phase (c) formed by the monoolein-water sys-
tem transforms into a lamellar liquid crystalline phase on
addition of lidocaine-HCl, whereas it transforms into a
reversed hexagonal or reversed micellar phase on addi-
tion of the lidocaine base. Based on X-ray data, it was
inferred that the cubic phase of the monoolein-water
system had a slightly reversed curvature (critical pack-
ing parameter about 1.2). Thus, on addition of the

charged lidocaine-HCl, this molecule is incorporated
into the lipid layer, and due to the repulsive electrostatic
interaction between the charges, the curvature towards
water decreases. On the other hand, the addition of the
hydrophobic lidocaine base causes the hydrophobic vol-
ume to increase, thereby resulting in a transition in the
other direction.

Moreover, the stability and structure of microemul-
sions have been found to depend on the properties of
solubilized drugs. In particular, the stability is generally
strongly affected by surface-active drugs. For example,
sodium salicylate has been found to significantly alter
the stability region of microemulsions prepared from
lecithin, and specifically to increase the extension of
the microemulsion region (22). Furthermore, Carlfors
et al. studied microemulsions formed by water, iso-
propyl myristate and nonionic surfactant mixtures, as
well as their solubilization of lidocaine, and found that
the surface active but lipophilic lidocaine lowered the
phase inversion temperature (PIT) (23). This is what
would be expected from simple packing considerations,
since increasing the effective oil volume favours a
decrease in the curvature towards the oil, as well as the
formation of reversed structures. Thus, this behaviour is
analogous to that of the monoolein/water/lidocain sys-
tem discussed above.

Furthermore, Corswant and Thoren investigated the
effects of drugs on the structure and stability of lecithin-
based microemulsions (24). It was found that felodipine,
being practically insoluble in water and slightly soluble
in the oil-phase used, acted like a non-penetrating
oil. Thus, with increasing felodipin concentration the
surfactant film curves towards the water, resulting in
expulsion of the latter from the microemulsion and oil
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Figure 1.4. Phase diagrams of the sub-system lidocaine base/lidocaine-HCl/monoolein at 35 wt% water at 20°C (a) and 37°C
(b) (data from ref. (21))
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incorporation. On the other hand, the drug BIBP3226 is
a charged molecule which is insoluble in the oil phase
but slightly soluble in water, and with an affinity for the
lecithin layer. Therefore, this molecule partitioned itself
between the lecithin layer and the water phase, which
caused incorporation of water due to the charge of this
substance, and at higher concentrations a transition from
a bicontinuous to an o/w structure.

In addition, the self-assembly of amphiphilic
(co)polymers is influenced by the presence of drugs and
other cosolutes. For example, the temperature-induced
gelation of PEO-PPO-PEO block copolymer systems
(PPO being poly(propylene oxide)), discussed below,
has been found to depend on the presence of cosolutes,
such as electrolytes (where a lyotropic behaviour is
observed) (25, 26), oils (25-27) and surface-active
species (27, 28). In particular, the gelation has also been
found to depend on the presence of drugs. Depending
on the properties of the drug, different effects on
the gelation of such systems have been observed. For
example, Scherlund et al. investigated the effects of
the local anesthetic agents lidocaine and prilocaine
on gels formed by Poloxamer F127 and F68, and
found that at pH 8, where lidocaine and prilocaine are
largely uncharged, the gelation temperature is reduced
due to their presence (28). Since these gels form as a
consequence of temperature-induced micellization, this
is analogous to the finding that oily substances may
reduce the critical micellization concentration (CMC) of
surfactant systems (19, 25).

As clearly shown by these and numerous other
findings in the literature (see, e.g. ref. (29)), the effects
of the drug itself on the structures and stabilities
of pharmaceutical of these must be considered when
designing the formulation, which also means that each
of these will have to be optimized for each drug to
be formulated. In the following, the interplay between
active substances and drug carriers, as well as the
practical uses of the latter, will be discussed for a range
of formulation types.

4 DRUG DELIVERY THROUGH
DISPERSED COLLOIDAL SYSTEMS

4.1 Emulsions

Despite their finite stability, dispersed colloidal systems,
such as emulsions, dispersions, aerosols and liposomes,
have several advantages as drug delivery systems. For
example, emulsions offer opportunities for solubiliz-
ing relatively large amounts of hydrophobic active

ingredients, with advantages relating to, e.g. the effective
drug solubility, the drug release rate and chemical sta-
bility, taste masking, etc. Furthermore, the amount of
surfactant required is generally quite low, and relatively
non-toxic surfactants, such as phospholipids and other
polar lipids, as well as block copolymers, can be used
as stabilizers.

Sparingly soluble hydrophobic drugs frequently dis-
play a poor bioavailability, not the least following oral
administration. Naturally, there are several reasons for
this, including degradation of the drug in the gastroin-
testinal tract, physical absorption barriers due to the
charge and size of the drug (particularly relevant for pro-
tein and oligopeptide drugs (30-32)), etc. Perhaps even
more important than the low uptake of orally admin-
istered hydrophobic drugs, however, is the frequently
observed strong intra- and inter-subject variability in
the uptake, which naturally causes problems relating
to the possibilities to administer the required dose in
a safe and reproducible manner (33-37). However, it
has been found that the uptake of orally administered
drugs may be improved by the use of o/w emulsions
as drug carrier systems. Additional benefits with this
approach, naturally, are that the effective solubility of
the drug increases, that hydrolytic degradation may be
reduced, that it offers a way to obtain taste masking,
etc. For example, o/w emulsions were used by Tarr and
Yalkowsky in order to improve the pharmacokinetics of
cyclosporine, an oligopeptide drug used as an immuno-
suppressive agent for prolonging allograft survival in
organ transplantation and in the treatment of patients
with certain auto-immune diseases (35). Interestingly,
the intestinal absorption could be increased by reducing
the droplet size, thus suggesting that the droplets, anal-
ogously to, e.g. biodegradable polymer particles used
in oral vaccination (see discussion below), are taken
up in a size-dependent manner. (Not surprisingly, o/w
microemulsions, with their very small oil "droplets",
have been found to be even more efficient than emul-
sions for the oral administration of cyclosporine (see
below).)

Naturally, there have also been a very large num-
ber of investigations relating to the formulation of
specific drugs in order to achieve these and other advan-
tages following from the use of emulsion systems.
These, however, are too numerous to discuss in this
present overview treatise. Just to mention one example,
Scherlund et al. prepared a gelling emulsion system
for administration of the local anaesthetic agents lido-
caine/prilocaine to the peridontal pocket. By stabilizing
the lidocaine/prilocaine droplets by either nonionic,
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anionic, or cationic surfactants in the simultaneous pres-
ence of a gelling polymer system (Lutrol F68 and Lutrol
F127), an in situ gelling local anesthetic formulation
with a high release rate could be obtained (27). Further-
more, intravenous, intraarterial, subcutaneous, intramus-
cular and interperitoneal administrations of emulsions
have been performed for, e.g. barbituric acids, cyclande-
late, diazepam and local anaesthetics. Other substances
formulated in such emulsions include valinomycin,
bleomycin, narcotic antagonsists and corticosteroids.
Emulsions are also used as adjuvants in vaccination.
For oral administration, examples of drugs adminis-
tered through emulsions include sulfonamides, indoxole,
griseofulvin, theophylline and vitamin A. Examples of
topical emulsion systems, finally, include, e.g. those con-
taining corticosteroids (38, and refs therein).

Moreover, emulsions are also used essentially with-
out solubilized drugs in a couple of interesting medical
applications. For example, parenteral administration of
o/w emulsions has been used for the nutrition of patients
who cannot retain fluid or who are in acute need of
such treatment (38-41). In these, soybean, cottonseed,
or safflower oil are typically emulsified with a phos-
pholipid (mixture) in an aqueous solution containing
also, e.g. carbohydrates. A number of these systems, e.g.
Intralipid®, Lipofundin®, Travemulsion® and Liposyn®,
exist on the market. Furthermore, emulsions have been
used parenterally as blood substitute formulations (42,
43). The latter are perfluorochemical (PFC) emulsions
with a typical droplet size of about 100-200 nm, which
increase the oxygen-carrying capacity through dissolu-
tion of oxygen rather than oxygen binding. Such systems
are therefore fundamentally different from haemoglobin.
Although the composition is certainly crucial both for
the function and the safety of such systems, formula-
tions have been found which effectively and safely can
act as carrier systems (e.g. Fluosol-DA1M).

4.2 Liposomes

4.2.1 Parenteral administration

For several decades, liposomes have been considered
promising for drug delivery. There are many reasons
for this, including the possibility to encapsulate both
water-soluble, oil-soluble, and at least some surface-
active substances, thereby, e.g. controlling the drug
release rate, the drug degradation, and the drug bioavail-
ability (44-50). Liposomes, similarly to other col-
loidal drug carriers, may also have advantageous effects,
e.g. for directed administration to tissues related to

the reticuloendothelial system (RES), e.g. liver, spleen
and marrow, as adjuvants in vaccines formulations,
etc. (see below). However, liposome-based formula-
tions have also been found to have numerous weak-
nesses and difficulties, e.g. related to complicated or
at least expensive preparations, difficulties with steril-
ization, poor storage stabilities, limitations concerning
poor solubilization capacities for more hydrophobic
drugs, difficulties in controlling the drug release rate,
and limitations in how much the drug release can
be sustained, etc. In parenteral administration, another
problem with this type of formulation has been the
rapid clearance from the bloodstream, thus resulting in
poor drug bioavailability and local toxicity in RES-
related tissues. However, during the last decade or
so, the development of so-called Stealth® liposomes,
i.e. liposomes which have been surface-modified by
PEO derivatives, as well as other developments, have
resolved at least some of these issues, and there
has been an increased activity in this area. In fact,
several liposome-based products have recently been
commercialized (e.g. AmBisome'M (amphotericin B),
DaunoXomeIM (daunorubicine citrate) and Doxil1M (dox-
orubicin)), while many more are currently being tested
and documented.

On intravenous administration of liposomes and other
colloidal drug carriers, these are accumulated in the
RES, which leads to a short bloodstream circulation
time and an uneven tissue distribution, with a pref-
erential accumulation in RES-related tissues, such as
the liver, spleen, and marrow (51-56). This, in turn,
may cause poor drug bioavailability and accumulation-
related toxicity effects. The RES uptake, as well as the
drug circulation time and tissue distribution, depends
on, e.g. the surface properties of the drug carrier.
This is related to the adsorption of serum proteins
at the drug carrier surface, which induces biological
responses related to complement activation, immune
response, coagulation, etc. In fact, an inverse corre-
lation has been found between the total amount of
serum proteins adsorbed, on the one hand, and the
bloodstream circulation time, on the other (Figure 1.5)
(54, 55). In particular, through the use of PEO deriva-
tives and surface modifications to induce steric stabi-
lization, the adsorption of serum proteins at the drug
carrier surface can be largely eliminated, which has
been found to lead to an increased bloodstream circu-
lation time and a more even tissue distribution (8, 44,
49-73).

An area where sterically stabilized liposomes are
of particular interest is cancer therapy. Thus, by the
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Figure 1.5. Correlation between the total amount of pro-
tein adsorbed and circulation time before plasma clear-
ance of large unilamellar vesicles (LUVs) containing trace
amounts of [3H]cholesteryl-hexadecyl ether administered intra-
venously in CD1 mice at a dose of about 20 umol of
total lipid per 100 g of mouse weight. Results are shown
for liposomes containing SM:PC:ganglioside GM1 (72:18:10)
(open square), PC:CH (55:45) (filled circle), PC:CH:plant
PI (35:45:20) (filled square), SM:PC (4:1) (open triangle),
PC:CH:dioleoylphosphatidic acid (DOPA) (35:45:20) (open
diamond), and PC:CH:DPG (35:45:20) (open circle) (SM,
sfingomyelin; PC, phosphatidyl choline; CH, cholesterol; PI,
phosphatdylinositol; DPG, diphosphatidyl glycerol) (data from
ref. (55))

use of such liposomes, enhanced antitumour capac-
ity and reduced toxicity of the encapsulated drug can
be achieved for a variety of tumours, even those that
do not respond to the free drug or the same drug
encapsulated in conventional liposomes. Just to mention
one example, Papahadjopoulos et al. investigated the
use of PEO-modified liposomes consisting of distearoyl
phosphatidylethanolamine-PEO1900, hydrogenated soy
phosphatidylcholine and cholesterol, for the adminis-
tration of doxorubicin to tumour-bearing mice (57). It
was found that the liposomes have a longer bloodstream
circulation time than liposomes composed of, e.g. egg
phosphatidylcholine. Furthermore, the prolongation of
the circulation time in blood was correlated to a decrease
of accumulation in RES-related tissues such as liver and
spleen, and a correspondingly increased accumulation in
implanted tumours (Figure 1.6). These and other aspects
of parenteral administration, e.g. in cancer therapy, have
been extensively reviewed previously (8, 44, 47, 49, 50).

4,2.2 Targeting of liposomes

An interesting use of liposomes related to their par-
enteral administration concerns targeting of the drug
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Figure 1.6. Doxorubicin in tumour-bearing mice, either as the
free drug (open symbols/dashed lines) or in liposomes consist-
ing of distearoylphosphatidylethanolamine-PEO/hydrogenated
soy phosphatidylcholine/cholesterol (0.2:2:1 mol/mol) (filled
symbols/continuous lines) (data from ref. (57))

to a desired tissue or cell type. In particular, sterically
stabilized liposomes and other types of PEO-modified
colloidal drug carriers are of potential interest in this
context, due to the long circulation times and rela-
tively even tissue distributions of such systems after
intravenous administration. If a biospeciflc molecule,
e.g. a suitable antibody (fragment), a peptide sequence,
oligosaccharide, etc., is covalently attached to such a
carrier, the long circulation time reached ideally would
improve the possibilities for targeting to a localized
antigen. As an example of this, Khaw et al. investi-
gated cytosceleton-specific immunoliposomes with the
goal of either "sealing" hypotic cells or using them in
the intracellular delivery of DNA (74, 75). Thus, by the
use of antimyosin-immunoliposomes, a highly improved
survival rate could be demonstrated for hypotic cells
compared to those of the controls. Furthermore, by elec-
tron microscopy, these investigators could infer that the
liposomes act by "plugging" the microscopic cell lesions
present in hypoxic cells. Furthermore, Holmberg et al.
investigated the binding of liposomes to mouse pul-
monary artery endothelial cells (76). As can be seen
in Figure 1.7, the amount of lipid bound to these cells
was significant with two different relevant antibodies,
and also displayed a strongly increasing binding with
the liposome concentration, whereas the binding of both
the bare liposomes and liposomes modified with an irrel-
evant antibody was negligible. Positive results from the
use of conjugated liposomes were also found, e.g. by
Muruyama et al. (77), Ahmad et al. (78), Gregoriadis
and Neerunjun (79), Torchilin and co-workers (80-82).
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Figure 1.7. Binding to mouse pulmonary artery endothelial
cells of two liposome preparations functionalized with rel-
evant antibodies (34A and 201B) (filled and open circles,
respectively), functionalized with an irrelevant antibody (open
squares) or uncoated liposomes (filled squares) (data from
ref. (76))

Naturally, liposomes as such are not unique in
this context. Instead, the same approach can be used
for other PEO-modified colloidal drug carriers, e.g.
copolymer micelles. For example, Kabanov et al. have
demonstrated specific targeting of fluorescein isothio-
cyanate solubilized in PEO-PPO-PEO block copoly-
mer micelles conjugated with antibodies to the antigen
of brain glial cells (c^-glycoprotein) (83, 84). Further-
more, incorporation of haloperidol into such micelles
was found to result in a drastically improved therapeu-
tic effect in mice, as inferred from horizontal mobility
and grooming frequency studies.

One should also note that although beneficial thera-
peutic effects have been observed for both liposomes
and micelles, the presence of the recognition moiety
in the conjugated carrier may also have detrimental
effects, e.g. causing the long circulation time in the
absence of such entities to decrease drastically. As an
example of this, Savva et al. conjugated a genetically
modified recombinant tumour necrosis factor (TNF)-
a to the terminal carboxyl groups of liposome-grafted
PEO chains (85). However, although the liposomes in
the absence of such conjugation displayed a long cir-
culation in the bloodstream, incorporation of as lit-
tle as 0.13% of the PEO chains resulted in a rapid
elimination from the bloodstream. Clearly, the use of
immunoliposomes for targeting may indeed be rather
complex. The use of liposomes in parenteral drug deliv-
ery has been extensively reviewed previously (44, 47,
49, 50).

4.2.3 Topical administration

Another area where liposomes have been found use-
ful is in topical and dermal drug delivery. Thus, the
major problem concerning topical drug delivery is that
the drug may not reach the site of action at a suf-
ficient concentration to be efficient, e.g. due to the
barrier properties of the stratum corneum. To over-
come this problem, topical formulations may contain so-
called penetration enhancers, such as dimethyl sulfoxide,
propylene glycol and Azone®. However, although these
yield an improved transport of the drug, they typically
also result in an increased systemic drug level, which is
not always desired, and may cause irritative or even
toxic effects (86-89). As discussed below, one way
to achieve an increased drug penetration without the
use of penetration enhancers is to use microemulsions.
Another approach for this, however, is to use liposomes
or other types of lipid suspensions, e.g. so-called trans-
fersomes (86). Although there are a large number of
drugs which could be of interest in relation to liposomal
transdermal drug delivery, perhaps of particular interest
are local anaesthetics, retinoids and corticosteroids. For
example, Gesztes and Mezei compared a formulation
prepared by encapsulating tetracaine into a multilamel-
lar liposome dispersion to a control cream formulation
(Pontocaine™) and found the liposome formulation to be
significantly more efficient (90). Positive results were
found by Schafer-Korting et al. for tretinoin formula-
tions for the treatment of acne vulgaris (91).

However, although liposomes have indeed been suc-
cessfully used commercially (e.g. Pevaryl™ Lipogel,
Ifenec'M Lipogel, Micotef™ Lipogel, Heparin Pur™ and
Hepaplus Eugel™), other types of lipid dispersions are
also interesting in this context. In particular, Cevc has
convincingly argued for the advantages of so-called
transfersomes, i.e. self-assembled lipid stuctures, which
due to their highly deformable lipid bilayers have shown
superior membrane penetration when compared to tra-
ditional liposomes for a number of systems (86).

4.2.4 Liposomes in gene therapy

Yet another area where liposomes are of interest is gene
therapy (48, 92-97). Thus, on mixing lipids with DNA,
compact complexes may be obtained, particularly for
cationic lipids. More specifically, most DNA conden-
sation methods yield similar particles, i.e. torus-shaped
with a 40-60 nm outer and 15-25 nm inner diameter,
or rods of about 30 nm in diameter and a length of
200-300 nm, although this naturally depends on a num-
ber of parameters, such as the lipid/DNA ratio (48). By



12 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

the use of liposomes, an increased efficiency of DNA
delivery has been observed. It has been found that the
transfection efficiency depends on the net charge of the
complex. However, this dependence is not straightfor-
ward, and different cell lines require different complex
charges for optimal expression (93). Although consid-
erable work has been performed with both positively
and negatively charged liposome complexes, as well as
with titrating ones, cationic liposome complexes have
received particular attention in gene theapy. However,
there are several potential problems with the in vivo gene
delivery through cationic charge-mediated uptake. For
example, on intravenous administration the complex car-
rier encounters net negatively charged serum proteins,
lipoproteins and blood cells, with the risk of flocculation
and emboli formation. Carriers administered through the
airway, on the other hand, face problems related to the
lung surfactants, etc. In both cases, there is a risk of
the carriers not being able to maintain their positive
charges until they reach their target, which will dete-
riorate their performance. Furthermore, intravenously
administered carriers are cleared from circulation rapidly
by the RES. Despite these obstacles, however, DNA
administered through cationic liposome complexes has
been found to be more efficient than naked DNA deliv-
ery (48).

Cationic lipid-based systems have also been found to
be comparatively efficient for gene delivery to a range
of tissues in vivo. These include, e.g. pulmonary epithe-
lial cells, endothelial cells after direct application to the
endothelial surfaces or after intravenous administration,
solid tumours after interstitial administration, metastases
after intravenous delivery, etc. (93, and refs therein).
Furthermore, therapeutic cDNAs have been delivered by
cationic liposomes in human gene therapy trials and no
toxicity has been observed at the low doses adminis-
tered. Naturally, the positive findings when using com-
plexes between DNA and cationic liposomes and lipids
are analogous to those of the enhanced gene deliv-
ery efficiencies obtained for cationic (co)polymers or
polymer complexes, as has been extensively reviewed
recently (98). Comprehensive, recent reviews of the use
of liposomes in gene therapy are also available (48,
92-94).

4.3 Dispersed lipid particles

4.3.1 Dispersed liquid crystalline phases

Although emulsions and liposomes are probably the
most frequently studied and used dispersed lipid sys-
tems for pharmaceutical applications, there are also

others of interest, based on, e.g. dispersed crystalline
or liquid crystalline phases. For example, formulations
based on dispersed cubic liquid crystalline phases, fre-
quently referred to as Cubosomes®, are of interest
for parenteral administration, since these can solubilize
both water-soluble and oil-soluble substances (99-103).
Such carrier systems are prepared through high pressure
homogenization of cubic liquid crystalline phases which
are also stable in equilibrium with excess water. The dis-
persed cubic-phase particles are stabilized against floc-
culation and coalescence, which can be achieved, e.g.
by a PEO-containing copolymer. Due to the small size
that can be reached (^100-300 nm) and the PEO-based
coatings, it is hardly surprising that these particles are
capable of bloodstream circulation for a considerable
time. Therefore, such systems offer potential advantages
relating to increased drug bioavailability and reduced
toxic side-effects in RES-related tissues, at the same
time as both water-soluble and oil-soluble substances
may be solubilized in the particles, and released in a
controlled manner. For example, Engstrom investigated
the use of Cubosomes for parenteral administration of
somatostatin in rabbits, and found a much longer cir-
culation time than that displayed by the free drug (99).
Furthermore, Schroder et al. compared Cubosomes to a
number of other immunological adjuvants, and found
the former to work both as a parenteral and a mucosal
adjuvant in mice, using diphtheria toxoid as a model
antigen (101).

4.3.2 Dispersed solid lipid particles

Another class of dispersed colloidal particles of interest
in pharmaceutical applications are those prepared either
by crystallization and/or precipitation in o/w emulsion
systems, or by dispersion through high-pressure homog-
enization at elevated temperature, followed by cooling
and solidification of the lipids droplets (104-115). In
particular, such systems are attractive since they allow a
high load of hydrophobic drugs, since hydrolytic degra-
dation is limited, since the drug release rate can be
controlled by the particle size and composition, etc. At
least some solid lipid nanoparticles (SLNs) combine the
advantages of polymeric nanoparticles (in that they pro-
vide a solid matrix for controlled release) and o/w emul-
sions (in that they consist of physiological compounds
and can straightforwardly be produced industrially on a
large scale), but simultaneously avoid the disadvantages
of these systems, such as the use of solvents for the
preparation of polymer particles and the burst release
frequently observed for emulsion systems.
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In particular, emulsification of molten lipid systems
at elevated temperatures, followed by cooling, is an
efficient way to prepare small solid particles of high
concentration of hydrophobic substances. On cooling,
the glycerides are expected to recrystallize and thereby
form the solid carrier. However, as shown, e.g. by Siek-
mann and Westesen, the crystallization in the SLNs
may be more complex than that of the bulk glyceride
systems (109). For example, a reduced degree of crys-
tallinity was found for SLNs prepared from tripalmitate
or "hard fat", although this depended on the nature and
the concentration of the emulsifier used for the melt
homogenization. Furthermore, incorporation of ubide-
carenone resulted in a reduced crystallinity and in a
precluded transition of residual a-polymorphic material
into the stable /3-polymorph. Clearly, the physical struc-
ture and formation of SLNs may be rather complex.

In addition, emulsification in the presence of a sol-
vent, followed by solvent evaporation and solidifica-
tion, has been used as a means of preparing solid
lipid particles. For example, Sjostrom et al. previously
devised a way to prepare small solid particles contain-
ing hydrophobic drugs, based on dissolving these sub-
stances in a suitable solvent, followed by emulsification,
and thereafter evaporation of the solvent (111-115). By
using this approach, solid particles as small as 50 nm
and less could be reached by a suitable emulsifier mix-
ture. However, although the solvent used for the emul-
sification can be rather efficiently evaporated, residual
solvent may still hinder these from being used, e.g. in
parenteral drug delivery applications.

Similarly to polymeric particles, the solid matrix of
SLNs protects incorporated drugs from degradation, and
offers a very large flexibility regarding the drug release
rate. For example, using model drugs it has been shown
that the release could be varied from minutes to many
weeks (see, e.g. ref. 108). In addition, other aspects of
SLNs have been investigated, such as their enzymatic
degradation, the effect of light and temperature on their
physical stability, and aspects of large-scale production
(106-108).

4.4 Dispersed polymer particles

A further class of colloidal dispersions of interest in
pharmaceutical applications are polymer lattices. In
particular, systems of interest include those formed
by biodegradable polymers, notably polylactides and
polyglycolides and their copolymers, the degradation
products of which are essentially non-toxic and read-
ily resorbable. As discussed more extensively below,

dispersed particles prepared from such polymers are
interesting, e.g. for oral delivery of drugs not stable in
the stomach, for oral vaccination, and for formulations
where bioadhesion is desirable.

Both oral and parenteral uptake of colloidal carrier
systems have been found to depend on the nature of
the carrier as such. In the latter case, the RES uptake
of colloidal drug carriers depends on a number of
factors, notably the surface properties of the carrier
(see above). This is related to the adsorption of certain
serum proteins (opsonins) at the carrier surface, which
initiates various biological responses. For example, it is
known that macrophages, major components in the RES
system, have Fc receptors at their surfaces, which means
that carriers with adsorbed IgG are more likely to be
captured by these cells (52). By reducing the adsorption
of the opsonins at the carrier surface, e.g. by surface
treatment using PEO derivatives, a very low serum
protein adsorption can be reached, thereby prolonging
the bloodstream circulation time and obtaining a more
uniform tissue distribution (see above).

However, while the factors governing the RES
uptake of intravenously administered colloidal drug car-
riers are by now rather well known, the oral uptake
of such systems is considerably less well known and
understood. The oral uptake of such carriers has been
found to depend on a number of factors, including size,
hydrophobicity and chemical functionality (116-123).
For example, Florence et al. investigated the effects of
size on the oral uptake of carboxylated latex particles,
and found the uptake to be due to Peyer's patches and
other elements of the gut-associated lymphoid tissue
(GALT) (117). Furthermore, the uptake of the untreated
particles was found to increase with decreasing par-
ticle size, a finding which has also been reported by
Ebel (122) and Tabata et al. (118). Moreover, Florence
et al. found that surface modification with hydrophilic
PEO-PPO-PEO block copolymers reduces the uptake
of polystyrene particles by intestinal GALT (117). A
decreased uptake of colloidal particles with an increas-
ing particle hydrophilicity have also been suggested by
findings by, e.g. Jepson et al. (123).

An interesting approach to achieve an increased
uptake after oral administration of colloidal drug car-
riers is to use site-specific adherence through surface
modification of the colloidal systems with various enti-
ties, e.g. lectins, to a selected site in the gastrointestinal
tract (124). By using this approach, Lehr et al. were
able to achieve an enhanced adherence of polystyrene
particles to enterocytes in vitro (125). Similarly, Rubas
et al. were able to enhance the uptake of liposomes
into Peyer's patches in vitro through incorporation
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of the reovirus M cell attachment protein into the
liposomes (126). Furthermore, Pappo et al. modified
polystyrene microparticles with a monoclonal antibody
with specificity to rabbit M cells, and found that this
promoted the uptake of these particles into the M
cells (127).

In addition, bioadhesion has also been inferred
to be of importance for the resulting bioavailabil-
ity in nasal administration (128). Here also, bioadhe-
sion mediated through specific interactions has been
shown to give advantageous effects. For example,
Lowell et al. investigated the intranasal immunization
of mice with human immunodeficiency virus (HIV)
rgp 160, and found enhanced responses for bioadhe-
sive emulsions (129). Similarly, Florence et al inves-
tigated the oral uptake of polystyrene latex particles,
and found that modification of the polymer parti-
cle surfaces with specific ligands, e.g. tomato lectin
molecules, resulted in a significant uptake enhance-
ment (117). Findings along the same lines have also
been previously described by Naisbett and Woodley
(130, 131).

An interesting issue in relation to oral drug deliv-
ery, not the least with particular drug carriers, but also
in other types of administration, is that of bioadhesion,
by which one usually means the adhesion/adsorption at
mucosal surfaces. Since mucins are negatively charged
and contain hydrophobic domains, it is possible to use
a number of approaches, other than those based on spe-
cific interactions, for achieving efficient bioadhesion,
including positively charged carriers, small hydrophobic
carriers or those at least containing some hydrophobic
part, or carriers not stable but rather aggregating and
depositing at the conditions prevalent at the adminis-
tration site. By the use of bioadhesive formulations,
the residence time, e.g. in the gastro-intestinal tract,
can be prolonged, which tends to improve the drug
uptake.

For example, Luessen et al. investigated mucoadhe-
sive polymers in relation to the oral drug delivery of
buserelin (132). It was found that the use of, e.g. the
positively charged polyelectrolyte chitosan, resulted in a
significantly improved bioavailability after intradoude-
nal administration, which most likely is an effect of
the enhanced electrostatically driven bioadhesion of the
formulation. Furthermore, Soane et al. investigated the
clearance characteristics of nasal drug delivery systems
consisting of, e.g. chitosan solutions and microspheres
(133). By the use of a technitium labelling approach, it
was found that both of these formulations resulted in a
prolonged residence time. Particularly for the latter, the
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Figure 1.8. The clearence of 99m-Tc-sodium pertechnetate
and 99m-Tc-diethylenetriaminepentaacetic acid, respectively,
from the nasal cavity following administration of a chitosan
paniculate formulation (squares) and the control without such
carrier (circles) (data from ref. (133))

clearance half-life was strongly pronounced when com-
pared to the control (Figure 1.8). Analogous results were
found by Felt et al., who observed a threefold increase of
the corneal residence time in the presence of chitosan in
comparison to the control (134). Furthermore, an ocular
irritation test demonstrated good tolerance of chitosan
after topical administration on to the corneal surface.
As yet another example of findings along these lines,
Gaser0d et al. found chitosan-coated alginate beads to
adhere more extensively to pig stomach tissues than the
corresponding uncoated alginate beads (135).

Note, however, that other mechanisms for obtain-
ing bioadhesion than those based on electrostatic or
specific interactions may also be used. For example,
those based on poor solvency of a carrier polymer
have been used successfully. As an example of this
approach, Ryden and Edman investigated the effects
of polymers displaying reversed temperature-dependent
gelation, i.e. gelation on heating, on the nasal absorption
of insulin in rats (136). Two of the systems investigated,
i.e. ethyl(hydroxyethyl)cellulose (EHEC) and poly(/V-
isopropyl acrylamide), display a lower consolute temper-
ature of 30-32 and 32-34°C, respectively. At elevated
temperatures, these systems undergo a transition from
relatively low-viscous solutions to relatively rigid gels
(137-139). It was found that both systems were able
to enhance the reduction of the blood glucose level
compared to the reference, which is most likely due to
gelation-induced bioadhesion of these formulations.
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4.5 Aerosols

Aerosols are dispersions of either liquid droplets or
solid particles in a gas - in the context of pharma-
ceutical applications, notably air. Such systems are
of interest, e.g. for the delivery of therapeutic pro-
teins and peptides, e.g. since the bloodstream can be
reached from the alveolar epithelium without penetration
enhancers, and since respiratory diseases can be treated
by direct action at the site of interest (140, 141). Aerosol
droplets/particles deposit in the airways by either grav-
itational sedimentation, interial impaction, or diffusion.
Since particles greater than about 5 jam in diameter
deposit primarily in the upper airways, while an effi-
cient drug uptake requires that the droplets/particles
reach the lower airways, and since submicron parti-
cles are generally exhaled, most aerosol particles are
of the size range 0.5-5.0 urn. It has been shown that
the pulmonary absorption of macromolecules decreases
with increasing molecular weight of the macromolecule
(142). Nevertheless, for a range of smaller macro-
molecules, e.g. hormones, a significant absorption has
been found. For example, compared to intravenous
administration, the oral bioavailability of leuprolide,
a potent luteinizing hormone-releasing hormone with
a molecular weight of 1.2 kDa, is less than 0.05%,
while the transdermal and nasal bioavailabilities are
less than 2%. On the other hand, the bioavailability
after inhalation was much higher (143). Furthermore,
although the pulmonary absorption of macromolecules
decreases with increasing molecular weight, pulmonary
administration is not limited to small molecules. Instead,
a number of larger polypeptides and proteins, e.g.
growth hormone (22 kDa), a-interferon (18 kDa), and
ai-antitrypsin (51 kDa) have been found to be absorbed
in the lung (141, and refs therein).

5 DRUG DELIVERY THROUGH
THERMODYNAMICALLY STABLE
SYSTEMS

The use of thermodynamically stable systems in drug
delivery applications has obvious advantages relating to
stability, in some cases to ease of preparation, and fre-
quently to optical clarity, etc. It is important to note,
however, that although a formulation may be stable
when stored, it may breakup at or after administration
as a result of, e.g. a change in temperature, pH and
excess electrolyte concentration, as well as the extensive
dilution with water which usually occurs after adminis-
tration. Furthermore, even for thermodynamically stable

systems, there may be stability problems relating to the
chemical degradation of the drug carrier system. These
issues will be discussed further below.

5.1 Micellar solutions

Micellar solutions are useful for increasing the solubility
of sparingly soluble drugs. Thus, while the solubility of
hydrophobic molecules may be quite low in the absence
of surfactants or copolymers, or in the presence of such
species below the critical micellization concentration
(CMC), it is generally found to strongly increase above
the CMC (19, 144-146). Naturally, this is due to
incorporation of the molecules in the hydrophobic
interior of the micelles. Due to the incorporation of
the hydrophobic substance in the micelle hydrophobic
interior, there may also be other positive effects relating
to decreased hydrolysis rate, controlled release rate of
the drug, taste masking, etc.

The capacity of a micellar solution to incorporate
hydrophobic drugs depends on a number of factors,
including the nature of the surfactant, the size and shape
of the micelles formed, and the hydrophobicity and size
of the drug, as well as the drug solubility, just to men-
tion a few important aspects. For example, although
PEO-PPO-PEO block copolymer micelles are able to
solubilize a range of hydrophobic substances, the solubi-
lization capacity has been found to depend on the solute
hydrophobicity, e.g. being much larger for aromatic than
for aliphatic compounds (144). Although hydrophobic
drugs may be solubilized in the hydrophobic core of sur-
factant or block copolymer micelles, this solubilization
will depend on, e.g. the drug solubility. By increasing
the charge of the drug molecules, e.g. by changing the
pH, their incorporation into micelles may be affected.
For example, the solubilization of indomethacin, a
non-steroidal anti-inflammatory agent, in PEO-poly(/3-
benzyl L-aspartate) (PBLA) block copolymer micelles
was applied by La et al. in order to reduce irritation
of the gastrointestinal mucosa and central nervous sys-
tem toxicity (147). While the release of indomethacin
from the PEO-PBLA micelles at low pH, i.e. when
the drug is uncharged, is quite slow, the release rate
increases strongly on increasing the pH to above the
pKa of the drug (p#a % 4.5). Naturally, this is due
to a decreased preference for the hydrophobic core of
the micelles by the charged indomethacin molecules.
Similarly, Scherlund et al. investigated the release of
lidocaine and prilocaine from block copolymer micelles
consisting of Lutrol F68 and Lutrol F127, and found the
release rate to increase with decreasing pH, i.e. with an
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Figure 1.9. Initial release rate of a 50/50 mixture of lidocaine
and prilocaine from a formulation containing 15.5 wt% Lutrol
F127, 5.5 wt% Lutrol F68 and 5 wt% of the active ingredients,
versus pH. The arrow indicates the pATa of lidocaine and
prilocaine (data from ref. (28))

increasing degree of ionization of the active substances
(Figure 1.9) (28).

Micellar solutions may also be used to increase the
chemical stability of a drug. Hence, since the micellar
core is generally essentially free of water, there is typi-
cally a reduction of the hydrolysis rate on solubilization.
As an example of this, Lin et al. found that the hydroly-
sis of indomethacin was lowered when it was solubilized
into PEO-PPO-PEO block copolymer micelles (148).
In particular, the hydrolysis rate was reduced at higher
copolymer concentrations and molecular weights (con-
stant EO/PO ratio), which follows the solubilization
capacity of these block copolymers (Figure 1.10).

Another approach to achieve "solubilization" is
to couple the active ingredient to a self-associating
amphiphilic substance through a labile bond, i.e. essen-
tially a prodrug approach (149-152). As an example
of this, PEO-polyaspartate conjugates with adriamycin
(ADR), a potent anti-cancer drug, have been found to
form small micelles (15-60 nm), in which the ADR is
solubilized/anchored to the micelle interior. These con-
jugate micelles have been found to display a very long
residence time for the individual polymer molecules in
the micelles (~ days), which means that the micelles
do not disintegrate as a result of the extensive dilu-
tion following intravenous administration. Furthermore,
the micelles were found to display a very long circu-
lation time in the bloodstream after parenteral admin-
istration. In addition, any side-effects found for ADR
when administered in aqueous solution at concentra-
tions higher than about 10 mg/kg were observed to

Figure 1.10. Degradation rate constant (&obs) of indomethacin
as a function of polymer concentration for Pluronic F68
(triangles), F88 (squares) and F108 (circles) in alkaline aqueous
solution at 37°C (data from ref. (148))

occur at 1-2 orders of magnitude higher ADR con-
centrations when the ADR was present in the micelles.
Thus, the use of these conjugate micelles increases the
maximum ADR concentration usable in therapy with-
out occurrence of toxic side-effects. Due to this and to
the longer circulation time in the bloodstream, the cyto-
toxicity of the block copolymer conjugate micelles is
much better than that of ADR in aqueous solution. Nat-
urally, this is analogous to the positive effects of PEO-
modified liposomes in cancer therapy discussed above.
The use of PEO-containing block copolymer micelles in
drug delivery has been extensively discussed previously
(149-153).

Block copolymer micelles with solubilized drugs
have also been successfully used for targeting, i.e.
the selective administration of drugs to certain tis-
sues or cells. Just to mention one example, Kabanov
et al. have demonstrated targeting of fluorescein isoth-
iocyanate solubilized in PEO-PPO-PEO block copoly-
mers to the brain when the copolymer was conjugated
with antibodies to the antigen of brain glial cells
(o?2-glycoprotein) (84). Furthermore, incorporation of
haloperidol into such micelles was found to result in
a drastically increased therapeutic effect.

5.2 Cyclodextrin solutions

Although micellar solutions are successfully and exten-
sively used in order to solubilize sparingly soluble
hydrophobic drugs, e.g. to increase their solubility, to
reduce hydrolytic degradation, to obtain a controlled
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drug release, for taste masking, etc., there are also
other possibilities for this. Notable in this respect are
cyclodextrin inclusion complexes, which have been
investigated in pharmaceutical research and develop-
ment for a long time, and which are now also used in a
number of commercial formulations, e.g. Prostavasin™,
Brexin™, Cycladol™ and Optalmon™. Although a con-
siderable amount of work has been devoted to the
application of natural cyclodextrins, they have some
undesirable properties as drug carriers, and there-
fore cyclodextrin derivatives have received consid-
erable attention. Furthermore, although hundreds of
cyclodextrin derivatives have been prepared and a large
number of these investigated in the context of phar-
maceutical formulations, only a few seem useful as
commercial excipients (e.g. hydroxypropyl, methyl and
sulfobutylether derivatives) (154-156).

Naturally, it is the cavity of the cyclodextrins which
determines their capacity to form inclusion complexes,
and which makes these substances interesting for phar-
maceutical and other applications. In addition, for
naturally occurring cyclodextrins the cavity readily par-
ticipates in inclusion complex formation, and thereby
facilitates solubilization of sparingly soluble hydropho-
bic drugs. Through hydrophobization of the cavity, e.g.
with alkyl groups, this natural tendency is enhanced.
Due to the hydrophobic nature of the cavity, the capacity
of cyclodextrins to form inclusion complexes depends
also on the drug physico-chemical properties. Typi-
cally, cyclodextrins bind neutral drugs better than their
ionic forms. For example, Otero-Espinar et al. found
that the binding constant of naxopren in /3-cyclodextrin
decreased dramatically on increasing the pH, as a result
on the pH-dependent ionization of this drug (157). Anal-
ogous effects were observed by van der Houwen et al.
for mitocycin C/y-cyclodextrin complexes (158). Natu-
rally, the cavity hydrophobicity also have consequences
for the drug release rate. More precisely, with an increas-
ing cavity hydrophobicity, the release rate of hydropho-
bic drugs is reduced (154-156, and refs therein).

Due to this inclusion complex formation, cyclodex-
trins have a wide applicability within pharmaceutics,
as a consequence of the positive effects on solubility
and dissolution rate, hydrolytic degradation rate, drug
absorption, suppression of volatility, powdering of liquid
drugs, taste masking, and reduction of adverse biolog-
ical responses, such as local irritancy and heamolysis
(although, e.g. some highly alkylated and surface-active
cyclodextrins may have such detrimental effects on their
own (154)). In particular, the enhanced solubility of a
large number of hydrophobic drugs through the addition
of both natural and derivatized cyclodextrins has been

reported. Overall, it seems that while natural cyclodex-
trins are particularly useful as hydrophilic carriers for
increasing the solubility, and at least in some cases the
dissolution rate of sparingly soluble drugs, hydropho-
bic cyclodextrin derivatives are preferable for modify-
ing and controlling the release of drugs. Cyclodextrins
have also been found to stabilize various esters, amides
and glycosides from hydrolytic degradation, although
cyclodextrins may both enhance and reduce drug degra-
dation (154-156).

Cyclodextrins have been found to be beneficial for
the bioavailability of poorly soluble drugs and for
reducing the occurrence of side-effects. For example,
Uekama et al. investigated the administration of digoxin
to dogs and found that incorporation of this drug into
y -cyclodextrin resulted in increased plasma levels after
administration (159), as well as reduced haemolytic
effects in vitro (160). Furthermore, Kaji et al. were able
to demonstrate the selective transfer of carmoful, a
hydrophobic prodrug of 5-fluorouracil, into the lym-
phatics from the lumen and the large intestine in rats
through the use of a carmoful/cyclodextrin/polymer sys-
tem (161). Moreover, due to the inclusion in cyclodex-
trins, the toxicity of such drugs may be reduced. For
example, cyclodextrins have been shown to be able to
reduce membrane disruption due to amphiphilic drugs,
and to protect erethrocytes from morphological changes
and following haemolysis induced by certain drugs,
e.g. chlorpromazine and flufenamic acid. The chemistry,
pharmaceutical applications and safety considerations
of cyclodextrins have been extensively discussed pre-
viously (154-156).

5,3 Microemulsions

Microemulsions are systems consisting of water, oil
and amphiphile(s), which constitute a single optically
isotropic and thermodynamically stable liquid solu-
tion (162, 163). They are fundamentally different from
homogenized emulsion systems, which are generally
thermodynamically unstable, and which will therefore
break up and form two macroscopic phases after a suffi-
ciently long time. There are many aspects of microemul-
sions which make them interesting from a drug delivery
point of view, including excellent storage stability, ease
of preparation, optical clarity, low viscosity, etc. So
far, microemulsions have found applications in primar-
ily topical and oral administrations, whereas the use
of microemulsions in, e.g. parenteral drug delivery, is
much less explored due to both stability and toxicity
concerns.
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5.3.1 Oral administration

One area where microemulsions are of interest to drug
delivery is in oral administration of sparingly solu-
ble hydrophobic drugs. Thus, it is commonly found
that on oral administration of such substances a low
and strongly varying uptake occurs. The latter also
depends significantly on a number of factors, e.g. on
the state of feeding/fasting. As discussed above, the
broadly occurring low and strongly varying bioavail-
ability of orally administered hydrophobic drugs may
be improved through the use of o/w emulsions. The
mechanism of this is not entirely understood, but it is
interesting to note that it has been found that the uptake
for formulations based on o/w emulsions is improved
on decreasing the droplet size (see above). (See also the
discussions of the gastrointestinal uptake of paniculate
drug carriers and oral vaccination.) Considering this, it is
perhaps not entirely surprising that o/w microemulsions
have been found to be efficient in oral administration
of hydrophobic drugs. For example, when given orally,
the absorption of cyclosporine, an immunosuppressive
agent which is used in the treatment of patients with
certain autoimmune diseases, and which prolongs allo-
graft survival in organ transplantation, is only about
30% of the dose or less. Moreover, there is a consider-
able intra- and inter-subject pharmacokinetic variability,
which is affected by physiological and pharmaceutical
factors such as bile and food. Most likely, this is related
to the high molecular weight and hydrophobicity of
cyclosporine. However, as has been found by a num-
ber of investigators, significantly better results regarding
both uptake and pharmacokinetic variability are obtained
when cyclosporine is administered in an o/w microemul-
sion (Figure 1.11) (33-37).

Apart from improving the uptake and decreasing the
variability, the use of microemulsions for oral delivery
of hydrophobic drugs can be applied in order to pro-
tect drugs which are unstable at the conditions present
in the stomach. For example, Novelli et al. formulated
WR2721, a substance employed in cancer therapy which
needs to be protected from acid hydrolysis in the stom-
ach in order to retain its biological activity (164). By
formulating this substance in a w/o microemulsion con-
sisting of cetyltrimethyl ammonium bromide (CTAB),
isooctane and butanol, these authors were able to slow
down the hydrolysis considerably when compared to the
aqueous solution.

5.3.2 Topical administration

Due to the rather high surfactant concentrations typi-
cally present in microemulsion systems, there are some
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Figure 1.11. Relationship between cyclosporine bioavailabil-
ity, given as the integral of the blood concentration versus
time curve (AUC) and dose after oral administration of an o/w
microemulsion (filled symbols) and a crude o/w emulsion (open
symbols) (data from ref. (36))

limitations to their general application in drug deliv-
ery. However, this high surfactant concentration can also
contribute to the functional advantages of such systems,
which is most probably the case for topical adminis-
tration of both hydrophobic and hydrophilic substances
using microemulsions. There are numerous examples of
studies in which an improved bioavailability of top-
ically administered drugs has been achieved through
the use of microemulsions, e.g. that of Ziegenmeyer
and Fiihrer, who found the transdermal penetration
of tetracycline hydrochloride from a w/o microemul-
sion, prepared from dodecane, decanol, water and an
ethoxylated alkyl ether surfactant, to be better than that
observed with conventional formulations (165), and that
by Willimann et al., who found that the transport rate for
transdermally administered scopolamine and broxaterol
was much higher for lecithin-based microemulsion gels
than for an aqueous solution at the same concentra-
tion (Figure 1.12) (166). Further examples include the
work of Bhatnagar and Vyas, who found an improved
bioavailability of transdermally administered propra-
nolol when using a lecithin based w/o microemulsion
(167), and that of Gasco et al., who found that a vis-
cosified o/w microemulsion, formed by water, propylene
glycol, decanol, dodecanol, Tween 20, 1-butanol and
Carbopol 934, gave a significantly better penetration
of azelaic acid, e.g. when used for treating a number
of skin disorders, than the corresponding water, propy-
lene glycol and Carbopol "gel", through full-thickness
abdominal skin (168).

The origin of the advantageous effects of microemul-
sions for topical drug delivery is not entirely understood.
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Figure 1.12. Transport of scopolamine through human skin
from a lecithin-isopropyl palmitate-water microemulsion
(filled symbols) and from an aqueous buffer solution (open
symbols) (data from ref. (166))

However, it is known that the outermost layer of the
skin, the stratum corneum, consists of keratin-rich dead
cells embedded in a lipid matrix. The most important
function of the stratum corneum is to limit transder-
mal transport in order to prevent dehydration and to
protect the body from chemical and biological attack.
The lipids, which only constitutes about 10% of the
stratum corneum, seem to be particularly important for
its function. Studies in which the natural lipids of the
stratum corneum have been replaced by model lipids
indicate that the former consists of layered structures,
and it has therefore been inferred that it is the stucture
of the lipid self-assemblies which governs the barrier
properties (169, 170). In this context, it is also inter-
esting to note that Azone®, a commonly used penetra-
tion enhancer in topical drug delivery (89, 171), favours
reversed-type structures, such as the reversed hexagonal
and reversed bicontinuous cubic structure, at least in
certain lipid systems (172). Thus, disruption of layered
structures and generation of water and oil channels seem
to correlate with an increased penetration of the stratum
corneum. The solubilization of membranes by surfac-
tants, as well as strategies for passive enhancement in
topical and transdermal drug delivery, have previously
been discussed in some detail (89, 173).

Since microemulsions are capable of solubilizing
both hydrophobic and hydrophilic substances, it is not
entirely unexpected that microemulsions can disrupt the
stratum corneum and increase the penetration and trans-
dermal drug absorption. Their use in topical formula-
tions are therefore interesting. A drawback with this
approach, however, is that there is a risk of skin irri-
tation. It is possible that the latter effect depends on the

structure formed at the skin after evaporation of water
and other volatile components (e.g. whether a lamellar
liquid crystalline phase, a reversed structure phase, etc.,
is formed) (see below).

5.33 Parenteral administration

There are several potential difficulties relating to the
use of microemulsions in parenteral administration. In
particular, the high surfactant concentration generally
present in such systems severely limits the types of
surfactant that can be used in the formation of such
systems. Furthermore, many microemulsions are not sta-
ble on dilution with water, and hence intravenous use
of such systems demands knowledge on what happens
to the microemulsion on dilution with blood. How-
ever, microemulsions have indeed been investigated
and also found promising for this administration route.
For example, von Corswant et al. studied a microemul-
sion system composed of a medium-chain triglyc-
eride, soybean phosphatidylcholine and polyethylene
glycol)(660)-12-hydroxystearate (12-HSA-EO15), the
structure of which was found to be bicontinuous even
at high oil concentrations (174). On dilution of the
microemulsion with water, there is a transition into an
emulsion phase, i.e. there is a spontaneous in situ emul-
sification, resulting in emulsion droplets of a size accept-
able for intravenous applications (Table 1.2), and in fact
smaller than that of typical commercial nutrition formu-
lations (see above). Furthermore, it was found that it was
possible to administer up to 0.5 ml/kg of the microemul-
sion (oil weight fraction, 50%) without significant detri-
mental effects on the acid-base balance, blood gases,
plasma electrolytes, mean arterial blood pressure, heart
rate, and time lag between depolarization of atrium and
chamber. Therefore, it seems that also for intravenous

Table 1.2. Mean droplet diameter and polydispersity index
of o/w emulsions resulting from dilution by water of
a microemulsion consisting of a medium-chain triglyc-
eride, soybean phosphatidylcholine, and poly(ethylene gly-
col)(660)-12-hydroxystearate, poly(ethylene glycol) 400 and
ethanol (from ref. (174) Reprinted by permission of
Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc)

Oil weight
fraction

0.06
0.21
0.38
0.60
0.72

Diameter
(nm)

187.9
65.8
67.8

105.3
132.5

Polydispersity
index

0.54
0.32
0.23
0.08
0.19



20 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

administration, microemulsion-based formulations may
indeed be of interest.

5.4 Liquid crystalline phases

There are a number of liquid crystalline phases formed
by amphiphilic molecules, notably surfactants, polar
lipids and block copolymers, including discrete and
bicontinuous cubic phases, hexagonal phases (and their
reversed counterparts), lamellar phases, intermediate
phases, etc. A number of these phases are interesting
from a drug delivery point of view. This is due to the fre-
quently large solubilization capacity of both hydrophilic
and hydrophobic substances, possibilities to control the
drug release rate, favourable rheological properties, suit-
able water transport rates, excellent stability, etc.

Perhaps of particular interest to drug delivery are
cubic liquid crystalline phases, especially those which
are bicontinuous. Such systems are stiff, transparent,
and can act as a "solubilizing" and controlled release
reservoir of both low- and high-molecular-weight
hydrophilic, hydrophobic or surface-active ingredients
(175-185). For many substances and bicontinuous cubic
phases, the solubilization capacity for all of these types
of drugs can be considerable, which also contributes
to making cubic phases interesting for drug delivery.
(Naturally, the release at a given mesh size of the
cubic phase depends to a large extent on both the
size and hydrophobicity of the solubilized drug.) The
solubilization capacity of bicontinuous cubic phases also
relates to another interesting possibility with the use of
these phases as drug carriers, since large biomolecules,
e.g. enzymes, can be incorporpotated into the cubic
phase. This, in turn, may allow an increased use of
rather potent protein drugs, which, if not effectively
immobilized, could result in detrimental side-effects (see
below).

Unless the cubic phase is dispersed as described
above, its stiffness can render its administration rather
difficult. However, through the knowledge of the phase
diagram of the system (in the presence of the active
component), one can utilize the natural tendency for
the system to undergo phase changes depending on the
conditions. This, in turn, may allow in situ formation
of the liquid crystalline phase. As an example of
this, Norling et al. previously investigated such in situ
formation in a dental gel application (175). The system
used for this consisted of monoolein, sesame oil and
metronidazole. By administering such a system as a
suspension, which transforms into either a cubic or a
reversed hexagonal phase at higher water content, it is

possible to use the excess water present in the oral cavity
in order to achieve the transition from the relatively low
viscous, and hence easily administered, L2 formulation,
into the stiffer cubic and reversed hexagonal phases
in situ (cf. Figure 1.13). In particular, the reversed
hexagonal phase was found to have the most favourable
sustained release properties. It was further showed by
Engstrom et al. that lamellar and cubic phases formed
by the monoolein-water system display moderate to
excellent bioadhesive properties (176).

Furthermore, temperature can be used in order to
obtain an in situ formation of liquid crystalline phases
which otherwise would be difficult to administer, e.g.
due to their high viscosity. For example, Engstrom
et al. studied the in situ formation of a bicontinuous
cubic phase constituted by monoolein and water (177).
Thus, in a certain concentration range this system
displays a transition from the lamellar phase to the
cubic phase with increasing temperature, and by tuning
the system a transition temperature between room and
body temperature may be obtained (see Figure 1.13).
By using this approach, the favourable drug delivery
properties of the cubic phase can be combined with the
relative ease of administration of the more low-viscous
lamellar phase. The formation and properties of such
in situ -forming carrier systems were also demonstrated
with a number of lipid systems and a variety of
drugs.
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Figure 1.13. Phase diagram of the monoolein/water system.
The cubic phases are denoted G (the gyroid type) and D (the
diamond type). The arrows indicate two different means to
reach an in situ formation of a bicontinuous cubic phase, i.e.
through increasing the temperature of a lamellar phase at a
fixed composition (A), and through dilution with water of a
reversed micellar phase at a fixed temperature (B) (data from
ref. (266))
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Liquid crystalline phases also seem to play an
important role in topical and transdermal drug delivery.
As discussed above, the protective properties of the
stratum corneum seems to depend on the properties of
its lipid fraction. More specifically, these have been
found to form lamellar structures (169, 170), which
could be expected to reduce the transdermal penetration
of drugs, as well as water evaporation. On the other
hand, the presence of Azone® may induce reversed-
type phases (172). Thus, the generation of oil and water
channels seems to correlate with the commonly observed
enhanced transdermal penetration of drugs caused by
this penetration enhancer (186).

On application of a liquid crystalline or other type
of surfactant-based formulation (e.g. microemulsions)
to the skin its composition, and hence its structure,
will change as a result of differential evaporation of
the formulation components (169, 170). A little while
after application, therefore, the amounts of the more
volative components (e.g. water) are reduced. This is
expected to have implications for both drug penetration
and skin irritation. For example, if the formulation
after evaporation consists of a (reversed) microemulsion
structure, solubilization of lipid biomembranes could
be expected to be substantial (see above), thus leading
to good skin penetration of the drug but also risking
the occurrence of skin irritation. If, on the other hand,
the remaining system is a lamellar liquid crystalline
phase, skin irritation is less likely, and water evaporation
from the application site may be reduced, although
the drug uptake may be less efficient. In any case,
a controlled dermal application of such formulations
requires knowledge of the phase behaviour of the system
in general, and of the effects of evaporation on the
structures formed in particular.

Liquid crystalline phases are also of interest from
the point of view of controlled or sustained release,
or even the absence (e.g. in the case of certain potent
enzymes) of such release of bioactive molecules. For
example, due to the presence of both water and oil
channels in bicontinuous cubic structures, such systems
are capable of solubilizing both hydrophilic, hydropho-
bic and amphiphilic drugs, the release of which can
be sustained over extended periods of time. Particularly
interesting in this respect is the incorporation of large
oligopeptide or macromolecular drugs (e.g. enzymes).
For example, Ericsson et al. investigated the incorpora-
tion of lysozyme in a cubic phase formed by monoolein
and water, and found that a considerable amount could
be solubilized in the liquid crystalline phase (182). Fur-
thermore, the incorporation of of-lactalbumin, bovine
serum albumin and pepsin was found to resemble that

of lysozyme. Analogously, Portmann et al. incorpo-
rated a-chomotrypsin in a cubic phase composed of 1-
palmitoy\-sn-glycero-3-phosphocholine and water, and
inferred through UV/VIS and circular dichroism studies
that the conformation of the enzyme is quite similar to
that in water (183). Moreover, Razumas et al. investi-
gated the incorporation of cytochrome c (184) and of
glucose oxidase, lactate oxidase, urease and creatinine
deiminase in a cubic liquid crystalline phase formed by
monoolein and water (185). It was found that the latter
enzymes could indeed be incorporated, although the rel-
ative activities of the enzymes were found to decrease
over a time-span of a few days to a couple of weeks.

5.5 Gels

The use of gels in pharmaceutics depends to some extent
of the structure of the particular gel being considered.
The term "gel" is frequently used in pharmaceutical
research and development to describe "thick" or "non-
flowing" systems. This means that different systems may
have drastically different compositions, even consisting
of entirely different kinds of sub-units, therefore hav-
ing widely different structures. (In fact, some gels of
interest to pharmaceutical applications are two-phase
systems, and therefore not even thermodynamically sta-
ble.) More often than not, however, the gels used in
pharmaceutical applications contain water-soluble poly-
mers. While some are suitable for molecular solubiliza-
tion of sparingly soluble drugs due to the presence of
hydrophobic domains, others are not capable of this due
to the absence of such domains. However, although the
solubilization capacity may be an important aspect in
a particular drug delivery system, it is generally other
aspects, e.g. the rheological properties or their conse-
quences (e.g. relating to the drug release rate, bioad-
hesion, etc.), which make these systems particularly
interesting from a drug delivery point of view, and there-
fore these systems are discussed together here.

One type of "gel" which has been extensively inves-
tigated in relation to pharmaceutical applications is that
formed by certain PEO-PPO-PEO block copolymers
(153). These systems are particularly interesting since
even a concentrated polymer solution is quite low-
viscous in nature at low temperature, whereas a very
abrupt "gelation" (liquid crystal formation (25, 187,
188)) occurs on increasing the temperature. The precise
value of the transition temperature depends on the poly-
mer molecular weight, composition and concentration,
the concentration and nature of the drug, etc., but by



22 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

combining these aspects, the gelation temperature can
be straightforwardly controlled.

Such systems have the capacity to solubilize par-
ticularly hydrophilic or moderately hydrophobic drugs.
Apart from this, however, they are also interesting from
the point of view of drug delivery, e.g. since they can
be easily administered at low temperatures through their
low viscosities, whereas they gel rapidly at the admin-
istration site. One area where this is of obvious impor-
tance is in topical, dermal and buccal administration.
As an example of this, Scherlund et al. investigated the
gels formed by two PEO-PPO-PEO block copolymers
(Lutrol F68 and Lutrol F127) and the local anaesthetic
agents, lidocaine and prilocaine. By a suitable choice of
composition, the low viscosity of a refrigerator-chilled
or room-temperature formulation can be combined with
gelation at the administration site, bioadhesion in the
oral cavity, and a suitable release rate of the active ingre-
dients, with the latter being an important aspect of these
types of formulation (Figure 1.14) (28).

One reason for the use of gel-based drug delivery
formulations is that they allow sustained and controlled
release. As expected for PEO-PPO-PEO-based gels,
the drug release rate depends on the drug hydropho-
bicity. More precisely, the drug release rate has been
found to decrease with increasing drug hydrophobic-
ity for these types of formulations (see Figure 1.9).
For example, Wang and Johnston investigated the sus-
tained release of interleukin-2 (IL-2) after intramuscular
injection in rats (189). This substance has been found
promising in the treatment of several cancers in both
experimental animal models and in humans, in which
the toxicity of IL-2 is a major problem. However, the

antitumour effect of IL-2 has been found to correlate
with the time that this substance remains in the serum,
rather than with the peak serum concentration, and there-
fore a sustained-release formulation could be expected to
improve the therapeutic efficiency and reduce toxic side-
effects. Therefore, the reduced peak serum IL-2 con-
centration and the longer circulation of IL-2 observed
after intramuscular administration for a gel formulation
(Pluronic F127), when compared to the aqueous IL-2
solution, is promising for IL-2 intramuscular therapy.

Apart from effectively increasing the solubility of
hydrophobic drugs and achieving a controlled release
of the drug after administration, block copolymer gels
may be used to improve the chemical stability of
the active substance (cf. micellar and cyclodextrin
solubilization (see Figure 1.10)). For example, Tomida
et al. investigated PEO-PPO-PEO block copolymer
gels containing indomethacin regarding their suitability
as topical drug delivery systems, and found that the
hydrolysis rate of indomethacin was reduced in the
gels when compared to the aqueous solution (190).
This protective property make these gels interesting, e.g.
for oral administration of substances sensitive to acid-
catalysed hydrolysis.

Another application where PEO-PPO-PEO block
copolymer gels have shown promise is as wound dress-
ings in the treatment of thermal burns. Such dressings
should be easy to apply, and should adhere to the
uninjured skin surrounding the wound, but also come
off easily when removed. Furthermore, the adherence
should be uniform since small areas of non-adherence
may lead to fluid-filled pockets where bacteria could
proliferate. Moreover, dressings should absorb fluid and
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Figure 1.14. (a) Elastic modulus (G') of formulations containing 14.5 wt% Lutrol F127, 5 wt% Lutrol F68 and 5 wt% of a 50/50
mixture of lidocaine and prilocaine. (b) The effect of the concentration of the active ingredients on the gelation temperature of
a formulation containing 15.5 wt% Lutrol F127 and 4 wt% Lutrol F68 at pH 5 (squares), pH 7 (diamonds), pH 8 (circles), and
pH 10 (triangles). The pKa of lidocaine (lido) and prilocaine (prilo) are 7.86 and 7.89, respectively (267) (data from ref. (28))
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maintain a high humidity at the wound, and should
also provide a bacterial barrier, either on their own or
by the inclusion of antibacterial agents, the release of
which should preferably be sustained. Although it is dif-
ficult to meet all of these requirements, PEO-PPO-PEO
block copolymer gels have been found useful for such
wound dressings. For example, Nalbandian et al. found
that Pluronic F127 is an efficient formulation for bac-
teriocidal silver nitrate and silver lactate following full-
thickness thermal burns in rats (191). No inhibition of
skin growth and repair was noted and the dressings were
equally efficient against Pseudomonas aeruginosa and
Proteus mirabilis. The dressings also showed promise
regarding electrolyte imbalances, heat loss and bacterial
invasion.

While the "gels" formed by the PEO-PPO-PEO
block copolymers are generally liquid crystalline phases
(187, 188), those formed by polysaccharides occur as a
consequence of network formation, frequently involving
coil-helix transitions, and in at least some cases, helix
aggregation (192-195). For example, pectin and galac-
tomannan are of interest, e.g. for specific targeting of the
drug to the large intestine, due to their enzymatic degra-
dation in the colon (see below) (196, and refs therein).
Furthermore, in s/ta-forming polysaccharide gels are
interesting for sustained drug release in the stomach
(197, and refs therein). A relatively frequently inves-
tigated type of polysaccharide gels are those formed
by alginates or gellan gum in the presence of calcium
ions. Irrespective of the nature of these types of gels,
however, they lack substantial hydrophobic domains.
As such, they can only solubilize either fully soluble
(hydrophilic) drugs, or dispersed drug (-containing) col-
loids. Nevertheless, a considerable drug loading can be
reach by utilizing poor solvency conditions for the drug.
For example, Kedzierewicz et al. were able to achieve
very high drug loading capacities of propranolol in gel-
lan gum microgel particles by increasing the pH prior to
particle formation to above the pKa of propanolol (198).

Yet another class of gels of some interest in drug
delivery is that formed by polymer-surfactant mixed
aggregates. Thus, on mixing polymers and surfactants,
there is frequently surfactant binding to the polymer
backbone, as well as polymer-induced surfactant self-
assembly (199, 200). Although the polymer-surfactant
aggregates so formed may have different structures,
frequently they are described with the so-called bead-
necklace structure, in which surfactant micelles are
"bound" along the polymer chains. Considering this, it
is not surprising that the surfactant micelles may act
as transient cross-links, and that an effective "gelation"

can result under at least certain specific conditions
(137-139, 199-203).

Polymer systems which have been found to be
particularly interesting in this context are cellulose
ethers and hydrophobe-modified cellulose ethers. In the
presence of ionic surfactants, some cellulose ethers,
e.g. ethyl(hydroxyethyl)cellulose (EHEC), display a
reversible temperature-induced gelation on heating
(137-139, 202, 203). Thus, while such polymer
systems are relatively low-viscous in nature at
low temperatures, they form loose gels at elevated
temperatures. As an example of this, Figure 1.15
shows the temperature-induced gelation of a local
anaesthetic formulation, intended for the periodontal
pocket, consisting of lidocaine/prilocaine, EHEC and
myristoylcholine bromide, the latter being a readily
biodegradable and antibacterial cationic surfactant.

In a couple of investigations, Lindell and Engstrom
studied the in situ gelation of EHEC/surfactant systems
in the presence of timolol maleate and timolol chloride,
where the former is a potent /3-blocker (202, 203). It
was found that timolol maleate could be incorporated in
the thermogelling EHEC system at a concentration rele-
vant to commercial eye drops, thus indicating a potential
use of these systems in ocular drug delivery. Further-
more, by comparison of formulations containing timolol
maleate and timolol chloride, as well as those with dif-
ferent surfactants, it was inferred that for a gel to form at
a low concentration of ionic surfactant, (i) the ionic drug
should typically be a co-ion to the surfactant, (ii) the
counterion of the drug and the surfactant should be
inorganic and have a low polarizability, and (iii) the sur-
factant should have a low CMC, but a Krafft temperature
not higher than ambient.
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Figure 1.15. Elastic modulus ( C ) of formulations containing
EHEC (1 wt%) and myristoylcholine bromide (3 mM) in the
presence (circles) and absence (squares) of 0.5 wt% prilo-
caine/lidocaine (50/50), at pH 9.8 (data from ref.(139))
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6 RESPONSIVE SYSTEMS

Of particular appeal for more advanced drug delivery
is the use of responsive systems, which on a given
change in one parameter change their properties dramati-
cally, e.g. regarding adsorption/desorption, colloidal sta-
bilization/ destabilization, self-assembly, gel formation,
swelling/deswelling, etc. Such systems may be respon-
sive to a number of parameters, including temperature,
pH, electrolyte concentration, presence of divalent ions,
etc. Depending both on the type of response and the
parameter inducing the response, such systems find dif-
ferent applications in pharmacy. In the following, a few
of the different types of such systems will be briefly
discussed.

6.1 Temperature-responsive systems

Of great interest to drug delivery in general are
temperature-responsive systems, especially if the sys-
tem displays a reversed temperature dependence, i.e.
a deteriorating solvency with increasing temperature.
This decreased solvency, in turn, favours adsorption,
self-assembly, gelation, deswelling, etc. Of particular
interest for drug delivery in this respect so far have
been PEO-PPO-PEO copolymers (see above). These
substances have been the subject of numerous investi-
gations, not only due to their interesting temperature-
dependent physico-chemical properties, but also due to
these polymers being among the first to become com-
mercially available in a range of molecular weights
and compositions, and due to the toxicities of at least
some of them being comparably low (204). Specifically,
a considerable amount of work involving the use of
such polymers in drug delivery systems based on their
temperature-dependent properties has been performed
over the last decade or so. As discussed above, one
such temperature response which has been particularly
extensively used and investigated in drug delivery is
the reversed temperature-dependent gelation displayed
by some of these systems, e.g. for in situ gelation in
periodontal drug delivery, treatment of thermal burns
and other wounds, ocular therapy, etc.

Temperature-responsive systems have also been
used in conjunction with bioadhesion. For example,
ethyl(hydroxyethyl)cellulose, with a lower consolute
temperature of 30-32°C and displaying gelation on
heating (cf. discussion above), was previously found by
Ryden and Edman to cause a rapid decrease in the blood
glucose level when co-administered with insulin (136).
A similar, although quantitatively smaller effect, was

found for poly-AMsopropyl acrylamide (lower consolute
temperature, 32-34°C (205)). The positive effects were
attributed to the temperature-induced gelation and
contraction after administration. Thus, the temperature-
dependent gelation may be beneficial simply through
the mechanical properties being suitable. However, the
temperature increase causes the solvency to deteriorate,
which makes alternatives to a molecular solution
relatively more favourable. Naturally, this is the origin
of the gelation in itself, but the poor solvency
conditions at elevated temperatures also enhances the
surface activity of these polymers (206-209), which
should also contribute to the observed bioadhesive
properties. Similarly, Sakuma et al. investigated the oral
administration of salmon calcitonin (sCT), and found
that polystyrene nanoparticles with poly(Af-isopropyl
acrylamide) surface grafts increase the absorption
enhancement of sCT (210, 211). Furthermore, the effect
was larger for poly(/V-isopropyl acrylamide) than for a
series of ionic nanoparticles. These effects were ascribed
to bioadhesion of the particles to the gastric mucosa.

The transition temperatures for thermoresponding
systems depend on a number of factors. Of these,
the molecular weight and composition of the poly-
mer systems are perhaps the most obvious ones. For
example, the lower consolute temperature, the critical
micellization temperature, the gelation temperature, etc.,
may be drastically changed by the copolymer composi-
tion. This is the case, e.g. for the frequently employed
PEO-PPO-PEO copolymers (25, 153) and cellulose
ethers (212), just to mention a few examples. The tran-
sition temperatures have also been found to depend on
the presence of cosolutes, such as electrolytes (26, 208),
alcohols (208), surfactants (27, 139, 213), hydrotropes
(214) and drugs (27, 28, 139, 215). For example, Scher-
lund et al. investigated the gelation of local anaesthetic
formulations containing PEO-PPO-PEO block copoly-
mers (Lutrol F127 and Lutrol F64) in the presence of
lidocaine and prilocaine, and found that the temperature-
induced gelation depended on both the concentration of
the active ingredients and on the pH, with the latter as
a consequence of the degree of ionization of the active
ingredients (see Figure 1.14) (28).

Moreover, Lowe et al. examined the thermally res-
ponsive hydrogels of AMsopropylacrylamide-containing
hydrophobic comonomers in both the absence and pres-
ence of ephedrine and ibuprofen (216). It was found that
the positively charged and hydrophilic drug ephedrine
caused deswelling of negatively charged copolymer gels
due to attractive electrostatic interactions between the
drug and the polyelectrolyte, whereas no such deswelling
due to ephedrine was observed for the uncharged gels.
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Furthermore, addition of hydrophobic ibuprofen resulted
in a collapse of all of the gels. The latter is analogous
to the findings by Scherlund et al. on the temperature-
induced gelation of PEO-PPO-PEO block copolymers
on addition of lidocaine and prilocaine in their base forms
(see Figure 1.14), as well as to the findings by Carlsson
et al on pH-dependent reductions of the cloud points of
poly(AMsopropyl acrylamide) solutions on addition of
either lidocaine or prilocaine (215).

Although most temperature-responsive systems used
in pharmaceutical applications are formed by poly-
mers, lipid systems may also be used in this respect.
For example, such systems may display temperature-
dependent phase transitions. Such transitions of interest
could be, e.g. micellar to liquid crystalline phase tran-
sitions, transitions between different liquid crystalline
phases, emulsion phase inversions, or temperature-
induced structural changes in microemulsion systems
(17-19, 153). Just to mention one example, Engstrom
et al. used the temperature-induced transition displayed
by the monoolein-water system from the lamellar
phase to the cubic phase as a means of combin-
ing the advantageous properties of the cubic phase
regarding, e.g. the drug release rate, with the rela-
tively larger ease of administration of the lamellar
phase (see Figure 1.13) (177). In fact, these authors
compared their system to the temperature-responding
systems formed by PEO-PPO-PEO block copoly-
mers and ethyl(hydroxyethyl)cellulose/surfactant sys-
tems, and found a comparable performance.

6.2 Electrostatic and pH-responsive
systems

Systems responding to changes in pH or electrolyte
concentration offer interesting opportunities for drug
delivery. In particular, swelling/deswelling transitions
of polymer systems, e.g. particles or gels, are quite
interesting since they allow the exposure of the drug to
the surrounding aqueous solution to be controlled, e.g. in
relation to oral administration, with advantageous effects
relating to drug stability, release, etc. In particular,
polyacids are interesting in this context, since they are
protonized at the low pH in the stomach, thus resulting
in a compact and somewhat dehydrated structure under
these conditions. This, in turn, may lead to a low
release rate and some protection against hydrolysis. On
the other hand, the deprotonation at a higher pH, e.g.
corresponding to that in the small intestine, causes the
polymer system to swell as a result of intramolecular
electrostatic interactions. This, in turn, facilitates the

release of the drug in a region where it is absorbed
more effectively, and where it is more stable against
hydrolytic degradation. Microgel particles displaying
such pH-dependent swelling have been investigated, e.g.
by Carelli et al. (217), Bilia et al. (218), Morris et al.
(219), Saunders et al. (220), and Kiser et al. (221).

For example, Carelli et al investigated the incorpora-
tion and release of prednisolon (PDN) from pH-sensitive
hydrogel particles prepared from poly(methacrylic acid-
co-methacrylate) and cross-linked PEO 8000 (217). It
was found that the PDN release depends on pH and the
hydrogel composition, the latter as a consequence of the
different pH sensitivity displayed by particles of differ-
ent compositions (Figure 1.16). Thus, the higher degree
of swelling, then the faster is the release of the drug.
Furthermore, Bilia et al. investigated the release from
pH-sensitive hydrogels prepared by poly(acrylic acid)
and PEO (218). (Similar gels have been discussed, e.g.
by Buonagidi et al. (222).) The drugs investigated were
salicylamide, nicotinamide, clonidin hydrochloride and
prednisolone. It was found that the release rates of all of
these substances were determined by the pH-dependent
swelling of the matrix, with a more rapid drug release
in simulated intestinal fluid than in simulated gastric
fluid. It was therefore concluded that these hydrogels
are of potential interest in gastrointestinal drug deliv-
ery. Naturally, cross-linked protein systems may also be
used as pH-responding gel systems. For example, Park
et al. studied the swelling of denatured albumin gels,
and found the swelling ratio to depend on pH (223).
More precisely, minimum swelling was observed at the
isoelectric point of the protein.

pH 1.2 pH6.8 pH7.4

Time (h)

Figure 1.16. Fractional release rate of prednisolone from a
hydrogel formed by cross-linked PEO and poly(methacrylic
acid-c<?-methylmethacrylate) versus time. The effects of pH
changes on the release rate are also shown (data from
ref. (217))
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Another interesting type of electrostatically respond-
ing system is that which depends on the electrolyte
concentration. For example, Conaghey et al. studied the
release of nicotine from ion-exchange resins contain-
ing carboxyl groups (224). At pH 7.4, where nicotine
is present in its positively charged form, and there-
fore extensively bound electrostatically to the neg-
atively charged ion-exchange resin, the release of
nicotine was found to increase with increasing ionic
strength (Figure 1.17). This is expected, since increas-
ing the ionic strength reduces the electrostatic attrac-
tion between nicotine and the resin, thus facilitating the
release of the former. Somewhat analogous effects have
also been found by, e.g. Schacht et al. (225), Ragh-
nuathan et al. (226) and Irwin et al. (227).

Furthermore, pH-sensitive multicomponent systems
have been investigated in this context. For example,
Fernandez-Hervas et al. prepared chitosan-alginate
beads, and investigated the release of diclofenac salt
from these beads, e.g. as a function of pH (228).
The background to this study is that diclofenac, a
widely used non-steroidal anti-inflammatory drug for
the treatment of, e.g. rheumatoid arthritis, may cause
bleeding, ulceration and perforation upon chronic oral
administration. Therefore, enteric coated or sustained
release formulations of this substance are interesting.
Under conditions mimicking those in the stomach, the
release of the drug was limited, even after several
hours. On increasing the pH to 7.4, on the other hand,
the release rate increased drastically as a consequence
of the increased negative charge of alginate and the
decreased positive charge of chitosan. This, in turn,
reduces interparticle electrostatic attractive interaction

and consequent contraction, thereby facilitating an
increased release rate.

Another type of responding system of interest in
drug delivery is polysaccharide gels. In particular,
microgel particles can be formed in a responsive manner
through addition of Ca2+. Examples of such systems
include alginate and gellan gum. In particular, such
systems are interesting for the preparation of pH-
sensitive gel particles highly loaded with the active
substance. Just to mention one example, Kedzierewicz
et al. investigated the loading of gellan gum particles
with propranolol (198). By increasing the pH, and
thereby reducing the solubility of this drug, prior to gel
formation, the drug loading of these particles could be
significantly increased. The formation of polysaccharide
gel (particles) has also been investigated by others, e.g.
Hwang et al. (229), Hughet and Dellacherie (230) and
Limand Wan (231).

It is interesting to note that Ca2+ alginate beads
coated with chitosan have also been found to be of
interest due to their bioadhesive properties (cf. the
discussion on bioadhesion above). For example, Gaser0d
et al. investigated the adherence of such particles at
pig stomach and oesophageal mucosa, and also the
adhesion of alginate beads at pig stomach tissue, and
found a much higher degree of adhesion of the chitosan-
coated alginate beads (135). Naturally, this is in line
with numerous previous findings on the bioadhesion
of chitosan-containing formulations (cf. the discussion
above).

7 BIODEGRADABLE SYSTEMS
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Figure 1.17. Release rate of nicotine from a negatively charged
resin (Amberlite IRC50) at pH 7.4 at ionic strengths of 0.11 M
(triangles), 0.22 M (squares) and 0.44 M (diamonds) (data
from ref. (224))

Biodegradable systems are interesting for pharmaceuti-
cal applications for a number of reasons. In particular,
the degradation can be used in order to control the
release rate of the drug, but it may also be valuable for
protecting the drug from degradation, to reduce the risk
for accumulation-related diseases, to control the biologi-
cal responses to the active substances, etc. By the use of
biodegradable chemical links, it is possible to make par-
ticles, gels, surface coatings, self-assemblied structures,
etc., which degrade with half-lifes which are orders of
magnitude in difference.

The degradation is affected by a number of factors,
most notably the nature of the unstable link, compo-
sition, pH and temperature. A particular emphasis in
this area over the last decade or so has been placed
on polyester (co)polymers, and particularly those con-
sisting of polylactides and/or polyglycolides. Through
control of the copolymer composition, the degradation
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rate may be controlled to quite some extent (232, 233).
Analogous to low-molecular-weight esters, the degrada-
tion of polyesters is accellerated at low and high pH
(234-236). This makes them interesting regarding oral
administration, since a biodegradable drug carrier may
be used in order to protect the active substance in the
stomach, which is particularly important if the latter is
sensitive to hydrolysis, after which it is released after
passage through the stomach. Since the degradation rate
is quite low at neutral pH or in the dried formulation, on
the other hand, one could expect the storage stabilities
for such systems to be good.

7.1 Solid systems

Biodegradable particles and other solid systems are
probably the types which have been most extensively
investigated in this context. In particular, emphasis in
these studies have been placed on biodegradation as a
means of controlling the drug release rate. It has been
found in some cases that there is a close correlation
between the degradation and the drug release rate. For
example, Domb and Langer investigated the degradation
of discs composed of poly(carbophenoxyvaleric acid),
as well as the release of /?-nitroaniline for these, and
were able to demonstrate that the release occurs as a
consequence of the degradation (Figure 1.18(a)) (237).
Since the degradation rate may be controlled over
orders of magnitude through the choice of copolymer
composition, the drug release rate may be widely
controlled with some accuracy. Furthermore, a drug
release sustained over extremely long times may be
achieved by using this approach.

It is important to note, however, that the drug release
from biodegradable polymer systems may be signifi-
cantly more complex than this. In particular, both the
polymer degradation and the drug physico-chemical
properties are frequently of importance for the drug
release. For example, Sung et al. studied the effects on
the drug release rate of both the drug physico-chemical
properties, notably the hydrophobicity, and the copoly-
mer composition for a series of nalbuphine prodrugs
and polylactide-polyglycolide copolymers of different
compositions (238). As can be seen in Figure 1.18(b),
the drug release rate decreases with an increasing drug
hydrophobicity, thus indicating that the drug partition-
ing is important to the release rate. On the other hand,
these investigators also found in the same study that the
release rate increases with increasing polyglycolide con-
tent in the copolymer, thus indicating that the faster the
degradation/erosion, then the faster the release.

In fact, the relation between degradation, drug par-
titioning and drug release may be even more complex
than this, since the drug may also affect the degradation
rate. For example, basic drugs may behave as base cata-
lysts, which may enhance the degradation rate and hence
also the release rate. On the other hand, basic drugs may
also neutralize the polymer terminal carboxyl residues
of polyesters, thereby reducing the autocatalysis due to
the acidic end-groups, and therefore also the degradation
rate and the release rate (238-241).

An area where biodegradable particulate drug carriers
have been found promising is in the development of oral
vaccines (242-258). Because most infectious species
enter the body through mucosal surfaces, immunization
involving these surfaces can be expected to be an
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Figure 1.18. (a) In vitro release of /^-nitroaniline (circles) from a poly(carbophenoxyvaleric acid) matrix, as well as the fractional
degradation of the matrix (triangles) (data from ref. 237). (b) Relationship between the release rate and the aqueous solubility of
various nalbuphine prodrugs (data from ref. (238))
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efficient approach for vaccination. The gastrointestinal
tract has been mainly investigated in this context,
although in addition, other mucosal surfaces, e.g. the
pulmonary, genitourinary and nasopharyngal surfaces
are all coated with mucus-containing immunoglobulins,
notably IgA, and could therefore be of interest in this
respect.

From a delivery point of view, particle encapsulation
is an interesting route to facilitate a successful vaccina-
tion through the oral route. One reason for this is the
harsh conditions prevalent in the stomach, which cause
rapid degradation of the material used for immunization,
e.g. peptides, proteins, cells, viruses, etc. By encapsu-
lation, on the other hand, degradation of the species
provoking the immune-response may be reduced or
eliminated. Furthermore, in analogy to parenteral immu-
nization, particles may also be beneficial for immuniza-
tion by acting as adjuvants (259). Thirdly, since orally
administered particles are typically taken up by Peyer's
patches, which constitute one of the main immune sys-
tems in the gastrointestinal tract, a beneficial localization
effect may also occur. In fact, considering the key role
played by Peyer's patches, the successful use of par-
ticles in oral vaccines seems to depend extensively on
the uptake of the latter in these patches. This uptake, in
turn, has been found to depend on a number of factors,
notably particle size, hydrophobicity and charge, as well
as the feeding state of the patient.

Although a number of different particle systems may
be used for oral vaccination, biodegradable polylac-
tides and polyglycolides, or their copolymers, are par-
ticularly interesting in this context, e.g. since they are
taken up very efficiently by Peyer's patches, as they
are readily biodegradable, and since the resulting degra-
dation products are essentially non-toxic and readily
resorbable. A number of groups have investigated the
use of these types of particles in oral vaccination, and
stimulation of both mucosal (slgA antibodies) and sys-
temic (IgG antibodies) have been observed (see, e.g.
ref. 121). For example, Elridge et al. studied the immune
response resulting from Staphylococcal enterotoxin B
encapsulated in poly(DL-lactide-c6>-glycolide) particles,
and found that particles in the size range 1-10 urn
were efficient as carriers for this antigen (256). In
contrast, the soluble antigen was relatively ineffec-
tive (Figure 1.19). Furthermore, Elridge and co-workers
demonstrated that particles of different sizes can be co-
administered in order to provoke a biphasic immune
response (246). Similarly, Nellore et al. investigated the
performance of microparticles with hepatitis B surface
antigen vaccine and found enhanced antibody responses
(255), while Stevens et al. investigated biodegradable
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Figure 1.19. Plasma anti-toxin antibody levels of the IgM, IgA
and IgG isotypes induced following oral immunizations with
100 ug doses of staphylococcal enterotoxin B vaccine either
encapsulated (a) or free (b) (data from ref. (256))

microparticles in vaccination for fertility control, and
found promising results (260). Biodegradable particles
have also been found useful for provoking immune
responses to viruses, including parainfluenza virus (244)
and influenza virus (248).

Another area where biodegradable polymer systems
are of interest is in drug delivery to the lymphatic system
(121). This, in turn, is interesting since transport via the
intestinal lymphatics circumvents first-pass metabolism
through the liver and may enhance the drug bioavail-
ability. Furthermore, uptake in the GALT constitutes an
access route to the lymphatic system, and the success-
ful use of this may provide an absorption pathway for
encapsulated drug molecules (e.g. peptides and proteins)
which are otherwise subject to luminal degradation. As
discussed above, the uptake in Peyer's patches depends
on the particle size, generally decreasing with increasing
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particle size. Furthermore, it has been found that the
surface characteristics of paniculate drug carriers affect
the uptake of the latter in the lymphatic system. For
example, more hydrophilic particles are less effectively
retained in the regional lymph nodes than hydrophobic
particles.

7.2 Polymer gels

Biodegradable polymer gels are interesting, e.g. for
oral, buccal, topical, ocular, nasal and vaginal drug
delivery. Such systems are frequently preferred due
to suitable rheological properties, bioadhesion, optical
clarity, etc. Biodegradation of such systems, in turn,
offers advantages related to ease of removal or lack
of need of removal, sustained release, etc. Considering
the advantageous properties of PEO and PEO-containing
copolymers in many drug delivery applications, as well
as the advantages of biodegradable systems in general,
the possibility of producing biodegradable gels from
functional PEOs, as discussed previously, e.g. by Zhao
and Harris (261) and by Singh et al. (262), is certainly
interesting.

An area where biodegradable gels are of particu-
lar interest is in colon drug delivery (196). The main
reason for this is that the fermentation of polysaccha-
ride carriers caused by microbial enzymes in the large
intestine may be used, together with the inherent ten-
dency for such systems to display sustained release of
solubilized drugs, to obtain efficient controlled release
formulations, e.g. for the treatment of Crohn's disease,
ulcerative colitis, spastic colon, constipation and colon
cancer. Moreover, colon administration is also inter-
esting for systemic absorption of, e.g. peptides and
proteins, which are extensively degraded in the gas-
trointestinal tract. Naturally, a number of systems are
of interest in this context, e.g. coatings of by amy-
lose, cyclodextrins, galactomannan or pectin, as well as
matrices formed by, e.g. chondroitin sulfate, dextran,
pectin or galactomannan. Just to provide one illustra-
tive example, Figure 1.20 shows the results obtained by
Rubinstein and Sintov on the release of indomethacin
from a calcium pectate gel in the absence and pres-
ence of pectinolytic enzyme (known to be present in
the colonic region) (263). As can be seen from this
figure, essentially no release is observed in the absence
of digestive enzymes, whereas a significant release was
observed in the presence of such enzymes. Therefore,
the release to the colon may be controlled by the sta-
bility of the matrix to enzymatic degradation, and, more
importantly, a specific targeting to the large intestine can
be obtained by this approach.
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Figure 1.20. Cumulative release of indomethacin from a cal-
cium pectate gel in citrate buffer in the presence (circles) and
absence (squares) of pectinolytic enzyme (data from ref. (263))

7.3 Surface coatings

Biodegradable surface coatings of drug carriers could be
expected to be of interest in a number of pharmaceutical
applications, but particularly so in relation to parenteral
drug delivery of colloidal drug carriers. As discussed
above in relation to liposomes, sterically stabilized,
and particularly PEO-modified colloidal drug carriers,
are quite interesting due to prolonged bloodstream
circulation times, a comparably even tissue distribution,
reduced toxicity effects, etc. Even with PEO-modified
particles or surface coatings, however, the bloodstream
circulation time is generally of the order of a couple of
days at most, and hence a PEO-based surface coating
needs to be stable over that particular time only. After
this, the fairly good chemical stability of PEO has no
advantage, and indeed it may even be detrimental to the
degradation and excretion of this substance.

As discussed above, the origin of the advantageous
effects of PEO-containing coatings of colloidal drug car-
riers in intravenous drug delivery is the low serum pro-
tein adsorption caused by the PEO chains. On biodegra-
dation, on the other hand, the PEO chains are released
and the serum proteins can adsorb once more. For
example, Muller et al. have previously investigated the
adsorption of a number of PEO-polylactide copolymers
at hydrophobic methylated silica surfaces, as well as the
adsorption of fibrinogen, a well-known opsonin (8) at
such surface coatings, e.g. before and after degradation
of the polylactide anchoring block (264). It was found
that when the polylactide moiety is intact, the polymer is
strongly anchored at the hydrophobic surface, and pre-
vents the protein from adsorbing. On degradation of the
polylactide block, however, the polymer does not adsorb
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as extensively and strongly at the surface, and hence it
is no longer capable of reducing the protein adsorption.

Analogous to this, Kirpotin et al. investigated
the properties of lipsomes with detachable polymer
coatings through incorporation of a disulfide-linked
PEO-phospholipid conjugate (distearoyl phosphatidy-
lethanolamine-dithiopropionyl (DTP)-PE02ooo) in dio-
leoyl phosphatidylethanolamine (DOPE) liposomes
(265). It was found that the liposomes in the absence
of such a conjugated lipid, but in the presence
of not readily degradable DOPE/mPEO-distearoyl
phosphatidylethanolamine, displayed a long circulation
time in the bloodstream, stability to flocculation, and a
slow release of an entrapped fluorescence marker. On
the other hand, the stability of the liposomes decreased
drastically on degradation of the carbamate links.
Moreover, modifying pH-sensitive DOPE/cholesterol
hemisuccinate liposomes with mPEO-DTP-distearoly
phosphatidyl ethanolamine (DSPE) resulted in a
decrease in the pH-sensitivity. After cleavage, on
the other hand, the pH-sensitivity was restored. Such
degradable surface coatings therefore seem feasible.
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1 INTRODUCTION

Almost all food and feed materials are heterogeneous,
with structural entities in size ranges from 1 nm to 1 um,
or larger. Colloid and surface chemistry aspects strongly
affect all properties of these materials, while such aspects
are also involved when we want to understand and
describe the properties of various food and feed materials
and systems. Hence, we cannot follow a headline such as
the one above with a complete description of the area, but
rather we will give a few examples and ideas concerning
important aspects of colloid and surface chemistry in
relation to food and feed industrial problems.

2 COLLOIDS IN LIQUIDS

Most of our food and feed materials are dispersed in
a liquid medium forming the continuous phase of the

system, either in their final state or during the produc-
tion process. They are all thermodynamically unstable,
with the kinetics of the instability processes describing
their life times.

All dispersed systems have common characteristic
properties which are determined by three key parame-
ters: the particle size, the volume fraction of the dis-
persed phase and the interparticle interactions.

Food suspensions may be aqueous dispersions, for
instance tomato ketchup, mustard, etc., or oil-continuous
dispersions, such as melted chocolate. The interparticle
interactions are strongly influenced by the properties of
the continuous phase, which will make oil-continuous
systems very different from water-continuous systems.
In addition, the solution, structural and chemical prop-
erties of the dispersed phase strongly influence the pro-
perties of these systems.

In order to understand the mechanisms involved,
it might be useful to divide the various dispersions

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
ISBN 0471 490830 © 2001 John Wiley & Sons, Ltd



40 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

Table 2.1. Instability mechanisms in homogeneous and heterogeneous dispersions

Mechanism Homogeneous Heterogeneous

Sedimentation Less important due to the small density
difference and the high volume fraction

Flocculation Unimportant due to the large particle size
Coalescence Most systems contain solid particles
Ostwald ripening Very important for small particles ( < l - 1 0 urn).
Nucleation Important during the formation of the dispersed

system
Material bridges Important

Usually very important unless the particle size is
very small

Important if the particle size is below 1 urn
Important in liquid/liquid and liquid/gas systems
Important in foams
Might be important during foam formation

Only important for water bridges in
oil-continuous dispersions (sucrose in oil)

into two groups, depending on the degree of chemical
heterogeneity between the phases. The first of these,
chemically heterogeneous systems, are those where the
dispersed phase consists of components with different
solubility properties and a different chemical character to
that of the continuous phase. The second type comprises
chemically homogeneous systems, where the dispersed
phase is obtained by crystallization or precipitation of a
major part of the continuous phase.

2.1 Chemically homogeneous dispersions

Chemically homogeneous dispersions are defined here
as dispersions where the dispersed phase and the contin-
uous phase have chemical compositions with important
similarities. Examples of such systems are honey, where
we have saccharide crystals dispersed in a concentrated
syrup, or semi-solid fat, which consists of solid trigly-
ceride crystals dispersed in a solution of liquid trigly-
cerides.

Major characteristics of homogeneous dispersions
are the dynamic characters of their phase boundaries.
There is a continuos flux of material from the dissolved
state into the solid state, and vice versa. The inter-
faces are dynamic and changing, with the process of
ostwald ripening rapidly eliminating the smaller parti-
cles. Surface-active components may influence both the
crystal growth and the nucleation.

Important examples of homogeneous dispersions are
ice crystals in concentrated protein and salt solutions
(frozen animal tissue materials and other frozen low-
carbohydrate foods), or ice crystals dispersed in a
concentrated syrup (frozen desserts, ice cream, etc.).

2.2 Chemically heterogeneous dispersions

The most characteristic food model colloid in this class
is that of triglycerides dispersed in water. Triglycerides

display an extremely low solubility in water, suppressing
the ripening processes, and thus make instability mech-
anisms far more important. Suspensions of insoluble
materials, such as fibre particles (for instance, cloud-
ing materials in soft drinks), or protein and carbohydrate
particles in oil (for instance, chocolate systems which
normally consist of about 70% of sucrose dispersed in
cacao liquid) are also examples of heterogeneous disper-
sions. Such colloidal systems might be described as being
either emulsions, suspensions or foams. The various
instability mechanisms occurring in homogeneous and
heterogeneous dispersions are compared in Table 2.1.

2.2.1 Emulsions

Emulsions are created by applying mechanical agitation
to an oil phase, thus dispersing it into droplets. In order
to stabilize the droplets, they need to be protected by
an adsorbed layer of emulsifiers or protecting colloids.
The emulsifying material creates repulsive and attracting
interaction patterns, which determines the properties of
the final food system.

Such destabilising factors are different between
oil-in-water and water-in-oil systems, as shown in
Table 2.2.

Water-in-oil emulsions, are commonly exemplified
by systems such as butter, spreads and margarine. These
consist of water droplets formed in an oil phase of a
liquid oil or a semi-solid partially crystalline oil phase.
These systems are typically stabilized by oil-soluble
emulsifiers and by the presence of solid particles. The
water solubility in a triglyceride, in contrast to the
triglyceride solubility in water, is about 0.5%, thus
making the ripening processes fast unless the droplets
are stabilized by the inclusion of a totally oil-insoluble
material such as salt.

A second factor that differs between oil-in-water and
water-in-oil systems is the role of fat crystals. In oil-in-
water systems, such crystals induce coalescence. How-
ever, the finalization of the droplet fusion is also slowed



SURFACE CHEMISTRY IN FOOD AND FEED 41

Table 2.2. Characteristics of water-in-oil and oil-in-water food emulsions

Oil-in-water Water-in-oil

Stabilizing components

Destabilizing mechanisms

Particle size
Examples

Proteins, hydrophilic surface-active
lipids

Flocculation, coalescence, fat crystals
(partial coalescence)

Typically 0.5-5.0 urn
Mayonnaise, cream

Hydrophobic surface-active lipids, fat
crystals

Ostwald ripening, coalescence

Typically 5.0-50 urn
Butter, spreads

Table 2.3. Properties of food and feed suspensions

Colloidal parameter Rheological properties Consolidation properties

Particle size

Interparticle interaction

Smaller particles-more connections and
higher strength

Attractive interaction-higher strength

Volume fraction High volume fraction-high strength
Density difference between No effect

continuous and dispersed phases.
Container height No effect

Smaller particles-faster consolidation

Attractive interactions-slower
consolidation.

High volume fraction-slow consolidation
Larger density difference-faster

consolidation
High container-large consolidation stress

and faster process

down in the presence of a high-fraction solid fat. Hence,
partial coalescence is a typical state for an emulsified
semi-solid fat (1, 2). In water-in-oil emulsions, the role
of the fat crystals is in the opposite direction, i.e. it
contributes to the stability of the system.

2.2.2 Suspensions

Suspensions of insoluble material are commonly found
in many food and feed systems. Some of their prop-
erties are summarized in Table 2.3. The particles are
almost always obtained from the grinding operation of
a biological tissue or of a pure solid food material
(typically sucrose or protein). These processes gener-
ate particles with a typical size range of 5-500 urn. The
sedimentation of particles of these sizes is rapid under
dilute conditions, which thus makes such dilute sus-
pensions unstable. More concentrated systems produce
stable suspensions by the formation of a concentrated
network, which then only slowly change due to a con-
solidation process.

The strength of this particle network is of large tech-
nical importance. For example, it gives rise to various
rheological characteristics such as the yield values of
more or less plastic dispersions, and determines the
sensitivity to consolidation. A developed consolidation
process in a suspension gives a layer of clear liquid on
top of the suspension.

Feed suspensions are usually prepared by dispers-
ing a powdered, agglomerated or pelleted material in

water just before feeding to animals. These suspensions
display a rapid sedimentation, which is mainly deter-
mined by the size of the particles and their effective
densities. A rapid sedimentation during the distribution
of the feed slurry could commonly lead to problems with
the feed composition.

2.2.3 Foams

Foams consist of gases dispersed in a liquid. The nature
of such foams varies depending on the situation. Some
foams are transient with a short lifetime, for instance a
Champagne foam, while other foams are more or less
permanent, e.g. the foam formed in bread.

A typical feature of foams is that diffusion between
the phases (Ostwald ripening or disproportionation) is of
critical importance rapidly eliminating all particles in the
colloidal range (3). The density difference between the
two phases is always large, and consequently a densely
packed layer of comparatively large bubbles is always
rapidly formed (typically 90-99% of the dispersed phase)
if the viscosity is low (4). The stability of these foams is
largely determined by the film rupture characteristics (of
the film separating the bubbles) and by film drainage. The
surface-active components present in the liquid form two-
dimensional layers along the air-water interfaces, display-
ing surface rheological properties which contribute to the
stability of the film via a range of different mechanisms,
as illustrated in Table 2.4.

However, a range of very important food foams are
stabilized by a three-dimensional gel through the foam



42 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

Table 2.4. Destabilizing mechanisms and stabilizing factors in foams with viscous or low-viscous lamellae

Low-viscous lamellae Viscous lamellae

Important mechanisms
determining the stability

Important components
contributing to the foam
performance

Stability character
Dispersed phase/overrun
Examples

The formation of a two-dimensional viscous
layer along the surface. Repulsive
interactions between adsorbed layers

Adsorbed surface-active components, e.g.
proteins, peptides and lipids. Absences of
defoaming components such as free oil

Transient
90-99% dispersed phase; >800% overrun
Beer, champagne

The formation of a three-dimensional viscous
layer through the foam lamellae. Formation
of interfacial gels

Proteins sensitive to surface denaturation.
Monoglycerides forming gel phases by
partial crystallization (a-gels). Fat particles
able to form aggregated networks at the
air-water interface

More or less permanent
50-85% dispersed phase; 100-800% overrun
Bread, meringue, shortenings

lamellae. Such foams generally have very thick lamellae
and a less dispersed phase (typically 50-85% - which
corresponds to overruns of 100-500%). The structure
of the foam is viscous to solid, and the foam may be
permanent.

The stabilizing mechanisms displayed under these
two conditions are different, and thus when dealing
with food foams one has to recognize the role of
the solidifying structure of the foam lamella in many
important technical systems.

3 INTERPARTICLE INTERACTIONS
IN LIQUIDS

Colloidal interparticle interactions are important in all
systems dispersed in liquids, and consequently play an
importance role in many types of food dispersions (5).
The relative importance of the different interactions
depends on the properties of the surfaces involved and
of the continuous phase.

3.1 van der Waals interactions

Dipolar and induced dipolar interactions cause this gen-
eral and fundamental attractive interaction. The char-
acter of this interaction is comparatively weak and
comparatively long-range in order. The interaction is,
in principal, proportional to the refractive index differ-
ence between the phases. The difference between oil and
water is large and only fairly high concentrations of dis-
solved material reduce the van der Waals interactions
significantly.

3.2 Electrostatic repulsion

Electrostatic repulsion is generally considered to be the
main source of stability in typical colloidal systems.

This repulsive interaction is caused by charge at the
interfaces, with the range of the interactions being deter-
mined by the counterion concentration. Three reasons
reduce the significance of electrostatic interactions in
food systems, as follows:

1. The surface charges are usually low. Only a few
charged emulsifiers are permitted and used. Food
polyelectrolytes are always of a heterogeneous
nature. For instance, the polyacid, pectic acid,
contains partly esterified acid groups, thus reducing
the actual charge. Proteins contain nonionic, cationic
and anionic amino acids, hence creating a surface
with complex charge properties.

2. The salinity is usually high. Most food sys-
tems have a salt level around the physiological
concentration (0.9% NaCl, approximately equal to
150 mmol/1). Animal foods have an original salinity
at this level, while for recombined vegetable-based
foods about this same amount of salt is added.

3. The pH is usually low. Typical pH values for
fermented food and fruits are around 4, while the
pH for most vegetables and meat is between 5 and
6. Only a few foods have almost neutral pH values,
i.e. between 6 and 7, e.g. shellfish, milk, egg, etc.

Consequently, DLVO-type interactions (a combination
of van der Waals and electrostatic interactions) are rarely
sufficient to explain the functionality of typical food
systems.

3.3 Hydration interactions

Hydration interactions are empirically identified short-
range repulsive interactions, which operate between
hydrophilic surfaces (6). The strength of the interaction
is larger than the electrostatic or van der Waals inter-
actions, although the range is very short, i.e. typically
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Table 2.5. Structural interactions

Molecule

Water

Octamethylcyclotetrasiloxane
Triolein

Shape

Approximately
spherical,
^ 2-3 A

spherical, d ~ 9 A
25 x 10 x 10 A

Number of
oscillations

10

10
3

Interaction
Distance A

25

90
60

Reference

8

9
10

2 nm. The final nature of this interaction is still under
debate (7), although it has been empirically identified
between a wide range of surfaces (mica, phospholipids,
monoglycerides and protein surfaces).

3.4 Solvent structure

Interactions between surfaces are usually assumed to
depend on the average properties of the specific liquid
between the surfaces. However, at very short distances,
the size of the molecule becomes comparable to the
distance separating the actual particles. At such short
distances, the interaction becomes oscillating due to the
packing constraints of the solvent molecules (Table 2.5).
The propagation of this ordering depends on the spheric-
ity, polydispersity and size of the interacting surfaces.
For water this happens only at very short distances (typ-
ically 5 A), while for larger molecules it becomes more
important at much larger distances. Structural interac-
tions can be expected to have a particular importance
for solutions with large molecules, such as triglyceride
systems and systems with non-adsorbing polymers.

3.5 Polymer-induced interactions

Polymers in solutions are characterized by the low level
of mixing entropy, which makes the interaction terms
much more important with respect to the solution prop-
erties. This is also the main reason why polymer solu-
tions tend to separate when two or more polymers are
mixed together. The phase separation could be associa-
tive if there is an attractive interaction between both
polymers or segregative when there is a repulsive inter-
action between the polymers. Food and feed systems
which include various types of polymers can be very
complex. Thus, there are strong tendencies to various
types of phase separation. It has also been observed that
such behaviour is of significance during processing at
high temperatures, for instance during peleting. How-
ever, due to the complexity and the presence of other

colloids it has been difficult to characterize this property
in food systems. During the last few years, however, it
has been described in several systems (Table 2.6).

Polymers present in solution also influence the inter-
actions between particles. Such interactions depend on
the solution properties of the polymers and on the
polymer-to-surface concentration ratio (Table 2.7).

It is clear from this table that there is a range
of different properties that could be obtained in the
presence of polymers. A low fraction of a strongly
adsorbing polymer might cause bridges between the
particles, thus destabilizing the system. This is typically
used industrially in flocculent systems, for instance in
clarifying cider or beer. The best efficiency is obtained
when the adsorbing polymer generates fairly long-range
interactions, e. g. electrostatic interactions.

Table 2.6. Examples of phase-separating polymer food systems

Polymer 1 Polymer 2 Observation Reference

Starch Galactomannan Phase separation
Casein Galactomannan One phase; phase

separation
occurs above a
salinity of
0.1-0.2 M

Na-caseinate Na-alginate Phase separation
Gelatine Maltodextrin Phase separation

11
12

13
14

Table 2.7. Interparticle interactions caused by the presence of
polymers

Type of
interaction

Bridging

Steric repulsion

Depletion attraction

Polymer
surface

interaction

Adsorbing

Adsorbing

Non-adsorbing

Other
conditions

Low surface
coverage

High surface
coverage, good
solvent
conditions

Intermediate
polymer
concentration
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Table 2.8. Amphiphilie properties of polar lipids

Character

Hydrophilic
Balanced

Lipophilic

Solubility

Water-soluble
Dispersible in water

and oil
Oil-soluble

Self-assembling
aggregates

Micelles
Bilayer structures

Reversed aggregates

HLB"

Above 12
8-6

Below 6

Use

Detergents, wetting
Water-continuous

emulsions, foam
Oil-continuous

systems

"Hydrophilic-lipophilic balance.

An adsorbed layer of a well-solvated polymer (good
solvent conditions) creates a steric barrier protecting
the particles from flocculating. This type of interaction
is very common in food and feed systems as a result
of protein adsorption. Under some conditions, steric
repulsion could also be caused by the adsorption of
surface-active polysaccharides, such as gum arabic.

Non-adsorbing polymers generate attractive interac-
tions and depletion attractions, thus causing the system
to phase-separate into one polymer-depleted and one
particle-depleted solution. Typical polymers that could
cause this behaviour are large non-adsorbing polysac-
charides, such as xanthan or starch. This effect is usually
observed as an increased creaming or a coarsening of the
system.

3.6 Liquid bridges

Precipitating material between dispersed particles causes
material bridges. The necessary conditions include
that the precipitating material should wet the particles
(contact angle less than 90°) and that there is a
surface tension between the precipitating phase and the
surrounding liquid. Typical systems where this may
occur are triglyceride-continuous dispersions, where
dissolved water may precipitate and form bridges
between hydrophilic particles, such as sucrose particles
in a chocolate dispersion. This will lead to a stiffening
of the dispersion and result in a change in the sensoric
properties of the product. However, a hydrophobic
additive, such as lecithin, will adsorb to the sucrose
particles, thus reducing their hydrophilicity, and hence
reduce the formation of water bridges, and consequently
the viscosity (10).

4 SURFACE-ACTIVE COMPONENTS

The generation of surface interactions is closely con-
nected to the presence of surface-active material which

is naturally present in food and feed systems, as well
as surface-active technical additives. Various national
authorities (for instance, the USA Food and Drug
Administration) regulate the use of additives in food
systems. For feed systems, there are similar restrictions
regulating their use. The chemical origin could belong
to three classes of compounds, i.e. lipids, proteins and
polysaccharides.

4.1 Lipids

The functional properties of polar lipids are determined
by their solution properties. The amphiphilie character of
such properties can be described as follows (Table 2.8):

1. By the solubilities, ranging from oil-soluble to water-
soluble. This was first expressed by the Bancroft rule,
which states that water-soluble emulsifiers favour
emulsions with an aqueous continuity, while oil-
soluble emulsifiers favour emulsions with an oil
continuity.

2. By the hydrophilic-lipophilic balance (HLB) sys-
tem, according to Griffin (15). The HLB ratio is
expressed as a number based on the emulsifying
properties of the emulsifier. The HLB can also be
estimated from the chemical structure according to
the molecular group contributions, as repeated by
Davies (16). HLB numbers are closely related to the
functional properties of the emulsifiers.

3. The phase-inversion temperature, according to Shin-
oda and Saito (17). The effective HLB value
is strongly temperature-dependent (the emulsifier
becomes less hydrophilic with increasing tempera-
ture) when ethoxylated surfactants are used. In an
emulsion system, this can be followed by the phase-
inversion temperature, which corresponds to the tem-
perature at which the effective HLB is about 6. In
food and feed applications, this is fairly rarely used
as purely ethoxylated surfactants are seldom used in
such systems.



SURFACE CHEMISTRY IN FOOD AND FEED 45

4. By the formation of self-assembling structures in the
presence of surplus water. The type of structures
formed range from micellar structures (hydrophilic
emulsifiers) to reversed structures (reversed micelles,
L2 phases or reversed hexagonal phases) for the more
lipophilic emulsifiers. Balanced emulsifiers (HLB
around 7) form lamellar liquid crystals. A dispersed
lamellar phase appears as liposomal dispersions.
Krog has reviewed the liquid crystalline phases
formed by common food emulsifiers (18). Friberg
and Wilton, plus other workers, have suggested that
the presence of lamellar liquid crystalline phases is
a strong indication of a good emulsifier (in simple
systems) (19). There is also a strong relation between
the presence of swelling self-assembling structures
and the ability to generate repulsive interactions (5)
on one hand and between non-micellar phases and
dense adsorbed layers on the other. The critical
packing parameter (CPP) is a generalization of the
self-assembling properties of surfactants, describing
the properties as a geometrical balance between the
area needed for the polar group relative to the area
needed for the hydrophobic group (20).

The melting properties are of crucial importance to
the technical functionality of emulsifiers, in addition to
their amphiphilic properties. Most food and feed emulsi-
fiers are based on natural fat sources, thus giving differ-
ent melting properties. The consequences of the melting
properties can be expressed as the Krafft temperature
(i.e. the temperature at which the solubility is above
the critical micelle concentration) or as the transition
temperature (chain melting temperature, i.e. the melt-
ing temperature of the fatty acids in a semicrystaline
bilayer). The transition temperature in an emulsifier
water system forming a lamellar liquid crystalline phase

represents the transformation between a swelling lamel-
lar phase (above the transition temperature) and an or-gel
phase (below the transition temperature). The fully crys-
talline form of the emulsifier is the /3-form. The melting
temperature of the /3-phase is higher than the transi-
tion temperature. In order to form a liquid crystalline
phase or a hydrated gel phase (a-phase) from a solid
(^-crystalline) emulsifier, the latter needs to be mixed
above the melting temperature of the /3-phase. Technical
functionality (such as foaming and emulsifying action) is
only obtained when the emulsifier is present in the liquid
crystalline form or in the a-gel form. The high-melting
monoglycerides used in the baking industry are usually
distributed as a stable a-gel in order to overcome the
high melting point of the pure emulsifier. The stability
of the Q'-gel is achieved by mixing complex mixtures of
different fatty acids, sodium soap and different modified
monoglycerides into the gels.

The activation temperatures of the emulsifiers are
strongly dependent on the fat base (Table 2.9). High-
melting fat bases (fully hardened Ci8-dominated fats)
create high-melting emulsifiers with Krafft or transition
temperatures in the range 40-60°C. Precipitating emul-
sifiers may contribute to fat crystallization, while solid
emulsifiers may have a textural functionality, but for
most applications such high-melting points are unsuit-
able. Intermediate-melting fat bases (Ci4-Ci8 fats with
some unsaturation) give emulsifiers with Krafft or tran-
sition temperatures between 30 and 50°C. These emulsi-
fiers could be used to create stable a-gels and do usually
display well performing properties in baking applica-
tions. Low-melting fats (highly unsaturated fats) give
Krafft points below 0°C. Typical of such systems are
soybean phospholipids which have the native fatty acid
composition. These are present in the liquid crystalline
state under all conditions.

Table 2.9. Technical fat bases and emulsifier properties

Fat

Lard
Tallow
Hardened fish oil

Coconut butter
Sunflower
Soybean

Rapeseed oil
Hardened rapeseed oil

Typical fatty acids (% composition)

18:1 (35), 16:0 (25), 18:0 (20)
18:1 (50), 16:0(25), 18:0 (15)
16:0(30), 18:0(30), 20:0(20),

22:0 (12)
12:0 (44), 14:0 (18), 16:0 (8)
18:2 (65), 18:1 (25), 16:0(6)
18:2 (50), 18:1 (30), 16:0 (10),

18:3 (6)
18:1 (50), 18:2(20), 18:3 (10)
18:0 (82), 16:0 (4), 20:0 (3),

22:0 (2)

MP" (°C)

30-35
30-35
50-55

25
- 1 5
- 1 5

- 1 5
50-55

Iodine value''

50
50

0

10
125
130

100
0

"Melting point of the corresponding triglyceride.
''A measure of the degree of unsaturation; 86 is equal to a monounsaturated fat (triolein).



46 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

Ricinic (castor) oil is a special oil which is of
significant use in the emulsifier industry. This consists
of 85% of esters of cis-12-hydroxy-9-octadecenic acid.
The free hydroxy group is used as a starting point for
the formation of chemical derivatives such as esters or
ethers, for instance, in polyethoxylated or polyglycerol
surfactants.

There is a range of different polar groups available
for food and feed applications, thus giving a range
of different properties. Some examples are given in
Table 2.10, while more details are available in the text
by Hasenhuettl and Hartel (21).

4.2 Proteins

The consequences of the presence of proteins are nearly
always important when we want to understand the
colloidal functionalities of food and feed systems as
such species are almost always present and are always
surface-active in nature. There are a few key para-
meters, or rather descriptors, that are helpful when we
need to understand protein functionalities in technical
systems.

Solubility. The surface-active functionality is closely
related to the solubility. A well-soluble protein forming
a true solution adsorbs to surfaces and thus creates
steric repulsions. The precipitation of a protein from
a solution may lead to linkages between dispersed
particles, hence resulting in gelation of the system.
Totally insoluble proteins, perhaps resulting from harsh
processing conditions, act as insoluble particles, maybe
with swelling and waterholding properties.

Denaturation temperature. Denaturation is an irre-
versible reduction of the protein solubility at a certain
critical temperature.

hoelectric point. The isoelectric point is the pH
when a protein displays a zero net charge. The solubility
of proteins is reduced in solutions at a pH close to
the isoelectric point and enhanced at pH values above
and below the isoelectric point. The pH of the solution
relative to the isoelectric point also highly influences
its aggregation properties, denaturation temperature and
solubility.

Molecular parameters. The molecular parameters
include a range of various parameters on a molecular

level, which may be more or less difficult to mea-
sure and sometimes even to quantify. They include the
molecular weight, for most proteins very well defined,
but technically most important for proteins like gela-
tine where it may vary and be less defined, and the
molecular structure, which might be globular (whey pro-
teins), random coil (sodium caseinate) or helical (gela-
tine). The molecular flexibility is a more descriptive but
less well defined parameter, describing the willingness
or the resistance of the molecule towards conforma-
tional changes. A further parameter, the protein surface
hydrophobicity, is a chemical descriptor based on the
binding of a probe to the molecular surface.

Functionality tests. A wide range of functionality
tests are available for use in connection with certain
protein products and their applications. These include
emulsification index according to Kinsella (a measure
of the amount of oil that can be emulsified the using
the tested protein preparation), the Bloom strength (a
gel strength test used to characterize gelatine) and Heini
numbers (a measure of egg white quality). A common
feature of most of these tests are that they are very
sensitive towards the protein solubility, which may
influence the results obtained when applied to technical
samples.

The characteristic properties of a range of important
technical proteins are summarized in Table 2.11.

4.3 Polysaccharides

Most polysaccharides are not very surface active. For
instance, starch and dextrane display very weak surface
activities in various tests (for instance, in the classi-
cal "Gold number" tests). Xanthane has been shown to
create depletion flocculation in several types of experi-
ment, as shown by an unpredicted fast creaming. How-
ever, other polysaccharides, for instance, gum arabic
and modified cellulose, do display surface activity. The
latter is defined here as the ability to adsorb to sur-
faces. The ability to reduce the interfacial tension is
associated with the ability to adsorb, as the surface
tension represents the strength of the molecule-surface
interactions. However, for large molecules, where the
mixing entropy is only a minor contribution to the free
energy, adsorption can also be achieved also when the
adsorption energy is small. The surface activity of gum
arabic is explained by the proteinaceous components
associated with the molecule (22). When these parts
are eliminated, the surface activity is lost. With mod-
ified cellulose, the surface activity is more related to
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Table 2.10. Surface-active lipids (soaps, lecithins, monogiycenides, monoglycenide derivatives, etc.) used in food and feed
applications (emulsifiers)

Lipid Examples and USFDA and
EEC E numbers

Properties Uses

Soaps Sodium and potassium soaps of
common fatty acids

Lecithin

PC-enhanced
lecithin

Natural mixture of
phosphatidylcholine (pc),
phosphatidylethanolamine
and other phospholipids

(184.1400)
(E 322)

PC concentration increased
through a selective extraction
of non-PC components of the
lecithin

(184.1400)
(E 322)

Hydrolysed
lecithin

Distilled mono-
glycerides
(MGs)

Monoglycerides/
diglycerides
(DGs)

Modified
monoglycerides

Lysophosphohpids
(184.1400)
(E 322)

About 90% MG, with fatty acid
composition depending on
fat base; typically lard,
tallow, vegetables

(182.4505)
(E471)

Typically 40% MG and
60%DG

(182.4505)
(E471)

Lactylated monoglycerides
(172.852)
(E 472)
Acetylated monoglycerides
(172.828)
(E 472)
Ethoxylated monoglycerides
(172.834)

K - )
Diacetyltartaric acid esters of

monoglycerides
(182.4101)
(E 472)

Strongly hydrophilic (HLB
above 20) at pH values
above the pKa of the fatty
acid (about 6). Forms
micelles with water. Strong
soapy taste

The standard lecithin (mainly
of soybean origin) is a
hydrophobic mixture
dominated by the properties
of phosphatidylethanolamine
(effective HLB about 4).
Forms a reversed hexagonal
phase with water

More hydrophilic than the
native mixture. When the PC
concentration is high enough
(about 60-80%), lamellar
liquid crystalline phases
might be formed

More hydrophilic than the
standard lecithin. Water
dispersible, and may form
lamellar liquid crystals
(depending on the quality)

Slightly on the more lipophilic
side (HLB about 5). Forms
lamellar liquid crystalline
phases with water

More lipophilic than distilled
monoglyceride (HLB less
than 5). Forms an L2 phase
with water

Limited use due to the poor
taste and high pH. Is
included as a hydrophilizing
additive in commercial
monoglyceride gels used in
the baking industry

Used over a wide range of the
industry. Typically used in
margarines and spreads as a
hydrophobic emulsifier and
in chocolates as a viscosity
regulator. Used as a wetting
additive for powders, and in
the feed industry to improve
fat digestion

Used in applications where
more hydrophilic properties
are required. The product has
less taste and a purer
character than the original
material, which might be
beneficial in some
applications. However, the
increased cost level limits
its use

Used in water-continuous
applications such as
mayonnaise and dressings

Used over a wide range of the
industry, e.g. in the
margarine industry as a
lipophilic emulsifier, in the
baking industry as an
additive retarding the staling
of bread, and in whipped
toppings

Used as an emulsion
destabilizer in the ice-cream
industry

Baked products, whipped
toppings

Baked goods

Frozen desserts, cakes

Baked goods, dairy-type
emulsion replacers

(continued overleaf)
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Table 2.10. (continued)

Lipid

Polyglycerol
esters

Propyleneglycol
esters

Sorbitane esters

Polysorbates

Sucrose esters

Calcium and
sodium
stearoyl
lactylates

Ethoxylated
ricinic oil

Examples and US FDA and
EEC E numbers

Citric acid esters of
monoglycerides

(172.832)
(E 472)

(172.854)
(E 475)

(17.854)
(E 477)
Sorbitane stearate (solid) and

sorbitane oleate (liquid)
(172.842)
(E491)
Polysorbate 80 (oleate-liquid)
(172.480)
(E 433)
(172.859)
(E 173)

(172.844)
(172.846)
(E 482)
(E481)
( - )
( - )

Properties

A hydrophobic emulsifier (HLB
typically less than 4)

A lipophilic emulsifier (HLB
about 4). Forms an L2 phase
with water

A hydrophilic emulsifier (HLB
typically about 12-16).
Forms micellar solutions

An intermediate emulsifier
(HLB estimated as about 8)

Emulsifiers with somewhat
intermediate hydrophilicity
(HLB about 6-8).
Dispersible in water

Uses

Emulsion products

Limited use due to restrictive
legislation. Some use in the
chocolate industry in
combination with lecithin as
a viscosity regulator

Cake mixes

Emulsions

Frozen desserts, dressings, etc.

Limited use due to restrictive
legislation and high cost
level

Bread, coffee whiteners

Only permitted in the feed
industry. Used as an
emulsifier in self-emulsifying
feed mixtures

the hydrophobicity of parts of the molecule itself. Mod-
ified cellulose also gives a reduction in the interfacial
tension.

A second interfacially active component may also
induce the surface activity of weakly surface-active pro-
teins due to strong intermolecular interactions. Electro-
static interactions from anionic bile salts enhance the
adsorption of cationic chitosan on emulsion droplets
emulsified by using a mixture of phospholipids, choles-
terol and such bile salts. Carrageenan interacts strongly
with milk proteins, which is of importance in relation
to the association to emulsions and to its application in
stabilizing neutral dairy products.

5 PARTICLES AND SURFACES IN AIR

A number of food systems, as well as most feed
systems consist of particles in air. Several important
application properties depend strongly on the surface
properties of the particles and interparticle interactions,
and consequently on the chemical composition of.the
surface.

The cohesive properties are important for keeping the
designed particles intact when exposed to mechanical
abrasion. This is essential for foods such as breakfast
cereals in flakes or for feeds in pellet form. For
agglomerated systems, this is dependent on adhesive
interparticle interactions.

Wetting properties are of importance when particles
need to be dispersed and dissolved in water, or if the
particles are expected to float or sink in a controlled
way (e.g. fish feed). Oil wetting and capillary suction is
of importance if pellets are to be filled with a liquid fat
(high-fat feed systems).

Handling properties are of importance when pow-
dered systems are packed, transported and handled by
the final customer. These include flowability (closely
related to the cohesive properties), dust formation and
storage stability (lump formation due to cohesion or
related to fat migration in high-fat powders).

Chemical stability may also be surface-related.
The lipid exposure at the surface influences the oxi-
dation sensitivity of cholesterol in a dairy-type powder.
An encapsulating procedure using gelatine during the
drying process enhances the chemical stability of
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Table 2.11. Characteristic properties of a range of important technical proteins

Preparation Main components Characteristic properties Use

Dairy proteins
Spray-dried

skimmed-milk
powder

Drum-dried milk
powder

Sodium caseinate

Whey protein

Egg proteins
Egg white

powder
Egg yolk

Animal protein
Gelatine

Meat powder

Albumin

Haemoglobin
Fish protein

Micellar casein, whey proteins,
lactose

Micellar casein, whey proteins,
lactose, fat

Free casein components

Lactoglobulin, lactoalbumin
and lactose, depending on
the processing; denaturates at
80°C

Ovoalbumine, lysozyme;
denaturates at 75°C

Phosvitin, egg yolk lecithin

Partially hydrolysed collagen

Myosine

Mainly BSA

Mainly myosin

Vegetable protein
Soybean protein Denaturates at 92°C

Potato protein

Gluten

Soluble; reacts chemically
(develops aromas) when
heated

Low solubility due to
denaturation during
processing

Highly soluble and very surface
active

Soluble under acid conditions,
but coagulates with heating

Soluble; denaturates at air/water
interfaces; very heat sensitive

Dispersible and heat sensitive;
Both the protein and the
lipids contribute to the
functionality

Cool gelling properties

Technical meat powder is a
highly denaturated protein
product with no solubility

Good solubility; denaturates
with heating, at 65°C.

Dark colour; poor solubility
Technical fish powder is a

highly denaturated protein
product with no solubility

Solubility varies depending on
processing

Technical potato protein is a
highly denaturated protein
product with absent solubility

Technical gluten has poor
solubility but swells with
water

Milk-replacing systems, such as
baby food, ice cream, etc.

Chocolate, meat products

Emulsions and foam products

Emulsifying or foaming
additive

Foam stabilizer

Emulsifier (e.g. mayonnaise and
dressings), baking products

Texture-provided in spread
emulsions and other food
systems; foaming additive in
candy foams

Feed products, although the
BSA problematic has caused
limitations and restrictions

Meat products

Feed products
Feed products; of particular

importance in fish feed

As milk or meat replacer in
emulsion or gel products;
feed products

Feed products

Feed products and as an
extender in certain gel
products

astaxanthin (a colouring additive used in the salmon fish
industry).

5.1 Wettability

The process of dissolving or dispersing a dry material
in water can be divided into several steps: the wetting
step, when water is surrounding and penetrating the
particles, the sinking, the dispersing, when the particles

are being separated and evenly dispersed, and finally, the

dissolving process, when the primary particles dissolve.

The wetting process of a porous material (for

instance, a powder bed) can be described by the Wash-

burn equation (23). This equation relates the capillary

force and the flow resistance, approximating the powder

as parallel capillaries with a certain radius r, as follows:

dh y cos(#)r
— oc
dr hrj

(2.1)
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where h is the penetrating height, / the time, 6 the
contact angle, y the interfacial tension, r the capillary
radius, and rj the viscosity.

The above equation shows that the penetration is
fast if, e.g. the radius is large, the viscosity is low, the
interfacial tension is high and the contact angle is low
(well-wetted surfaces). The initial part of the wetting is
expected to be very fast (dh/dt goes to infinity when h
goes to zero).

In the Washburn treatment, all parameters are
assumed to be constants. However in many situations
this is not true. The viscosity will increase if dry material
is dissolved in the rising liquid. If the penetration is slow
(a small capillary radius which corresponds to a small
particle in a powder bed) and if the area is large, the vis-
cosity increase will reduce the penetration significantly.
It can easily be observed that powdered sucrose is more
difficult to disperse in water than standard sucrose. Sev-
eral hydrocolloids are extremely difficult to dissolve due
to the viscous liquid gluing the lumps together. Agglom-
eration, enhancing the wetting by a larger radius and
reducing the dissolution rate, improves the situation.
Ethanol in the first dispersing water stage could also
improve the situation due to its lower solubility to most
hydrocolloids.

A second parameter that varies is the contact angle.
The latter increases with increasing wetting rate accord-
ing to various experiments carried out with moving
surfaces penetrating through an air-water interface.
This effect is particularly important when lipid-covered
surfaces are wetted, causing the wetting in such sys-
tems to be a linear process with time, rather than
the retarding process as predicted by the Washburn
equation.

5.2 Cohesive and repulsive surface
interactions

A range of interparticle interactions operates between
particles dispersed in air, as with particles dispersed
in water. The balance between these has its main
impact on the handling properties of the particles and
is consequently of significant technical interest.

van der Waals interactions are very short-range in
order and as powder systems commonly consist of fairly
large particles (typically 20-2000 um), their magnitudes
are most commonly insignificant.

Gravity and friction are more important when the
density difference is large and the particle sizes are large.
For compact large particles (like seeds), such factors

dominate, while for smaller particles (like flour or coffee
powder) other interactions are of more importance.

Electrostatic interactions in air are very different
compared to the electrostatic interactions in aqueous
systems, as there is no ion solubility and no double
layer is formed. The source of the surface charges
is also different. In air, there are no possibilities
for acid-base interactions or for ion disassociation.
Charging in air is caused by static electricity and is
stable for non-conducting particles. This makes the
interaction coulombic in nature, with a range compara-
ble to the radius of the particle. The electrostatic inter-
actions easily dominate when the particle size is large,
the density is low, and there is a low water content
(low conductivity). Typical examples could be during
the drying of milk powder or the transport of coffee
powder.

Water bridges are formed between hydrophilic parti-
cles as a result of water condensing in the gaps between
the powder particles. The driving force behind conden-
sation depends on the sizes of such gaps. The smaller the
gap, then the stronger is the driving force. Hence, water
bridges are formed under almost all normal humidity
conditions, although they will be smaller under dry con-
ditions than under wet conditions. The strength of an
individual water bridge is directly proportional to the
radii of the surfaces in contact. The cohesive strength
due to water bridges dominates in finely dispersed sys-
tems, with the number of contacts increasing as a func-
tion of the third power of the reduced particle size. A
very wide particle size distribution reduces the strength
due to a high frequency of large-small-large parti-
cle interaction events. This feature is commonly used
when small particulates, such as silica particles, are used
as anti-cohesive additives in powder systems. Water
bridges in a system with soluble material, e.g. sucrose,
could dissolve fractions of the material and then precip-
itate it to form solid bridges that may result in severe
caking.

5.3 The chemical composition of the
surface

The chemical composition of the surface influences
the interaction (hydrophilic or hydrophobic), and the
wettability (soluble, hydrophilic or hydrophobic), as
well as the chemical stability. The chemical composition
of the powder is a result of its technical processing, or,
if non-processed, its biological structure.

If a powder, or a dry matrix, is generated from a
wet system, the surface composition depends strongly
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on the speed of drying. Slow drying (oven drying, drum
drying and roller drying, among other techniques) allows
the phase with the lowest interfacial tension (against
air) to cover the surface. As an example, fat has been
shown to cover the surface obtained by roller drying
of whole milk. Similarly, the internal surfaces of fish
protein pellets are covered with fat. With fast drying
(e.g. spray drying), the air/particle surface is formed
very rapidly from the liquid/water interface without
allowing the system to equilibrate. Consequently, the
composition of the air/particle interface is very similar
to the composition of the air/water interface before
drying. Surface-active material present in the system
before drying (for instance, protein in a skimmed-
milk system) dominates the powder after drying, while
insoluble components usually stay well encapsulated.
However, fat may leak out of the surface due to air/water
contact before drying or because of sensitivity towards
the mechanical treatment after the immediate drying.
Freeze-drying is a special drying form carried out under
solid/solid conditions. Ideally, this method should give a
composition similar to the composition in solution, but
if the ice contains non-frozen water the latter may cause
enrichments at the ice/water interfaces that could appear
in the final freeze-dried powder.

5.4 Characterisation of powder surfaces

A range of methods are used to characterize pow-
der surfaces. Important techniques include methods for
describing the cohesive character, compressibility, parti-
cle sizes, porosity, density and wettability. However, in
this section we will I focus on chemical characterization
as a novel contribution to the understanding of powder
properties.

The classical chemical surface analysis method is
free-fat extraction. This technique gives a measure of the
fraction of the fat component which is accessible to the
solvent used during a rapid extraction. The data obtained
are only a crude measure, which is very sensitive to the
amount of exposed surface.

A new technique has been developed using Electron
Spectroscopy for Chemical Analysis (ESCA) (24). This
method is based on the surface sensitivity of ESCA,
where the analytical depth is about 2 nm, which allows
the outer surface to be analysed separately from the bulk
of the material. ESCA gives the elemental composition
(except hydrogen) which thus allows the user to divide
the surface into components of the same number as
the number of elements presents (normally three, i.e.
protein, carbohydrate and fat).

6 CONCLUDING REMARKS

Food and feed dispersions vary enormously in char-
acter. We face problems with an extreme complex-
ity in terms of chemical heterogeneity and structural
diversity. Clearly, this limits our expectations about
the ability to predict and design the properties of var-
ious formulations. However, at the moment we are
increasing our understanding in the fundamental field
of surface chemistry, as well as in food chemistry
and structure. By selecting the appropriate knowl-
edge based on the chemical and structural constraints
of the systems, and by applying the colloidal theo-
ries with care, a lot more understanding should be
obtained.
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1 INTRODUCTION

Washing and cleansing are processes in which many
interfacial effects are involved. Therefore, a fundamental
description of detergency is very complex. The interfa-
cial processes range from the wetting of fabrics or hard
surfaces and the dissolution of stains from fabrics, to the
removal of ions from the washing liquor or the interac-
tion of softeners with the fabric in the rinse cycle (1).
Table 3.1 shows the different types of interfacial pro-
cesses involved in the washing process. Besides this,
the components involved in the washing process can
be very different, including the variety of fabrics to be
cleaned, liquid or solid stains with different structures
and the ingredients of the detergent (2). Grouping of the
different processes leads to the following main steps in
washing or cleaning:

- formulation of the detergents and cleansers
- wetting of the substrate to be cleaned or washed
- dissolution of the detergent formulation
- complexation or removal by ion exchange of the

ions of the washing liquor
- interaction of the detergent or cleanser with the

stains
- removal of the stains from the fabric
- stabilization of the soil in the washing liquor
- modification of the substrate (e.g. by softener in the

rinse cycle).

Table 3.1. Interfacial processes involved in detergency

Air-water interface
surface tension
film elasticity
film viscosity
foam generation

Liquid-liquid interface
interfacial tension
interfacial viscosity
emulsirication
electric charge
active ingredient penetration

Solid-liquid interface
adsorption
dispersion
electric charge

Solid-solid interface
adhesion
flocculation
heterocoagulation
sedimentation

Interfaces in multicomponent systems
wetting
rolling-up processes

All of these processes occur either consecutively or
simultaneously and are influenced by the different inter-
facial parameters.

Table 3.2 gives an overview of the different
substrates and soil materials (3). The soils can either
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Table 3.2. Substrates and soils in the washing process

Water-soluble materials
inorganic salts
sugar
urea
perspiration

Fats
animal fat
vegetable fat
sebum
mineral oil
wax

Bleachable dyes (from)
fruit
vegetables
wine
coffee
tea

Pigments
metal oxides
carbonates
silicates
humus
carbon black (soot)

Proteins (from)
blood
egg
milk
skin residues

Carbohydrates
starch

be solid pigments or a liquid phase like oils and fats.
Usually, they occur as mixtures. The removal of soils
can be either by mechanical force or by chemical
degradation, e.g. by enzymes or bleaching agents.

The composition of the detergent may also be
very complex, containing different types of substances.
Table 3.3 shows the typical major components of deter-
gents and cleansers (4). In addition to this complex
formulation, the components themselves are mixtures,
as they are usually of technical grade. This makes the
description and interpretation of the interfacial processes
even more complex.

In the following sections, the major characteristics
of the individual interfacial processes of the wash-
ing procedure relating to Table 3.1 are summarized,

Table 3.3. Major components of powder detergents

concentrating on the more general features applicable
to different detergent types. We will concentrate on
the major components of detergents. Minor but equally
important ingredients such as enzymes, soil-repellents,
perfume oils, etc. have also been studied to a certain
extent regarding their interfacial effects. As these effects
are quite similar to those of the mentioned major compo-
nents, they are not described in detail in the following.

2 SURFACE TENSION AND WETTING

The characteristic effect of surfactants is their ability
to adsorb on to surfaces and to modify the surface
properties. At the gas/liquid interface, this leads to
a reduction in surface tension. Figure 3.1 shows the
dependence of surface tension on the concentration for
different surfactant types (5). It is obvious from this
figure that the nonionic surfactants have a lower surface

1(T4 icr3 10"2

c (mol/l)
10"

Figure 3.1. Surface tensions of several surfactants with the
same chain length as a function of concentration (5)

Ingredients

Surfactants
Foam boosters
Foam depressants

Builders
- Sodium triphosphate
- Mixed or non-phosphate
- Sodium carbonate

Antiredeposition agents
Anticorrosion agents
Optical brighteners
Bleach
Enzymes
Water
Fillers

United States,
Canada, Australia

8-20
0-2

-

25-35
15-30
0-50

0.1-0.9
5-10

0.10-0.75
_
_

6-20
20-45

Composition (%)

South America,
Middle East, Africa

17-32

-

20-30
25-30
0-60

0.2-1.0
5-12

0.08-0.50
_
_

6-13
10-35

Europe

8-20
0-3

0.3-5.0

20-35
20-45

-
0.4-1.5

5-9
0.10-0.75

15-30
0-0.75
4-20
5-45

Japan

19-25
-

1-4

0-15
0-20
5-20
1-2

5-15
0.1-0.8

0-5
0-0.5
5-10
30-45
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tension for the same alkyl chain length and concentration
than the corresponding ionic surfactants. The reason
for this is the repulsive interaction of ionic surfactants
in the adsorption layer, which leads to a lower
surface coverage than for the nonionic surfactants. In
detergent formulations, this repulsive interaction can be
reduced by the presence of electrolytes which compress
the electrical double layer and therefore increase the
adsorption density of the anionic surfactants. The
second effect which can be seen from Figure 3.1 is
the discontinuities of the surface tension-concentration
curves, with constant values for the surface tension
above these point. The breakpoint of the curves can be
correlated to the critical micelle concentration (cmc),
above which the formation of micellar aggregates can
be observed in the bulk phase. These micelles are
characteristic of the ability of surfactants to solubilize
hydrophobic substances in aqueous solution. Therefore,
the concentration of surfactant in the washing liquor has
at least to be just above the cmc.

The presence of electrolytes increases the adsorption
of anionic surfactants at the gas/liquid interface, as
already mentioned. This leads to a reduction of the
surface tension at an equal solution concentration (5)
and to a strong decrease of the cmc (Figure 3.2). This
effect can be of the magnitude of several decades
in order. Similar to this are the effects of mixtures
of surfactants with the same hydrophilic group and
different alkyl chain lengths or mixtures of anionic
and nonionic surfactants (6). Such mixtures follow the
mixing rule (equation (3.1)) in the ideal case, as follows:

1 a 1 -a
(3.1)

cmc\ cmc2

where cmcmix, cmcx and cmc2 are the critical
micele concentrations of the mixture, surfactant 1 and

70 -

6 0 -

50 -

40 -

30 -

20 1 + 0.2 mol/l Na.SO. No additional
1Q I electrolyte

io-J 10-4 10~3

c (mol/l)

10-

Figure 3.2. Influence of counterions on the surface activity
of a typical anionic surfactant as a function of the surfactant
concentration (5)

surfactant 2, respectively, and a is the mole fraction of
the surfactant in the bulk solution.

According to a theory, which is itself based on
the regular solution theory, the deviation from ideal
behaviour can be described by the introduction of the
activity coefficients, f\ and f2, as follows:

• +
1 -a

f\cmc\ ' f2cmc2

fx =
f2 = exp(/3*?)

(3.2)

(3.3)

(3.4)

(3.5)

where f\ and f2 are the activity coefficients of compo-
nents 1 and 2, respectively, /3 is the interaction param-
eter, x\ is the mole fraction of component 1 in the
micelle, and A//m is the micellization enthalpy.

The interaction parameter /3 characterizes the devia-
tion from ideal behaviour. If P has negative values, there
is an attractive interaction between the surfactants, and
the cmc of the mixture is lower than that expected for
ideal behaviour. For ft > 0, there is a repulsive inter-
action and the cmc is higher than for ideal behaviour.
For highly negative values of /3 and cmc values for the
surfactants which are quite similar, the cmc of the mix-
ture is even lower than those of the single surfactants.
The strongest interactions are observed for mixtures of
anionic and cationic surfactants, due to the electrostatic
forces between the head groups. An example of the influ-
ence of the interaction of the surfactant molecules on the
cmc is shown in Figure 3.3. The interaction between
the surfactants has not only an influence on the cmc,
but also on various other properties which are relevant
to washing and cleaning. Thus, a synergistic effect has

, Calculated (ideal behaviour)

o

* Measured

0.2 0.4 0.6

c (mol/l)

0.8 1.0

Figure 3.3. Critical micelle concentrations of mixtures of
sodium /z-dodecyl sulfonate and n-octylnonaglycol ether (5)
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Figure 3.4. Dynamic surface tensions of (a) Ci2SO3Na (cms = 11 mmol/1) and (b) C]2E6 (cmc = 0.07 mmol/1) as a function
of concentration at 40° C (7)

been observed for foaming, emulsification and dispers-
ing properties, and even washing and cleaning efficiency
for negative /3 parameters (6).

An aspect which has been underestimated for a long
time regarding the mechanisms of washing and clean-
ing is the kinetics of surface effects. Particularly at lower
concentrations, there might be a strong influence of time
on the surface and interfacial tensions. Figure 3.4 shows
the dependence of time on the dynamic surface tensions
of both a pure anionic and a pure nonionic surfac-
tant at different concentrations (7). For both surfactants,
the time dependence of the surface tension is greatly
reduced when the concentration increases. This effect
is especially pronounced when the critical micelle con-
centration is reached. The reason for this dependance is
the diffusion of surfactant molecules and micellar aggre-
gates to the surface, which thus influences the surface
tension at newly generated surfaces. This dynamic effect
of the surface tension can probably be attributed to the
observation that an optimum of the washing efficiency
usually occurs well above the critical micelle concen-
tration. This effect is an important factor for cleaning
and institutional washing where short process times are
common.

Connected with the surface tension parameter is the
wetting process of the surface, e.g. fabrics or hard
surfaces. This wetting can be described by the Young
equation (see Figure 3.5):

.4-

Y* = Xsi + Y\ cos 0 (3.6)

yLXCOS0 j < 0 j > 0 yLXCOS0 j / s > ySL + yL

Figure 3.5. Schematic of the wetting of solid surfaces

where ys and ysi are the solid/gas and solid/liquid
interfacial tensions, respectively, y\ is the liquid/gas
surface tension, and 6 is the contact angle.

The so-called wetting tension j can be defined by
the following equation:

j = 7s — /si = /i cos# (3.7)

A complete wetting of a solid is only possible for
spontaneous spreading of a drop of the liquid at the
surface, i.e. for 6 = 0 or cos# = 1. For a specific solid
surface of low surface energy, a linear correlation is
observed between cos# and the surface tension. This is
demonstrated for polytetrafluoroethylene in Figure 3.6.
The limiting value, i.e. cos# = 1, is a constant for
a solid and is called the critical surface tension of a
solid, yc. Therefore, only liquids with /i < yc are able
to spontaneously spread on surfaces and to wet them
completely.
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Figure 3.6. Influence of the surface tensions of various fluids
on the wetting of polytetrafluoroethylene according to Fox and
Zismann (cf. ref. 4)

Table 3.4. Critical surface tension values of a number of
polymer solids (8)

Polymer

Polytetrafluoroethylene
Polytrifluoroethylene
Poly(vinyl fluoride)
Polyethylene
Polystyrene
poly(vinyl alcohol)
poly(vinyl chloride)
poly/(ethylene terephthalate)
poly(hexamethylene adipamide)

yc at 20°C (mN/m)

18
22
28
31
33
37
39
43
46

Table 3.4 gives an overview of the critical surface
tension values of different polymer surfaces (8). From
these data, it is obvious that polytetrafluoroethylene
surfaces can only be wetted by specific surfactants
with a very low surface tension, e.g. fluoro surfactants.
Figure 3.7 shows the wetting tensions of two all-purpose
cleaners for different surfaces (9). As these tensions are
in very good agreement with the surface tensions of
the cleaners, a spreading of the cleaner solution on the
surfaces and therefore a good wetting can be assumed.
It is only on polytetrafluoroethylene surfaces that an
incomplete wetting is observed.

In cleaning and washing, the situation becomes more
complicated due to the presence of oily or fatty soils on
the surface. In this case, there is a competition between
the wetting by the surfactant solution and that of the
oily soil (Figure 3.8). When two droplets - one of the
surfactant solution and one of the oily soil - are set
on a solid surface, the two wetting tensions j A and yB

will act on the basal plane (3). When the two droplets
approach each other, so that a common interface is
formed, the difference between the wetting tensions will
act at the contact line. This parameter is called the oil

Teflon Steel Glass China clay

Figure 3.7. Wetting tensions of two all-purpose cleaners (A
and B) on different surfaces (9)

(a)

Air

Solid

Figure 3.8. Two liquids, A (detergent) and B (oily soil), on
a solid surface, shown for (a) separated and (b) in-contact
situations: j& and j% = wetting tensions; /AB = interfacial
tension; R - interfacial wetting tension (3)

displacement tension, as follows:

N = JA + 7B (3.8)

By the adsorption of the surfactant from the phase A,
7A is increased and thus Ay becomes larger. In addition
to this, a fraction of the interfacial tension yAB acts in
the basal plane with a value of yABCOs#, with 0 being
the contact angle in B, i.e. the oily phase. The resulting
force R is called the contact tension and is defined as
follows:

R = Ay + yA Bcos0 (3.9)

When R becomes equal to zero, equilibrium is reached.
For the washing and cleaning processes, the complete
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Figure 3.9. Schematic of the displacement phases of an oily
drop B by a cleanser A (10)

removal of the oil B by the surfactant solution A is the
important step. This process is shown schematically in
Figure 3.9 (10). The interfacial tension yAB for 90° >
0 > 0° supports the contraction of the oil drop in the
first step. For a contact angle 6 > 90°, this will change
and the interfacial tension acts in an opposite way.
Dependent on Ay and /AB> a complete removal of the oil
can occur. In practice, the rolling-up is never complete,
so that support of the removal of the oil drop from a
solid surface by mechanical forces is necessary for the
washing and cleaning step.

3 ADSORPTION AT THE
SOLID/LIQUID INTERFACE

The physical separation of soil from fabrics is based
on the adsorption of surfactants and ions on the fabric
and soil surfaces. For a pigment soil, the separation is
caused by an increased electrostatic charge due to the
adsorption (Figure 3.10) (11). In the aqueous washing
liquor, the fabric surface and the pigment soil are
charged negatively due to the adsorption of OH" ions

and anionic surfactants. This leads to an electrostatic
repulsion. In addition to this effect, a disjoining pressure
occurs in the adsorbed layer which supports the lift-off
process of the soil from the surface. For a spherical
particle with a radius r the, separation force (/d) is
described by the following (11):

/ d = 27Tr(7Ts +7Tp) (3.10)

where ns and 7TP are the disjoining pressures in the
adsorption layers of the substrate and particle, respec-
tively.

The non-specific adsorption of surfactants is based
on the interaction of the hydrophilic head-group and the
hydrophobic alkyl chain with the pigment and substrates
surfaces, as well as the solvent. For the adsorption
of surfactants, different models have been developed
which take into account different types of interactions.
A simple model which excludes lateral interactions of
the adsorbed molecules is the Langmuir equation:

1 1
(3.11)

where <2oc a nd Qm are the amounts absorbed at equi-
librium and in a fully covered mono layer, respectively,
c is the equilibrium concentration in solution, and b is
a constant.

This model is restricted to only a very few
systems. A more widely applicable model is presented
in Figure 3.11 which shows a visualization of the
dependence of the structure of the adsorbed molecules
on surface coverage (12). Three different ranges can
be distinguished. In the low concentration range,
single molecules are adsorbed on the surface with no
interactions between the molecules. The molecules are
preferably arranged on the surface in a flat structure
or at a certain tilt angle. For ionic surfactants, the
adsorption sites on the surface are determined by
the locations of surface charge. When the surfactant
concentration increases, a strong rise in the adsorbed
amounts is observed due to the lateral interactions
of the hydrophobic parts of the surfactant molecules.
The latter have a perpendicular arrangement on the
surface. There are different models for the structure of
the adsorbed layer in this concentration range, either
assuming a flat monolayer or a hemimicellar structure,
depending on the structure of the surfactants and the
charge distribution on the solid surface. The hydrophilic
groups of the surfactants can be directed either to the
surface of the solid or to the solution depending on
the polarity of the solid surface. In the third part of
the adsorption isotherm, a plateau value is observed.
During a further increase of the surfactant concentration,
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A = Detergent
B = Oil
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Figure 3.10. Separation mechanisms of detergency (11)

a rise in the adsorbed amounts occurs. In this range
of the adsorption isotherm, a fully covered monolayer
or double layer is adsorbed on to the surface, hence
making the surface either hydrophilic or hydrophobic.

<HMC >HMC >HMC

\ u JM mum
(b)

(c)

1 C

Figure 3.11. Adsorption models for surfactants: (a) model
of Fuerstenau; (b) model of Scamehorn and co-workers;
(c) model of Harwell and co-workers (12) (hmc, hemimicelle
concentration)

Depending on the type of the surface, in some cases
micellar structures of the adsorbed surfactants have
been postulated instead of flat double layers. Typical
examples of adsorption isotherms of sodium dodecyl
sulfate on to different surfaces are shown in Figure 3.12
(11). The adsorption isotherms for the carbon black and
the graphitized carbon black (Graphon) are completely
different. For graphitized carbon black, a step-like
adsorption isotherm is observed which indicates the flat
arrangement of the surfactant molecules on the surface
at low concentrations with a perpendicular structure at
higher concentrations (see Figure 3.11). The adsorption
process is exothermic with an adsorption enthalpy of
about -128 to - 3 6 kJ mol"1. The adsorption of sodium
dodecyl sulfate on titanium dioxide is an example of
the specific adsorption via the hydrophilic group on
to the polar pigment surface. A second adsorption
layer is formed via hydrophobic interaction with the
first adsorption layer, which thus makes the pigment
surface hydrophilic again in the range of the plateau of
the adsorption isotherm. Figure 3.12 also demonstrates
the effect of the addition of electrolytes which are
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Figure 3.12. Equilibrium adsorption isotherms of sodium n-dodecyl sulfate on carbon black, TiO2, and Graphon at room
temperature (11)

present in the washing process. In the presence of
ions, the amounts adsorbed of the anionic surfactant
are increased. This is due to a decreased electrostatic
repulsion of the negatively charged hydrophilic groups
of the anionic surfactant in the presence of electrolytes.
Therefore, the adsorption density in equilibrium can
be enhanced significantly. A similar effect can be
observed in a comparison of an anionic and nonionic
surfactant with the same alkyl chain length adsorbed
on to a hydrophobic solid (Figure 3.13) (11). The
nonionic surfactant gives higher adsorbed amounts than
the anionic surfactants at the same concentrations. This
is especially valid at low concentrations, whereas at
very high concentrations both surfactants reach the same
plateau value. For a hydrophilic solid surface, this effect
can be almost opposite due to a higher affinity of anionic
surfactant to the surface via specific interactions.

The electrolyte effect for the adsorption of anionic
surfactants which leads to an enhancement of soil
removal is valid only for low water hardness, i.e. low
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X
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Figure 3.13. Surfactant adsorption on to carbon black:
T = 298 K; surface area = 1150 m2 g" 1 (BET) (11)

concentrations of calcium ions. High concentrations of
calcium ions can lead to a precipitation of calcium sur-
factant salts and therefore to a reduction in concentration
of the active molecules. In addition to this, the electri-
cal double layer is compressed such an extent that the
electrostatic repulsion between pigment soil and surface
is reduced. Therefore, for many anionic surfactants the
washing performance decreases with lower temperatures
in the presence of calcium ions. This effect can be com-
pensated by the addition of complexing agents or ion
exchangers (see Section 4 below).

The characteristic change of the surface charge of the
solid, which depends on the nature of the hydrophilic
groups of the surfactant, is a consequence of the non-
specific adsorption of the surfactants on pigments and
fabrics or hard surfaces. This can be shown in aqueous
solutions of different surfactants with the same alkyl
chain length by the change of electrophoretic mobility
of pigments, which is a measure of the surface charge
(Figure 3.14) (11). The carbon black shown as an
example has a negative surface charge in water at an

C14H29OSO3Na

C14H29N(CH3)3CI

Figure 3.14. Electrophoretic mobility u of carbon black in
solutions of different surfactants at 308 K (11)
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alkaline pH value, as for most pigments present in
the washing process the isoelectric point is below pH
10. The nonionic surfactant shows no influence on the
electrophoretic mobility, whereas the anionic surfactant
increases the negative surface charge of the pigment
due to the adsorption. By the adsorption of the cationic
surfactant the surface charge can be changed from
a negative to a positive value during the adsorption
process. This picture explains quite well the mode of
action of different surfactant types for pigment removal
in the washing process. As nonionic surfactants do
not influence the electrostatic repulsion of pigment and
fabric, their washing efficiency is mainly caused by
the disjoining pressure of the adsorption layer. Anionic
surfactants also increase the electrostatic repulsion, but
usually have lower amounts adsorbed than the nonionic
surfactants. Cationic surfactants show similar effects
in the washing process as anionic surfactants, but in
spite of this they are not suited for most washing
processes due to their adverse effects in the rinse
cycles. In these cycles, the positively charged surfaces
(due to the adsorption of cationic surfactants) are
recharged to negative values due to the dilution of
the washing liquour and the consecutive desorption of
cationic surfactants. As the different fabrics and pigment
soils have different isoelectric points, positively and
negatively charged surfaces are present in the washing
liquor which leads to heterocoagulation processes and
a redeposition of the already removed soil on to the
fabric. Therefore, cationic surfactants are not used in the
washing process, but only as softeners in the rinse cycle
when no soil is present any more and a strong adsorption
of cationic softener on the negatively charged fabric is
desired.

4 COMPLEXATION AND ION
EXCHANGE

Water-soluble complexing agents or water-insoluble ion
exchangers are part of detergent formulations in order
to remove calcium ions, in particular from the washing
liquor (1). These calcium ions have an disadvantageous
effect in the washing process due to formation of
insoluble calcium salts, especially calcium carbonate
which precipitates on the fabrics or on the surfaces
of washing machines. In addition, the solubility of
anionic surfactants is decreased by calcium ions. Beside
these primary effects of complexing agents and ion
exchangers, they enhance the washing efficiency by
their interaction with interfaces and modify the physical
properties of powder detergents. Therefore, they are

Table 3.5. Typical builders for detergents

Pentasodium triphosphate
Sodium aluminium silicate (zeolites A and X)
Sodium nitrilotriacetate
Sodium polycarboxylate
Sodium citrate

often called builders. Some typically used complexing
agents and ion exchangers are given in Table 3.5.

Water-soluble complexing agents show a specific
adsorption on to fabrics and pigment soil. If one consid-
ers the adsorption of multivalent ions on to aluminium
oxide, the adsorption of sodium sulfate, for example,
follows the form of the Langmuir-type isotherm. In par-
ticular, efficient builders have an isotherm of the high-
affinity type, i.e. there are high amounts adsorbed at
very high concentrations. This indicates a high adsorp-
tion energy, which is characteristic of chemisorption.

A well-studied system is sodium tripolyphosphate
(STP). Figure 3.15 visualizes the interaction of STP
with y-Al2O3 for different pH values, shown at, above
and below the isoelectric point (5). Below the isoelec-
tric point, OH as well as OH2 groups are substituted
by the polyanions. At pH values above the isoelectric
point, the surface of aluminium oxide has a negative
charge. The electrostatic interaction between the surface
and the polyanions interferes with the adsorption. Ions
such as sulfate are not adsorbed any longer due to their
(only possible) physical adsorption. Complexing agents
such as STP or l-hydroxyethane-l,2-diphosphonic acid
(HEDP) are still adsorbed. The adsorption of complex-
ing agents decreases in the sequence: HEDP > STP >
citrate.

The adsorption of the complexing agents has an sig-
nificant impact on the dispersion properties. This can be
shown for the sedimentation of graphitized carbon black
and kaolinite in solutions of STP (Figure 3.16) (11).

Zeolites have been used since the 1980s to replace
phosphate in many detergents for preventing eutrophi-
cation of stagnant and slowly flowing surface waters.
The main type of zeolite used in detergents is zeolite
A. This substances is a water-insoluble, finely dispersed
ion exchanger which differs regarding its properties from
water-soluble complexing agents. The general formula
of sodium aluminium silicates with a zeolite structure is:

JcNa2O.Al2O3.^SiO2.zH2O

The main properties of zeolites in the washing process,
besides ion exchange of the calcium and magnesium
ions from the water hardness, are as follows:
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Figure 3.15. Chemisorption of the triphosphate anion on aluminium oxide: (a) pH < isoelectric point; (b) pH = isoelectric point;
(c) pH > isoelectric point (5)
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Figure 3.16. Settling volumes of graphitized carbon black and
kaolinite in sodium triphosphate solutions: 16°dH water hard-
ness; 0.30 g/(10 ml) graphitized carbon black; 0.50 g/(10 ml)
kaolinite (11)

- adsorption of water-soluble substances, e.g. dyes on
the zeolite particles

- heterocoagulation of pigments and solid fats with
the zeolite

- action as crystallization nuclei for sparingly soluble
salts.

All of these effects support the mode of action of
zeolites in the washing process. The most characteristic
feature of zeolites is the ion exchange of the sodium
ions in the crystal structure by calcium and magnesium
ions. Figure 3.17 shows the ion-exchange kinetics of
zeolites A and X for calcium and magnesium ions (13).
Calcium ions diffuse with a high rate into both types
of zeolite, with a slight preference for the wider-pore
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Zeolite - X7Ca2+

Zeolite - A/Ca2+
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Figure 3.17. Kinetics of ion exchange of calcium and
magnesium ions for zeolite A and zeolite X: T = 25°C; ion
concentration = 5.36 x 10~3 mol/1; zeolite concentration = 1
g/1 (13)

zeolite X. These differences are only evident for short
times which are not of practical importance for the
washing process. The ion-exchange kinetics are more
strongly dependent on the pore size of the ion exchanger
for magnesium ions. Despite the smaller ion radius
at 25°C, the magnesium ion has a more stable and
bigger hydration shell than the calcium ion and therefore
penetrates more slowly into the pore system of the
zeolite.

A comparison between the decrease of water hard-
ness by ion exchange and washing performance is given
in Figure 3.18 (14). A decrease of the water hardness
from 16 down to 3-4°dH only slightly influences the
detergency performance. Only a further decrease of the
calcium ion concentration leads to a significant increase
of soil removal from the fabric. Due to the fact that
zeolite A is an ion exchanger, the calcium ion exchange
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Figure 3.18. Influence of NaCl on the water-softening effect and the washing performance of zeolite A: water-softening effect at
measured 90°C after 15 min; washing performance measured at 90°C and 285 ppm water hardness on particulate-sebum-soiled
cotton (14)
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Figure 3.19. Comparison of calculated and measured isotherms of calcium ion exchange by zeolite A:T — 22°C; 1 h exchange
time (15)

is decreased by a high concentration of sodium ions,
despite the high selectivity of the ion-exchange pro-
cess. According to this, the detergency behaviour in
the presence of sodium ions slightly decreases. The ion
exchange of the zeolite can be described by the follow-
ing equation:

(3.12)

bx

where <2ca2+ is the exchanged amount of calcium ions,
Qm is the maximum exchanged amount of calcium
ions, cca2+ is the equilibrium concentration of calcium

ions, c'NiX
+ is the initial concentration of sodium ions,

and b\ and b2 are constants.
Figure 3.19 shows a comparison of experimental data

of the ion exchange with the calculated curves (15).
Both sets of data are in good agreement. With increas-
ing sodium concentration, not only do the maximum
exchanged amounts of calcium ions decrease, but also a
higher calcium ion concentration is necessary to reach
the equilibrium values.

Zeolites show significant adsorption properties
regarding the washing process and conditions in the
waste water. Figure 3.20 demonstrates the adsorption of
a cationic dye (Methylene Blue) and an anionic dye
(benzopurpurine) on to zeolite A (16). The cationic
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Figure 3.20. Adsorption of dyes on zeolite A, at T = 23°C (16)

dye is strongly adsorbed on the negatively charged
surface of zeolite A, whereas the anionic dye is only
adsorbed on zeolite A which is extrated from a detergent
formulation produced on a technical scale. This is due
to a hydrophobization of the zeolite surface in the
production process, which increases the interaction of
the dye and the zeolite surface.

Due to the negatively charged zeolite surface at
alkaline pH values, cationic surfactants are strongly
adsorbed on to zeolite A (Figure 3.21). For mixtures
of cationic and nonionic surfactants, a strong increase
of the adsorbed amounts is observed in a certain con-
centration range (17). Because of hydrophobic inter-
actions between the adsorbed cationic surfactants and
nonionic surfactant molecules, additional nonionic sur-
factant molecules are probably adsorbed in a second
layer from mixtures. These effects have an impact on
the behaviour of zeolites in waste water.

In modern detergents, zeolites are used in combi-
nation with water-soluble complexing agents or poly-
carboxylates. The dissolution of calcium by zeolite A
is enhanced by complexing agents which specifically
adsorb on calcium-containing particles and subsequently
desorb after sequestering calcium ions. Even small
amounts of water-soluble complexing agents increase
the dissolution rate of calcium carbonate by zeolites to
the extent that the dissolution rate approaches that of the
water-soluble complexing agent alone. This increase is
particularly pronounced over the range of small com-
plexing agent concentrations and with short reaction
times. As the water-soluble complexing agents act as
carriers for the transfer of calcium from the precipi-
tate to the water-insoluble ion exchanger, this process is
known as a "carrier-effect" in the literature.

DAC + NP8, cNP8 = 3.5x10^(mol/l)

DAC, cNP8 = 0

4 6

cDACx 105 (mol/l)

10

Figure 3.21. Mixed adsorption of cationic and nonionic surfac-
tants on to zeolite A:T = 25°C, DAC, ditallowalkyl dimethy-
lammonium chloride; NP8, nonylphenoloctaglycol ether (17)

A different effect occurs with the use of polycarboxy-
lates in combination with zeolites. Small amounts of
polycarboxylates or phosphonates can retard the precip-
itation of sparingly soluble calcium salts such as CaCO3

(the "threshold effect"). As they behave as anionic
polyelectrolytes, they bind cations (counterion conden-
sation), and multivalent cations are strongly preferred.
Whereas the pure calcium salt of the polymer is almost
insoluble in water, mixed Ca/Na salts are soluble, i.e.
only overstoichiometric amounts of calcium ions can
cause precipitation. Polycarboxylates are also able to
disperse many solids in aqueous solutions. Both disper-
sion and the threshold effect result from the adsorption
of the polymer on to the surfaces of soil and CaCO3

particles, respectively.
The stabilization of sparingly soluble salts such as

CaCO3 in a colloidal state is one of the possible
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Figure 3.22. Precipitation inhibition of calcium carbonate by
polycarboxylates as a function of temperature and soda concen-
tration (3.04 x 10~3 mol/1 calcium ions): (1) 105 mg/1 polycar-
boxylate; (2) 210 mg/1 polycarboxylate (18)

effects of polycarboxylates in detergents. The advantage
is that, in contrast to ion exchange or complexation,
the concentration of the cobuilder can be much lower
than the calcium concentration in the washing liquor.
Thus, small amounts of threshold-active compounds
could be used as cobuilders, even in soda-based laundry
detergents.

The effect, however, is strongly dependent on the
experimental (or washing) conditions, i.e. temperature,
and soda and cobuilder concentrations. Figure 3.22 (18)
illustrates the range of effectiveness of polycarboxy-
lates in a carbonate-containing system for typical cen-
tral European conditions of water hardness (3.04 x
10~3 mol/1 Ca2+). The results are based on turbidity
measurements. The appearance of a CaCC>3 particle
larger than approximately 0.2 uin within 30 min was
taken as an indicator of the threshold effect. The soda
concentrations in the test include the hydrogen carbon-
ate content of the tap water as well as the soda con-
tent of the detergent. The results show that for typical
German phosphate-free, heavy-duty detergents, polycar-
boxylate is no longer threshold-active at temperatures
above 40°C. This is valid even more for higher carbon-
ate concentrations, i.e. purely soda-based detergents.

For zeolite A and soda-containing products, the
participation of zeolite A in the elimination of calcium
ions during the washing process has to be taken into
account. For typical test concentrations, the amount of
coarsely dispersed CaCO3 is reduced in the presence
of zeolite A over the whole range of washing
temperatures. The effect of polycarboxylate on the
total amount of precipitation is strongly dependent
on the presence of zeolite A. In the absence of
zeolite, precipitation is inhibited only below 40°C.

With increasing temperature, the precipitated amounts
strongly increase. In this case, on addition of CaCC>3,
polycarboxylate is precipitated as calcium salt, as can be
seen from the respective measurements of the residual
concentrations of water-soluble polycarboxylate. In
contrast, the amount of precipitates in the presence of
zeolite A and polycarboxylate is negligibly low, and the
residual concentration of water-soluble polycarboxylate
is as high as in the zeolite A/polycarboxylate systems
without soda.

These results can be explained by the binding of
calcium ions by zeolite A and by polycarboxylate in its
water-soluble form. This is possible because the calcium
ion concentration of the water is lowered by zeolite A.
Thus, Ca2+ is no longer in excess of polycarboxylate
and thus formation of the insoluble calcium salt of
polycarboxylate is no longer possible.

5 LIQUID/LIQUID INTERFACE

The phenomena observed at the liquid/liquid interface
are of outstanding importance for the removal of oily
soil from the surface. As already shown in Section 2
above, the interfacial tension is one of the decisive
parameters in the rolling-up process. This parameter can
be very different depending on the surfactant structure
and the type of oily soil (9). Figure 3.23 shows this
for two different oils and two anionic surfactants. The
interfacial tension here has been recorded as a function
of time. For both surfactants, the interfacial tension is
the same, with lower values for the non-polar decane. To
demonstrate the influence of the polarity of the oil on the
efficiency of the surfactant, a more polar oil is chosen
(see Figure 3.24). In this case, the interfacial tension
is significantly lower when the fatty alcohol sulfate is
used instead of the linear alkylbenzene sulfonate. The
increase of the interfacial tension with time is probably
caused by solubility of the surfactant in the oil phase.
Figure 3.25 shows the interfacial tension of different
detergent formulations against mineral oil. For overall
low values of the interfacial tension there are significant
differences between the detergents, which thus indicate
a different performance against this non-polar oil.

As the interfacial tension needs to be minimized in
detergency, there is therefore the need for a further
decrease of the interfacial tension in formulations. A
suitable way is again to create mixed adsorption layers
of suitable surfactants (3, 6). For example, the interfa-
cial tension of the system water/olive oil as a function
of composition for a surfactant mixture containing the
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Ci2/i4-fatty alcohol sulfate (FAS) and linear alkylbenzene
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Figure 3.25. Interfacial tensions of different detergents for
mineral oil (9)

anionic surfactant sodium n-dodecyl sulfate and the non-
ionic surfactant nonylphenol octaethyleneglycol ether
shows a pronounced minimum at a certain concentration
ratio for a constant total surfactant concentration. Even

small additions of one surfactant to another can lead
to a significant reduction of the interfacial tension. For
this specific example, a minimum value of the interfa-
cial tension is reached with a ratio of anionic surfactant
to nonionic surfactant of about 4 to 1. Kinetic effects
play an important part in this process. The behaviour
of the mixtures can be completely different depending
on the time involved, either showing a minimum of the
interfacial tension for a certain concentration ratio of the
surfactants or not (6). This has to be taken into account
in the search for a effective surfactant system. Thus,
the interfacial tension can be used to optimize detergent
formulations.

The interfacial tension can be influenced by the
penetration of the surfactant solution into the oily phase
and the formation of new phases. A typical example
is given in Figure 3.26 (19). This optical micrograph,
taken under polarized light conditions, for oleic acid
in contact with an aqueous solution of sodium dodecyl

Figure 3.26. Polarized light micrograph, showing the sponta-
neous formation of liquid crystalline mixed phase zones (light
areas) from sodium dodecyl sulfate solution (2.5%) and oleic
acid (19)
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sulfate illustrates the formation of liquid crystalline
mixed phases. Such phases influence both the rolling-up
and the emulsification of oil by surfactant solutions. For
this model system, an increased removal of oil from the
fabric surfaces was proven by this formation of mixed
phases. These effects are described in more detail in the
following section.

6 PHASE BEHAVIOUR OF
SURFACTANT SYSTEMS

The phase behaviour of surfactant systems is decisive
for the formulation of liquid and solid products and
the mode of action of the surfactants in soil removal
during the washing and cleaning processes. Due to the
different phases of surfactant systems at higher con-
centrations, e.g. the flow properties can vary greatly
depending on the concentration and type of surfactants.
This is of crucial importance for the production and han-
dling of liquid products. In addition to this, the phase
behaviour influences the dissolution properties of solid
detergents when water is added, forming or preventing
high-viscous phases. One can distinguish between the
phase behaviour of surfactant-water systems and mul-
ticomponent systems including an additional oil phase
which occurs when soil is released from the surfaces.

As an example of the different phases of surfactants,
Figure 3.27 shows the phase diagram of a pure nonionic
surfactant of the alkyl polyglycol ether type (20). In
particular, the phase behaviour of nonionic surfactants
with a low degree of ethoxylation is very complex.
As the lower consolute boundary is shifted to lower
temperatures with a decreasing EO (ethylene oxide)
number of the molecule, an overlapping of this boundary
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Figure 3.28. The effect of the phase behaviour of Q2E9 on
detergency (21)

with the mesophase region may result, as depicted
in Figure 3.27. At low surfactant concentrations in
such systems, several two-phase areas are observed in
addition to the single-phase isotropic Li range, namely
two co-existing liquid phases (W + L0 , a dispersion
of liquid crystals (W + La) and a two-phase region of
water and a surfactant liquid phase (W -f L2).

The phase behaviour can have an significant impact
on the detergency (21). If there is no phase change for
the surfactant-water system, a linear dependence of the
detergency on temperature is observed (Figure 3.28).
The surfactant exists in an isotropic micellar solution
at all temperatures. The cloud point of the surfactant
used here is 85°C at the given concentration (2 g/l), i.e.
above the highest washing temperature.

Tests with other pure ethoxylated surfactants have
revealed that a discontinuity is observed with respect to
oil removal versus temperature in cases of the existence
of dispersions of liquid crystals in the water-surfactant
binary system. Figure 3.29 shows that the detergency
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Figure 3.29. The effect of the phase behaviour of the poly-
Figure 3.27. Phase diagram of the binary system water-penta- oxyethylene alcohol C12E3 on detergency, using 2 g/l surfac-
oxyethylene n-dodecanol (Q2E5) (20) tant (21)
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values for mineral oil and olive oil, i.e. two oils with
significantly different polarities, are at different levels.
This also demonstrates that in both cases a similar
reflectance versus temperature curve exists. In the region
of the liquid crystal dispersion, i.e. between 20 and 40°C,
the oil removal increases significantly. Above the phase
transition W + La -> W + L3, between 40 and 70°C, no
further increase in oil removal takes place. For olive oil,
a small decrease in detergent performance is observed.
The interfacial tensions between aqueous solutions of
Ci2E3 and mineral oil lie at about 5 mN m"1 at 30 and
50°C. These relatively high values indicate that in this
system the interfacial activity is not the decisive factor in
oil removal from fabrics. The macroscopic properties of
the liquid crystal dispersion seem to be responsible for
the strong temperature dependence. It can be assumed
that fragments of liquid crystals are adsorbed on to fabric
and oily soil in the W -f- La region during washing. The
local surfactant concentration is therefore substantially
higher in comparison to the molecular surfactant layer
that forms when surfactant monomers adsorb. As the
viscosity of liquid crystals in the single-phase range is
strongly temperature-dependent, it can be assumed that
the viscosity of a fragment of a liquid crystal deposited
on a fabric also significantly decreases with increasing
temperature. Thus, the penetration of surfactant into the
oil phase and removal of oily soil are both promoted.

Technical-grade surfactants are of specific interest
for applications. As in the case of pure nonionic
surfactants, definite ranges exist in which there is only
a slight dependence of oil removal on the temperature
(Figure 3.30). For Q2/18E5, this is in the range of
the two co-existing liquid phases (W + LO, while for
Q2/18E4 it is in the range of the surfactant liquid phase
(W -f L2). An unusually strong increase of oil removal
with increasing temperature occurs in the region of the
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80

liquid crystal dispersion (W + La). At 30 and 50°C, the
interfacial tensions between aqueous surfactant solutions
and mineral oil and the contact angles on glass and
polyester were determined for C12/18E4. Whereas the
values of interfacial tensions are practically identical
(approximately 10"1 mN irr1), the contact angles on
both substrates are slightly less advantageous at higher
temperatures. Hence, the increased oil removal between
30 and 50°C cannot be attributed to an increase in the
adsorbed amounts of surfactants. Rather, in both cases,
the decisive part is probably played by the macroscopic
properties of the liquid crystal dispersion and their
temperature dependence.

During the oil removal from fabrics or hard surfaces,
ternary systems occur where three phases co-exist in
equilibrium. These systems are also referred to as three-
phase microemulsions. These effects have been studied
in detail for alkyl polyglycol ethers (22). Depending
on the temperature, different phases exist, having a
three-phase region between the temperature 7] and Tu

(Figure 3.31). When these three phases are formed,

Nonionic

Figure 3.30. The effects of the phase behaviours of the poly-
oxyethylene alcohols Q2/18E4 and Q2/18E5 on detergency
(21)

Oil

Figure 3.31. Schematic phase diagram of a ternary system
consisting of water, oil and an ethoxylated nonionic surfactant
(22)
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extremely low interfacial tensions between two phases
are observed. Because the interfacial tension is generally
the restraining force, with respect to the removal of
liquid soil in the washing and cleaning process, it should
be as low as possible for optimal soil removal. Other
parameters such as the wetting energy and the contact
angle on polyester, as well as the emulsifying ability of,
e.g. olive oil, also show optima at values of the same
mixing ratio at which the minimum interfacial tension
is observed.

Figure 3.32(b) represents the three-phase tempera-
ture intervals for Ci2E4 and C]2E5 versus, the num-
ber n of carbon atoms of several ^-alkanes, while
Figure 3.32(a) shows the detergency of these surfactants
for hexadecane. Both parts of this figure indicate that the
maximum oil removal is in the three-phase interval of
the oil used (/t-hexadecane) (23). This means that not
only the solubilization capacity of the concentrated sur-
factant phase, but probably also the minimum interfacial
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Figure 3.32. Detergency effects of Q2E4 and C12E5 against
hexadecane as a function of temperature (a) and the corre-
sponding three-phase ranges for these surfactants as a function
of the number n of carbon atoms of various /z-alkanes (b) (23)

tension existing in the range of the three-phase body, are
responsible for the maximum oil removal. Further details
about the influence of the polarity of the oil, the type
of surfactant and the addition of salt are summarized in
the review by Miller and Raney (24).

Studies of diffusional phenomena have direct rele-
vance to detergency processes. Experiments have been
reported which investigate the effects of changes in tem-
perature on the dynamic phenomena, which occur when
aqueous solutions of pure nonionic surfactants con-
tact hydrocarbons such as tetradecane and hexadecane.
These oils can be considered to be models of non-polar
soils such as lubricating oils. The dynamic - contacting
phenomena, at least immediately after contact, are repre-
sentative of those which occur when a detergent solution
contacts an oily soil on a synthetic fabric surface. With
C12E5 as the nonionic surfactant at a 1 wt% level in
water, quite different phenomena were observed below,
above, and well above the cloud point when tetradecane
or hexadecane were carefully layered on top of the aque-
ous solution. Below the cloud point temperature of 31°C,
very slow solubilization of oil into the one-phase micel-
lar solution occurred. At 35°C, which is just above the
cloud point, a much different behaviour was observed.
The surfactant-rich Li phase separated to the top of
the aqueous phase prior to the addition of hexadecane.
Upon addition of the oil, the Lj phase rapidly solubilizes
the hydrocarbon to form an oil-in-water microemulsion
containing an appreciable amount of the non-polar oil.
After depletion of the larger surfactant-containing drops,
a front developed as smaller drops were incorporated
into the microemulsion phase.

Unlike the experiments carried out below the cloud
point temperature, appreciable solubilization of oil was
observed in the time-frame of the study, as indicated by
upward movement of the oil-microemulsion interface.
Similar phenomena were observed with both tetradecane
and hexadecane as the oil phases. When the tempera-
ture of the system was raised to just below the phase-
inversion temperatures of the hydrocarbons with Ci2E5

(45°C for tetradecane and 50°C for hexadecane), two
intermediate phases formed when the initial dispersion
of Li drops in the water contacted the oil. One of these
was the lamellar liquid crystalline phase La(probably
containing some dispersed water). Above this was a
middle-phase microemulsion. In contrast to the studies
carried out below the cloud point temperature, there was
appreciable solubilization of hydrocarbon into the two
intermediate phases. A similar progression of phases was
found at 35°C when using /?-decane as the hydrocarbon.
At this temperature, which is near the phase-inversion
temperature of the water~Ci2E5-decane system, the
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existence of a two-phase dispersion of La and water
below the middle-phase microemulsion was clearly evi-
dent. These results can be utilized to optimize surfactant
systems in detergents, and in particular to improve the
removal of oily soils. The formation of microemulsions
is also described in the context of the pretreatment of
oil-stained textiles with a mixture of water, surfactants
and cosurfactants.

Besides the effects on detergency the liquid crys-
talline phases of surfactant systems at higher concen-
trations are of crucial importance for the processing of
concentrated surfactant systems and the formulation, as
well as the application, of liquid products. This will
be demonstrated with the help of the phase diagram of
anionic surfactants for the example of fatty alcohol sul-
fates. Figure 3.33 shows the complete phase diagram

of sodium dodecyl sulfate (25). At higher concentra-
tions of the surfactant, a multitude of different liquid
crystalline phases occur. These liquid crystalline phases
significantly influence the rheological properties of the
surfactant systems (26). This is demonstrated by a com-
parison of the simplified phase diagram of hexadecyl
sulfate and the viscosity at a constant shear rate and
the yield point (Figure 3.34). With increasing surfac-
tant concentration and a transition from the micellar
solution to the hexagonal phase, a strong increase in
viscosity is observed. At even higher concentrations, a
lamellar liquid crystalline phase occurs which leads to
a decrease in the viscosity. This high-viscous region of
many surfactants in the medium-concentration range has
a strong impact on the formulation and production of
concentrated surfactant systems. The same is valid for
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Figure 3.33. Phase diagram of sodium dodecyl sulfate(SDS) (25)
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Figure 3.35. Zero shear viscosity rjo and elastic shear modulus G' for mixtures of C]2/i4-fatty alcohol sulfate (FAS) and
Cj2/i4-fatty alcohol ethoxylate (7EO) as a function of the concentration ratio at a constant concentration (26)

the dissolution of concentrated solid detergents where
intermediate high-viscous phases have to be avoided.
The addition of nonionic surfactants to the anionic sur-
factants may have a strong influence of the rheological
behaviour (Figure 3.35). A decrease is observed both in
viscosity and yield point, which leads to improved flow
properties.

7 FOAMING

Foaming and the control of foam is an important factor
in the application of detergents and cleansers. This
concerns high-foaming systems for, e.g. manual dish-
washing detergents, as well as low-foaming systems
for use in textile or dish-washing machines. The foam
properties of the products are mainly governed by the
surfactant system and the use of anti-foams. Besides
this, the chemical composition of the product or the
washing liquor, e.g. electrolyte content and soil, strongly
influences the foam properties. Physical parameters,
such as temperature and pH, or the mechanical input
in the system, have also to be taken into account.

The basis for the foam properties is given by
interfacial parameters. An overview of these parameters
and the correlation with the foam properties is shown
in Figure 3.36 (7). All of these parameters influence
the foam properties in a complex way and have been
studied in detail. Although correlations have been shown
between a single parameter and foam properties, there is
still the lack of a general correlation between interfacial
properties and the foam behaviour of complex systems
in detergency. As foam is not the specific subject
of this particular chapter, the influences of the single
parameters will not be discussed in detail here, and

Foaming of surfactant-water systems
Correlation of experimantal data with fundamental parameters

Quantity Experiment
Fundamental
parameters

Foam'

Dynamic surface tension

(static and dynamic)

~~y. Interfacial rheology

.. '^- Dynamic surface elasticity

Foam -^^ Interfacial potential/
stability ^ ^ ^ Intermolecular cohesion

^ ^ Oil particle size

Figure 3.36. Foam properties and interfacial parameters (7)

only a specific example regarding detergency will be
given. The simplest approach to correlate an interfacial
parameter to the foam properties is to compare the
surface activity measured by the surface tension of a
surfactant system and the foam stability. This has been
carried out for a series of pure surfactants. Within a
specific class of surfactants, the surface tension directly
correlates to the foam stability of the surfactant-water
system. A more general form of this concept is not
possible due to the influence of other parameters (as
summarized in Figure 3.36).

As foam generation and also foam stability are
dynamic processes generating and reducing the surface
area, in a surfactant-water system the diffusion of the
surfactant to the surface and the change in surface
coverage, at least locally during bubble generation and
drainage of the film, is a more useful way of describing
the foam properties. If one distinguishes between foam
formation and foam stability, a good correlation can
be found between the relative dynamic surface pressure
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Figure 3.38. Foam stabilities of fine-textile detergents (at rec-
ommended dosage levels): T = 40°C, 160 mg/1 CaO (7)

derived from the time-dependent surface tension and the
rate of foam formation (Figure 3.37). The specific time
for the relative dynamic surface pressure was chosen
emperically. The correlation of the two parameters is
valid for different surfactant types and addition of
electrolyte. This effect can be explained by the micellar
kinetics of the surfactant solution and the diffusion of the
molecules and micelles to the surface. The importance of
these effects for finding the optimum surfactant system
in detergency is shown in Figure 3.38. For high-foaming
detergents, the foam stability of the products is shown
in the presence of oily soils which usually suppress
the foam formation. It can be demonstrated that foam
stability strongly depends on the formulation, i.e. the
surfactant system, and can be adjusted to a high level
in this case when considering 'care aspects' of the
detergents towards sensitive textiles.
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1 INTRODUCTION

The formulations of agrochemicals cover a wide range
of systems which range from simple aqueous solu-
tions (for water-soluble actives) and self-emulsifiable
oils to disperse systems of suspensions, emulsions and
microemulsions. More complex formulations such as
multiple emulsions and suspoemulsions (mixtures of
suspensions and emulsions) are also applied in some
cases. Microencapsulation of active ingredients for con-
trolled and sustained release represents a more sophis-
ticated approach to the formulation of agrochemicals.
Solid formulations of wettable powders, grains, granules
and tablets are also used in many applications.

In all of the above formulations, the role of sur-
face chemistry is crucial, both in the formulation of the
product and its subsequent application. Even for sim-
ple formulations of water-soluble actives, surface-active
agents (sometimes referred to as "wetters") are needed to
enable the spray solution to adhere to the target surface
and spread over a large area. The surface-active agents
also play a more subtle role in optimization of biolog-
ical efficacy. With self-emulsifiable oils (referred to as
emulsifiable concentrates (ECs)), surfactants are added
in high concentrations to ensure the spontaneity of emul-
sification on dilution. The adsorption and conformation
of the surfactant molecules at the oil/water (O/W) inter-
face is crucial for spontaneous emulsification of the oil

in the spray tank. With disperse systems such as sus-
pensions (referred to as suspension concentrates (SCs)
and emulsions (referred to as (EWs)), the role of surfac-
tants and polymers in preparation of the disperse system,
its long term stability and application is crucial. This
requires a fundamental surface chemical approach to
understand the adsorption and conformation of the sur-
factant and/or polymer at the interface. Microemulsions,
which are thermodynamically stable systems of O/W or
W/O, also require an understanding of the surface chem-
istry involved for production of an ultra-low interfacial
tension (which is the driving force for their formation
and stability).

One may list a large number of surface chemical
phenomena that are crucial in the preparation of more
complex systems such as multiple emulsions and micro-
capsules. In the first case, the formulation is a complex
system of an "emulsion in an emulsion", with the most
common being a water-in-oil-in-water (W/O/W) multi-
ple emulsion, which requires the preparation of a stable
W/O emulsion that is further emulsified into an aque-
ous solution of another surfactant to produce the final
system. Microencapsulation is a process whereby the
active ingredient is surrounded by a polymer shell that
allows the controlled and slow release of the active. The
most common procedure for encapsulation is interfacial
polymerization, whereby two monomers are allowed to
react at the interface (by condensation) to produce the

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
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required polymer shell. The role of surface chemistry in
this process is obvious.

With solid formulations, such as wettable powders
(micronized active ingredients plus filler and surfactant),
water-dispersible grains (prepared by extrusion of a
paste, spray drying or agglomeration), granules (porous
substrates with the active absorbed) and tablets, surfac-
tants are added to aid the wetting and disintegration of
the solid matrix. Again, a surface chemical approach is
required to ensure adequate adsorption of the surfactant
molecules, reduction of the dynamic surface tension to
enhance wetting and disintegration of the powder and
maintenance of stability of the particles in the aqueous
solution.

It is clear from the above introduction that under-
standing the various interfacial phenomenon involved
in agrochemical formulations is crucial for the formu-
lation chemist. Fundamental knowledge is required at
a molecular level to enable the formulation chemist to
select the optimum surfactants or polymers. These inves-
tigations are also essential for assessment and prediction
of the long-term stability of the formulation as well as
its application. For detailed information on the role of
surfactants in agrochemicals the interested reader should
refer to a recent book by this present author (1).

In this chapter, which is by no means comprehensive,
we will give some examples of agrochemical formula-
tions to illustrate the importance of surface chemistry in
their preparation and subsequent preparation. As far as
possible, we will describe the main fundamental princi-
ples that are involved.

2 SURFACE CHEMISTRY IN
EMULSIFIABLE CONCENTRATES

the time of application. As stated by Becher (3), the
hydrophilic—lipohilic balance (HLB) method that is nor-
mally used for selection of surfactants in emulsions is
inadequate for the formulation of ECs. This is not sur-
prising, since with ECs one requires in the first place
spontaneity of dispersion on dilution, which as men-
tioned above is governed by the properties of the inter-
facial region.

The importance of the properties of the interfacial
region for spontaneous emulsification was first demon-
strated by Gad (4), who observed that when a solution
of lauric acid in oil was carefully placed on an aqueous
alkaline solution, an emulsion spontaneously formed at
the interface. The reason for this spontaneous emulsifi-
cation is the formation of a mixed film of lauric acid and
sodium laurate (produced by partial neutralization of the
acid by alkali) which produces an ultra-low interfacial
tension.

Several mechanisms may be proposed to explain the
process of spontaneous emulsification, all of which are
related to the properties of the interfacial film. The first
mechanism is due to interfacial turbulence that may
occur as a result of mass transfer or by non-uniform
adsorption of the surfactant molecules at the O/W inter-
face. The interface shows unsteady motions - streams
of one phase are ejected and penetrate into the second
phase. This is illustrated in Figure 4.1 (a) which shows
the localized reduction in interfacial tension caused by
non-uniform adsorption of surfactants or mass trans-
fer of surfactants across the interface (5-7). When the
two phases are not in chemical equilibrium, convec-
tion currents may be formed which transfers the liquid
rich in surfactants towards the areas deficient in sur-
factants. These convection currents may give rise to

Many agrochemicals are formulated as emulsifiable con-
centrates (ECs) which when added to water produce
O/W emulsions either spontaneously or after gentle agi-
tation. Such formulations are produced by the addition
of surfactants to the agrochemical if the latter is an oil
with a reasonably low viscosity, or to an oil solution of
the chemical if the latter is a solid or a liquid with high
viscosity.

Spontaneous emulsification requires a number of
criteria that may be met by control of the proper-
ties of the interfacial region. Usually, a mixture of
two or more emulsifiers are used, such as calcium
dodecylbenzene sulphonate and an ethoxylated non-
ionic surfactant (2). With such blends, a 5% emulsifier
concentration in the formulation may be sufficient for
spontaneous emulsification and adequate stability within

(b)

(c)

o o

Figure 4.1. Schematic representation of spontaneous emulsifi-
cation; (a) interfacial turbulence; (b) diffusion and stranding;
(c) ultra-low interfacial tension
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local fluctuations in the interfacial tension, hence caus-
ing oscillation of the interface. Such fluctuations may
grow in amplitude, leading to violent interfacial pertur-
bations and an eventual disintegration of the interface,
when liquid drops of one phase are "thrown" into the
other phase.

The second mechanism of spontaneous emulsifica-
tion is based on diffusion and stranding, as represented
in Figure 4.1(b). This is best illustrated by carefully
placing an ethanol-toluene mixture (containing, say,
10% alcohol) on to water. The aqueous layer even-
tually becomes turbid as a result of the presence of
toluene droplets (8). The alcohol molecules diffuse into
the aqueous phase, carrying some toluene in a saturated
three-component sub-phase (9). At some distance from
the interface, the alcohol becomes sufficiently diluted in
water to cause the toluene to precipitate as droplets in
the aqueous phase. This process occurs when the third
component (the alcohol) increases the mutual solubility
of the two previously immiscible phases (oil and water).

The third mechanism of spontaneous emulsification
may be due to the production of an ultra-low (or tran-
siently negative) interfacial tension (see Figure 4.1(c)).
The same mechanism accounts for the formation of
microemulsions, which usually require the presence of
two surfactant molecules (10), with one being essen-
tially water soluble and the other essentially oil soluble.
The mechanism of reduction of interfacial tension when
using two surfactants can be understood from a consid-
eration of the effect of addition of a cosurfactant on the
interfacial tension y-log concentration (c) curves (10),
as illustrated in Figure 4.2. Addition of surfactant to the
aqueous or oil phase causes a gradual lowering of y,
reaching a limiting value at the critical micelle concen-
tration (cmc). Any further increase in c above the cmc
causes little or no further decrease in y. The limiting

y value reached with most single surfactants is sel-
dom lower than 0.1 mN m"1. This value is not sufficient
for microemulsion formation or spontaneous emulsifica-
tion. If a surfactant mixture is used with one component
predominantly water soluble, such as sodium dodcyl sul-
phate (SDS), and one predominantly oil soluble, such
as a medium-chain alcohol (usually referred to as the
cosurfactant), the limiting y can reach very low val-
ues (<10~2 mN irr1), or can even become transiently
negative (11). In the latter case, the interface expands
spontaneously adsorbing all surfactant molecules until
a small positive y is reached. This behaviour is shown
in Figure 4.2. As can be clearly seen, addition of the
cosurfactant causes a shift of the y-log c curve of a
surfactant to lower values and the cmc is reduced.

The reason for the reduction in y to very low values
when using two surfactants can be understood from a
consideration of the Gibbs adsorption equation, which
may be extended for multicomponent systems (11), as
follows:

dy = - (4.1)

where F,- is the surface excess (amount of surfactant
adsorbed in moles per unit area), /z, is the chemical
potential of the /th species, R is the gas constant, T
is the absolute temperature and ct is the surfactant
concentration.

Integration of equation (4.1) for surfactant (s) and
cosurfactant (co) gives the following:

rs/?7dlncs - /
Jo

r c o /?rdlncC (

Figure 4.2. Interfacial tension (y) versus log concentration (c)
curves for surfactant plus cosurfactant

(4.2)
which clearly shows that y0 is lowered by two terms,
from both surfactant and cosurfactant (which have
surface excesses of Fs and Fco, respectively). It should
be mentioned, however, that the both types of molecules
should become simultaneously adsorbed and should not
interact with each other, or otherwise they will lower
their respective activities. This explains why the two
types of molecules should vary in nature, i.e. with
one being predominantly water-soluble and the other
predominantly oil-soluble.

Several other mechanisms have been proposed to
explain the dynamics of spontaneous emulsification.
Direct observation by using phase contrast and polar-
izing microscopy showed that in some cases vesicles
(closed bilayers) are produced in the oil phase near
the interface with the water. These vesicles tend to
"explode", thereby pulverizing oil droplets into the
aqueous phase. The above structures can be produced,
for example, by using a mixture of nonionic surfac-
tant (alcohol ethoxylate) and a long-chain alcohol such
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as dodecanol and an oil such as hexadecane. The
oil/surfactant mixture is transparent, but on addition of
a small amount of water it becomes turbid and vesicles
can be observed under the microscope. The interfacial
tension of the oil-surfactant mixture-water system is
very low.

3 SURFACE CHEMISTRY OF
EMULSION CONCENTRATES

Many agrochemicals are formulated as O/W emulsions,
referred to as emulsion concentrates (EWs). These sys-
tems offer many advantages over the self-emulsifiable
oils (ECs). Being aqueous-based, they produce less
safety hazard to human operators, and may be less phy-
totoxic to plants.

In order to produce an emulsion from two immiscible
liquids, one requires a third component, i.e. an emulsi-
fier. The role of the latter can be clearly understood
from a consideration of the process of emulsification, as
illustrated in Figure 4.3.

The free energy of formation of the emulsion from
the bulk oil (state I) is given by the following:

'Conf (4.3)

The first term on the right-hand side of equation (4.3)
is the energy required to expand the interface (AA is
the increase in interfacial area when the bulk oil is
subdivided into a large number of droplets and y\2 is
the interfacial tension). The second term on the right-
hand side of the equation is the entropy of dispersion of
the emulsion into a large number of droplets.

Since y\2 is positive, then the energy required to
expand the interface to form a large number of droplets
is positive and this term can be reduced by reducing
Y\2, e.g. by surfactant adsorption. The entropy term,
however, is positive and this favours the formation of the
emulsion. With macroemulsions, |AAy12| > —TASconi,
and hence AGform is positive. This means that the
process of emulsification is non-spontaneous and the

Formation

Breakdown
(flocculation +
coalescence)

Figure 4.3. Schematic representation of emulsion formation
and breakdown

(2)

1
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emulsion breaks down on storage by the processes
of flocculation and coalescence. In order to maintain
stability for the emulsion, one needs to introduce an
energy barrier (repulsive energy) to prevent state II from
converting to state I. The higher the energy barrier, then
the longer the stability of the emulsion.

The above discussion shows the importance of the
interfacial region in stabilizing the emulsion. For preven-
tion of flocculation, electrostatic and/or steric repulsion
is required to overcome the everlasting van der Waals
attraction. The basic theory for stabilization of disper-
sions by using electrostatic repulsions was formulated
by Deryaguin and Landau (12) and Verwey and Over-
beek (13), and is thus usually referred to as the DLVO
theory. The stability arises from the presence of electri-
cal double layers around the particles (which could be
the result of the presence of ionic surfactants). When
two droplets with a radius R approach each other to a
separation distance h that is less than twice the double
layer thickness (1 /K, which depends on electrolyte con-
centration and valency), repulsion occurs as a result of
the interaction of the double layers (which have the same
charge sign). In the simple case of two large droplets and
a low surface (or zeta) potential \[/o, the repulsion inter-
action free energy is given by the following expression:

GE = + exp(-/c/z)] (4.4)

thatwhere er is the permittivity of the medium and
of free space.

The van der Waals attraction between two droplets
with a radius R and a Hamaker constant A (the effective
Hamaker constant) is given by the following expression
(14):

°—£
Combination of the electrostatic repulsion (which decays
exponentially with distance h) with the van der Waals
attraction energy (which decreases as an inverse-power
law) results in the total energy-distance curve, as
shown schematically in Figure 4.4. The energy-distance
curve is characterized by two minima at short and
long distances and an energy maximum at intermediate
distance. The height of the energy maximum determines
the stability of the dispersion. Generally speaking, an
energy maximum in excess of 25 k T (where k is the
Boltzmann constant and T is the absolute temperature)
is sufficient to maintain the long-term stability of
the emulsion against flocculation. The height of the
maximum is determined by the magnitude of the surface
or zeta potential and the electrolyte concentration and
valency. Generally speaking a zeta potential in excess of
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' ^mirvsecondary

Figure 4.4. Schematic representation of the total energy-dis-
tance curve according to the DLVO theory

40-50 mV and an electrolyte concentration lower than
10~2 mol dm~3 (for a 1:1 electrolyte) is sufficient for
maintenance of stability.

The second stabilization mechanism for emulsions
is referred to as steric repulsion. This arises from the
presence of adsorbed nonionic surfactant and/or poly-
mers. Generally speaking these surfactants or polymers
are of the A-B, A - B - A block- and BA,, graft-type sys-
tems, where the B chain (the "anchor" group) is strongly
adsorbed at the OAV interface (or is soluble in the oil)
and the A chain (the stabilizing chain) is soluble in the
medium and highly solvated by its molecules. When two
droplets, with adsorbed surfactant or polymer molecules
having a thickness 8 for the A chains, approach each
other to a distance of separation h that is smaller than
2<5, repulsion occurs when these layers begin to overlap
(and/or undergo some compression). Two main effects
can be described. The first is referred to as the mixing
free energy of interaction, GmjX, which arises from the
unfavourable mixing of the A chains when these are in
good solvent conditions. Gmix is given by the following
expression (15):

kT 3 V,
\-x)

3R + 28 + ^ (4.6)

where V\ is the molar volume of the solvent, 02 is
the volume fraction of surfactant or polymer in the
adsorbed layer, /Vav is the Avogaro constant and x is
the Flory-Huggins interaction parameter.

It is clear from equation (4.6) that Gmix is positive
(i.e. repulsive) when / < 0.5, i.e. the A chains are in
good solvent conditions. When x > 0-5, Gmix becomes
negative and the interaction becomes attractive. There
is one point at which x = 0.5 and this is referred to as
the #-point for the chain that determines the onset of
flocculation.

The second repulsive effect resulting from the pres-
ence of the adsorbed layers is the loss in configurational
entropy of the chains when significant overlap occurs.
This effect, which is always repulsive, is referred to as an
entropic, volume-restriction or elastic interaction, Gt\.

Combination of Gmix and Gei with GA results in
an other form energy-distance curve, as illustrated in
Figure 4.5. It can be seen from this that Gmjx starts
to increase rapidly as soon as h becomes smaller than
28. On the other hand, Gei begins to increase with
decrease of h when the latter becomes significantly
smaller than 28. When Gmix, Gei are combined with
GA, the total energy Gy-distance curve shows only one
minimum, whose location depends on 28 and where the
magnitude depends on both the Hamaker constant and
the droplet radius R. It is clear that when 8 is made
sufficiently large and R sufficiently small, the depth of
the minimum becomes very small and one may approach
thermodynamic stability. This is the basis of formation
of nanoemulsions.

The properties of the interfacial region are also
important in preventing other breakdown processes in

Gel

Figure 4.5. Schematic representation of the variation of Gn

Gei, GA and Gj with h
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emulsions, such as Ostwald ripening and coalescence.
Ostwald ripening occurs as a result of the difference in
solubility between the small and large emulsion droplets.
The higher solubility of the smaller droplets is due to the
higher radius of curvature, as predicted by the Laplace
equation (Soo2y/R). For two droplets with radii R\ and
R2 (where R\ < R2):

RT 2y ( 1
( 4 7 )

where S\ and S2 are the solubilities of the small and
large droplets, respectively, M is the molecular weight
and p is the density.

For a polydisperse emulsion with some solubility
for the oil phase, the smaller droplets disappear by
oil diffusion and become deposited on the larger ones.
This process may be significantly reduced by proper
choice of the interfacial layer. The lower the interfacial
tension, then the lower the rate of Ostwald ripening.
More important is the Gibbs elasticity e, which arises
from interfacial tension gradients:

s =
din A

(4.8)

The higher the Gibbs elasticity, then the lower the rate of
Ostwald ripening. The Gibbs elasticity can be enhanced
by using polymeric surfactants that strongly adsorb at
the O/W interface. An oil-soluble polymeric surfactant
could be advantageous in reducing Ostwald ripening.

Coalescence of emulsions can also be controlled by
proper choice of the interfacial film. When two emulsion
droplets come into close contact in a floe or during
Brownian collision, thinning and disruption of the liquid
film between the droplets may occur, resulting in its
eventual rupture and hence the joining together of the
droplets. This process can be prevented by the presence
of a proper interfacial film which opposes the rupture
process. A useful picture describing the prevention of
thinning and rupture was introduced by Deryaguin and
Obucher (16), who described the film properties in terms
of a disjoining pressure n(h) that balances the excess
normal pressure P(h) — Po in the film. Here, P(h) is
the normal pressure of a film of thickness h, whereas,
Po is the normal pressure of a sufficiently thick film
such that the interaction energy is zero; n(h) is the net
force per unit area acting across the film, i.e. normal to
the interfaces. Thus, n(h) is simply equal to — dVj/dh,
where VT is the net force acting across the film, and
consists of three main contributions, namely van der
Waals, electrostatic and steric, as follows:

In order to produce a stable film, TTE + 7rs > 7TA- Thus, to
reduce coalescence one needs to enhance the repulsion
between the surfactant layers, e.g by using a charged film
and/or using surfactants with long hydrophilic chains
that produce strong steric repulsions.

For reduction of coalescence, one needs to dampen
the fluctuations of the interface that occur during close
approach of the droplets. This can be achieved by
enhancement of the Gibbs elasticity. For this reason,
mixed surfactant films are ideal for reducing coales-
cence. Such mixed films may also produce lamellar
liquid crystalline phases at the interface which prevent
coalescence as a result of their multilayer structure (17).

Another method of reducing coalescence is the
use of macromolecular surfactants such as gums, pro-
teins and synthetic polymers, e.g. A-B , A - B - A
block and BA« graft copolymers. Examples of such
molecules are poly(vinyl alcohol) and polyethylene
oxide-polypropylene oxide block copolymers.

4 SURFACE CHEMISTRY IN
SUSPENSION CONCENTRATES

The formulation of agrochemicals as aqueous suspen-
sions (suspension concentrates) has attracted consid-
erable attention in recent years. This is due to the
advantages produced by these systems, e.g. control of
particle size distribution, ease of application (flowable
systems that can be easily dispersed in the spray tank)
and the possibility of incorporation of high surfactant
concentrations which in many case are essential for bio-
logical control.

Suspension concentrates are prepared in two steps.
The active ingredient powder is first dispersed in an
aqueous solution of the required dispersing agent (sur-
factant and/or polymer) and this is then followed by a
wet milling process (bead milling) to reduce the par-
ticle size to the desirable range. In both processes, it
is important to control the surface chemical character-
istics of the suspension. For example, when dispersing
the powder into the liquid, it is essential to have ade-
quate wetting of the powder. Both external and internal
surfaces (in pores) need to be completely wetted by the
liquid. This process requires the presence of a wetting
agent (surfactant) that lowers the surface tension of the
liquid and also produces a zero contact angle at the
solid/liquid (S/L) interface. Wetting of a solid is usu-
ally described in terms of the equilibrium contact angle
6 and the appropriate interfacial tensions, by using the
classical Young's equation, as follows:

7T(h) = TtA + TtE + 7TS (4.9) Xsv - 7SL = KLV COS 0 (4.10)
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where y represents the interfacial tension and the
symbols S, L and V refer to the solid, liquid and vapour,
respectively.

It is clear from equation (4.10) that if 6 < 90°, a
reduction of y\y improves wetting. Hence, the use of
surfactants that reduce both yLV and y^L to aid wetting
is clear. However, the process of wetting of particulate
solids is more complex and involves three distinct types
of wetting (18), i.e. adhesional wetting, immersional
wetting and spreading wetting. This is schematically
represented in Figure 4.6 for a simple cube of solid.
Assuming that the surface area of the cube is unity,
then the work of dispersion is given by the following
expression:

= W.d

(4.11)

Thus, wetting of a solid by a liquid depends on yLV

and 0, both of which are reduced by the addition of
surfactants. Thus, wetting of a powder by an aqueous
surfactant solution in usually spontaneous since 6 is
close to zero. This only applies for the external surface.
However, wetting of the internal surface requires pene-
tration of the liquid into channels between and inside the
agglomerates and this requires a high capillary pressure
P, as follows:

2 m c o s e ( 4 ] 2 )

Equation (4.12) shows that to increase penetration one
has to make 0 as small as possible (by adsorption of
surfactant on the solid surface). However, when 0 = 0,
Pooyiy and a high surface tension is required. These
two opposing effects show that the proper choice of a
surfactant for dispersing the powder into the liquid is not
simple and a compromise has to be made to minimize
0 while still keeping a moderate surface tension.

The dispersion of aggregates and agglomerates and
subsequent reduction of particle size by wet milling
(a process referred to as comminution) also requires

Figure 4.6. The three stages involved in the complete wetting
of a solid cube by a liquid

fundamental understanding of the surface chemical
processes involved. Surfactants and polymers which
become adsorbed on the particle surface aid these pro-
cesses. For the breakdown of single crystals into smaller
units, mechanical energy is required and this is supplied
in the bead mill. As a result, permanent deformation of
the crystals and crack initiation result. This will even-
tually lead to the fracture of crystals into smaller units.
Of particular importance is the effect of various surface-
active agents and polymers on the grinding efficiency.
Rhebinder and co-workers (19, 20) explained that as a
result of surfactant adsorption at the solid/liquid inter-
face, the surface energy at the boundary is reduced and
this facilitates the process of deformation or destruc-
tion. In addition, the adsorption of surfactants at the
solid/solution interface in cracks facilitates their propa-
gation. This process is usually referred to as the Rhe-
binder effect.

After preparation of the aqueous suspension, it is
essential to ensure its long-term physical stability. A
shelf life of two years is required under various climatic
conditions and thus this requires a careful understanding
of the interaction forces that occur between the parti-
cles in the suspension. Three main stabilities should be
considered, namely stability against irreversible aggre-
gation, stability against crystal growth (Ostwald ripen-
ing) and stability against sedimentation and separation
on storage. In order to prevent irreversible flocculation,
one should ensure the presence of sufficient repulsion
(energy barriers) between the particles. This process has
been discussed in detail in Section 3 above, where both
electrostatic and steric stabilities were considered. In
order to reduce Ostwald ripening (crystal growth), one
has to consider the structure of the interfacial region. In
some cases, strong adsorption of macromolecular sur-
factants of the A - B - A block or BA,2 graft copolymer
types may reduce crystal growth. Additives that become
incorporated in the crystal and "block" the active sites
on which growth occurs may also be used. In general,
one should avoid the presence of high micellar concen-
trations which may solubilize the active ingredient and
thus enhance crystal growth.

Reduction of sedimentation and separation of the
suspension concentrate on storage requires the addition
of a "suspending agent". The latter may consist of a
high-molecular-weight polymer such as xanthan gum (a
high-molecular-weight polysaccharide) which produces
a "gel" network in the continuous phase which has
a yield value and a very high viscosity at low shear
rates. Finely divided particulate solids, such as sodium
montmorillonite (swellable clay) or fumed silica, may
also be used to reduce sedimentation and separation of
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the suspension. In most cases, a combination of the
particulate solid with the high-molecular-weight poly-
mer produces a "structure" in the continuous phase that
overcomes the stresses exerted by the particles. These
suspending agents (sometimes referred to as antisettling
agents) produce the right rheological characteristics for
prevention of sedimentation and separation of the sus-
pension on storage. They are also shear-thinning systems
and hence can be easily poured from the container and
on dilution they spontaneously disperse in the aqueous
phase. For further details on this subject, the reader may
refer to a review by this present author (21).

5 SURFACE CHEMISTRY IN THE
APPLICATION OF AGROCHEMICAL
FORMULATIONS

Optimization of the transfer of agrochemicals to the
target requires careful analysis of the various steps
involved in the application (22). Most agrochemicals
are applied as liquid sprays, particularly for foliar
application. Hydraulic nozzles are commonly used for
this spraying process to produce droplets in the range
100-400 urn. For application parameters such as the
droplets size spectrum, and their impaction and adhe-
sion, wetting and spreading are of prime importance.
In addition to these "surface chemical factors", i.e.
the interaction with various interfaces, other parame-
ters that affect biological efficiency are deposit for-
mation, penetration and interaction with the site of
action. Enhancement of penetration is sometimes cru-
cial to avoid removal of the agrochemical by envi-
ronmental conditions such as rain and/or wind. All of
these factors are affected by the surfactants and poly-
mers added to the formulation and hence the surface
chemistry of the various processes involved is cru-
cial in designing formulations with optimum biological
efficacy.

In a spraying process, a liquid is forced through an
orifice (the spray nozzle) to form droplets by the appli-
cation of hydrostatic pressure. The effect of surfactants
and/or polymers on the droplet size spectrum of a spray
can be described in terms of their effects on the surface
tension. Since surfactants lower the surface tension of
the liquid, one would expect that their presence in the
spray solution would result in the formation of smaller
droplets. However, when considering the role of sur-
factants in droplet formation, one should consider the
dynamics of surfactant adsorption at the air/liquid inter-
face. In a spraying process, a fresh liquid surface is
continuously being formed. The surface tension of this

liquid depends on the relative ratio between the time
taken to form the interface and the rate of adsorption
of the surfactant from the bulk solution to the air/liquid
interface. The rate of adsorption of a surfactant molecule
depends on its diffusion coefficient D and its concentra-
tion, according to the following:

d r D N.d
(4.13)

where F is the surface excess (number of moles of
surfactant adsorbed per unit area), t is the time, 8 is the
diffusion layer thickness, NA is the Avogadro constant
and 0 is the fraction of the surface already covered by
adsorbed molecules.

Equation (4.13) shows that the rate of adsorption
increases with an increase in both D and c. The diffusion
coefficient of a surfactant molecule may be calculated
from the Stokes-Einstein equation, as follows:

kT

6nr]R
(4.14)

where k is the Boltzmann constant, T is the absolute
temperature, r) is the viscosity of the medium and R is
the radius of the surfactant molecule. Equation (4.14)
predicts that smaller molecules diffuse faster and hence
they reduce the dynamic surface tension more effi-
ciently. However, the situation is more complex, since
micelles play a major role in determining the kinetics of
adsorption. The shorter the lifetime of the micelle and
the smaller its size, then the more efficient is the sur-
factant in reducing the dynamic surface tension. For full
detail, the reader should refer to a recent text by Dukhin,
et al. (23).

If the rate of formation of the interface is much
faster the rate of adsorption of the surfactant, the surface
tension of the spray solution will not be far from that
of pure water. Alternatively, if the rate of surfactant
adsorption is faster than the rate of formation of the
fresh interface, the surfactant will lower the dynamic
surface tension and hence smaller droplets are produced.
With liquid jets, an important factor may be considered
that enhances surfactant adsorption (24). Addition of
surfactants reduces the surface velocity (which is in
general lower than the mean velocity of flow of the jet)
below that obtained with pure water. This results from
surface tension gradients which enhances adsorption (the
molecules will move to the areas with high surface
tension).

Surface chemistry also plays a major role in droplet
impaction and its subsequent adhesion. The latter pro-
cess is determined by the difference between the surface
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energy of the drop in flight, Eo, and its value at the target
surface, £ s . This difference should exceed the kinetic
energy of the drop (0.5 mv2, where m is the mass of
the drop and v its velocity) for adhesion to take place.
The parameter Eo simply depends on the dynamic sur-
face tension (Eo = 4jrR2y), whereas £ s depends on the
contact angle 0 of the drop on the substrate (25), as
follows:

E°~ E* = 1 -0.39[2(l -cos60-sin26>cos6>]

- c o s # + -(cos3tf - (4.15)

The term (Eo - Es)/E0 is the minimum energy barrier
between attached and free drops which is necessary
for the kinetic energy to overcome, expressed as a
fraction of the free energy of the free drop. A plot of
(£o - Es)/E0 versus 0 is shown in Figure 4.7, which
illustrates that this ratio decreases rapidly from its
value of unity when 0 = 0° to a near-zero value when
6 > 160°. The master curve shown in Figure 4.7 can
be used to calculate the critical contact angle required
for the adhesion of water droplets with various sizes
and velocities. For droplets with a size of 100 um,
and a velocity of 0.25 ms"1, the critical contact angle
for adhesion is 160° and in this case no surfactant is
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Figure 4.7. Variation of (Eo — £s ) /£o with 0 for a drop on a
solid surface

required for adhesion. However, with larger droplets
(200-400 um) and higher velocities, the critical contact
angle required for adhesion becomes smaller than 90°.
For example, for a drop of 200 um and a velocity of
1.5 ms"1 (twice the terminal velocity), a contact angle of
54° is required for adhesion. This shows the importance
of surfactants in the spray solution.

Many agrochemical applications involve high-vol-
ume sprays, whereby with continuous spraying the vol-
ume of the drops continues to grow in size by impaction
of more spray drops on them and by coalescing with
neighbouring drops on the surface. During this process,
the amount of spray retained steadily increases provided
that the liquid drops that are impacted are also retained.
However, on further spraying the drops continue to grow
until they reach a critical size above which they begin
to slide down the surface and "drop off (the so-called
run-off condition). At the point of run-off, the volume
of spray retained is at a maximum. The retention at this
point is governed by the movement of liquid drops on
the solid surface. Bikerman (26) stated that the percent-
age of drops sticking to a plant after having touched
it should depend on the tilt of the leaf, the size of the
droplets and the contact angle at the plant leaf/droplet/air
interface.

Furmidge (27) analysed the process of retention of
drops on a tilted substrate by considering the advancing
and receding contact angles, 0A and 0R, respectively.
This is illustrated in Figure 4.8, which shows the profile
and plan view of a drop during sliding.

By using a simple analysis whereby the gravity
force (given by mg sin a, where m is the drop mass,
g is the acceleration due to gravity and a is the
angle of tilt) is balanced by the difference in the
work of dewetting and wetting (determined by the
receding and advancing contact angles, respectively)
Furmidge derived the following expression for the

1 ^•Uil/MU.

w6l

Figure 4.8. Profile and plan view of a drop during sliding
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Figure 4.9. Variation of the retention value with the contact angle hysteresis

retention factor F:

r n [YLA(COS0R-COS0A)

L P

11/2

(4.16)

where Owi is the mean value of the contact angles and
p is the density of the spray solution. Equation (4.16)
shows that F depends on the value of yLA, the difference
between 0R and 0A (referred to as the contact-angle
hysteresis), and 0M- This is illustrated in Figure 4.9. It
can be seen from Figure 4.9 that at any given value of
(0A — 0R) and "/LA, F increases rapidly with an increase
in the contact-angle hysteresis, reaching a maximum and
then decreases.

Another surface chemical factor that can affect the
efficacy of the foliar spray application of agrochemicals
is the extent to which the liquid wets, spreads and
covers the foliage surface. A very convenient parameter
describing spreading is the spread factor SF, which is
simply the ratio of the diameter of the area wetted, D,
and the diameter of the drop applied, d, as follows:

The spread factor depends on the contact angle, and
provided that 0 is not too small (>5°), is given by the
following expression:

SF =
-cos<9)2(2

1/3

(4.18)

A plot of SF versus 0 is shown in Figure 4.10
which clearly illustrates the rapid increase in SF when
0 becomes lower than 35°.

A useful index for measuring the spreading of
a liquid on a solid surface is the Harkin spreading
coefficient 5, (28), which is the change in tension when
solid/liquid and liquid/air interfaces are replaced by a
solid/air interface:

S = XSA - (YSL + KLA) (4.19)

By using Young's equation (equation (4.10)), S is then
given by the following:

(4.17) S = YLA(COS6 - 1) (4.20)
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Figure 4.10. Variation of the spread factor with the contact
angle

If 0 > 0, S is negative and this implies only partial
wetting. In the limit 0 = 0, 5 = 0, and this represents
the onset of complete wetting. A positive S value
implies rapid spreading of the liquid on the solid
surface. This shows the importance of the presence of
surfactant and the structure of the interfacial region
which determines the values of the surface tension and
contact angle.

Several other factors where surface chemistry plays
a major role in biological efficacy may be listed. For
example, the evaporation of drops and the formation
of deposits that may contain various liquid crystalline
phases may play a major role in retention of the
active ingredient on the leaf surface. This is particularly
important for systemic fungicides. These deposits also
reduce the loss of the active ingredient by falling rain.
Another important factor is the presence of micelles,
which solubilize the active ingredient and may enhance
penetration of the chemical through the leaf surface
and the cuticle. All of these factors rely on specific
interactions between the active ingredient, the surfactant,
the leaf surface and the active sites involved. However,
a detailed analysis of these effects is beyond the scope
of this present chapter.
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1 INTRODUCTION

In order to better discuss the role of surface chemistry
in photography, it is useful to consider some of the
basic features of photographic elements (paper, film,
etc.) morphology, exposure and processing. As a start,
consider a multilayer photographic element such as that
pictured in Figure 5.1. The layer structure illustrated
is typical of a simple colour print material, such as
colour paper or colour movie print films. Such materials
comprise many different types of layers (1), and each
layer is prepared as a thin film coating.

1.1 Support base

The thickest layer is the support. This provides a
base upon which to coat the other layers, discussed
below, and also provides dimensional stability during
manufacture, storage, exposure, processing and display.
In the case of a typical reflection print material, the
support would be some type of high-grade photographic
paper. Such paper supports often consist of several
different layers, including reflection layers containing
inorganic pigments (barium sulfate, titania, etc.) in
gelatin or polyethylene binders. The preparation of
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ISBN 0471 490830 © 2001 John Wiley & Sons, Ltd



86 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

Emulsion -
layers

— Overcoat

Subbing
layer

Antistat
layer

Figure 5.1. Generic multilayer photographic film element
shown in cross-section, illustrating the key morphological com-
ponents: overcoats, emulsion layers, subbing layer, support and
antistat layer. The layer thicknesses are not drawn proportion-
ately to scale. A typical emulsion layer may be 3-6 urn thick,
a typical overcoat or interlayer may be 1-2 p.m thick, and the
support is typically of the order of 100 um in thickness

paper coatings is discussed elsewhere in this volume by
Tiberg et al. (see Chapter 7). Transparent supports are
important for colour negative, movie and slide films.
The main materials used for such supports are cellulose
triacetate (CTA), poly(ethylene terephthalate) (PET) and
poly(ethylene naphthalate) (PEN). The thickness of
these supports ranges from 60 to 200 um. CTA supports
are typically of the order of 130 um, PET supports
are about 100 um thick, and PEN supports are about
80-90 um in thickness. PEN was recently introduced
to allow thinner, more tightly wound roles of film
for cartridge storage. Its mechanical properties give it
superior performance in comparison to PET.

A subbing layer is usually coated in order to provide
good wetting and good adhesion between the support
and the layer coated upon it. Good adhesion is required
in order to make sure that the multilayer element
will maintain its mechanical integrity throughout all of
the physical and chemical processes it is put through.
The composition of subbing layers varies with the
composition of the layers to be joined. Prior to applying
a subbing layer, the support may be physically or
chemically treated to improve wetting and adhesion.
For example, corona discharge may be applied in
order to increase the surface energy of the support,
thereby improving wettability. Solvents for the support
material may be applied to provide limited swelling.
Such swelling will promote polymeric entanglement
of the polymers applied in the subbing layer, thereby
improving the adhesive interaction.

Gelatin is often used in subbing layer composi-
tions, since it is the most prevalent binder used in the
emulsion and overcoat layers. Gelatin in the subbing

layer promotes adhesion of an overcoated layer con-
taining gelatin. This adhesion is promoted further by
chemical cross-linking of the gelatin, between various
amine and carboxyl sites in the latter. Cross-linking
of interpenetrating gelatin strands from the subbing
and overcoated layers results in covalently based adhe-
sion. Good binding to polyester supports is promoted
by subbing layer polymers that contain chlorine, such
as poly(vinyl chloride)- and poly(vinylidene chloride)-
containing copolymers (1). Using copolymers that inter-
act strongly with the support provides good adhesion on
one side of the subbing layer-support interface. Hav-
ing subbing layer copolymers which also contain blocks
or components that strongly adhere to the emulsion
layer is also important. Monomer components contain-
ing carboxylic acid functionalities or maleic anhydride
groups provide chemical sites with which amine groups,
from overcoated gelatin layers, can chemically cross-
link. Various mixtures of gelatin, poly(alkyl acrylate)s,
vinyl acrylate copolymers and polyurethanes can be used
as the components of such subbing layers, wherein the
glass transition temperature and stress accommodation
properties can be varied.

1.2 Antistat layers

An antistat layer is a conductive layer prepared in
order to dissipate electrostatic charge that builds up
during manufacture (e.g. slitting operations), exposure
(e.g. amateur roll film and, movie film) and viewing
(e.g. motion picture film) processes. Unwanted discharge
can cause fog and other defects in unexposed elements
and can also cause sparks during projection. Since it
is useful to dissipate electrostatic charge both before
and after development processing, it is important to
have layers formulated with materials that will withstand
the harsh chemical treatments attendant to development
processing of photographic papers and films. Antistat
layers have been formulated with a wide variety of
organic and inorganic conductive materials (2). Conduc-
tive materials that dissolve in aqueous processing solu-
tions must be protected with a water-resistant overlayer
in certain circumstances. Ionically conductive polymers,
typically containing monomers having quaternary nitro-
gen groups and halide counterions, have been used in
antistat layers for a long time. They suffer, however,
in that their conductivities vary appreciably with rela-
tive humidity. Antistat layers comprising carbon black
are very effective in providing electronic conductiv-
ity and insensitivity to humidity. The requisite removal
of the carbon black from transparent print supports
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(slide film and movie print film) demands fairly expen-
sive processing steps. Colloidal tin oxide and vana-
dium pentoxide have been successfully used to provide
electronic conductivity in antistat layers. Nanoparticles
(80 A diameter) of antimony-doped tin oxide can pro-
vide humidity-insensitive conductivity. Vanadium pen-
toxide is typically nanoscopic in two dimensions, and
provides excellent electronic conductivity, although it
requires protection from aqueous processing solutions.
More recently, electronically conducting polymers and
latexes have been introduced. These materials are very
competitive with the nanoparticulate semiconductors in
their efficacy.

1.3 Overcoats

The overcoat layers are thin layers, typically less than
1 jim in thickness, that can provide both chemical (e.g.
water barrier properties to protect a water-sensitive anti-
stat layer material) and mechanical (e.g. abrasion and
wear resistance) protection to the undercoated layers.
They also often provide lubrication and may contain
wax dispersions or other lubricants. To guard against
blocking or ferrotyping, where adhesion between touch-
ing surfaces causes one or more layers to strip off when
elements are stacked or rolled, relatively large beads,
known as matte beads, are often coated in these over-
coat layers. Such beads are typically formulated from
polystyrene or polymethacrylate and are up to several
urn in diameter. They are typically coated at a relatively
low number concentration and do not materially affect
the gloss or light scattering from the materials. They
serve to prevent strong interactions between adjacent
planar surfaces by providing point contacts that prevent
large surface area contacts. Matte beads are typically
prepared by using suspension polymerization methods,
sometimes following limited coalescence (see Section 6
below).

1.4 Emulsion layers

Finally we address the emulsion layers that contain light-
sensitive silver halide. Some of these other layers, as dis-
cussed above, contain particulates such as matte beads
in overcoats, nanoparticulate semiconductors in antistat
layers, copolymeric latexes in subbing layers, etc. Such
layers are intrinsically composite multiphase layers, and
this is also the case for the light-sensitive emulsion lay-
ers. In addition to microcrystals or nanocrystals of silver
halide, present to capture light and to form developable

latent image, much of the image dye-forming chemistry
(for colour-negative films and papers and for colour pos-
itive films, papers and transparencies) is incorporated
as nanoparticles. This is especially the case for disper-
sions of couplers that react with oxidized developer to
form cyan, magenta or yellow image dyes. Other impor-
tant chemicals are also often incorporated in paniculate
form. Dyes and organic pigments are used to manage
light transmission and reflection through such elements
(to control speed and to prevent halation). Such materi-
als are often prepared as nanoparticulate dispersions and
incorporated in thin interlayers between thicker light-
sensitive layers containing silver halide.

The silver-halide-containing layers may be of differ-
ent types, depending on whether the silver halide therein
is "slow", "fast" or "something in between". The layers
that generate the bulk of the colour density are typi-
cally termed "slow" layers, and these layers are thickest
because they contain a larger stoichiometric amount of
dye-forming chemistry, namely silver halide and coupler
dispersion. "Fast" layers are typically much thinner and
contain much less dye-forming coupler. These combina-
tions of slow and fast layers may be coated in several
different formats or layer orders. The most common sit-
uation is to have the slow red-sensitive layer coated
closest to the support. If the element is a print mate-
rial (e.g. colour paper and motion picture print film),
there probably will be no distinguishable fast layers. A
fast red-sensitive layer will then typically be coated on
top of the slow layer. There may or may not be an
interlayer between these two layers - typically, there is
not. An interlayer often will be coated above the fast
red-sensitive layer. This interlayer may contain oxidized
developer scavenger to reduce chemical "cross-talk"
between different colour records during development
and/or a magenta filter dye to prevent green light from
reaching the red-sensitive record. Slow and fast green-
sensitive layers are then coated in sequence, often with
another interlayer coated above these. Such an inter-
layer may also contain oxidized developer scavenger and
a yellow filter dye dispersion. This yellow dispersion
absorbs blue light, and keeps blue light from expos-
ing the underlying green- and red-sensitive layers, all
of which are intrinsically blue-sensitive. An alternative
coating order used in some products is to coat the slow
layers in sequence, i.e. red-sensitive, green-sensitive and
blue-sensitive, and then coat the fast layers in the same
sequence above the slow layers. Some products con-
tain slow, medium and fast layers, and there are many
permutations possible. However, those articulated here
illustrate the main function of some of the auxiliary
paniculate materials, such as filter dye dispersions and
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oxidized developer scavengers. The composite nature
and prevalent use of nanoparticulate materials in pho-
tographic elements will be discussed further below.

1.5 Coating methods

These thin layers may be coated and prepared by using
a variety of different coating technologies. While the
coating industry as a whole uses dip coating and doctor
blades for high volumes of coating manufacturing, the
uniformity and low-defect-level requirements and the
multiple number of coated layers present in a particular
element necessitate more sophisticated coating processes
than those generally available in other industries. For
the coating of multilayer elements out of aqueous melts,
extrusion, slide hopper and curtain coating processes
are predominant in the photographic industry. Extru-
sion coating, also known as ("Ex") "X-hopper" coating,
involves pumping a melt composition out of an "extru-
sion" slot in near-contact with a moving substrate (web).
This mode of coating usually is carried out one layer
at a time. After coating, the applied film is typically
chill set and then dried. At a given coating speed, there
typically will be an upper and lower limit to the wet
coating thickness that can be applied. If too much melt
is extruded at a given web speed, the resulting thin film
will not be uniform. If too little melt is extruded, break-
lines will develop. For a given (linear) coating speed,
melts having greater viscosity can typically be coated in
thicker layers. Slide hopper coating has revolutionized
the manufacture of multilayer films and papers. Up to 15
layers have been successfully coated simultaneously by
using slide hopper coating, although three to five layers
is a more usually encountered situation. A given melt is
pumped out of an extrusion slot on to a hopper chute
that is gravity fed onto a moving web. Each succeed-
ing (overcoating) layer is pumped out and gravity fed
on to the lower layer. Curtain coating involves a sim-
ilar cascading of multilayers, but instead of crossing a
narrow gap onto a moving web, the array of contigu-
ous layers falls as a curtain onto a moving web. This
approach offers faster coating speeds. Whether coating
one or multiple layers, the surface energy of the sub-
strate and each succeeding layer must be tuned to insure
wetting of each interface by the overcoating layer melt.

1.6 Black and white photography

The image-wise exposure, processing and viewing of a
negative-working black and white element are illustrated

Exposure

I I I
- • - . • . . . . . • I . , . -

Development

A - A . . A I . - - •

Figure 5.2. Schematic of simple black and white photographic
element illustrating "negative" development. A region of film
that is exposed produces silver halide microcrystals containing
a latent image speck. During development, this speck catalyses
the complete reduction of the silver halide crystal to silver
metal. Silver halide crystals without latent image are not
reduced to silver during the limited development process time

in Figure 5.2. Microcrystals or nanocrystals of silver
halide (generally AgCl or AgBr with some iodide dop-
ing) provide light sensitivity in photographic elements.
The nature and formation of silver halide microcrys-
tals are discussed in greater detail below. These crystals
are the primary particulate component of the emulsion
layer in black and white elements and are known as
photographic emulsions. This usage of "emulsions" is,
as a term of art, restricted to photographic technol-
ogy, and does not refer to the more usually understood
meaning of a dispersion of one immiscible liquid in
another. Such crystals can be chemically and/or spec-
trally sensitized (as discussed below) to respond to very
narrow or to very broad segments of the visible (or
near-infrared) spectrum. Light exposure of the emulsion
layer results in the formation of a latent image. The
structure of latent image specks has not been unequiv-
ocally identified, but much indirect evidence suggests
such specks are charged silver clusters, comprising neu-
tral silver atoms and charged silver cations (3). This
latent image is typically located at or on the surface
of a silver halide particle and is chemically amplified
by chemical processing or development which produces
an image density in developed silver metal in response
to the degree of light (photo) exposure (Figure 5.3).
The latent image catalyses development of the rest of
the crystal to elemental silver, at a rate faster than
the rate at which crystals without latent image will be
reduced to silver metal. This catalytic discrimination
provides the basis for modern silver halide photographic
development, and the effective degree of amplification
obtainable (e.g. 108) has not been matched by other
competing technologies. When the amount of image
developed is directly proportional to the amount of
exposure, the photographic element is called "negative"
working. When this proportionality is an inverse one,
the element is called "positive" working, and a den-
sity versus log£ plot would appear as the dotted line
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log Exposure

Figure 5.3. Relationship between exposure (E) and developed
silver density (D). The continuous curve illustrates the basic
sensitometry obtained in negative-working systems. Increasing
exposure results in increasing developed (optical) density
(elemental silver or image dye in the case of colour systems).
The dotted curve illustrates positive-working sensitometry,
where increasing exposure results in decreasing developed
density

shown in Figure 5.3. Either type of response can be
obtained, depending on the details of the chemistry
incorporated in the emulsion layer. A more thorough
discussion of such options is beyond the scope of this
present chapter, although further information is readily
accessible (4). The negative development of black and
white elements is typically carried out with aqueous
alkaline hydroquinone solutions. The partially ionized
hydroquinone chemically reduces silver halide to silver
metal. Other popular black and white reducing agents
include aminophenols, catechols, pyrogallols and ascor-
bic acid.

1.7 Colour negative photography

Amateur colour negative photographic elements have
one or more emulsion layers for each of three regions
of the visible spectrum, i.e. red, green and blue (5,
6). Water-insoluble organic couplers are incorporated as
submicron diameter dispersions in each of these layers.
Typically, red-sensitive layers contain cyan dye-forming
couplers (e.g. phenols and naphthols), green-sensitive
layers contain magenta dye-forming couplers (e.g. pyra-
zolones and pyrazolotriazoles), and blue-sensitive layers
contain yellow dye-forming couplers (e.g. benzoylac-
etanilides and pivaloylacetanilides). Such layers typi-
cally contain three phases, i.e. silver halide, coupler and
a continuous gelatin (as binder) phase. Spectral sensi-
tivity is imparted by spectral sensitizing dyes that are
adsorbed on to the silver halide particle surfaces (dis-
cussed at greater length below). This method of subtrac-
tive colour generation produces (negative) dye densities

in proportion to the amount of "minus" exposure. For
example, the amount of yellow image dye produced is
in proportion to the amount of blue light converted to
latent image, the amount of magenta image dye pro-
duced is in proportion to the amount of green light
converted to latent image, and similarly, the amount
of cyan dye produced is in proportion to the amount
of red light converted to latent image. A schematic
of a typical colour negative film element is similar to
that depicted in Figure 5.1, except that there are typ-
ically additional interlayers above, between and below
the various light-sensitive emulsion layers. For example,
in colour negative print materials, such as papers and
colour transparencies, a UV filter dye layer is often
included right below the overcoat layer. Such a UV layer
typically comprises a UV filter dye dispersed in partic-
ulate form and protects the resulting image dyes from
UV-induced photodegradation.

A schematic basis for colour development chem-
istry is illustrated in Figure 5.4 (6). Silver halide is
reduced by colour developer to metallic silver. Para-
phenylenediamines (PPDs) are preferred colour devel-
opers, but aminophenols may also be used. The PPD
undergoes a two-electron oxidation process and pro-
duces two silver atoms and one quinonediimine, (QDI)
molecule. This two-equivalency is illustrated in the top
part of Figure 5.4. Surrounding the silver halide micro-
crystals in a given layer are much smaller coupler
dispersion particles. The coupler in these particles is
partially ionized under dilute alkaline development con-
ditions (pH — 10-11) and reacts with QDI to form
indoaniline image dyes. The formation of some of
these image dyes is illustrated in Figure 5.4. The cou-
pler dispersion particles are typically of the order of
100-500 nm in diameter, and surface chemistry is key
to their formation, as well as affecting their coupling
kinetics.

1.8 Other types of photographic elements

There are many other important types of photographic
elements (7) which space limitations do not allow us to
discuss at length here. For example, colour separation
photography allows one to capture the colour informa-
tion in a scene by exposing three different black and
white films, one to each of the principle scene colors,
i.e. red, green and blue. Each of these exposures can
then be put through a black and white development,
chemically fogged, and then "colour developed" using
aqueous diffusible couplers to produce the appropriate
subtractive colour. The resulting three colour images
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2Ag°

Figure 5.4. Brief summary of colour development and cou-
pling chemistry. The reaction depicted at the top corresponds
to the two-equivalent development of silver halide, AgX, by
a paraphenylenediamine (PPD) developer species. The latter
reduces two silver ions to elemental silver and is transformed
by a two-electron oxidation to quinonediimine, (QDI). The
R substituent may be the same or different in the develop-
ers and in the couplers. In addition, the PPD may have other
ring substituents. The reactions depicted at the bottom illus-
trate indoaniline image-dye formation from QDI and various
classes of couplers. The middle coupling examples represent
coupling with phenols or naphthols to produce cyan image
dyes. In this example, there is a Cl coupling-off group at the
para position. The coupler is activated by hydroxide, thus ion-
izing the hydroxyl group, and then reacts with one QDI to form
a cyan image dye. The yellow (upper) and magenta (lower)
dye-forming reactions are examples of four-equivalent cou-
plings. The corresponding couplers do not have coupling-off
groups. After activation by hydroxide and ionization, reaction
with QDI produces a leuco-dye intermediate. The latter under-
goes a two-electron oxidation by another QDI to produce the
final dye molecule

must then be placed in mechanical registry to produce
a final colour print of the original scene. Such pro-
cesses are still pursued for certain commercial appli-
cations, such as in proofing for colour advertising. The
old Kodachrome® process was based on some related
chemistry, but relied on carefully timed and diffusion-
controlled processing to produce such separations in an
integral multilayer pack.

Colour instant photography has much in common
with colour negative photography. There are 50-100%
more layers in a colour instant element. Some of the
additional layers required include base releasing layers,
timing layers to release pH-adjusting chemicals to shut
down development chemistry, dye-permeable opacify-
ing layers, mordant layers (to bind diffusible dyes) and
incorporated developer layers. Some colour instant sys-
tems have been built by using colour developers such
as PPD. More common is the use of dye-developers
or so-called redox dye releasers. Dye-developers dif-
fuse to developable silver halide, and upon reduction
of the latter they release a diffusible image dye. This
dye will then diffuse through an opacifying layer to a
mordant.

Heat-developable silver halide elements make it pos-
sible to avoid wet-development processing, and the
elimination of wet-processing chemistry has some envi-
ronmental motivation. The only commercially available
heat-developable products are microfilms. There is a
large patent literature on heat-developable materials. The
key limitation to the commercialization of colour heat-
developable systems is the problem of getting rid of
undeveloped silver halide. In normal wet-developable
systems, fixing agents such as thiosulfate (hypo) are used
to dissolve undeveloped AgX. Silver halide microcrys-
tals typically provide a lot of scattering, so it is generally
necessary to fix out such AgX and to bleach (in the case
of colour systems) the silver image.

2 SURFACES AND PARTICLES IN
PHOTOGRAPHIC TECHNOLOGY

2.1 Length scales

The importance of surface chemistry in photographic
technology spans 10 decades in the length scale, i.e.
from nanometres to metres. The largest length scales are
encountered in the manufacturing of photographic film
and paper support materials and in the coating of such
supports with the incorporated chemistries that make up
image-forming photographic elements. Most reflection
print materials are coated on high-grade photographic
papers, and such papers are typically manufactured in
high-speed paper mills. Such mills typically operate with
webs of the order of three metres in width and at coat-
ing speeds of up to 30 metres per second. A detailed
consideration of the surface chemistry of paper manu-
facturing is beyond the scope of this present section, and
the reader is referred to the companion chapter by Tiberg
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et al. (Chapter 7) for more information, although cer-
tain critical preparative treatments are described below.
Alternative reflection base materials may perhaps be
described as synthetic papers, in that the inherent reflec-
tion properties are achieved solely from coated pigment
layers or from processes producing voids in polymeric
layers, so as to produce scattering (reflecting) layers
from synthetic polymeric compositions. Transparent film
support materials are typically manufactured in coating
mills approaching two metres in web width. A detailed
discussion of the manufacture of such coating supports
is beyond our present scope, but physical and chemical
surface treatments are very important, as was discussed
earlier in the application of subbing layers. Chemical and
surface treatments of coating supports are critical for
the successful coating of chemistry-containing layers,
for the storage of such coated elements (e.g. to prevent
coiled and stacked layers from adhering strongly to one
another during storage and for the dissipation of static
electrical energy), and to maintain dimensional stabil-
ity and structural integrity during processing and long-
term storage. While the width (> metres) and length
(103 metres) scales are certainly macroscopic, the thick-
ness of these supports typically is microscopic and in
the range of 80-200 um.

2.2 Particulate materials

The bulk of chemicals incorporated into photographic
elements is in particulate form. This can be illustrated
by reviewing Table 5.1, where classes of various par-
ticulate materials are listed. Silver halide crystals cover

Table 5.1. Particulate materials in photographic
elements

Inorganic
Silver halide
Silver
Antistats (oxides)
Opacifying materials (TiO2, BaSO<4)
Binders (SiO2)

Organic
Couplers
Absorber dyes, filter dyes, antihalation dyes
Sensitizing dyes
Oxidized developer scavengers
Developers
Dye-Developers
Antistats (latexes)
Mordants (latexes)
Opacifying materials (hollow polymer spheres)
Binders (gelatin, latexes, microgels)

a wide range of sizes. Those used in light capture as
three-dimensional grains are typically in the range of
300 nm to 3 urn in the largest dimension. Tabular high-
aspect-ratio grains may have their largest dimensions
closer to 5 urn. The so-called Lippmann emulsions are
just a few hundred angstroms in diameter, and are used
for astronomical plates where high resolution is required.
Silver halides, therefore, span two order of magnitude
in their largest dimension. Colloidal silver can be pre-
pared as monodisperse dispersions varying in colour
from blue to yellow, depending on the particle size (e.g.
7-12 nm). Yellow silver dispersions are used in filter
layers to absorb blue light. The small particle size makes
them insignificant as scattering centres. Semiconducting
oxides such as tin oxide are useful as antistats. The pre-
ferred sizes are less than 10 nm, so that the particles
do not contribute to light scattering. Opacifying pig-
ments, such as titania and barium sulfate, are typically
dispersed as highly scattering particles, ranging in sizes
from 0.5 to 5 um in their largest dimension. Such inor-
ganic pigments are often coated on photographic papers
to increase opacity and diffuse reflectivity. Most of the
binders used in photographic elements are organic, but
nanoparticulate silica (20-30 nm) has been used as a
binder in certain layers, usually with a small amount of
gelatin to provide cross-linking sites.

Many water-insoluble organic materials are also
incorporated as particulates. Foremost in colour pho-
tography are photographic couplers. They are typically
prepared as amorphous dispersions by an emulsification
process (discussed below), with or without various plas-
ticizers (coupler solvents). They also can be prepared as
nanocrystalline dispersions by comminution processing,
and as metastable mixed micelles by precipitation from
homogeneous solution. Coupler particles are also pre-
pared as latexes, where coupler monomers are copoly-
merized with other monomers, typically using emulsion
polymerization, to produce submicron water-borne dis-
persions. Such polymeric couplers can be attached per-
manently to the polymeric backbone, or attachments can
be made through a coupling-off group. In the latter case,
once the oxidized developer has reacted with the cou-
pling moiety, the resulting image dye is separated from
the polymeric backbone and is free to diffuse if soluble
or mobile in the continuous phase. Such formulations
are useful in diffusion-transfer imaging elements. Parti-
cle sizes range from 10 to 30 nm for the mixed micelle
formulations to fractions of a micron for dispersions pre-
pared by comminution or by emulsification.

Absorber, filter and antihalation dyes can be pre-
pared by several different processes. All three types
can be prepared as dispersions by the emulsification
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process discussed below for couplers. They also can
be imbibed into swollen latexes (latex loading - also
discussed below), made part of a latex through copoly-
merization, and dispersed as small solid particles by
using comminution processing. While sensitizing dyes
have historically been added to finishing processes as
solutions, they more recently have been dispersed as
submicron-sized solid particle dispersions prepared by
comminution. Their small aqueous solubility is generally
sufficient to afford diffusion transfer to silver halide sur-
faces. Oxidized developer scavengers and incorporated
developers and developer precursors can be dispersed by
emulsification and by comminution. Dye-developers are
important molecules in colour instant processing, and are
also dispersed by emulsification and by comminution.

Traditional polymeric antistats relying on ionic con-
ductivity and comprising quaternary halide groups or
acidic groups can be prepared as latexes. Electrically
conducting polymers are also typically prepared as aque-
ous latexes. In dye-diffusion-transfer processes, espe-
cially for anionically charged dyes, mordent polymers
are also prepared as latexes.

Organic light scattering pigments produced as hol-
low spheres in the submicron and larger size ranges
have been used as alternatives to inorganic pigments
such as titania. Various polymers have been evaluated as
binders, but gelatin is still the most widely used material
for this application. Various latexes, as small as 40 nm
and less, have been used as binders, usually in conjunc-
tion with gelatin. Microgels of water-swellable polymers
are now beginning to be used as binder components.
Matte beads in the range of 1 to 10 urn are used to
guard against layer-to-layer adhesion and are typically
made from polystyrene, poly(methyl methacrylate) and
related polymers. Such beads may be chemically cross-
linked, for example, by incorporating divinyl benzene in
the monomer mix.

This range of scales may be qualitatively considered
in terms of the transmission electron micrograph (TEM)
shown in Figure 5.5, where a thin cross-section of
an amateur colour-negative film is depicted. Thirteen
distinct layers are evident, as is the paniculate nature
of almost every layer. Starting from the right-hand side
of the figure, one can identify the following layers: an
overcoat layer, a UV-filter dye layer, fast blue, slow
blue, two distinct interlayers, fast green, slow green, an
interlayer, fast red, slow red, antihalation layer and PET
support, plus a subbing interlayer (which is not visible).
With the exception of some lengthy artifacts spanning
two or more layers and arising from the formation
of folds in the very thin (100 nm) cross-section used
in this TEM, the black particles are silver halide or

Figure 5.5. Transmission electron micrograph of a thin
(~ 100 nm thick) cross-section of commercial VR100 amateur
colour-negative film. The top overcoat layer is at the far right.
The next is a UV layer with a Lippmann emulsion, followed
by the fast and slow blue-sensitive layers, two interlayers, fast
and slow green-sensitive layers, an interlayer, fast and slow
red-sensitive layers, an antihalation layer, and a portion of the
PET support. The overall width of the figure corresponds to a
total thickness of 53 urn

colloidal silver. In the UV layer (second from right)
one sees evidence of two kinds of particles. The small
black particles are Lippmann emulsion particles that
serve to filter and adsorb surface-active compounds that
accumulate in seasoned developer baths. The apparent
voids appearing as ellipsoidal shapes are holes left by
UV-filter dye dispersion particles. The size of the silver
halide crystals in the fast emulsion layers is larger than
the slow-layer silver halide. This is particularly the case
in the blue record. The rightmost interlayer between the
blue and green records contains colloidal silver of very
fine particle size. This yellow colloidal silver is used to
absorb blue light that passes through the blue record. The
voids evident in this layer are due to particles of oxidized
developer scavenger which are incorporated to retard
"cross-talk" between the blue and green records. The
interlayer between the green and red records contains
a Lippmann emulsion. This very small-sized emulsion
serves to adsorb development inhibitors released as
coupling-off groups by certain of the couplers, and to
keep such inhibitors from crossing over to other records..
Insufficient contrast exists to clearly image the coupler
dispersion particles, but many of these are visible as
apparent voids in the green and red records. Almost all
of them are less than 1 urn in diameter, and most are
smaller than 0.5 urn

2.3 Development

Silver halide development, whether in black and
white or in colour elements, occurs by an autocat-
alytic redox process. For example, in the case of
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development with hydroquinone, aminophenols and
paraphenylenediamines, a two-equivalent reduction of
silver halide occurs (as illustrated in the top part
of Figure 5.4 for paraphenylenediamine development).
The characterization of this equivalency carries over
to the dye-formation chemistry, where the equivalency
of image-dye formation is expressed in terms of the
amount of silver halide that must be reduced. The cou-
plers illustrated in Figure 5.4 exemplify so-called two-
equivalent and four-equivalent couplers. Because they
have coupling-off groups, only one QDI is required
to form an image dye from a two-equivalent coupler.
One QDI molecule attacks and reacts with the cou-
pler to produce the dye. An example of such a two-
equivalent coupling is given by the cyan dye-forming
class of couplers in the middle of the bottom part of
Figure 5.4. When the coupler does not have a coupling-
off group, a leuco-dye is formed instead. This leuco-dye
must undergo a two-electron oxidation in order to con-
vert to the final dye molecule, and this oxidation is
typically effected by another QDI molecule. Such cou-
plers are therefore known as four-equivalent couplers.
The acetanilide and pyrazolone coupling species shown
in Figure 5.4 are examples of four-equivalent couplers.
More recently, efforts in research have been directed
towards developing one-equivalent and less-than-one-
equivalent couplers. A simple method of producing one-
equivalent couplers is to incorporate a dye molecule as
the coupling-off group. Thus, after coupling, there exist
two image-dye molecules. Such efforts are particularly
useful in dye-diffusion transfer elements.

of silver halide reduced or developed, one can invoke a
steady-state approximation in oxidized developer (gen-
eration and consumption) and derive this yield in terms
of the dye-forming rates, Rc, and competition rates,
/?x, and the respective equivalencies, ec and ex. This
relationship is given in terms of the Weaver-Bertucci
equation (7), as follows:

Y =
1

(5.

This equation shows that the yield obtained depends
on the ratio of the coupling rates to the system com-
petition (loss) rates, and the general relationships are
illustrated in Figure 5.6. We see from this figure, for
either two-equivalent or four-equivalent couplings, that
stoichiometric yields, respectively, of 0.5 or 0.25 are
only obtained when the ratio or coupling-to-loss rates
are of the order of 10 or higher. When this ratio is of
order unity, the heterogeneous reactivity of the coupler
dispersion comes into play. Various factors can affect the
coupler dispersion reactivity. First, it has been very well
established that ionized couplers are much more reactive
in the coupling reaction than are unionized couplers. The
coupling reaction is, by and large, a surface reaction and
occurs at the continuous phase-coupler particle inter-
face. At a given pH, a certain fraction of the coupler will
be ionized, and activated, in analogy to the ionization of
fatty acids in monolayers. The observed coupling rates
will vary widely, depending on the intrinsic bimolecular
reactivity of a particular coupler type, just as has been

2.4 Coupling stoichiometry and reactivity

Although the stoichiometry between silver development
and image-dye formation is well defined, achieving
near-stoichiometric yields can be difficult or impossi-
ble because of system inefficiencies in the utilization of
QDI. One can view QDI as the messenger that trans-
forms the information in the developed silver image to
information in the image dye. QDI that does not react to
form an image dye in the record of choice is, in a yield
sense, wasted. QDI can diffuse out of the emulsion layer
in which it was to form dye. This species reacts with
hydroxide and sulfite, present in most developer solu-
tions, to form other by-products. Hydroxide is present
in developer solutions to activate the couplers (typical
pH in the range 9-12) and sulfite is present in many
developer solutions as a preservative against aerial oxi-
dation of PPD. If we define Y as the molar dye yield, i.e.
the number of moles of image dye produced per mole
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Figure 5.6. Graphical representation of the Weaver-Bertucci
equation, illustrating how the molar dye yield, Y, varies as
a function of the ratio of the system competition rate, /?x,
to the coupling (dye-forming) rate Rc. Four different curves
corresponding to different combinations of two-equivalent
and four-equivalent coupling (ec) and competition (ex) are
illustrated
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Figure 5.7. Coupling reactivity as a function of sur-
face-to-volume ratio (proportional to the specific surface area)
for the coupler M prepared as an NS dispersion. This coupling
reactivity is expressed as PCZA in units of g CZA per litre. Both
the coupler M and CZA (citrazinic acid) are four-equivalent.
The specific surface-to-volume ratio for monodisperse spheres
is 6/d. The average diameters < d > for the various dispersions
were measured by disc centrifugation with turbidity detection.
(Data by courtesy of Dr Andrew Sierakowski)

modelled in homogeneous physical organic chemistry.
However, another important contribution to coupling
reactivity is the specific surface area of the coupler dis-
persion particles. Thus, for certain classes of couplers,
the specific surface area increases with decreasing par-
ticle diameter, while the coupling reactivity increases
as the particle size decreases. Some example data are
illustrated in Figure 5.7, where decreasing size yields
increased reactivities for "NS" dispersions (i.e. those
formulated without (coupler) solvents - see Section 4.1
below) of the coupler M:

NHCOCH-/i-C12H25

Whether or not increased coupling reactivity
results in increased dye yields, according to the
Weaver-Bertucci equation, it also depends on how
much system competition or QDI loss is prevalent dur-
ing the development process. The reactivity illustrated

in Figure 5.7 of the coupler M dispersions, PCZA, is
defined (8) in terms of the amount of added competi-
tor, in this case CZA (citrazinic acid), that is required in
the developer in order to decrease the molar dye yield
by a factor of 50% over that obtained in the absence
of added competitor. Both the coupler M and CZA are
four-equivalent with respect to their utilization of QDI,
so in this case ex = ec = 4. The linearity illustrated in
Figure 5.7 shows that interfacial (specific surface) area
(particle size) is a kinetically limiting parameter in the
heterogeneous coupling of M.

3 PARTICLES AND COLLOIDS IN
PHOTOGRAPHIC TECHNOLOGY

The discussion above of Figure 5.5 illustrated that
there are many different types of organic and inor-
ganic particles in photographic elements. The formation
and stabilization of these particles, before, during and
after element manufacture represent important practi-
cal applications of surface and colloid chemical con-
cepts. Some of these concepts are illustrated here in
our discussion of some of the most important particle
classes.

3.1 Silver halide

Silver halide microcrystals are solid-state sensors that,
after exposure to visible light, generate a latent image
that can subsequently be developed and amplified to
produce a silver image. The process of latent image
generation is discussed briefly below. The formation of
silver halide microcrystals in different shapes (habits)
and sizes is the most highly developed area of inorganic
particle precipitation, and is very well understood from
many viewpoints, although particular aspects still remain
as empirical art. This applies for AgCl, AgBr and Agl,
as well as for mixed halide crystals (e.g. AgBro.96Clo.o4
and AgBr0.97I0.03) and pseudohalides (e.g. AgCN and
AgSCN).

These various silver halides are usually precipitated
in batch or continuous reactors by mixing aqueous
solutions of alkali halide salts and silver nitrate. One,
two or more reagents may be pumped into the reactor
under programmed or feedback control. Key control
variables are reagent mixing and delivery, temperature,
and especially silver ion activity. The latter can be
electrochemically monitored by using silver or silver salt
electrodes, and the relative potentials measured by such
electrodes provide a means to impose feedback control
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on reagent addition in many different types of reactors.
Supersaturation is induced in such solutions when the
respective solubility product is exceeded, where the
solubility product

in which aAg+ and ax- are the activities of silver
ion and halide ion, respectively (cf. Table 5.2 below).
These activities can usually be adequately approxi-
mated by concentrations, and when required, augmented
with activity coefficients. Nucleation is an important,
but as yet incompletely characterized process for sil-
ver halides. Homogeneous nucleation from reagent ions
and complexes is an important colloidal concept that
balances the free energy of silver halide condensation
and phase formation with the unfavourable surface free
energy of growing nuclei that must be overcome to
sustain growth. A very useful review of the balance
of nucleation and growth processes has been provided
by Leubner (9). Seeded nucleation, a concerted form
of heterogeneous nucleation, is an important practical
approach in many processes. Typically, nanoparticulate
silver halide crystallites, e.g. AgBr, Agl or Ag(Br,I),
are added to the reactor and used as growth centres to
grow particular types of silver halides. Such approaches
are particularly useful for growing core-shell types of
particles, wherein the core and shell regions have sub-
stantially different halide compositions. Such core-shell
approaches are also useful for constructing crystallites
that will promote internal latent image sites, wherein
defects and internal fog centres can easily be created
on the surface of grains of a given size, and then cov-
ered with a silver halide shell. Such core-shell par-
ticles are used in certain reversal or direct positive
applications.

A key to the control of crystal habit is in controlling
the electrochemical potential by maintaining a constant
halide (alternatively, silver ion) concentration during
growth. This is usually achieved by using feedback
potential control in batch reactors or by maintaining a
given reagent flow rate in continuous reactors.

For the case of AgBr, one can vary the habit
from cubic to octahedral to tabular by simply adjusting
the excess bromide concentration. This concentration
controls how the silver ion in solution is complexed
or coordinated. At very low excess bromide levels, the
silver ion is tetrahedrally aquated as Ag(H2O)4

+ (10).
As the bromide concentration increases, AgBr(H2O)3,
AgBr2(H2O)2~, AgBr2(H2Or2 and AgBr4~

3 complexes
compete for silver ion complexation. The interactions
of these complexes with the various AgBr crystalline
facets dictates the growth rates of such facets, while

the competition in growth rates of the different facets
determines the resulting habit. Facets that grow more
quickly tend to disappear, and those facets we see are
those that grew more slowly. At bromide concentrations
less than 10~3 M, primarily cubic AgBr is obtained (or
less than 0.1 M chloride in the case of AgCl). The
AgBr(H2O)3 and Ag(H2O)4

+ complexes predominate
under these conditions. As bromide is increased and
the AgBr2(H2O)~2 complex becomes competitive in
concentration with AgBr(H2O)3, the octahedral habit
predominates. At bromide concentrations greater than
10~2 M, tabular crystals of AgBr predominate. Under
these high halide conditions, the largest exposed surfaces
are (111) surfaces and are essentially covered with
hexagonally close packed halide. More rapid growth
occurs parallel to these planes, along one or more (111)
twin planes.

The solubility of silver halides varies markedly
because of the common ion effect and because of the
formation of various mononuclear complexes, such as
those articulated above for AgBr. The solubility of AgBr
as a function of pAg (— log[Ag-h]) is illustrated in
Figure 5.8. Along the right side of the parabolic sol-
ubility curves, excess bromide provides ever increas-
ing solubilization from the silver bromide complexes
articulated above. On the left-hand side of these parabo-
las where there is excess free silver ion, multinuclear
(positively charged) silver complexes provide a mecha-
nism for increasing solubilization. These solubility vari-
ations with pAg have also repeatedly been observed

10

11.0

Figure 5.8. AgBr solubility (M) in water as a function of pAg
at various temperatures. (Date by courtesy of Dr Jacob Cohen)
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for silver halide growth rates, because Ostwald ripen-
ing is a very important mechanism of growth. Ostwald
ripening is a growth mechanism wherein larger crys-
tallites grow at the expense of smaller crystallites. The
greater solubility of the smaller crystallites results in
the mass of these smaller particles being redeposited on
larger particles having a larger mean radius of curvature.
Transport of material is generally ionic or molecular,
and anything that increases the continuous-phase sol-
ubility of the condensing materials will increase the
growth rate.

In addition to the surface chemical effects of intrinsic
components such as these complexes, growth restraint
can be effected by many kinds of specifically and non-
specifically adsorbing species. Organic ligands that tend
to form stable and soluble complexes with silver ion,
will generally act to promote Ostwald ripening rates.
Sulfur-containing ligands generally complex silver ion
to some extent, and this tendency makes such species
surface active with respect to silver halides. The thiolate
thione (1) and thioether (2) species provide, respectively,
relative growth rates about 30-fold and 1 OO-fold greater
at 10~3 M bromide (pBr 3), relative to a bromide-only
control, so that cubooctahedral crystallites twofold and
tenfold larger, respectively, were obtained relative to
the control. The thioether compound binds silver ion
about four orders of magnitude more strongly than does
the thiolate thione species. These size and growth rates
are simple functions of the solution-phase silver ion
solubility.

o o

CH,

(1)

o o
s

(2)

Alternatively, organic ligands and compounds that
tend to form sparingly soluble silver salts will generally
act as growth restrainers. It was mentioned above that
the range of 10~3 to 10~2 M excess bromide (pBr 2)
is a transition region from the cubic to the octahedral
habit for AgBr. Within this region, other additives can
be used to modify the crystal habit. The use of gelatin
as a peptizing agent, at pH > 5 where most of the
carboxy groups are ionized, tends to maintain the cubic
or cubooctahedral habits. Cationic copolymers having

trimethylammonium pendant chains, on the other hand,
tend to promote octahedral AgBr formation. A myriad
of organic compounds have been found to promote one
sort of habit or another. The surface-active species 3 has
been found to restrain growth on (111) AgCl surfaces,
and promote octahedral grain growth.

CH2CH2SO3H

(3)

The crystal size of silver halides ranges from less
than 10 nm to more than several microns. High speed
X-ray films typically contain large crystallites, since
sensitivity to X-ray radiation is intrinsically a volume
effect. The crystallites used for blue light detection in
colour negative films are also large, often of the order
of 1 urn in diameter or larger (cf. the fast blue silver
halide in Figure 5.5). Particle sizes fall to 100-300 nm
for print materials, where there is more control of
exposure and high speed is not an issue. Particle sizes
less than 100 nm are used for microfilm products,
which typically are very slow but require high spatial
resolution. Finally, astronomical plates requiring the
greatest spatial resolution utilize the smallest crystallites
in the 8-50 nm size range. Control of crystal size
distribution is often achieved by Ostwald ripening to
eliminate small crystallites.

3.2 Surface charge

Many of these growth effects can be related to surface
chemistry. Honig and Hengst(ll) made the important
discovery that all of the silver halides are negatively
charged at their equivalence points. These data are sum-
marized in Table 5.2. One would expect the equivalence
point to be an isoelectric point. However, all of the silver
halides exhibit a preference for halide adsorption at their
equivalence points. The corresponding isoelectric points
(IEPs) are also given in Table 5.2. Specific adsorption
studies show experimentally that nearly twice as much
bromide can adsorb on octahedral (111) AgBr surfaces
than on cubic (100) surfaces. This is as expected for
the corresponding lattice layers, wherein bromide is
hexagonally close packed in (111) layers and cubically
arranged in (100) planes.
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Table
(EPs)

AgX

AgCl
AgBr
Agl

5.2.
and

Solubility
isoelectric

Ptfsp

9.8
12.3
16.1

products, equivalence
points (IEPs) for silver

points
halides

EP (pAg) IEP (pAg)

4.9
6.1
8.1

4.6
5.3
5.6

with large dipoles that carry no net charge, has been
shown to lead to electrokinetic charge reversal by an
adsorption mechanism that displaces adsorbed halide
ions, and so such reversals are due to surface charge
reversals (12). Such triazolium thiolates also strongly
bind silver ion and are very effective growth promoters
(ripening agents).

The surface charge of silver halides, as well as the
electrokinetic charge, may be varied by various surface-
active species. For example, the effects of adsorbed
gelatin on the electrokinetics of AgBr are illustrated
in Figure 5.9. For both gelatin types, the same IEP is
obtained on AgBr and on glass beads. Glass (silica)
typically has an IEP that is very low, usually at a pH
less than 3. Moreover, for the pig gelatin, an identi-
cal IEP was measured by a streaming current detector
on polyethylene. These measured electrophoretic mobil-
ity data show that the electrokinetic charge reflects the
charge state of the adsorbed gelatin, not of the under-
lying solid surfaces. The zero mobility points occur at
the isoelectric points of the corresponding gelatins, at
about pH 4.8 for bone gelatin and at about pH 8.5 for
pig gelatin.

Various charged and neutral species have been shown
to modify the surface charge or the electrokinetic charge
of silver halides. The adsorption of positively charged
quaternary species at pBr 3 has been shown to reverse
the sign of the electrophoretic mobility of cubic AgBr.
The adsorption of triazolium thiolates (4), molecules

R
\ +
N-N

N
I

R

R
N - N

Jl V

R

(4)

3.3 Chemical sensitization

Most latent image sites for negative-working silver
halide systems are believed to be surface sites. Sur-
faces offer the highest frequency of defects and other
sites that may stabilize a latent image cluster. This pre-
ponderance is increased by chemical sensitization, by
forming latent image precursors or an increased num-
ber of surface or near-surface sites that will stabilize the
latent image. Typical chemical sensitization chemistries
involve treatment with sulfur, gold and reducing agents,
such as hydrogen and hydrazine. Many other metals and
diverse complexes and species have been investigated

(a) Bone Gelatin (b) Pig Gelatin
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Figure 5.9. Electrophoretic mobility effects of (a) bone and (b) pig gelatins adsorbed on cubic AgBr, glass beads and polyethylene
at 24°C. Reproduced by permission from J.I. Cohen, W.L. Gardner and A.H. Herz, Advances in Chemistry Series, 145, 198-217
(1975); © 1975 by The American Chemical Society
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as well. The most prevalent form of chemical sensiti-
zation is the use of sulfur and gold. Sulflding, often
by chemical decomposition of thiosulfate, is believed
to form latent image precursors involving Ag2S and
Ag^S,,,,^"""2 clusters or aggregates. Gold is often intro-
duced as an auric complex (e.g. KAuCl4) or as an aurous
complex (AuSCN, AU2S or as an Au-triazolium thiolate
salt). It is believed that Au+ occupies Ag+ vacancies and
forms mixed AuAg/z latent image specks that are supe-
rior catalysts to homogenous silver specks. Reduction
sensitization can be achieved with a variety of reducing
agents, such as with hydrogen gas, hydrazine deriva-
tives and reducing gelatins, to name just a few. It is
believed that such treatments produce latent image pre-
cursors involving silver atoms that require only one or
a couple of additional silver atoms to produce a stable
latent image speck. Chemical sensitization processes, for
negative-working emulsions, are usually carried out as a
separate operation after crystal formation. Temperature,
pH and pAg are the parameters that are typically var-
ied, and often cycled, to promote surface sensitization
chemistry.

3.4 Sensitizing dye adsorption

Silver halides are spectrally sensitized to visible light
by adsorbed sensitizing dyes. Aspects of this electronic
coupling are discussed below. A requisite for this pro-
cess is to get the sensitizing dyes in a condensed state
on the surfaces of the silver halide microcrystals. This
process is often facilitated by surface aggregation pro-
cesses. These processes are exemplified by distinguish-
ing monomeric dye adsorption states from dye aggregate
adsorption states. The adsorption of pseudoocyanine 5
on to AgBr surfaces is illustrated in Figure 5.10. The
monomeric absorption envelope is that which is char-
acteristic of the isolated dye molecule in an adsorbed
state. As the solution-phase dye concentration increases,
co-operativity in dye-dye interactions come into play,
and a condensed-surface dye aggregate, in this case the
J-aggregate, forms. This class of aggregates is char-
acterized by intense long-wavelength absorption max-
ima at longer wavelengths than the adsorbed monomer
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Figure 5.10. Pseudocyanine aggregation on AgBr illustrating
the adsorbed J-aggregate spectrum generated from adsorbed
monomeric dye. The solution spectrum of the dye is illustrated
as the dashed curve. Each spectrum for adsorbed dye is
annotated with the number of millimoles of dye added per
mole of AgBr. Relative reflectance (R) measurements were
made on turbid suspensions relative to a control suspension
containing no added dye. Increasing absorbance corresponds
to a decreasing R and an increasing —log/?. Adapted from
A.H. Herz, Adv. Colloid Interface ScL, 8, 237-298 (1977)

absorption band. The so-called H-aggregate produces an
absorption maximum at shorter wavelengths than the
adsorbed monomer.

Adsorption isotherms can conveniently be measured
for sensitizing dyes on silver halides. The formation
of a J-aggregate indicates a close-packed condensed
state that corresponds to a certain limiting area per
dye molecule. Such areas are conveniently measured by
performing adsorption measurements on monodisperse
emulsions of a given silver halide type. Limiting areas
can then be used to estimate surface areas of polydis-
perse emulsions of the same halide type.

3.5 Spectral sensitization

Silver halides have intrinsic spectral sensitivities that
correlate with their absorption cross-sections. However,
these intrinsic sensitivities are essentially limited to the
UV region for AgCl, and the blue and UV regions for
AgBr and Agl. In order to make silver halides really
useful over the visible spectrum, and to make them
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useful for capturing the red, green or blue components of
coloured scenes, spectral sensitizing dyes are adsorbed
and electronically coupled to silver halide valence and
conduction bands (13). Various mechanisms of spectral
sensitization have been described, although no single
mechanism covers the behaviour of all sensitizing dyes.
The details depend on the electronic properties, includ-
ing the photoelectrochemical properties, of these dyes.
Such details affect how a particular dye, or dye aggre-
gate, couples into the electronic structure of the silver
halide microcrystal. In simple terms, photoexcitation
raises an electron to the lowest unoccupied molecular
orbital (LUMO) of the sensitizing dye. This electron can
then tunnel into the conduction band of the silver halide
and be trapped at a latent image site. Alternatively, this
electron can be competitively returned to the sensitizing
dye molecule (electron-hole recombination).

4 COUPLER DISPERSIONS

4.1 Em unification

Dispersion formation by emulsification is an effec-
tive way to disperse couplers, and any of the other
water-insoluble organics that are useful in photographic
elements (cf. Table 5.1 and the discussion above of
organic materials) (14). A very widely applicable tech-
nique for preparing amorphous organic nanoparticulates
is to dissolve the water-insoluble organic coupler in a
water-immiscible solvent having a relatively high vapor
pressure (e.g. ethyl acetate) in order to form an "oil
phase" containing the substrate. Such water-immiscible
solvents are often known as "auxiliary" solvents. In
addition to such auxiliary solvents that are subsequently
(generally) removed to condense the coupler as an
amorphous particle, other low-vapour-pressure water-
immiscible solvents (coupler solvents, plasticizers, etc.)
are often included in the formulation at weight fractions
of 0.2-2 relative to the coupler. Di-w-butyl phthalate,
diethyldodecanamide and tri(2-ethylhexyl) phosphate
are typical examples of coupler solvents. Dispersions
formulated without coupler solvents are often known as
"NS" dispersions.

This dissolution step is often aided by heating.
The amount of heating (temperature of dissolution)
is determined by the thermal stability of the organic
substrate, the viscosity required during emulsification,
and the amount of auxiliary solvent utilized. It is
sometimes possible to omit the auxiliary solvent, or
nearly so, when the melting point of the organic
substrate is not too high. It is generally desired to

obtain dissolution of the organic substrate by using
the least amount of auxiliary solvent necessary, so as
to minimize the amount of auxiliary solvent (volatile
organic components (VOCs)) that must subsequently be
removed.

This organic solution is then emulsified with an aque-
ous solution containing stabilizers such as surfactant and
polymeric dispersants (e.g. gelatin, poly(vinyl alcohol),
poly(/V-vinylpyrrolidone), etc.). Generally, increasing
surfactant levels lead to decreasing particle sizes, as
the specific surface area stabilized increases in direct
proportion to the surfactant added. Charged surfactants
provide charge stabilization. Nonionic surfactants and
polymeric stabilizers provide steric stabilization. All of
the surfactants when adsorbed to the aqueous-oil inter-
face lower the interfacial tension and facilitate smaller
droplet production with a given amount of input shear
energy. Many high-shear methods for achieving emulsi-
fication are available. Such shear methods in decreasing
order of effectiveness are high-pressure homogenization,
colloid milling with rotor-stator devices, ultrasonic mix-
ing, and very high speed stirring.

The final steps centre on removal of the auxiliary
solvent. Two methods are used in practice, i.e. evapo-
ration and washing. On the laboratory scale, evapora-
tion is easily carried out by using a rotovap apparatus.
The emulsion is circulated over a large surface area
under reduced pressure and the water-immiscible solvent
gradually diffuses out of the emulsion into the vapor
phase, where it is vented or condensed for recycling.
Larger-scale industrially practical flow systems gener-
ally condense the auxiliary solvent for recycling. These
techniques are only practical for certain classes of sol-
vents, as the auxiliary solvents must exhibit a sufficiently
high vapour pressure. Ethyl acetate and cyclohexanone
are two examples of auxiliary solvents well suited for
evaporative removal. There are, however, several limi-
tations of evaporative solvent removal. One limitation
is that evaporation may be too slow at the desired
processing temperature, while another is that the amor-
phous physical state of the organic substrate may be
too unstable at the processing temperature and untoward
physical ripening, particle growth or crystallization may
occur.

Although the auxiliary solvents are water-immiscible,
they usually have finite water solubility. It is sometimes
preferred to use countercurrent washing techniques to
remove unwanted auxiliary solvent. If the emulsion is
not gelled, then constant-volume dialysis or ultrafiltra-
tion can effectively be used to wash out the auxiliary
solvent. If the emulsion gels, as is easily obtained when
using gelatin or some other gelling polymeric stabilizer,
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one can chill (causing gelation) and then "chunk" the
emulsion to produce a high surface area. This gelled
emulsion is then repeatedly washed with a stream of
wash water (containing appropriate electrolyte to control
swelling) to remove the auxiliary solvent.

As the auxiliary solvent is removed and the tem-
perature of the emulsion cools, the solubility of the
organic substrate decreases. After the auxiliary solvent
is removed, one usually obtains an amorphous (solid)
state for the organic substrate. In some cases, partic-
ularly when the substrate has few degrees of inter-
nal freedom, intraemulsion particle crystallization may
occur. However, for most organics having molecular
weights > 300 or so, condensation into an amorphous
solid state is the rule rather than the exception. Low-
vapour-pressure organic solvents or plasticizers can be
included in such dispersion formulations for various
chemical and physical reasons. Such solvents, plasti-
cizers and additives typically do not very effectively
solubilize the substrate. Sufficient water-insoluble sol-
vent, dramatically less water-miscible than auxiliary sol-
vents, can be included to prevent condensation of the
organic substrate and to keep the substrate in a solution
state.

4.2 Mixed micellization

Micelles are thermodynamically stable nanoparticles
that can be used to template metastable nanoparti-
cles of coupler. Preist (15) developed a mixed micel-
lization process for dispersing couplers as extremely
small particles. Since the coupling sites in couplers
are tied to weak acid sites, and couplers also often
have other weak acid functionalities, such as -COOH,
-OH and -SO2NH-R groups that can be ionized at
sufficiently high pH, they can usually be dissolved at
sufficiently high pH levels. When dissolved, they are
surface-active and exhibit surfactant properties just as
fatty acids and related amphiphiles do. When dissolved
and mixed with a micellar solution of a conventional
charged surfactant, they form mixed micelles that are
thermodynamically stable. When this mixed micellar
solution is acidified, for example with an organic acid
(e.g. acetic acid), the coupler molecules are neutral-
ized. These mixed micelles are thereby transformed
from thermodynamically stable nanoparticles (5-20 nm
in diameter) to metastable particles. With appropriate
stabilization against phase separation, such metastable
coupler dispersions can remain stable for many, many
months while still maintaining their ultra-small parti-
cle size.

Various methods can be used to provide kinetic sta-
bilization of such reprotonated couplers. Charge stabi-
lization is a key approach. The most effective way to
utilize charge stabilization is to use anionic surfactants
having sulfo groups that remain charged at pH < 1.
After acidification and reprotonation of the weakly
acidic organic compounds, the ionic surfactants remain
charged and provide charge stabilization. The ionic
strength of the suspension must be kept suitably low
so that excess electrolyte does not shield the electro-
static repulsion afforded by the surfactant head-groups.
Nonionic surfactants and polymeric stabilizers (nonionic
and polyelectrolytes) can provide steric stabilization of
the reprotonated coupler dispersion particles. The com-
bined use of polymeric stabilizers in conjunction with
charged surfactants generally provides improved overall
stabilization.

In addition to the kinetic stabilization against phase
separation afforded by charge and steric stabilization,
one must also be cognizant of untoward chemical conse-
quences of alkaline dissolution of complex organics such
as couplers. Couplers often have a variety of linking
groups that are susceptible to hydrolysis reactions, and
such reactions are often catalysed by nucleophiles such
as hydroxide groups. Water-miscible organic solvents
are therefore sometimes used to provide some chemi-
cal stabilization, so that dissolution of coupler can be
effected at a lower pH, and thereby avoid or diminish
hydrolysis of the coupler that may occur at higher pH
levels.

A flow chart of this general process is illustrated in
Figure 5.11. Surfactant and alkaline coupler solutions
are combined to form a solution wherein surfactant
and coupler form mixed micelles. This solution is
then acidified and the coupler is reprotonated to create
metastable coupler (nano)particles. Excess salt is then
removed by washing (ultrafiltration or dialysis). Steric
stabilization may be imparted by adding polymeric
stabilizers or nonionic surfactants at the initial or final
process stages.

4.3 Nanocrystalline coupler dispersions

An alternative approach to incorporating couplers into
photographic layers is to disperse them as nanocrys-
talline particles by using conventional comminution
(media milling, ball milling, etc.) processing. Submi-
cron particle sizes can easily be obtained. Depending
on the weak acid functionality of the coupler molecule,
photographic coupling activity competitive with that
obtained by the above described emulsification approach
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Recirculation
pump

Figure 5.11. Flow chart of the mixed micellization process
for preparing stable nanodispersions of couplers. A continuous
stirred tank reactor (CSTR) is used to acidify and reprotonate
ionized coupler in the mixed micelles. Excess salt is removed
by ultrafiltration. Reproduced by permission from K. Chari and
J.T. Beck, US Patent 5 256527 (1993)

may be obtained (16). This approach, however, gener-
ally requires that the nanocrystalline particles be coated
with a water-immiscible organic solvent to promote
coupling activity, in much the same way that such
solvents are found to be effective in emulsification
formulations.

5 ADSORBER DYES AND FILTER
DYES

5.1 Light management

Dyes and pigments are used to manage the flow of
light prior to, within, between and under the light-
sensitive emulsion layers. For example, absorber dyes
are used to create antihalation layers at the bottom
of sensitized elements, so that light that gets through
all of the layers of an element is absorbed, and can
thereby not reflect back up through the element and
cause exposure laterally away from the incident light
ray. Another use of such absorber dyes is to decrease
the speed of a particular sensitized layer, by adding a

dye to a layer that competes for light with the sensitizing
dye on the silver halide, the effective speed of that layer
will be decreased. Another important use of absorber
dyes is in interlayers. For example, yellow absorber
dyes are placed in interlayers beneath blue-sensitive
silver halide layers so that light that gets through such
a blue-sensitive layer does not cause exposure of any
underlying green- or red-sensitive layers. This is a
practical concern, since most silver halide is intrinsically
blue-sensitive. Similarly, magenta absorber dyes are
often put in interlayers beneath green-sensitive layers
so that green light not absorbed by the green-sensitized
silver halide does not expose the underlying silver
halide layers. For example, underlying red-sensitive
silver halide often is also somewhat green-sensitive,
due to the breadth of the sensitizing dye absorption
envelopes. Finally, UV absorber dyes are often coated
in overcoats to protect the image dyes formed from UV-
induced photodegradation.

There are a variety of ways to introduce absorber
dyes into particular layers. The simplest approach is to
add the dye to the layer as a solution. A major limitation
of such an approach is that dye solutions are prone to
diffuse into other layers where the efficacy of the dye
may be nil. Preferred approaches utilize incorporation
methods wherein the absorber dye cannot diffuse out of
the layer into which it is incorporated.

5.2 Dye dispersions

A very effective approach to dispersing water-insoluble
absorber dyes is to use the emulsification-dispersion
process described above for coupler molecules. NS dis-
persions of such dyes are straightforward. A limitation
that must be considered is whether or not the dye will
transform after formation from an amorphous physical
state into a crystalline state. Absorption properties often
change upon crystallization.

Another approach is to imbibe water-insoluble
absorber dyes into latexes by controlled swelling. A
latex is put into a solvent mixture which causes swelling
and which also solubilizes the dye of interest. As the
latex swells, the solubilized dye is imbibed into the
particle. The solvent composition is then shifted to
cause the latex particle to condense, with entrapped
absorber dye. Provided that the latex polymer and dye
are sufficiently miscible, the dye may be incorporated
into any layer by adding a suspension of the loaded
latex into the layer melt composition.

Comminution techniques also effectively produce
solid particle dispersions of absorber dyes. Aqueous
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suspensions of dye particles ranging from 30 to 300 nm
in size may easily be prepared by a variety of small
media milling processing techniques. Recent advances
in such technology have demonstrated the possibility
of producing extremely small particles in certain cases,
wherein most of the (mass is in) particles are less than
40 nm in size.

Solvent shifting is a process by which the solubility
of a component is altered by changing the composition
of the solvent. High solubility in one solvent can be mit-
igated by the addition of another solvent in which the
soluble component is much less or only sparingly solu-
ble. Similarly, high solubility can often be obtained by
ionizing an organic species, such as a weak carboxylic
acid, in dilute alkali solution. Subsequent neutralization
by pH shifting, or by dropping the pH through the pKd

of the acid, generally yields a significant drop in solu-
bility, and is often accompanied by precipitation of the
weak acid component.

Precipitation into submicron-sized particles is another
direct approach. Precipitation by pH shifting can be an
effective approach for dyes that have weak acid func-
tionality. A number of different families of such dyes
have been dispersed by acidification of weakly alka-
line dye solutions, in the presence of stabilizers such as
surfactants and polymers. Alternatively, solvent shift-
ing has been demonstrated to be an effective method
of preparing absorber dye dispersions. Recent work by
Brick et al. (14) has shown how such dyes can be very
effectively precipitated from a variety of water-miscible
organic solvents. Finally, another approach for incorpo-
ration of absorber dyes is to precipitate or condense them
on the surface of a high-surface-area carrier species,
such as colloidal silica. Such preparations can be pre-
pared by pH- and solvent-shifting processes, in the pres-
ence of the carrier particles.

5.3 Dispersion electrokinetics

Surface chemistry is very important for most of the
organic particulates incorporated in photographic ele-
ments. We saw earlier that coupler dispersion reactivity
can be a sensitive function of the dispersion's specific
surface area. Surfactant adsorption plays a major role
in determining such areas (and particle sizes). Surfac-
tant adsorption is also important for physical reasons,
such as colloidal stabilization. Charged surfactants pro-
vide a means for charging the particle surfaces, and
this adsorbed charge is useful in generating double-layer
repulsion between approaching particles. The charac-
terization of adsorption onto polydisperse particulates,

particularly organic particulates, is not so well developed
as it is for silver halides. However, essentially all of the
same colloidal and surface chemical techniques may be
applied.

Here, we examine the adsorption of an anionic
surfactant, sodium oleoylmethyltaurine (OMT), onto a
yellow pigment dispersion of Y, used in various fil-
ter layers and antihalation layers in different kinds
of photographic products. An aqueous dispersion of
Y was prepared by grinding in water in a small-
scale ball mill using ceramic media (17). No surfac-
tant was added to the mixture during grinding, so
that the resulting particles could be used as substrates
for studying surfactant adsorption. Very small parti-
cles were obtained; such particles were lathe-like in
shape. Detailed image analysis showed that the parti-
cles had a volume-average equivalent-spherical diameter
of about 100 nm and a specific surface area of about
50 m2 g- ] .

OH

HO2C CO2H

The adsorption of OMT onto this dispersion was
studied in two ways. First, an electroacoustic technique
was used to study the electrophoretic mobility of the
pigment particles as a function of added surfactant.
In this technique, the electroacoustic sonic amplitude
(ESA), is measured in a flow cell. The ESA magnitude
represents the ultrasonic pressure amplitude generated
in response to a unit applied rf field, and is proportional
to the electrophoretic mobility (18). The experimental
results obtained are illustrated in Figure 5.12(a). At the
pH (5.05) of the experiments, the particle surfaces are
initially negatively charged due to ionization of surface
carboxy groups. This is why the electrophoretic mobility
is negative before any anionic surfactant is adsorbed. As
OMT is added to the dispersion, the surfactant adsorbs
and drives the electrophoretic mobility more negative.
The breakpoint illustrated by the arrow in Figure 5.12(a)
corresponds to where the adsorption effect appears to
saturate. This point corresponds to 5.3 x 10~5 mol g - 1

(OMT/Y).

In separate experiments (17), the adsorption of OMT
onto this dispersion of Y was measured. The data are
plotted in Figure 5.12(b) to facilitate a linear regression
analysis in terms of Langmuir adsorption parameters.
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Figure 5.12. (a) Variation of ESA (G is an instrumental con-
stant) with added OMT for a dispersion of pigment Y at a
volume fraction of 0.0135, pH 5.05 and 25°C. The breakpoint
denoted with the arrow corresponds to 5.3 x 10~5 mol g"1

(OMT/Y). (b) OMT adsorption isotherm on Y at volume frac-
tions ranging from 0.017 to 0.025 and at pH 5.05 and 25°C. The
adsorption, r\ (mol OMT/g Y) was measured by phase separa-
tion. The Langmuir adsorption isotherm saturation parameter,
rjs, was 6.23 x 10~5 mol g"1, and the binding constant was
104-2 1 mol"1. Reproduced by permission from ref. (17); ©
1992 by The American Chemical Society

The key result is that the saturation adsorption deter-
mined from these data, i.e. 6.2 x 1CT5 mol g"1, is very
close to the breakpoint value illustrated by the arrow in
Figure 5.12(a). It appears that the ESA experiment pro-
vides a rapid route to determining saturation surfactant
adsorption.

6 MATTE BEADS

Adhesive forces and attractive interactions are greatest
for parallel planar surfaces and decrease in proportion to
the contact area. Matte beads in the 1 to 5 urn diameter
range, when coated at a low-number density in over-
coat layers, mechanically retard adhesion interactions
between stacked layers (as in a box of sheet film or
paper) and rolled layers (as in large rolls during man-
ufacturing or in consumer roll film), since only point
contacts can be made with a surface coming in contact
with an overcoat layer containing matte beads.

The synthesis of large polymeric particles can be
challenging, especially if uniform particle size is desired.
Emulsion polymerization is unsuitable, because the basic
mechanism maintains a very high number of polymer-
ization sites and very small particle sizes are produced.
Alternatively, emulsification of monomer followed by
suspension polymerization can be used to produce large
beads, but the emulsification process generally produces
a wide particle size range, and so a plethora of parti-
cles too small to be useful will generally be obtained.
A particularly useful method for making large beads is
to use limited coalescence to produce a uniformly sized
emulsion of monomer, and then carry out suspension
polymerization (19, 20).

For a given final particle size, d, the volume, V, of
beads to be synthesized is selected. From the simple
relationship for the surface (area)-to-volume ratio, S/ V,
for monodisperse spheres:

= ~, (5-2)

the surface area to be stabilized can easily be calcu-
lated from the total volume and the individual particle
size specified. This total surface area is then used to
compute the amount of stabilizer to be added to the
monomer-water mixture prior to emulsification. One
can use any suitable surfactant, many of which are
known to close pack at oil-water interfaces with a
given limiting molecular area. Alternatively, one might
use nanoparticles of inorganics, such as silica, or vari-
ous other stabilizing materials. Such materials also have
a typical limiting area per particle that is known or
can easily be determined experimentally. The stabilizer
is then added to the emulsion mixture, and the mix-
ture is then emulsified or homogenized to a droplet
diameter smaller than the final, desired droplet size.
The "crude" emulsion is then incubated with stirring,
typically overnight, to promote collisions between the
droplets. As the droplets collide, they will tend to coa-
lesce and grow in size. However, when the emulsion
droplets have grown essentially to the target size, each
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droplet will be essentially saturated with surface stabi-
lizer, and further coalescence will be strongly kinetically
retarded. At this point, suspension polymerization is ini-
tiated, by standard means, and the monomer in each
particle is polymerized, thus producing polymeric beads
of the desired size.
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1 INTRODUCTION

Water-borne paints formulations are among the most
complex of systems from a surface and colloid chemistry
point of view. Surfactants are needed in order to reduce
the free energy of the various interfaces of the sys-
tem, thus providing kinetic stability to the formulation.
Surfactants are used as binder emulsifiers and as pig-
ment dispersans, they are added to improve wetting on
low-energy substrates, to control foaming during appli-
cation and processing, and to prevent film defects caused
by surface tension gradients. In addition, surface-active
polymers, often referred to as associative thickeners,
are widely used to optimize the rheological properties
of the formulation, and anionic polyelectrolytes such as
polyphosphates are commonly used as dispersing agents
for pigments and fillers. Taken together, a water-borne
paint formulation is extremely complex, with a plethora
of low- and high-molecular-weight compounds com-
peting for available surfaces, such as binder droplets,
pigment particles, and, although much smaller in sur-
face area, the substrate to be painted. The situation is
schematically illustrated in Figure 6.1.

2 COMPETITIVE ADSORPTION OF
SURFACTANTS

Competitive adsorption of surface-active agents is a
common problem in paints. In fact, in a paint formu-
lation, with its many different surface-active species
and its variety of interfaces, it is virtually impossible to
maintain full control of the surface interactions. Uncon-
trolled desorption/adsorption of surfactants frequently
gives rise to unexpected rheological effects and lack of
dispersion stability. For instance, the nonionic surfac-
tant needed as a steric stabilizer of latex particles may
preferentially adsorb on a hydrophobic pigment surface
where it replaces the original dispersant. The net result
will be that the latex particle will no longer be fully cov-
ered with nonionic surfactant, thus leading to reduced
stability, particularly in formulations of high-electrolyte
concentration.

Most latex-based paint formulations contain both
anionic and nonionic surfactants (see discussion in
Section 3 below). Figure 6.2 shows the results obtained
from a model experiment in which such a surfactant pair
is added to a polystyrene latex and adsorption of the
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Figure 6.1. A paint formulation containing emulsion droplets,
pigment particles, associative thickener and surfactant
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Figure 6.2. Simultaneous adsorption of a nonionic surfactant,
a nonylphenol ethoxylate (NP-EOio) and an anionic surfac-
tant, sodium dodecyl sulfate (SDS), on polystyrene latex. (From
B. Jonsson et al., Surfactants and Polymers in Aqueous Solu-
tion, John Wiley, Chichester, 1998, p. 291, Reproduced with
permission)

individual components monitored. The surfactants used
are nonylphenol (NP) ethoxylate (10 EO) and sodium
dodecyl sulfate (SDS), and the molar ratio of the NP
ethoxylate to SDS is 30:70. Such a ratio of nonionic
to anionic surfactant is common as a latex surfactant
system. Additional nonionic surfactant is often intro-
duced into the formulation as mill base dispersant or
as wetting agent. Additional anionic surfactant, a sul-
fate or a sulfonate, may be introduced as a pigment
or filler dispersant. This figure shows that the nonionic
surfactant is in abundance at the surface in spite of
being in lower concentration in the bulk phase. Thus,
the nonionic amphiphile adsorbs preferentially on the
hydrophobic latex surface.

Figure 6.3 gives another illustration of the preferred
adsorption of nonionics over anionics on a hydrophobic

0 2 4 6 8 10

Total surfactant concentration (wt%)

Figure 6.3. Mole fraction of NP ethoxylate at the particle sur-
face (•) and in the aqueous phase (# ) as a function of total sur-
factant concentration in the aqueous phase using a mixture of
nonylphenol ethoxylate (NP-EOio) and sodium dodecyl sulfate
in a molar ratio of 16:84. (From M. Hulden and B. Kronberg,
J. Coatings TechnoL, 66, 67 1994, Reproduced with permission
of Federation of Societies for Coatings Technology

latex surface. The same surfactant pair, NP ethoxylate
(10 EO) and SDS, is used, this time in a 16:84 molar
ratio and the latex is poly (butyl methacrylate). The
composition at the latex surface is monitored and the
result is given as mole fraction of the NP ethoxylate
as a function of total surfactant concentration in the
bulk phase. As can be seen from this figure, at low
total surfactant concentration almost all nonionic sur-
factant is present on the latex particle surface. As the
surfactant concentration is increased, the ratio of non-
ionic to anionic surfactant at the surface approaches that
in the bulk. The surfactant composition at the surface
clearly varies with the total amount in the formula-
tion and the preferential adsorption is greatest at the
onset of micellization. It has also been shown that the
presence of polar solvents, which are commonly used
to facilitate coalescence, affect the ratio of nonionic
to anionic surfactant at the surface. The experimen-
tally determined surface composition from such sur-
factant mixtures agrees well with values predicted by
treating the system as a pseudo three-phase system,
consisting of a surface phase, a micellar phase and a
monomer phase, with only monomers adsorbing at the
surface. The micelle-monomer equilibrium in the aque-
ous phase is given by the regular solution theory for
mixed micelles.

The surfactant composition at a hydrophobic surface
can be estimated from the values of the critical micelle
concentration (CMC) of the individual surfactants. This
is a result of the fact that the solution properties of
surfactants dominate the adsorption. The molar fraction
of nonionic surfactant at the surface,XI, is related
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to the fraction in solution, a, through the following
expression:

XI =
aCMCa

-a)CMCn

where CMC& and CMCn are the critical micelle concen-
trations for the anionic and nonionic surfactants, respec-
tively. We note that the surface is not a parameter in
the equation; the expression is valid for all hydropho-
bic surfaces. This equation is akin to the expression for
composition in a mixed micelle composed of an anionic
and a nonionic surfactant.

The problem related to competitive adsorption has
been accentuated with the incorporation of associa-
tive thickeners in the paint formulation. These poly-
mers, being highly surface-active, have a strong driving
force for hydrophobic surfaces such as latex particles.
The adsorption behaviour of hydrophobically modified
polyurethanes, so-called HEUR thickeners, has been
investigated in some detail. If the latex surface is not
fully covered by surfactant, these surface-active poly-
mers adsorb at the particle surface, often resulting in
gels. Addition of extra nonionic surfactant usually gives
fluid, uniform dispersions, suggesting that the nonionic
surfactant displaces the polymer from the latex surface.

In a systematic study on the adsorption of mixtures
of associative thickeners of the polyurethane type and
nonylphenol ethoxylates on a hydrophobic latex, it
was demonstrated that polymers with hydrophobic side
chains along the backbone could displace the nonionic
surfactant provided that the concentration of polymer
hydrophobe units was high enough. For associative
thickeners with only terminal hydrophobic chains, it was
found that the size of these chains is a decisive factor
in competitive adsorption. In addition, the distance
between the hydrophobic end-groups is of importance;
the shorter the distance, i.e. the higher the concentration
of hydrophobic chains, then the more effective the
polymer is in displacing the nonionic surfactant.

Competitive adsorption at solid surfaces is complex
and it is therefore difficult to predict the outcome when
new mixtures of amphiphiles or a new particle surface is
introduced. The adsorption behaviour may, for instance,
be very different at a pigment surface as compared to
a latex surface. An anionic surfactant may adsorb more
strongly than an associative thickener on the former but
not on the latter. This type of competitive adsorption
is difficult to predict a priori, the more so as most
pigments are being surface modified by the pigment
producer who usually does not reveal the exact surface
composition.

3 THE BINDER - EMULSION
PREPARATION AND FILM
FORMATION

3.1 Latices

The majority of water-borne paints are latex paints, i.e.
aqueous dispersions of water-insoluble polymers made
by emulsion polymerization using free-radical initiators.
In the majority of cases, the polymers are based on
combinations of monomers, often with a high content
of water-insoluble entities such as methyl methacry-
late, butyl acrylate and styrene, and a much smaller
fraction of water-soluble monomers such as acrylic
and methacrylic acid. The water-soluble monomers give
oligomeric acid segments at the latex particle surface
which improves the colloidal stability of the formula-
tion and adhesion and curing characteristics of the film.
Most latices for paints have an average particle diameter
in the range 100-500 nm.

The emulsifier used in latex preparation is often a
combination of nonionic and anionic surfactants. The
nonionic surfactant has traditionally been an alkylphe-
nol ethoxylate, but environmental concern has caused
a change-over to other ethoxylated surfactants, such as
fatty alcohol ethoxylates or fatty acid monoethanolamide
ethoxylates. The ethoxylate is the surfactant mainly
responsible for dispersion stabilization. The steric sta-
bilization provided by surfactants with relatively long
polyoxyethylene chains (>10 EO) is needed in order to
retain stability at high-solids content in the presence of
electrolytes. Steric stablization also gives proper shear
stability to the latex. The presence of an anionic surfac-
tant, usually an alkyl sulfate or an alkylaryl sulfonate,
during the latex synthesis is needed to compensate for
the reverse temperature dependence of ethoxylated sur-
factants. For nonionics, an increase in temperature leads
to a decrease in water solubility and an increase in oil
solubility. During the course of the emulsion polymer-
ization, there is an increase in temperature which would
lead to formation of a water-in-oil emulsion if nonionic
surfactants were the sole emulsifier. Upon depletion of
the monomer phase, i.e. at high conversion, there would
be a phase inversion into an oil-in-water emulsion. Such
a phase inversion leads to a very broad particle size dis-
tribution, since particle nucleation as well as reaction
kinetics will be out of control. A way to circumvent the
problem is to use a semi-continuous polymerization pro-
cess with the monomer being slowly fed into the reactor
during the polymerization.

Figure 6.4 shows a typical surfactant monolayer at
the surface of latex droplets. It is important to realize that
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Figure 6.4. A mixed monolayer of nonionic and anionic surfactants usually stabilizes latex droplets

the surfactants are not permanently adsorbed at the sur-
face but subject to a continuous adsorption-desorption
process. As was discussed above, the driving force for
adsorption at a hydrophobic latex surface is stronger for
nonionic surfactants than for anionics, unless the elec-
trolyte concentration is very high. This leads to a higher
ratio of nonionic to anionic surfactant at the surface than
in the bulk solution.

Anionic surfactants provide electrostatic stabilization
and such latices exhibit good storage stability in formu-
lations containing low or moderate salt concentrations.
However, latices made with only anionic emulsifier are
not stable at high electrolyte concentrations. Evaporation
of water during the drying process leads to a continu-
ous raise in ionic strength of the formulation. Often,
the stability limit is exceeded at a relatively early stage,
leading to particle coagulation and consequent loss in
film gloss. Steric and electrostatic stabilization of dis-
persions is further discussed in Section 4.2 below.

In recent years, there has been a considerable interest
in the use of polymerizable surfactants for latices.
Such surfactants contain a polymerizable group which
may be an acrylate, a methacrylate, an allyl ether or
a maleate double bond. Both anionic and nonionic
reactive surfactants are commercially available. The
polymerizable surfactant is usually added from the
beginning, in essence serving as a comonomer in the
emulsion polymerization. The reactive surfactant may

also be added at the end of the polymerization process,
in which case conventional surfactants are needed to
prepare the latex.

By using surfactants that become covalently bonded
to the latex particle, many of the problems encountered
with conventional surfactants can be avoided or at least
minimized. Positive effects are often obtained both on
the dispersion itself and on the dried film.

The surfactant-related problems in latices, as well
as in many other dispersions, arise from the fact that
surfactants physically adsorbed on the particle surface
may desorb into the bulk aqueous phase and that
the equilibrium between surface and bulk surfactant
concentration is governed by factors such as particle
concentration, temperature, ionic strength and pH, all of
which may be changed during storage, paint application
and film formation. Since a certain surface concentration
of surfactant is needed to give proper latex stabilization,
a change in the adsorption-desorption equilibrium may
severely affect the rheology and stability of the dispersed
system.

Formulations containing a latex in combination with
another dispersion, such as a pigment slurry, constitute
a particular problem from a stability point of view. As
discussed above in Section 2, the physically adsorbed
latex surfactant may have a higher affinity for the
pigment than for the latex, a situation which often leads
to latex instability. The surfactants used as pigment



SURFACE CHEMISTRY IN PAINTS 109

dispersants are usually different from those used as
emulsifiers in the emulsion polymerization process.
Hence, the different surfactants will compete for both
surfaces, i.e. the latex and the pigment, and the surface
composition and coverage obtained in the equilibrium
situation may be very different from that of the two
components before mixing. This type of competitive
adsorption may drastically affect the rheology and
stability of a formulation.

The presence of surfactant in the dried latex film
may also impair the film properties. During drying,
the surfactant is adsorbed on the latex particles. As
the particles coalesce during the annealing process, the
surfactant migrates out of the bulk phase and concen-
trates at the interface. It has been shown that surfactant
molecules preferably go to the film-air interface, where
they align with their hydrophobic tails pointing towards
the air. Calculations from ESCA (Electron Spectroscopy
for Chemical Analysis) spectra show that a lacquer film
containing 1% surfactant may have an average surface
surfactant concentration of around 50%. Such a high
concentration of a non-chemically incorporated, water-
soluble component at the film surface will adversely
affect the adhesion properties and create problems in
terms of repaintability. It may also impair the water
resistance of the film.

Furthermore, AFM (Atomic Force Microscopy)
studies have shown that during the film-forming process
many conventional surfactants phase separate from the
binder. When the surfactant has phase separated, the
water flux may carry it to the film surface. Alter-
natively, it may accumulate in the interstices between

the particles from where it will migrate to the film-air or
film-substrate interfaces through a long-term exudation
process. Eventually, the surfactant will be present in
aggregates of considerable size, seen by AFM as "hills".
After treatment with water, the surfactant aggregates
are washed away and the hills are replaced by distinct
"valleys". The rough surface will give rise to poor
gloss.

It has been shown that many of the surfactant-related
problems in latex paints can be minimized by the use
of a polymerizable surfactant as emulsifier in the emul-
sion polymerization process. Several types of reactive
surfactants are used for this purpose, some of which
are shown in Figure 6.5. Block copolymers of ethy-
lene oxide and propylene or butylene oxide with a
polymerizable group at the far end of the hydrophobic
segment (compounds I and II) have become popular,
partly due to ease of preparation. Of particular inter-
est from the performance point of view are surfactants
which preferably undergo copolymerization rather than
homopolymerization. A good example of such surfac-
tants are the maleate half-esters of fatty alcohols, such
as compound III in Figure 6.5. However, even surfac-
tants based on highly reactive groups such as maleate
do not become quantitatively copolymerized during the
emulsion polymerization.

As mentioned above, AFM is an excellent method
to evaluate the influence of the latex surfactant on the
film topography. A smooth film with as little as possible
of hills and craters is needed in order to obtain high
gloss. Figures 6.6 and 6.7 illustrate the difference in
topography, as seen during the film formation process,

OH

= < OSO3-Na+

Figure 6.5. Examples of polymerizable surfactants for latices



SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

Figure 6.6. AFM images of films cast from a butyl
acrylate-styrene-acrylic acid latex stabilized by sodium
dodecyl sulfate: (a) before rinsing with water; (b) after
rinsing with water: x- and ^-axes, 0.500 jim/division; z-asis,
25.000 nm/division. (From A.-C. Hellgren et aL, Prog. Org.
Coatings, 903, 1 (1999) Reprinted with permission from
Elsevier Science)

that can be obtained with a conventional anionic
surfactant, sodium dodecyl sulfate (SDS), and with a
polymerizable anionic surfactant, i.e. compound III in
Figure 6.5. The same scale is used in all of the figures,
but one should note that in each picture the z-dimension
is plotted at 20 times larger magnification than the x-
and y-dimensions.

Figure 6.6(a) shows a film formed from the SDS-
stabilized latex. The film has a smooth, wavy surface,
as would be expected after annealing for 48 h far
above the glass transition temperature of the film. After
rinsing with water, large pits were created, as shown in
Figure 6.6(b). This change in the film morphology is an
effect of migrating surfactant. During the drying stage,
SDS moves with the evaporating water towards the

Figure 6.7. AFM images of films cast from a butyl acry-
late-styrene-acrylic acid latex stabilized by the maleate
surfactant, compound III in Figure 6.5: (a) before rinsing
with water; (b) after rinsing with water: x- and j-axes,
0.500 |Lim/division; z-asis, 25.000 nm/division. (From A.-C.
Hellgren et aL, Prog. Org. Coatings, 903, 1 (1999) Reprinted
with permission from Elsevier Science)

film surface where it crystallizes to form a continuous
separate phase, thus covering the total surface area.
Upon rinsing with water, the highly water-soluble SDS
is washed away. The roughness of the remaining film
surface is caused by the migrating surfactant phase
preventing orderly packing of the latex particles.

Figures 6.7(a) and (b) show the topographies of films
cast from maleate-stabilized latex, before and after rins-
ing, respectively. The film before rinsing showed "hills",
indicative of surfactant aggregates at the surface. After
the film was rinsed with water, holes appeared in a
regular pattern. This is indicative of removal of surfac-
tant from the surface. The situation is much improved
compared to the appearance of the films from the SDS-
based latex but, evidently, even with the reactive maleate
surfactant, a substantial portion is not anchored to the
latex particle. Chemical analysis showed that about 1/3
of the surfactant was not chemically incorporated into
the film.
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3.2 Post-emulsified binders

Another common approach to water-based coating
formulations is post-emulsification of a polymer in
water. Several condensation polymers, e.g. alkyds, i.e.
fatty-acid-modified polyesters, polyurethanes and epoxy
resins, have been made into dispersions by the use
of a suitable emulsifier and application of high shear.
For instance, long oil alkyd resins of the type used in
white-spirit-based formulations have been successfully
emulsified by using nonionic surfactants such as fatty
alcohol ethoxylates, alkylphenol ethoxylates or fatty acid
monoethanolamide ethoxylates. Neutralization of alkyd
carboxylic groups helps in producing small emulsion
droplets and with the proper choice of surfactant, droplet
diameters of less than 1 jim can be obtained. Such dis-
persions are sufficiently stable for most applications.

3.2,1 The role of the surfactant

Figure 6.8 illustrates the important fact that whereas a
nonionic surfactant needs to be added in an amount
sufficient to give close packing of the emulsifier on
the surface in order to give sufficiently small droplets,
an anionic surfactant already gives small droplets at
concentrations that give a very low packing density. This
is consistent with the different mechanisms by which
nonionic and anionic surfactants exert stabilization,
as discussed above. Figure 6.9 shows that there is a
good correlation between droplet size and mechanical
stability, i.e. the smaller the droplet, then the higher
the shear rate needed for coalescence. As for latex
dispersions, alkyd emulsions stabilized with only anionic
surfactants are highly sensitive to electrolytes.

The main drawback of water-borne alkyd paints is
slow drying. This is partly due to the comparatively low
evaporation rate of water, although there is also strong
evidence that catalysis of autoxidation does not work
properly in water-borne systems. The distribution of the
drier, in particular cobalt alkanoate, between the alkyd
and water phases is believed to influence the early stages
of drying of alkyd emulsions. Figure 6.10 illustrates
that the distribution of cobalt between the phases is
strongly affected by the pH of the formulation. This is a
practically important observation since it is known that
there is often a drop in pH on storage of paints.

Surfactants capable of participating in autoxidative
drying are of interest for the post-emulsification of alkyd
resins. Ethoxylated monoethanolamides of unsaturated
fatty acids are one such type of surfactant that can be
chemically incorporated into the network during drying
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Figure 6.8. Effect on initial droplet size of concentra-
tions of (a) the anionic surfactants sodium dodecylben-
zene sulfonate (DoBS), sulfated hexadecyl alcohol (C16-S)
and sulfated hexadecyl/octadecyl alcohol ethoxylate (2 EO)
(C16/C18-EO2-S) and (b) the nonionic surfactants dode-
cyl/tridecyl alcohol ethoxylate (15 EO) (C12/C13-EO15),
nonylphenol ethoxylate (20 EO) (NP-EO20) and linseed oil
fatty acid monoethanolamide ethoxylate (13 EO) (LA 13).
(From G. Ostberg et ai, Colloids Surf. A, 94, 161 (1995)

of an alkyd-based coating film. The general structure of
this surfactant type is as follows:

R-CONH-(CH2CH2O),Z-H

where R-CO is an unsaturated acyl group, derived from
an unsaturated triglyceride such as soy bean oil, linseed
oil, sunflower oil or tall oil. (There must be more than
one double bond in the acyl chain; oleoyl is not reactive
enough.)

Figure 6.11 illustrates the difference in surface
composition with respect to the surfactant for a polymer-
izable amide ethoxylate and a conventional nonionic sur-
factant of similar hydrophilic-lipophilic balance (HLB).
Surfactant concentrations at the film-air interface were
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Figure 6.9. Mechanical stability of emulsions stabilized by
(a) the anionic surfactant sodium dodecylbenzene sulfonate,
and (b) the nonionic surfactant linseed oil fatty acid
monoethanolamide ethoxylate (13 EO). The initial droplet sizes
are given on the figures. Increase in droplet size on shearing
is a sign of coalescence. The decrease in droplet size for the
7 urn droplets of part (b) reflects shear-induced disintegration
of the large aggregates formed. (From G. Ostberg et al., Prog.
Org. Coatings, 24, 281 (1994) Reprinted with permission from
Elsevier Science)

measured by ESCA. As can be seen from this figure,
both the conventional surfactant, a nonylphenol ethoxy-
late, and the amide ethoxylate accumulate at the sur-
face and the concentration increases with time. Whereas
the concentration versus time curve is almost linear for
the nonylphenol ethoxylate, it levels off for the amide
ethoxylate. For the latter species, the distribution of sur-
factant in the film seems to be established within three
days of drying.

The difference in behaviour between the nonylphenol
ethoxylate and the amide ethoxylate is probably due to
the fact that the latter surfactant becomes immobilized
through coupling to binder molecules during the drying
process. Once covalently incorporated into the network,
the migration process will cease. Another contributing

Figure 6.10. Concentration of cobalt in the alkyd and water
phases as a function of pH. Cobalt 2-ethylhexanoate was
used in an amount of 0.2% of alkyd. The oil-in-water alkyd
emulsions were made without emulsifier. (From G. Ostberg
et al., Prog. Org. Coatings, 24, 281 (1994) Reprinted with
permission of Elsevier Science)
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Figure 6.11. Relative surface concentration of surfactant as
a function of drying time, as determined by ESCA. The
NP ethoxylate is nonylphenol ethoxylate (12 EO) and the
amide ethoxylate is linseed oil fatty acid monoethanolamide
ethoxylate (14 EO). (From K. Holmberg, Prog. Colloid Polym.
Sci., 101,69(1996))

factor for the low degree of migration of the amide
ethoxylate could be that this surfactant is likely to be
very compatible with the binder, a long oil alkyd resin.
Surfactant-polymer compatibility is often decisive for
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the distribution of surfactants in films. Surfactants are
carried towards the surface by the flux of water during
film drying and this process is particularly effective
when there is poor compatibility between surfactant and
polymer.

The effect on the surface composition of soaking
the dried film in water is also shown in Figure 6.11.
Whereas more than half of the nonylphenol ethoxylate
disappears from the outermost surface layer (the analysis
depth is approximately 5 nm), the effect on the amide
ethoxylate is small, in spite of the fact that both surfac-
tants have about equal water solubility. This is a further
indication of the amide ethoxylate being immobilized
during the drying process, although one must keep in
mind that the evidence shown in Figure 6.11 is only
indirect. The sensitivity of ESCA is not sufficient for
monitoring the disappearance of carbon-carbon double
bonds, which would have been the most direct way of
studying surfactant polymerization. However, studies on
cobalt-initiated autoxidation of ethyl esters of unsatu-
rated fatty acids have shown that oleate ester does not
polymerize over a period as long as 110 days, whereas
linoleate ester polymerises almost completely over three
days. These findings support the view that amide ethoxy-
lates based on fatty acids with a high degree of unsatu-
ration become covalently incorporated in the dried film.

3.2.2 Emulsification of short oil alkyds

Alkyd emulsions are also of interest in the industrial
coatings market. The alkyds used for such applications,
so-called short oil alkyds, have a much higher viscos-
ity and are most conveniently emulsified in a phase-
inversion process. The emulsifier, which can either be
a nonionic surfactant, an anionic surfactant or a combi-
nation of these, is dissolved in the alkyd at high tem-
perature and water is added under low shear so that a
water-in-oil emulsion is formed. For alkyds of very high
viscosity, the process must be performed in pressurized
vessels to prevent boiling of the water. By adding more
water and/or lowering the temperature, the emulsion is
made to invert and form an oil-in-water emulsion.

The location of the emulsifier prior to phase inversion
has been found to be of prime importance. Emulsions
of smallest droplet size (less than 1 u.m) is obtained
when all the emulsifier is added to the alkyd before
the addition of pure water. The mobility (or migration)
of the surfactant during phase inversion is also decisive
for the size of the oil-in-water droplets. The mobility is
controlled by both the hydrophilicity (water solubility)
of the surfactant and its molecular size, with a very high-
molecular-weight surfactant diffusing relatively slowly

across the interface. However, bulky emulsifiers with
very long polyoxyethylene chains may be able to give
proper emulsion stability in spite of large droplets being
formed due to their ability to induce a long-range
steric repulsive force. Mixtures of anionic and nonionic
surfactants, with the latter typically having long (>30)
polyoxyethylene chains, seem to work well in most
instances.

Post-emulsification is simplified if the polymer itself
is surface-active. This can be achieved by using poly-
mers of high acid values or by using polymers with
noncharged, hydrophilic segments such as polyoxyethy-
lene chains. Such polymers can often be emulsified with
considerably less surfactant, but the trade-off is water
and chemical resistance of the paint film. If the polymer
is sufficiently polar, no emulsifier at all is needed. How-
ever, such binders need to be cross-linked during curing
in order to give acceptable film properties.

4 PIGMENT DISPERSION

4.1 Paint pigments

Pigments are used in paints to give desired colour,
hiding and other optical properties to the coating. In
addition, pigments often impart mechanical strength
and protective properties to the paint. Anti-corrosion
pigments are a well known example of pigments whose
prime role is to confer a specific technical property
rather than colour or hiding to the paint film.

Pigments can be organic or inorganic, and can be
natural or synthetic. Some of the organic pigments are
actually hybrides with an inorganic core, e.g. aluminium
hydroxide, coated with an organic substance. Many
inorganic pigments are dug out of the earth's crust,
then washed and graded by size. The majority of the
organic pigments used today are synthetic. Generally,
pigments produced via a precipitation step have a more
uniform particle size than pigments obtained by crushing
of natural oxides or salts.

In order to effectively obliterate the underlaying sub-
strate (which may be a paint film of different colour), the
pigments used must prevent light from passing through
the film to the substrate and back to the eye of the
observer. Pigments achieve this by absorbing and by
scattering the incoming light. The hiding power of a
pigment is a function of the refractive index of the pig-
ment and the pigment particle size. (In addition, pigment
shape influences the hiding power because the shape of
the particles affects their packing in the film.) The hiding
power of the pigment is high if the refractive index of
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the pigment is much higher than that of the binder used
in the paint formulation. Most pigments have a refractive
index above 2.0, while most binder resins have a refrac-
tive index of 1.4-1.6. The very common white pigment,
titania (titanium dioxide), has an unusually high refrac-
tive index, i.e. 2.55 for the anatase crystallographic form
and 2.76 for the rutile form.

The perfect particle size for maximum scattering of
light is equal to the wavelength of the light within
the particle, which roughly corresponds to half the
wavelength of light in air, i.e. 0.2-0.4 um. Some
pigments are far below this value, e.g. iron blue with
a typical particle size range of 0.01-0.2 um; some are
in this range, e.g. rutile titanium dioxide which is usually
0.2-0.3 um in size, while some are far above, e.g.
micaceous iron oxide with particle sizes in the range
5-100 um. The right particle size in combination with
the high refractive index is the main reason for the
excellent hiding power of titania.

Inorganic pigments with low refractive indices
(below 1.65) and with concomitant poor hiding
power are usually referred to as extenders or fillers.
They are employed in paint formulations to control
the rheological properties (thickening agents, anti-sag
agents, etc.), to reduce gloss (flattening agents), to
improve mechanical properties (reinforcing agents) or to
improve the barrier properties of the film. Silica, barium
and calcium sulfates, calcium carbonates, and silicates
such as china clay, talk, mica and bentonite, are the most
common types of extenders. The average particle size of
extenders is often large.

Pigments need to be finely dispersed in the paint
in order to retain good hiding power. Pigment disper-
sion has therefore been a key process in paint making
throughout the long history of paints and still remains an
important issue today. The pigment is usually supplied
as a powder with the primary particles clustered into
agglomerates. The agglomerates must be broken and the
primary particles obtained must be dispersed throughout
the coating formulation. In this way, a colloidal disper-
sion of the pigment is produced, with either water or
an organic solvent (or more often a solvent mixture) as
the continuous phase. The dispersion stage is performed
in some kind of grinding process with an input of high
shear. Various types of mills have been developed for
the purpose, such as high-speed dispersers, ball mills
(with the cylinder partly filled with steel or porcelain
balls) and bead mills (with glass beads or course sand
as the grinding medium).

In order to economize the grinding process, only a
part of the total paint formulation is charged into the
mill. Together with all of the pigment and pigment

dispersants, a fraction of the binder is added together
with enough solvent to reduce the viscosity to an
acceptable level. After milling, a rather stiff paste is
obtained to which the remaining amounts of binder and
solvent are added, together with the various types of
additives used in the specific formulation.

The pigment dispersion process can be viewed as
being composed of three stages, although the stages
overlap in any actual grinding process:

i Wetting, i.e. displacement of air by a liquid.
ii Grinding, i.e. mechanical breakup and separation

(deagglomeration) of the particle clusters to iso-
lated primary particles.

iii Dispersion, i.e. movement of the wetted particles
into the body of the coating to affect a long-term
particle separation.

In the dispersion process each particle must
become surrounded with sufficient liquid so that par-
ticle-particle interaction is minimized. All particle dis-
persions are thermodynamically unstable, however, and
prolonged storage will inevitably lead to clustering of
the particles in the wet-coating formulation. Such a clus-
tering is usually referred to as flocculation. Figure 6.12
illustrates the difference between agglomerated and floc-
culated pigments.

4.2 Pigment dispersants

The additives used in the grinding process are called pig-
ment dispersants. Their primary function is to surround
the suspended pigment particles with a barrier enve-
lope that by either ionic repulsion or steric hindrance,
or both, prevents random contact with other pigments.
In water-borne paints, electrostatic repulsion is usually
the most important stabilizing mechanism and the well
known DLVO theory that accounts for the balance of

Figure 6.12. Schematic representations of (a) agglomerated,
(b) dispersed, and (c) flocculated pigments
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attractive van der Waals forces and repulsive electro-
static forces in suspensions can be used as a tool to
understand the stability characteristics of the system. In
media of low dielectric constant, such as white spirit or
xylene, steric repulsion is the dominating force. Steric
repulsion is achieved by polymers with an anchoring
group attached to the particle surface and a segment with
high compatibility with the continuous phase extending
away from the particle. Steric repulsion can be explained
as a loss of entropy when the polymer chains attached
to two different pigment particles are forced to pene-
trate into each other. In order to maximize this loss
in entropy, i.e. to achieve maximum stabilization, the
density of polymer chains on the particle surface must
be high. Sometimes, a stabilizing system is used that
provides both electrostatic and steric stabilization; this
is referred to as electrosteric stabilization. Figure 6.13

illustrates electrostatic, steric and electrosteric stabiliza-
tion. (Electrosteric stabilization is very common for lat-
ices, with Figure 6.4 showing latex particles stabilized
by this mechanism.)

Most inorganic pigments are oxides. These exhibit a
surface charge in aqueous systems that is characteristic
of the oxide and the pH of the water. Each pigment
has an isoelectric point which corresponds to the pH
at which the positive and negative charges on the
oxide surface are balanced. By moving away from
this pH, a net charge, positive or negative, starts to
develop that leads to pigment particle repulsion. Since
the introduction of an ionic dispersant on to the oxide
surface alters the balance of charges on this surface, it
also acts to alter the isoelectric point of the pigment
particle, as shown in Figure 6.14. For any given pH,
adding an ionic dispersant may improve or reduce

(b) (c)

©
e/ \©

Figure 6.13. Electrostatic (a), steric (b) and electrosteric (c) stabilization of a dispersion

+60

Figure 6.14. Plot of zeta potential (£) of aqueous dispersions of kaolin pigment particles as a function of pH with and without a
phosphate dispersant present. (From T. C. Patton, Paint Flow and Pigment Dispersion, 2nd Edn, John Wiley, New York, 1979,
p. 292, Reproduced with permission)
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dispersion stability depending on whether the charge will
increase or decrease.

In principle, electrostatic stabilization can be
achieved by either anionic or cationic pigment
dispersants. In order to be compatible with the other
components of a paint formulation, in particular the
latex which is almost always negatively charged, anionic
dispersants are usually employed. A good dispersant
for inorganic pigments for water-borne paints should
(i) give a low isoelectric point of the coated particle,
i.e. should be the salt of a relatively strong acid, and
(ii) have a strong affinity for the pigment surface.

4.2.1 Dispersants for water-borne paints

The most common type of dispersants for inorganic
pigments for use in water-borne paints are polyelec-
trolytes. These may be inorganic, e.g. various types of
polymeric phosphates, or organic, such as polyacrylates
or styrene-maleate copolymers. Organic polyelectrolyte
dispersants are polymers of relatively low molecular
weight. For instance, polyacrylate dispersants usually
give the best performance when composed of between
12 and 18 monomer units. The optimum in length prob-
ably reflects the balance between proper anchoring at
the particle surface, which is favoured by a high molec-
ular weight, and the rate of adsorption at the surface,
which is faster for species of lower molecular weight. In
evaluating the dispersion efficiency of added dispersants,
one must also take into account the wetting-dispersing
properties of the binder used in the formulation. Alkyd
resins, in particular, have good wetting properties, and
often contribute considerably to the dispersing power of
the total coating formulation.

Polyphosphates are versatile inorganic polyelec-
trolytes that at relatively low concentrations disperse
a variety of inorganic pigments. Table 6.1 shows some
common polyphosphates used as pigment dispersants.
Polyphosphates are suitable as pigment dispersants on
two accounts. First, the polyphosphoric acids are rel-
atively strong acids, i.e. the first pATas are low, and

Table 6.1. Examples of alkali phosphate dispersing agents

Common name Ratio of Number of Representative
basic oxide P atoms formula

to acidic oxide"

Orthophosphate
Pyrophosphate
Tripolyphosphate
Metaphosphate

3.00
2.00
1.67
1.00

K3PO4
K4P2O7
K5P3O10

Naw(PO3),,

"Basic oxide: Na2O, K2O; acidic oxide: P2O5.

thus the polyphosphate-coated particles become strongly
negatively charged at all relevant pH values. Secondly,
the phosphates bind remarkably strongly to many inor-
ganic surfaces. The anchoring can occur by either of two
mechanisms, i.e. acid-base interactions or chemisorp-
tion. Acid-base interactions usually occur with oxide
or hydroxide pigments, and the polyphosphate molecule
with its regular pattern of P-O~, P=O and P-OH units
can act both as the base, being an electron donor, or
acid, being an electron acceptor, in the interaction with
the pigment surface. Chemisorption may occur at the
surface of pigments such as CaCO3, BaSO4 and ZnO,
since phosphates form insoluble precipitates with cal-
cium, barium and zinc ions (as well as with many other
metal ions). Regardless of the mechanism of anchoring,
the binding of polyphosphates to an inorganic pigment
can often be regarded as irreversible. For this reason,
polyphosphates are very efficient dispersants for many
inorganic pigments in water-based formulations.

However, a number of problems are associated
with the use of polyphosphates. They contribute to
eutrophication, thus leading to an acceleration of the
metabolism and reproduction of some fungi on paint
films and at runoff areas. Polyphosphates may also
give rise to blooming, although this occurs much less
with potassium than with sodium salts, and less with
polymeric phosphates than with monomeric species.
The bloom is a frosty, crystalline deposit that may
appear on the surface of aged paint films. The bloom-
ing problem is the reason why the more expensive
potassium polyphosphates are preferred to the corre-
sponding sodium salts. Furthermore, polyphosphates
may degrade by hydrolysis, particularly when the
paints are kept at an alkaline pH (and most latex
paints are formulated at a pH of 8-9), or when
certain transition metals, which form strong com-
plexes with phosphates, are present. The degradation
may lead to unexpected rheological changes in the
formulation.

Other types of polyelectrolytes that are now being
used as pigment dispersants include polysilicates, polya-
luminates and polyborates. These polyelectrolytes func-
tion in the same way as the polyphosphates. Blooming
is not usually a problem with these other inorganic dis-
persants as it is with the polyphosphates. The anchoring
to the pigment surface is often not as good with other
polyelectrolytes when compared to the polyphosphates.
However, the pigment-polyelectrolyte interaction can
be very specific, leading to a chemisorption type of bind-
ing. In practice, it is not uncommon to use mixtures
of inorganic dispersants, for instance, various ratios of
soluble alumina and silica. The isoelectric point of the
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pigment particles can then be adjusted by varying the
AI2O3:SiO2 ratio.

In addition organic dispersants are used with inor-
ganic pigments for water-borne coatings. For instance,
polyamines impart excellent dispersion properties to
many inorganic pigments. In order to achieve optimum
properties, the spacer length between the amino groups
must be such that it matches the distance between the
adsorption sites on the pigment surface. As an example,
1,3-propylene diamine, with three carbons between the
amino nitrogen atoms, is a better dispersant for clay par-
ticles than either ethylene diamine (with a two-carbon
spacer) or 1,4-butylene diamine (with a four-carbon
spacer).

Various types of amino alcohols are excellent disper-
sants for some inorganic pigments used in water-based
formulations. The amino group anchors the molecule to
the pigment surface and the hydrophilic hydroxyl group
extends out into the aqueous phase. Amino diols are
often preferred to simple amino alcohols.

Organic pigments for water-borne paints are often
more hydrophobic in character than inorganic pigments.
Table 6.2 gives a list of the HLB values for common
paint pigments, both organic and inorganic. {HLB stands
for hydrophilic-lipophilic balance, on a numerical
scale from 0 (extremely hydrophobic) to 20 (extremely
hydrophilic).) Inorganic polyelectrolytes often do not
bind strongly to the surface of these hydrophobic parti-
cles. Instead, surfactants of various types are commonly
used. Anionic surfactants may be employed to pro-
vide electrostatic stabilization, nonionics to give steric

Table 6.2. HLB values of various organic and
inorganic pigments. (From R. H. Pascal and
F. L. Reig, Off. Dig., 36, 839 (1964))

Pigment

Organic pigments
Phthalocyanide blue (green shade)
Azo yellow
Quinacridone red
Phthalocyanide green (yellow shade)
Nickel azo yellow
Quinacridone violet
Phthalocyanide blue (red shade)
Phthalocyanide green (blue shade)
Toluidine yellow
Toluidine red (medium)
BON red (dark)

Inorganic pigments
Iron oxide (yellow)
Chrome yellow
Titanium dioxide
Molybdate orange
Iron oxide (red)

HLB

14-16
13-15
12-14
12-14
11-13
11-13
11-13
10-12
9-11
8-10
6-8

20
18-20
17-20
16-18
13-15

stabilization, or a mixture of the two used to impart
electrosteric stabilization, as discussed above and illus-
trated in Figure 6.13. Alkylbenzene sulphonates are the
most commonly used anionic surfactants for this pur-
pose, while alkylphenol ethoxylates with relatively long
polyoxyethylene chains, typically 20-30 oxyethylene
units, have been the nonionic surfactants of choice.
For environmental reasons, the slowly biodegradable
alkylphenol ethoxylates are gradually being replaced by
fatty alcohol ethoxylates of similar HLB values. The
switch away from alkylphenol ethoxylates is not, how-
ever, without problems. Anchoring of the fatty alcohol
chain to the pigment surface is often not as good as for
alkylphenols. It is probable that alkylphenol derivatives
can form electron donor-acceptor (EDA) complexes
with pigment surfaces that contain electron-deficient
groups, as is illustrated in Figure 6.15. Such EDA com-
plexes may also form with alkylbenzene sulfonates. No

Figure 6.15. Schematic representation of an electron donor-
acceptor complex formed between an alkylphenol ethoxylate
and unsaturated moieties on a pigmented surface. (From
K. Holmberg, Surf. Coatings Int., 76, 481 (1993))
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such contribution is, of course, possible in the case
of alcohol ethoxylates which are always based on sat-
urated alkyl chains. Monoethanolamide ethoxylates of
polyunsaturated fatty acids, which were discussed above
in Section 3 are an interesting class of surfactants in
this context. This type of nonionic surfactant seems to
work well as a pigment dispersant and it is likely that
these compounds, which contain n -electrons in the acyl
chain, can form EDA complexes with some organic pig-
ment surfaces, although these complexes may not be
as strong as for alkylphenol ethoxylates. Figure 6.16
shows the structures of an alkylbenzene sulfonate, an
alkylphenol ethoxylate, an alcohol ethoxylate and a
monoethanolamide ethoxylate of a di-unsaturated fatty
acid, i.e. linoleic acid. The latter is the main fatty acid
found in common drying oils such as soy been oil and
sunflower oil. Figure 6.16 also shows the structure of
lecithin, a zwitterionic surfactant which has a long tra-
dition as a efficient of organic pigments in paints.

Dispersion of pigments in aqueous formulations
is in reality a more complex issue than has been
described above. First, many pigments, and in partic-
ular the inorganic pigments, have been surface treated
by the pigment producer and relevant details about the
composition of the applied coating is often kept as pro-
prietary information. The common white pigment, rutile
titanium dioxide, for instance, can be obtained with an
anionic or a cationic surface charge and its HLB value
can vary from very hydrophilic to extremely hydropho-
bic. The paint formulator may not possess the detailed
knowledge of the pigment surface characteristics needed
to perform the dispersion experiments in a scientific
manner. For this reason, the process of pigment dis-
persion in the paint industry is still more of an art rather
a science.

Another complicating factor is that optimized
electrostatic stabilization of pigment particles in water-
based formulations may lead to sub-optimization when

(a)

(b)

(e)

II
O H2C - O - P - O - CH2 - CH2 - N(CH3)3

+

O"

Figure 6.16. Structures of (a) dodecylbenzene sulfonate, (b) nonylphenol ethoxylate, (c) dodecyl alcohol ethoxylate, (d) the
monoethanolamide ethoxylate of linoleic acid, and (e) lecithin (phosphatidylcholine)
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it comes to binder-pigment compatibility. If, at the
formulation pH, the pigment particles carry a very strong
negative charge, the interaction with the binder, which
is usually slightly negatively charged, will be strongly
repulsive in character. Such incompatibility may lead to
phase separation in the film forming step with adverse
effects on the optical properties of the dried film. For
this reason, a compromise may be needed between the
efficiency in pigment dispersion and the compatibility
between the pigment and the binder. As a general rule,
the best pigment-binder compatibility is achieved if the
two surfaces do not carry the same charge and if the
degree of hydrophobicity of the binder and the coated
pigment, for instance, expressed in terms of the HLB, is
approximately the same.

422 Dispersants for solvent-borne paints

Pigment dispersions in organic solvent formulations are
based on steric stabilization, since electrostatic inter-
actions in media of low dielectric constant are weak.
In order to give proper stabilization, the lyophilic part
of the dispersant molecule, i.e. the part that stretches
out into the continuous liquid phase, must be relatively
large; thus, pigment dispersants for solvent-borne paints
are polymeric in nature. It can be shown from calcula-
tions using Hamaker constants of the particles across the
liquid medium that the thickness of the stabilizing layer
needs to be in the range of 5-20 nm for most pigments
of particle size 0.1-1.0 jam. An extension of 5-20 nm
is not very large for a polymer; the molecular weight
of polymeric dispersants, therefore, need not be high. In
practice, polymeric dispersants are seldom above 40 000
in molecular weight.

Pigment dispersants have for a long time been the
most important application for polymeric surfactants
and both graft and block copolymers are used for
this purpose. Graft copolymers, often referred to as
"comb polymers", have now become more important
than block copolymers. It is important that the seg-
ments that extend away from the pigment surface are
very compatible with the binder-solvent mixture, or,
expressed in other words, that the binder-solvent mix-
ture is a very good solvent for those segments. Only
then do the dispersants keep the particles well sepa-
rated, which is a necessary condition in order to achieve
a low viscosity with a minimal amount of solvent in the
formulation. Different lyophilic segments, with different
solubility characteristics, are needed for different types
of binder-sol vent mixtures. One approach to this prob-
lem has been to use the solubility parameter concept of

Hildebrand. Maximum dispersion efficiency is obtained
when the solubility parameters of the binder-solvent
mixture match the solubility parameters of the polymer
segments that stretch out in to the solution.

The polymeric dispersants need to contain groups
that provide strong anchoring of the molecule to the
pigment surface. As was discussed above for disper-
sants for pigments in water-borne paints, the choice of
an anchoring group depends on the type of pigment used
in the formulation. The anchoring mechanism is usually
based on acid-base interaction, with the pigment sur-
face constituting either the acid or the base moiety. For
instance, acidic pigments are properly dispersed by graft
copolymers with a poly(alkylene imine) backbone that
forms a multiple of acid-base interactions with the pig-
ment surface. Pigments with a basic character, on the
other hand, may be dispersed by copolymers containing
pendant carboxylic acid groups. Poly(12-hydroxystearic
acid) is a well known example of such a polymeric
dispersant. Hydrogen bonding should be regarded as
one example, and indeed a very important example,
of acid-base interactions, and the anchoring of disper-
sant to pigments in solvent-based paints can often be
viewed as hydrogen-bonding interactions. For instance,
phthalimine groups, which are typical hydrogen-bond
acceptors, can be used as anchoring groups of poly-
meric dipersants to hydroxyl-containing pigments. Such
an interaction is illustrated in Figure 6.17.

5 WETTING OF THE SUBSTRATE

Proper wetting of the surface by the coating is an
absolute requirement in order to achieve good film
properties. Wetting is normally measured by determining
the contact angle obtained when a drop of the liquid
formulation is put on a planar solid surface. Whether or
not a given liquid spreads on a given substrate depends
on both the liquid and the solid. In a scientific approach
to wetting, it is important to be able to determine the
wetting characteristics of the substrate. Determination
of surface tension or surface free energy for a solid
surface is not as straightforward as it is for a liquid.
The most common approach is that devised by Zisman
who introduced a useful scheme for classifying low-
energy surfaces with respect to their wettability. For
many series of liquids on solids - including plastics,
metals and metal oxide - it was shown that the contact
angle decreases with decreasing surface tension of the
liquid. For a homologous series of non-polar liquids, the
increase in cos 9 with decreasing liquid surface tension
is linear for a given solid, as illustrated in Figure 6.18.
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Figure 6.17. Stabilization of a pigment with hydroxyl groups
at the surface by a graft copolymer containing phthalimine
anchoring groups

The critical liquid surface tension, yc, is defined as
the point where the plotted line intersects the cos 0 line,
i.e. the line representing complete wetting. In theory,
all liquids with a liquid-gas surface tension (/LG) equal
to or lower than the yc will spread on that surface. In
practice, however, yc is not a constant for any given
solid, but varies somewhat with the liquid type.

These regularities in the wetting properties of low-
energy surfaces, such as polymers, and adsorbed ori-
ented monolayers of organic materials on high-energy
surfaces are significant. Even for non-homologous liq-
uids, a plot of YLG against cos 6 shows points lying
in a narrow rectilinear band. However, the line may
exhibit curvature if hydrogen bonding can take place
between the liquid molecules and the molecules in the
solid surface.

The use of a "Zisman plot" to determine the critical
surface tension is relatively straightforward and has
become a widely used method to characterize a low-
energy solid with respect to the surface free energy.
Table 6.3 gives the critical surface tension values for
a number of common polymers, while Table 6.4 shows
such values for various surface functional groups. The
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Figure 6.18. A Zisman plot for /i-alkanes on polytetrafluo-
roethylene

latter values have been calculated from a large collection
of experimentally determined yc values for polymers.

As can be seen from Table 6.4, the value of yc for
a solid is indicative of the molecules that make up its
surface. The surfaces having the lowest value of yc,
and hence the lowest surface energy, consist of closely
packed CF3 groups. Replacing one fluorine atom by
hydrogen considerably raises the value of yc- This low

Table 6.3. Critical surface tension, yc, for various polymers at
20°C

Polymer (mN/m)

Poly(l,l-dihydroperfluorooctyl methacrylate) 10.6
Polyhexafluoropropylene 16.2
Polytetrafluoroethylene 18.5
Polytrifluoroethylene 22
Poly(vinylidene fluoride) 25
Poly(vinyl fluoride) 28
Polyethylene 31
Polytrifluorochloroethylene 31
Polystyrene 33
Poly(vinyl alcohol) 37
Poly(methyl methacrylate) 39
Poly(vinyl chloride) 39
Poly(vinylidene chloride) 40
Polyethylene terephthalate) 43
Cellulose 45
Poly(hexamethylene adipamide) 46
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Table 6.4. Critical surface tension, yc, in
relation to the surface constitution at 20° C

Table 6.5. Surface tension, y, for selected
solvents at 20°C.

Surface group

Fluorocarbon surfaces
-CF3

-CF2H
-CF3 and - C F 2 -
-CF 2 -CF 2 -
-CF2-CFH
-CF2-CH2-
-CFH-CH2-

Hydrocarbon surfaces
-CH3 (crystal)
-CH3 (monolayer)
-CH2-CH2-
-CH-(phenyl ring edge)

Chlorocarbon surfaces
-CCIH-CH2-
-CCI2-CH2-
=CC12

yc (mN/m)

6
15
17
18
22
25
28

20-22
22-24

31
35

39
40
43

value of the critical surface tension indicates that the
adhesion between liquids and surfaces containing triflu-
oromethyl groups is very low. (Sometimes, however, the
introduction of a terminal CF3 group does not decrease
the wettability very much since the introduction of the
dipole associated with the CF3-CH2 group gives an
effect in the other direction.) Another observation that
can be made from Table 6.4 is that CH3 groups have
very low values when compared with CH2 groups. This
implies that surfaces rich in methyl groups should have
low surface tensions, which indeed is true. The most
common type of silicone oil, i.e. polydimethylsiloxane,
is probably the best example of such a methyl-rich
surface.

The concept of the critical surface tension of a
solid is useful for many practical applications, e.g.
surface coatings. In order for a coating to spread on a
substrate, the surface tension of the liquid coating must
be lower than the critical surface tension of the substrate.
(In addition, since a liquid is easier to break up and
atomize when the surface tension is low, a lower surface
tension means a better sprayability of the coating.) The
well known coatings defect,"cratering", is also surface-
tension related. Contaminants on the surface, such as
fingerprints and oil spots, usually have lower critical
surface tension values than those of the surrounding
areas, thus putting extra demand on the coating with
regard to low surface tension.

The surface tension of the coating is largely deter-
mined by the polymer and the solvent. The polymers
usually have relatively high surface tensions, with val-
ues between 35 and 45 mN/m being typical. The organic

Solvent type

Alcohols
Esters
Ketones
Glycol ethers
Glycol ether esters
Aliphatic hydrocarbons
Aromatic hydrocarbons
Water

y (mN/m)

21-35
21-29
23-27
27-35
28-32
18-28
28-30
73

solvents have surface tension values between 20 and
30 mN/m, as can be seen from Table 6.5.

In general, when comparing solvents within the same
solvent class it has been found that faster evaporat-
ing solvents usually have lower surface tension values
than their slower evaporating counterparts. Furthermore,
increased branching of the solvent molecule leads to
a lowering of the surface tension. Isopropyl alcohol,
which fulfils the two above-mentioned requirements, has
an extremely low surface tension, i.e. 21.4 mN/m. Evi-
dently, the higher the solvent content of the coating,
than the lower the surface tension. Conventional coat-
ings normally lie in the range of 25-32 mN/m. This is
low enough to give proper wetting on most surfaces, i.e.
to move below the values of the critical surface tension
of the substrates (see Table 6.3).

As the resin becomes the major component of
the coating, problems related to surface tension are
frequently encountered. So-called high-solids coatings
are, therefore, extremely sensitive to dirt and fingerprints
(the surface tension of which is around 24 mN/m). Paint
defects, such as "cratering" and "picture framing" occur
more frequently with high-solids coatings than with
conventional systems.

Water is a liquid of high surface tension and is
obviously not suitable for wetting of surfaces. Use of
water-borne paints would have been very limited had it
not been possible to use surfactants in the formulation.
A good surfactant reduces the surface tension of water
down to 28-30 mN/m, i.e. to the same range as that of
the organic solvents used in paints and lacquers.

6 USE OF SPECIALITY
SURFACTANTS

The majority of surfactants used in coatings formula-
tions are standard anionic and nonionic amphiphiles,
such as fatty alcohol sulfates, alkylaryl sulfonates and
alcohol ethoxylates. Cationic and amphoteric surfactants
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are rarely used. A few types of speciality surfactants
have found specific niches. Fluorosurfactants and sili-
cone surfactants reduce the surface tension to extremely
low values. They are used in paint formulations to elimi-
nate surface-tension gradients that can form due to faster
evaporation of the solvent from the coating edges than
from the centre. Acetylenic glycols, characterized by
having two short, bulky hydrocarbon chains surround-
ing the polar group, are another type of niche surfactant.
These non-micelle-forming surfactants form expanded
films on water surfaces which can withstand high surface
pressures. Such surfactants are widely used as antifoam-
ing agents in coatings.
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1 INTRODUCTION

Paper is a complex composite produced from various
natural cellulose fibres to which mineral pigments and
fillers are often added to form the material bulk. The
physico-chemical properties of the paper depend greatly
on the source of these materials, as well as the meth-
ods used for their refinement. Substantial quantities of
performance chemicals are usually added to the bulk
material in the papermaking process to improve, for
instance, retention of fine particles (to increase bulki-
ness), to optimize the dewatering rate, to modify the
dry and wet strength properties, and to increase resis-
tance against liquid absorption. Most of these additives
play their specific roles at the surfaces of the bulk mate-
rial. Moreover, the papermaking process involves the
dewatering and consolidation of a complex suspension
of materials, in particular the fibres and fillers, which
lie within the colloidal size domain (%1 nm to 1 um)
where surface forces are the dominating influence on
the state of the suspension. It is thus clear that surface
and colloid chemistry is crucial for the papermaking
process. This is even so from an economic perspec-
tive, since for most paper grades profit margins are
narrow and based on incremental performance and pric-
ing differences. For example, specialized performance
chemicals are usually added at levels below 5% by
weight of the papermaking furnish, but this represents
a substantial cost in comparison to the bulk material.
Considerable savings can be achieved by cost-effective
use of chemicals. Furthermore, control of the surface
chemistry is vital if product quality is to be main-
tained.

The versatile usage of paper as a packaging material,
an absorbent, and perhaps most importantly as an infor-
mation carrier, very often requires the implementation of
various surface treatments to optimize the product with
respect to end-use requirements. This indicates again
the important role of surface chemistry in the mak-
ing and application of paper, particularly if one bears
in mind the interaction of the (modified) paper surface
with fluids of various kinds, ranging from simple liquids

such as water, to complex inks and even physiological
fluids.

Paper is generally produced in a number of different
steps, namely:

• Pulping, milling and other fibre treatments
• Dispersing of fibres (and filler) and mixing with

chemical additives
• Formation
• Pressing and drying
• Surface treatment
• Calendering

This present chapter is concerned with the surface and
colloid chemistry of the papermaking process, including
preparation of the fibre suspension, production of the
base sheet and modification of its surface. The focus
lies on surface chemical sub-processes of papermak-
ing discussed with a view to end-use applications. A
brief introduction to the surface chemical properties of
cellulose fibres is also provided. For more comprehen-
sive descriptions of different aspects of papermaking,
the reader is referred to refs (1-3).

Surface chemistry is important in pulping as well
as milling operations, for instance, in refining steps
where wood fibres are being washed and delignified.
However, a lengthy discussion of this subject is beyond
the scope of this present chapter. In the paper formation
area, surface chemistry plays important roles in the
retention of fines, in the dewatering process, and during
drying and consolidation. The additive systems used for
retention are frequently based on cationic polymers with
possible additions of a second polymer or nanoparticles.
Their function relies on their adsorption and interfacial
behaviour and the effect that this has on the colloidal
interactions between components in the papermaking
furnish. The desired function of retention chemicals is
to retain colloidal particles at fibre surfaces without
causing inter-fibre aggregation and thus bad formation.
The surface and colloid chemistry of retention is non-
trivial due both to the complexities of the systems
used and the "out-of-equilibrium" conditions prevailing
in the paper machine. Dry strength is built up in the
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consolidation and drying steps under the influence of
capillary forces between thinning inter-fibre water necks.
For improving the dry strength of the ready paper,
hydrophilic polymer additives are commonly added,
which act by increasing the fibre surface energy, the
hydrogen bonding ability, and the effective contact
areas between fibres, which together result in more
efficient fibre bonding. Other important additives for
paper modification added in the wet-end of the paper
machine, include hydrophobic sizing agents. These are
often added in the form of emulsions or dispersions,
requiring expertise in this important field of colloidal
technology. The role of sizing agents is to spread and
anchor at fibre and filler surfaces, thus rendering these
hydrophobic. Thereby, a capillary plug is established
against penetration of polar liquids, which is desired
in many paper grades, such as packaging and printing
papers. In contrast, wetting promoters, in the form of
surface-active agents and block copolymers, are also
frequent additives in, for instance, tissue grades in
order to improve water absorption properties. There
exists, indeed, a whole range of performance chemicals,
other than those mentioned above, which based on
surface chemical principles are used in the papermaking
process to facilitate production and optimize product
performance. In this present chapter, we will focus on
the more common types, whose major role is to modify
the basic surface chemical properties, such as charge,
surface polarity and surface morphologies, and thus
also the nature of colloidal interactions, wetting and
adhesion.

The surface finishing of paper is often as important
as the actual papermaking process. This includes several
processes including surface sizing, coating and calen-
dering. Surface sizing is often carried out in order to
improve the resistance to liquids and increase the sur-
face strength of paper. This is achieved by adding film-
forming starch, sometimes together with sizing agents
in a size press. Mineral and organic particles can also
be included to improve surface smoothness and other
properties of the substrate surface. However, this is more
commonly done in coating operations, where thicker sur-
face layers of mineral pigments are spread, for instance,
by a doctor blade over the base paper surface to improve
printability and optical properties. The pigment content
is often above 50 wt%. It is not a trivial task to formu-
late coating colours for storage, coating, consolidation
and dewatering, especially when considering that mod-
ern high-speed coating processes can run at rates of more
than 2000 m/min.

One highly important characteristic of paper is its
interactions with a number of liquids and solutions,

including water, surfactant solutions, physiological flu-
ids, fountain solutions, various water- and oil-borne
ink systems, polymer melts, etc. Processes of interest
include wetting, absorbency and adhesion. To under-
stand these and other phenomena, the evaluation of
paper characteristics with respect to their "topochemi-
cal" properties is of importance. A number of techniques
are used for this purpose. A selection of these will be
discussed in the present chapter.

2 FIBRE PROPERTIES

Of the bulk materials used in papermaking, cellulose
fibre is the most abundant, indeed in itself defining paper
as a material. The wood fibre is a composite, built up in
different layers, as shown schematically in Figure 7.1.

The main constituents in these layers are cellulose,
lignin and hemicellulose. Fatty acids and fatty acid
esters, rosins and sterols are also found in the fibre and
are usually referred to as extractives. The surface chem-
ical nature of the papermaking fibre depends on the fibre
origin, as well as on the refining processes employed.
Soft wood pulp from evergreens is often preferred in
pulp products because of its longer fibres. These gen-
erally have a higher percentage of lignin and a lower
percentage of hemicellulose than hard woods. In addi-
tion to wood fibres, various plant fibres are also used in
papermaking. The pulp fibres are classified according to
the treatment method as either mechanical or chemical,
or as combinations thereof. In mechanical pulping, the
fibres are separated by employing mechanical energy,
whereas the fibres in chemical processing are removed
from the wood matrix by chemically removing the lignin
bonding material. Mechanical pulping results in high
yields and fibres with chemical properties similar to
those in native wood. However, the fibre damage and
amounts of debris due to the mechanical treatment are
large. Chemical pulping results in large reductions of
the fibre lignin and hemicellulose content, which facil-
itates easy separation of fibres. The low lignin content
of chemical fibres results in large bond strengths due
to high surface energies and the formation of strong
hydrogen bonds. Both mechanical and chemical pulps
are normally bleached in order to increase brightness and
remove lignin. Bleaching of mechanical pulps is gener-
ally done in a lignin-conserving manner called bright-
ening in which chromophores are chemically modified
and little bond cleavage and lignin removal occurs. Con-
versely, the goal of chemical pulp bleaching is often to
maximally remove residual lignin. Nearly all bleaching
agents used for chemical pulp bleaching are oxidizing
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Figure 7.1. Structure of softwood fibre showing the architecture of the fibre wall with a lignin-rich middle lamella, the primary
wall enforced by a network of cellulose fibrils, and the secondary wall built up of three layers with different fibrilar orientations.
(Reproduced from Mr. Rundlof, Licentiate thesis, Royal Institute of Technology, Stockholm 1996, with permission from the
author)

agents, which act to lower the lignin molecular weight
and increase its solubilization. Before being formed into
a sheet, most pulps are subjected to mechanical action
in order to improve the strength and other properties of
the finished sheet. In this refining step, cellulose fibres
are swollen, cut and fibrillated to make the fibre more
flexible and compliant, and to increase the fibre-fibre
bonding ability developed during drying. The mechan-
ical and chemical processing discussed above affects a
number of important fibre properties including:

• Chemical composition of the fibre surface
• Surface charge of the fibres in aqueous environments
• Surface morphology and fibre porosity
• Wetting properties

Together, these properties will influence retention, dewa-
tering and paper strength developments, as well as
liquid-paper interactions important in converting, print-
ing and end use applications (see Sections 3-7 below).
Some illustrative examples of the interrelationship
between fibre treatment processes and fibre properties
are given below.

The fibre lignin content is a central issue since high
lignin contents tend to impact negatively on strength
development in paper and paper wettability, as well as
on the long-term stability of paper. Figure 7.2 shows

TCF ECF

UOZEP UOPZEP UODEDED UDEDED

Figure 7.2. Effects of different bleaching sequences on the
fibre surface content of lignin: TCF, total chlorine free;
ECF, elemental chlorine free. The bleaching steps are oxygen
delignification (O), ozone (Z), peroxide (P), chlorine dioxide
(D) and alkali extraction (E). (From ref. (4) with permission)

how the surface lignin content of paper decreases after
being subjected to various bleaching treatments (4).
Decreasing the amount of lignin has been shown to
decrease the fibre charge density, thus causing an
increase in the tensile strength of the final product.
The surface charge of fibres is important to papermak-
ing, since it affects, among other things, polyelectrolyte
adsorption and retention, and the swelling behaviour of
the fibre. The surface charge arises from ion adsorp-
tion and dissociation of certain molecular groups and
is determined by the fibre composition and properties
of the solution, such as pH and ionic strength. The
fibre charge can be estimated by using conventional
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conductometric and potentiometric titration techniques
or by electrokinetic methods, such as electrophore-
sis, electro-osmosis and streaming potential measure-
ments (5). However, the surface charge of fibres is
difficult to quantify correctly, due to their complex
surface morphology and low charge density. A com-
mon method is to measure polyelectrolyte adsorption
isotherms for high-molecular-weight polymers and esti-
mate the charge density by assuming no penetration
of the polyelectrolyte into the fibre interior, as well
as stoichiometric charge compensation (see Section 3
below).

The surface morphology and porosity of fibres is a
complex issue and varies with the ambient media due
to swelling and other effects. Atomic Force Microscopy
(AFM) and Scanning Electron Microscopy (SEM) are
very useful for the characterization of the surface topog-
raphy of fibres. The image quality of AFM is less than
that of some SEM techniques, but instead AFM offers
several advantages: simple sample preparation, measure-
ments in most ambient media and greater sensitivity
to thickness variations. Variations in the fibril structure
are readily visualized by AFM as well as measure-
ments of the individual micro-fibril properties. In addi-
tion, surface-to-surface interaction force measurements
can be performed. In the phase-imaging mode, in-plane
variations of the viscoelastic properties of the surface
can also be studied, and provide information about the
local distribution of different surface groups on the fibre.
AFM provides many more features, such as force mod-
ulation measurements, where the local resistance of the
surface is probed, and lateral force microscopy (prob-
ing friction). Considering the potential of AFM for fibre
characterization, very little work has been published in
the area. A particularly useful reference describing the
use of AFM for fibre characterization was published a
few years ago by Hanley and Gray (6).

SEM is a commonly used technique in the paper
industry for high-resolution visualization of fibre and
sheet properties (see also Section 8 below). Recent tech-
nological developments have substantially improved its
range of applicability by making it possible to perform
measurements at relatively high vapour pressures. The
environmental SEM (ESEM) has great potential in the
field of fibre and paper research. Among other things,
it can be used to study fibre swelling and local wetting
phenomena, as illustrated in Figure 7.3 (7).

The porosity of fibers can be measured using tech-
niques such as gas-adsorption and cryoporometry, which
are sensitive to pore sizes in the sub-micron size range.
These techniques are discussed further in Section 8
below. Wetting properties and the surface energy of

fibres are important for dewatering, adhesion and dry
strength, absorbency, etc. The most direct means of
measuring fibre wettability is the single fibre capillaro-
graphic technique (8), where the contact angle of a liq-
uid is determined from the wetting tension.

The force F exerted on the fibre dipped into a liquid
(see Figure 7.4), is the capillary minus the buoyancy
force, as follows:

F = Py cosO - pAgh + Fabs(0 (7.1)

where P is the fibre perimeter, y the liquid surface
tension, 0 the contact angle, p the liquid density, A the
fibre cross-sectional area, and h the depth of immersion;
^abs(O corrects for the time-dependent absorption in
the fibre. This can be usually be neglected for single
fibres due to the fast equilibration. The force intercepts
from measurements during advancement and retraction
of the fibre in liquid, respectively, are then given by the

Figure 7.3. High-magnification image of wet-base stock show-
ing the presence of 1 -20 urn partially wetting water drops at
the fibre surfaces. (From ref. (7) with permission)

Vapour

Liquid;

' Fibre

Figure 7.4. Single fibre wetting measurement geometry
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following equations:

and

Fd = Py COS #a

Fr = Py cos 0r

(7.2)

(7.3)

where #a and #r are the advancing and receding con-
tact angles, respectively. The buoyancy contribution in
equation (7.1) is usually negligible for single fibres, so
6-d and 0r can be determined at any point during immer-
sion or retraction of the fibre, as long as the perimeter
is known. This is often not the case. The parameter 0a

is then often calculated from the Fa and Ft values along
the fibre with the assumption that 0r is zero, which often
seems to be the case for cellulose fibres. Figure 7.5
shows the advancing contact angles measured along
bleached and unbleached single fibres, where the bleach-
ing process clearly has increased the fibre wettability.
From contact angle measurements in different liquids,
the surface energy of the fibres can be estimated (see
Section 7 below). This possibility was explored and dis-
cussed in a comprehensive study by Berg (9), in which
the effect of pH variations on the fibre wetting proper-
ties was also investigated. This author found that acidic
and basic groups co-exist on bleached kraft pulp, and
that their pK\/2 values were of the order of 3-5 and
11, respectively, while chemithermo-mechanical pulp
(CTMP) fibres only had basic groups, with a pAT1/2 value
around 12.

The wetting properties of fibres can also be esti-
mated from contact angle measurements on sheets and
liquid penetration measurements. As is shown later in
Table 7.L the microscopic fibre measurements seem to
correlate well with measurement on hand-sheets and
paper. This is discussed in more detail later in Section 7.
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Figure 7.5. Advancing contact angles versus immersion dis-
tance along a bleached and an unbleached thermomechanical
pulp fibre using equations 7.2 and 7.3 and assuming that the
receding contact angle is zero

Table 7.1. Surface energy components measured for single
fibres (sf), hand sheets (hs) and films (f) of hard-, soft- and
mixed-wood bleached kraft (HWBK, SWBK and HSWBK,
respectively) pulp and cellulose films

Substrate

HWBK (sf)
SWBK (sf)
HSWBK (hs)fl

Cellulose (f)
Cellulose acetate
Cellulose nitrate
Cellulose (f)
Cellulose acetate

(f)
(f)

(f)

48.3
46.2
42.6
54.5
52.6
45.1
56.7
43.1

nLW

43.2
41.8
41.6
44.0
44.9
44.7
39.1
38.2

Xs

16.3
24.5
15.0
17.2
18.5
13.9
39.7
28.2

0.40
0.20
0.02

10.50
0.80
0.002
2.00
0.21

Reference

54
54
_
53
53
53
55
55

"Data obtained from Figure 7.36.

3 PAPER FORMATION

3.1 The paper machine and the
formation of the sheet

Paper manufacturing involves turning a complex sus-
pension of fibres, fines, fillers and chemical additives
into a thin paper sheet of width 1 to 10 metres. The
paper machine typically runs at high speeds, ranging
from 500 to 2000 metres per minute. The overriding
challenge for the paper manufacturer is to produce a
sheet of uniform lateral consistency with respect to
strict criteria of dimensionality, strength, appearance and
surface physico-chemical properties. Thus, control of
the dewatering and flocculation of the paper fibre sus-
pension is an essential step in ensuring an acceptable
outcome. In this section, we emphasize the colloidal
and surface chemical aspects of the paper formation
process.

The formation process already needs to be controlled
at the level of the fibre suspension in the head-box of
the paper machine. Following Deng and Dodson (10),
one way to describe the concentration of the fibre
suspension is to introduce the crowding number, rcCrowd>
which is the number of fibres in a spherical volume with
diameter of the order of the mean fibre length, A., in the
suspension. The crowding number is related to the mass
concentration, c, via the coarseness of the fibres 5, i.e.
the mass per unit length - a measure of the flexibility. In
the formation step, the crowding number may increased
by up to two orders of magnitude during a time period
of the order of 100 ms during which the paper may have
passed the major part of the wire section.

Initially, some 1010 fibres are suspended in each
section in the head-box unit. These typically have an
average fibre length of 1 mm. In the entrance to the
paper machine, the height of the fibre suspension is
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about 10 mm thick, which means that 10 fibres can
span the distance if put in an end-to-end geometry.
After dewatering in the wire section and pressing, the
thickness of the sheet is about 0.1 mm for newsprint
(holding some 10 fibre layers), up to, in extreme cases,
a thickness of 1 mm for board. It is thus clear that
one faces a very delicate problem of structuring when
forming the paper sheet. Despite this, the local mass per
unit area does not typically vary more than 10% (in the
mm size regime).

The fibres usually have a log-normal distribution in
length, with a mean value of the order of a few mm,
depending on the type of pulp. The width of the fibres
shows a normal distribution around a mean value of
typically tens of microns. Apart from the dimensions
of the fibres, the flexibility plays an important role in
the formation characteristics. Increasing the wet fibre
flexibility will affect both the fibre packing and bonding,
and the more flexible the fibres are in a system, then
the lower the tendency to flocculate. Despite the high
aspect ratio of the fibres, typically 20-50, each fibre in
the sheet only penetrates one or two fibre thicknesses
and the structure of the paper sheet should therefore be
characterized as layered rather than felted.

Despite being a well-established industrial process,
the understanding of flow characteristics in the paper
machine is still meagre. In principle, there is an overall
general forward fluid motion with superimposed small-
scale variations of turbulent flow. These fluctuations are
very short-lived and in periods of decaying turbulence or
regions of steady flow there is the possibility for floes
to form. In order for the water to be removed, there
also needs to be a flow from the centre of the fibre
matt towards the surface of the sheet. When considering
flocculation and retention in the paper machine, it is
important to keep in mind that fairly strong shear forces
prevail and these will have a tendency to break up
weakly flocculated aggregates.

Due to the forward motion of the fluid it is possible
to detect a preferential orientation of the fibres in the
plane of the sheet along the machine direction (MD).
The anisotropy is on average 2:1 (MD/cross direction
(CD)) but increases in regions of lower density due to
fibre-fibre interactions. This anisotropy can also easily
be detected by trying to tear paper apart in different
directions.

Starting at the wet end of the paper machine, the fibre
suspension is introduced through the head-box on to the
vira where the formation takes place and initial stages
of dewatering occur. The forming sheet then enters the
wet pressing section before it reaches the final drying
section. Today, many paper machines are integrated with

equipment for coating and other post-treatment of the
paper, which follows directly at the end of the dryer.

The aim of the formation process is to produce a
sheet with controlled structure, porosity, surface topog-
raphy, strength and optical properties. Several of these
are altered at later stages of the production by, e.g.
calendering. The fibres in the sheet are mainly held
together by hydrogen-bonds, interfacial tension forces
and chemical and mechanical interlocking. The fraction
of hydrogen bonding hydroxyl groups on the fibre sur-
faces is claimed to be of the order of 1%, but this
figure is difficult to verify experimentally. Hydrogen
bonds extend some fraction of a nanometre and hence
operate only at very short fibre-fibre distances. Hence,
small-scale fibre roughness will impact strongly on the
hydrogen-bonding capacity. The fibres are brought in
contact during the later stages of dewatering through
capillary forces, which result from the negative curva-
ture in the thinning inter-fibre water neck. This pulls the
fibre surfaces in contact and can also lead to local fibre-
surface deformation. Most of the fibre shrinkage occurs
at a late stage of the drying process when a specific
solids content is reached. The fibre collapse point (FCP)
is defined as the point when the water left in the fibre
wall is equal to the bound water. This usually occurs at
around 85-88% solids content.

3.2 Flocculation and retention

As emphasized above, one of the major challenges
in paper manufacturing is to obtain a good formation
of the paper sheet. The process of forming the sheet
is complicated by the large number of components
present in the furnace. Apart from the basic constituent,
i.e. cellulose fibres, the process solution also contains
finer pulp originating materials, collectively called fines.
Mineral or latex particles (fillers) of different types are
added to give the paper either bulk or volume, and
the desired light scattering properties, or to change the
physical properties of the end product. A comparison
of the sizes of these different types of constituents
and the mesh size in the wire used as the base
for the sheet formation is shown in Figure 7.6 (11).
This figure nicely illustrates the retention problem at
hand. The system is made even more complex by
the variety of additional chemicals, which are needed
to control the end-use properties, either by giving
specific properties to the sheet or by facilitating the
production process itself. These chemicals tend to alter
the interactions present in the furnace considerably and
the balance between different types of aggregates is thus
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Figure 7.6. Characteristic dimensions of the central compo-
nents in the formation and retention step in papermaking.
(Redrawn from ref. (11))

changed. The sheet formation itself is achieved through
a combination of two mechanisms: filtration, resulting
from the structure formation of the fibres on the wire,
and enhanced colloidal interactions brought about by
the added chemicals. The first prerequisite is that the
fibres need to be well dispersed. If not, the sheet will
form unevenly, and instead of producing a relatively
homogenous sheet with the fibres arranged in a network,
the structure will be built up by a large number of floes.
Fibres are typically 1-3 mm long and some tens of
microns wide. They have a tendency to entangle and
form aggregates when present at concentrations typically
prevailing during papermaking. However, the charge
repulsion between cellulose fibres in aqueous solution
makes it fairly simple to break up such aggregates. This
can be achieved by shearing the system. High turbulence
is consequently maintained in the head-box in order
to prevent floe formation. If such conditions are not
fulfilled, the paper will be unevenly formed.

Unfortunately, the fibre network structures formed
during filtration on the wire are not small-scale enough
to retain the finer materials, which are also needed in
order for the paper to have the desired properties and
prevent buildup in the white water of fillers and fines. In
the design of chemical retention systems, it is important
to strive for efficient bonding of smaller-sized materials,
while keeping the fibres from forming large floes and
non-uniform lateral properties.

In order to understand the retention and flocculation
problems at hand, we need to discuss the forces prevail-
ing between the components as well as how these can be
manipulated. The colloidal interactions prevalent in such
systems can be described by using the classical DLVO
theory, which is presented below. Subsequently, a short
description of polymer adsorption and the effect that this
has on the interactions between surfaces is given. This
is followed by a short presentation of flocculation and
retention mechanisms in papermaking systems.

3.3 Control of interparticle interactions

3.3.1 Colloidal stability and surface forces

The problem of colloidal stability, that is the balance
of forces which stabilizes systems that contain particles
too large to be buffeted by Brownian forces (approx.
larger than 1 nm), but too small to be subject to sig-
nificant sedimentation (smaller than 1 urn) is of central
importance to the understanding of suspension proper-
ties. This, in turn, is useful in many applications, and in
papermaking the issue arises not only in retention, but
also, e.g. in the stability of the suspensions used to coat
paper. Fines and coating pigments are good examples
of colloidal particles. Their suspension stability is effec-
tively dominated by surface forces (and thus surface
chemistry), which can be modified by the addition of
other components to the system, e.g. salts, polymers,
binding agents, etc. However, we first need to (briefly)
review the fundamentals of colloidal stability for sim-
ple systems, which contain charged surfaces in aqueous
solution. Most surfaces are charged in an aqueous envi-
ronment. The charge mechanism can be one of many,
including desorption of lattice ions, acid-base equilib-
ria of surface groups, dissociation of ionizable surface
groups and preferential adsorption of charged species.
For pulp fibres, the charge is principally due to the pres-
ence of negatively charged carboxylic acid groups.

DLVO theory

The DLVO theory of interactions between charged
surfaces was developed independently by Deryaguin
and Landau in Russia and Verwey and Overbeek in
the Netherlands in the early 1940s. The theory was
originally formulated in terms of a system where, in a
first approximation, the charge is assumed to be smeared
out over the surface. By necessity (electroneutrality of
macroscopic systems is such a necessity), the system
contains a quantity of dissolved ions which when
summed is equal to the total surface charge, but is
opposite in sign. In order to simplify matters, these
ions are assumed to be point charges (i.e. of zero
size), and in terms of their thermodynamics are assumed
to satisfy a Boltzmann distribution. Additionally, the
theory allows for other simple ion species to be present,
usually referred to as "added salt". In practice, this is
used to "screen" or reduce the electrostatic interaction.
The counterion density profile is such that there is a
high concentration near the surface, with a monotonic
decay away until the bulk concentration is reached. A
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single charged surface and its dissolved counterions are
collectively known as the electrostatic diffuse double -
layer. Since the range of the electrostatic interaction
is for many practical cases relatively short compared
to the size of the charged particles, an approximation
can reasonably be made whereby (model) spherical
particles are replaced by (model) parallel infinite planes.
Evidently, many simplifications and assumptions were
made in the DLVO formulation, and since this early
work many researchers have laboured with the task of
removing these and further refining and improving the
theory. Still, as a qualitative description of colloidal
stability, the DLVO theory remains a useful tool.

The DLVO theory assumes that there are two forces
at play in simple colloidal systems which balance
each other in such a way as to kinetically stabilize
the suspension. It is important to emphasize that the
true equilibrium state of nearly all colloidal systems
is the fully aggregated one, i.e. given enough time,
colloidal systems will ultimately collapse. The DLVO
theory captures both features, and this is the key to
its appeal. The balance of repulsive electrostatic and
attractive dispersion forces produces a kinetic barrier to
full aggregation; often, "stable" colloidal systems are
in effect in a state of "suspended animation" before
ultimate collapse.

That a repulsive force should exist between like-
charged surfaces comes as no surprise; however, given
the consideration that the system overall is electroneu-
tral suggests that some additional thinking is required.
What should be borne in mind is that the diffuse layer is
compressed by the surfaces, and hence from a thermo-
dynamic point of view the repulsive force arises from
a favourable increase in ion entropy as the surfaces
separate. The role of added electrolyte in reducing the
electrostatic repulsive force is actually one of reducing
entropy gains on separation, by collapsing the diffuse
part of the double layer.

The attractive component of the DLVO force balance
arises from van der Waals or dispersion interactions. In
summary, all molecular species (apart from the proton)
have, via the interaction of the electron cloud with the
background electromagnetic field, the ability to induce
dipoles in nearby molecules, and to be so affected
themselves. This dipole-dipole interaction leads to an
attractive force between molecules, and indeed between
macroscopic bodies (although it is important to point
out that dispersion forces are not, in general, pair-wise
additive).

In order to give the DLVO theory a semi-quantitative
description, the electrostatic and dispersive components
are (individually) approximated analytically. Even given

the constraints described above, the Poisson-Boltzmann
(PB) differential equation, which describes the elec-
trostatic potential as a function of the surface separa-
tion D, is nonlinear and thus nontrivial to solve, with
the solution for like-charged parallel plates providing
a rather opaque set of equations in special functions
known as elliptic integrals. A further simplification can
be made, whereby the potential (or charge) at the sur-
face is assumed to be low, and this simplifies the PB
equation to the linear Debye-Hiickel equation, with the
very simple solution for an isolated double-layer given
as follows:

Vd = Vbe-" (7.4)

where Vo is the electrostatic surface potential, x is the
distance from the surface, and XD(= \/K) is the Debye
length, given by:

\/K =
sr£OkBT

(7.5)

where nt and zt are the bulk concentrations and valencies
of the salt ions, respectively. An inspection of the above
two expressions shows clearly that the Debye length is a
measure of the range over which the diffuse part of the
double-layer extends. Addition of salt collapses the layer
and the screening effect becomes more pronounced for
salts with high valence ions. The Debye length at 25°C
is \/K = const.I^fc~s, where the constant is 0.304 for a
1:1 salt such as NaCl, 0.176 for a 2:1 or 1:2 salt such
as CaCl2, and 0.152 for a 2:2 salt such as MgSO4.

The quantification of the van der Waals dispersion
interaction between colloidal bodies is a complex prob-
lem in quantum electrodynamics. A naive picture can
be obtained from considerations of what occurs in the
interaction between two simple atoms. At any instance
of time, the distribution of electrons around an atom will
give rise to an instantaneous dipole. This transient dipole
will in turn induce dipoles in neighbouring molecules,
via the background electromagnetic field. The interac-
tions arising from these fluctuating dipoles decay with
separation as a power law (power of —6 or —7 depend-
ing on the separation) and are proportional to the polar-
izabilities of the interacting species. For macroscopic
bodies, one may make the approximation of pair-wise
summation of all such interactions arising from atoms in
the two bodies. However, this is but an approximation
as three-body and higher interaction terms contribute to
the full interaction. Hamaker was the first to provide
the pair-wise additive solution for two parallel infinite
planes of the same molecular composition, interacting
across a gap. The interaction energy between two bodies
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at a separation D can be described as follows:

A
VvdW = ~ \2nD2

(7.6)

where A is a material constant, known as the Hamaker
constant.

A more sophisticated approach, based on the inter-
action of continuous media mediated by the quantum
electromagnetic field, was later developed by Lifshitz,
but this theory is outside the scope of this present chap-
ter.

In order to describe the colloidal interactions within
the DLVO approach, one now simply has to add the
two derived relationships to obtain the total interaction
energy:

Vtot = Ve, + Kdw (7.7)

Figure 7.7 illustrates qualitatively the interaction of two
colloidal bodies under the assumptions detailed above.
The interaction energy can, in principle, be divided into
different regions. The longer-range force is the elec-
trostatic interaction, the range of which decreases with
increasing electrolyte concentration, while the magni-
tude increases with increasing surface charge or surface
potential. At intermediate separations, a shallow mini-
mum may be present in the case of a strong van der
Waals force and/or weak electrostatic repulsion. This
minimum is where the particles reside when "kineti-
cally trapped" in a flocculated state. Closer to contact,
a maximum in the interaction energy may occur, again
primarily depending on the magnitude of the electro-
static repulsion. This is the barrier which hinders closer

Electrostatic repulsion

DLVO potential

25 50

/ \

Distance/nm

Van der Waals attraction

Figure 7.7. DLVO-type interaction (continuous line) obtained
as the sum of the electrostatic repulsion (dashed line) and
van der Waals attraction (dotted line). The interaction curve is
calculated for a sphere with a 1 urn radius, a surface potential
of 20 mV, a Hamaker constant of 20 x 10~20 J, immersed in
a 10 mM 1:1 salt solution

Increasing salt concentration

Distance

Figure 7.8. Influence of the salt concentration on the DLVO
potential between two charged surfaces. The system is, aside
from the varying salt concentration, the same as in Figure 7.7

contact between the particles. However, once this maxi-
mum is passed the particles then reach the deep primary
minimum regime. The parameters which can be altered
when attempting to control the system behaviour are
the surface charge/potential and ionic strength, which
determines the magnitude and range of the repulsion,
respectively, and the Hamaker constant which deter-
mines the magnitude of the van der Waals or dispersion
force. The latter is more difficult to alter but may be
changed by adding a polymer to the system that adsorbs
to the particles in high enough amounts in order for
its polarizability to alter the interaction of the material
with the electromagnetic field. (However it should be
noted that this is usually not the primary reason for
adding polymers to the system; a full discussion will
be given below.) Finally, we will summarize the dis-
cussion about DLVO interactions by showing the effect
of changing salt concentration (Figure 7.8) and surface
potential (Figure 7.9) on the DLVO potential. Figure 7.8
shows how the range and the magnitude of the poten-
tial decreases with increasing salt concentration from
low- to high-salt limits. The repulsive barrier vanishes
completely in the high-salt limit. Decreasing the surface
potential results in a decreasing magnitude of the repul-
sive electrostatic interaction. However, that the range of
the interaction is unchanged is easily understood from
equation 7.4 and seen in Figure 7.9.

3.3.2 Polymer adsorption

Nearly all retention aid systems used in paper
manufacturing contain a high-molecular-weight polymer
as a key component. The adsorption of polymers at the
surfaces of fibres, fines and fillers in the papermaking
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Figure 7.9. Influence of the surface potential on the DLVO
potential between two charged surfaces. The system is, apart
from the varying surface potential/charge, the same as in
Figure 7.7
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Figure 7.10. Adsorption isotherms for different narrow-
molecular-weight poly(vinyl alcohol) at the polystyrene-water
interface. The molecular weights used are 8000 (filled
diamonds), 28 000 (open triangles) and 67000 (open circles).
(Redrawn from ref. (13))

furnish is used in different ways to facilitate retention.
The purpose of polymer adsorption is to modify the
interactions between the colloidal components so that
the fines and fillers are effectively retended at fibre
surfaces. Introducing polymers into a colloidal system
can result in a colloidal stability increase or decrease
depending on the structure and density of the polymers
at the surfaces of the colloidal material. There are
several fundamental reasons for a polymer to adsorb at a
surface. The first reason is specific attractive interactions

between the polymeric groups and the surface, such as
the attraction of opposite charges of a cationic polymer
(polyelectrolyte) and a negatively charged surface. The
other, which is more specific to polymers, is the entropy
gained when surface-bound molecules are released into
solution when replaced by surface-anchoring polymer
groups. The entropy gained by the many solvated
molecules is much larger than the rather small loss
in degree of conformational freedom of the polymer.
Due to the fact that polymer adsorption is entropically
favoured, only a small specific adsorption energy is
needed for polymers to anchor at a surface and substitute
small surface-bound molecules. By considering the
entropic driving force for polymer adsorption, it is easy
to understand that the necessary energy for substituting,
for instance, a solvent molecule with a polymer
group at the surface will decrease with an increasing
size of the polymer molecule. High-molecular-weight
polymers are more inclined to adsorb than their low-
molecular-weight analogues. Indeed, high-molecular-
weight polymers adsorb strongly even at very low
concentrations, thus leading to high-affinity isotherms
having constant adsorption at higher concentrations
where the surface has become saturated, as shown
in Figure 7.10 (13). Generally, the adsorbed amount
increases with the molecular weight of the polymer,
becoming independent of molecular weight for very
large polymers (12). As can be understood from the
earlier discussion, the saturation adsorption tends to
increase with the molecular weight. The high-affinity
character of polymer isotherms means that the polymers
in a practical sense are irreversibly adsorbed, since the
concentration difference between any rinsing solution
and the sub-surface outside the adsorbed layer is very
small. This will lead to very slow mass-transfer from the
interfacial region to the bulk. Even fairly low-molecular-
weight polymers can appear irreversibly adsorbed. This
is often due to the polydispersity, i.e. the polymer
contains a high-molecular-weight fraction that adsorbs
preferentially due to the larger entropic driving force.

Before going into the details of polymers at inter-
faces, a few points about solution behaviour are worth
mentioning. Long flexible-chain polymers tend to adopt
a random coil conformation in dilute solutions. An
important measure of this structure is the radius of gyra-
tion, which depends on the molecular weight and the
solvency in the ambient medium. Solvency describes
the relative strength of the polymer segment/segment
and segment/solvent interactions. A high affinity of the
polymer for the solvent, i.e. a good solvent, leads to an
osmotically swollen coil with a radius of gyration tend-
ing to its maximum. The coil collapses and adopts a
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more close-packed unit when the polymer affinity for the
solvent decreases. Finally, the polymer will precipitate.
The intermediate situation when the affinities are equal
is referred to as the #-temperature. Decreasing the poly-
mer solvency will also promote adsorption of polymers
at surfaces. Close to conditions of bulk precipitation, this
tendency will be high and may result in the formation
of multiple layers of polymers at the surface. For poly-
mers that carry a net charge, commonly referred to as
polyelectrolytes, the intra-chain electrostatic repulsion
between charged groups along the polymer backbone
results in a more extended conformation than that of a
random coil. A common measure of the chain rigidity is
the persistence length Lp, which increases with increas-
ing charge density of the macromolecule and decreasing
ionic strength. A high rigidity leads to deviation from
the random-coil conformation. A highly charged poly-
electrolyte will, at very low ionic strengths, behave more
like a stiff rod. As salt is added to a polyelectrolyte solu-
tion, the intra-chain repulsion becomes screened and the
polyelectrolyte will behave more and more as a flexible
non-ionic polymer. The effects described above can also
be seen for adsorbed polymers, as is emphasized below.

We shall now mention some basic facts about
the manner in which polymers organize at interfaces.
Adsorbed polymer segments are classified into trains,
loops and tails, depending on whether the segment is
anchored at the interface, forms a loop out from the sur-
face, or extends into the solution with only one end
attached at the surface, as illustrated in Figure 7.11.
The relative contribution of trains, loops, and tails will
depend on the interaction strength between the polymer
monomers and the surface, the solvency of the polymer
chain, and also the polymer charge density in the case
of polyelectrolytes (12). If the polymer is a copolymer
built up of different monomers, then the structure will
also depend on the distribution of different segments
along the chain. The following trends apply in most

Figure 7.11. Schematic illustration of the structure of an
adsorbed polymer chain. Segments are distributed into trains,
loops and tails

cases, providing all other factors affecting adsorption
are constant:

• Increasing the molecular weight usually results in an
increase of adsorption, thicker layers, and a larger
relative fraction of loops at the expense of tails.

• Improving the solvency conditions results in a
decrease of the overall adsorption, but frequently to
an increase of the size of loops and tails and their
extension into solution.

• Increasing the strength of the monomer surface inter-
action leads, at least initially, to an increase of adsorp-
tion and an increase of the loop and tail extensions
into solution.

Since polymers used in papermaking are often oppo-
sitely charged to the surface, we need also to consider
some basic electrostatic effects:

• Increasing the fraction of charged groups results, for
purely electrosorbing polymers, initially in a strong
increase of adsorption followed by a slower decrease
at higher charge densities. In the latter regime,
the layer thickness tends to decrease strongly with
increasing polymer charge density. The maximum is
for low-ionic-strength solutions observed at polymer
charge densities of only a few percent.

• Increasing the salt concentration shifts the position
of the maximum to higher charge densities and the
adsorption to lower values. However, the layer thick-
ness given by loop and tail sizes increases with the
salt concentration. In the limit of high ionic strengths,
electrostatic interactions are strongly screened, thus
resulting in desorption. This effect becomes even
larger if the competing ions are multivalent or interact
specifically with the surface.

The adsorption maximum observed on increasing the
polymer charge density can be explained as follows.
Initially, the increased electrostatic attraction results in
more polymers being bound to the surface. However,
this effect competes with the fact that an increased
charge density results in more train segments, and thus
fewer and shorter loops and tails. Low-charged polyelec-
trolytes tend as a general rule to adsorb in more extended
conformations with loops and tails than highly charged
polyelectrolytes, which adopt flatter conformations, due
both to the larger stiffness of the polymer chain and the
increased chain density of conceivable anchoring sites. It
should in this context be noted that purely electrosorbing
polymers tend to fully charge-compensate the surface in
the low-salt limit (12).

In many cases, adsorption is driven both by electro-
static and non-electrostatic interactions. In conjunction
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with adsorption close to the saturation limit, this often
results in an overcompensation of the surface charge.
The outcome of varying different properties, such as the
ionic strength, becomes less transparent when both elec-
trostatic and non-electrostatic interactions are important.
Increasing the salt concentration may, for instance, also
lead to an increased adsorption in the high-salt limit
for such a system. The reasons for the increase may in
such a case be twofold. Increasing the salt concentration
decreases the electrostatic intra-chain repulsion and can
thereby result in denser packing of the polyelectrolyte
chain in the interfacial region. It may also reduce the sol-
ubility of the polymer and thereby cause an increased
adsorption. The two effects are strongly interrelated.

In the case of like-charged polymers and surfaces,
polymers are depleted from the surface (negative adsorp-
tion) unless non-electrostatic interactions aid adsorption
(typically hydrophobic attraction in aqueous media). In
such a case, adsorption increases with increasing salt
concentration, due to the screening of repulsive electro-
static interactions between the polymer and the surface.

The retention systems used in papermaking are often
multi-component systems. Nanoparticles, for instance
silica sols, are frequently added to a high molecular
weight cationic flocculants in order to improve retention
and flocculation properties. Nanoparticles compete with
the colloidal fibre, filler and fines surfaces for the poly-
electrolyte. In terms of adsorption properties, nanoparti-
cles seem to have similar, but more pronounced, effects
than salts. Relatively small additions result in a large
swelling of the adsorbed cationic polyelectrolyte layers.
The nanoparticle can be viewed as a multi-ion compet-
ing with the surface for polyelectrolyte charges. When
present in the adsorbed layer, they may mutually repel
each other and thereby further aid in swelling of the
adsorbed polyelectrolyte layer. Many multi-component
systems are used in papermaking, but an attempt to ratio-
nalize their respective complex interfacial behaviour is
beyond the scope of this present chapter.

Before discussing the effects that adsorbed polymers
have on interactions between surfaces and colloidal
bodies, a brief discussion about the kinetic aspects of
polymer adsorption phenomena is given. This is an
important aspect to consider since papermaking is a
dynamic process. At least at low coverage, polymer
adsorption tends to be mass-transfer limited, implying
that the adsorption rate can be written as follows:

dr (7.8)

where Dp is the diffusion coefficient for the polymer,
8 is the diffusion distance (or stagnant layer thick-
ness), Cb the bulk polymer concentration, and CS(V)

the sub-surface concentration for a given surface excess.
This is equal to the inverse isotherm value C(T) and
hence directly accessible from experimental adsorption
isotherm data. Due to the high-affinity nature of most
polymer isotherms, the surface concentration C^(V) can
be set to zero for the major part of the adsorption pro-
cess ("perfect sink" condition). Surprisingly good fits
to experimental adsorption data for polymers and block
copolymers have been obtained by using the simple
local equilibrium approach of equation (7.8). The simple
mass-transfer-limited model (based on the assumption
of local equilibrium) has indeed been shown to pre-
dict rather nicely the adsorption kinetics up to 75% of
the plateau surface coverage and for Reynolds numbers
ranging from 1 to 200 (the experimentally accessible
regime), as discussed in ref. (12). By using this simple
model, we can also, as was mentioned above, explain the
slow desorption kinetics observed for polymer and poly-
electrolyte systems. The parameter CS(O also decays
very rapidly during desorption under local equilibrium
conditions, and extremely slow mass-transfer is pre-
dicted. The prediction is, indeed, in agreement with
experimentally observed desorption rates, which, how-
ever, are often interpreted in terms of adsorption irre-
versibility. Therefore, the concept of irreversibility is
not necessary for explaining the very slow desorp-
tion rates observed experimentally for adsorbed poly-
mer systems. A further indication of the reversibil-
ity of polymer adsorption processes is the fact that
most polymers are easily displaced by associates of
higher molecular weight (12). The driving force for
the displacement is the concomitant entropy increase
of the system. In the case of charged polymer adsorp-
tion, it is more likely that adsorption is partially irre-
versible. The strong electrostatic bonds with the sur-
face may inhibit relaxation and trap the polymer in
a metastable state. This issue is, however, still unre-
solved.

There are naturally many situations when polymer
adsorption is not mass-transfer limited, and mixed kinet-
ics, taking into account adsorption barriers and slow sur-
face relaxation phenomena, more appropriately describe
the adsorption kinetics. However, in many practical
cases it is quite sufficient to consider the implications
of the simple mass-transfer-limited kinetics discussed
above, keeping in mind that the technical retention sys-
tems used are inherently polydisperse. The papermaking
furnish is furthermore exposed to high shear, which must
be carefully considered in the kinetic analysis. The colli-
sion frequency of the colloidal components in the system
is also high. This is important and means that poly-
mers may be transferred between colliding surfaces as
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well as becoming structurally distorted in the adsorbed
state.

The fact that most solid components in a papermak-
ing furnish are rough and porous is an issue that we so
far have not discussed. Conceptually, it is logical that the
adsorption at fibre surfaces resembles the corresponding
process occurring at a smooth surface having the same
surface properties. A distribution of trains, loops, and
tails, will thus form on the surface, depending on the
various properties discussed earlier. However, with time,
polymer may start to penetrate the small pores present
in fibre surfaces, and relax in crevices. This is schemati-
cally illustrated in Figure 7.12. Such relaxation phenom-
ena will naturally affect the impact that the polymers
have on colloidal interactions in terms of flocculation
and retention tendencies. It is important to note that low-
molecular-weight polymers may diffuse into fibre pores,
and thus become inactivated in a practical sense. This
diffusion often reverses the molecular-weight depen-
dence of adsorption on micro-porous surfaces, since the
surface area available for small polymers is larger than
that for high-molecular-weight polymers. Hence, it is of
no surprise that adsorption isotherms on pulps reveal an
apparent decrease of adsorption with increasing molec-
ular weight.

(a)

(b)

Qc

Figure 7.12. Sequence of processes following the anchoring
of polymers on porous materials, schematically depicted for
(a) high- and (b) low-molecular-weight polymers

3.3.3 Polymer effects on colloidal interactions
and retention

Retention involves binding fines, filler, sizing agents,
etc. to the fibre surface. This often involves both
flocculation of fine materials into larger aggregates and
binding of the fine materials and aggregates at fibre
surfaces. A good retention system should facilitate these
processes without causing the fibres to aggregate. The
high sheer forces in parts of the paper machine can result
in floe breakup and detachment from the fibre surfaces.
Hence, reflocculation properties are also important.
The reflocculation tendency may vary strongly between
different retention systems, and optimization of this
aspect is important when choosing a retention system.
Before discussing these aspects in more detail, a brief
review of polymer-induced forces will be given.

Addition of polymer to a colloidal system may facili-
tate both attractive and repulsive interactions, depending
on the properties of the interfacial polymer layers.

Attractive interactions resulting in flocculation and
binding to fibre surfaces may, for like-charged colloidal
system, be generated by the action of adsorbing poly-
mers through three basic mechanisms (14):

• Polymer bridging
• Charge neutralization
• Electrostatic patch aggregation

Polymer bridging results from the fact that polymer
chains can anchor at different surfaces concurrently
when particles are brought together, as depicted in
Figure 7.13. Bridging flocculation is most effective
when the polymer surface coverage is not too high. The
reason why high-molecular-weight polyelectrolytes are
effective can readily be understood from the postulated
mode of action. For the bridging attraction to take
effect, it is necessary that the spatial extension of
polymer loops and tails exceeds a distance of the order

Figure 7.13. Sequence showing schematically (a) charge-stabilized particles, (b) particles flocculated by the polymer bridging
mechanism, and (c) particles restabilized by steric repulsive (chain overlap) interactions at higher levels of polymer surface
coverage
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of the sum of the electrostatic double-layers. Lower-
molecular-weight polymers can generally be used when
flocculation is effected at high salt concentrations,
where the double-layer is compressed and adsorbed
polyelectrolyte layers expand. The mechanism of
adding salt to enhance bridging flocculation is called
sensitization. Note that in the limit of high ionic
strength, desorption and contraction of the adsorbed
layer may occur. A prerequisite for effective bridging
flocculation is that an individual polymer anchors with
at least one segment at each surface. For cationic
polymers and anionic colloidal material, as is common in
papermaking, charge interactions promote anchoring. It
is found in some cases, however, that negatively charged
particles can be flocculated by anionic polymers. There
is evidence for the fact that this is facilitated by
multivalent counterions, such as Ca2+, which act as
"bridges-within-bridges" to promote polymer binding at
the surface. A low-molecular-weight cationic polymer
can be added to a high-molecular-weight anionic
polymer system to generate the same effect. Attraction
between hydrophobic polymer segments and surface
groups driven by the hydrophobic effect can also
facilitate anchoring and bridging, irrespective of the
charge nature of the system. With good mixing and
control of the polymer concentration, a highly effective
aggregation (flocculation) of colloidal dispersions can
indeed be obtained based on the bridging flocculation
mechanism. Charge neutralization is conceptually trivial
and simply involves compensating the surface charges
with the charges of an adsorbing polymer. Practically,
however, it is not so easy to achieve since surfaces
readily become over-compensated. Steric repulsive
contributions between adsorbed chains may also
oppose the desired aggregation effect. However, charge
neutralization flocculation may in other situations be
improved by polymer bridging. A further consequence

of the charge neutralization mechanism is that, acting
alone, it results in floe structures that are sensitive to
shear.

A related mechanism to charge neutralization is the
patch flocculation mechanism. This presupposes that
the cationic polyelectrolyte adsorbs to form patches
on the negatively charged surface, as is illustrated
in Figure 7.14. Electrostatic interactions between such
mosaics of charges may then drive aggregation during
forced or Brownian collision. This is actually a type of
bridging attraction, although it differs to some extent
by the requirement of a strong heterogeneity in the
surface distribution of adsorbed polyelectrolyte. During
papermaking, the mentioned attractive interactions may
all be in effect to different degrees, since each of
them are usually most effective when the surfaces
are unsaturated with adsorbed polymer. The bridging
efficiency should be at a maximum when the fractional
surface coverage is half the value at surface saturation.
The fact that high-molecular-weight polymers are used
in nearly all retention system points to the fact that
bridging flocculation is often critical for good retention.
This can partly be related to the fact that the bridging
floes are long-range in nature, relatively strong and thus
resistant to shear.

Floe breakup, however, still occurs during paper-
making, despite the presence of bridging polymers.
The process of reflocculation is therefore significant.
The breakup of particle aggregates frequently results
in breakage of the polymer chains and hence in a
decreased molecular weight distribution. In combination
with possible reconformation effects, this will nega-
tively influence the tendency for reflocculation. There is
some evidence that polymeric retention systems contain-
ing microparticles exhibit better reflocculation properties
than one-component polymer systems (15). The reason

(a)

Figure 7.14. Sequence showing schematically (a) charge-stabilized particles, (b) particles flocculated by the patch flocculation
mechanism, and (c) particles restabilized by steric repulsive (chain overlap) interactions at higher levels of polymer surface
coverage
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Figure 7.15. Interaction forces measured on separation for two
glass spheres in 1 mM KC1 in the presence of 3 ppm highly
charged AM-MAPTAC cationic polymer (squares) and 3 ppm
highly charged AM-MAPTAC together with silica nanopar-
ticles (triangles); AM-MAPTAC, copolymer of acrylamide
and (3-meth acrylamido propyl)tri methylammonium chloride.
(From ref. (16) with permission)

for this is unclear, but may be related to the type of net-
work formed in the bridging situations. A recent study
indicates that the attractive bridging interaction between
surfaces in the presence of nanoparticles is more elas-
tic, exhibits a more shallow adhesion minimum, and is
more long-ranged, as shown in Figure 7.15 (16). The
role of nanoparticles in retention systems is, however,
still far from being fully understood. Besides giving
good reflocculation properties, these systems tend also
to have favourable dewatering properties.

Finally, the effect that polymeric retention aids have
on fibre flocculation must be emphasized. There is
always a cost in terms of poorer formation when adding
a polymeric flocculant. The effect is largest at high
dilution below the threshold concentration for fibre
network formation (15).

In effect, we have mainly covered attractive inter-
actions introduced when adding polymer to a system.
This is because our interest here was mainly focused on
retention aids which function by enhancing the attrac-
tive interactions in the papermaking system. Polymeric
systems tuned to increase the repulsive force between
surfaces by way of steric interactions (caused by chain
overlap and loss of conformational entropy on com-
pression), electrosteric interactions (between charged
polymer brushes), and/or electrostatic repulsions (due
to charge over-compensation), are equally important
in practical applications. However, repulsive polymeric
forces should not by any means be viewed as purely

detrimental, as they are beneficial in applications such
as stabilizing papermaking emulsions during storage,
pumping, protecting against homoflocculation, and for
control of pitch and stickies. Interested readers can con-
sult one of the many textbooks devoted to colloidal
interactions for more detailed information on this topic,
such as refs (12, 14, 17, 18).

4 INTERNAL SIZING OF PAPER

Internal sizing aims at the establishment of a capil-
lary barrier for the penetration and spreading of liquids,
often water and aqueous solutions, through the capil-
lary pore system of the paper sheet. The process of
sizing (hydrophobizing) paper surfaces can involve a
range of chemicals and surface chemical sub-processes
including emulsification, retention, molecular spreading
and anchoring. Sizing is furthermore performed with the
goal of altering the surface-related properties of paper
such as wetting and absorption, which are discussed in
more detail in Section 7 below. Common side effects
of the sizing process usually include adhesion and fric-
tion problems, which have their origin in the surface
chemistry of the sized product.

4.1 Effects and side effects of sizing

Generally speaking, the term sizing refers to the pro-
cess of making paper fibres and fillers hydrophobic
with the aim of controlling liquid-paper interactions. An
example is the control of spreading and the introduction
of absorption barriers for polar liquids and solutions,
such as water-borne inks, fountain solutions, water and
milk. Many grades of printing paper require sizing treat-
ments in order to control ink spreading and absorbency.
It is also frequently necessary to size paper in order
to retard or prevent the penetration of liquids in car-
tons, packaging paper and board, paper cups, etc. The
role played by sizing agents in such applications is to
increase the hydrophobicity of the paper to levels where
capillary penetration is avoided. Therefore, a discussion
of the capillary mechanism is germane to the issue of
sizing, and this is where we begin our exposition.

The capillary pressure in an ideal cylindrical pore is
given by the following:

n 2ycosO
(7.9)

where y is the surface tension of the liquid, 0 the contact
angle, and r the pore radius. Negative capillary pressures
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Figure 7.16. Time-dependence of the dynamic contact angle
(filled symbols) and drop volume normalized to its original
value before contact with the paper (open symbols). The
amount of sizing agent in the different papers increased by
a factor of three, following the order: squares, triangles and
circles

arise for contact angles larger than 90°, which in
absorbency terms means an effective resistance against
liquid penetration. The advancing water contact angle of
a well-sized paper grade should therefore be higher than
90°. As is indicated in Figure 7.16, this is sufficient for
hindering the spontaneous uptake of water by the paper
sheet. Negative capillary pressure for a hydrophobic
capillary can none the less rather easily be overcome
by an externally applied pressure gradient. For a paper
with a water contact angle of 110°, and an average
pore size of 10 urn, the resisting pressure for water will
only be about —0.1 atm. It is also worth noting that
the capillary plug created by the sizing process has no
effect on vapour penetration, as the driving force for
this process is the mixing entropy. Since internal sizing
results in hydrophobizing the fibre and filler surfaces
in the paper, the tendency for capillary condensation
of vapours in pores and cracks may still be decreased.
Attractive interactions between sized fibre surfaces in
water may also contribute to an increased wet strength.
We can from this reasoning conclude that internal sizing
of paper provides:

• A decreased spreading tendency of polar liquids
(through an increased contact angle)

• A weak capillary resistance against absorption of
polar liquids —0.1 atm

• A decreased tendency for capillary condensation of
polar liquids

• An increased wet strength through hydrophobic
attractive interactions

It is worth noting that the above discussion on capillary
penetration is based on an idealized pore system. In
reality, this is of course not the case. Sizing agents are,
furthermore, not distributed evenly, as is evident from
the large contact angle hysteresis seen for sized papers,
where the receding angle is often the same as for a non-
sized product. Despite these precautions, the 90° contact
angle threshold for water resistance seems valid for sized
paper grades, at least for short contact times, as shown
in the example given in Figure 7.17. The resistance
to liquid imbibition obtained through internal sizing is
not always sufficient, since condensation phenomena
can occur in sized paper exposed to liquid vapours
because of incomplete size coverage. This can shift
the wetting balance from initially being controlled
by the advancing contact angle to a situation where
the receding angle dominates the wetting behaviour.
Furthermore, liquids may penetrate into the cellulose
fibres and thus cause fibre swelling as well as a change
of apparent surface hydrophobicity. For obtaining long-
term stability against water penetration in paper, it is
often necessary to cover paper surfaces by polymer
laminate or completely impregnate the paper with a
hydrophobic liquid or wax.

Unfortunately, the very important resistance against
capillary penetration achieved through internal sizing
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does not come alone. Internal sizing frequently results
in unwanted side effects including:

* Reduced adhesion between, for instance, paper and
polyethylene surface films or between paper and
toner, due to a decreased surface energy of the paper
surface.

© Reduced paper-to-paper friction values, where sizing
agents in combination with the surface energy reduc-
tion effect can also lubricate the paper surfaces.

» Contamination of the white water system and forma-
tion of deposits.

• Deterioration of the mechanical properties of paper
(folding ability, etc.).

The adhesion problems arising due to sizing are gen-
erally related to the fact that the surface energy of the
paper becomes so low that the wetting of the surface by,
ibr instance, a polymer is no longer sufficiently effective
(see also Section 7 below). Reduced friction may have
both its pros and cons. A typical example of the lat-
ter concerns sack papers, where sizing may cause a low
frictional resistance and hence difficulties with stapling.
The reason for the friction reduction often resulting from
sizing is partly due to the lowering of the surface energy
of the paper. Spread and unspread sizing agents may also
have a strongly lubricating effect on the paper surface.
Poor retention of size particles on fibre and filler sur-
faces may result in a buildup in the wet end and thus
contaminate the white water and result in the buildup of
deposits.

The most commonly used sizing agents today are
rosins, commonly used in acidic papermaking systems,
and synthetic sizing agents such as alkyl ketene dimer
(AKD) and alkenyl succinic anhydride (ASA), as shown
in Figure 7.18. The latter two components are suitable
for papermaking processes under neutral and alkaline
conditions.

(b)

H O

>=<>o

(c)

R—C—C'

H—C—C
\V

COOH

Figure 7.18. Chemical structures of: (a) abietic acid, which is
one of the more common constituents of rosin; (b) alkyl ketene
dimer (AKD), with R = C i 4 - C ] 8 (saturated or unsaturated);
(c) alkenyl succinic anhydride (ASA) with R = C14-C18
(unsaturated)

4.2 Internal sizing sub-processes

The aim of internal sizing is to cover the paper surfaces
with a strongly anchored monomolecular hydrophobic
layer. Since most sizing agents are added in the form
of emulsions/dispersions, this involves a number of
steps before the individual sizing molecules can anchor
at fibre and filler surfaces. The following principal
steps can be identified as critical for the buildup of
hydrophobicity during internal sizing:

• Retention of sizing agent at fibre and filler surfaces
• Spreading and redistribution of sizing agent over fibre

and filler surfaces
• Anchoring of sizing agents with surface groups on

fibres and fillers

Depending on the sizing system used, the importance of
these different processes varies. Rosin soap sizes used
together with alum as a retention aid in acidic paper-
making processes have high melting points and do not
extensively redistribute following the retention step. For
these sizing agents, it is very important that the reten-
tion process results in a uniform distribution of rosin
particles at the fibre surfaces and that the particle size
is small in order to achieve a high sizing efficiency.
So-called free rosin dispersions (with high fractions of
free rosin acid) do, however, redistribute after the depo-
sition step of the dispersed rosin particles/droplets. For
these systems, the spreading and surface anchoring of
individual size molecules during curing will also affect
the outcome of the rosin sizing process. The same is
true for synthetic sizing agents like AKD and ASA,
which are often referred to as cellulose-reactive sizes.
Note that the extent to which these molecules actually
bond covalently to cellulose under papermaking condi-
tions is rather unclear. Nevertheless, they do redistribute
on fibres and filler surfaces and through this process the
hydrophobicity of the fibre surfaces is increased. The
mode in which redistribution occurs is also a matter of
some debate, as will be discussed later in this section.
All of the above-mentioned processes are indeed occur-
ring after the size deposition/retention step. However,
their respective importance in terms of the resulting siz-
ing efficiency will vary depending on drying and storage
conditions, molecular structure and the melting point of
the sizing agent.

We will now give some illustrative examples of the
importance of different surface chemistry related mech-
anisms for sizing, concentrating chiefly on AKD sizing,
but also with a mention of some aspects of ASA and
rosin sizing. In addition to sizing mechanisms, some
useful techniques for measuring the surface chemical
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properties of sized paper are also presented, together
with a discussion of the implications for product perfor-
mance. More extensive reviews on the subject of internal
sizing can be found in refs (19, 20).

4.2.1 Retention of sizing agents

Cationic polyelectrolytes are generally used as reten-
tion aids for synthetic sizing agents such as AKD and
ASA. In addition to their role as retention aids, these
polyelectrolytes may also serve as a part or all of
the emulsifying/stabilization system. The driving force
for size retention at neutral and basic pH values is
the electrostatic attraction, resulting in adsorption of
positively charged (due to adsorption of, e.g. cationic
starch or synthetic cationic polyelectrolytes) AKD par-
ticles at the negatively charged fibre surface. The charge
character of the polyelectrolyte determines the elec-
trophoretic mobility of the particles, as is demonstrated
in Figure 7.19 (21). In this case, the cationic groups
were tertiary amino groups for which deprotonation
occurs at higher pH, which is clearly indicated by the
decrease in their mobility. For particles stabilized by
a polyelectrolyte quaternary amino group with constant
charge, no change in mobility is expected over the same
pH interval. It is worth noting, however, that other
polymers and surfactants may be added to increase the
stability of the size particles against homofiocculation.
These and ionizable groups on the size molecule (see

-2

4 6 10

PH

below) may also influence the pH dependence of the
electrophoretic mobility of the size particles. The pulp
type is another important factor for the retention effi-
ciency. It is well known that thermomechanical pulp
(TMP) and waste ground-wood is difficult to size. This
may be related to less effective retention, but can alterna-
tively be due to slow surface spreading of size molecules
or weak anchoring. Besides attractive electrostatic inter-
actions, retention of size particles may also be promoted
by charge neutralization and bridging phenomena, in
particular in situations where the polyelectrolyte cov-
erage on size particles and fibres is limited.

The traditional retention systems used for rosin sizes
under acidic papermaking conditions differ to some
extent from the systems used for synthetic sizing agents.
Aluminium sulfate is generally used for retaining rosin
soaps (and dispersed rosin emulsion droplets) at the
fibre surfaces. Ferrous or ferric ions can also be effi-
cient, but these are not used commercially. The role
of the metal salts is effectively to impart a positive
charge to the dispersed rosin particles, which then are
retended on to the negatively charged fibre surfaces by
attractive electrostatic interactions. Figure 7.20 shows
the mobility of rosin particle-aluminium ion complexes
at different pH values (22). Increasing the pH decreases
the retention due to dissociation and deprotonation of
the hydrated aluminium complex. Hydrated aluminium
ion complexes are sufficiently polyvalent up to pH val-
ues of about 6 to efficiently recharge the surfaces of
dispersed rosin (pA:aAl(H2O)6

3+ = 4.9). Retention is
therefore usually relatively effective up to pH 6. Above
this value, a noticeable decrease in retention is usually

Figure 7.19. Electrophoretic mobility as a function of pH for
AKD particles stabilized by cationic starch and for bleached
kraft pulp. (Redrawn from ref. (21))

Figure 7.20. Electrophoretic mobility of rosin precipitate as a
function of pH in the presence of A1(NO3>3, AI2(SO^ and
H2SO4. (Redrawn from ref. (22))
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Figure 7.21. Retention of rosin precipitate (Hab) on bleached
kraft pulp as a function of pH in deionized water with different
additions of aluminium sulfate. (Redrawn from ref. (23))

observed, as shown in Figure 7.21 (23). Note that it
is not sufficient that the retention in itself is efficient.
A further requirement is that the rosin particles are
well dispersed against homoflocculation and are thereby
retained evenly on the fibre surfaces. Both the stability
and the driving force for retention by heterocoagula-
tion decreases with increasing salt concentration due
to the screening of electrostatic interactions. Increas-
ing ionic strength results in more effective screening
of the double-layer forces. High concentrations of diva-
lent anions are for the same reason more detrimental
to the retention efficiency than monovalent anions. It is
further observed that the stability of dilute rosin solu-
tions results in less aggregation and hence in a more
even surface coverage than retention from a more con-
centrated solution of rosin-aluminium hydroxide com-
plexes.

It has been difficult to use rosin as a sizing agent at
neutral and basic pH values, due partly to the relatively
low pATa value of the aluminium ion complex used
for promoting retention. The substitution of aluminum
sulfate by poly(aluminium chloride) (PAC) and organic
polyelectrolytes has however extended the pH range in
which rosin sizing is applicable. These are only a few of
many different strategies for increasing the pH interval
for rosin sizing which can be found in the literature (see,
e.g. (19,20)).

4.2.2 Redistribution of sizing agent on paper
surfaces

Internal sizing agents are almost always added in the
form of emulsions or dispersions. After retention at
a surface, these will naturally only cover a limited
area, given by the number density of particles/droplets
at the surfaces and their respective areas. Potentially,
however, the size content in these particles/droplets may
spread at the surface and form a thin hydrophobic film,
which then will cover a much greater surface area and
thereby render the paper significantly more hydrophobic.
The common view has been that after retention, AKD
spreads in a wetting fashion to ultimately form a
thin monomolecular film. A simple calculation shows
that this would lead to a large increase of exposed
hydrophobic area. One adsorbed AKD droplet/particle
with a radius of, say, 0.1 urn, covers an area of
approximately 0.03 urn2. If the content of the same AKD
droplet could spread into a monomolecular film with a
thickness of about 10 A, the resulting hydrophobic area
would be about 2.4 um2, i.e. roughly 100 times larger.
It is easy to understand that spreading would greatly
benefit the sizing efficiency. However, the mechanism
of spreading of sizing agents is not yet well understood.
Potentially, there exist at least three likely routes for
redistribution of sizing agent on the fibre surfaces:

• Wetting flow when the drop spreads to an equilibrium
contact angle between 180 and 0° by surface tension
forces.

• Surface diffusion of a monolayer from the foot
of the macroscopic drop. The sizing agent in the
macroscopic drop does not spread on the monolayer
due to surface-ordering effects (an effect referred to
as autophobicity).

• Gas-phase transfer of vaporized sizing agent followed
by readsorption on paper surfaces.

The first mechanism, resulting in a monolayer coverage
(i.e. complete wetting), has long been assumed to be
the relevant one. However, recent studies have shown
that AKD also does not form a zero contact angle
when contacted with a relatively high-energy surface,
such as silica or pure cellulose. Wetting does indeed
occur, but results in non-zero contact angles. The
reason for this behaviour is that a monomolecular film
of surface-ordered sizing molecules spreads ahead of
the macroscopic drop. The bulk liquid cannot spread
on this film, due to surface ordering and preferential
orientation of the hydrophobic groups towards air.
The effect is commonly referred to as autophobicity.
However, further spreading of sizing agents occurs by
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Figure 7.22. Laterally resolved ellipsometry profile showing an AKD precursor that spreads out from the foot of a macroscopic
AKD drop (melting point <10°C), which has been put in contact with a silica surface. The inset shows schematically the
spreading of an autophobic precursor from the foot of the AKD droplet. (From ref. (24) with permission)

surface diffusion and spreading of the monolayer, as is
clearly seen in Figure 7.22 (24). The apparent diffusion
coefficient in the AKD monolayer is ~10~ n m2/s. This
value was found to increase in proportion to the ambient
temperature, whereas it decreased with the increasing
melting point of the sizing agent. The relatively slow rate
of monolayer spreading explains why, in practice, the
sizing efficiency builds up with time during the storage
of paper, as shown in Figure 7.23 (24). Attention has
also been focused on the redistribution of sizing agent
through a different mechanism, involving desorption,
vapour diffusion, and readsorption (25). At temperatures
above 80°, higher than usual storage temperatures in
the paper rolls, this mechanism seems to play a role.
However, if the tendency for readsorption is low, this
can also cause de-sizing, which is seen for single
paper sheets exposed to ambient air after long storage
times in Figure 7.23 (24). Despite the importance
of size redistribution through surface spreading, few
fundamental studies have dealt with this issue and very
little is indeed known for systems other than AKD.

In the case of ASA, it is clear that sizing develops
much faster than with AKD. However, the reason
for this has not yet been established. In the case of
rosins, spreading is claimed for the dispersion type
with high fractions of free rosin acids, as opposed to
what occurs with the sodium soap paniculate form.
Little mechanistic information about the redistribution
process is available for rosin sizes. Most likely, similar
mechanisms are involved as in the case of AKD. Their
respective importance will depend on the temperature,
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Figure 7.23. Influence of storage time and storage temperature
on the hydrophobicity of bleached kraft pulp sized with
0.04 wt% AKD. The hydrophobicity is given in terms of
advancing water contact angle recorded when the drop base
expansion was first observed to stabilize. (From ref. (24) with
permission)

melting points, vapour pressure, surface tension and
other process conditions.

4.2.3 Reactions and side-reactions of sizing
agents

The commonly claimed reaction mechanism for AKD
is a direct covalent linkage with cellulose via $-keto
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Figure 7.24. Proposed reactions of AKD with cellulose and
hydrolysis in aqueous media

ester formation, as shown in Figure 7.24. The molecule
can also be hydrolysed by water leading to a /?-keto
acid that will spontaneously transform to a ketone. The
reactivity with cellulose under papermaking conditions
is quite low and it is not clear to which extent AKD
actually reacts with cellulose and other surface groups
on papermaking fibres. There are many claims about
reaction promotors and so forth, but their roles are
unclear and promotion may well be related to improved
retention. Despite the fact that AKD sizing research
has a long history, the issue is still not resolved and
remains under debate by researchers active in the paper
chemistry field. In the case of AKD, the hydrolysis with
water to form keto acids and subsequently ketones is
also shown to have important implications for the sizing
result. In particular, ketones are claimed to make paper
slippery and difficult to handle in some operations. If
AKD actually forms covalent linkages with cellulose,
the competing ketone formation will also decrease the
reaction efficiency with cellulose. Even if this is not
the case and AKD is only physisorbed at the surface,
the ketone formation may result in less efficient binding
between the size molecules and the fibre surface. The
fact that the ketone has a higher melting point than AKD
is also noteworthy. This may, for instance, reduce the
spreading tendency of the ketone on the paper surface,
in comparison to AKD.

Alkenyl succinic anhydride (ASA) may also, like
AKD, either react with cellulose hydroxyl groups or
with water, as shown in Figure 7.25. Note that the side
reaction of ASA leads to the formation of a dicar-
boxylic acid, which due to its amphiphilic nature can
lower the surface tension of polar liquids, such as water,
and thereby also decrease the sizing efficiency. The
reactivity of ASA is claimed to be much higher than
that of AKD and "full sizing" develops immediately
in the paper machine, and suggests that covalent bonds

H-C-C
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R —C —COOH
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H —C —COOH
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Alkenyl succinic anhydride
(R = C14-C18 unsaturated)

Cellulose-HO
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Figure 7.25. Proposed reactions of ASA with cellulose and
hydrolysis in aqueous media

between sizing agents and fibre surfaces are more fre-
quent in ASA-sized paper than for AKD-sized paper.
The high reactivity of ASA necessitates on-site emulsi-
fication, using cationic starch as the stabilizing system.
The surfactant nature and higher solubility of the dicar-
boxylic acid side product may affect the properties of
the ASA emulsion. This may change emulsion stabil-
ity criteria and also influence the surface charge of the
emulsion droplets. This can further increase the acces-
sibility of water and thereby also the rate of hydrolysis.
The dicarboxylic acid by-product may also increase the
paper wettability due to its surfactant nature.

4.2.4 Analysis of size content in paper

The sizing efficiency is commonly determined indi-
rectly through various wetting and absorption measure-
ments made on sized paper products. However, it is
often preferable to quantify the amount of sizing agents
retained in the paper. Furthermore, it is desirable to
identify whether or not these are bound at papermak-
ing surfaces and if they are non-reacted, reacted with
fibre surfaces, or hydrolysed. This is usually done indi-
rectly by extracting the paper in different steps and then
analysing the liquid phase by gas chromatography or
other analytical techniques. This is still the most com-
mon approach, but there are many questions unanswered
regarding the specificity and efficiency of the extraction
steps used in the different analyses employed. X-ray
photoelectron spectroscopy (XPS) (discussed below in
Section 8.1.1) is a straightforward technique with the
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capacity to give quantitative information on the content
of a surface-spread sizing agent in a sheet. However,
it cannot be used to determine if the sizing agent is
in its natural, surface-reacted or hydrolysed state. For
this purpose, time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) seems to be a good candidate,
as described below in Section 8.1.2. This technique can
also provide information about the in-plane distribution
of sizing agents, but does not provide quantitative infor-
mation such as that obtained by XPS.

5 DRY AND WET STRENGTH OF
PAPER

5.1 Dry strength

The dry strength of paper relates strongly to the distri-
bution of fibres and bonds (controlled by the formation
process) and the mechanical properties of the fibres.
Surface chemistry plays the main role in the develop-
ment and strength of fibre-fibre bonds. Fibres are often
chemically and/or mechanically refined to increase bond
areas and strength. This is not always desired since it
may slow down drainage and decrease the paper poros-
ity, which may result in loss of bulk, and detrimentally
affect stiffness, tearing resistance and opacity.

A different strategy is to add dry-strength additives,
which basically are hydrophilic polymers. To be effi-
cient, these must be adsorbed or retended at fibre (and
filler) surfaces. The effective driving forces for adsorp-
tion/retention in aqueous solutions are, as discussed
previously, hydrophobic and electrostatic interactions.
Ionic exchange and the concomitant increase in the
counterion entropy play an important role in the lat-
ter case. Considering the above, it is easily understood
that dry-strength agents frequently are charged (like
cationic starch, gums, polyacrylamide and its copoly-
mers) or have some hydrophobic substitutions. The opti-
mum character of the agent depends on the chemical
nature of the fibre surfaces under process conditions,
which may vary strongly from system to system. In
the case of anionic dry-strength agents, alum or some
similarly adsorption-mediating cationic polymer may be
added. Hydrogen bonds and van der Waals interactions
are believed to be responsible for the adsorption of dry-
strength agents. In an aqueous environment, however,
this interaction can only help by reducing the cost of
displacing surface-bound water; van der Waals interac-
tions are, for the system discussed, simply too small to
be of importance.

The question now arises as to how the surface
adsorbed dry-strength agent fulfils its task of enhancing
the inter-fibre bond strength. This can be attributed to
two basic mechanisms, or a combination thereof:

• An adsorbed layer of dry-strength agents can act to
smoothen the fibre and filler surfaces, e.g. fill existing
inter-fibre cavities or those arising in the drying phase,
thereby increasing the real area of inter-fibre contact.

• By increasing the surface energy of the fibre surfaces,
the hydrogen-bonding ability, and also allowing
increased intermingling of surface-bonded polymer
chains, hydrophilic dry-strength agents will also
strengthen inter-fibre bonds.

During drying, the capillary force acts to effectively
attract the surfaces between hydrophilic fibres and
thereby reshape and increase the real area of contact.
This phase may naturally also be modified by the
presence of interfacial layers of hydrophilic dry-strength
agents. Secondary effects related to the viscoelastic
properties of the inter-fibre joints can also have a large
impact on paper strength properties. More details on the
subject of dry-strength of paper and strength additives
can be found in ref. (26).

5.2 Wet strength

Dry strength can be augmented by hydrophilic poly-
mers, which enhance the effective bonding area, surface
energy and/or hydrogen-bonding ability. Since water is
a very strong structure breaker of hydrogen bonds, a
completely different strategy must be employed in order
to enhance paper wet strength.

In principle this may be carried out by the following
(see refs (2, 27) for details):

• Increasing the fibre surface hydrophobicity, thus
relying on the attraction between hydrophobic
surfaces in water.

• Cross-linking of fibres by use of polymerizable wet-
strength resins such as urea-formaldehyde, melamine-
formaldehyde and polymeric amine-epichlorohydrin
resin systems.

• Hydrophobization and cross-linking of fibre surfaces
by use of cationic latexes.

Increasing the surface hydrophobicity is generally not
a successful strategy since this will inflict on the dry-
strength properties. Cross-linking using polymerizable
resins is the method currently used for increasing the
wet-strength properties of, e.g. tissue and towelling,



146 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

linerboard and carton. Two mechanisms are proposed for
explaining the wet-strength development. The protec-
tion theory proposes that the additive forms a restraining
three-dimensional network, which also protects hydro-
gen bonds from water exposure. The restraining three-
dimensional network model seems plausible, but the
protection of hydrogen binding inter-fibre areas seems
unlikely since water penetrates rather quickly through
the fibres. The reinforcement theory suggests the for-
mation of covalent fibre-fibre bonds. The real reason
behind wet-strength development is likely to be a com-
bination of the two. Whatever the right answer is, it is
clear that it involves formation of new covalent bonds.

Recently, it has been suggested and shown that
cationic latexes can increase the dry strength. Such sys-
tems can, due to the size of the latex particles, probably
form new fibre-fibre bridges while still allowing the
fibre-fibre bonds necessary for dry strength to develop.
If applied after the sheet is formed in, for instance, a
surface-sizing step, latexes may introduce new bonds
between the fibres, and in conjunction with spread-
ing partially protect bonding areas necessary for dry
strength.

Besides being important for the strength of paper,
wet-strength agents can also increase the absorbency
of paper. The reason for this is that fibre-swelling
phenomena in the absence of wet-strength agents can
hinder penetration and lead to a collapse of the three-
dimensional structure of the sheet.

6 SURFACE TREATMENT OF PAPER

6.1 Why coat paper?

For some paper grades, such as most newsprint stock,
it is possible to print directly on the fibre surface and
attain acceptable performance outcomes for the given
product requirements. In many cases, however, demands
are placed on the final product (such as glossy magazine
grades) which require a coating layer to be deposited on
the base paper surface to achieve acceptable optical and
printability outcomes. (Even in cases where this is not
done, significant additions and treatments, such as filler
inclusion in the base paper, or supercalendering, are
required.) This section deals mainly with paper coating
as it is "traditionally" defined: the application of a thin
layer (of the order of 10 urn), consisting mainly of
mineral (sometimes plastic) pigments and binders, to
one or both sides of the paper surface. Again, we focus
on the surface chemical aspects of this process and its
consequences for product performance.

Viewed generally, the coating of paper is, as Lep-
outre (28) noted, carried out for "aesthetic reasons".
As these reasons include improving smoothness, optical
properties (brightness, opacity, etc.) and printability, this
is a clear case where aesthetic and commercial consid-
erations are in harmony. Indeed, it is consumer demand
based on heightened expectations of performance in
these areas that largely drives improvements in tech-
nology and further research into the surface treatment of
paper. An added factor in more recent times has been the
market desire for multi-purpose grades, which can, e.g.
be used both in ink-jet printers and photocopiers. This
places a high demand on the surface treatment in terms
of a number of key factors where surface chemistry
plays a role: surface energy, surface and sub-surface
structure, and rheology and consolidation of the coat-
ing during application. In many respects, an optimal
solution is still under development. That these factors
also are significant to one extent or another (depending
on the grade and usage) for more conventional single-
purpose coated papers is further reason still to develop a
good understanding of the underlying physico-chemical
mechanisms which play a significant role in controlling
coating performance.

It is important to bear in mind the conditions in
the coater unit and in particular the coater "nip".
A good review has been provided by Brander and
Thorn (29). For our purposes here, it is sufficient to note
that modern paper coating processes have exceedingly
high technical demands: modern units run at over
1500 m/min and must produce a uniform 10 uin layer
from a suspension which arrives at the blade or roll at up
to 70% solids content. Blade coating, the most common
implementation of the process, imposes shear rates of
the order of 106 s~!. Because of the very short residence
times at the blade/roll, the coating process is therefore
a low-deformation, but high-deformation-rate process.

The coating "colour" itself is a multi-component
colloidal suspension designed to achieve the target
properties of the final coating layer and also run well
in the coater under the extreme conditions discussed
above. Achieving these aims requires some finesse in
colloidal engineering. The 50-70% solids component
of the colour consists of pigments, binders, dispersants,
thickeners or rheology modifiers, and other additives
such as fluorescence brighteners and antifoaming agents.
Surface chemistry plays a significant role in the coating
process, namely through stabilization of the suspension,
and meeting the broad range of rheological demands
during pumping to, and application at, the coating
unit. In addition, the manner in which the applied
layer dewaters, immobilizes and adheres to the base
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sheet, and thus ultimately the performance of the dry
coating layer, are areas where surface chemistry plays a
significant role.

6.2 Coating components

6.2.1 Pigments

A variety of pigments are employed in coatings, with the
most common being clay (chiefly kaolin) and calcium
carbonate (usually ground mineral calcite, but with an
increasing use of precipitated varieties). It is therefore
worthwhile noting some basic properties of these two
materials.

Kaolin

Clays are alumino-silicates, built up of two-dimensional
arrays of silica and alumina in layers, with hydrogen
bonds providing a strong inter-layer adhesion. Kaoli-
nite is one of the more common varieties (bentonite
and other clay types are also used in paper coat-
ings). The layered sub-structure imbues an extremely
high aspect ratio on the kaolinite particles: they are
plate-like in nature. At the edges, the silica and alu-
mina layers are disrupted and an oxide-like surface
is produced, being typically sensitive to pH varia-
tions. Above pH 7, the surface is overall negatively
charged, and below this pH it is positively charged.
The basal planes, on the other hand, retain their over-
all negative charge across a broad range of pH val-
ues, with the likely cause being the presence of silanol
groups.

6.2.2 Dispersants

The classical DLVO picture of colloidal forces, whereby
typically repulsive electrostatic forces are balanced by
typically attractive dispersion forces, are insufficient
in themselves to properly disperse coating pigments
under typical conditions of pH and salt concentration.
The repulsive electrostatic barrier will be insufficient
to inhibit diffusion-initiated coagulation, resulting in
strongly bound agglomerates, and the suspension being
rendered of no use. Indeed, pigment dispersal needs to
be finely tuned just to avoid less drastic situations where
isolated agglomerates cause runnability problems at the
coating unit, or lead to defects or tears in the final
product. Dispersion is achieved through the addition
of suitable polyelectrolytes, commonly polyacrylates or
polyphosphates, into the colour.

Jarnstrom (30) demonstrates how optimization of the
dosage of sodium polyacrylate (NaPA), can be achieved
by investigating the viscosity of GCC suspensions
dispersed with NaPA. The minimum in the viscosity as a
function of dispersant dose gives an indication of where
flocculated structures have best been prevented and the
particles stabilized. It was seen that for suspensions of
approximately 55 wt% of pigment, an NaPA dose of
approximately 0.5 parts per hundred (pph) optimized the
viscosity, as shown in Figure 7.26 (30). Given that at
these pigment concentrations the surface charge of GCC
is expected to be positive, electrostatic adsorption of
NaPA occurs. A point of interest is that this same author
observed that NaPA adsorption to GCC is maximized
at a dosage of about 0.12 pph, followed by plateaux
for higher dosages. Thus, optimal stabilization cannot
be explained by an adsorption mechanism alone. This
author's interpretation is related to the fact that NaPA

Calcium carbonate

Calcium pigments are either derived from the processing
of mineral limestone (ground calcium carbonate (GCC))
or from precipitation (precipitated calcium carbonate
(PCC)). GCC, usually calcite, tends to have a more
isotropic, but also more irregular, shape than clay,
whereas PCC can indeed be produced in needle-like
shapes ("rosettes"). The surface properties of CaCO3 in
solution are quite complex, due mainly to the fact that
both Ca2+ and CO32"" are released in water, and this
in turn leads to a dependence of the surface charge on
the particle concentration. For GCC, a charge reversal
(negative to positive) occurs at particle concentrations
greater than about 2.5 wt%.

0.0 2.5

Figure 7.26. Viscosity versus polymer concentration curves,
which can be used in the optimization of the dispersant dose.
(From ref. (30) with permission)
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induces a dissolution of Ca2+ ions from the pigments,
which then complex with the NaPA. However, as the
NaPA dose is increased, the number of bound Ca2+ ions
per NaPA monomer effectively decreases, thus leading
to a greater overall net negative charge, and improved
dispersion. Hence the optimal dose is related not only to
NaPA adsorption, but also to a reduction of bound Ca2+

per monomer of dispersant.

6.2.3 Thickeners and rheology modifiers

CMC compared to synthetic associative thickeners

Clearly, control of rheological properties of coating
colours is desirable, and this is achieved through poly-
meric additives. The aim is not only to favourably adjust
the viscosity and other rheological parameters of the sus-
pension per se, but also to improve the water retention
properties of the colour. If the suspension dewaters too
quickly before or on application, this can lead to severe
runnability problems, such as the formation of streaks,
dry "stalagmites" and uneven binder distribution.

The most common of these polymeric additives
(thickeners, "co-binders") is carboxymethylcellulose
(CMC), a cellulose derivative (29). Different grades may
be produced from chemical substitution of hydroxyl
groups. The main thickening mechanism is through
entanglement formation in the aqueous phase. While
there may be some effect of adsorption on to pigments,
Jarnstrom et al. (31) showed that this can be strongly
hindered by the presence of NaPA dispersant for clay-
based colours, through a competitive adsorption. Simi-
larly, Fadat et al. (32) showed that CMC does not absorb
at all to the other major paniculate component in most
colours, i.e. the latex binder.

A relatively recent development has been the use
of associative thickeners, which had their origin in
the paint industry. A review of the varieties available
has been provided by Hawe (33). Generally speaking,
they often involve a repeat sequence of hydrophilic
and hydrophobic groups, sometimes with pendant sur-
factant side groups. Examples of these are emulsion
copolymers, swellable emulsions and "true" associative
thickeners, such as alkali-activated associative thicken-
ers. These polymers do more than just increase the
viscosity of the background solution - they form net-
works, usually with the latex binder particles and with
each other, through selective adsorption of hydropho-
bic groups, or even micellization of the surfactant side
chains. Clearly, the system so formed is Theologically
more complex than that created by conventional thick-
eners. Fadat (34) elegantly showed this by comparing
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Figure 7.27. A comparison of the effects on the shear-thinning
behaviour of a coating colour containing clay, calcium
carbonate and stryne-butadiane binder of (a) CMC and
(b) associative thickener (AT), (redrawn from ref. (34))

the viscosities of two colours, identical in all respects
other than one having CMC as a co-binder and the
other an associative thickener, over a broad shear-rate
range of 10-106 s"1, and then compared both of these
with the same colour without co-binder. The viscosity
increased in both cases compared to the co-binder-free
system (indicating desirable improved water retention);
however, at higher shear rates the networks formed by
the associative thickener were broken down, and a more
pronounced shear-thinning effect was observed. On the
other hand, the more simple "background viscosity"
nature of the CMC co-binder manifested itself: it simply
shifted the entire thickener-free curve to higher viscos-
ity. This is demonstrated in Figure 7.27 (34). Clearly,
associative thickeners may provide a useful means for
tuning coating rheology in desirable ways. Co-binders
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of all types have a real effect on coating viscoelastic-
ity and thereby runnability. Adolfsson et al. (35) showed
that increasing the amount of CMC in a clay coating had
an effect on the relaxation time as measured by stress
experiments, which in turn had a strong correlation to
the width of a streak deliberately introduced into the wet
coating layer.

6.2.4 Starches as co-binders

Starches are very common natural products heavily used
by the paper and other industries (29). In paper coatings,
they are used as both binders and co-binders (thick-
eners). They naturally occur in two fractions, namely
linear amylose and branched amylopectin, with usually
the latter being the more abundant. Modification may
be performed in numerous ways (29) in order to pro-
vide desirable physico-chemical properties, tailored to
usage. For example, it is possible to cationically mod-
ify starch by using canonization reagents at high pH, in
order to produce starches suitable as pigment binders.
Nonionic, oxidized, anionic, amphoteric, hydrophobi-
cally modified, and other starch variants may also be
produced.

These possibilities, and the two basic starch frac-
tions, allow for interesting behaviour when starch is used
as a co-binder. Husband (36) has shown that adsorbing
anionic (phosphate ester) starches on to clay does not
reveal fractionation, i.e. amylose and amylopectin are
adsorbed with no preference, although the introduction
of NaPA reduces starch adsorption due to competitive
effects, similar to the behaviour of CMC. However, for
non-ionic starch (hydroxyethylated), there was signifi-
cant fractionation of adsorption, with amylose being pre-
ferred. No sensitivity was shown with respect to NaPA.
Furthermore, the system where both fractions equally
absorbed seemed to flocculate at high starch doses. This
author suggested that this may be due to size exclu-
sion effects and therefore a depletion mechanism. It is
interesting to note the consequence for system viscoelas-
ticity, with the flocculating system clearly demonstrating
a more elastic nature.

6.2.5 Binders

As mentioned previously, starches may be used as
binders. More common are latex particles, spheres
of 0.1-0.3 um produced by emulsion polymerization.
They are thermoplastic in nature and may be derived
from a variety of monomers, i.e. styrene-butadiene,
styrene-aery late and vinyl acetate-aery late. They are

Figure 7.28. An AFM image of a clay-based coating layer.
Latex binders and clay particles are clearly visible. (Micrograph
supplied by courtesy of R. Seppanen)

stabilized in water either with grafted surfactant or ionic
surface groups.

An important feature during drying is that the latex
has film-forming capabilities. The latex particles deform
and are drawn together through capillary forces, as the
solids content and temperature increases in the drier unit.
Furthermore, the particles adhere to the pigment and
thereby bind them to the substrate and to one another, so
forming a consolidated layer. Atomic force microscopy
(AFM) images provide useful information as to the state
of latex binder in the final coated layer, as shown in the
image presented in Figure 7.28.

6.3 Rheology

6.3.1 Steady shear

As stated above, coating rheology is of utmost impor-
tance for runnability. It will, to a large extent, deter-
mine pressure changes and forces at the blade/roll, and
the relaxation of the colour after its brief residence
in the coating head. Moreover, we can use rheologi-
cal measurements as a tool to investigate interactions
in coating suspensions and thus engineer desired out-
comes. From a rheological point of view, coating colours
are highly non-trivial in nature, displaying a compli-
cated rheological response to external stresses, as is
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typical of highly concentrated paniculate suspensions.
An excellent reference for those new to the rheology of
complex fluids is the text by Larson (37).

The nature of shear stresses in the coating process,
including the delivery to the coating head, application
at the nip, and the drying stage, are extremely complex.
Laboratory methods must be judiciously chosen in order
to either mimic these conditions as best as possible so
as to evaluate performance in a controlled manner, or
alternatively provide other information regarding coat-
ing microstructure which can then be "fine-tuned". In
the latter category are low shear-rate measurements in
laboratory rheometers based on cell geometries such
as the cone-plate, plate-plate or concentric cylinders,
employing controlled shear or controlled stress mecha-
nisms, and also capillary viscometers. The latter in turn
are also used to make high-shear-rate devices, where
the suspension is driven into the capillary under pres-
sure. Alternatively, some pressure-driven devices use slit
geometries in order to simulate the blade coater.

Coating colours, as one would expect from their com-
position, are in general non-Newtonian fluids, so that the
steady-shear viscosity r](y) is shear rate-dependent, for
a given shear stress a:

rj(y) = cry (7.10)

This is not simply because of the presence of rheology
modifiers or other polymers; a simple NaPA-stabilized
GCC suspension will also show a plastic-like behaviour.
Typically, this involves the suspension behaving like a
solid at low shear rates and stresses, and only "yielding"
to liquid-like behaviour above a certain yield stress oy.
This behaviour can be modelled in various ways, with
two common ones being the Bingham:

a = ay + r]ply

and the Casson:

(7.11)

(7.12)

models, where r)p\ is the plastic viscosity.

For such materials, the steady-shear viscosity
decreases with increasing shear rate, y. This is known
as "shear-thinning" and is in itself a vitally important
feature for the coating process: without shear thinning,
coating colours would be difficult to handle at low
shear (i.e. pouring or pumping) and would have severe
runnability problems at the high shear rates present
at the coater. Shear thinning can be understood in
terms of the formation of layers of particles (layered
in the flow direction) in the sheared suspension; in
other words, shearing induces a suspension structure
which reduces resistance to further shearing. An elegant
example of this was in fact shown with clay particles
sheared in a cuvette cell and examined by neutron
scattering, whereby the suspension microstructure can
be inferred (38), as shown in Figure 7.29. Indeed,
increasing shear rate indicated the breakdown of clay
particle "domains" and the formation of conveniently
oriented layers as y was increased. While this is
conceptually appealing for plate-like clays, it also
occurs for other particles (such as GCC). An important
quantity in the consideration of phenomena such as shear
thinning is the Peclet number, Pe = a2y/Do, where
a is the mean particle radius and Do the diffusion
constant. Essentially, the shear rate must be such that
the particles do not have time to diffuse back to
their equilibrium mean positions, so that shear thinning
is expected when Pe > 1. The opposite effect, shear
thickening, is speculated to be, conversely, the result of
the induction of an increasingly unfavourable suspension
structure with increasing shear rate. This may occur,
for example, when the layers induced through shear
thinning are broken up at higher shear rates. Clearly,
shear thickening can cause severe runnability problems
in the coating process if it occurs at unfavourable shear
rates. The characteristic behaviour of non-Newtonian
fluids is illustrated in Figure 7.30. Indeed, similar
particles, but with different size distributions, can behave
very differently in the same shear-rate interval (the
appearance of the radius a in the expression for Pe

Figure 7.29. Schematic representation of shear thinning of clay particles. (Taken from ref. (38))
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Newtonian

Shear
thinning

Figure 7.30. Generic Theological behaviour of non-Newtonian
fluids - shear stress versus shear rate

could indicate why). However, this might be used to
advantage: Alince and Lepoutre (39) showed how two
GCC populations, one shear thickening and the other
shear thinning, might be combined to give, remarkably, a
nearly Newtonian suspension of relatively low viscosity.
(It should be remarked, however, that this may not be a
general phenomenon, and also difficult to implement in
practice.)

An important property from both a bulk rheological
and microstructural point of view is the relative plastic
viscosity:

rjv = r]p[/rjo (7.13)

where rjQ is the viscosity of the liquid phase, which
depends on the volume fraction of solids 0. A num-
ber of semi-empirical models exist, one being the
Krieger-Dougherty (KG) equation, which accounts for
viscosity increases with 0 through a mean-field approx-
imation, while accounting for the divergence in rjr at the
maximum packing fraction r]m empirically, as follows:

= ( 1 " —
V 0m/

-[n]<t>m

(7.14)

where [rj] is the intrinsic viscosity (or shape factor) of
the particles. An example of such a plot is given in
Figure 7.31. Not only do plots of r]r against 0 give
important information about viscosity increases with
solids content, but they can also be used to investigate
structure formation in paniculate suspensions. If floccu-
lation has been induced in the system, such as through
the introduction of salt or through a polymeric mecha-
nism, then the impact upon the viscosity of these floes
may be inferred by the replacement 0 —>• 0f in the KG
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Figure 7.31. Volume-fraction dependence of relative viscosity
for a suspension of calcium carbonate dispersed with NaPA

equation, where 0f is the volume fraction of floes. This
leads to the definition of aflocculation index, as follows:

Q = 0 f/0 (7.15)

which characterizes the extent of flocculation in the
system.

6.3.2 Viscoelasticity

An alternative to a steady-shear measurement is oscilla-
tory shear, described in the linear regime by the follow-
ing:

a(t) = yQ [G'(co) sin(cot) + G"(co) cos(cot)] (7.16)

where the sample is sheared at an oscillatory frequency
co and strain amplitude yo, and the storage modulus
G' and loss modulus G" respectively indicate the
degree of elastic response to, and viscous dissipation
of, the time-dependent shear stress o(t). This type of
measurement is useful because it can indicate the nature
of relaxation processes acting with the suspension,
through the Deborah number, given by the following:

De = TOO (7.17)

where r is a characteristic relaxation time. As co
is increased, the elastic nature of suspensions often
decreases and the viscous nature increases. The
suspensions start to behave more like fluids. Note that
increasing co is akin to reducing an "impulse time". If G'
and G" cross over at a given co, then that may indicate
a value of r, the shortest time-scale on which restoring
forces act in the system.

Coating colours do indeed show viscoelastic
behaviour; however, estimating r for such materials is
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not straightforward, as relaxation processes appear to
occur on many time-scales, and the G' and G" moduli
rarely cross over. Triantafillopoulos (40) has reviewed
viscoelasticity in paper coatings. He suggested that
a more straightforward method may be to determine
the time it takes for the shear modulus to drop to
a predetermined value. Such measurements by several
authors indicate that 0.1 < r < 1 ms, and since in
practice the impulse time at the nip is of the order
of 10~5 s, we can assume that for coating colours,
De ^ 1. The consequence of this is that coatings may
behave more like elastic solids than fluids at the blade.
Furthermore, large values of G' indicate that there may
be insufficient time for the colour to relax at the nip,
so that coating thickness is affected by elasticity; in
addition, partial recovery before drying may preserve
non-uniformities and defects.

A useful manner in which to quantify the relative
contributions of elastic and viscous effects is through
the loss angle <S, as follows:

tan a = G'/G" (7.18)

with larger values of 8 indicating a relatively more
viscous, as opposed to elastic, material. One neat
conclusion that can be drawn from such an analysis (40)
is that GCC coatings are generally more viscous in
character than their relatively elastic clay counterparts;
this again may well be an indication of the role
of particle morphology in determining the rheological
properties. The elastic nature of clay suspensions could
be related to the domain formation alluded to previously,
or indeed the often-postulated "house-of-cards" structure
which may form at low pH values. In practice, this
viscoelastic information may well indicate why clay
and carbonate-based coatings can have quite different
responses to the impulse at the coating nip under the
same mechanical conditions.

6.4 Dewatering

As mentioned previously, the dewatering process is vital
to the structure of the final coated layer. Understanding
the mechanisms at play in the dewatering step is a chal-
lenging task. Indeed, a debate has developed (41, 42) as
to the exact mechanisms at work, especially during blade
coating. The question has arisen as to whether dewa-
tering proceeds as a thickening mechanism, whereby a
vertical concentration gradient is formed in the coat-
ing layer, or as to whether a distinct immobilized layer
is established with a fixed concentration (FCC, the
first critical concentration) forming a filter cake through

which the supernatant bulk coating dewaters through a
filtration mechanism. If the latter is true, then the fluid
flux q should obey Darcy's law, given by the following:

P (7.19)
K)

where r\ is the liquid viscosity and VP is the pressure
gradient, and where the solids volume fraction, 0-
dependent permeability k((p) is given by the Kozeny-
Carman relationship:

d-0)3

C520'2A.2
(7.20)

with C a constant and S the average surface area of the
particles forming the consolidated bed.

Interestingly, the resolution may be somewhat of a
compromise. Recently, Lohmander et al. (41) investi-
gated the pressure filtration of a model monodisperse
polystyrene sphere system. By using conventional filtra-
tion methods, as well as magnetic resonance imaging,
these authors observed a filter cake with a near-linear
density gradient reducing to the bulk concentration at a
fixed height, and were able to modify the existing mod-
els for filtration through porous beds to account for this
compressible layer.

In practice, dewatering is a complex process. Sandas
and Salminen (43) have evaluated different co-binders
and their effects on dewatering and suspension viscosity
and attempted to correlate to runnability. These authors
noted that starch, with good water retention, has excel-
lent runnability, even with relatively high viscosity. On
the other hand, poly (vinyl alcohol) (PVOH) performed
poorly because of high viscosity, whereas some syn-
thetic thickeners also did so because of poor water
retention.

6.5 Surface sizing and barrier coatings

The majority of the discussion in this section on
surface treatment has dealt with traditional pigment-
based coatings, which are chiefly designed to improve
the optical, smoothness and printiability properties of
paper. Another major function of surface treatment is
to heighten the liquid and gas resistance of the base
sheet. A classic example of this is liquid packaging
board, where the requirements for the resistance of
the substrate to liquids are extremely high. A barrier
dispersion coating, meaning a non-porous polymeric
film, is applied to the base sheet in such cases. In related
applications, surface sizing is used as an alternative or
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complement to internal sizing, which has been discussed
extensively above in Section 4. Surface sizing most
often refers to a system consisting of a transport medium
and strengthening agent (often starches) along with
hydrophobizing agents (alkyl ketene dimers, rosins,
etc.). Furthermore, pigments may in some cases be
added at a low solids content (compared to a full-weight
traditional coating) in order to improve the optical or
surface properties. Alternatively, surface sizing can be
used as a surface "pre-treatment" before another coating
step, for example in order to improve the coating "hold-
out" (resistance to penetration of the coating layer into
the base sheet). With film-forming starches and synthetic
hydrophobizing agents which produce highly resistive
layers, the distinction between surface sizing and barrier
coating begins to blur significantly, and the question is
more of how to achieve, in practice, the best result for
given demands in a specific situation. Here, we present
a brief overview of the surface sizing and barrier coating
processes. An extensive account is available in the text
edited by Brander and Thorn (29).

6.5.1 Surface sizing

The traditional method of application of the sizing to
the sheet is through the "size press", whereby two
rolls are pressed together to form a nip, and the
paper sheet fed through a pond of sizing liquid. An
important issue in this regard with respect to runnability
is "misting", whereby droplets form after the sizing
is applied and the paper moves away from the nip.
These drops then deposit on the surface, hence causing
an uneven appearance and poor printability. A related
effect is "orange-peel", where small pockets are formed
on the surface. These complex problems are due to
film-splitting and filament formation in the part of the
sizing layer that is not immobilized on the sheet directly
after application. A good account is given in the paper
by Roper et al. (44). It has been speculated that the
underlying cause for this is essentially due to a cavitation
process. The normal pressure profile across the nip is
such that a local minimum is achieved inside the wet
layer, and if this is below the vapour pressure for the
fluid, splitting can then occur. Moreover, the problem
can be adversely affected by the presence of surface-
active material, such as surfactants from latex pigments,
which will lower the energy of surface formation by
a lowering of the surface tension of the liquid-air
interface, and thus increase the tendency for cavitation.
Once the interface is formed, the adsorption kinetics
of surface-active material will play a role in as to

whether the cavity can be healed, or whether it persists
and grows. A further factor is that the sizing fluid is
viscoelastic in nature and has a complex elongational
rheology, that is its response to longitidunal stresses
(pure stretching). At the nip exit, the sizing layer
experiences both shear and elongational stresses. A
further factor at hand is the relaxation of the layer and
its ability to heal pocket cavities and to level drops after
the nip, which again are reliant upon the viscoelastic
character of the sizing liquid, in a broadly similar fashion
to that of traditional coatings. The overall problem of
misting and orange-peel is at least in some significant
part surface chemical in nature; however, a complete
understanding (and control) of it is yet to be achieved.

6.5.2 Barrier coatings

The film press has been tested in the application of
polymeric (predominantly polyethylene) barrier coat-
ings, and issues such as misting and film splitting indeed
arise to an extent where more reliable methods, such as
blade or roll coating, are still used. The critical step
in achieving a barrier coating layer which effectively
seals the surface and has good uniformity is the film
formation step. This is traditionally viewed as a step-
wise process whereby a particle consolidation process
is followed by coalescence of the polymer particles and
finally interdiffusion of polymer chains from particles in
contact. A schematic diagram of this process is shown in
Figure 7.32. The underlying physico-chemical mecha-
nisms, however, are complex, thus providing a challenge
in attempts to control the process. The coalescence step
can be very crudely described by a DLVO-type picture
of interparticle forces. While this is hardly sufficient
in realistic situations, it is true to say that schemati-
cally a DLVO-type pair particle potential applies and
a repulsive barrier must be overcome in order for the
particles to come into close enough contact for inter-
digitation of individual polymer chains to occur. Once
in contact, particle deformability is critical for allow-
ing the intermingling of polymer chains. Ideally, the
process therefore is one of delivering the coating as a
dispersion of (semi)hard spheres and then controlling the
evaporation and consolidation, chiefly through the dry-
ing temperature, so that the film may form sufficiently
before the coating has levelled and set. Other factors that
need to be considered are the temperature-dependence
of the viscoelastic properties of the dispersion, since this
will affect the ability of the particles to deform once they
have coalesced. On the other hand, evaporation will lead
to cavitation of the liquid between the particles and thus
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Figure 7.32. Schematic representation of the film-formation
process

an enhanced driving force for coalescence due to an
attractive capillary force.

7 WETTABILITY AND ABSORBENCY
OF PAPER

Paper wettability studies are very often undertaken when
optimizing paper properties with regards to the require-
ments set by converting and end use. Polymer lamina-
tion, gluing and printing are typical converting opera-
tions which set high demands on the wetting and sur-
face energy characteristics of paper. Environmental con-
cerns and regulations pushing the industry from tradi-
tional solvent-based formulations to more environmen-
tally friendly aqueous-based systems stress the impor-
tance of wetting control.

7.1 Basic concepts

Spontaneous spreading of a liquid on a solid occurs only
if the free energy of the system decreases during this

process. The wetting tendency of a liquid in contact with
a solid is reflected by the initial spreading coefficient,
as follows:

S=-AGJA

= /so - y - /si (7.21)

where AGS is the free energy change due to spreading;
yso, ysi and y(= y\v) denote the interfacial free ener-
gies per unit areas (surface tensions) of the solid-air,
solid-liquid and liquid-vapour interfaces, respectively.
A liquid drop will completely wet the solid surface when
S > 0, while only partial wetting will be the result if
S < 0. A large positive S value favours the spreading
of a liquid. Equation (7.21) shows importantly that the
equilibrium wetting behaviour is controlled by the sur-
face chemistry of the different materials in question.

The equilibrium state of a partially wetting droplet
put in contact with a flat solid surface can be derived
by using the principle of free-energy minimization. The
optimum state is a hemispherical cap (see Figure 7.33),
with a contact angle given by Young's equation:

cos6> =
7sv -

y
(7.22)

where ysv is the liquid-vapour interfacial tension, taking
into account the surface pressure exerted by equilibrium-
adsorbed vapour film at the solid surface. The "sv"
surface tension can be written as follows:

ysv = yso - TTSV (7.23)

where 7rsv is the "sv" surface pressure. The surface
pressure can at any arbitrary interface be calculated by
using the Gibbs integral method, yielding the following:

TSv = RT f
Jo

V(P)d\nP (7.24)

where V(P) is the amount of adsorbed vapour. The
central parameter in wetting science is the contact angle,

Vapour

Solid

Figure 7.33. Side-view of a partially wetting drop on a solid
surface showing the macroscopic contact angle and the three
interfacial tension vectors acting on the three-phase contact
line (tcl)
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which can easily be observed directly by using various
optical techniques or indirectly by measuring capillary
forces, as described below. Since the surface tension,
y, also can be determined quite readily, it is possible
to deduce the wetting tension ysv — ysl for systems
exhibiting partial wetting.

In many practical applications, the wetting liquid in
question is a solution, e.g. an aqueous solution contain-
ing surface-active components. Then, the possibility of
adsorption at all interfaces surrounding the three-phase
contact-line (tcl) must be considered. According to the
Gibbs isotherm for adsorption at the ij interface:

dyij = -Fijdti (7.25)

Under the assumption that the solution is ideal, one can
therefore write:

= RT I r,7
Jo

(c)dlnc- (7.26)

where the spreading pressure 7r,7(= >A° — y,7) is the dif-
ference between the surface tension of the pure solvent
and the surface tension of the solution at concentration c.
In the case of partial wetting, preferential solute adsorp-
tion at the "si" interface will increase the wetting ten-
dency of the solution, as is often the case when adding
surfactants to a solution in contact with a hydropho-
bic surface, while preferential adsorption at the "sv"
interface will cause dewetting, as often is observed
when small amounts of cationic surfactants are added
to solution in contact with a negatively charged surface.
This effect is commonly referred to as autohydrophobic-
ity. If the adsorption isotherms are known, the contact
angle of the solution can be calculated by combining
equations (7.22) and (7.26).

7.1.1 Wetting of rough and chemically
heterogeneous surfaces

As has been pointed out several times, the surface of
paper is far from being a smooth ideal surface. This
has great consequences on the wetting behaviour that is
observed. For "random" rough surfaces, the influence of
surface roughness can be described by using Wenzel's
equation:

cos6>r= — cos0 (7.27)
pr°j

which simply states that the contact angle can be
calculated if the ratio between the actual-to-projected
surface areas are known. The important conclusion
drawn from equation (7.27) is that roughness promotes
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Figure 7.34. Illustration of the effect that surface roughness
has on the wetting of a solid by a liquid drop. The plot shows
schematically the evolution of the cosine of the contact angle
on a rough surface (0R) versus the same quantity on a smooth
surface with the same surface composition (0e). The theoretical
line refers to equation (7.27)

wetting in the partial wetting regime (0 < 0 < 90°),
while the wetting tendency decreases in the non-wetting
regime (0 < 0 < 90°). Figure 7.34 show schematically
how the roughness effect may manifest itself in practice.
If the roughness defects are sharp and large enough, the
contact angle may be pinned also for wetting liquids
and Wentzel's equation is no longer valid. This situation
may give rise to a large hysteresis in the measurement of
advancing and receding contact angles. Due to pinning
of the contact line, the advancing contact angle, 0a, is
always larger than the receding contact angle, 0r.

Chemical heterogeneity is also highly important
when discussing the wetting of paper. For surfaces
composed of different surface groups that are ideally
mixed, the contact angle can be estimated simply from
the relative fractions of the two components " 1 " and
"2", as follows:

COS#i+2 = f\ COS 0] + fl COS 02 (7.28)

However, this situation is seldom realized in papermak-
ing systems for which the chemical heterogeneity is
often observed on the micron-size scale. This can give
rise to contact line pinning on defects due to line ten-
sion effects, which also causes contact-angle hysteresis.
This is illustrated below in Figure 7.35, which shows
a large difference between the advancing and reced-
ing contact angles measured on paper. In the advancing
mode, the measured contact angle increases rapidly with
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Figure 7.35. Quasi-static advancing and receding contact
angles versus the fibre surface coverage of AKD sizing agents
(given as the relative C7-to total carbon ratio minus that
measured for the non-sized reference, as described below). The
Cl value represents aliphatic carbons (see Section 8)

increased surface coverage of hydrophobic domains,
whereas small contact angles are measured in the reced-
ing mode. This is in agreement with previous findings
for heterogenous materials (45). In the study of paper
wettability, it is always important to consider if reced-
ing or advancing wetting modes apply to the practical
problem at hand.

7.7.2 Wetting dynamics

Wetting dynamics is highly important in converting
operations, coating, and printing on paper, since equi-
librium conditions are seldom realized in these fast pro-
cesses. The spreading of a liquid on a solid can be driven
by hydraulic pressure, inertia, gravity and wetting ten-
sion. The energy of the moving liquid can be dissipated
through viscous drag in the bulk liquid or by molecu-
lar friction at the wetting front. Together, this generates
a seemingly overwhelming challenge in formulating an
understanding of wetting dynamics, in particular when
considering the various possible wetting geometries and
the large range of wetting speeds encountered in prac-
tice. Comprehensive reviews of this difficult topic have
been published by de Gennes (46), Blake (47) and
Kistler (48). Here, we will only touch upon some rather
trivial issues related mostly to the spontaneous spreading
of liquids and solutions on solid surfaces.

When discussing wetting dynamics, the dynamic
contact angle 0d is the central parameter. In the so-called
capillary regime, spreading is promoted by the in-plane
and out-of-balance interfacial tension force, which often
is expressed as follows:

Fs = ycos(6>d -0) (7.29)

from which one can conclude that the spreading force
is largest far from equilibrium for completely wetting
systems. A net dissipation associated with the motion of
a spreading liquid compensates the unbalanced capillary
force. The main theories available for describing wetting
dynamics differ in the way in which one accounts for this
dissipation. In the hydrodynamic approach, dissipation
occurs by viscous drag in the bulk liquid, whereas
according to the molecular kinetic theory, the dissipation
takes place at the moving three-phase contact line. In
the hydrodynamic theories, the dependence of spreading
rate on the contact angle is, in the case of the complete
wetting regime, accounted for by the 6% ~ Ca power
law. This is referred to as the Hoffman-Voinov-Tanner
law. For partial wetting, the approximate spreading law
O] — 03 ~ Ca is suggested; Ca = r]U/y is the capillary
number, where r\ is the liquid viscosity, U the spreading
rate, and y the surface tension. Hence, the rate of
spreading in the complete wetting regime is given by
the following:

U - -0l (7.30)

showing (as in the case of capillary flow discussed
below) that the rate is proportional to the surface
tension and inversely proportional to the viscosity. In
the capillary spreading regime, the radius of a spreading
drop is predicted to exhibit an approximate r ^ r 1 / 1 0

dependence. It should be noticed that deviations from
the spreading laws referred to above are common, in
particular for high Ca numbers. The dynamic contact
angle 6& is often observed to rise rapidly for Ca > 0.2.
In high-speed coating processes, this often results in the
entrainment of air and ultimately to a situation in which
the substrate is not coated at all.

For spontaneous wetting processes involving com-
plex solutions under conditions of fast hydrostatic equi-
libration, the wetting dynamics are often controlled by
the kinetics of interfacial adsorption and its effect on
the dynamic wetting tension. Due to the fact that several
interfaces are involved and that mass transfer can occur
over the three-phase contact line, it is frequently difficult
to predict wetting rates for such systems. However, in
the case of drop spreading on hydrophobic surfaces, the
time-limiting step is often the adsorption at the expand-
ing liquid-vapour interface. Inserted into the surface
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tension balance in equation (7.22), the dynamic contact
angle then becomes:

cos 0d(t) =
/sv - /si

(7.31)

This simple law can be used to predict the spontaneous
spreading of ink drops on hydrophobic paper from
surface tension relaxation data.

7.1.3 Adhesion

The thermodynamic work of adhesion between two
materials A and B is given by the following:

Wa = (/A + / B ) - /AB (7.32)

For a solid and a liquid, this can be expressed as follows:

+ / ) - /si (7.33)

where (ysv -f- 7TSV) is the surface energy of the solid in air.
If the spreading pressure term is omitted, then the work
of adhesion refers to the separation of the liquid from
a solid, which still is covered with an adsorbed vapour
layer. Substituting (/sv — /si) with y cos 6 by using the
Young equation gives the following:

a = /(l+COS0)+7Tsv (7.34)

This equation describes quite accurately the situation of
an adhesive drop on a solid surface. The surface energies
do not alter profoundly as the liquid solidifies, although
stresses may build up due to shrinkage. Hence, the
equation is also valid for the situation of a solid adhesive
on a substrate. It follows that the adhesion maximum is
obtained when cosO = 0, that is when the liquid spreads
completely. This implies the existence of larger forces
between the liquid molecules and the solid, compared
to that between the liquid molecules themselves, which
further implies a high 7rsv value. The adhesive force will
tend to zero for contact angles above 90°, in which case
7rsv is small.

The work of cohesion of a liquid Wc is defined
as that which is required to create two new interfaces
with a total interfacial tension of 2 / . Under conditions
of complete wetting, W.d = 2y + 7rsv, which shows that
the work of adhesion for completely wetting liquids
is always larger than the work of cohesion. Adhesion
problems generally require the consideration of aspects
other than wetting alone. An important issue is to
determine the surface energies of solids. The surface
tensions of liquid-vapour and liquid-air interfaces can
easily be determined from the pressure difference across

an interface having principal curvature radii of n and
r2, as follows:

(7.35)

which reduces for a spherical drop to the well-known
relationship, AP = 2 / / r . No such simple and direct
method of measuring the surface energy exists for solid
surfaces, due to their rigidity. However, it is the surface
energy of the solid that to a large degree determines
wetting, adhesion, cohesion and friction properties.

In a study that has proven highly useful in the
design of products with prescribed wettability, Zisman
found that a liquid drop will wet a surface completely
when its surface tension, y, is smaller than a criti-
cal value, /c , which is characteristic of the solid (49).
This critical surface tension of wetting is often mea-
sured by using a homologous series of liquids with
different surface tension values. By using the following
function:

cos0 = 1 - const.(y - yc) (7.36)

and plotting cos# versus y, yc is obtained at the inter-
cept, cos0 = 1. The importance of Zisman's method
is that the desired wetting properties for a specified
liquid can be obtained by modifying surfaces using
coatings or other chemicals with suitable values of yc.
Liquids will furthermore completely wet a surface only
when y > yc. Hence, when laminating paper with, e.g.
polyethylene, with a surface tension of about 30 mN/m,
the paper substrate should preferably have a higher yc in
order to achieve good wetting and adhesion. The adhe-
sion will decrease strongly with decreasing yc below
this value. The measured yc values may vary rather
strongly between different commercial grades of, for
instance, paper board (50). Increasing the surface ener-
gies of surfaces for improved wetting and adhesion in
converting operations is often achieved by using corona
discharge.

Fowkes and Mostafa (51) demonstrated another fruit-
ful approach to the problem of estimating surface ener-
gies of solids by separating the surface free energy
into different components, of which dispersive and
polar acid-base interactions dominate, thus giving the
following:

/ = yd + / a b (7.37)

This work was followed by others, notably that of
van Oss et al. (52), and was developed into a theory
of surface free energies and adhesion (see ref. (53)).
The complete combining rule can for a "polar" system
be expressed in terms of the adhesion energy and the
contact angle, as follows:
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(7.38)

By using several liquids with known surface tension
components and determining their contact angles in con-
tact with a given solid, the surface energy of the solid
may be calculated using the above equation. It is worth
noting that this theory has been questioned from several
standpoints, including the use of the combining geomet-
ric mean rule. Furthermore, the surface tension values
of the reference liquids used to determine the surface
energy components of the solids have been debated. The
theory is nevertheless extensively used in practice in an
effort to understand the interrelationships between wet-
ting, adhesion and molecular surface properties.

7.2 Wetting properties and surface
energy characteristics of paper

It should be stressed from the beginning that paper
substrates are not compliant to the assumptions
of Young's equation. Paper surfaces are naturally
rough, porous, chemically heterogenous, and also
dynamic to some degree. Contact angles measured
for such substrates reflect to different degrees these
properties, usually in a non-trivial way. Techniques for
measuring contact angles are discussed elsewhere in
this compendium (see Chapter 37). The heterogenous
features of paper and fibre surfaces are clearly
indicated by the large difference between advancing and
receding contact angles, as illustrated in the example
shown in Figure 7.35. Wetting studies on paper and
fibre nevertheless provide very important and useful
information for understanding adhesion, absorption and
printing. This is, for instance, seen in Figures 7.16
and 7.17, which show clearly the interrelation between
the advancing contact angle and the absorptivity
of paper. Furthermore, as seen in Figures 7.35 and
7.23, such studies can also provide semi-quantitative
information about the chemical compositions of the
paper surfaces. This information is highly useful when
trying to rationalize important end-use properties such
as absorbency, adhesion and friction.

The surface energy of paper can be calculated from
quasi-static advancing contact angles. The best approach
for doing this seems to be to treat spreading and pene-
tration as separate processes. The quasi-static advancing
contact angle is identified as the contact angle measured
when drop base expansion is first stabilized, which for
low-viscous fluids occurs in fractions of a second. In
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Figure 7.36. Evolution of surface energy components for kraft
pulp hand-sheets versus the fibre surface coverage of AKD
sizing agents (given as the relative C7-to total carbon ratio
minus that measured for the non-sized reference sheet, as in
Figure 7.35). The surface energies were calculated by using
equation (7.37) from the quasi-static advancing contact angles
for water, formamide, ethylene glycol and diiodomethane

the case of adsorbing papers, the effect on the con-
tact angle of the drop volume decrease during spreading
is accounted for by extrapolation to t — 0. Figure 7.36
shows the evolution of the surface energy components
for AKD sized hand-sheets. As can be clearly seen, there
is more or less an inverse linear relationship between
these quantities. The values obtained for the non-sized
sheet agrees well with those previously reported for dif-
ferent cellulosic material, as shown in Table 7.1. The
agreement in the Lifshitz-van der Waals and basic com-
ponents is very good indeed. Variations seen in the total
surface energy value are mainly caused by variations in
the small acid component, whose magnitude often is of
the same order as the measurement accuracy. Very low
surface energies are obtained for high surface coverage
of AKD. In this case, the paper surface must be seen as
a heterogenous composite of cellulose fibre, AKD and
entrapped air voids. However, the physical meaning of
the measured surface energy is under such circumstances
somewhat questionable. The results have none the less
some value in the prediction of, for instance, polymer
adhesion on paper.

The influence of paper roughness on wetting dynam-
ics is illustrated in Figure 7.37, which shows the spread-
ing of ethylene glycol on different coated paper grades
having the same surface chemistry but different mean
roughness values. Surface roughness was altered by cal-
endering. The glossy art paper was hard-calendered,
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Figure 7.37. Spreading of ethylene glycol on three coated
paper grades (art, silk and matt) with the same surface chemical
composition. Each curve represents three different measure-
ments at three different positions on the papers, and is perfectly
reproducible. The rms roughness values of the samples depends
on the scale length and the waveband analysed, but for all
scales measured by atomic force microscopy and white-light
profilometry increase in the order: art < silk < matt (see also
Figures 7.44 and 7.45 below)

and the silk paper soft-calendered, while the matt paper
was not calendered at all. Spreading of ethylene gly-
col is initially fastest on the glossy paper, due to the
fact that roughness defects retard the spreading less on
this smoother surface. However, the spreading on the
rougher surfaces relaxes within 50 s to approximately
the same value as that observed for the glossy art paper.
This long-time relaxation is facilitated by sub-surface
penetration in the surface pores of the coating. Hence,
as predicted from the equations of capillary dynamics
discussed below, this relaxation should be faster for
the non-calendered matt sample when compared to the
soft-calendered silk grade. Spreading of different com-
pletely wetting poly(dimethyl siloxane)s (PDMSs) did
not reveal any differences between the two samples.
Roughness defects thus do not seem to pin the contact
angle of a completely wetting fluid, which intuitively
seems to be correct. Overall, spreading on paper must
be considered as a mix between surface spreading and
sub-surface penetration. The physical laws for the latter
process are discussed below. The dominance of different
phenomena will depend on the wettability of the solid
by the liquid, and the liquid viscosity, which retards
sub-surface penetration more than surface spreading.

Future work will hopefully help to clarify the relation-
ship between paper surface morphology and spreading
dynamics.

7.3 Capillary rise and flow dynamics

The driving force for liquid penetration into a capillary
is given by the following:

AP =
2y cos 6

(7.39)

In a dynamic situation, this force is opposed by viscous
drag and gravity. For a viscous non-compressible liquid
in a long cylindrical capillary, the capillary flow dynam-
ics are described by the following differential equation:

p[zz." + (z')2] = -y cosO -rjzz - pgz (7.40)
r r2

where p is the density, 77 the viscosity, y the surface
tension, 0 the wetting angle of the liquid, z the height
of capillary rise, r the capillary radius and g the
acceleration due to gravity. Equation (7.40) can only
be solved analytically in different asymptotic regimes,
as was shown by Lucas (56) and Washburn (57). For
viscous fluids in the short-time regime under quasi-
static conditions (i.e. the acceleration term is zero),
the capillary flow can be described by the Washburn
equation as follows (57):

z(t) =
ry cos 6

2/7
t(t 0) (7.41)

which predicts the well-established fact that liquid pen-
etration in the short-time regime often is proportional
to the square root of time. Furthermore, the rate of
penetration increases with increasing size of the capil-
lary, decreasing viscosity and increasing capillary force.
In the long-time limit, the penetration slows down and
exhibits an exponential relaxation towards the equilib-
rium height, Zoo:

(t 00) (7.42)

where Zoo is defined by the balance of capillary and
hydrostatic pressures:

2ycosO

Pgr
(7.43)

So far we have only discussed the dynamics of capillary
rise in a cylindrical capillary. However, when interpret-
ing flow in paper, it is also worthwhile to consider other
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(a)

Flow in cylinder or slot between two planes

(b)

Radial capillary flow in slot between planar surfaces

Figure 7.38. Schematic illustrations of (a) the capillary flow
in a cylinder or a slot between two planes and (b) the radial
capillary flow in a slot between planar surfaces

geometriess, such as a slot between planar surfaces.
Figure 7.38 shows some simple geometries for which
the general dynamics equation can be solved in the
short-time regime. The penetration distance versus time
dependences for the geometries shown in Figure 7.38
can be written as follows:

ry cosO
t, cylindrical capillary (7.44)

2rycos9
one-directional flow
between two planes (7.45)

(7.46)

radial capillary

where the penetration distance rate is highest for the
one-directional planar flow and lowest for the radial
capillary flow, due to the continuous expansion of
the liquid-vapour interface. In the first two cases, the
penetration distance scales as rI /2.

Only cases of spontaneous penetration into pores of
simple geometry have been considered above. In real
papers and coatings, the situation becomes much more
complex, and accurate modelling of flows requires a
detailed knowledge about pore distributions, swelling
effects and the connectivity of pores. Such properties
are not trivial to determine.

The penetration kinetics of complex solutions such as
printing inks and fountain solutions are often controlled
by time-dependent interfacial adsorption phenomena, as
is discussed in detail in ref. (58). Surfactant adsorption

will naturally aid penetration in hydrophobic capillar-
ies, whereas the opposite effect is often observed for
hydrophilic capillaries due to the decrease of the capil-
lary pressure with decreasing surface tension.

7.4 Absorption of liquids and solutions in
paper

Liquids can be transported into paper by capillary pen-
etration, surface spreading or vapour sorption mecha-
nisms. In many practical situations, these tend to be
coupled processes. Capillary penetration in paper can
be strongly influenced by adsorption and surface wet-
ting processes ahead of the liquid front, which can cause
fibre swelling and molecular rearrangement of various
surface groups. Liquids can be imbibed from drops or
liquid films deposited on the paper surface, or penetrate
through the edge of the paper sheet, thus causing edge
wicking. Absorption from the vapour phase through
adsorption and pore condensation mechanisms is also
frequently encountered.

We start by discussing the surface penetration phe-
nomenon. This can, for instance, be investigated by
using what in paper science is known as the Bristow
wheel, where absorption in a paper strip mounted on a
rotating wheel is studied. The absorption time in such
a set-up is controlled by simply varying the periph-
eral speed or the applicator box width. Figure 7.39 (59)
shows some early absorption results obtained by using
the Bristow wheel absorption technique. All curves show
some measurable absorption volume, visible also for
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Figure 7.39. Liquid absorption in paper as a function of
adsorption time; note the logarithmic time-scale. (Redrawn
form ref. (59))
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very short contact times (<1 ms). This volume is gener-
ally claimed to be the void volume associated with the
surface roughness of the paper. The oils studied exhibit
a V ~ r1/2 relationship from the outset (59), agreeing
with the simple Washburn kinetics. For water in contact
with the sized paper, however, there is quite an inter-
esting short-time behaviour with an induction period
before further absorption occurs. In the drop spread-
ing experiment shown above in Figure 7.16, a similar
induction period can be identified. The reason for this
so-called "wetting delay" has been the subject of differ-
ent hypotheses. It seems, however, reasonable that the
delay relates to the rate of establishment of a precursor
wetting film on the fibre surfaces, which thus enables
further capillary penetration into the sized paper. The
establishment of a precursor wetting film on sized grades
is no surprise considering the heterogenous chemical
nature of the paper surfaces, with both hydrophilic
and hydrophobic patches, as described above. This pre-
wetting phase, either due to surface spreading or vapour
sorption, must be emphasized for all partially hydropho-
bic paper grades. Once absorption is initiated, how-
ever, Washburn-type kinetics seems also to prevail for
these qualities. This is also indicated for the sized
paper qualities represented above in Figures 7.16 and
7.18. It should be mentioned however, that in an exten-
sive study of liquid penetration in paper by Salminen,
both linear and square-root relationships were obtained,
although the cause of the discrepancy between the dif-
ferent data was not fully explained. It may be concluded
that a wetting induction time is commonly observed for
water absorbing in paper, whereas this effect is not seen
for non-polar liquids. The time-dependence of penetra-
tion can often be described by using a Washburn-type
equation suited for the particular experimental geome-
try at hand. The effects of typical liquid and substrate
characteristics, such as viscosity, surface tension and
pore size distribution, can thus at least qualitatively be
accounted for by using equations (7.44), (7.45) or (7.46).

A frequently encountered problem in paper appli-
cations is the edge penetration or wicking of liquids.
Packaging grades are often polymer-laminated but have
unprotected edges where liquids and vapours may pen-
etrate, hence resulting in edge wicking. As can be seen
in Figure 7.40, internal sizing can be used to efficiently
prevent the capillary transport of water into the paper
edge. However, as can also be seen in this Figure,
the protective effect of the sizing treatment vanishes
when surfactant is added or when the temperature of the
liquid is increased. The surfactant effect has been dis-
cussed above, and the increased penetration rate is due to
adsorption at the solid-liquid interface, thus resulting in

a decrease of the liquid-vapour interfacial tension and
hence an increase in the wetting tension (= ysy - ysi)-
Note that the adsorption depletes the solution front of
the surfactant and that this effect becomes larger with a
smaller average pore size of the network. Hence, high
concentrations of surfactants are required for penetra-
tion into hydrophobic porous structures having small
pores. This issue is discussed in detail in ref. (58). An
important point to make with regards to the dynam-
ics of the capillary penetration of surfactant solutions is
that this is mainly determined by the rate of interfacial
relaxation in the system under study, which may vary
strongly between seemingly similar surfactants. Hence,
the Washburn equation developed for describing simple
liquid penetration is no longer relevant in this case.

The fast penetration of water into the highly sized
paper which is observed at higher temperatures seems
at first counterintuitive, since the water surface tension
is only weakly dependent on the temperature. However,
the important penetration mechanism is, in this case,
most likely vapour transport and capillary condensation,
where the latter occurs in accord with the Kelvin
equation, as follows:

O 4 7 )

where P is the partial pressure of the vapour condensing
into a circular pore of mean radius Rm, P° the vapour
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Figure 7.40. Edge penetration of water and an aqueous solu-
tion of hexaethylene glycol tetradecyl ether (C10E6) into a
highly sized paper, with an advancing contact angle of M10°
as a function of the contact time
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pressure, and v\ the molar volume of the vapour conden-
sate. Capillary condensation occurs only when the con-
tact angle is smaller that 90°, hence requiring hydrophilic
patches in the paper, which as mentioned previously
are also present in highly sized paper grades. The rate
of imbibition into sized paper is strongly temperature-
dependent and scales with the vapour pressure. Hence,
sizing treatments are much less effective at elevated
water temperatures.

Liquid transport in paper is, as can be understood
from the above examples, a complex issue. Imbibition
can occur by various mechanisms and is affected by
many factors, such as the structure of the fibre network
which controls the size of the capillaries and continuity,
fibre surface chemistry and morphology, sizing and other
chemical treatments of the fibre surfaces. Each practical
case must be carefully thought over in order to make
fruitful predictions of the absorbency behaviour and a
correct analysis of the experimental data.

Paper is, as described above, often surface treated
with a mineral coating in order to optimize ink-vehicle
absorption. In this case, the resulting paper structure is
heterogeneous. The absorbing liquid is often present is
limited quantities, thus rendering important the nature
of the pore size distribution. This is because the capil-
lary pressure is higher in the small pores, thus leading
to preferentional penetration in small pore regions. Ink-
bottle pores, which are large voids connected to small
capillaries, tend to become more important in the more
closed coating structures than in the more open fibrous
paper structure. However, even if the capillaries in a
(coated) paper sheet are not cylindrical and they are
interconnected in a non-trivial way, a theoretical frame-
work based on ideal penetration geometries provides an
important basis for understanding liquid penetration phe-

8 CHARACTERIZATION OF PAPER
PROPERTIES

8.1 Surface chemical properties

We have emphasized throughout this chapter that the
surface chemical composition of paper is important
since it affects among other things the wetting prop-
erties, adhesion, friction and surface strength of paper,
which are important for converting and end-use applica-
tions. There exists a whole range of surface-chemistry-
sensitive techniques, many of which are spectroscopic,
that are being applied for the purpose of determining
the surface chemistry of paper. These include Infrared

Spectroscopy (IR), Raman Spectroscopy, X-ray Photo-
electron Spectroscopy (XPS) or Electron Spectroscopy
for Chemical Analysis (ESCA), and Secondary Ion Mass
Spectrometry (SIMS). More recently, Atomic Force
Microscopy (AFM) has also found important use in
the characterization of the local surface distribution of
paper. Below, we will briefly discuss the use of some
different surface-sensitive techniques in paper applica-
tions and relate the results obtained to paper charac-
teristics and end-use properties. For a more detailed
description of these and other available techniques for
characterizing the chemistry of paper surfaces, readers
are referred to ref. (60).

8.1.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is widely used
for surface characterization and analysis of polymers,
biomedical materials and paper. The technique was
developed by Kai Siegbahn in the 1960s, who realized
that technical development had come to a point where
the photoelectric effect discovered by Einstein could be
used for surface chemical analysis. The photoelectric
effect is the phenomenon that occurs when a material
is exposed to photons with sufficiently high energy and
electrons contained in the material with a lower binding
energy are emitted. Therefore, we can write:

Ek = —— = hv - Eh

where Ek is the kinetic energy of the photoelectron, m, v
and Eb are the kinetic energy, mass and binding energy
of the electron, respectively, and hv is the energy of the
incident photon (X-ray) beam. Due to the fact that the
kinetic energy of the photoelectrons is small, these can
only travel small distances in the solid material. This
makes XPS a truly surface-sensitive technique with an
analysis depth of ~10 nm. However, the small kinetic
energy also imposes the restriction of high-vacuum
measurements, as gas molecules would otherwise scatter
photoelectrons.

The information that can be obtained from an
XPS measurement includes elemental compositions, the
chemical state, the depth and in-plane distributions of
elemental compositions, and the layer thickness values.
Problems associated with the technique include the high-
vacuum treatment of the sample, which may lead to
evaporation of volatile components. Figures 7.41 and
7.42 give two examples of ESCA spectra obtained for
paper materials.
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Figure 7.41. Typical XPS (ESCA) spectrum obtained on a
coated paper grade, where peaks due to emission of core
electrons can be clearly seen. The positions of these peaks are
used to identify the elements present and to provide information
about their oxidation states and chemical surroundings. The
intensities of the peaks are furthermore used for quantification
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Figure 7.42. High-resolution XPS (ESCA) spectra obtained for
non-sized and sized bleached kraft pulp hand-sheets. Such
spectra are used to quantify the amounts of, for instance, sizing
agents, extractives, ketones, etc., present on cellulose surfaces

8.1.2 Secondary ion mass spectrometry

Secondary ion mass spectrometry SIMS is the
most surface-sensitive spectroscopic technique available
today, with an analysis depth of some nanometres. The
mass of secondary ions emitted from a substrate surface
during the bombardment of a surface with primary ions
is analysed by using this technique. Using time-of-flight
(ToF) mass analysers, the complete mass spectrum can
be recorded for every pulse of the primary ion source.
This provides extremely high surface sensitivity. The
output data from SIMS techniques include the total area
spectrum used to identify surface groups and molecules
and the total ion image from which conclusions about
the in-plane distributions of the surface groups can
be obtained. The typical practical resolution of a
commercial ToF-SIMS instrument is 1-2 urn enabling,

for instance, the detection of retended size particles at
fibre or filler surfaces of paper (61).

8.1.3 Infrared and Raman spectroscopy

Infrared IR and Raman spectroscopy are today com-
monly used for the chemical analysis of paper. IR spec-
troscopy relies on the vibrational excitation of molecules
due to photon absorption, whereas Raman spectroscopy
exploits the photon frequency shift corresponding to a
particular vibrational transition. Compared to XPS, both
techniques are much less surface-sensitive, with analysis
depths in the micron range. Both IR and Raman tech-
niques are powerful tools in the identification of paper
components, molecules and molecular segments. They
can also be used for quantification purposes, although
this requires the use of calibration curves with known
compositions. Raman spectroscopy is in general less
sensitive than IR, but is better suited for studies of
heterogenous samples where IR suffer from Rayleigh
scattering of infrared photons. Raman spectroscopy can
also be used for time-resolved measurements by using
a spectrometer equipped with a pulsed laser. Read-
ers interested in further information on this topic are
referred to refs (62) and (63), which provide detailed
information about different IR and Raman spectroscopic
techniques.

8.2 Surface topography

The surface topography of paper is an important char-
acteristic influencing, as mentioned earlier, the wetting,
adhesion and friction properties, as well as the light
scattering of paper, and thereby its visual appearance in
terms of gloss. Consequently, it is one of the key control
parameters in the evaluation and design of paper prod-
ucts. The surface topography of paper can be controlled
by various treatments including coating and surface siz-
ing treatments and calendering in hard and soft nips. The
process used depends on the value of the end product, as
well as on the specific end-use requirements for strength,
appearance and printability. The surface topography is
consequently a key measure in the development of, e.g.
new coating colours and coating procedures and during
press trials for new paper machine settings.

Surface topography is technically the variation of
the height z-direction along the lateral x- and y-co-
ordinate space of the paper surface. A map of z{x,
y) gives a three-dimensional image of the surface.
This information can be used in itself to evaluate the
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topography. However, it is common and more practical
to use various statistical measures. The subject of exactly
which such parameters, as well as that of different
models for light interaction with paper, is vast and it
suffices here to say that many parameters are based on
the calculation of some deviation of the surface structure
from a best-fitted surface of well-known geometry, such
as a plane or sphere, to the measured topography. It is
important to be aware of the differences between the
different measures and to consult suitable monographs
on the subject before deciding on which parameter to use
as the measure of topography. Depending on what the
purpose of the measurement is, the different measures
may be more or less suitable as they might emphasize
or diminish certain effects.

Another powerful tool when analysing surface topog-
raphy is filtering, which can be used to divide the
topography according to the length scale of the sur-
face features. By employing, for instance, wavelength
filtering, much like the filtering of sound or any other
frequency/wavelength-dependent property, it is possible
to distinguish between roughness on different scales.
The interesting scale for paper is often set by the size of
the building stones at the paper surface, i.e. the fibres,
pigments or pigment aggregates. The division is, how-
ever, somewhat arbitrary and the cut-off values between
different ranges will be strongly dependent on the type
of surface and the practical question of interest. In the
case of the visual appearance, the interesting scale is
set by the wavelengths of white light. In such cases,
topography studies can gain much in terms of practical
relevance by being combined with test panel studies in
order to distinguish, for instance, within which wave-
length band structural variations are most disturbing to
the end-user.

With decreasing wavelength, or increasing spatial
frequency, the different ranges are usually referred to
as form (or shape), waviness, roughness and noise. As
the very long wavelength variations rarely are of great
importance, at least not in relation to surface chemistry,
such variations can be removed by fitting an appropriate
surface (e.g. a plane or sphere) to the form of the sample.
Applying a low- and a high-pass filter will then divide
the topography into the remaining three waviness, form
and noise regimes. The noise is usually as much a
measure of the sensitivity of the instrument as it is an
intrinsic characteristic of the substrate and can therefore
often be omitted. What remains then are the waviness
and roughness features, which can be used in the pursuit
of structure-property relationships, e.g. correlating with
experimental spreading, gloss variation and printability
measurements.

When studying topography images, especially two-
dimensional (2D) measurements over large distances, it
is important to bear in mind the frequently very large
aspect ratio between the scales on the ^-direction, on the
one hand, and jcy-plane, on the other.

8.2.1 Experimental methods

There are a number of experimental techniques available
for measuring the surface topography of paper and other
materials. Several methods are commonly employed
by paper manufacturers for fast assessment of the
average surface roughness. Such techniques include the
use of air-leak-type instruments as well as indirect
measurements of light scattering.

Direct imaging of surface topographical features can
be obtained by using either contact methods, where
a sharp tip is used to track the height variations in
the plane of the surface, or techniques relying on the
interaction of a light probe with the surface. Since the
paper surface is often quite soft, it is important when
using contact techniques to ensure that the measured
response is not convoluted with characteristics of the
measuring device. The measurement speed, resolution
(in both lateral and normal directions) and measurement
range are among the characteristics which determine the
most suitable technique for a particular user and problem
area. Figure 7.43 shows the resolution of a few chosen
contact and non-contact methods. Note already at this
stage that one should in presentations of topography-
related results always present the range used in the
experiment, since statistical roughness measures are
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Figure 7.43. The resolution of different experimental tech-
niques used for surface topography studies. (Redrawn form
Stout, K. J. and Blunt, L., Surface Coating Techno!., 71, 69-81
(1995). Reprinted with permission from Elsevier Science)



SURFACE CHEMISTRY OF PAPER 165

usually dependent on the measurement area. We divide
the discussion of the techniques into indirect, contact and
non-contact or optical methods, according to their modes
of interaction with the surface. The different methods
have both different technical limitations and different
resolutions in normal as well as in the lateral directions.
Atomic force microscopy (AFM) provides the highest
lateral resolution images on paper but has a limited xy-
range, whereas the stylus, autofocus and interferometry
techniques have a much lower lateral resolution but
larger working window.

Indirect methods

Common methods used by the paper industry for obtain-
ing indirect surface roughness measures are those based
on measurements of the amount of air that leaks out
under the rim of a pressurized cup placed upside
down on the paper surface. Two commercial instru-
ments based on this principle are the Bendtsen and the
Parker-Print-Surf (PPS) test. Such techniques provide
an average value which is rather related to the surface
roughness but do not provide a map of the surface and
information about local properties. A serious problem
with these methods is that they are not suitable for highly
porous materials in which a significant fraction of air
can be transported through the paper. However, they are
simple and rapid to apply and are therefore frequently
used in industry. Their primary usefulness is to follow
the product reproducibility. The results obtained with
the PPS method has, however, been scaled to physical
roughness values and the technique is frequently used
in the evaluation of paper for different printing tech-
niques. As mentioned above in Section 7.4, the Bristow
wheel wetting technique can also be used for evaluat-
ing surface roughness, or rather surface volume. Other
indirect measures include light scattering methods but
these require the use of an optical model for calculat-
ing roughness properties, and the input data are seldom
known for constructing such models.

Contact methods

In contact methods, a sharp object is contacted with
the sample and the variation in height position of this
stylus is recorded as it is scans the x- and/or y-directions
of the surface. Contact methods are available both for
2D and three-dimensional (3D) measurements. From a
3D z(x, y) map it is possible to calculate all relevant
topography measures. However, since the method relies
on the contact between the surface and a sharp object

which is scanned along the surface while in contact,
considerable damage may be done to soft materials such
as paper. The size of the stylus will also limit the xy
resolution. Only features larger than the radius of the
stylus tip can be measured. The maximum amplitude is
of course also limited by the size and shape of the tip
that is used for imaging the paper surface.

The principle of atomic force microscopy, (AFM)
is very similar to the stylus contact method. A sharp
nano-sized tip is used here to image small areas of a
surface. Although a stylus is used, the probe and the
surface do not necessarily need to be in physical contact
when using the AFM technique. The reason for this
is that the technique is highly sensitive, thus allowing
measurement of more long-range physical interactions,
such as electrostatic fields, on the colloidal scale. There
exist various methods by which a constant force can
be maintained between the tip and the sample without
coming into physical contact with the imaging tip.
This makes AFM ideal for imaging both hard and
soft samples. The disadvantage of the technique is its
small maximum measurement area, which is typically
50 x 50 um for paper. When determining roughness
parameters from AFM data, it is recommended to use
input from many repeated measurements in order to
get reasonable statistics. The resolution is, on the other
hand, very good and lateral structures of the order of a
few nanometers can be detected without difficulty. The
resolution in the vertical direction is even better, i.e.
fractions of nanometers. Figure 7.44 shows examples
of topography images of a glossy and a matt paper
imaged by using AFM. When determining roughness
parameters from AFM data, it is recommended to use
input from many repeated measurements in order to get
reasonable statistics from the small scan size used with
this technique. The AFM technique can be applied in
both air and liquid ambient media, which is unique and
very useful when studying, e.g. swelling of fibres in
water. Furthermore, as was discussed previously, AFM
can be used for much more than simply determining
the topography. This includes mapping the viscoelastic
response of surfaces and thus gaining information about
the chemical heterogeneity of a surface, and measuring
normal and lateral force interactions between surfaces.

Non-contact methods

One of two basic principles is employed in most com-
mercial optical non-contact methods. The first is the
laser-focusing technique, which works according to the
same basic principle as a CD-player, and can best
be described as an optical equivalent of the stylus
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Figure 7.44. AFM images of (a) a glossy and (b) a matt paper with a scan size of 4 x 4 urn: x- and j-axes, 1.000 urn/division;
z-axis, 1000 nm/division. Roughness data for the same papers measured by the white-light interferometric technique are provided
in Figure 7.45. The same paper grades are also used in the spreading experiments shown in Figure 7.36

method. The local height z(x,y) is, by this method,
determined from the measured position of a surface-
reflected laser light probe at some distance away from
the substrate as this surface is being moved in the
xy-plane. A 3D map of the surface can then be con-
structed from this set of data. This method also has
the advantage of being a non-contact method and hav-
ing quite a large lateral measurement range, as can
be seen from Figure 7.43. However, the technique is
quite slow when compared to the non-contact inter-
ferometric technique, which is the second principle on
which many commercial non-contact pronTometers are
based.

The basis of the interferometric technique is that
when white light is used to illuminate both the sample
and an internal reference surface, the reflected light from
these two sources will produce a standing-wave pattern
due to interference of the electromagnetic waves. The
fringe pattern of reinforced and extinguished light is
analysed after being transferred to a computer via a
charge-coupled device (CCD)-camera. By scanning the
focus of the interferometer microscope in the z-direction,
fringe patterns corresponding to different heights on the
surface are obtained and can be analysed in order to
determine the variation in height at different positions
on the surface. The lateral resolution obtained with
this technique is of the order of 1 urn, while the
surface height information can be resolved down to
about 1 nm. The area investigated is dependent on
the objective used, as with all microscopes, but it can
easily be increased by using a "stitching" methodology
in which several images are assembled into a larger
combined image. The technique has similar limitations
as the stylus and laser-focusing techniques, but is
much faster and it also allows easy filtering of the
roughness in different wavelength bands, as is nicely
illustrated in Figure 7.45. From experience gained at the

1.5-10 10-25 25-70 70-250 250-900
Wavelength band/um

Figure 7.45. Roughness data of glossy, silk and matt paper
grades as a function of the wavelength band. The coating colour
recipes of the silk and matt grades are identical; however, the
silk grade has been calendered in a soft nip. It can be clearly
seen that the effect of calendering is largest for the larger
roughness features and is not visible at low wavelengths, thus
indicating that pigments and primary aggregate structures are
unaffected by soft-calendering. The roughness for the glossy
paper grade calendered in a hard nip is much smaller at all
wavelengths when compared with the other grades. The papers
featured in the plots are the same as those used in the spreading
experiments shown in Figure 7.36

authors' laboratory, this technique, together with AFM,
provides a very powerful combination in the study of
the surface roughness of paper and similar materials
which have roughness features that span several orders
of magnitude. Common to all techniques used to study
surface topography are problems related to very rapidly
varying surface features. As mentioned above, contact
techniques may run into problems because the stylus
tip is relatively large and can be convoluted with the
surface features. Such problems also provide difficulties
for the optical non-contact techniques and should not be
neglected.
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8.3 Porosity

As we have emphasized previously in this chapter, some
critical target properties for a paper coating include high
smoothness, printability and print quality, outstanding
optical qualities such as opacity, reflectance and finish
(gloss/matt), and good performance with regards to
surface strength and other mechanical properties. All of
these qualities, to various degrees, are influenced by not
only the physical and chemical surface characteristics
of the coating layer, but also the nature of the sub-
surface pore space. In particular, print quality can, to
a large extent, be determined by ink drying times,
which in turn are strongly influenced by the pore size
distribution and connectivity in the sub-surface zone of
the coating layer. Optical properties are significantly
determined by the morphology of the void space and
its influence on the scattering of impinging light. The
printability of uncoated paper grades, however, are much
less dependent on the sub-surface pores (chiefly inter-
fibre pores in this case) than for coated papers, simply
because the pore sizes in the base sheet are on average
too large to induce large capillary forces, being of the
order of tens of microns.

Bearing the above in mind, it is not surprising that
obtaining reliable and reproducible characterizations of
the pore space in a coating is an important aspect of
paper research and analysis. The relevant range of pore
sizes for a paper coating spans four decades, approx-
imately between 1 nm and 10 um, and this presents a
considerable technical challenge. In this section, we will
describe various methods now in use for the charac-
terization of the pore structure of paper coatings. As
the methodologies are broadly applicable to many kinds
of porous systems (e.g. mesoporous silicates, zeolites,
rocks, and even foods and biological materials) the dis-
cussion of these techniques will be rather general.

The IUPAC system classifies pores according to size
as follows: micropores, <2 nm; mesopores, 2-50 nm;
macropores, >50 nm. Paper coatings very often contain
pores in all three categories; however, the distribution
is commonly peaked somewhere in the range of 100 to
500 nm. The (somewhat arbitrary) delineation between
micropores and mesopores is based on the role of capil-
lary condensation in adsorption, which dominates in the
mesopore regime but is itself dominated by direct adsor-
bent-adsorbate interactions in the micropore regime.
Macroporous materials are such that the pores cannot
induce capillary condensation at reasonable pressures;
the base paper sheet is characteristically such a material.

The characterization of pore structure often exploits,
in a highly controlled way, the phenomena which

relate to its interaction with liquids and gases, such as
imbibition, capillary condensation and melting/freezing
temperature suppression. Non-intrusive methods, such
as scattering, imaging and tomography, are also used.

8.3.1 Gas adsorption

The sorption of gases to porous and rough materials has
been used as a characterization method throughout the
past century (64, 65). For paper coatings, it is a very
useful technique for the investigation of smaller pores,
which are important, e.g. in the initial stages of fluid imbi-
bition. The pioneering work of Freundlich and Langmuir
allowed a systematic description of the phenomenon of
physisorption to evolve, centred around the concept of
surface "condensation". Langmuir's chief contribution
was the idea of monolayer coverage, whereby a single
layer of adsorbant molecules is formed. The plateau of the
adsorption isotherm (defined as the relationship between
the amount of gas adsorbed by a unit mass of solid at a
given relative pressure, p/p0) represents completion of
the monolayer, and if the average area per molecule can
be independently determined, then the surface area can, in
principle, be deduced. In practice, multilayer adsorption
takes place, which can complicate this picture. Differ-
ences can be seen in the different classes of adsorption
isotherm (under the IUPAC classification), with the more
significant being the following:

Type I. The isotherm rises sharply at low p/po,
reaching a plateau, indicative of monolayer
adsorption.

Type II. The isotherm rises sharply at low p/po,
becomes linear, and then increases rapidly,
indicating multilayer adsorption.

Type IV. Isotherms commonly showing adsorption-
desorption hysteresis, and always a steep drop
in the absorbed amount on reduction of p, due
to capillary evaporation effects.

The full range of adsorption isotherms under the IUPAC
system is shown in Figure 7.46. Brunauer, Emmett
and Teller were able to extend Langmuir's theory
of monolayer adsorption to obtain an isotherm (the
BET equation) which models Type II behaviour, for
meso- and macroporous systems. Briefly, in the theory,
molecules in one layer act as adsorption sites for
molecules in the next layer, so that the adsorbed layer
is not of uniform thickness, but rather is made up of a
random stack of molecules. The theory has limitations,
such as the assumption of liquid-like behaviour in all
adsorbed layers but the first; however, it has become a
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Figure 7.46. Gas adsorption isotherms according to the IUPAC
system. (Taken from ref. (64). Reprinted with permission from
Elsevier Science)

standard means by which to determine the surface area
of rough and porous solids, and is commonly used in
the paper industry to investigate smaller pores in paper
coatings, and also the intra-fibre pores in the base sheet.

Performing a BET surface area measurement involves
determination of the adsorption isotherm, and then the
fitting of the theory to the linear (multilayer adsorp-
tion) part of the isotherm by using an established pro-
cedure (65). The measurement principle itself can be
manometric (gas pressure measurement), gravimetric
(measurement of mass change of the sample), or mea-
surement of gas flow. An inert gas (e.g. He, N2 or Ar) is
commonly used at a fixed temperature (usually 77 K).
This is often done discontinuously. For example, in the
gravimetric method, the pressure is ramped by intro-
duction of the gas, equilibrium obtained at the required
p, and the mass change recorded. The specific BET
surface area a{BET) is then given through the relation-
ship between the monolayer capacity nm (the amount
required to cover the surface with a monolayer), which
appears in the theoretical BET isotherm and is deter-
mined by fitting to the measurement, and the average
area per molecule a:

a (BET) = nmNAcr (7.49)

where NA is the Avogadro number.
Gas adsorption can also be used in systems with

mesopores to measure pore size distributions. In this
range of pore sizes, the surface energy of the pore walls
causes a condensation of the gas (usually N2 in practice)
at pressures where it would remain in the gas state if
not confined; an interface forms with surface tension y
and the reduced vapour pressure on the convex side of
the meniscus, as expected from the Laplace equation,
explains the condensation at equilibrium. Equating the

Ap = -
2ycos6

(7.50)

where Ap is the pressure difference across the interface,
6 is the contact angle of the liquid-vapour-wall, and
rp is the radius of the pore wall, leads to the Kelvin
equation, as follows:

(7.51)

where rK is the mean radius of curvature of the
condensate, vl is the molar volume of liquid, and the
contact angle is now assumed to be 0.

As stated above, a Type IV isotherm is indicative of
capillary condensation and provides a means of deter-
mining the pore size distribution of mesoporous materi-
als through gas adsorption. The hysteresis often seen in
these isotherms is due to the establishment of metastable
states, more commonly a feature of adsorption rather
than desorption. Moreover, on desorption from a full
pore, the inner layers of the condensed phase tend to
be removed first, so that the contact angle 6 remains
0. In the Barrett, Joyner and Halenda (BJH) method, a
stepwise procedure is used to determine the pore size
distribution by following the desorption branch of the
isotherm, whereby the differential volume of removed
gas at each pressure step is related to the differential
volume of pores emptied in that step, through the Kelvin
equation. Consideration has to be given to the fact that
not only is the condensate being removed from pores
above a certain size, determined by the Kelvin equation
for a given pressure, but also layers of adsorbed gas are
being stripped away from pores emptied of liquid, at
the same time (as is done in a BET experiment). Mea-
surement of the amount of nitrogen desorbed at each
reduction in pressure gives the pore size distribution.
Some subtleties must be dealt with in connection with
the assumption of pore shape and the range of validity of
the Kelvin equation (65). The theoretical and practical
complications for the interpretation of adsorption to both
micro- and macroporous systems effectively restrict the
method to the mesoporous regime.

8.3.2 Mercury porosimetry

As stated above, for many systems of interest, including
paper coatings, the majority of pores lie somewhere near
to or in the macroporous regime, where gas adsorption
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Figure 7.47. Comparison of pore size distributions obtained by using Hg porosimetry. (Taken from ref. (66))

becomes less effective. The technique commonly used
to investigate these larger pores is mercury porosimetry.

For a non-wetting fluid (90° < 0 < 180°) like mer-
cury, the Laplace equation predicts that the liquid
will recede from the pore. Hence, Hg must be forced
hydraulically into the pore space. The principle of mer-
cury porosimetry uses this fact to provide a simple
means to determine pore size distributions: The amount
of non-wetting liquid that intrudes into pores as a func-
tion of applied pressure is monitored. Equation (7.50)
provides a relationship between the pressure and the
size of the smallest pore intruded. Some artefacts have
to be considered, such as ink-bottle effects, where pores
with small opening "necks" fill only when the minimum
pressure is sufficient to force the liquid past the open-
ing. Moreover, at the lower end of the mesopore regime,
very large pressures are required (207 MPa at 7.2 nm) to
access the pores, thus causing deformation of the sample
which must be taken into account. However, the method
has proven accurate (and popular) in the measurement of
pore size distributions of larger mesoporous, and macro-
porous, systems. By using Fick's law to describe fluid
diffusion through cylindrical paths, it is even possible
to deduce the tortuosity of the pore network, which is a
measure of the deviation of diffusion paths away from
aligned straight cylinders.

Modern mercury porosimeters can reach pressures
up to % 400 MPa, and perform intrusion and extrusion
measurements automatically. This is carried out in either
a stepwise or scanning mode. Recently, there has been
a move towards the scanning mode method, as the step-
ping mode approach has several drawbacks, including
the possibility of missing important information dur-
ing the filling of smaller mesopores. Other issues of

importance are accurate determination of the contact
angle of mercury on solid surfaces, the use of mercury
of high purity, and the control of deformation effects by
running scans on a non-porous sample of similar com-
pressibility and comparing the results to those obtained
from analysis on the real sample. The technique has
been used on a wide variety of porous materials, from
porous rocks to paper. An example for a comparative
measurement on several ink-jet coating grades is given
in Figure 7.47 (66).

Thermoporosimetry (cryoporometry)

Thermoporosimetry (67-69) is another technique where,
similarly to gas adsorption, a capillary-induced phase
transition is exploited as a pore characterization method.
However, in this case, it is the liquid-to-solid, rather than
vapour-to-liquid, transition that forms the basis of the
method. As described by Gibbs and Thompson (Kelvin)
over a century ago, the melting (and freezing) temper-
ature of a crystalline solid in a pore is lowered relative
to the bulk melting temperature, due to the limitation on
crystal size and the large surface-to-volume ratio in a con-
fined region. The Gibbs-Thompson equation describing
the melting temperature suppression in a porous mate-
rial can be derived by applying the Laplace equation at
the solid-liquid interface and equilibrating the chemical
potentials of the two phases, thus leading to the suppres-
sion in the melting temperature of magnitude A7m:

A7m = 7m — Tm(rp) —
2yTm

(7.52)

where 7m is the melting temperature in the bulk, Tm(rp)
is the melting temperature in a pore of radius rp, A// t is
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the bulk enthalpy of fusion of the solid-liquid transition,
and p is the density of the solid. The physical constants
for a given material can therefore be grouped as k. In
practice, performing experiments during melting rather
than freezing is preferable, as supercooling and contact
angle effects are avoided.

The thermoporosimetry measurement exploits the
Gibbs-Thompson phenomenon as follows: A sample
is saturated with a wetting liquid (usually purified
water or cyclohexane, depending on the material), and
the sample quenched to well below the bulk melting
temperature, such that liquid in pores of all feasible
sizes is frozen. (A temperature of — 60°C is sufficient to
ensure this for water.) Equation (7.52) in fact predicts
that ice in successively larger pores will be melted as the
temperature is increased. Thus, to obtain the pore size
distribution, all that is needed is a probe that can either
distinguish between the relative amounts of liquid and
solid in the pores, or monitor the progressive transition
between the two phases. Nuclear magnetic resonance
(NMR) spectroscopy can be used in the former case,
where the two widely different spin-spin relaxation
times of the liquid (long) and the solid (short) are used to
determine the liquid and solid fractions of the substance
imbibed in a porous sample. Alternatively, differential
scanning calorimetry (DSC) can be used to monitor
the progressive phase transition as the temperature is
continuously raised.

The technique has proven successful in measuring
the pore size distribution in the mesopore regime, for
a variety of model (67-69) and practical (67) systems.
An example of a measurement on a glossy coated
paper is given in Figure 7.48 (67). For pores with rp >
50 nm, instrument resolution, temperature control and
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Figure 7.48. Pore size distribution of pores up to 80 nm in
diameter of a glossy coated paper. (Taken from ref. (67))

defect formation in the pore ice restrict the usefulness
of the technique. Its advantage for mesopores over
mercury porosimetry is in significantly reduced material
deformation, whereas the detection method, especially in
the NMR implementation, is more direct and less model-
based than the procedure for gas desorption. However,
issues regarding the pore damage caused by the density
changes during the freezing and melting of the probe
fluid must be borne in mind.

8.3.3 Microscopy

The methods described above are generically intrusive:
they require the invasion of the pore space by either
a gas or liquid. Non-intrusive methods for studying
pore structure are also commonly used, with microscopy
being the main such method. With the lengths of interest
often residing at the nanometre to micron scale, it is not
surprising that scanning electron microscopy (SEM) has
been widely used to image the internal pore structure of
paper and paper coatings. A concise review is given in
ref. (70).

The sample preparation procedure for SEM imaging
of paper involves the embedding of small cuttings
(e.g. cm width) of sheets into epoxy resin and either
microtoming, or as has recently been introduced (70),
polishing and chemical removal of a thin (um) resin
layer. These are then mounted in the SEM unit. Both
secondary and back-scattered electron images can be
used to investigate the cross-sections. In secondary
electron mode, SEM relies on differences is surface
topography to provide images, and hence the new trend
towards exposure of the section surface by removal
of the resin. Computer-based image analysis can then
be applied to identify the distribution of different
components (fibres, fillers, pigments and binders) and
to quantitatively evaluate the distribution of pores. An
example of the SEM imaging of paper cross-sections
is shown in Figure 7.49. Advantages of this approach
chiefly centre on the ability to identify the transverse
distribution of individual components and to obtain a
direct image of the sub-surface environment, including
the pore structure. The disadvantages lie mainly in
the fact that one is attempting to construct a three-
dimensional overview of the sample from a series
of two-dimensional images. This is a classic issue in
microscopy, tomography and imaging. It is hoped that
new methods, such as confocal microscopy and X-ray
tomography, will provide more direct means of imaging
the sub-surface zone of paper and coating layers.
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Figure 7.49. SEM image of a coated paper. (Micrograph supplied by courtesy of G. Strom)
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1 INTRODUCTION

Matter is, in our world, regardless of whether inor-
ganic or organic, very often organized in such a way
that a high surface- or interface-to-volume ratio rep-
resents a characteristic feature. All four fundamental
elements of early Greek philosophy - earth, water, air
and fire - contain millions of hectares of interfaces
essential for maintaining life on our planet. It is evi-
dent that under these circumstances surface or interface
chemistry1 plays an essential role. Interface chemistry
is necessary to preserve the interface, to support the
exchange of matter and energy, and to allow chemical

1 The terms interface and surface chemistry will be used interchange-
ably in the following text.

reactions. Examples of such colloidal systems include
fog, mist, smoke, mineral alloys, natural latex, milk,
cells in living organisms and blood, but also nanometre-
thick cellulose fibre bundles or the capillary system
in plants and the muscular tissue and the vein sys-
tem in living organisms. In the energy balance of col-
loidal systems, the interface or surface energy cannot
be neglected. From a thermodynamic point of view the
interface area adds to the extensive quantities of volume
and amount of substance. Many of the colloidal systems
are in the form of dispersions. The latter consists of
at least two phases of one or more components. How-
ever, in most cases colloidal dispersions appear to the
human eye as homogeneous. The characteristic dimen-
sion of the dispersed phase of a colloidal system is,
independent of the shape, which can be either spherical,
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coil-like, fibre-like, cylindrical, ellipsoid, or any other, in
the nanometre range and hence less than a thousandth of
a millimetre. Sophisticated techniques, as for instance,
light, X-ray and neutron scattering, electron microscopy,
atomic force microscopy, confocal microscopy, fluores-
cence techniques, and analytical or preparative ultracen-
trifugation are needed to study dispersions.

Starting from the three states of matter - gas, liq-
uid and solid - dispersed systems can consist of all
possible combinations of interfaces, except the gas-gas
interface. This present chapter is focused on the sur-
face chemistry of liquid-liquid and solid-liquid dis-
persions. In detail, some thermodynamics is refreshed
as is necessary for an understanding of emulsions, fol-
lowed by a review of preparation methods and some
remarks regarding emulsion stability, always with spe-
cial emphasis regarding subsequent radical polymeriza-
tion. Then, emulsion and suspension polymerizations are
considered as technically important processes for the
production of polymer dispersions. A polymer disper-
sion is considered as a colloidal system consisting of
almost spherical polymer particles dispersed in water.
The hydrophobic polymer is the dispersed phase (also
called the inner phase), with water being the contin-
uous phase (also called the outer phase or dispersion
medium). In this sense, an emulsion consists of a poly-
merizable hydrophobic monomer or monomer mixture
dispersed in water. Surface chemistry is important to
keep the hydrophobic phase dispersed, and refers in
particular to the chemical composition of the monomer
and of the polymer interface which is influenced by the
presence of surface-active compounds and also by the
initiator system employed for the polymerization. In the
following, the terms oil, organic phase or monomer will
be used interchangeably and the term organic phase as
a generic term may comprise both monomer and poly-
mer. The use of the expressions emulsion, suspension
and dispersion are, for historic reasons not unambigu-
ous, and therefore an exact as possible a definition
is necessary. A dispersion1 is considered as a generic
term for various systems which differ regarding the
state of matter forming the dispersed and the continuous
phases, respectively. Table 8.1 contains some definitions
and examples of dispersed systems where the continu-
ous phase is exclusively a liquid. These definitions are
widely accepted in colloid science (1-3).

Water is by far the most important liquid forming the
continuous phase in dispersions in both the natural and
the technical world. Examples include all kinds of living
organisms and synthetic latexes. It is necessary to point

Table 8.1. Dispersions with a liquid continuous phase"

Dispersed
phase

Technical
term

Example

Gas
Liquid
Solid

Foam
Emulsion^7

Sol, Suspension6'

Meringue, Whipped Cream
Milk, Mayonnaise
Latex, Paint, Blood

Dispergere (Latin); to remove, to redistribute.

"Both the continuous and the disperse phase can be composed of
different components. Of particular importance is the liquid state of
matter, i.e. the existence of a certain short-range order but no long-
range order. In this sense, both the continuous and the disperse phase
can be a polymer solution. This is of some importance in the following.
^Emulgere (Latin): to milk out.
'Suspendere (Latin): to keep in, to keep (in) floating.

out that a sol or a suspension made from inorganic solids
is called a slurry (4). On the other hand, in the polymer
colloids community the term dispersion is frequently
used, e.g. it is quite common to call a polymer latex
a polymer dispersion. Polymer dispersions can be pre-
pared by different procedures, where the generic term for
the direct synthesis is heterophase polymerization (5).
This means that at least the polymer is insoluble in
the dispersion medium and precipitates in the course of
the reaction, thus forming the dispersed particle phase.
In the sense of the definitions given in Table 8.1, the
technical terms emulsion polymerization and suspension
polymerization (both resulting in polymer-in-water sus-
pensions) are somewhat irritating as the former refers to
the state before polymerization and the latter to the final
state after polymerization. Nowadays, it is quite com-
mon to subdivide the term emulsion into macroemul-
sion, miniemulsion and microemulsion with regard to
the decreasing average droplet size. These droplet sizes
for macroemulsions, miniemulsions and microemulsions
are in the range of several micrometres, hundreds of
nanometres, and some tens of nanometres, respectively.
Each of these types of emulsions has been subjected to
polymerization. In addition to emulsion and suspension
polymerization, the so-called miniemulsion polymeriza-
tion is considered in this review, as a great deal of
work has been carried out on such systems over the
past 25 years. Microemulsions are outside the scope of
this present chapter. Features of the other polymeriza-
tion techniques are discussed here especially with regard
to the fate of the emulsion droplets.

2 A LITTLE RELEVANT
THERMODYNAMICS

Some introductory remarks are necessary concerning
the thermodynamics of the formation of interfaces and
the relation to heterophase polymerization techniques.
If two components are completely compatible they do
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not form an interface, as is the case for dilute gases
or two mutually soluble liquids. In this case, the free
energy of mixing is negative. It is exactly the opposite
if two incompatible components form an interface upon
mixing. If a stable interface is formed, the free energy
of formation must be positive. This behaviour finds its
expression in a special form of the Gibbs-Helmholtz
equation (equation (8.1)), where Vs is the total surface
energy for a given interface (S), o is the interfacial
tension, and T is the absolute temperature1:

U* =G -
" 7 s

(8.1)

From the thermodynamic point of view only microemul-
sions are stable, i.e. their formation follows other laws
different to these for the formation of macro- and
miniemulsions (for some exceptions, see below). In the
thermodynamic sense, stability means that the structure
of the emulsion does not change with time and that
it is independent of the preparation technique. How-
ever, emulsions can be prepared in such a way that
their structure remains unchanged over longer periods
of times, even up to years. In such cases, the emulsion
is said to be kinetically stable. In the following text, the
technical term "emulsion" is used in order to describe
macroemulsions as well as miniemulsions. The prepara-
tion of emulsions requires energy to disperse the organic
phase (monomer or polymer solution in an organic sol-
vent) in water. In order to obtain some ideas about the
thermodynamics, the change in the Gibbs free energy of
the system (AG), provided by the particular dispersing
procedure at constant composition and pressure, can be
expressed by the following:

AG = AH - TAS (8.2)

The entropy (AS) is a measure of the extent of disorder
in the system and hence measures the extent of size
reduction of the organic phase (or increase in droplet
number). The increasing disorder during the formation
of an emulsion means a positive AS contributing to the
stability. The term AH is the enthalpy of the system and
can be considered as the binding energy of the organic
bulk material or the energy input needed to achieve
a certain average droplet size. If a volume change
during the emulsification is neglected, the enthalpy
corresponds to the internal energy which is the sum of
the work required to expand the interfacial area (AW)
and an amount of heat which results from wasting a

part of the energy input2. The latter effect may lead
to a temperature increase during emulsification. The
term AW is given by equation (8.3) where A A is
the increase in interfacial area and a is the interfacial
tension between the organic phase and water. Note that,
the increase in the energy of the emulsion compared to
the non-emulsified components is equal to AW. This
amount of energy can be considered as a measure of the
thermodynamic instability of an emulsion.

AW = GAA (8.3)

In the above equation, AW is the free energy of the
interface and corresponds to the reversible work brought
permanently into the system during the emulsification
process3. This makes an emulsion very prone to coa-
lescence processes which lead to a decrease in A A and
subsequently in AW. The conclusion is straightforward
that ultimate stability against coalescence processes is
only achieved if o approaches zero.

Equation (8.3) describes the influence of the interfa-
cial tension on the emulsification process. For a given
energy input, A A is lower the higher the value of a,
and vice versa. Thus, a is a crucial parameter for any
process that leads to a dispersion. If we define the inter-
face as the area where the molecules of different phases
meet a relationship must then exist between a and the
surface tensions (y) of the neat phases4. The interfacial
tension is in any case lower than the surface tension
of the component with the higher value. The precise
relationship between a and the surface tensions of the
organic phase and water depends on the chemical com-
position (more polar or more non-polar) and the orienta-
tion of the molecules at the interface (more flat or more
stretched) (1, 6). A simple relationship (equation (8.4)
below) allows an estimation of o only from the interfa-
cial tensions of the components (yo for the organic phase
and yw for water) where O is a correction term which
takes into account the different molar volumes5. Apply-
ing this equation to predict a between polar organic
liquids and water gives at least the same tendency as
that obtained form experimental values (1).

= yo -2<&(yoyw) 1/2 (8.4)

? of the

Note, for almost all systems {'da/dT) is negative.

2 The amount of energy wasted as heat can be as high as (

total input.
3 The total energy of the interface per surface area under isothermal

conditions is given by equation (8.1).
4 Surface tension means the interfacial tension of the particular

component to air, which is for a liquid saturated with its vapour and
for a solid neat air.

5 0 = 4(i;ouw)1/r2/(i>t/~ + vj~)[/2, where v0 and vw are the molar
volumes of the organic and water phases, respectively.
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However, for a detailed description it is also necessary
to take into account dispersion and polar forces. Thus,
it is usual to express the interfacial tension in the form
of the following equation (7):

o = /w (8.5)

The superscripts, "d" and "p" in the above equation refer
to the contributions of dispersion and polar forces to
the interfacial tension, respectively. Using the values for
water, i.e. yw = 72.8 mN m"1, y* = 22.1 mN trr1 and
yl = 50.7 mN irr1 , and with some rearrangements, we
obtain the following equation where X?1 is the polarity
of the organic phase (7):

a = 72.8 + y0 - [9.4 - 4.7X? + 14.2 (Xo
p)1/2] y{j2

(8.6)
Table 8.2 summarizes the y0 and a values for water for
different organic compounds and relates these values
to the water solubility. The values given in Table 8.2
reveal that a is a measure of the compatibility of an
organic compound with water, which means that it
inversely relates to the water solubility of pure hydro-
carbons. This relationship is broken if the molecule
contains a hydrophilic group which can strongly inter-
act with water (compare 1-octanol vs. benzene). This
means that, on the other hand, a strong interaction with
water leads to a stronger decrease in o despite the
water solubility. Consequently, the values of the inter-
facial tensions between pure water and pure organic
liquids vary over a quite broad range, from some

Table 8.2. Values of y0, a and water solubility (C\y) for
different organic compounds at 25° C

Organic compound

Hexadecane"
Ethylbenzene"
Benzene"
1-Octanol"
Ethyl acetatea

1 -Butanol"
Methylacrylate^
Vinyl acetate^
Ethyl acrylate/;

n-Propyl acrylate'7

n-Butyl acrylate/?

Styrene h

yo (mN m

27.3
29.2
28.9
27.5
23.9
24.6
24.2
22.9
24.7
24.8

-
30.9

l) a (mN irr1)

53.3
38.4
33.9
8.5
6.8
1.8

13-14
18-19
21-22
26-27
30-31
40-43

Cw (M)c

2.4xlO- u

1.6xl0-3

2.3 xlO-2

4.2xlO~3

1.0
1.08
0.64
0.30
0.15

5.0xl0~2

1.7xl0-2

3.0xl0~3

"y0 and o values from ref. (1).
hy0 values form ref. (8) and a values from ref. (7).
rCw values from ref. (9).

50 mN irr1 to about 1 mN m ] depending on the par-
ticular functional groups. In contrast to cr, the y -values
do not show any spectacular changes as they are in
a quite close range between about 23 mN m"1 and
30 mN n r 1 .

This chapter treats the subject of interfacial effects
while a monomer is converted into its polymer. Hence,
the question arises concerning the interfacial properties
of polymers. For some polymers typically prepared
by heterophase polymerizations, values of the surface
tension (yp) and interfacial tension to water are listed in
Table 8.3. Compared to the data shown in Table 8.2, the
values for the polymers are higher and especially the a
data can be understood in the same way as those of the
low-molecular-weight compounds.

Equations (8.4)-(8.6) clarify that there is, for a given
organic phase, a possibility to influence the interfacial
tension by changing the dispersion medium, and hence
changing yw. This is possible by adding organic water-
soluble compounds as, for instance, alcohols. Methanol,
ethanol, n-propanol and n-butanol are very efficient
additives for reducing the surface tensions of aqueous
solutions down into the range below 40 or 30 mN irr1 .
The higher the carbon number and the concentration
of the alcohol, then the greater is the decrease in
yw (10). This effect is utilized in so-called dispersion
polymerizations for the preparation of large and fairly
monodisperse particles (11, 12).

Another possibility for altering a is a complete
change of the dispersion medium. Besides water other
classes of suitable liquids are alkanes or perfluorocar-
bon fluids. By using such materials a drastic decrease
in y can be achieved (cf. Table 8.4) when compared
to water (yw = 72.8 mN m"1). Indeed, it is the state
of the art (also in larger-scale technical processes) to
use certain petroleum fractions as continuous phases for
the polymerization of hydrophilic monomers (so-called
inverse heterophase polymerizations) to prepare, for
instance flocculants for waste-water treatment or as
aids for paper production (14). The large-scale appli-
cation of perfluorocarbon fluids, however, is restricted

Table 8.3. Values of the surface tension and interfacial tension
to water for various polymers^

Polymer yp (mN m a (mN m

Poly(butyl methacrylate) 31.2
Poly(vinyl acetate) 36.5
Polystyrene 40.7
Poly(methyl methacrylate) 41.1
Poly(vinyl chloride) 41.9

36.7
23.5
32.7
26.0
37.8

*S = yS/Yo\ X* = y*/Yo\ Xl + X* = 1; (l - Xl)X/2 % 1 - XjJ/2. "data from ref. (7) at 20°C.
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Table 8.4. Surface tension values of alka-
nes and perfluorocarbon fluids (25°C)

y (mN m l)
of CnHn+2

a
y (mN m l)
of CnFn+2

h

17.9
19.8
21.1

12
13
14

"data from ref. (8).
Mata from ref. (13).

due to the higher price and the special solubility
characteristics. Nevertheless, the benefits of using per-
fluorocarbon fluids as continuous phases is evident,
as due to the low y values these fluids are capa-
ble of dispersing organic monomers without addi-
tives (13).

Regarding the topic of this chapter, possibly the
most important way to influence the interfacial ten-
sion of a dispersion is the addition of surfactants1. The
special importance of surfactants in heterophase poly-
merizations is treated below. If an interface is com-
pletely covered by surfactants, o is governed by the
hydrophilic head groups of the surfactant. This situation
can be treated approximately in analogy to a micelle.
The free energy contribution of the head group (AGhg)
can be expressed by the following equation, according
to ref. (15):

AGhg = AGe + (8.7)

The first term on the right-hand side of equation (8.7)
is the contribution of the head group repulsion, while
the second is the interfacial energy contribution where
Ahg is the total surface area of the head groups and
amic is the interfacial tension. Within the framework of
the GOUY-CHAPMANN theory, the dressed micelle model
allows the estimation of amic values, which are for
sodium dodecyl sulfate (SDS), sodium octyl sulfate, and
teradecyltrimethylammonium bromide, 15-16, 11 and
11-14 mN m"1, respectively (15). Note that these val-
ues are up to a factor of 3 lower than those of the
pure monomers (cf. Table 8.2). A further decrease of
a is possible in the case of emulsions of organic liq-
uids where the interface is saturated with stabilizer. For
example, a value of about 4 mN m~l was determined
for a toluene emulsion stabilized with potassium lau-
rate (16).

3 EMULSIFICATION

3.1 General considerations

An emulsion has been defined above as a thermodynam-
ically unstable heterogeneous system of two immiscible
liquids where one is dispersed in the other. There are
two principal possibilities for preparing emulsions: the
destruction of a larger volume into smaller sub-units
(comminution method) or the construction of emul-
sion droplets from smaller units (condensation method).
Both methods are of technical importance for the prepa-
ration of emulsions for polymerization processes and
will be discussed in more detail below. To impart a
certain degree of kinetic stability to emulsions, differ-
ent additives are employed which have to fulfil spe-
cial demands in the particular applications. The most
important class of such additives, which are also called
emulsifying agents, are surface-active and hence influ-
ence the interfacial properties. In particular, they have to
counteract the rapid coalescence of the droplets caused
by the van der Waals attraction forces. In the poly-
merization sense, these additives can be roughly sub-
divided into surfactants for emulsion polymerization,
polymers for suspension and dispersion polymeriza-
tion, finely dispersed insoluble particles (also for sus-
pension polymerization), and combinations thereof (cf.
below).

In any case, the formation of an emulsion is a
dynamic process and hence, instead of the static inter-
facial tensions, the corresponding dynamic values are
much more meaningful2. The dynamic surface tension
is always higher than the static value. The difference
can be as high as 40 mN irr1 and depends, in addition
to the age of the interface, mainly on the kind of the
surfactants and on the solution viscosity (17, 18).

The general actions of emulsifying agents in emul-
sions, independently of the emulsification method, are:
(i) lowering of the interfacial tension, hence support-
ing the emulsification, (ii) formation of a barrier around
the droplets, thus delaying the coalescence by changing
the electrostatic, steric, viscous and elastic properties
of the interface, and (iii) generation and maintaining
of a gradient of the interfacial tension (gradient of the
interfacial density of surfactant molecules) across the
droplet surface during undulations caused by thermal or

1 The terms surfactant, stabilizer and emulsirier will be used inter-
changeably in the remainder of this chapter.

2 Dynamic surface tension refers to the fact that the surface tension
needs a certain time to reach a static value (time-independent or
equilibrium value) due to diffusion of the surfactants to the interface
and possibly rearrangements to find the thermodynamically favoured
conformation. Note, however, that for pure liquids the dynamic and
static surface tensions have the same values.
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mechanical stresses. The latter effect also contributes
to the stability of emulsions and is strongly connected
with the Gibbs-Marangoni effect (19). The interfacial
tension gradient leads to a stress at the droplet interface,
which causes a flow inside the droplets opposing the
water and surfactant drainage between two approaching
droplets. Note that film rupture between two droplets
is a prerequisite for droplet coalescence. This stabi-
lization mechanism is especially effective at surfactant
concentrations below or at about the critical micelle con-
centration, for surfactants with slow dynamics, and if
the difference between the dynamic and static surface
tension is high.

An important conclusion of these considerations is
that a practically useful emulsion is by no means
a neat two-component system but contains a variety
of additives to impart a certain kinetic stability (cf.
Section 4 below).

3.2 Preparation of emulsions by
comminution - structure of the emulsion

Emulsification by comminution (20-22) is very com-
mon, the most widely used procedure for emulsion
preparation. It can be earned out with very simple equip-
ment, as for instance, a spoon in a bowl during the
preparation of salad dressing in the kitchen for mixing
water and oil.

Under the action of intense mechanical energy, any
combination of immiscible and mutually non-reactive
liquids can be broken up into an emulsion. The most
interesting question to be asked after completion of
the emulsification is that concerning the structure of
the emulsion, i.e. which liquid forms the dispersed
phase and which will be the continuous one? The
result of the emulsification process is influenced by the
volume ratio of the liquids, the kind of emulsifying
agent, and its concentration in close relation with
the temperature. The most important property of the
emulsifying agent is its solubility (in both phases), or
in the case of solid stabilizers, the wetting behaviour of
both liquids.

Bancroft summarized the results of emulsification
experiments carried out from the late 19th until the
early 20th century by a "rule of thumb" which stated
that in order to have a kinetically stable emulsion
the emulsifying agent must be soluble in the con-
tinuous phase (23). In principle, this rule finds its
expression in the empirical system of the HLB val-
ues (hydrophilic-lipophilic balance) which was devel-
oped in the middle of the 20th century to allow the

selection of the most effective emulsifier for a desired
type of emulsion (24). Such HLB values were deter-
mined from tedious emulsification experiments. Conse-
quently, several attempts have been made to develop
predictive methods based on the HLB concept for the
classification of surfactants. A summary of group num-
bers for hydrophilic and hydrophobic groups, together
with some good guidance as to when the use of the
HLB concept is helpful, but also hints as to when prob-
lems may occur, can be found in refs. (2, 25, 26).
For heterophase polymerizations, both Bancroft's rule
and the HLB concept are quite useful in selecting sur-
factants for "normal" polymerizations where water is
the continuous phase or for inverse systems where a
non-polar organic liquid is the medium. Typical emul-
sifiers for "normal" emulsion polymerizations are, for
instance, sodium dodecyl sulfate, sodium alkyl sulfate
(average carbon chain length of 15), sodium palmitate
or poly(ethylene glycol)(15) cetyl ether with HLB values
of about 40, 10.9, 19.8 and 15.4, respectively. In con-
trast, sorbitan monostearate and sorbitan monolaurate,
which are typical surfactants for inverse polymeriza-
tions, have HLB numbers of 4.7 and 8.6, respectively
(26). These examples illustrate that emulsifiers with
HLB values lower than 10 are good for inverse poly-
merizations, while those with values larger than 10
are suitable for polymerizations in water (as the con-
tinuous phase). As mentioned above, temperature has
a strong influence on the result of the emulsification
process, especially if a surfactant with a poly(ethylene
glycol) chain is used. In this case, consideration must be
given to the fact that poly(ethylene glycol)s are soluble
in both organic phases and water, where the solubil-
ity at highest temperatures is highest in organic sol-
vents (also in monomers such as styrene and acrylates).
Hence, poly(ethylene glycol)-based surfactants may sta-
bilize either an oil in water or the inverse emulsion,
depending on the temperature employed. This behaviour
is the consequence of a lower critical solution tem-
perature (or a cloud point) at approximately 100°C in
aqueous solutions (27). The change in the properties
with temperature is considered via the concept of the
phase inversion temperature (PIT) (2). This is very use-
ful in predicting the properties of nonionic surfactants
based on poly(ethylene glycol), where the latter is the
most important hydrophilic group in nonionic emulsi-
fiers, and also for polymerizations. It is interestingly to
note that at the PIT, both the interfacial tension and the
droplet size are at their minima. The consequences of
these properties of the poly(ethylene glycol) chain for
heterophase polymerizations will be briefly discussed
below.
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3.3 Preparation of emulsions by
comminution - some practical
considerations

The input of mechanical energy into a two compo-
nent liquid system causes a stepwise increase in the
interfacial area until a steady state is reached. This
process, as schematically illustrated in Figure 8.1, is
assumed to be independent of the particular comminu-
tion procedure. There are four main groups of comminu-
tion techniques, namely rotor/stator systems (including
all type of stirrers), high-pressure homogenizers, ultra-
sound devices and membrane techniques. Besides mem-
brane techniques all of the other techniques are based
on the input of mechanical energy, in the course of
which eddies are formed, thus transferring the mechan-
ical energy to the droplets. As almost all technical
heterophase polymerizations utilize stirrers, the princi-
ples of emulsification with stirrers are considered here
in more detail. Furthermore, stirring is the technically
most important procedure for enhancing heat, as well
as mass transfer processes and to counteract sedimen-
tation, creaming and coalescence. The stirrer generates
macro-eddies or macro-turbulences with a characteris-
tic length of the order of the stirrer diameter. These
macro-eddies decompose into micro-eddies with a char-
acteristic length k which is also called the Kolmogorov
length (28). These micro-eddies are eventually respon-
sible for the energy transfer and hence the breakage of
the macroscopic phase. The Kolmogorov length relates
to the kinematic viscosity of the solution (v) and the dis-
sipation rate (e), which is the power input by the stirrer

(P) per mass (m) (cf. equation (8.8)) (29):

(a)

e/W

(b)

o

(c)

^ ^

(d)

ooo
o o

Figure 8.1. Schematic representation of the advancing emulsi-
fication process of two immiscible liquids during the input of
mechanical energy (e or W), where the white areas within the
frames represent the continuous phase and the shaded areas the
dispersed phase; (not to scale). The formation of locally dif-
ferent curvatures is clear to see. The equilibrium state (d) is
characterized by the lowest average curvature and a spherical
drop shape with a certain drop size distribution

(8.8)

The emulsification proceeds in such a way that as
soon as the shear exerted by the turbulent micro-
eddies on the droplet interface exceeds the cohesive
forces of the liquids in the drops, they split up
to smaller units (cf. (a)-(b) in Figure 8.1). The
cleavage occurs as long as a balance between the
external stress and the internal stress is achieved. At
this steady state, the droplet size distribution (DSD)
becomes time-independent (Figure 8.1(d)). The droplet
size distribution curve is frequently self-preserving
during the emulsification process. This means that the
median diameter characterizes the time evolution and
that a master size distribution curve can be constructed
by normalizing the size with respect to the median
value (30). Note, however, that the external stress is
governed by e and the internal stress by the product
of the interfacial tension and droplet diameter (Dd). In
other words, the interfacial tension forces a spherical
shape on the droplets and counteracts the droplet
deformation and subsequent breakage by the shear
stress. The attack of the shear stress upon the droplet
leads to a deformation of the interface (cf. Figure 8.1).
This leads to an increase in the Laplace pressure
difference (AP) according to equation (8.9) as the
curvature is locally decreased:

AP =
rh)

(8.9)

where (ra and rb are the principal radii of curvature) and
AP is related to capillary forces which also try to pre-
serve a given drop. A third class of forces counteracting
droplet breakage is the viscoelastic force of the dis-
persed phase. The solution viscosity is a direct measure
of the viscoelastic force, and its influence on the emul-
sification process can be verified comparatively simply.
The results obtained by the emulsification of an aque-
ous bovine serum albumin solution in dichloromethane
containing poly(methyl methacrylate) (PMMA) as stabi-
lizer with different agitation machines are summarized
in Table 8.5 (31). The viscosity in both phases was
varied by changing the PMMA and the bovine serum
albumin concentration, respectively. The data shown in
Table 8.5 clearly confirm the influence of the viscoelas-
tic forces on the emulsification. The dependence of Dd

on r\d is as expected: the higher the rjd, then the less
effective is the emulsification and the higher the equi-
librium droplet size. However, it is interesting to note
that the equilibrium droplet size decreases much more
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Table 8.5. Relationship between the average drop-
let size and the viscosity of the dispersed phase (?jd)
and the continuous phase (?]c) in different agitation
machines (31)

Agitation machine Relationship

Rotor/stator homogenizer

Baffled mixed tank

Static mixture Dd a ^-u u^c -.004,-0.56

strongly with an increasing viscosity of the continuous
phase. This clearly shows that the shear stress acting
on the droplets during the emulsification increases with
increasing viscosity. Furthermore, the data show that the
kind of emulsification apparatus employed has a more
or less pronounced influence. This is quite evident, as
the energy input and its microscopic action is different
for the different devices.

In a systematic study, the emulsification of paraffin
oil (?7d = 32 mPa s) in water with an oil volume fraction
of 0.1, in the presence of 50 mM sodium dodecyl sulfate
(SDS) as emulsifier at 20°C was investigated in various
agitation machines (32). The interfacial tension in this
particular system was determined to be 7 mN m"1.
The conditions were adjusted in such a way that the
diminution energy (WV) in each machine was equal
to 5 x 106 J m~3. The diminution energy is defined
as the power input per volume. The data presented
in Table 8.6 reveal, on the one hand, how different
the necessary condition are for the different devices
to achieve the same WV, and on the other hand, the
influence of the geometry of the device on the droplet
size distribution.

These data allow us to estimate AW according to
equation (8.3), as well as the efficiency of the emul-
sification process. For the STR system, the increase
in A A is about 180 m2 (assuming an average Dd =
65 um) which corresponds to a reversible work value

of 63 J m 3. This estimation makes clear that most
of the diminution energy is not required according
to equation (8.3) but is needed for other purposes or
wasted is as heat. A considerable part of this energy
is used to break up the viscous resistance during
the stirring. Note that the energy efficiency of an
emulsification process by agitation is extraordinarily
low. In general, Dd decreases with increasing £, but
increases with increasing volume fraction of the dis-
persed phase.

The same authors (32) also reported on the influences
of the sodium dodecyl sulphate (SDS) concentration on
the DSD. The latter distribution is basically bimodal in
form and the main fraction is shifted towards smaller
diameters with increasing SDS concentrations from
5 mM up to 100 mM. It is interesting to note that
the range of the DSD remains almost unchanged,
between 30 jim and 500 nm, over the entire investigated
concentration range.

A special kind of energy input during the emulsifica-
tion process is the application of ultrasound. As acoustic
energy is not absorbed by molecules, its action is also
purely mechanical. To achieve a good result for the com-
minution, high-power ultrasound must be used. Ultra-
sound refers here to the application of high-frequency
vibrations. In a first step, larger drops (Dd > > 100 urn)
are produced in such a way that instabilities of the inter-
facial waves will be enhanced, thus leading finally to the
crushing. These drops are subsequently fragmented into
smaller ones by acoustic cavitation. The use of ultra-
sound in emulsification processes is much more efficient
than the application of rotor/stator systems. This was
shown in a systematic comparison between an Ultra Tur-
rax (n = 10000 rpm, 170 W) and an ultrasound horn
(20 kHz, 130 W) in emulsification experiments with
kerosene in water (25 vol% kerosene; total volume of
80 ml) with a polyethoxylated (20EO) sorbitan monos-
tearate surfactant (interfacial tension of kerosene to

Table 8.6. Influence of different rotor/stator systems on the steady-state droplet size
distribution (32): n, stirrer speed in rotations per minute; td, dispersion time: v, volume
flow rate

Machine Conditions for = 5 x 106 J m"3 Maximum in DSD

n = 500 rpm, td = 60 min
n =4000 rpm, v = 350 1 rT1

n = 10000 rpm, td = 2 min

STR"
Screw loop^
Ultra Turrax6

60-70 um
10-11 um and 2 um
10-11 uxn and 2 um

"STR, stirred tank reactor consisting of a cylindrical vessel (diameter 30 cm, volume 21.2 1) with a
flat bottom and four symmetrical baffles and a six-blade disc impeller with a diameter of 10 cm.
bScrew loop reactor, with the volume of the dispersing zone about 64 ml and a reactor volume of
1.67 1.
c Ultra turrax T50 (from IK A) with the dispersing tool (type S50-G45F) used in a cylindrical vessel
with a volume of 8 1.
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water, 9.5 mN m !) (33). The results clearly show that
ultrasonification leads to a smaller Dd, a less polydis-
perse DSD, more stable emulsions, and less surfactant
consumption for a desired Dd. With ultrasound emulsifi-
cation, it was possible to obtain droplets with diameters
down to 200 to 300 nm. In contrast, the smallest droplet
size obtained with the Ultra Turrax was about 1.5 urn.
The values of Dd increase with an increase in the oil vol-
ume fraction for both techniques. However, this increase
is considerably stronger for the Ultra Turrax system.
Furthermore, these same authors also showed that for the
ultrasound horn only 53 W were wasted as heat, whereas
for the Ultra Turrax system a heat flux of 120 W was
determined.

A common feature of all of the comminution pro-
cesses considered so far is a stepwise fragmentation, up
until a balance of forces and hence a steady-state DSD
is reached. The final average Dd is very different for dif-
ferent comminution techniques. Furthermore, the droplet
breakage is influenced by the viscosity of both phases.
As the emulsion viscosity is different from that of the
starting liquids, the following question then arises: "what
would happen if an emulsion which was prepared by a
certain comminution technique is exposed to a different
shear stress?"1. This subject was recently treated very
successfully by Mason and Bibette (34). These authors
subjected emulsions which were prepared in a stirred
tank by normal agitation to a shear stress formed in a
Couette flow. These pre-emulsions consisted of poly-
dimethylsiloxane oil (volume fraction 0) in water stabi-
lized with a nonionic surfactant (nonylphenol with seven
ethylene oxide units; mass fraction with respect to water,
C). At shear rates larger than 10 s"1 in the Couette
flow the polydisperse pre-emulsions start to convert into
monodisperse ones. This was exemplified, in a C ver-
sus 0 diagram where the monodisperse region is located
at a shear rate of 103 s"1 between C and 0 values of
0.6-<0.9 and 0-ca. 0.9, respectively. The dependence
of the final droplet size on the emulsifier concentra-
tion is as expected; i.e. £>d decreases with increasing
C. However, in contrast to other mechanical comminu-
tion techniques like ultrasound, Ultra Turrax (33), and
the screw loop reactor (32), during the fragmentation of
prefabricated emulsions in a Couette flow, Dd decreases
with the increasing volume fraction of the organic phase.
This is a remarkable result as it indicates fundamental
differences in the comminution mechanisms. This possi-
bility for producing highly monodisperse emulsions is of

some practical importance regarding emulsion stability
and also the use of individual droplets as micro- or nano-
reactors for polymerization processes (see below).

The above emulsification methods (perhaps except
the Couette flow technique) have as a common feature
that the final DSD is primarily determined by the interac-
tion of turbulent eddies with interfaces. Note, however,
that turbulence is hard to control and to maintain con-
sistently throughout the whole reactor volume. From a
practical point of view, it is almost impossible to pre-
dict the DSD after a scale-up based on laboratory-scale
experiments. Emulsification techniques based on other
principles are necessary to overcome these drawbacks.
An alternative technique is the so-called membrane
emulsification method where the liquid forming the dis-
perse phase is pressed through a porous membrane2.
The other side of the membrane where the droplets
are formed is in contact with the continuous phase.
This concept is simple and it is assumed to be supe-
rior to the above techniques (35). The basic relationship
of membrane emulsification (equation (8.10)) correlates
the trans-membrane pressure required to start the drop-
wise flow through the pores (Pc) with the average pore
diameter of the membrane (DM) with 0 being the con-
tact angle of the mixture with the wall of the pore:

Pc =
4(7 COS 0

(8.10)

For the successful preparation of emulsions, the wet-
ting conditions on the membrane surface are crucial.
It is necessary that the membrane surface is only wet-
ted by the liquid that forms the continuous phase. The
droplet size correlates with the membrane pore size
by a simple relation, Dd = / D M , where / is a value
typically between 2 and 8 (35). Droplets can be pro-
duced with diameters in the um-, as well as in the
sub-micrometre range. This technique has been success-
fully applied to produce monodisperse emulsions and
multiple emulsions, as well as to carry out polymeriza-
tions leading to polymer particle in the \im size range
with narrow size distributions (36, 37). Further advan-
tages (38) are as follows: the droplet size is controllable
and generally a quite narrow DSD can be achieved,
the method is reproducible and the scale-up is easy
just by increasing the number of membrane modules,
the characteristic features are independent of scale-up,
batch as well as continuous operations modes are pos-
sible, the continuous phase is exposed to a lower stress,

1 Note thai the shear stress is the product of shear rate and viscosity
and hence it combines the emulsion properties with the properties of
the comminution technique.

2 This technique was first reported at the 1988 Autumn Conference
of the Japanese Chemical Engineering Society, utilizing a microporous
glass membrane made



184 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

and the required diminution energy to obtain a Dd of
1 urn is orders of magnitude lower when compared to
a rotor stator/system or a high-pressure homogenizer.
The latter is important for preventing chemical degra-
dation or polymerization already occurring during the
emulsification.

In concluding this part, the emulsification process is
influenced by various parameters, such as the volume
phase ratio, the viscosity of both phases, the mutual sol-
ubility of both phases, the kind and concentration of
additives, the power input, the stirrer as well as the
vessel geometry, the diminution energy and the ther-
modynamic changes during the emulsification process
(reactions, temperature etc.).

3.4 Preparation of emulsions by
condensation

In contrast to comminution techniques, the prepara-
tion of emulsions by condensation techniques does not
require mechanical energy, except sometimes gentle
stirring to avoid creaming or settling due to density
differences between the two phases. These condensa-
tion processes are mainly determined by thermody-
namic principles. There are basically two different types
of condensation methods, i.e. droplet nucleation and
swelling of dispersed phases, although also a combi-
nation of the two has some meaning, especially for
heterophase polymerizations.

The nucleation of droplets requires the creation of a
supersaturation1 of "liquid-1 "(the liquid that will form
the disperse phase) "in liquid-w" (the liquid that will
form the continuous phase). Normally, the supersatu-
ration is created starting from a solution of liquid-1
in liquid-w by changing the solubility conditions for
liquid-1. This can be done either by changing the tem-
perature, pressure or solvency power. Droplet nucleation
occurs at a critical supersaturation as soon as the droplet
nucleus has a size (D£) that allows it to surmount
the free energy barrier (AGmax)2. The drop formation
is an energy-consuming process regarding the forma-
tion of the interface, although some energy is gained
(AGV) as the new, dispersed phase is thermodynamically
more stable than the supersaturated solution. The energy
gain (AGV) depends on the drop volume, and hence
the change in the free energy of homogeneous droplet
formation (AGnuc) can be expressed by the following

equation:

1 Supersaturation is the ratio of concentration and solubility.
2 This is not the case if nucleation occurs along the spinodal or is

completely heterogeneous, as in both cases, AGmax is zero.

AGnuc = naD2
d--D

3
dAGv (8.11)

Both the size of the critical nucleus (see equation (8.12))
and the energy barrier (see equation (8.13)) strongly
depend on the supersaturation and the interfacial tension,
where vm is the size of a molecule of liquid-1 and kBT
is the thermal energy.

D'cx
kBT In S

AG m a x =
(kBT\nS)2

(8.12)

(8.13)

In the above, AGmax is essentially the barrier to the
formation of the dispersed phase. If once a nucleus
with the critical size is formed, the addition of the
next molecule makes it free-growing and consequently,
a liquid drop will appear. The presence of emulsifying
agents preserves the stability of the droplets. However,
surface-active materials can also influence a and thus,
may have a direct influence on the nucleation.

Emulsification by swelling presupposes that already
a phase exists which can be swollen. Another prerequi-
site is that the swelling agent has to diffuse through
the continuous phase and hence it must have a cer-
tain solubility in it. The phase capable of swelling can
either consist of micelles, microemulsion droplets or dis-
persed particles. Each of these phases can be swollen
with a liquid that is a solvent for it. In this sense,
microemulsions can be considered as swollen micelles.
They are thermodynamically stable since the huge num-
ber of microemulsion droplets causes a high entropy
gain during their formation which exceeds the energy
cost of the large interface. Additionally, a contributes
to the stability as it is of the order of 10~5 N irT1.
For instance, a mixture of 10.5% SDS, 15% 1-pentanol,
59.5% water and 15% ft-dodecane forms a microemul-
sion with an average diameter of 10 nm (39). If such
a microemulsion is diluted into a 50-fold amount of
water, it decomposes into a miniemulsion with an aver-
age droplet diameter of 60 nm. Although the droplet size
increases during the dilution, it is not a swelling process.
Coalescence processes seem to play a role as well, since
the droplet number decreases. The miniemulsion is no
longer thermodynamically stable since a has increased
to about 10~3 N m"1. Immediately after their formation,
the miniemulsion droplets starts to grow in size.

It has been known for almost 50 years that fatty
alcohols (for instance, lauryl alcohol) acts as an emul-
sifying adjuvant for ammonium fatty acid soaps dur-
ing emulsion polymerizations (40). In the presence of
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soap and alcohol, in a 2:1 stoichiometry, polymeriz-
able miniemulsion droplets are formed. This process
obviously also involves the diffusion of the monomer
through the aqueous phase into the structures formed
by the mixed surfactant system. The synergistic action
of the alcohol surfactant mixture results in less energy
demand for the emulsification process (gentle stirring is
enough) and an enhanced droplet stability. This effect
is called spontaneous emulsification and its mechanism
is still a matter of controversial discussion (41). These
same authors also report that the presence of small
amounts of a highly water-insoluble compound in the
monomer phase prevents the formation of a miniemul-
sion1. This is a remarkable experimental observation
as it underlines the importance of diffusion processes
through the aqueous phase for the spontaneous emul-
sification. In this context, it is interesting to note that
surfactant-alcohol mixtures possess a variety of excep-
tional properties, as for instance, the highest packing
density, the lowest interfacial tension, the highest sur-
face viscosity, a minimum in the droplet/bubble size, and
formation of the most stable microemulsions (2, 42, 43).

A pure swelling process of a very fine emulsion
which has been prepared by intense homogenization
of a low-molecular-weight compound (Y)2 with an
extremely low water solubility is described in ref. (41).
Subsequent addition of an oil to this pre-emulsion
leads to the formation of a stable emulsion. The
swelling capacity of the droplets of "compound-2" is
up to 104 times higher than that of the polymer par-
ticles. Compound-2 can be, for instance, hexadecane
or another highly water-insoluble substance which can
be active during a radical polymerization (for example,
a monomer or an initiator). However, the so prepared
emulsion droplets are not very monodisperse, although
their size and size distribution can be controlled to some
extent by the homogenization process during the prepa-
ration of the Y-emulsion (41).

A modified technique to produce emulsion droplets
is the so-called activated swelling method starting from
polymer particles (41). Note, as per the definition given
above, a polymer solution is also considered to form
an emulsion. This procedure implies that the first seed
particles, which may be composed of any polymer, are
swollen with the highly water-insoluble compound-2
in a volume ratio between 1:1 and 5:1. These seed
particles can be very monodisperse if prepared by the

1 Note that the same effect can be used to stabilize emulsion droplets
against dissolution (see below).

^ The "Y-component" is the original name given by the authors;
however, the notation "compound-2" is used henceforth in the following
discussion.

right heterophase polymerization technique. In a second
step, the oil is added and again, compound-2 increases
the swelling capacity drastically when compared to the
neat seed particles. This procedure leads finally to very
monodisperse droplets where the compound-2 acts as
the swelling promoter.

Another suitable way for preparing emulsions by
condensation methods is the combination of droplet
nucleation and swelling. Again, the phase to be swollen
consists of latex particles. The oil droplets swelling these
particles are nucleated from a supersaturated solution
by changing stepwise the solvency for the oil. This
technique is called the dynamic swelling method (44).
The following example clarifies the principle of action
where the oil phase is styrene and the seed particles
consist of polystyrene. In a mixture of 6 g ethanol and
4 g water as solvent, 0.4 g styrene, 0.004 g benzoyl
peroxide and variable amounts of poly(vinyl alcohol)
(PVA1) stabilizer (between 3.75 and 37.5 wt% based
on styrene) are dissolved. The supersaturation is cre-
ated by adding 40 g water using a micro-feeder with
a rate between 0.53 and 800 ml h"1. Due to the step-
wise addition of water, the solvency power for styrene
gets increasingly worse until the conditions for droplet
nucleation are met. In the absence of seed particles,
the nucleated droplets will form a styrene emulsion.
However, this emulsion has a rather polydisperse DSD.
The average droplet size is the higher for both a lower
PVA1 concentration and water feeding rate. This situ-
ation changes completely if seed particles are present
which soak up the oil as soon as it is nucleated from
the aqueous phase. This is exemplified by the case
where, at a water feeding rate of 2.88 ml h-1and in
the presence of 3.75 wt% PVA1, together with 0.004 g
polystyrene seed particles with a particle diameter (£>p)
of 1.8 um, which were prepared by dispersion poly-
merization in an ethanol-water mixture, a monodis-
perse styrene emulsion is formed with a Dd of 8.5 um.
Again, as in the above-mentioned example of the acti-
vated swelling method, the presence of monodisperse
polymeric seed particles leads to the formation of an
emulsion with a monodisperse DSD. Note that in the
latter case no swelling promoter is necessary. The driv-
ing force for the enhanced swelling is the high Laplace
pressure inside the small styrene droplets after nucle-
ation compared to the seed particles, and the swelling
proceeds via Ostwald ripening (see below). Addition-
ally, the freshly nucleated droplets are rather unstable
due to the high dynamic interfacial tension of PVA1,
which as a polymer only slowly adsorbs and equili-
brates.
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4 STABILITY OF EMULSIONS

As stated above, emulsions are thermodynamically
unstable but they can be made kinetically stable by
the use of additives. These additives are either surface-
active compounds soluble in the continuous phase, or
polymers, which can be soluble in both phases. Emul-
sion can degrade via different mechanisms as illustrated
in Figure 8.2. Basically, four different mechanisms are
involved i.e. phase separation, Ostwald ripening, aggre-
gation (as a generic term for flocculation or coagulation
and coalescence) and phase inversion. Generally, it has
to be heeded that changes in the thermodynamic con-
ditions (composition and temperature) compared to the
preparation conditions may have a devastating influence
on emulsion stability.

Phase separation (route 1 in Figure 8.2) means
that an emulsion may separate into two phases: one
phase enriched with the droplets and the other enriched
with the continuous phase. These kinds of separation
are called creaming or sedimentation if the upper
phase and the lower phase is formed by the drops,
respectively. Note that the sediment or the cream
are themselves both dispersions, but with a much
higher volume fraction of the dispersed phase. The
phase separation is macroscopic and does not lead to
a coalescence of the dispersed drops. The stationary
velocity for laminar conditions during phase separation
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Figure 8.2. Schematic representation of the different degrada-
tion mechanisms of emulsions, where the white areas within
the frames represent the continuous phase and the shaded
areas the dispersed phase (not to scale): 1, phase separation;
2, Ostwald ripening; 3, aggregation (coalescence as the final
state is shown); 4, phase inversion

(Vps) depends, according to equation (8.14) on the
difference of the densities of the dispersed (pd)1 and
the continuous phases (pc), on Dd, on nc, and on the
gravitational acceleration field g:

Vps = (Pd - Pc) (8.14)

As a rule of thumb, if D& is above 1 urn, sedimentation
and creaming may occur for Pd > pc and Pd < pc,
respectively. If the droplet size is smaller than 1 |im
and if water is the continuous phase and a common
monomer being the oil, then Brownian motion is able to
keep the droplets almost evenly distributed throughout
the emulsion.

Ostwald ripening (route 2 in Figure 8.2) as a degra-
dation mechanism is a direct consequence of the polydis-
persity of the DSD whereby even a thermal fluctuation
in Dd or in the curvature may cause it. It is easy to
show that the chemical potential of a dispersed phase,
compared to that of the same bulk material, is increased
by 4avm/Dd (45). Consequently, for the concentration
of the disperse phase just at the interface (C(D) where a
holds), we obtain equation (8.15)2 with Co being the sol-
ubility of the disperse phase in the continuous medium:

(8.15)kBT In C{D) = ^ - ^ + kET\n Co

For colloid chemistry, an important conclusion to be
drawn from equation (8.15) is that the smaller the
species are, then the higher is the C(D). As Dd goes
to infinity, C(D) will then equal Co. This means that,
smaller species have a tendency to dissolve, whereas
larger species grow by the uptake of matter which is
released from the smaller ones. Two important points
should be noted, however, i.e. (i) Ostwald ripening
needs to occur at a certain water solubility of the
liquid-1, and (ii) direct contact between the droplets
is not necessary as molecular diffusion through the
continuous phase leads to an increase in Dd. Based on
these considerations, it was supposed that it might be

1 The density of the disperse phase means exactly the density of the
droplets during the motion. A moving droplet is composed of liquid-1
and stabilizers, and in some cases also a certain amount of continuous
phase which is entrapped in a layer surrounding the droplets.

2 The free energy of a dispersion (Gdisp) can be expressed as Cdisp =
Cbulk + oA, where Gbuik is the free energy of the same amount of
liquid-1 as bulk phase. By differentiating this equation after n (the
number of molecules forming a droplet, i.e. n = nD^/(6vm)), the
chemical potential, /̂ disp = Hbuik + (4on;m/£>d), follows. The chemical
potential of liquid-1 dissolved in the continuous phase is expressed as
He = [ico + k^T In C, where uco is a reference value. At equilibrium,
Hdisp — Hc> and with ut,uik — Hco = ^ B ^ m Co, equation (8.15) then
follows. Note that both C(D) and Q are volume fractions.
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possible to stabilize emulsions against Ostwald ripening
by the addition of small amounts of a third component
which preferentially should dissolve in liquid-1 and
not in the continuous phase. This was carried out
by Higuchi and Misra (46) and experimentally verified
by the stabilization of a carbon tetrachloride emulsion
in water with hexadecane. Ostwald ripening in the
presence of compound-2 was theoretically investigated
by Kabalnov et al. (47). Two cases are of special interest
regarding polymerizations. First, the solubility of the
second component in the continuous phase is zero
(C02 = 0) which means that the total number of particles
remains constant. However, the distribution of liquid-1
from small to large particles changes the composition
of the particles. This increases the volume fraction of
compound-2 (02) in the smaller particles and decreases
it in the larger ones. Indeed, investigations carried
out on Ostwald ripening with sedimentation field-flow
fractionation in fluorocarbon emulsions confirmed the
theoretical prediction that compound-2 is enriched in
smaller drops (48). This recondensation comes to an
end when the capillary and the concentration forces
(Raoult's law) are in equilibrium. The equilibrium
requires that the chemical potential of liquid-1 (subscript
1) is the same in all particles. Equation (8.16) illustrates
the situation at equilibrium (subscript e) regarding
the second component (subscript 2) for two particles
(superscripts ' and ") with different diameters:

(8.16)
Compensation for the Ostwald ripening requires 02-
values depending on the droplet size, in the sense
that smaller drops require a higher 02, and vice versa.
However, this is practically impossible to control during
the initial emulsification process.

From the chemical potential at equilibrium follows a
condition for 02,/ that the system can reach equilibrium
and Ostwald ripening will stop (see equation (8.17)).
Here the subscript "i" stands for initial conditions, and
Dd j stands for the initial average droplet size1.

, 4on;m. i
02 / > =

• UTD

(8.17)

The equilibrium condition for liquid-1 is Am = —
Al.eAl.e

In 1 — 09 j ( — - J = constant. This can be approximated by Am %
L VAu/J ^

— — knT(p2 i ( —— ) • Differentiation after Dd leads to relation-
A "' V Ai.

If this condition is not met the particles cannot reach
equilibrium and Ostwald ripening will further increase
the differences in the chemical potentials for particles
with different sizes. This also means that the addition
of a completely water-insoluble hydrophobe during
the emulsification does not per se prevent Ostwald
ripening. Ostwald ripening takes place in any case,
except for the case of an exactly monodisperse droplet
size distribution, and will either lead to an equilibrium
after a certain maturation time or not. Note that an
additional effect arises if compound-2 is surface-active.
During the equilibration of liquid-1, a decreases in
the small drops and increases in the large ones. This
decreases the driving force for the redistribution of
liquid-1 and hence would additionally stabilize the
emulsion against Ostwald ripening.

Secondly, if compound-2 has a low but non-zero
solubility in the continuous phase (with C0,i > > C0,2)2

an equilibrium condition according to the case where
Q),2 = 0 can be applied. There exists a critical drop
size (£>d,c) in the DSD for which the flux of compound-
2 out of the drops is zero3. Note that for Dd > Ddc

and for Dd < Ddc, the flux is positive and negative,
respectively.

The volume growth rate of the droplets (W) is
given by equation (8.18) below which is valid under
the assumption that all three of the molecular volumes
(um,i), t n e interfacial tensions (en) and the diffusion
coefficients (D\) in the continuous phases of liquid-1
and compound-2 are comparable:

1 w2

(8.18)

where w\ and w2 are the rates in the case of the pure
components (/) and are given by the Lifschitz/Slezov
theory (49) (cf. equation (8.19)):

W\ =
dDd 8

9 <j>jkBT
(8.19)

The behaviour of a two-component emulsion is deter-
mined by the solubility of compound-2. Equation (8.18)
is highly unsymmetrical as small 02-values have a large
effect on W but even substantial amounts of liquid-1 are
unable to retard the Ostwald ripening of compound-2
to any great extent. In other words, if 02 < < w2/w\,
then liquid-1 governs the mass transfer, while if 02 > >

2 Note that the solubilities Q j are given as dimensionless volume
fractions.

3 The critical drop size is given by the relationship £>d.c =

J ^ ] ' W h e r e C2 iS l h e c o n c e n l r a l k ) n of «»>Pound-2

ship given in equation (8.17). in the continuous phase.
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W2/WI, Ostwald ripening is governed by the mass trans-
fer of the second component.

Important for all attempts to polymerize emulsions
is that with Co between 10~5 and 10~8, the character-
istic time of Ostwald ripening for compound / (TOR =
(Dd)3/Wi) i s t n e o r d e r o f 1Q2 t 0 1Q5 S- These relation-
ships allow an estimate of how fast the polymerization
should be in order to be able to compete with Ostwald
ripening (cf. below).

Aggregation (route 3 in Figure 8.2 and Figure 8.3(a))
processes (flocculation, coagulation, coalescence) can
take place when the average distance between the emul-
sion droplets is so close that attractive forces become
dominating. It is useful to discriminate between floc-
culation on the one hand, and coagulation and coa-
lescence, on the other hand, in the way that this is

Born repulsion

Primary maximum

Secondary minimum
(Vsm < 1.5kBT for reversible
flocculation)

Primary minimum (ca. twice the
dispersive contribution to the droplet
surface energy)

1 y
24/
3 4*
D =
C,=

= - 30 mV
= - 45 mV
= -100 mV
100 nm
0.01 M

1 =6x10" 2 0 J
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Figure 8.3. Electrostatic stabilization of colloidal particles:
(a) schematic representation of the electrostatic interaction
energy-distance curve for two approaching particles (not to
scale); (b) calculated electrostatic interaction curves according
to equations (8.20a-8.20c)

illustrated in Figure 8.3a. In this sense, flocculation is
an aggregation in a shallow secondary energy min-
imum (about —1.5 kBT) and is hence reversible by
the supply of a proper amount of energy. In contrast,
both coalescence (in the case of emulsions) and coag-
ulation (for sols or suspensions) result in a durable
breakdown of the colloidal systems. In principal, this
state is depicted in Figure 8.3(a) as the primary min-
imum. Coalescence is not a single stage process but
comprises at least four elementary steps: (a) contact
at a distance that allows attractive interaction, (b) the
drainage of the continuous phase film between the
drops, (c) the rupture of the film, and (d) finally, the
collapse of the droplets. This qualitative picture also
provides ideas as to how effective protection against
droplet coalescence can be achieved. Useful precau-
tions in this respect are the use of effective surfac-
tants at high concentrations and low ionic strengths to
enlarge the screening between the particles, a high r]c

to retard film drainage, and a high rjd to slow down the
confluence.

Nowadays, the stability of emulsions can be con-
trolled very effectively by the addition of proper sta-
bilizers in sufficient concentrations so that generally
in practice the aggregation of emulsions is not a
serious problem anymore. Stabilizers can act either
in an electrostatic or steric way, or in a combina-
tion of both, to prevent aggregation processes. The
interaction of colloidal particles (micelles, emulsion
droplets, or that of polymeric particles after polymeriza-
tion) is determined by the effective interaction energy
resulting from a superposition of the van der Waals
attraction, electrostatic repulsion, steric repulsion, elec-
trosteric repulsion, and the Born repulsion of the electron
clouds. A schematic representation of an interaction
energy-distance curve is depicted in Figure 8.3(a). It
seems to be didactically useful to include the Born
repulsion as this is the general prerequisite for the abil-
ity to form colloidal systems. As the stabilization of
colloids against aggregation is of enormous practical
importance, almost innumerable treatises on this sub-
ject have been published. From this author's experi-
ence, the refs (1 ,2 , 50-52) can be recommended for
more detailed information. Specifically regarding emul-
sions, the appropriate chapters in ref. (53) give a good
insight.

In order to get an idea as to how the interaction
energy (Vint(JpP)) between two approaching droplets
changes as a function of the distance (dPp) of their
surfaces, equations (8.20a)-(8.20c) from ref. (51) are
quite useful. These equations describe, according to
the DLVO theory, the interaction of electrostatically
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stabilized particles, as follows1:

2 | V 12T

To = tanh
\

(8.20a)

(8.20b)

(8.20c)

In the above equations, A\c\ is the complex Hamaker
constant of droplets of liquid-1 interacting through the
continuous phase, C\ is the ionic strength, K~] is the
Debye screening length (cf. equation (8.20b)), e and
So are respectively the permittivities in the continuous
phase and in vacuum, z is the stoichiometric valency
of the electrolyte, and ^ is the surface potential of the
droplets. Figure 8.3(b) shows interaction energy distance
curves calculated by using equations (8.20a)-(8.20c).
The formation of the primary maximum protecting the
drops from coalescence with increasing surface potential
can be clearly seen. Increasing 4> can be realized
practically, for instance, with a higher concentration of
ionic surfactants or a lower ionic strength. The latter
causes a higher degree of ionization due to a reduced
counterion condensation. The Debye screening length,
which is a measure at which distance two charges of the
same sign "start to notice each other", decreases with
increasing ionic strength. For example, at concentrations
of a 1:1 electrolyte of 10~3, 10~2, 10"1 and 1 M, K~1 is
(at 25°C) 9.2, 2.9, 0.92 and 0.29 nm, respectively. It is
an "experimental experience" that at C\ between 10"1

and 10~2 M, where K~] is between 1 and 2 nm, purely
electrostatically stabilized droplets/particles can come so
close together that they will aggregate.

Nonionic surfactants stabilize colloidal systems not
by electrostatics but basically by osmotic forces. If two
sterically stabilized particles approach each other, the
soluble parts of the adsorbed chains causes a higher
concentration in the interstitials when compared to the
average continuous phase. This will cause a flux of
continuous phase into the interstitials, which subse-
quently leads again to drop separation. As nonionic
stabilizers are mainly polymeric in nature (for instance,
poly(ethylene glycol) chains), elastic forces may con-
tribute to the stability as well. The elastic force per

1 During the 1940s, Dcrjaguin and Landau in the Soviet Union,
as well as Verwey and Overbeek in the Netherlands, developed
independently a theory of interparticle interaction based on attractions
due to van der Waals forces and electrostatic repulsion.

chain (Pel, cf. equation (8.21)) depends directly on the
adsorbed layer thickness (AR, also called the corona
thickness) and inversely on the second power of the
square of the average end-to-end distance (Ro = Pn

1/2fl),
where Pn is the average degree of polymerization and a
is a characteristic monomer length:

kBTAR (8.21)

The above equation elucidates that the longer the chain
length, then the lower is the elastic force. In other
words, a compression of the corona is the easier possible
the longer the stabilizing chain. If the stabilizer is a
long polyelectrolyte chain, the osmotic force (POsm) is
determined mainly by counterion condensation and can
be expressed in the form of the following equation (54):

oc
AR4Q

(8.22)

Both forces act into opposite directions: the osmotic
force tries to stretch the chain into the continuous
phase, whereas the elastic force pulls the chain back
to the interface. Setting Pel = Posm shows that AR oc
Cj~1/5. This is a much lower electrolyte dependence than
in the case of low-molecular-weight ionic stabilizers
where an exponential dependence of Vint is predicted
(cf. equations (8.20)). Note, this scaling behavior of
AR with C\ is the same as for polyelectrolyte chains
in solution [2]. Regarding colloid stability, this means
that polyelectrolyte-decorated droplets/particles possess
an extraordinary electrolyte stability when compared
to low-molecular-weight ionic stabilizers. Indeed, the
Pincus brush behaviour (AR oc Cj~1/5) was experimen-
tally observed for polystyrene particles stabilized with
poly(styrene sulfonate) chains (55). These particles were
stable up to a sodium chloride concentration of 5 M.
This is almost two orders of magnitude higher than
for low-molecular-weight electrostatic stabilizers (cf.
above) and reaches the region for nonionic surfactants,
which are almost always a part of technical stabilizer
systems for increasing the electrolyte stability.

Phase inversion (route 4 in Figure 8.2) is a pro-
cess, where for a given stabilizer, the continuous phase
becomes the dispersed one and vice versa. This is mainly
observed in the case of polymeric surfactants with a
stabilizing moiety possessing a critical solution temper-
ature. Prominent examples of these are surfactants with
poly(ethylene glycol) units. Increasing the temperature
leads to a decrease in the HLB of the surfactant and it
may subsequently, in accordance with Bancroft's rule,
promote the stabilization of a water-in-oil instead of
an oil-in-water emulsion. Furthermore, whether or not
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phase inversion occurs depends on the polarity of the
oil phase, the kind of electrolyte and its concentration,
other additives, as for instance, organic, water-soluble
solvents increasing the oil solubility in water, and the
oil volume fraction.

To conclude, the stability of emulsions depends on
droplet size, the presence of electrostatic, and/or steric,
and/or electrosteric repulsion forces, the viscosity of
both phases and the temperature. In addition, the kind
and concentration of all stabilizers electrolytes and
additives play a major role as well.

5 COMMINUTION OR
CONDENSATION
TECHNIQUES - WHAT MAKES THE
DIFFERENCE?

There are considerable differences in the properties of
emulsions prepared by the swelling of polymeric seed
particles and emulsions prepared by comminution tech-
niques. Possibly the most important difference is regard-
ing the stability. "Normal" swelling (not the methods of
enhanced swelling, cf. above) is an important step during
emulsion polymerization as this is the process by which
the monomer is delivered to the reaction loci, which
are the monomer swollen latex particles. Furthermore,
the frequently applied seed polymerization technique1

requires swelling as well. Swelling itself is, from the
colloid chemical point of view, an extraordinarily inter-
esting effect as an organic solvent (say, toluene) which
dissolves bulk samples of a polymer (say, polystyrene)
is unable, even if it is present in excess, to dissolve
the polymer if this is present in the form of colloidal
particles dispersed in water. This was first treated theo-
retically and experimentally by Morton et al. (56). The
next benchmark was set by Ugelstad and co-workers
while theoretically underpinning the enhanced swelling
method discussed above (57). Note that latexes have,
after enhanced swelling, a polymer concentration of
about 1% inside the droplets. Interestingly, for such
emulsions no problems regarding their stability have
been reported (44, 57). It is obvious that their stability
is higher than that of emulsions prepared by comminu-
tion techniques. There are arguments that swollen latex
particles can be considered as being thermodynamically
stable as the free energy of swelling goes through a
minimum at the equilibrium size of the swollen parti-
cles (58). Both the normal and the enhanced swelling

are exclusively thermodynamically controlled. A gen-
eral swelling relationship is possibly given with equation
(8.23) where subscript 3 refers to the polymer, Xij a r e

the corresponding interaction parameters, and Psw is the
swelling pressure (56, 57, 59):

In 0i + ( l - - ^ -
V "n,2 ~/W03

X2,3
X1.2 + X1.3 -

kBT
(8.23)

1 Seeded procedures are industrially the most important emulsion
polymerization techniques since all uncertainties in connection with
particle nucleation can be avoided see also ref. (81).

The left-hand site of equation (8.23) describes the
entropy and the enthalpy of mixing, where both are
promoting swelling. The dissolution is prevented as
the interfacial energy and the swelling pressure coun-
teract the swelling process. For practical applications,
equation (8.23) describes, at least qualitatively, the
swelling of polymer particles in accordance with experi-
mental findings. The swelling is the higher for the lower
Pn.2» the larger the seed particles, the lower a, the higher
the temperature, the better the solubility of the polymer
in the oil, and the lower the swelling pressure (56-59).
Additionally, the influence of surfactants has to be con-
sidered. It is an experimental fact that as soon as free
surfactant is present the swelling capacity is apparently
enhanced (56, 59). This is caused by solubilization in
the continuous phase and if present also in micelles or
by adsolubilization in adsorbed stabilizer layers at the
particle water interface. Swelling is of special interest
in context with both the preparation of emulsions and
heterophase polymerizations as it bridges both fields (cf.
below).

Possibly the most important difference between
swelling and comminution techniques in preparing
emulsions is as outlined in Figure 8.4. All comminu-
tion techniques are governed by the input of energy
which is much larger than necessary according to
equation (8.3). In contrast, swelling is a process driven
purely by thermodynamic forces. The idea illustrated
in Figure 8.4 describes swelling as a process driven by
entropy and energy changes as a concentrated solution
will be diluted. This a thermodynamically favoured pro-
cess unlike comminution where a solution with a given
concentration is crushed, which is an energetically costly
process. There are today two general possibilities known
to achieve highly swollen particles with a polymer vol-
ume fraction of about 1%: (i) the use of a swelling
promoter (compound-2) or (ii) the dynamic swelling
method. Compound-2 acts according to equation (8.23).
Due to its low molecular weight, the swelling promoter
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(a)

Figure 8.4. Schematic representation of the difference between
emulsion preparation by swelling of seed particles (from (a) to
(b)) and by comminution (from (c) to (d)) (not to scale). The
different degrees of shading indicate different concentrations
in the disperse phase

increases the entropy gain of mixing as the l/Pni2-term
cannot be neglected. Again, the swelling promoter can
be either a low-molecular-weight, highly water-insoluble
compound or an oligomer which was generated dur-
ing the preparation of the seed particles utilizing a
chain-transfer agent. Principally, the dynamic swelling
method uses Ostwald ripening. The monomer droplets
are generated with a size which is much smaller than the
seed particles. The small monomer droplets have a high
Laplace pressure that drives the monomer into the aque-
ous phase and subsequently into the seed particles which
absorb it eagerly. However, in both cases the use of
a monodisperse seed ensures almost complete stability
against degradation by Ostwald ripening. Furthermore,
Ostwald ripening is impeded, as the swollen particles
are in thermodynamic equilibrium and the seed parti-
cles consist of absolutely water-insoluble compounds,
namely the polymer molecules.

In concluding these considerations, it is obvious that
for subsequent polymerization reactions the preparation
of emulsions by swelling (a condensation technique) has
considerable advantages when compared to comminu-
tion techniques.

6 POLYMERIZATION OF (OR IN)
MONOMER EMULSIONS

Any polymerization reaction causes a change in the
existing thermodynamic conditions compared to those
during the emulsification process. The question imme-
diately originates whether or not it is possible to convert

the characteristic features of monomer droplets into that
of polymer particles. Characteristic features of monomer
emulsion droplets are, for instance, average size, size
distribution and composition. Suspension, miniemulsion
and emulsion polymerization are suited to a very dif-
ferent degree to preserve the droplet properties during
polymerization.

In order to look in some more detail at the conditions
during the transfer of a monomer emulsion into a
polymer dispersion it seems apt to consider some
characteristic time and length scales.

The characteristic time of the exchange of monomer
from droplets during Ostwald ripening (rex) is given by
the following relationship, where 0W is the dimension-
less solubility of the monomer in water (0W = Cy/vmon)
and Dmon is the monomer diffusion coefficient1:

oc (8.24)

The polymerization competes with the bleeding of an
emulsion droplet. For radical polymerizations, the ini-
tiation rate (rx), given by equation (8.25) below, is a
measure of how fast a certain number of free radi-
cals capable of starting a polymerization are formed.
The equilibrium radical concentration (P#), obtained
under the assumption that the rates of radical forma-
tion and termination are equal, is given by the following
equation (8.26). In these equations / is the radical effi-
ciency factor ( / % 0.5), kd is the initiator decomposition
rate constant, C\ is the initiator concentration, and kt

is an average termination rate constant. The time rini

is defined below by equation (8.27) and is a measure
how long it takes to generate, for each droplet, at least
one radical. Note that equations (8.25)-(8.27) are only
useful for estimations concerning the condition in the
aqueous phase but not for detailed mechanistic consid-
eration.

2fkdQ
1/2

Tini =

(8.25)

(8.26)

(8.27)

The time needed to polymerize the monomer in one
droplet (Tpoi) is given by the relationship shown in
equation (8.28), where n is the average radical number
in the droplet, kp is the propagation rate constant,
and CM = 1/̂ mon is the monomer concentration in the

Note that 0W corresponds to Co from above.
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droplet, i;mon is the molar volume of the monomer, and
NA is the Avogadro constant:

Tpo1 (8.28)

The time between two successive monomer additions
at a growing chain (rmadd) is given by equation (8.29),
where Cmon is the monomer concentration either in the
aqueous phase (Cw) or in the droplets (CM):

1
(8.29)

^p^mon

The interesting length scales are, on the one hand,
the average distance between two drops (dpp) given by
equation (8.30) where 7Vd is the drop number, and on the
other hand, the average path (root-mean-square displace-
ment) that a radical can diffuse between two consecutive
monomer additions (A.madd) given by equation (8.31):

dpp = ( —

^-rnadd —

1/3

(8.30)

(8.31)

Another size scale, which, however, is important for
each polymerization technique, is the shrinkage of the
reaction volume due to the density increase during poly-
merization1. The size of a monomer droplet decreases
due to polymerization of the monomer according to
equation (8.32), where pmon and ppo\ are the densities
of the monomer and polymer, respectively:

(
1/3

(8.32)

6.1 General features of suspension
polymerization

Suspension polymerization (60-63) is of special mean-
ing for the production of technically important polymers,
as for instance, expanded polystyrene and poly(vinyl
chloride). Suspension polymerization refers to the car-
rying out of a polymerization in micron-sized droplets
with oil-soluble initiators. Emulsification and polymer-
ization take place in the same vessel and at the same
time. A polymeric stabilizer or protective colloid is

1 The higher density of a polymer in comparison to its monomer is
the consequence of the smaller average distance between the molecules
in the polymer. This effect surpasses the alterations in the bond length
that the reverse dependence would have expected as the double bond is
shorter than the single bond.

used. Typical examples include poly(vinyl alcohol) or
cellulose derivatives. Rather unusual, but of some tech-
nical importance, are Pickering stabilizers which con-
sist of small-sized, insoluble inorganic particles as for
example, Ca3(PO4)2 or BaSO4. Sometimes, addition-
ally low-molecular-weight, water-soluble surfactants are
used either to support the initial state of the emulsi-
fication or to improve wettability. Compared to other
heterophase polymerizations, the stabilizer concentra-
tion with respect to the monomer mass is low. This is
typically of the order of less than 0.5%, and is usu-
ally between 0.06 and 0.1%. The polymerization is
started by an oil-soluble initiator or an initiator mixture.
In principle, suspension polymerization is an example
of successfully converting a monomer emulsion into a
polymer dispersion, if precautions are taken to avoid
extensive polymerization in the aqueous phase or foul-
ing of the reactor walls by applying radical scavengers
that prevent polymerization at unwanted loci. Due to
the inhomogeneity of the stirrer shear field throughout
the reactor volume, the droplets formed in the vicinity of
the stirrer become unstable during their way through the
reactor and degenerate. This process continues as long
as the viscosity inside the droplets (i.e. the conversion)
becomes high enough that both coalescence and break-
age of the droplets is no longer possible. The conversion
range where this occurs is called the point of particle
identity. Afterwards, the droplets are practically stable
and keep their identity throughout the remaining poly-
merization time2. The processes of droplet breakage and
coalescence can be influenced by the stabilizer proper-
ties. These stabilizers form a layer at the droplet-water
interface, thus leading to a steric stabilization which
reduces the rate of droplet coalescence. However, the
droplet breakage is also altered as the dilational modulus
of the interface is increased and the droplet deformation
is hindered. An increase in the viscosity of the dispersed
phase acts in a similar way, although the latter takes
place during the polymerization in any case. An increase
in the continuous phase viscosity acts in two ways, both
of which favour smaller drops. On the one hand, this
decreases the droplet collision frequency, thus reducing
the coalescence rate, while on the other hand, it enhances
the shear stress acting on the drop interface during the
emulsification. However, if the hindrance of the droplet
coalescence is too strong, the interface to be stabilized
becomes too large and hence floes or aggregates can be
formed. The later two species may lead upon further
polymerization to "raspberry-like" particles.

2 Note that the transition from an emulsion droplet to a polymer
particle proceeds from this point fo the process very smoothly. The
droplets solidify step-by-step with increasing conversion.
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The molecular weight of the stabilizer also has a
strong influence, since it determines its mobility. As a
rule of thumb, it may serve that for a given polymeric
stabilizer, the stabilization of the drops is rather more
supported than comminution if the molecular weight is
higher than a critical value. In contrast, if the molecular
weight is lower, then comminution is more favoured
than stabilization. Obviously, in the former case the
droplet identity is more preserved than in the latter
situation where droplet coalescence occurs.

In addition, the dependence of the final particle diam-
eter on the stirrer speed is not unambiguous as, in prin-
cipal Dp decreases with n over a wide range. However,
if n is higher than a critical value, then instabilities may
occur due to slow stabilizer adsorption or low surfactant
concentration leading to an increased Dp. A typical reac-
tion during a suspension polymerization at the interface
is a grafting reaction on to the stabilizer molecules. This
reaction is important as it leads to a better anchoring
of the stabilizer, already at low conversions, and hence
to an early formation of a protecting membrane. This
membrane protects against coalescence, but also against
radical exit into the aqueous phase, thus reducing the
probability of both aqueous phase polymerization and
reactor fouling. Additionally, if poly(vinyl alcohol) is
used, cross-linking via the hydroxyl groups with borate
is frequently used to increase membrane stability.

The Pickering stabilizers (cf. ref. (63)) have special
importance for styrene suspension polymerization. In
this case, the initial suspension is a three-phase col-
loidal system, rather than a two-phase systems (as is
usual). The third phase (a sol or suspension) is formed
by the stabilizers which are located in an interfacial layer
between styrene and water where both liquids compete
to wet the inorganic particles. Mixed wetting is neces-
sary to achieve stabilization which means that the inter-
face of the inorganic particles must be amphiphatically
modulated to be effective. This is very often achieved by
the use of low-molecular-weight surfactants. Figure 8.5
illustrates schematically the action of inorganic particles
as stabilizers. A contact angle 0 , larger or smaller than
90°, determines which kind of emulsion is formed (63).
If 0 between the inorganic particle and water is smaller
than 90° an oil-in-water emulsion is formed, while if
0 is above 90° the inverse oil-in-water emulsion is
preferably formed. Frequently, an optimum stabiliza-
tion is observed for both cases if 0 is close to 90°.
Inorganic particles as stabilizers in suspension polymeri-
zation have at least two advantages when compared to
polymers, i.e. they are cheaper and can be removed com-
pletely after the polymerization very easily.

>90°

O-
Oil phase

5<90°

, <90°

Water
©oS = 90°

Figure 8.5. Principle of the action of Pickering stabilizers (not
to scale). The horizontal line indicates the oil-water interface,
with the oil phase being assumed to be located above the latter:
0OS, contact angle between a Pickering stabilizer particle and
the oil phase; 0WS, contact angle between a Pickering stabilizer
particle and the water phase

Besides the stabilizer, the solubility of the poly-
mer in the monomer strongly influences the morphol-
ogy of the polymer beads. If the polymer is soluble in
the monomer, as for instance, polystyrene in styrene
or poly(methyl methacrylate) in methyl methacrylate,
beads with homogeneous spatial densities and smooth
surfaces are formed. The transition from an emulsion
droplet to a polymer bead proceeds smoothly, with the
drops solidifying slowly during the polymerization. In
contrast, vinyl chloride monomer only swells its poly-
mer and hence poly(vinyl chloride) precipitates at low
conversions. Inside the drops, small polymer granules
are formed which are unstable towards coagulation.
The internal structure of poly(vinyl chloride) suspension
beads is characterized by a coagulation structure with a
certain morphological assembly. In some cases, phase
separation is induced in the drops for the preparation of
porous beads by the presence of alkanes which do not
solvate the polymer. The hydrocarbons form a separate
phase inside the drops and can be removed at the end
of the polymerization process.

As suspension polymerization is based on an in situ
emulsification by turbulence, problems may arise during
scale-up. The emulsification process is the real problem
during the scale-up of laboratory-scale suspension poly-
merizations to an industrial level where today a typical
reactor size is 200 m3.

6.2 General features of emulsion
polymerization

There are innumerable scientific papers and patents
available on emulsion polymerization which also cover
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several aspects of surface chemistry (64-67). As the
average size of the species is smaller than in suspension
polymerization the enlarged interface requires higher
emulsifier concentrations. Typically these are between
1 and 5% with respect to the monomer weight. Addi-
tionally, end groups originating from the water-soluble
initiators contribute to the surface chemistry, as well
as water-soluble comonomers. In technical polymeriza-
tions, a mixture of different emulsifier is used so that all
kinds of stabilization mechanisms are acting i.e. elec-
trostatic due to ionic groups, steric due to nonionic
stabilizers, and electrosteric due to copolymers formed
with the small amounts of ionic comonomers present in
almost any recipe. Only such a combination ensures an
optimum stability against electrolytes and temperature
changes during storage and application.

In contrast to suspension polymerization, the use of
water-soluble initiators is typical for emulsions poly-
merization, although oil-soluble initiators can also be
used. Emulsion polymerization differs from the other
heterophase polymerization techniques in one important
point: it does not require the existence of a free monomer
phase, or in other words, a neat monomer emulsion is
not a prerequisite. The monomer can be fed into the
reactor continuously from an external reservoir during
continuous or semi-batch procedures. This is carried out
in the case of almost all technically and commercially
important polymerizations. A monomer feed allows an
easy control of the rate of polymerization and hence
the avoidance of peaks in the heat development during
the reaction. Based on the fact that feeding techniques
are possible and advantageous two important conclu-
sions are straightforward. First, seed particles can be
used and hence all problems in connection with particle
nucleation can be avoided. Secondly, swelling is very
important, as the polymer particles are the loci where
the main part of the polymerization takes place. The lat-
ter requires conditions ensuring a fast transport of the
feed throughout the entire reaction volume. The swollen
polymer particles may be considered, as agreed above,
as emulsion droplets and hence the name emulsion poly-
merization is, at least to seeded polymerizations, com-
pletely applicable.

Besides seed and feed procedures, batch polymeriza-
tions with a free monomer phase are also very popular.
In these so-called ab initio polymerizations, water, emul-
sifier and monomer are charged into the reactor and
allowed thermally to equilibrate under gentle stirring.
Then, the polymerization is started by adding initiator.
The stirrer speed is, compared to suspension polymeriza-
tion, only of minor importance as both the final particle
sizes and particle properties are not governed by the

droplet size. Nevertheless, in industrial practice, the stir-
rer speed must be carefully controlled. It must be, on the
one hand, high enough to ensure an appropriate mixing
of the reactor content, but on the other hand, carefully
controlled enough to avoid shear instabilities. However,
there are experimental results available which indicate
an influence, on styrene emulsion polymerization, of the
stirrer speed on the particle size, the molecular weight
and the polymerization rate (68). These results indicate
that below a critical stirrer speed, where a bulky styrene
phase exists, the monomer diffusion is too low to main-
tain the equilibrium concentration in both the water and
the particles. The slow monomer diffusion was also
confirmed by investigations of surfactant-free polymer-
izations with on-line surface tension measurements (69).
Just after initiation, the surface tension increased due to
the styrene consumption and then levelled of at a value
close to water. This indicates that the diffusion from the
bulky styrene phase is much slower than the polymer-
ization process.

Regarding the mechanism of an ab initio emul-
sion polymerization, the following statements, which
have been experimentally verified, should be generally
accepted as having a common basis, despite all contrary
opinions in (important) details:

1. Monomer swollen polymer particles are the main
reaction loci.

2. Transfer of matter through the particle-water inter-
face in both directions is essential for the process
(radicals and monomers).

3. The average particle size and number, as well as the
particle size distribution, in the final latex are gov-
erned by the kinds and concentrations of stabilizers,
initiators and other additives.

4. Particles are nucleated at the beginning of the poly-
merization, but a multiple formation of particles is
also possible in the further course of the polymeriza-
tion.

5. Monomer droplets with an average size of some
microns are not the loci of particle formation, and
serve only as reservoirs for monomers.

In particular, statement (1) above underlines the impor-
tance of surface or interface chemistry for the whole
process. The particle-water interface may be, on the one
hand either charged or uncharged, and on the other hand,
either smooth or rough (fibrous). How the particular look
of the interface influences the overall polymerization
kinetics was recently shown by means of calorimet-
ric data (67). For instance, the greater AR (stabilizer
corona), then the more is the maximum in the polymer-
ization time curves shifted towards longer times. The
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corona was built up of polyelectrolytes with different
Pn values and charge distributions along the chain (cf.
above part swelling discussion).

Irrespective of the particular polymerization pro-
cedure, it should be pointed out that the adsorption
behaviour of surfactants depends on the nature of the
substrate. This was shown for polymer dispersions in
ref. (7). The area covered by a surfactant molecule
(Am) depends strongly on the polarity of the polymer,
e.g. the higher the polarity, then the higher the Am.
For instance, the corresponding values for sodium lau-
ryl sulfate adsorption on to polystyrene and poly(vinyl
acetate) latexes differ by more than a factor of two.
This has consequences regarding the stability, as the
higher the Am, then the lower the amount of surfac-
tant adsorbed and the more diminished the stability
against flocculation. The author points out that exper-
imentally determined values of Am can be used to esti-
mate the composition of copolymer latex particles at
the interface where frequently an enrichment of the
more polar polymer is observed. This is a general
behaviour for copolymerizations, as well as for two- or
multistage polymerizations, in accordance with thermo-
dynamic considerations (70). The more polar polymer
tries to reach the interface to water. However, as the
whole process is governed by a competition between
thermodynamics and kinetics, the thermodynamically
favoured morphology can be suppressed if the mobil-
ity of the chains is drastically reduced (for instance
by fast polymerization, high conversion, low feed rate,
etc.). However, by swelling of the composite particles
the equilibrium structure will be formed. From the sur-
face chemistry point of view, it is interesting to note
that if, for instance, the amount of hydrophilic groups
in a polystyrene particle is high (either brought into
the particles by initiator end-groups or comonomers),
a kind of phase separation takes place in the swollen
particles. This phase separation leads to the formation
of porous particles, either due to microphase separa-
tion or ionic repulsion (71). Generally, ionic repulsion
between charged surface groups leads to the formation
of a "hairy" or hydrodynamic layer, and may also con-
tribute to an enhanced swelling (58).

However, the nature of surface groups is not com-
pletely predictable, as side reactions can lead to alter-
ations. Water is not an inert media, and is indeed the
main source of side-reactions with radicals. For both
persulfate and azo initiators, a variety of end-groups,
other than the expected ones, have been detected. These
are mainly hydroxyl and carboxyl groups and it seems
that their formation cannot be avoided as long as water
is used as the continuous phase (72, 73).

Furthermore, surface groups may have an influence
on the film formation of latex particles. They may
slightly counteract particle coalescence, but will in any
case influence the film properties at least in two ways.
Covalently bound ionic groups will evenly distribute in
the film but adsorbed ionic or hydrophilic compounds
will migrate to the interface. There they will assemble
in hydrophilic domains, thus leading to an enhanced
water uptake. It is worth nothing briefly that so-called
reactive surfactants, which are covalently bound or
grafted on the polymer particles in the course of the
polymerization, may overcome the drawbacks of free
surfactants during film formation (74, 75). Furthermore,
latexes prepared with surfmers exhibit an improved
freeze-thaw stability.

6.3 General features of miniemulsion
polymerization

Suspension and emulsion polymerizations have been
technically and commercially very successful. Both
techniques are controlled by different mechanisms and
lead to products for fundamentally different applications.
Simply expressed, suspension polymerization can be
considered as a bulk polymerization inside um-sized
droplets, where the properties of the monomer drops,
governed by the emulsification process as well as by
the chemical composition, determine the properties of
the polymer beads. Emulsion polymerization operates
on the nm-size range, where the process is controlled by
many exchange processes among the swollen particles
via the continuous phase where the droplet properties
have essentially no influence on the process. From
this, the question arises whether or not it is possible
to control the latex properties in a range typical for
emulsion polymerization latexes, simply by controlling
the properties of the initial monomer droplets (size and
composition). This requires the preparation of monomer
emulsions with droplet sizes of about 100 nm (so-called
miniemulsions) (40, 41, 76-79) and their subsequent
polymerization to achieve an almost "1:1 copy". In
this sense, the term "miniemulsion polymerization" may
be considered as being just as suitable as the term
"minisuspension polymerization". The motivation for
this polymerization technique can be understood as
an attempt to combine the advantages of suspension
and emulsion polymerizations. This seems to be very
promising and consequently an enormous number of
papers have been published during the last decade
mainly devoted to polymerization experiments. On the
other hand, there is clearly a lack of theoretical studies
concerning such systems.
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There is no problem in preparing emulsion droplets
with sizes of about 100 nm. These small droplets
are prepared by high-power comminution techniques,
mainly the application of a high-energy ultrasound
source and/or a microfluidizer in the presence of a stabi-
lizer system at concentrations below the critical micelle
concentration. This is done in order to avoid particle
nucleation via a micellar mechanism during the subse-
quent polymerization. The stabilizer system consists of
a ''normal" emulsifier and a second component, where
the latter is either a fatty alcohol or hexadecane. The
former acts mainly as an emulsifying aid and the lat-
ter as "compound-2". Additionally, a few per cent of a
polymer can be added. All of these represent attempts
to increase the droplet stability. The latter case for-
mally resembles seed particles, although not prepared
in a "thermodynamic way". At a more or less defined
time after the emulsification (which can be carried out
in one or two steps), the polymerization is started. Dur-
ing the polymerization, only gentle stirring is applied so
as to avoid creaming or sedimentation. There is at this
present time no conclusive experimental results known
that verify a complete 1:1 copy of a miniemulsion by
polymerization. This is independent of both the initia-
tor and the stabilizer system employed. There are several
arguments, on the basis of the above considerations, that
a 1:1 copy of a so-called miniemulsion by polymeriza-
tion is rather unlikely, as follows:

1. The emulsion at the start of the polymerization is not
well characterized, in particular regarding the DSD
and stability.

2. The energy input during the emulsification is very
high, in particular when using ultrasonification,
which can lead either to a temperature increase high
enough to start thermal polymerization (e.g. styrene
and acrylates) or to radicals formed, e.g. during the
ultrasonification of water (80), which are able to start
the polymerization1. Both effects may cause irrepro-
ducible starting conditions.

3. During the time span between emulsion preparation
and polymerization, the temperature is not constant,
which may cause changes in the emulsion properties.

4. The emulsions, even in the presence of hexadecane
and polymer, are not stable per se; if they are
stable, this is a fortunate case where the conditions
according to equations (8.16) and (8.17) are fulfilled.

However, these conditions can be met after a certain
maturation time (this is really a complicated situation
which needs experimental as well as theoretical
investigations).

5. The DSD in the presence of polymer in the miniemul-
sion droplets before polymerization was found to be
very broad (78) which promotes droplet instability.

6. The distribution of the particle composition is, in
the case of composite particles, rather broad, which
indicates that exchange processes take place during
the polymerization (81).

7. In all cases, Np was found to be smaller than Nd,
indicating also exchange processes or instabilities
(77, 78).

Taking all facts into account, the situation is charac-
terized in such a way that the important question is to
what extent it is possible to copy a miniemulsion by
polymerization and not to realize a true 1:1 copy.

However, there is no doubt that the monomer
miniemulsion itself has a strong effect on the polymer-
ization. Due to the large droplet interface, all exchange
processes are enhanced according to equation (8.33)
where CM,i is the monomer concentration at the
droplet-water interface. (Note that this a similar expres-
sion to the relationship given by equation (8.24) for the
characteristic exchange time of a droplet.)

dCjvi Anon ( C M , I —

^Ta W~
(8.33)

1 In some cases (30% as a rough estimate), we have observed, from
electron microscopy evidence, a polymerization of styrene miniemul-
sions during or after ultrasonification. These miniemulsions showed
an extraordinary stability during storage when compared to non-
polymerised systems.

The monomer stream from the droplets into the aqueous
phase causes a much higher polymerization rate in
water and subsequently also a higher capture rate
of species from the aqueous phase by the droplets.
This is particularly important when compared with the
much larger droplet sizes observed during suspension or
emulsion polymerization.

7 FIXATION OF AN EMULSION BY
RADICAL POLYMERIZATION IN
AQUEOUS MEDIA - FACT OR FANCY?

To fix an emulsion by polymerization requires precau-
tions in two aspects: (i) to enhance emulsion stabil-
ity, and (ii) to choose a rapid polymerization process
advancing from the interface into the droplet core. Thus,
the fixation of droplets by polymerization is in princi-
pal possible. The crucial parameters are droplet size and
size distribution, viscosity of both phases, and the poly-
merization procedure. It is perfectly possible to fix a
droplet size distribution in the um-sizerange, typical for
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a suspension polymerization, by interfacial polyconden-
sation reactions. For instance, if an oil-soluble monomer
(e.g. terephthaloyl dichloride, 0.05 vol% of the amount
of oil) is dissolved in the oil phase, the DSD can be fixed
by adding piperazine. The interfacial polycondensation
is fast enough to "freeze" the DSD (30).

For the radical heterophase polymerizations consid-
ered here, the situation is pretty much different in each
case. In suspension polymerizations, emulsification and
polymerization occur at the same time. After the point of
particle identity, the droplets are stable and the polymer-
ization then proceeds smoothly until completion. The
properties of the final particles are mainly determined
by the droplet properties, in particular by their size dis-
tribution and composition.

During emulsion, as well as miniemulsion polymer-
ization, the situation is considerably different, with the
exception of seeded emulsion polymerizations. Normal
seed particles or highly swollen particles can be poly-
merized without difficulties under maintenance of the
particle concentration. Agglomeration as well as sec-
ondary nucleation, can be avoided. This is the "state
of the art" in many industrial processes (82) and also
for scientific (research) investigations (64). The method
of enhanced swelling with swelling promoters (low-
molecular-weight, highly water-insoluble compounds)

has been successfully applied to produce large monodis-
perse particles for a variety of applications (83, 84). In
addition, the dynamic swelling method has been proven
to be a suitable way to produce monodisperse particles
in the u.m-sizerange (44). In both cases, the utilization
of radical scavengers in the continuous water phase
prevents secondary nucleation. During normal seed pro-
cesses, this is usually not necessary as the capture effi-
ciency of species from the aqueous phase by the existing
particles is high enough. These are all examples showing
that a performed emulsion can be successfully copied by
polymerization. Note that all of these emulsions have
been prepared via the thermodynamic route.

The situation in the case of emulsions prepared
by comminution techniques can be partly illustrated
with the help of the characteristic quantities defined
above. These data are summarized in Table 8.7 for two
emulsions, namely one with an average drop size of
50 urn (e.g. prepared by a common rotor/stator device)
and one with an average droplet size of 100 nm (e.g.
prepared by ultrasonification).

Some important conclusions which can be drawn
from Table 8.7 include the following:

1. Small drops of neat styrene degenerate very fast
(rcx « 10-3 s).

Table 8.7. Characteristic data for two neat styrene emulsions with different drop sizes subjected to
polymerization initiated with potassium peroxodisulfate (C\ = 2 mM) at 60°C; 0o = 0.2; total emulsion
volume, 1 dm3; Nmon is the number of monomer molecules soluble in the continuous phase, and wmon is the
number of monomer molecules per droplet; indices E and w refer to emulsion and water, respectively; N(size)
and N(size) represent the product of number and size of the corresponding species according to collision
and diffusion theory, respectively (85). In addition, the following values have been used: Cw = 5 x 10~2 M:
u m o n = 0 . 1 2 M - 1 ; p m o n = 0.87 gem" 3 ; ppol = 1.054 g cm"3; ^ 3 x 102 M"1 s"1; k{ = 108 M~' s"1;
kd = 8.5 x 10~5 s-1 (73) or 5.5 x 10~6 s~* (64), where the higher A^-value was determined experimentally
during aqueous styrene polymerization with potassium persulfate (73)
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2. A much more hydrophobic monomer is needed (0W

should be decreased at least by a factor of 106)
to increase rex into a range where it can compete
with Tpo).

3. Even with oil-soluble initiators, the finer the emul-
sions, then the more important are aqueous phase
reactions, as low-molecular-weight radicals can dif-
fuse hundred of nanometres between two monomer
additions and hence their exit from small droplets is
very likely.

4. Regarding the radical production (ri9 Tini, P -) , the
situation is quite promising as enough radicals can
be generated for all droplets within a short period of
time (tini is less than 1 min).

5. According to the diffusion theory, there is a higher
probability that a radical in the aqueous phase will
meet a dissolved styrene molecule rather than a drop,
whereas according to the collision theory, both events
should occur almost with the same probability.

6. In the case of the larger drops, precautions are really
necessary to avoid water-phase polymerization with
subsequent nucleation, dpp > > Amacjd (cf. N(size) and
N(size)2 values).

Finally, under well-defined conditions, it is possible to
polymerize performed emulsion droplets. This is espe-
cially true for emulsions prepared by condensation meth-
ods where the conditions can be controlled in such
a way that both secondary nucleation can be avoided
and droplet or particle stability can be maintained dur-
ing the entire polymerization. In the case of emulsions
prepared by comminution techniques, suspension poly-
merization is a good example of a system where the
(conditions) properties of emulsions can be converted
into the corresponding properties of sols/suspensions.
For smaller drop sizes, the solubility of the monomer
in water is crucial, but unfortunately, very hydrophobic
monomers are technically unimportant, at least nowa-
days. The addition of hydrophobic molecules needs
tailored emulsification procedures regarding Dd and
DSD, and a certain maturation time to result in stable
emulsions. Miniemulsion polymerization is a promis-
ing way, although the question as to what extent a 1:1
copy of an emulsion is possible is still waiting for an
answer.
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1 INTRODUCTION

Mankind has used ceramics for thousands of years. The
oldest findings of ceramic objects date back more than
20000 years with a larger scale production of bowls
and storage vessels starting from 6000 BC in China. All
ancient ceramics were based on clay but the proper-
ties varied greatly depending on the composition and
firing temperature. The traditional ceramics still form
the basis for dinner-ware, household items and works
of art, but it is the advent of advanced, non-clay ceram-
ics that has sparked the current large interest in ceramic
materials. During the last 50 years, we have seen a
tremendous development of advanced ceramics for func-
tional, biomedical and structural applications (1). Struc-
tural ceramics possess unique material properties such as
high strength from room temperature to very high tem-
peratures (up to 1500°C), good wear, and erosion and
corrosion resistance in most environments. Functional

ceramics are characterized by specific electrical, dielec-
tric, magnetic and optical properties. Advanced ceramics
are currently being used in a large number of applications
such as cutting tools, heat engine parts, body implants,
sensors, capacitors and actuators, with new applications
continuously evolving.

Ceramics are brittle materials at moderate tempera-
tures, which means that a ceramic material is prone to
catastrophic failure when the fracture stress is exceeded.
The strength of a ceramic material can be described by
the Griffith equation (1), as follows:

= YKIC/VC (9.1)

where o is the fracture stress, K\C the fracture tough-
ness, C the defect size, and Y a factor that depends
on the position and shape of the defect. This relation-
ship suggests that there are two ways of increasing the
strength of a ceramic material, namely by increasing the
fracture toughness or by decreasing the flaw size. A flaw
or defect can be thought of as an inhomogeneity in the
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Flaw size, c

Figure 9.1. Effects of damage on the strength of low- and
high-toughness ceramics

material. These flaws can be cracks, inclusions, agglom-
erates or pores. If the fracture toughness is increased, the
strength of the material becomes more insensitive to flaw
size (Figure 9.1). This can be accomplished by the incor-
poration of a second phase such as whiskers, platelets or
particulates (1). In order to obtain the optimal increase
in fracture toughness and to avoid the formation of new
defects, the reinforcing phase has to be well dispersed
in the matrix.

Although high strength can be achieved by defect
minimization, the flaw size distribution can vary from
specimen to specimen, thus leading to a very broad
strength distribution, i.e. low reliability. For design
purposes, the scatter in fracture strength should be kept
at a minimum. Hence, the defect minimization has to
be so effective that defects above a certain size never
occur. The performance at high temperatures is also
controlled by the microstructure of the ceramic material.
The composition and the amorphous or crystalline nature
of the grain boundary phases often determine the creep
or slow crack growth tendency, which are the most
important mechanisms for failure at high temperatures.
The uniformity of the microstructure is also important
for the electrical properties of functional ceramics. For
example, a maximum dielectric constant of BaTiC>3
is achieved when the final grain size distribution is
uniform and small. This is very important for multi-
layer capacitors where a high dielectric constant relates
to a small size and high efficiency of the capacitor.

In summary, a ceramic material should have a
microstructure characterized by a small defect size, other
phases which are well dispersed and a homogeneous
grain boundary phase composition to perform optimally
at both room temperature and elevated temperatures.
How can such a microstructure be obtained? In order to
answer this question, we have to consider how a ceramic
material is produced.

2 POWDER PROCESSING OF
CERAMICS

Most advanced ceramics are formed as powder compacts
and densified by sintering. Other forming techniques
commonly employed for metals and polymers, e.g.
deformation methods and melt casting, are unsuitable.
Powder processing involves five basic steps (2):
(i) powder production, (ii) preparation of powders for
consolidation, (iii) consolidation to an engineering
shape, (iv) removal of solvent and organic additives
(drying and burnout), and (v) densification. Each
step has the potential for introducing a detrimental
heterogeneity, which will either persist during further
processing or develop into a new heterogeneity during
densification and microstructure development. Hence,
the microstructural inhomogeneities that occur in the
early processing steps, e.g. powder mixing and powder
consolidation, are very difficult, if not impossible, to
remove during the later processing steps, e.g. burnout
and sintering. This means that handling of fine (usually
submicron-sized) ceramic powders in large quantities
requires a high degree of process control to reach the
desired microstructural characteristics.

Many of the detrimental heterogeneities stem from
the powder itself, e.g. large, hard agglomerates and
contamination by foreign phases. Other heterogeneities
are introduced in the powder preparation step, e.g. an
inhomogeneous phase distribution due to insufficient
mixing of the ingoing components. The consolidation
method used can also introduce heterogeneities. Hence,
in order to produce reliable ceramic materials, methods
must be developed which can eliminate heterogeneities
from the powders and avoid the introduction of other
types of heterogeneities in the subsequent processing
steps.

The sensitivity of ceramic materials to hetero-
geneities, and the difficulty in removing them in sub-
sequent processing, means that the microstructure and
homogeneity of the consolidated powder (before sin-
tering) is strongly related to the properties of the final
material (2, 3). In general, the powder body (which
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is called the green body in the ceramics community)
should have the following characteristics: (i) a high,
uniform packing fraction of particles, (ii) small and
narrow size pores, and (iii) a high degree of homogene-
ity (sintering additives and reinforcing phases being well
mixed). Furthermore, common heterogeneities such as
agglomerates, organic inclusions and gas bubbles, have
to be avoided. There is also a desire to decrease the
size of the ingoing powders (typically < 1 um) in order
to enhance sinterability at lower temperatures and to
reduce the scale of mixing homogeneity of different
components.

2.1 Colloidal processing

The present methods of manufacturing ceramic green
bodies of a complicated shape on an industrial level
include dry-pressing with subsequent machining, slip
casting, tape casting, pressure casting and injection
moulding (4, 5). All of these forming methods start
with a suspension where the ceramic particles (pow-
ders, whiskers, platelets, etc.) are mixed with a liquid or
a polymer melt, a proper dispersant, and possibly further
additives (such as binders, plasticizers, and anti-foaming
agents). With the growing awareness of the detrimental
effect of different types of heterogeneities on the mate-
rial properties, a concept called colloidal processing has
been successfully applied to improve product reliability.
The colloidal processing concept involves the manipu-
lation and control of the interparticle forces in powder
suspensions (2, 6), in order to remove heterogeneities
and to optimize the suspension properties. For example,
repulsive interparticle forces can be used to create col-
loidally stable suspensions where weak agglomerates
are broken down and good mixing of different pow-
ders is facilitated. Large, hard agglomerates can also
be removed by sedimentation or filtration at low vol-
ume fractions. Colloidally stable suspensions usually
facilitate the good mixing of different powders. Floc-
culation of such a composite suspension can be used as
a way of avoiding mass segregation during storage and
handling.

Interparticle forces play a pivotal role in determin-
ing the suspension rheology (4, 7). For example, a
highly concentrated suspension can be transformed from
an easily pourable liquid to a stiff paste by chang-
ing the interparticle forces from repulsive to attrac-
tive. Such a transformation is also related to a change
in the microstructure of the suspension. In general,
a colloidally stable suspension has a homogeneous
microstructure, where the single particles are separated

from each other. A flocculated concentrated suspen-
sion, on the other hand, consists of clusters of particles
touching each other and, hence, creates an inhomo-
geneous suspension microstructure. This difference in
suspension microstructure and suspension rheology can
have a large impact on the behaviour during consoli-
dation. For example, an inhomogeneous microstructure
can be expected to influence the filtration rate in pres-
sure filtration and slip casting. Liquid flow is facili-
tated by the existence of larger channels between the
clusters.

This review intends to cover the field of colloidal
processing of ceramics. To support the understanding of
the underlying colloidal concepts, we will briefly intro-
duce a background on the major particle interactions.
This is followed by a section on deagglomeration and
dispersion. An orientation on how the rheological prop-
erties of concentrated suspensions can be manipulated
is also given. The various colloidal consolidation routes
are presented and we also discuss the drying and burnout
behaviour.

3 INTERPARTICLE FORCES AND
COLLOIDAL STABILITY

It is critical to understand how one may manipulate sus-
pension properties to generate the desired rheological
behaviour for the chosen forming technique. The ability
to control and manipulate the sign of particle interactions
represents a first step towards optimised colloidal pro-
cessing. Attempts to estimate the properties of ceramic
slurries by calculations are generally hampered by the
complex nature of these systems. Accurate calculations
require many parameters to be defined, but this infor-
mation is usually difficult to obtain. Hence, although
calculations can lead a long way, direct measurements
of the interparticle forces and rheological properties are
indispensable for an improved understanding of these
complex systems. The dominating interparticle forces in
most ceramic systems are the van der Waals, double-
layer (electrostatic) and steric (polymer-induced) forces.
We will give a brief account of the theories underly-
ing each of these interactions, with examples of direct
measurements in ceramic systems.

3.1 van der Waals forces

All ceramic powders experience van der Waals forces.
This force is electrodynamic in origin as it arises from
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the interactions between oscillating or rotating dipoles
within the interacting media. This ubiquitous interaction
may be of varying importance depending on the system,
and the Hamaker constant (A) represents a conventional
and convenient way of assessing its magnitude (7, 8).
For example, the van der Waals interaction free energy,
\/vdW(D), between two spheres of radius R at a surface
separation D, can be approximated by the following:

Table 9.1. Calculated values of Hamaker constants between
identical ceramic materials. (Adapted from ref. (9))

VvdW(£» = -AR/12D (9.2)

providing that D <^ /?. As can be seen from
equation (9.2), there is a direct proportionality between
the magnitude of the van der Waals interaction and the
Hamaker constant. The latter is a materials constant that
depends on the dielectric properties of the two materials
and the intervening media. The distance dependence
of the van der Waals energy depends essentially on
the geometry of the two interacting bodies, being
proportional to D~2 for parallel plates, and scales to
D~l for two spherical particles.

In the original treatment, also called the microscopic
approach, the Hamaker constant was calculated from
the polarizabilities and number densities of the atoms in
the two interacting bodies. Lifshitz presented an alter-
native, more rigorous approach where each body is
treated as a continuum with certain dielectric proper-
ties. This approach automatically incorporates many-
body effects, which are neglected in the microscopic
approach. The Hamaker constants for a number of
ceramic materials have been calculated from the Lif-
shitz theory using optical data of both the material and
the media (Table 9.1) (9). Clearly, all ceramic materials
are characterized by large unretarded Hamaker constants
in air. When the materials interact across a liquid, their
Hamaker constants are reduced, but still remain rather
high, except for silica.

If we want to create a colloidally stable system, some
type of interparticle repulsion needs to be introduced
to overcome the van der Waals attraction. In a stable
system, the maximum attractive interparticle energy
should be less than \-2kT to allow thermal motion
to readily break all particle-particle bonds. Since the
magnitude and range of the attractive van der Waals
interaction scales with the effective Hamaker constant,
a relatively long-range repulsion is needed to stabilize
suspensions of ceramic powders such as alumina and
silicon carbide; silica, however, is stabilized by a very
short-range repulsion.

Below, we will describe the two most common meth-
ods of stabilizing a colloidal suspension, i.e. either by
creating an electrostatic double-layer at the solid-liquid

Material Non-retarded Hamaker constants (10 20 J)

a-Al2O3

BaTiO3 (average)
BeO (average)
CaCO3 (average)
CaF2 "
CdS
MgO
Mica
PbS
6H-S1C
^-Si3N4
Si3N4 (amorphous)
SiO2 (quartz)
SiO2 (silica)
SrTiO3

TiO2 (average)

ZnO
ZnS (cubic)
ZnS (hexagonal)
3Y-ZrO2

Vacuum (Air)

15.2
18.0
14.5
10.1
6.96

11.4
12.1
9.86
8.17

24.8
18.0
16.7
8.86
6.50

14.8
15.3
13.3
9.21

15.2
17.2
20.3

Water

3.67
8.0
3.35
1.44
0.49
3.40
2.21
1.34
4.98

10.9
5.47
4.85
1.02
0.46
4.77
5.35
3.03
1.89
4.80
5.74
7.23

interface, or by adsorbing polymers or surfactants on the
particle surfaces.

3.2 Electrostatic double-layer forces

Immersing a ceramic powder in a polar liquid, such
as water, usually results in the buildup of a charge
at the solid-liquid interface. The interfacial charge is
a result of adsorption or desorption of ionic species
in solution, e.g. by proton transfer reactions with the
surface hydroxyl groups, or by adsorption of specifically
adsorbed ions. The site-dissociation reactions for an
amphoteric oxide (MO) can be written as follows:

MOH < • MO~ + H+ (9.3)

MOH + H+ (9.4)

Both the pH and the reaction constant for the respec-
tive dissociation reaction control the net charge. The
point of zero charge (pzc) is the pH where the surface
concentration of (MO~) and (M0H2

+) are equal. The
surface charge is negative at a pH > pHpzc and positive
at pH < pHpzc. Ions of opposite charge (counterions)
are attracted to the charged interface and form a diffuse
ion "cloud" adjacent to the particle surface. The thick-
ness of this electrical double-layer is a very important
parameter, which determines the range of the double-
layer repulsion. The concentration and valency of the
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ions in solution control this; a high concentration of
ions (high ionic strength) results in a thin double-layer.
The thickness is commonly identified with the Debye
length, which is the inverse of the Debye parameter, K:

(9.5)

where e is the electronic charge, n{ is the concentration
of ions with charge z,, s is the dielectric constant of the
liquid and £o is the permittivity of vacuum.

The interaction between two charged particles in a
polar media is related to the osmotic pressure created by
the increase in ion concentration between the particles
where the electrical double-layers overlap. The repulsion
can be calculated by solving the Poisson-Boltzmann
equation, which describes the potential, or ion con-
centration, between two overlapping double-layers. The
full theory is quite complicated, although a simpli-
fied expression for the double-layer interaction energy,
^DL(^)» between two spheres, can be written as follows:

VDL(D) = (9.6)

where v!>0 is the surface potential.
Combining the attractive van der Waals interaction

and the repulsive double-layer repulsion is the found-
ation of the well-known DLVO theory (7, 8), which
provides an overall net interaction energy, as illus-
trated in Figure 9.2. The interaction energy displays an

\ Double-layer
S repulsion {VR)

^Energy barrier (EB)

Total energy, VT(VT=VR+ VA)

Distance, D

Secondary minimum

van der Waals attraction (VA)

s Primary minimum

Figure 9.2. Schematic energy versus distance curves for dou-
ble layer repulsion and van der Waals attraction. (Adapted from
ref. (15) with permission of The American Ceramic Society)

energy barrier with a magnitude related to the Hamaker
constant, surface potential and ionic strength. At a low
surface potential or at a high ionic strength, the repulsive
barrier will vanish, thus allowing particles to flocculate.
This suggests two routes for flocculating an electrostat-
ically stabilized suspension, namely either by reducing
the charge on the particle surfaces through a change in
pH towards the pHp/c or by increasing the ionic strength
to reduce the range of the double layer repulsion.

3.3 Polymer-induced forces

In many ceramic systems it is not possible to create a
stable suspension simply by controlling pH. Large addi-
tions of acid or base can result in dissolution of the
particles, or provide a too high ionic strength. Hence,
addition of suitable polymeric dispersants is commonly
used to create colloidally stable suspensions. These poly-
meric additives can induce an interparticle repulsion
that prevents coagulation. Upon the close approach of
two particles covered with adsorbed polymer layers, the
interpenetration of the polymer layers give rise to a
repulsive force, the so-called steric stabilization (10).
There are some simple requirements for steric stabiliza-
tion of colloidal suspensions, as follows:

(i) The adsorbed polymer layer should be thick enough
to prevent the particles from coming into close
contact where the van der Waals forces will give
rise to a net attraction.

(ii) The adsorbed polymer layer should completely
cover the particles and be as dense as possible.
If the coverage is incomplete or the layer density
is too low, the particles may come into close
contact. Bridging flocculation might also occur if
the coverage is incomplete.

(iii) The polymer should be firmly "anchored" to the
surface of the particle. If the adsorption is too
weak, the polymer may desorb or be "pushed" away
during a particle collision.

(iv) The stabilizing moieties should be in a good-
solvent condition. If the solvent condition is bad,
interaction between two polymer layers will result
in an attractive, and not a repulsive force. The
solvent quality is commonly characterized by the
Flory-Huggins parameter, x> where poor solvent
quality has / > 0.5.

The thickness of the adsorbed layers, the affinity of the
polymer to the surface, the adsorbed amount and the
solvency of the polymer in the media are all strongly
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interrelated. This provides several ways in which to
manipulate the stability of sterically stabilized systems.

Any theory trying to describe the magnitude and
range of the interaction between polymer layers needs
to account for both the solution properties of the
polymer and the conformations of the polymer at the
solid-liquid interface (7, 10). The repulsive steric forces
for polymers in a good solvent can be characterized by
using De Gennes scaling theory (11). In scaling theory,
the adsorbed polymer conformation is assumed to be
either a low surface coverage mushroom, in which the
volume of the individual polymer is unconstrained by
neighbours, or a high surface coverage brush, where the
proximity of neighbouring polymer chains constrains the
chain volume and causes extension of the polymer into
the solvent. The normalized force for two spheres as
a function of separation distance can be expressed by
using a scaling expression valid for polymer brushes:

F(D) SnkT
R 35

+ 5

L\7(
 2L \

(9.7)

where s is the distance between the chain anchoring
points, L denotes the interaction range from each surface
and 8 is the thickness of the highly compressed polymer
layer.

The term electrosteric stabilization is often used to
describe how polyelectrolytes act as dispersants. Elec-
trosteric stabilization is a combination of a pure elec-
trostatic repulsion and a polymeric repulsion where
the relative importance of the respective contributions
is closely related to the segment density profile at
the interface. If the polyelectrolyte adsorbs in a flat
conformation, the polymeric repulsion is short-range
in nature, and the stabilization mechanism is mainly

electrostatic. This is usually the case when the poly-
electrolyte is highly charged, has an extended confor-
mation, and the particle surface is oppositely charged.
With thicker adsorbed layers, having chains protrud-
ing into the solution, the polymeric contribution will
become more important. In addition to the steric con-
tribution, there is always an electrostatic contribution
since the adsorption of a highly charged polyelectrolyte
on a weakly charged, amphoteric oxide surface usually
results in an increase of the net surface charge density.

4 DEAGGLOMERATION AND
DISPERSION

The deagglomeration and dispersion of ceramic powder
processing is crucial for obtaining a high reliability and
high strength in the final material. Any inhomogeneity
in the suspension, e.g. segregation, density gradients
or presence of agglomerates, is a potential flaw in the
sintered material. Hence, the agglomerates, which exist
in most starting powders, either have to be broken
down or removed. The definition of an agglomerate
depends on the chosen length scale and what is defined
as the primary unit. The crystallites, i.e. the single
crystal units in a powder, are typically quite small,
<100nm, which means that the "primary" particles,
typically of a size between 0.5 and 1 urn, are, in fact,
small agglomerates. These "primary" particles (more
correctly called primary agglomerates) constitute the
building blocks of secondary agglomerates of a typical
size between 50 and 200 jam (Figure 9.3). With the
current interest in using finer and finer particles and
going into the so-called nanosized (<100nm) range,
it becomes necessary to break down not only the
secondary agglomerates but also disintegrate the primary
agglomerates.

50 |im

Primary
agglomerates

0 88 o I 50 îm

o ""Primary
1 oo° agglomerates

Primary agglomerate

Figure 9.3. Schematic showing the hierarchial structure of ceramic powders. (From E. Laarz, B. V. Zhmud and L. Bergstrom,
J. Am. Ceram. Soc, 83, 2394-2700 (2000), reprinted with permission from The American Ceramic Society)
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Deagglomeration proceeds through the breakup of
interparticle bonds in the aggregates. For this to happen,
the applied force has to be larger than the adhesion force
between the particle and the aggregate. For a dilute
suspension subjected to mild agitation, hydrodynamic
drag will be the dominating force on the aggregate. The
drag force exerted on a single particle of radius R in a
flow field is of the order of:

Fd % 6nvr]R (9.8)

where v is the fluid velocity and r\ is the viscosity.
Therefore, the drag force should be directly proportional
to the particle size and the fluid velocity. For a concen-
trated suspension subjected to high-energy milling, the
situation is much more complex; inertial forces transmit-
ted through collisions with other clusters or the milling
media become important and make the deagglomeration
process a mixture of cluster erosion and attrition.

Although the mechanism for hydrodynamic detach-
ment is poorly understood, it is clear that the hydro-
dynamic drag force required to detach a particle is
proportional to the interparticle adhesion force:

F<i = yFad (9.9)

where y is a numerical constant. This parameter is close
to unity when the drag force is perpendicular to the
surface but much smaller than 1 when the hydrodynamic
force is parallel to the surface.

The particles in an aggregate are held together by
attractive van der Waals (vdw) forces. This interaction
is described by equation (9.2), which show that the
magnitude of the vdW attraction is determined by the
Hamaker constant and the separation distance of the
particles in the aggregate. The adhesive interparticle
force can be reduced by creating a surface charge on
the particles and thus induce an electrostatic repulsion.
Another possibility is to prevent the particles from
coming into close contact by coating them with a layer
of a suitable substance, e.g. surfactants or small organic
molecules that adsorb strongly to the particle surface.

In addition to the surface forces, it is also possible
that the particles are held together by rigid interparticle
bridges, so-called necks. These solid bridges can result
from reprecipitation of soluble material during drying or
from partial sintering of crystallites during pyrolysis or
calcination in the powder manufacturing stage (2). For
sparingly soluble non-oxide ceramics, such as silicon
nitride, the necks may also develop through oxidation
during storage or by a dissolution/precipitation processes
at the particle contact points. The size of the necks
may be quite large (10-100 nm) for systems where a

large amount of material is reprecipitated but should
be of the same order as the thickness of the oxidized
surface layer (1-10 nm) for sparingly soluble non-oxide
powders.

The neck radius, h, holding two particles of different
size, Ri and R2, together may be expressed as follows:

h = 2(rR)l/2 (9.10)

where R is the geometrical mean of the particle radii and
r is the curvature radius of the neck. The decay of the
neck radius with time, h(t), is related to the dissolution
rate, km, according to the following:

h{t) % h (9.11)

assuming that reprecipitation can be neglected. This is
a reasonable assumption at early stages of dissolution
where the bulk concentration of soluble species is much
less than the saturation concentration. The strength of a
neck, Fn, is proportional to the cross-sectional area of the
neck, which gives the following approximate expression
for the time-dependence of the adhesion force:

(9.12)

where p is the neck density, E is the elastic modulus of
the material, typically of the order of 1 to 10 GPa, and
e is the elongation at fracture, typically of the order of
0.01 for brittle materials. Equating the adhesion force
with the drag force (equation 9.8), one can define the
critical length, h2/a, as follows:

h2 _ 6vrj

a Ee
(9.13)

which shows that even a small neck (<10nm) can
induce a very strong interparticle bond. Hence, the
neck has to be essentially completely dissolved to
allow deagglomeration under mild agitation. In highly
concentrated suspensions, it is expected that cluster
attrition becomes more important in the deagglomeration
process, although the breakup of interparticle necks by
dissolution may still be of significance.

These simple force-balance estimates show that the
interparticle bonds either have to be dissolved or broken
by excessive mechanical forces to give a deagglomer-
ated suspension. Although intense milling is often the
solution, optimization of the dissolution rate may solve
a deagglomeration problem at a shorter time with a
smaller energy consumption. For most oxide materi-
als, rapid dissolution can be obtained by shifting the
pH away from the stable region and increasing the
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temperature. For example, the silica-like oxide layer on
silicon carbide and silicon nitride can easily be dissolved
at high pH (>11) and elevated temperatures.

5 RHEOLOGICAL PROPERTIES OF
CERAMIC SUSPENSIONS

Rheological methods are widely used to determine the
properties of concentrated ceramic suspensions. Rhe-
ology can be used as an analysis method, e.g. when
determining the optimal amount of dispersant from mea-
surements of viscosity versus the amount of disper-
sant added. In addition, rheological measurements are
often used for quality control in order to minimize the
batch-to-batch variation before a ceramic suspension is
processed further, e.g. spray dried or tape cast. The rhe-
ological behaviour can also be used as a direct process
parameter, which should be appropriately adjusted to
obtain the optimal green-body properties after forming.

Fundamentally, the rheological properties of con-
centrated colloidal suspensions are determined by
the interplay of thermodynamic and fluid mechanical
interactions. This means that there exists an intimate
relationship between the particle interactions, includ-
ing Brownian motion, the suspension structure (i.e.
the spatial particle distribution in the liquid), and the
rheological response. With particles in the colloidal
size range (at least one dimension <1 urn), the range
and magnitude of the interparticle forces will have
a profound influence on the suspension structure and
hence, the rheological behaviour (4, 7). Both the fluid
mechanical interactions and the interparticle forces are

strongly dependent on the average separation distance
between the suspended particles. Hence, the rheologi-
cal behaviour of concentrated suspensions is a function
of the solids concentration, the particle size and shape,
and the range and magnitude of the interparticle forces.
Below, some of the salient features of concentrated sus-
pensions, which relate to the colloidal processing of
ceramics, are described, after a brief introduction of
some basic concepts.

5.1 Basic concepts

The different types of viscous response in steady shear
can be illustrated by plots of shear stress versus shear
rate or viscosity versus shear rate (Figure 9.4). In the
simplest case (a), so-called Newtonian behaviour, the
flow curve is a straight line passing through the origin,
with the slope of the curve being equal to the viscos-
ity, r). In practice, most concentrated suspensions show
a more complicated flow behaviour where the viscos-
ity is shear-dependent. A shear thickening (also called a
dilatant) system is characterized by an increasing appar-
ent viscosity with shear rate (curve (b). If the viscos-
ity decreases with shear rate, the system is described
as being shear-thinning (curve (c)). If the decrease in
viscosity is very large at small shear rates, the sys-
tem is sometimes called pseudoplastic. Commonly, con-
centrated suspensions show a plastic behaviour with
no response until a limiting yield stress, <7y, has been
exceeded. If the flow curve is linear above ay, the sys-
tem is said to be a Bingham plastic (curve d), described
by the Bingham model (12), as follows:

a = ay + r]ply (9.14)

Strain rate (y)

(a)

Strain rate (y)

Figure 9.4. Classification of rheological behaviour under steady-shear conditions, plotted as shear stress and viscosity versus
strain rate; (a) Newtonian; (b) shear thickening; (c) shear thinning; (d) Bingham plastic; (e) nonlinear plastic. (From ref. (4) with
permission from Marcel Dekker Inc.)
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where r)ph the plastic viscosity, is defined as the slope
of the flow curve at a > ay. The yield stress, ay, in the
Bingham model is sometimes called the Bingham yield
stress, <JB> The curve above the yield stress can also be
nonlinear (curve (e)).

The rheological properties of concentrated suspen-
sions are often time-dependent. If the apparent viscosity
continuously decreases with time under shear, with a
subsequent recovery of the viscosity when the flow is
stopped, the system is said to be thixotropic. The oppo-
site behaviour is called antithixotropy, or sometimes
rheopexy. Thixotropy should not be confused with shear-
thinning which is a time-independent characteristic of a
system. Systems which show an irreversible decrease in
viscosity with shear should be termed shear-destructive
and not thixotropic.

The viscoelastic behaviour of concentrated suspen-
sions can be studied using several different methods
(4, 7). The most widely used method consists of sub-
jecting the material to a continuously oscillating strain
over a range of frequencies and then measuring the peak
value of the stress, a0, and the phase difference between
the stress and strain, 8. A sinusoidal deformation is usu-
ally employed.

In the linear viscoelastic region, the mathematical
analysis of the data is substantially simplified since the
ratio of stress to strain:

G* = (9.15)

where G* is called the complex or the dynamic modulus,
is independent of the magnitude of the stress or strain.
The dynamic modulus can also be expressed in complex
form in terms of a storage modulus, G, and a loss
modulus, G", as follows:

G* = G' + \G" (9.16)

where i (the complex number) is equal to ^/^T. The
storage modulus, G' , represents the in-phase stress-to-
strain ratio and gives a measure of the elastic prop-
erties. The loss modulus, G", represents the out-of-
phase stress-strain ratio and gives a measure of the
viscous properties. All of these rheological param-
eters, G*, G , G", etc., vary with frequency. Phe-
nomenalogical models such as the Maxwell, Kelvin
or Berger models can be used to describe the fre-
quency dependence of the rheological parameters (7).
These models are mechanical analogues consisting
of combinations of springs representing an elastic,
Hookean response and dash-pots representing a viscous
response.

5.2 Stable and flocculated suspensions

Concentrated colloidally stable suspensions display a
shear-thinning behaviour under steady shear because
of a perturbation of the suspension structure by the
shear. At low shear rates, the suspension structure is
close to equilibrium because thermal motion dominates
over the viscous forces. At higher shear rates, the
viscous forces affect the suspension structure, and shear-
thinning occurs. At very high shear rates, the viscous
forces dominate and the plateau value of the viscosity
measures the resistance to flow of a suspension with a
completely hydrodynamically controlled structure. Both
the degree of shear-thinning and the viscosity at high
shear rates increases with increasing volume fraction of
the solids.

Models describing this type of shear-thinning
behaviour have been developed by Krieger and Cross
(see ref. (4)). Figure 9.5 illustrates how well the high-
shear form of the Cross equation can describe the steady
shear properties of stable silicon nitride suspensions. The
full form of these models could not be utilized due to the
inability of reaching the low-shear region. Near the high-
shear-rate limit, where byp » 1, the Cross equation
takes the following form:

(9.17)
' '~ byP

which is essentially a three-parameter equation, with b
and p being fitting parameters and y being the shear
rate; rj0 and rjoo represent the low-shear and high-shear
limiting viscosities, respectively.
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Figure 9.5. Degree of shear thinning of silicon nitride suspen-
sions at different solids content. (From L. Bergstrom, Colloids
Surf., A, 133, 151-155 (1998) with permission from Elsevier
Science)
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The viscoelastic response of a colloidally stable
concentrated suspension is strong when the average dis-
tance between the suspended particles is of the same
order as the range of the repulsive interparticle poten-
tial. Hence, the viscoelastic properties originate from
this latter potential. The magnitude of the viscoelastic
response becomes stronger with an increase of the over-
lap of the repulsive forces, e.g. by increasing the solids
loading or decreasing the particle size, which results in
a decrease of the average distance between the parti-
cles. An alternative way of influencing the viscoelastic
properties of electrostatically stabilized suspensions is to
change the ionic strength. A low ionic strength results
in a long-range electrostatic repulsion, thus leading to a
strong viscoelastic response at low volume fractions.

Shear-thickening is a phenomenon which needs to be
controlled and often minimized in several ceramic pro-
cessing steps, such as the filling of a mould or during
general suspension handling e.g. pumping and pouring.
Colloidally stable, concentrated suspensions may show
either continuous or discontinuous shear-thickening. The
severity of the shear-thickening increases with increas-
ing particle concentration, while the critical shear rate
for the onset of shear thickening decreases with increas-
ing particle concentration (13). The shear-thickening
phenomenon is associated with a order-disorder tran-
sition. Because of this, shear-thickening is strongly
dependent on the particle size distribution. Shear-
thickening is most pronounced for monodisperse sys-
tems and becomes less severe when using a polydisperse
system.

Flocculation occurs when the net force between the
particles is attractive. At low volume fractions, aggre-
gation results in clusters, or floes, which have a fractal
structure (7). For most systems, the properties of the
aggregating suspension changes drastically at a certain
critical particle concentration, 0g, which corresponds
to the formation of a space-filling particle network. In
dilute suspensions, at 0 < 0g, suspensions have no yield
stress and the discrete clusters will settle more or less
independently. Above 0g, the suspension can sustain a
stress before yielding; the elasticity may be significant,
and the rate of settling is very slow.

The viscoelastic properties, in particular how the
elastic modulus scales with the volume fraction, have
been modelled based on the assumption that the particle
network consists of close-packed fractal floes. Although
differing in details, these models all predict a power-law
behaviour, which can be written as follows:

where Go is the pre-exponential factor. The exponent, p,
is related to the structure through the fractal dimension
of the floes.

If a stress above the yield stress is applied, the gelled
structure is broken into smaller units (floes), which can
then move past each other. If floe attrition is affected by
the strength of the hydrodynamic and attractive forces,
pseudoplastic behaviour is observed and the viscosity
decreases with shear rate. The strong shear forces at
high shear cause flow units to be smaller and flow is
facilitated. The destruction of floes releases constrained
solvent, which results in a decrease in the effective
volume-fraction of the floes. This phenomenon may
create thixotropic behaviour in the system if the breakup
and formation of floes is reversible.

These qualitative differences in suspension properties
based on the attractive or repulsive nature of the
interparticle forces have been utilized in the optimization
of colloidal processing concepts and have led to the
development of the direct casting techniques which will
be described in more detail below.

5.3 The effect of solid loading

The viscosity of a suspension is strongly dependent
on the solids loading, with the viscosity approaching
infinity at a maximum volume fraction, 0m. The latter
relates to the particle concentration at which the average
separation distance between the particles tends to zero
and the particles pack together, thus making flow
impossible. The maximum volume fraction is strongly
dependent on the particle size distribution and the
particle shape. A broad particle size distribution displays
a higher value of 0m because the small particles can fit
into the voids between the large particles.

When the particles in suspension are non-spherical,
the rotation of the particles due to Brownian motion
results in an excluded volume, which is higher than
the volume-fraction of the particles. As the degree of
anisotropy increases, the effects become more dramatic.
Figure 9.6 shows the volume-fraction dependence of the
viscosity of silicon nitride, alumina and silicon carbide
whisker (SiCw) suspensions. The experimental points
were fitted to a modified Krieger-Dougherty equation:

rir = M - — I
V 0m/

(9.19)

G = (9.18)

where 0m and n are used as fitting parameters. The best
fit of the experimental data to equation 9.19 shows that
the maximum volume fraction is drastically lower for
the SiCw suspension (0m = 0.28) when compared to the
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Figure 9.6. Relative high-shear viscosity as a function of
volume fraction of solids for different materials. (From
L. Bergstrom, Colloids Surf., A, 133, 151-155 (1998) with per-
mission from Elsevier Science)

AI2O3 suspension (0m = 0.61) or the Si3N4 suspension
(0m = 0.54). The low values of the maximum volume
fractions, illustrates the poor packing behaviour of rods.
This demonstrates that the effect of aspect ratio in pure
suspensions can be quite dramatic and thus a serious
concern in ceramic processing.

When the solids concentration approaches dense
packing, the range and magnitude of the interparticle
forces become very important in controlling the rheolog-
ical response. Irrespective of the origin of the repulsion,
the repulsive barrier will occupy a certain volume, thus
preventing the particles from coming into close contact.
This effect can be calculated by adding the volume of the
repulsive range, e.g. the thickness of an attached poly-
mer layer, to the volume fraction of the solid phase, 0,
to yield an effective volume fraction, 0eff. In the case of
monodisperse, spherical particles, 0eft can be defined as
follows:

0Cff = 0 yi +
8\3

(9.20)

where 8 is the thickness of the repulsive barrier and
R is the radius of the spherical particle. The effec-
tive volume fraction in an electrostatic system relates to
the particle size and the salt concentration through the
Debye length, A = \/K. Figure 9.7 illustrates the effect
of using two different thicknesses of the repulsive barrier
(8 = 5 and 20 nm) on the maximum packing density of
the solid particles. A thickness of 5-20 nm corresponds
to polymer layer thicknesses commonly encountered in
practical systems when using commercially available
dispersants. It is assumed that the spherical, monodis-
perse (coated) particles will pack to a maximum vol-
ume fraction of 0eff,m = 0.64 (random close packing).

Flocculated,
thick layer _

10"1 10° 101

Particle diameter (urn)

Figure 9.7. The effect of particle size and the repulsive range
on the particle packing density. (From ref. (15) with permission
of The American Ceramic Society)

Figure 9.7 shows that the packing density decreases
strongly when the particle size is lowered, in particu-
lar in the nanosized particle range (R = 10-100 nm).
With the use of a relatively thick coating, 8 = 20 nm,
the packing density is 0 < 0.50 when the particle size is
<0.5 um. Decreasing the layer thickness to 8 = 5 nm,
the calculated packing density is only reduced to 0 ~
0.60 at a particle size of 2R = 0.5 urn.

However, when the range of the interparticle repul-
sion is decreased sufficiently, the van der Waals attrac-
tion will dominate and the particles will aggregate and
form floes. Using typical values for the Hamaker con-
stant of alumina in dodecane, we estimate that particles
with 2/? > 0.17 um will flocculate when the repulsive
barrier is 8 = 5 nm; particles with 2R > 1.3 jim will
flocculate when the barrier is 20 nm thick. Hence, if a
colloidally stable suspension is desired, it is not possi-
ble to use the thin coating (8 = 5 nm) when working
with micron-sized particles. On the other hand, using
the thick coating (8 = 20 nm) for nanosized particles
will result in very low packing densities, i.e. 0 < 0.30.
Thus, the optimal situation would be if the dispersant,
and thus the range of the repulsion, could be tailored to
just be sufficiently thick to prevent aggregation, hence
minimizing the occupied volume.

5.4 Compression rheology

In many of the ceramic forming operations, such
as slip casting, pressure filtration and centrifugal
casting, the suspensions are subjected to compressive
stresses. Although shear rheology provides important
information, it is also of great interest to investigate
the compressive response of concentrated suspensions.
Colloidally stable suspensions display a compressive
response once the particles starts to interact. The
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transmitted compressive stress relates to the osmotic
pressure, which can be directly related to the magnitude
of the repulsive interparticle forces. When the particles
are forced close together, i.e. the volume fraction
increases, the interparticle repulsion becomes stronger
and thus also the osmotic pressure of the suspension.
If the repulsion is very soft, e.g. for electrostatically
stabilized systems at low ionic strength, we will observe
a compressive stress that increase gradually over a
relatively wide volume fraction range. If the repulsion is
short range, e.g. for sterically stabilized systems having a
dense surfactant layer adsorbed on the particle surfaces,
we will observe a compressive stress that sets in at a
well defined volume fraction and then increases rapidly
over a very narrow volume fraction range.

One feature of most colloidally stable suspensions
is that the compressive properties are more or less
reversible, provided that no major changes in suspension
structure occur. However, in the case of flocculated
suspensions, the compressive properties are irreversible.
In concentrated flocculated suspensions, a continuous
particle network forms which can support some stress
up to a critical value. Once this critical stress, also called
the compressive yield stress, Py, is exceeded, the network
consolidates to a higher volume fraction with a higher
critical stress.

6 CONSOLIDATION

Dense, homogeneous green bodies can be prepared from
dry powder, suspensions or pastes. The green body
should be characterized by a high, uniform packing
fraction of particles, small and narrow size pores,
and a high degree of homogeneity, irrespective of the
forming method being used. The green body should also
possess a sufficient strength to allow handling without
shape distortion. The different forming methods utilize
solid-liquid separation, particle flow and compaction,
solidification of the continuous medium or gelation to
produce ceramic components with different geometries
and microstructures. The features of the various methods
are outlined below.

6.1 Drained casting techniques

All of the drained casting techniques, e.g. slip cast-
ing, pressure casting and centrifugal casting, involve a
solid-liquid separation process to form a dense green
body (Figure 9.8). A mould is filled with a suspen-
sion and the liquid is separated from the solid particles.

(b)

Figure 9.8. Schematic representations of (a) slip casting and
(b) centrifugal casting

Slip casting is a low-pressure filtration method where
capillary suction provides the driving force (of the order
of 0.1-0.2 MPa) for liquid removal and formation of a
cast layer at the mould surface. The casting rate is con-
trolled by the resistance to flow by the cast layer and the
mould. Usually, the mould resistance is negligible and
the increase in the cast layer thickness, Z, with time, t,
can be written as follows:

Z oc (9.21)

where AP is the capillary suction pressure of the mould
and a is the specific cake resistance. Equation (9.21)
illustrates the parabolic decrease of the casting rate with
time; this makes slip casting a relatively slow process,
which is mainly suitable for small or thin-walled objects.
Pressure casting, which is an established forming tech-
nique in the fabrication of traditional clay-based ceramic
materials such as pottery and sanitary porcelain, is a
modification of slip casting that was developed to accel-
erate the consolidation stage and to obtain a higher
green density. In pressure casting methods, an exter-
nal pressure (AP % 1-10 MPa), which is substantially
higher than the capillary suction pressure of the mould,
is applied to the ceramic suspension.

Centrifugal consolidation is based on consolidating
a dense particle layer by subjecting the ceramic sus-
pension to a centrifugal force field. Centrifugation and
sedimentation are essentially identical, with the only
differences being the magnitude of the force field and
the time-scale of the process. Although sedimentation
in normal gravity is not a viable ceramic forming
operation, studies of transient settling can give impor-
tant information regarding the behaviour during cen-
trifugal casting. Hence, appropriate models describing
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transient settling can also be applied to centrifugal
casting.

The settling velocity, Uo, of particles in a dilute
suspension is described by the well-known Stokes law,
as follows:

„ 2&pR2g
(9.22)

7 sol

where g is the normal gravity, Ap is the density
difference between the particles and the medium, and
77soi is the viscosity of the medium. The centrifugal
settling rate is obtained by exchanging g for co2z in
equation (9.22), where a> is the angular velocity and
z is the distance from the rotor centre. Because no
liquid is forced through the cast layer in centrifugal
casting, this method results in a casting rate that does
not change with time. Hence, the body force exerted
on the particles creates a buildup of a cast layer with
a thickness increasing linearly with time. This feature
makes centrifugal casting an attractive candidate for the
casting of large objects from fine powders.

The structure of the suspension and the compression
rheological properties determine much of the consoli-
dation behaviour. Colloidally stable, dilute suspensions
of monodisperse spherical particles are well described
by the relationships described above. The effect of the
shape of the particles and the particle concentration can
be accounted for by multiplying the expression given
in equation (9.22) by suitable factors. For flocculated
suspensions, the situation is much more complex. The
attractive interparticle forces can produce a cohesive
network of particles, which will resist consolidation
depending on its strength. Because flocculation generally
affects the suspension microstructure, the permeability
will change.

Colloidally stable suspensions result in higher pack-
ing densities, relative to strongly flocculated sus-
pensions (4). In addition, well dispersed suspensions
produce incompressible powder bodies, whereas floccu-
lated suspensions result in compressible powder bodies.
Compressible powder bodies and low packing densities
are in general undesirable since they can produce shape
distortions and cracks in the sintered material. How-
ever, inducing attractive forces between the particles
can be beneficial since the mass segregation of different
phases can be avoided (2) and a flocculated powder is
more resistant to shape distortions after removing the
shaped body from the mould. Recent work has also
shown that packing densities as high as those produced
from stable suspensions can be attained by the use of
certain additives, hence producing weakly flocculated
suspensions (2, 4).

6.2 Electrophoretic deposition

Electrophoretic Deposition (EPD) is a forming process
where charged particles are consolidated on a substrate
in a DC electric field (14). This field causes the par-
ticles to move, and deposit on, the oppositely charged
electrode (Figure 9.9). EPD is a combination of two pro-
cesses, i.e. electrophoresis and deposition. Electrophore-
sis controls the motion of the charged particles in the
electric field while the deposition mechanisms control
the buildup of the dense particle layer on the electrode.
EPD should not be confused with electrodeposition,
where ions are deposited and discharged at the electrode.

EPD requires colloidally stable suspensions where
the particles carry a substantial charge. The most
common dispersion medium used in EPD is ethanol,
because aqueous-based suspensions have the disadvan-
tage of electrolysis. Although electrostatic stabilization
is considered most effective in aqueous medium, a
substantial surface charge density - with the associated
counterion layer in solution - can also be created in
ethanolic media. In aqueous media, high surface charge
densities can be obtained by working far away from the
point of zero charge (pHpzc) of the powder. A similar
approach can also be used in non-aqueous media, pro-
viding that an operational pH scale (pH*) and thus an
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Figure 9.9. Schematic representation of the electrophoretic
deposition process. (From ref (14) with permission of The
American Ceramic Society)
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isoelectric point, pH*ep, for the specific solvent can be
defined (14). The operational pH can be controlled by
adding strong acids and bases to the suspension, e.g.
HC1 and LiOH.

The rate of formation of the consolidated layer during
EPD is directly proportional to the amount of charge
that has passed through the cell. When EPD is operated
under constant-current conditions, the deposited weight
increases linearly with time. However, in order to
maintain constant-current conditions, the voltage has
to be continuously increased as the deposit induces
an increased electrical resistance to the system. Under
constant-voltage conditions, the potential between the
electrodes is maintained constant, which thus results in
a decreased deposition rate as the deposit builds up.

6.3 Extrusion and injection molding

Extrusion and injection moulding are commonly used
for the manufacturing of polymers, and have also found
applications in the shaping of ceramic green bodies (3).
These un-drained, plastic forming technique are based
on forming a green body from a paste consisting of
50-70 vol% ceramic powder dispersed in a polymeric
binder. In extrusion, the plastic paste is forced through
a die of a selected geometry. When the paste leaves
the die, it solidifies into the desired shape. Extrusion
is used to make long axi-symmetric materials of a rela-
tively simple shape, such as pipes and honeycomb struc-
tures. In injection moulding (Figure 9.10), the paste is
forced into an impermeable mould where the binder is
solidified, usually by a the use of temperature gradient.
Injection moulding has proven to be an excellent form-
ing technique for smaller objects of complex shape with
high precision at relatively high production rates.

The rheological properties of the paste control to a
large extent the final properties of the extruded or injec-
tion moulded part. Different additives, such as disper-
sants and lubricants, are added to the powder-polymer
mixture to promote deagglomeration and reduce the

Mould
Feed

Screw

Figure 9.10. Schematic representation of an injection mould-
ing machine. (From ref. (4) with permission from Marcel
Dekker Inc.)

die-wall friction. The adsorption of the additives on the
particles, and the distribution, and possible phase separa-
tion of the additives and the polymer during processing,
are important phenomena which have to be controlled
for optimal performance.

The major problem confronting extrusion and injec-
tion moulding is the removal of the binder. Binder
burnout must proceed at a slow rate (taking up to several
days) so as to avoid problems with slumping and crack
formation. The polymer removal time increases drasti-
cally when the size of the green body increases, thus
making it difficult, if not impossible, to produce parts
with thick cross-sections.

6.4 Dry pressing

Dry pressing and cold isostatic pressing are probably
the most important forming techniques for the industrial
production of ceramic materials. Green bodies are
formed by pressing free-flowing granules in a die.
Pressing is an established forming technique which has
existed for decades, having been used for numerous
applications, ranging from dinner-ware to the production
of insulators and spark plugs. The high productivity
makes pressing the method of choice for most industrial
ceramic operations, despite the problems associated with
density gradients, inhomogeneous microstructures, and
the need to machine most complex shaped objects.

The free-flowing granules are formed from a sus-
pension by using a granulation technique, e.g. spray
drying or freeze granulation. Spray drying involves
spraying a suspension through an atomizer (often a
small nozzle) into a hot-air drying chamber. Freeze
granulation is a relatively new technique based on
the instant freezing of sprayed suspension drops, fol-
lowed by solvent removal through freeze-drying. Prior
to granulation, the powder has to be dispersed in a
suspension containing all of the necessary pressing
additives, e.g. binders and lubricants. The suspension
should preferably be of high solids concentration and
possess a relatively low viscosity to facilitate spray
drying.

The quality of the pressed body depends strongly on
the properties of the granules. If the granules are not
completely broken down during pressing, the remnant
structure may induce large defects during sintering.
Hence, the granules should not be too hard. However,
too soft granules may cause problems with handling and
mould filling, since granule fracture and deformation
will have a negative effect on the flowability.
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6.5 Direct casting techniques

During the last decade, an increasing number of novel
"near-net-shape" forming techniques have been pre-
sented to the ceramic community (15). One class of
these new methods, the direct casting methods, utilizes
some of the inherent properties of dense suspensions to
transform a fluid suspension into a stiff gel. The gen-
eral concept is to retain the homogeneous state of the
dense slurry during the green-body formation step. By
minimizing the disturbance to the slurry during gelation,
introduction of larger heterogeneities can be avoided and
density gradients minimized. The physical or chemi-
cal processes responsible for the formation of a solid
green body differ greatly but all methods require a well
dispersed suspension with (very) high solid loading of
reasonably low viscosity to facilitate the mould fill-
ing process. Hence, maximizing the solid loading by
tailoring the range and magnitude of the interparticle
repulsion and optimizing the particle size distribution
become very important issues.

The underlying mechanisms for most of the direct
casting methods are related to the formation of either
physical or chemical bonds between either the particles
and/or some species in the dispersion. At high solid
loading, particle gels can develop a sufficient strength
to support their own weight and thus be handled with-
out shape distortion. The division between physical and
chemical gels is somewhat arbitrary, differing mainly
in the strength of the green body, with chemical gels
being substantially stronger than physical gels. Phys-
ical particle gels rely on the formation of a physical
bond between the particles in dense suspensions. This is
mainly achieved by manipulating the interparticle forces
to become attractive. In electrostatically stabilized slur-
ries this can be achieved by increasing the salt content to
compress the electric double-layer (Figure 9.11). Such
changes can, of course, be induced by adding acid,
base or salt. However, there is a large risk that the
simultaneous mixing and gelation may result in large
inhomogeneities in the dense suspension. A better idea
is to use a reaction that produces the desired pH or
salt change in situ. Examples of such reactions are ther-
mally activated decomposition of urea and formamide,
which change the pH from acidic towards a neutral
pH by slowly forming ammonia. Autocatalytic reaction
temperatures can be lowered by introducing catalysts.
This is carried out in Direct Coagulation Casting (DCC)
where enzymes trigger chemical reactions that release
salt and/or shift the pH at room temperature (15). The
interparticle forces in sterically stabilized systems can be
manipulated by changing the solution properties of the
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Figure 9.11. Stability diagram for an electrostatically stabi-
lized alumina suspension as a function of pH and salt concen-
tration. (Adapted from Graule et al., Ind. Ceram., 16, 31-34
(1996))

polymer. Changing temperature or pH, or adding salt,
may have a drastic influence on, e.g. the layer thickness
and the adsorbed amount. When the solvency reaches a
critical level, the sterically stabilized dispersion floccu-
lates - the so-called incipient flocculation.

The formation of strong gels is commonly accom-
panied by the formation of permanent chemical bonds
between either the particles or some species in the dis-
persion. Typical examples are the formation of a per-
colating polymer network by polymerizing a monomer
in the slurry and gelation of dissolved polymers. In
comparison to the physical gels, chemical gels usually
require a higher amount of organic processing aids and
thus a separate burnout step.

Gel casting uses a dispersion of particles and
monomer in a dispersing media which is poured into
a mould. The monomer is then polymerized in situ and
permanently gels around the ceramic powder to retain
the desired shape. Vinyl monomers and cross-linking
agents are commonly used in the process and, because
they undergo a free-radical chain polymerization reac-
tion, the setting is very rapid. Organic or aqueous dis-
persing media can be used, although the chemistry has
to fit the physical and chemical data of the solvent, i.e.
processing temperature, solubility, etc. This process has
been adapted to a variety of ceramic materials and the
green parts have a high green strength that allows for
machining beyond the limits of the mould design. Cross-
linking of proteins has also been applied in gel casting.
Proteins that contain the amino acids, cystein or cystin,
cross-link on heating and thus form a chemical gel.

Direct casting processes using responsive non-
adsorbed polymers are commonly referred to as
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Aqueous Injection Moulding (AIM). One of the
early applications used methylcellulose derivatives,
which are very soluble at room temperature due to
polymer hydration. With increasing temperature, the
polymer becomes more and more dehydrated until the
chain-chain interaction is stronger than the chain-water
interaction. Above 50°C, it forms a percolated network
that stiffens the dispersing media and gels. The process
is reversible on cooling. Another example is agarose (a
purified polysaccharide), which has to be handled close
to the boiling point and gels below 37°C. Irreversible
processes that form percolated networks have also been
proposed. One of them is the gelation of slurries
containing a swellable polymer, such as starch. Here, the
slow dissolution and swelling of 100 um size polymer
particles consumes the dispersing medium and thus gel
the polymer-particle mixture.

6.6 Solid freeform fabrication

Until recently, prototypes had to be constructed by
skilled model makers from two-dimensional (2-D) engi-
neering drawings. This time-consuming and expensive
process is now being replaced with novel layer manufac-
turing and computer aided design (CAD) technologies.
Ceramic prototypes and small series production may
now be produced by solid freeform fabrication (SFF)
techniques (15). These methods allow the mould-less
manufacturing of ceramics. The general process includes
the virtual slicing of the three-dimensional (3D) CAD-
data of a ceramic component into thin sheets. These
slices are then developed through computer-controlled
devices that fabricate the component. Prototypes of
advanced ceramics can be formed through stacking of
greensheets (made by tape-casting), by immobilization
of free-flowing powder, or by solidification of suspended
particles.

Stereolithography (SL), one of the first freeform fab-
rication technologies for polymeric materials, involves
the polymerization of liquid monomers through expo-
sure to UV-laser radiation. A computer-controlled laser
beam scans across the surface of a container filled
with liquid photopolymer, solidifying the liquid at each
point of impact. Ceramic green bodies can be created
by using SL methods where a ceramic slip consisting
of 40-55 vol% ceramic powder is dispersed within an
ultraviolet-curable solution. Three-Dimensional Print-
ing (3DP™) creates parts by a layered printing process.
A free-flowing powder (large particles or granules), or a
thin slurry layer, is spread and after drying, the particles
are selectively joined by ink-jet printing binder material.

Direct Ink-Jet Printing (DIP) is a forming process in
which droplets of ceramic ink are printed on to previous
layers. These inks, which consist of ceramic particles,
organic solvents and additives, need to be designed to
match printer requirements for optimum output.

7 DRYING AND BINDER BURNOUT

When the green body has been formed, it has to be
dried and all of the organic processing additives have
to be removed prior to sintering. If solvent or organic
binder remains in the powder body at the sintering stage,
large volumes of gas can be released in an uncontrolled
manner, which can result in cracking. Both drying and
binder burnout can be controlled by temperature; the
heat for evaporation of the solvent and the heat of
reaction for binder decomposition control the extent and
rate of these processes. Hence, the heat transfer in the
porous powder body is of great importance and can be
rate-limiting in both drying and binder decomposition.
The large volumes of gas that are released must diffuse
through the porous powder and this mass transfer step
can also limit the drying or binder burnout rate. From
heat and mass transfer considerations, it is clear that
drying and binder burnout have much in common (3).
Drying and binder burnout are also associated with
induced stresses, caused by thermal gradients or gas
or liquid pressure gradients in the powder body. These
stresses, which are additive, have to be controlled to
avoid cracking and warping.

Drying of a saturated porous powder body proceeds
in several steps, schematically shown in Figure 9.12.
The saturated powder body dries at a constant rate,
controlled by the geometry of the body, the partial
vapour pressure and the temperature. At this stage, the
surface of the powder body is always wet, since liquid
flows from the interior to the surface. The volume
fraction of particles increases continuously with the
evaporation of solvent until the particles touch each
other and no more shrinkage can occur. At this critical
point, the liquid-vapour interface starts to recede into
the pores and the drying rate decreases significantly as
the transport of fluid to the surface of the powder body
becomes rate-limiting. When the liquid in the large pores
has evaporated, the drying rate decreases even more as
diffusion of vapour from the fluid trapped inside the
powder body becomes rate-limiting.

The desired end in ceramic parts' production is
attaining fast drying rates; however, quick drying causes
cracks. Cracking is inhibited by strengthening the solid
network, increasing pore size and reducing capillary
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Figure 9.12. Schematic representation of the drying of a saturated powder body showing the weight loss with time. (From ref. (3)
with permission from Academic Press)

pressure. The transport of the evaporating dispersing
media can also cause migration of binder and small
particles to the surface, which can lead to additional
problems on burnout and sintering.

Organic binders are mainly used to provide strength
to the green body. In the various casting methods, e.g.
slip casting, only a small amount is needed, while sub-
stantially higher additions are common in dry press-
ing. In extrusion and injection moulding, the binder
is the continuous phase, comprising typically about
30-45 vol% of the green body. The dominating method
to remove the organic binders is pyrolysis, although sol-
vent extraction can be used for special applications.

Pyrolysis proceed mainly by three different mech-
anisms, i.e. thermal degradation, oxidative degradation
and evaporation (4). The oxidative degradation is lim-
ited by the oxygen diffusion in the green body. Deep
within the green body, the oxygen partial pressure is
frequently low because it cannot diffuse fast enough to
keep up with the reactions taking place. Oxidative degra-
dation often needs an induction period before it sets in.
This induction period can be reduced by increasing the
temperature. Many metals act as catalysts and reduces
the induction period essentially to zero.

Thermal degradation involves chain scission, which
occurs throughout the body, providing that the thermal
gradients are minor. The chain scission products are
volatile with a partial pressure corresponding to the

molecular weight. During pyrolysis, chains can also
cross-link to another chain; this is, in general, an
undesirable complication since the molecular weight
increases and thus the partial pressure of the reaction
product decreases, thus resulting in slow burnout. Poly-
mers that undergo depolymerization in a well-controlled
manner are desirable as binders, because they burn-out
cleanly and leave little carbon residue (3).
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1 INTRODUCTION

Paniculate processing plays a crucial role in industries
such as mineral processing, chemicals, pharmaceutical,

food processing, microelectronics and cosmetics, to
name just a few. Many of the industrial applications
involve particles, which are in the micron or the
sub-micron size range. In such ranges, the surface
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properties or the surface chemistry controls the
processing behaviour of the particles. It is imperative
to understand and manipulate the surface chemistry in
order to control the processing conditions to achieve
consistent and desired products. In this chapter, the
surface chemistry relevant to dispersion/flocculation and
flotation processes is discussed.

The surface chemistry, and more specifically, the
charge development on the surface of particles in aque-
ous systems is briefly reviewed. The manipulation of
surface chemistry by the adsorption of organic reagents,
such as surfactants and polymers, is also considered.
Finally, to illustrate the importance of surface chemistry
in particulate processing, the practical applications of
ore flotation, dispersion of particles and selective floc-
culation are discussed.

2 SURFACE CHEMISTRY

Solid surfaces are heterogeneous in nature, and may
have sites with different energies. The presence of sur-
face defects, and the different arrangement of the atoms
in and around the surface defects, lead to surface sites
with wide ranging energies. Depending on the method
of preparation of the surface, the relative concentra-
tions of atoms in the surface defects can be varied,
thus resulting in different surface structure and ener-
getics. Changes in the local environment can result in
dynamic restructuring of the surface. This rearrange-
ment of surface atoms can occur on the chemisorption
time-scale (^ 10~13 s), on the time-scale of catalytic
reactions (seconds), and at longer times (hours). This
makes the study of surfaces extremely complex. In cer-
tain cases, both polar and non-polar sites can co-exist
on the same solid surface, thus leading to more com-
plex surface structures. For example, on the surface of
silicon oxide (SiO2), the Si-O-Si sites are hydropho-
bic, whereas the Si-OH (silanol) sites are polar in
nature. In order to understand the surface phenomena,
detailed information about the surface atomic structure
and the chemical composition of a thin surface layer
is required. For the study of solid surfaces in gases, a
number of experimental techniques have been used that
employ heat, electric fields, electrons, photons, ions or
molecules in order to excite the surface. The response
of the surface to these excitations results in the emission
of electrons, photons, ions or molecules whose energy,
mass, or direction can be measured. These techniques
have significantly enhanced the understanding of sur-
faces, but are limited in use because they all rely on
the use of high vacuum, i.e. 10~6 to 10~9 torr. Some of

the techniques that have been used include low-energy
electron diffraction (LEED), field-ion microscopy, elec-
tron impact Auger spectroscopy, ion neutralization spec-
troscopy, X-ray photoelectron spectroscopy, ultraviolet
photoelectron spectroscopy, electron energy loss spec-
troscopy (EELS), appearance potential spectroscopy and
scanning tunnelling microscopy. The study of surfaces
in aqueous environments becomes difficult, due to var-
ious changes occurring at the interface, and the lack
of instrumentation to detect such changes. The develop-
ment of surface charges and the measurement techniques
are summarized in the following sections.

2.1 Surface charge development

When the solid surfaces are immersed in aqueous media,
they exhibit a net surface charge. A great majority
of colloidal particles are charged by the following
mechanisms.

1. Ion adsorption Charge can develop at surfaces by
unequal adsorption of oppositely charged ions. Ion
adsorption may be positive or negative. Surfaces in
contact with aqueous media are more often nega-
tively charged due to the fact that cations are more
hydrated when compared to anions. Hydrocarbon oil
droplets and air bubbles exhibit net negative charges
because of negative adsorption of ions. Cations
move away from the air-water and oil-water inter-
face more than anions. Surface charge may also be
established by the adsorption of charged surfactant
molecules. Preferential adsorption of one type of ion
on the surface can occur due to either London-van
der Waals interactions or hydrogen or hydrophobic
bonding.

2. Ion dissolution Unequal dissolution of ions in the
case of ionic substances can lead to a net charge on
the substrate. A classical example of this mechanism
is the silver iodide surface. When silver iodide is
immersed in an aqueous environment, dissolution
occurs as Agl <-> Ag+ 4-1" • Since the solubility
product for this equilibrium is relatively small (Ksp =
aAg

+a{~ ~ 10~16), the concentrations of Ag+ and
I~ in solution are small. The surface of the crystal
consists of an array of Ag+ and I" ions in cubic
close packing, and no net charge develops when the
number of each ion is the same. However, an equal
number of each ion on the surface does not occur at
the concentration where there are equal numbers of
Ag+ and I~ ions in the solution. Instead, due to their
higher affinity for the surface, the iodide ions tend to
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Figure 10.1. Schematic representation of charge development
in SiO2 tetrahedra by the substitution of a Si atom by an
Al atom

be preferentially adsorbed at the surface. A detailed
mathematical treatment of the Agl surface is given
in ref. (1).
Lattice imperfections and isomorphous substitutions
In the case of most clay mineral systems, lattice
defects result in very large charge densities. The
defect in such cases is in the form of an isomorphous
replacement of one ionic species by another of lower
charge. For example, the replacement of a Si atom
by an Al atom in the SiO2 tetrahedra will yield a net
negatively charged surface (Figure 10.1).
lonization/Dissociation The ionization of groups
such as carboxyl (-COOH), sulfate (-O.SO2.OH),
sulfonate (-SO2.OH), sulfite (-O.SO.OH), amine
(-NH2) and quaternary amine (-N+R3), may take
place at the surface, thus resulting in the development
of surface charges. The dissociation of these surface
groups is pH dependent. This mechanism represents
the charge development in proteins and in, poly-
mer latex systems, which have carboxyl, sulfate and
sulfonate groups on their surfaces. In addition, this
mechanism is applicable to the behaviour of oxide
surfaces. For a detailed description of such dissocia-
tion models, the reader is referred to ref. (1).

2.2 Measurement of surface charge

The surface charge is measured by titrating the sur-
face with the potential-determining ions (e.g. H+ and
OH" ions for oxides, and Ag+ and I~ ions for silver
iodide) for the surface. In such an experiment, a certain
known mass, m (typically < 1 g) of the particle is added
to a known volume, u(200 cm3 < v < 1000 cm3) of an
"indifferent" electrolyte solution (e.g. 0.01 M NaNO3),
and the suspension is equilibrated for 30-60 min at
fixed temperatures (22 or 25°C), followed by purging
with nitrogen to expel any dissolved carbon dioxide.
Care should be taken to purge out the dissolved car-
bon dioxide completely, because this dissolved gas can
lower the solution pH, thus resulting in incorrect mea-
surements. A schematic of a typical set-up for measuring
the surface charge is shown in Figure 10.2.

pH probe
Nitrogen

Water out «

Water in -

Titrant (acid/base)

i

Sample for titration

H Sealed cover

Water jacket

Magnetic stirrer

Figure 10.2. Schematic of an experimental set-up used for
surface charge measurement

Electrolyte + solids

\

Background electrolyte

Figure 10.3. Schematic representation of the typical results
obtained from a surface titration experiment for the calculation
of surface charge

After equilibration, the initial pH is noted. If the
initial pH is low, a base titration (e.g. 0.01M NaOH)
is used to move to a higher final pH (pHfinai). If the
initial pH is high, an acid titration is used to move to
a low pHfinal. The delay time between titrant addition
for complete reaction is usually between 5 and 30 min.
A blank titration is also carried out on the electrolyte
solution and the results obtained from the two titrations
are then superimposed. A typical result is shown in
Figure 10.3. From such a figure, by subtracting the two
curves (i.e. subtract the blank electrolyte curve from
the curve for electrolyte + solids), the relative amounts
of OH~ or H+ adsorbed on the solid surface at any
particular pH can be determined from the following
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equation:
eN,[C]V
m(SSA)

(10.1)

where e is the charge on an electron, /Va is the Avogadro
constant, [C] is the electrolyte concentration, V is the
additional amount of acid or base required for the same
pH change in the presence of solid particles, and SSA is
the specific surface area.

The calculation is repeated for all pH values greater
than initial pH, pH0, and the titrations are repeated
with acid to cover the full pH range (if necessary).
The relative amount of OH~ adsorbed is also equal
to the relative surface charge (a0). The latter is then
plotted as a function of the pH for a particular electrolyte
concentration. The experiment is then repeated for other
electrolyte concentrations (e.g. 0.1 A/ and 0.3M NaNO3).
The results can then be plotted on the same graph, as
shown in Figure 10.4. The common intersection point
(CIP) (Figure 10.4(a)) is also the point of zero charge
(PZC) (Figure 10.4(b)), since it is only at the PZC that
the relative surface charge (a0) is independent of the
background electrolyte concentration. The CIP is then
translated to a0 = 0 to generate a plot of the absolute
values of <70 at any given pH.

Common intersection point (CIP)

Increasing salt

Point of zero charge (PZC)

Figure 10.4. Schematic showing the conversion of relative sur-
face charge (a) into absolute surface charge (b). The common
intersection point (CIP) defines the point of zero charge (PZC)

Some of the experimental considerations required in
order to obtain accurate results are as follows:

• The background electrolyte used should be "indiffer-
ent".

• The surfaces of the particles should be insoluble.
• Sufficient delay time should be allowed between

titrant additions.
• The pH probe used for the experiments should be very

accurate (±0.01 pH units or better).

3 THE ELECTRICAL
DOUBLE-LAYER

Surface charge on a particle results in an unequal
distribution of ions in the polar medium in the vicinity
of the surface. Ions of opposite charge (counterions) are
attracted to the surface, and ions of like charges (co-
ions) are repelled away from the surface. This unequal
distribution gives rise to a potential across the interface.
The exact distribution of the counterions in the solution
surrounding the charged surface is very important, since
it determines the potential decay into the bulk from the
charged surface. Electrostatic attraction, thermal motion
and forces other than electrostatic (specific adsorption)
influence the counterions in the vicinity of the surface.

Several models have been proposed for the distri-
bution of ions in the vicinity of the surfaces, and are
summarized below.

3.1 Helmholtz model

In 1879, von Helmholtz proposed that all of the coun-
terions are lined up parallel to the charged surface at a
distance of about one molecular diameter (Figure 10.5).
The electrical potential decreases rapidly to zero within
a very short distance from the charged surface in this
model. Such a model treated the electrical double-
layer as a parallel-plate condenser, and the calcula-
tions of potential decay were based on simple capacitor
equations. However, thermal motion leads to the ions
being diffused in the vicinity of the surface, and this
was not taken into account in the Helmholtz model.

3.2 Gouy-Chapman model

This model, proposed by Gouy (1910 and 1917) and
Chapman (1913), consists of a diffuse distribution of the
counterions, with the concentration of such ions falling
off rapidly with distance near to the surface, because
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(a)

Surface

(a)

Solution

(b)

Distance from surface •

Figure 10.5. Schematic representation of the Helmholtz model
of the electrical double-layer: (a) distribution of counterions in
the vicinity of the charged surface; (b) variation of electrical
potential with distance from the surface

of the screening effect, and then falling off gradually
(Figure 10.6). Such a model is accurate for planar
charged surfaces with low surface charge densities, and
distances far away from the surface, but is inaccurate for
surfaces with high surface charge densities, especially
at small distances from the charged surfaces, since it
treats the ions as point charges and neglects their ionic
diameters.

3.3 Stern-Graham model

This model, shown in Figure 10.7, divides the double-
layer into two parts, i.e. (i) a fixed layer of strongly
adsorbed counterions, adsorbed at specific sites on the
surface, and (ii) a diffuse layer of ions similar to that
of the Gouy-Chapman model. The fixed layer of ions
is known as the Stern layer, and the potential decays
rapidly and linearly in this layer. The potential decay is
much more gradual in the diffuse layer. In the case of
specifically adsorbing ions (multivalent ions, surfactants,
etc.) the sign of the Stern potential may be reversed.

Surface +

© © 0

e 0 G ©
o ° % © ***"
^ ©
© Q ©

(b)

Distance from surface •

Figure 10.6. Schematic representation of the Gouy-Chapman
model of the electrical double-layer: (a) distribution of coun-
terions in the vicinity of the charged surface; (b) variation of
electrical potential with distance from the surface

(a)

Surface

0 Solution
0 0 0

0 O
0

< S 0 © 0

(b)

Distance from surface •

Figure 10.7. Schematic representation of the Stern-Graham
model of the electrical double-layer: (a) distribution of coun-
terions in the vicinity of the charged surface; (b) variation of
electrical potential with distance from the surface

Mathematical treatment of the electrical double-layer
is given in refs (1) and (2) and the interested reader
is referred to these books for detailed mathematical
descriptions of the various models.
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4 ZETA POTENTIAL
(ELECTROKINETIC POTENTIAL)

Zeta potential is the potential of the surface at the
plane of shear between the particle and the surrounding
medium as the particle and medium move with respect
to each other. In the presence of an applied electric field,
the charged surface (and the attached material) tends to
move in the appropriate direction, while the counterions
in the mobile part of the double-layer would have a net
migration in the opposite direction. On the other hand,
an electric field would be created if the charged surface
and the diffuse part of the double-layer were made to
move relative to each other. The plane of shear is beyond
the Stern plane, and the zeta potential facilitates easy
quantification of the surface charge. The pH at which
the calculated zeta potential value is zero is known as
the isoelectric point (IEP).

Microscope

Electrode / / Electrode

Sample

i
n

Illuminating light source

Figure 10.8. Schematic of a vertically mounted flat microelec-
trophoresis cell

for spherical particles, which can be treated as point
charges, as follows:

UE = — (10.2)

4.1 Measurement of zeta potential

The zeta potential of a particle is calculated from elec-
trokinetic phenomena such as electrophoresis, streaming
potential, electro-osmosis and sedimentation potential.
Each of these phenomena and the determination of zeta
potential by using each technique will be discussed
briefly in this section.

1. Electrophoresis This is the movement of a charged
surface along with the adsorbed ions, in relation to
a stationary liquid under the influence of an applied
electric field. The electrophoresis cell consists of a
horizontal glass tube with inlet and. outlet taps and an
electrode at each end. Platinum black electrodes are
employed for salt concentrations in the range from
10~3 to 10~2 mol dm"3, or otherwise appropriate
reversible electrodes such as Ag/AgCl or Cu/CuSO4

must be used so as to avoid gas evolution. A flat
microelectrophoresis cell is shown in Figure 10.8.
The mobility of the particle is viewed under the
microscope at a "stationary plane" in the cell, where
the electro-osmatic flow of the liquid caused by the
charged surface of the cell is compensated by the
return flow of the liquid. For a cylindrical cell, the
stationary plane is located at 0.2 and 0.8 of the
total depth, with the exact location depending on the
width/depth ratio.
The electrophoretic mobility is calculated from the
time that a particle takes to travel a fixed distance.
The zeta potential, f (potential at the shear plane),
is calculated by using the Smoluchowski equation

where UE is the mobility under an applied potential
£ , s is the permittivity of the electrolyte medium,
and rj is the viscosity of the medium.
Electrophoretic-mobility-measurement-based instru-
ments are more suited for the determination of zeta
potentials of fine particles.

2. Streaming potential The liquid in the capillary of a
porous plug carries a net charge given by the mobile
part of the electrical double-layer. When the liquid
flows through the capillary or the plug, it gives rise to
a streaming current and consequently a potential dif-
ference. An apparatus suitable for studying streaming
potentials is illustrated in Figure 10.9.
The streaming potential can be measured by using a
micrometer instead of an electrometer. To minimize

Sample in Sample out

Electrometer

Figure 10.9. Schematic of an apparatus for measuring stream-
ing potential
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Electrode

Table 10.1. Commercially available instruments for measuring
zeta potential, and the corresponding techniques employed

Electrode Instrument

Capillary

Figure 10.10. Schematic of the capillary method used for the
measurement of electro-osmosis

electrode polarization, an alternating streaming cur-
rent can be generated by forcing the liquid through
the plug by a reciprocating pump.
If E is the potential difference developed across a
capillary of radius a and length /, for an applied
pressure difference p , we can write the following:

E =
r)Ko

(10.3)

where s is the permittivity of the medium, f is the
zeta potential, r\ is the viscosity of the liquid, and Ko

is the conductivity of the electrolyte solution.
3. Electro osmosis This technique involves the move-

ment of a liquid relative to a stationary charged
surface (e.g. a capillary or porous plug) by the appli-
cation of an electric field. Experimentally, zeta poten-
tials may be measured by this method by means of
an apparatus such as that shown in Figure 10.10. The
potential is supplied by electrodes, as shown in the
schematic, and the transport of liquid across the tube
is observed through the motion of an air bubble in
the capillary providing the return flow. For water at
25°C, a field of about 1500 V/cm is needed to pro-
duce a velocity of 1 cm/s if the surface potential (i/>o)
is 100 mV.

4. Sedimentation potential This is the creation of an
electric field when charged particles move relative to
a stationary fluid. This technique is the least com-
monly used for the determination of zeta potential,
because of several limitations associated with the
measurement and calculation of the zeta potential.

A selection of some of the commercially available
instruments for measuring zeta potential, and the rel-
evant techniques employed by these, is presented in
Table 10.1.

4.2 Manipulation of zeta potential

The zeta potential has wide ranging applications in
particulate processing. However, control of the zeta

Technique

Zeta Meter 3.0+
Rank Brothers Mark II
Zpi, Inc.- Zeta Reader
Laval Lab Zetaphoremeter III
Micromeritics Zeta Potential

Analyser 1202

Laval Lab Zetacad
Brookhaven-BI-EKA (Electro

Kinetic Analyser)

Dispersion Technology (DT200,
DT300, DT 1200)

AcoustoSizer II

Brookhaven Zeta Plus/Zeta Pals

Coulter Delsa 440 SX

Electrophoresis
Electrophoresis
Electrophoresis
Electrophoresis
Electrophoresis

Streaming potential
Streaming potential

Acoustophoresis

Acoustophoresis

Laser Doppler/Photon
correlation (PCS)

Laser Doppler/Photon
correlation (PCS)

Alumina

Figure 10.11. Variation of the zeta potential as a function of
pH for silica and alumina

potential within a specific range is necessary in order
to control such processing. In this present section, the
use of solution pH and ionic condition for manipulating
the zeta potential will be illustrated.

1. pH The variation of the zeta potential with pH is
shown in Figure 10.11. It can be seen that at low pH
values the zeta potential is positive and as the pH is
increased, the zeta potential decreases, goes through
zero at a pH known as the isoelectric point (IEP),
and finally becomes negative as the pH is further
increased. The IEPs of some common oxides and
minerals are presented in Table 10.2.
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Table 10.2. Isoelectric points (IEPs) of some common oxides
and minerals

Material Chemical formula IEP

Quartz
Sol-gel silica
Alumina
Titania
Zirconia
Hematite
Magnesia
Molybdenum oxide
Vanadium oxide
Zinc oxide
Chromium oxide
Tin oxide
Calcium carbonate
Mullite
Kaolin (edge)
Apatite
Potassium feldspar

SiO2 2.0
SiO2 2.5
A12O3 8-9
TiO2 5-6
ZrO2 4-6
Fe2O3 8-9
MgO 12.0
MOO3 0.5-1
V2O5 0.5-1
ZnO 9.0
Cr2O3 6-7
SnO2 4-5
CaCO3 9-10
3A12O3 • 2SiO2 6-8
A12O3 • SiO2 • 2H2O 6-7
lOCaO • 6PO2 • 2 H2O 4-6
K2O • A12O3 • 6SiO2 3-5

Increasing
ionic strength

' I 1 1 1 1 ! 1 ' " !""!""!""!""! 1 1 "!""! 1 1 "!
1 2 3 4 5 6 7 8 9 10 11

PH

Figure 10.12. Illustration of the effect of increasing ionic
strength on the zeta potential for alumina

2. Ionic strength In the presence of indifferent ions, the
zeta potential is reduced and goes towards zero as
the ionic strength is increased (Figure 10.12). How-
ever, in the presence of specifically adsorbing ions,
depending on the nature of such ions, the IEP shifts
and the sign of the zeta potential may be reversed
(Figure 10.13 (3)). In this figure, for calcite in apatite
supernatant, the specifically adsorbing ion is PO43",
and we see that the IEP shifts to lower pH and the
sign of the zeta potential is reversed. In case of apatite
in caleite supernatant, Ca2+ acts as the specifically
adsorbing ion and shifts the IEP to a higher pH value.

40 -|

30-

I20"1
.2 10-

8.

- 2 0 -

-30

- O - Calcite in water
—A—Apatite in calcite supernatant
-•-Calci te in apatite supernatant
-A- Apatite in water

7 8 9 10 11 12 13
PH

Figure 10.13. Effects of specifically adsorbing ions on the zeta
potentials of calcite and apatite (after ref. (3))

5 ELECTROSTATIC FORCES

The presence of surface charges leads to the develop-
ment of a potential gradient in the vicinity of the sur-
face. The Poisson-Boltzmann (PB) distribution, which
assumes ions as point charges and non-interacting,
defines the potential distribution as a function of the
distance from the surface as follows:

dx2

IZen
eTs0

(
sinh

kT J
(10.4)

where Z is the electrolyte valency, e the elementary
charge (C), n the electrolyte concentration (#/m3), sr the
dielectric constant of the medium, £0 the permittivity of
a vacuum (F/m), k the Boltzmann constant (J/K), and T
the temperature (K).

When solved, the PB equation gives the potential
(VO, the electric field (differential of the potential) and
the counterion density at any distance (x) away from the
surface.

The Debye-Huckel parameter (K) describes the
decay length of the electrical double-layer, while the
inverse of the parameter, K~\ which is known as the
Debye length, indicates the distance away from the
surface where the distribution of ions in the solution
is affected by the presence of a charged surface:

/2nZ2e2\

V eTeokT )

1/2

(10.5)

where all of the symbols are as defined above for
equation (10.4). Figure 10.14 shows the variation of the
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Figure 10.14. Variation of the Debye length with electrolyte
concentration for different z-z electrolytes

Debye length as a function of the electrolyte concentra-
tion for electrolytes with different valences. The extent
of the double-layer decreases with increasing electrolyte
concentration due to the shielding of surface charge,
with ions of higher valences being more effective in
screening such charge.

The overlap of similar electrical double-layers leads
to a repulsive interaction, which will be summarized
in the following sub-section. A schematic showing
the overlap of electrical double-layers is presented in
Figure 10.15, where part (b) illustrates the potential
distribution after overlapping of such layers. In this
figure, the dashed lines show the potentials expected
from single double-layers, while the continuous line
represents the potential due to the overlap. The expected
potential due to the latter is higher, thus leading to
a higher counterion concentration, which results in
a higher osmotic pressure, which tends to push the
particles further apart.

5.1 Calculation of electrostatic forces

5.7.7 Boundary conditions

1. Constant potential surfaces Under the assumption
of a constant potential, the potential distribution
near the surface remains constant. In order to
maintain electro-neutrality, as the electrical double-
layers overlap, the concentration of the counterion

Distance from surface • - Distance from surface

(b)

-Distance from surface-*

Figure 10.15. Schematic representations of the potential dis-
tribution between two approaching surfaces, shown (a) before,
and (b) after overlap of the electrical double-layer; overlap
leads to a higher potential between the planes, thus resulting
in repulsion

increases. This increase leads to more counterion
adsorption on the approaching surfaces, thus resulting
in a decrease of the Stern charge. As a result, such
a model predicts the minimum repulsion. Surfaces
that develop charge by ion adsorption (Agl, NaCl,
KC1, air bubbles, etc.) are best represented by this
boundary condition.

2. Constant charge surfaces In these systems, as the
surfaces approach each other, the charge on the sur-
faces remains constant, thus resulting in a maximum
predicted repulsion between them. This model is the
closest fit for surfaces that develop charges through
site dissociation (A12O3, TiO2, latex, microbes, etc.).

3. Charge regulated surfaces In reality, most surfaces
display an intermediate behaviour between constant
charge and constant potential. For example, silica
(SiO2) can develop surface charge by both site
dissociation and ion adsorption:

Surface dissociation SiOH

Ion adsorption SiO Na4

SiCT + H+

(10.6)

SiCT + Na+

(10.7)
Information about the number of sites per unit area
for each site is needed to calculate the surface charge.
Because of the complexity of the charge-regulation
model, many experiments under different conditions
(pH, ionic strength, etc.) are needed in order to
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extract the dissociation constants for the (surface)
reactions responsible for surface charge development.
The charge-regulated-surface assumption predicts the
magnitude of the repulsion to be between that of
constant charge and constant potential.

5.1.2 The linearized Poisson-Boltzmann
approach

In order to calculate the repulsive interaction due to the
overlap of the electrical double-layers (EDLs), the PB
equation (equation (10.4)) needs to be solved numeri-
cally, which is difficult and computationally intensive.
An easier approach is to produce analytical formulae by
using a series of approximations. The PB equation can
be written in terms of series expansion terms; for low-
surface-charge and low-ionic-concentration conditions,
even the first term of the expansion results in a more or
less accurate estimate of the repulsive interaction.

5.1.3 Analytical formulae

Based on the above simplifications, analytical formulae
can be produced for the calculation of the electrostatic
energy of interaction between two flat surfaces. Appro-
priate formulae for two different models, i.e. constant
potential and constant charge, are given as follows:

Constant potential (4)

1.0-1

(10.8)
Constant charge (4)

t = 2Z2n-xkT (^j ( ^

(10.9)
where Wni/f\{ is the energy between two flat plates (J/m2),
H the separation distance (m), Z the valency, n\ the ion
concentration (#/m3), k the Boltzmann constant (J/K),
T the temperature (K), e the electron charge (C), xj/s the
Stern potential (V), and K the Debye-Huckel parameter

For large separation distances,
given by the following equation (4):

x tanh

= Wa, and is

64nkT

(

\ AkT

K

-KH

0.0

Separation distance (nm)

Figure 10.16. Variation of the electrostatic interaction energy
with separation distance for different surface potentials, calcu-
lated by using the constant-potential assumption (ionic strength,
0.001 M;/c" r , 905 nm)

Figure 10.16 illustrates the variation of the electrostatic
interaction energy (mN/m) as a function of separation
distance for three different surface potentials by using
the constant-potential assumption. As mentioned ear-
lier, the constant-charge assumption will yield higher
repulsion energies in all cases. It can be seen that as
the separation distance increases, the interaction energy
decreases. In addition, the interaction energy decreases
with decreasing surface potential. Figure 10.17 depicts
this by showing that as the ionic strength of the solu-
tion is increased, the Debye length decreases, and hence
the range of the interaction energy also decreases due to
shielding of the surface charges.

E
z

3

•6

1

=3.0nm

0.0001 M; /T1 = 30.2 nm

(10.10)

Separation distance (nm)

Figure 10.17. Variation of the electrostatic interaction energy
with separation distance for different ionic strengths, calculated
by using the constant-potential assumptions (^rs, 30 mV)



SURFACE CHEMISTRY IN DISPERSION, FLOCCULATION AND FLOTATION 229

So far, only basic concepts have been outlined about
the surface charge behaviour and its implications con-
cerning interactions between charged surfaces. Most
applications demand a control of interaction forces
and/or surface behaviour, e.g. dispersion/agglomeration
or the wettability of paniculate systems. This is achieved
by the use of polymer/surfactant or paniculate coat-
ings on core particles. The manipulation of surface
behaviour and/or interactions by polymeric coatings is
discussed next.

6 MANIPULATING SURFACE
BEHAVIOUR BY POLYMER
ADSORPTION

The word polymer is derived from the Greek, with
"poly" meaning many and "mer" meaning part. Accord-
ing to the IUPAC definition, "A polymer is a substance
composed of molecules characterized by the multiple
repetition of one or more species of atoms or groups
of atoms (constitutional repeating units), linked to each
other in amounts sufficient to provide a set of properties
that do not vary markedly with the addition of one or a
few of the constitutional repeating units". Polymers are
made from repeating units of chemical species known as
monomers, with typical molecular weights between 50
and 100 Da. Some of the polymers used in paniculate
processing are illustrated in Figure 10.18.

Polyethylene oxide) (PEO)

Polypropylene oxide) (PPO)

Poly(vinyl alcohol) (PVA)

Poly(acrylic acid) (PAA)

Poly(methacrylic acid) (PMAA)

Polyacrylamide (PAM)

Figure 10.18. Some common polymers used in paniculate
processing

—£- CH2— CH2 O — ^ -

- j - C H 2 — CH2 — CH 2—O

CH2— CH -

OH

CH2— CH -

CH,

Polymers at particle surfaces play an important
role in a range of technologies such as stabilization,
flocculation, enhanced oil recovery and lubrication. In
order to control and optimize these technologies, it is
very important to understand the adsorption of polymers
at the particle surfaces.

6.1 Solution behaviour of polymers

In order to understand the role played by polymers
at interfaces in particle processing, it is important to
understand the solution behaviour of such materials. The
two major theories concerning this are briefly described
below.

1 Flory-Huggins theory This theory calculates the
free energy of mixing of pure amorphous polymers
with pure solvent. The entropy and the enthalpy
of mixing can be calculated separately, and the
following relationship applies:

AGM = AHM -TAS* (10.11)

where AGM is the total free energy change, A//M

is the enthalpy change, and ASM is the change in
entropy, all with respect to mixing.

The entropy of mixing was originally calculated
by Flory using a lattice approach, but it can also
be derived by using a free volume approach. The
entropy of mixing, A5M , can be denoted by the
following equation (1):

ASM = - + /i2lnv2) (10.12)

where k is the Boltzmann constant, n\ the number
of solvent molecules, n2 the number of polymer
molecules, v\ the volume fraction of the solvent in
the polymer solution, and v2 the volume fraction of
the polymer.

The enthalpy of mixing is calculated by con-
sidering mixing to be a quasi-chemical reaction (1)
between the dissimilar solvent contacts and segment
contacts, which can be expressed as follows:

- 1 + 2 - 2 = 2 ( 1 - 2 ) (10.13)

Equation (10.13) depicts the formation of two sol-
vent-polymer contacts (1-2) from a solvent-solvent
contact (1-1), and a polymer segment-segment
(2-2) contact. An interaction parameter, xi> *s

defined where X\kT is the difference in energy of
a solvent molecule immersed in pure polymer, rela-
tive to that in pure solvent. For n{ solvent molecules,
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the energy change is n{X\kT. The probability of a
solvent molecule being in contact with a polymer
segment in a polymer solution is v2, and hence the
enthalpy of mixing, A//M , can be denoted by the
following equation [1]:

AHM=n\v2X\kT (10.14)

Therefore, by combining equations (10.11), (10.12)
and (10.14), the free energy of mixing is given by:

AGM = kT(n\ In v\ + n2\n v2 + n\V2v2X\) (10.15)

It can be seen that the dominating reason for disso-
lution of a polymer is the increase in entropy of the
solvent (e.g. water) molecules.

2. Free volume theory In the Flory-Huggins theory,
Xi was considered primarily as an enthalpy term,
although it was later shown experimentally that for
many non-aqueous polymer-sol vent systems, posi-
tive values of xi, which oppose the mixing of solvent
and polymer, are determined by entropic considera-
tions. The enthalpy terms are relatively small, and
the sign can vary depending on the conditions (1). In
addition, it was found that xi depends on the polymer
concentration, and varies between 0.1 and 0.5, with
Xi becoming more positive as the polymer concen-
tration increases. The Flory-Huggins theory predicts
that the mixing would be favoured as the tempera-
ture increases, since the mixing is entropy driven.
However, phase separation has been observed for
most polymer solutions near the critical point of the
solvent. (The latter is defined as the temperature at
which the transition takes place from a good solvent
to a poor solvent)
Most of the shortcomings of the Flory-Huggins
theory have been overcome by the use of the free
volume theory (1). The entropic contribution to xi
was attributed to the difference in free volume
between the solvent and the polymer. The increase
in the value of Xi with concentration was explained
on the basis of the ordering of the solvent molecules
on increasing the segment concentration. The phase
separation near the critical temperature of the solvent
was attributed to the decrease in entropy on mixing
the solvent and polymer under such conditions.

An important length-scale associated with polymer solu-
tions is the root-mean-square radius of the polymer coil
in the solution. For an unperturbed coil, this is known
as the unperturbed radius of gyration, /?g, and is given
by the following (1):

(10.16)

where n is the number of segments, / the effective
segment length, M the molecular weight and Mo the
segment molecular weight. Equation (10.16) is valid
so long as the solvent is "ideal" for the polymer, i.e.
there are no interactions, either attractive or repulsive,
between the segments in the solvent. In real (non-ideal)
solvents, the effective size of a coil can be larger or
smaller than the unperturbed radius /?g, and is sometimes
referred to as the Flory radius, /?F, where RF = aRg, and
a is the intramolecular expansion factor, which depends
on the nature of the solvent.

6.2 Adsorption of polymer at the particle
surface

The free energy of the overall process must be
favourable in order for a polymer to adsorb at a parti-
cle surface. The different factors contributing to the free
energy change, when polymer adsorption takes place,
are as follows (5):

• the adsorption energy, due to contacts of the polymer
segments with the surface

• the conformational entropy of the chains
• the entropy of mixing of chains and solvent
• the polymer-solvent nearest-neighbour interactions

Adsorption takes place only if the energy of a seg-
ment-surface interaction is lower than that of a sol-
vent-surface interaction (the first factor given above).
A quantitative measure for this energy is the dimen-
sionless parameter x*> which is defined such that the
net effect of the exchange of a solvent molecule on the
surface and a segment in the bulk solution is — XskT.
For polymer adsorption to take place, x.s has to be
positive and the adsorption energy is proportional to
the number of adsorbed segments. Polymers bond with
surfaces through a variety of mechanisms, including
electrostatic interactions, hydrogen bonding, hydropho-
bic interactions and specific chemical bonding, and the
free energy for adsorption can be given by the following
formula:

A G a d s = ^(7 dec + AG[

" AGh-bonding

chem AGhydrophobic

(10.17)

Depending on the surface chemistry, and the nature
and energetics of the sites on the surface of the particle,
different factors contribute to the adsorption energy. In
order to control polymer adsorption on surfaces, the
interplay between the different adsorption mechanisms
should also be considered.
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The second and third factors listed above represent
the entropy loss occurring upon adsorption, and hence
can be considered as the opposing forces for polymer
adsorption. The second accounts for the reduction of the
internal degrees of freedom within the chains when they
adsorb, while the third is related to the configurational
entropy loss, which occurs when the homogeneous
polymer solution is separated into a polymer-rich surface
"phase" and a solution that becomes enriched with
respect to the solvent.

The final factor results from the mutual interaction
between segments and solvent molecules. In a poor sol-
vent, the segment-solvent interaction is unfavourable.
This forces the polymer out of the solution, thus promot-
ing adsorption. In a good solvent, the segment-solvent
interaction is favourable, while the aggregation of seg-
ments is unfavourable and as a result the adsorbed
amount is less.

At equilibrium, in order to minimize the energy the
adsorbed layer consists of polymer chains with several
stretches of segments in the surface layer (trains),
with the parts connecting the trains sticking out into
the solution (loops). Moreover, at the chain ends,
freely dangling tails may protrude into the solution.
(Figure 10.19). The relative amount of the polymer
segments, in trains, loops and tails, depends on the
energetics of the polymer adsorption process discussed
earlier.

6.3 Role of surface chemistry and
structure in polymer adsorption

For a particular polymer functionality, the adsorption
depends on the nature and energetics of the adsorption
sites that are present on the surface. The adsorption
of polymers via electrostatics, chemical bonding and
hydrophobic attraction is relatively well understood,

Tails -

Trains

Figure 10.19. Structure of an adsorbed polymer layer at the
solid-liquid interface

and most of the unexpected adsorption behaviour is
attributed to hydrogen bonding, which is ubiquitous
in nature. In this section, the dependence of hydrogen
bonding on the surface chemistry will be presented, to
illustrate how, by clever manipulation of the surface
chemistry, hydrogen bonding can be controlled and
predicted.

For a hydrogen-bonding polymer such as polyethy-
lene oxide) (PEO), whose ether oxygen linkage acts
as a Lewis base, it was illustrated that not only does
the number of hydrogen-bonding sites differ from one
surface to another, but the energy of such sites also
varies (6). Based on adsorption studies of PEO on
silica and other oxides (6), it was demonstrated that
the amount of adsorbed polymer depends on the nature
of the Br0nsted acid sites on the particles. (Br0nsted
acids are defined as proton donors.) Hence, the more
electron-withdrawing is the underlying substrate, then
the greater is the Bronsted acidity, and thus the lower
the isoelectric point of the material. It can be seen
from Figure 10.20 that SiO2, MoO3 and V2O5 strongly
adsorb PEO, whereas oxides with a point of zero
charge (pzc) greater than that of silica, such as TiO2,
Fe2O3,Al2O3 and MgO, did not exhibit significant
adsorption of PEO. However, within a single system
(silica) it has been found that PEO will adsorb to
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Figure 10.20. The effect of surface-Br0nsted acidity on the
adsorption of a hydrogen-bonding polymer, poly(ethylene
oxide) (PEO) (after ref. (6)). ("Reprinted from International
Journal of Mineral Processing, 58, S. Mathur, P. Singh and
B. M. Moudgil, Advances in selective flocculation technology
for solid-solid separations, Page 212, Copyright (2000), with
permission from Elsevier Science")
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Table 10.3. Correlation of polymer functionality with the surface absorption sites: PEO, poly(ethylene oxide); PVA,
poly(vinyl alcohol); PAA, poly(acrylic acid); PAM, polyacrylamide(non-ionic); PAH, polyalamine

Polymer Repeat unit Functionality Adsorbs (to) Adsorption site

PEO

PVA

PAA

PAM

-f-CH2-CH2 — O-

CH2 CH
I
OH J

CH2 — C H -

PAH

- - C H 2 — CH-
I

CH2 CH
I
CH2

I
NH2

Ether

Hydroxyl

SiO2

SiO2

Carboxylic acid Fe2O3, A12O3, TiO2

Br0nsted

Br0nsted

Lewis

Amide Fe2O3, A12O3, TiO2 Lewis

Amine SiO2 Br0nsted

sol-gel-derived silica but not to glass or quartz at high
pH values (6). This suggests that not only is the type
of Bronsted acid site important, but that its strength, as
determined by the surface molecular architecture, also
influences the adsorption process. It was also proven
that by surface modification, using techniques such
as calcination and re-hydroxylation (7), the nature and
energetics of the surface sites could be modified. Upon
calcination of silica surface to 800°C, the number of

isolated surface hydroxyl groups and three-membered
silicate rings increased, thus resulting in a higher surface
acidity. These changes led to higher adsorption of the
PEO polymer (Figure 10.21) (7). Based on the polymer
functionality, it may be possible to predict the surface
molecular architecture or the surface sites that are
required for the polymer to adsorb. Table 10.3 correlates
the polymer functionalities with the nature of the surface
sites on which they adsorb (Lewis acid, Br0nsted acid,
etc.).

0.8-

0.7-

°ol~-
0.4-

0.3-

0.2-

0.1 -

0.0-

Y
-i—i—

•

ii—»-

—r

• 800°C
A Rehydroxylated

0 20 40 60 80 100 120 140

Ceq (mg/l)

Figure 10.21. Adsorption of PEO on sol-gel silica after
different treatments (calcined at 800°C; rehydroxylated) (after
ref. (7))

7 MANIPULATING SURFACE
BEHAVIOUR BY SURFACTANT
ADSORPTION

A surfactant (surface-active agent) is a substance which,
when present at low concentrations in a system, adsorbs
on to the surface or interface of the system, and alters, to
a marked degree, the surface or interfacial free energies
of the surface. Surface-active agents have a molecular
structure consisting of two distinct groups, namely the
head and the tail. The tail is a structural unit that has
very little attraction for the solvent, and is known as
a lyophobic group. The head has a strong attraction
for the solvent, and is called the lyophilic group. This
kind of structure, consisting of lyophobic and lyophilic
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groups, is known as the amphipathic structure. When
a surface-active agent is dissolved in a solvent, the
presence of the lyophobic group may cause solvent
molecules to form an ordered structure, thus reducing
the entropy of these species, and hence increasing the
free energy of the system. As a result, the surfactant
molecule is driven out of the bulk towards the interface.
Thus, less work is required to create a unit area of
surface, so resulting in the lowering of the interfacial
energy or tension. The surfactant, however, cannot be
completely removed from the system, since it has a
lyophilic group, and complete expulsion of the surfactant
would involve dehydration of such groups, which is
energetically unfavourable. The chemical structures of
suitable lyophobic and lyophilic groups vary with the
nature of the solvent, and the conditions of use. In a
highly polar solvent, such as water, the lyophobic group
may be a hydrocarbon, fluorocarbon or siloxane chain
of a suitable length, while the lyophilic group may
be an ionic or highly polar group. Depending on the
nature of the hydrophilic group, surfactants are classified
as (i) anionic (net negative charge), (ii) cationic (net
positive charge), (iii) zwitterionic (both positive and
negative charges may be present), and (iv) nonionic (no
apparent ionic charge). Some examples of commonly
used surfactants are given in Table 10.4.

7.1 Adsorption of surfactants at the
solid-liquid interface

7.1.1 Mechanisms of adsorption

Some of the most common mechanisms for surfactant
adsorption are as follows:

(i) Ion Exchange. This mechanism involves the
replacement of counterions adsorbed on the surface
by similarly charged surfactant ions.

(ii) Ion Pairing. This mechanism involves the adsorp-
tion of surfactant ions from solution on to oppo-
sitely charged sites unoccupied by counterions.

(iii) Acid-Base Interaction. The adsorption can take
place via hydrogen-bond formation between the
surfactant and the surface.

(iv) Hydrophobic Bonding. This occurs when the
adsorption of a surfactant molecule from the
liquid phase takes place on to or adjacent to an
other surfactant molecule already adsorbed on the
surface.

7.1.2 Contributions to the adsorption energy

The contributions to the total free energy of adsorption
can be divided into several different components, as
follows [8]:

AG°_h AG°
hem

+ AG^_s + AG«olv/desolv.-. (10.18)

where AG°lec represents the electrostatic contribution,
AG°_h the contribution from hydrogen-bond attraction,
A^chem t n e possible chemical interactions between the
substrate and surfactant, such as covalent bond forma-
tion and acid-base interactions, and AG°_C the contri-
bution from the lateral interaction between the adsorbed
hydrocarbon chains. In addition, AG°_S represents the
interaction between hydrocarbon chains and non-polar
solids (hydrophobic bonding), and AG°solv/desolv the
change in energy due to the changes in solvation of the
surface and the surfactant species upon adsorption. It
should be noted that the division of the total free energy
into these various contributions is to illustrate here such
different contributions; these terms are not independent,
and interplay between the different contributions is also
very important.

Depending on the particle-surfactant system, one or
more of the above contributions can be responsible for
adsorption. The dominating one would depend on the
nature and concentration of the surfactant, the surface
chemistry of the particle, and solution properties such
as pH and ionic strength. Electrostatic and lateral inter-
action forces are usually the major factors determining
the adsorption of surfactants on oxides and other non-
metallic minerals. Chemical interactions become more
dominant for surfactant adsorption on salt-type minerals,
such as carbonates and sulfides.

1. Electrical interactions As discussed earlier, most
solids in aqueous solution exhibit a net surface
charge depending on the pH and ionic strength
of the solution. The surface charge results in an
electrochemical potential in the vicinity of the
surface. Oppositely charged surfactant molecules are
attracted to the surface, and adsorb via electrostatic
interactions. To maintain electroneutrality, the
adsorption of ionic surfactants occurs through either
exchange with co-ions in the double layer, or with
an equivalent co-adsorption of counterions.

The electrical interaction becomes very important
in the case of ionic surfactants. This interaction
can be broken down into two contributions (8), i.e.
Coulombic and dipole, as follows:

AG»ec = AG°O (10.19)
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Table 10.4. Some examples of commonly used surfactants

Long-chain amines derived from animal and vegetable
acids, tall oil and synthetic amines

R —NH2

Diamines and polyamines, including ether amines and
imidazolines

FT — NH-FT — NH2

Quaternary ammonium salts, including tertiary amines
and imidazolines

H
I

R'— N + - R " y -
I x

R'"

Quaternized and unquaternized polyoxyalkylenated
long-chain amines

I
R'— (O—R)n— N + - R "

I y-
R"' X

Amine oxides derived from tertiary amines oxidized
with hydrogen peroxide

R"
I

R'— N = O
I
R"'

Polyoxyalkylenated alcohols, alkyl phenols and alcohol
ethoxylates, including derivatives from nonyl phenol,
coconut oil, tallow, and synthetic alcohols

FT — (O — R")n — OH

Polyoxyethylenated glycols
R- (O-CH 2 -CH 2 ) n -OH

Polyoxypropylenated glycols

R- fO —CH2-CH-VOH

\ C H 3 / n

Esters of carboxylic acid and alkylene oxides
O
II

R'— C — O — R"

Alkanolamine condensates with carboxylic acids
O
II

R' — C — N H - R " - O H

Polyoxyalkylenated mercaptans

FT—S — (OR'%-OH

Acrylic acid derivatives with amine functionality
O
II

R'— NH —R" — C —O"M+

Substituted alkylamides

O
II

R'-C —N —R"-N

O
II

R"'-C-O-M+

R'"-C-(rM+

II
O

n-alkyl betaines
R" O
I II

R' — N+ — R"' — C — O"M+

I
R" x-

n-alkyl sulfobetaine
R" O
I II

r —N + —R r / / -S
I II
R" O

Thio alkyl amines and amides

R' — S - R " —NH2
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where:

and:

(a)

(10.20)

(10.21)

In the dipole expression (equation (10.20)), Anj is
the change in the number of adsorbed molecules
(dipoles), j , fij the dipole moment of j , and £ s the
field strength at the Stern plane. For the adsorption
of ionic surfactants, only the dipole moment of water
needs to be considered.

The dipole term arises due to the replacement
of water dipoles by surfactants upon adsorption,
according to the following scheme (8):

(Surfactant)soiution

(Surfactant)adsorbed + n(H2O)solution (10.22)

In the Coulombic expression (equation (10.21)), z
is the valency of the ionic surfactant, Vs represents
the potential at the Stern plane in the electrical double
layer, and F is the Faraday constant. Zeta potential
can be used in place of Vs without introducing
any significant errors in the calculations. At the
isoelectric point (IEP), the contribution from the
Coulombic term is expected to be negligible. In the
absence of other contributions, Coulombic adsorption
should proceed to the point where the adsorption
reduces the zeta potential of the particle to zero.
Any adsorption beyond this can be attributed to
other types of interactions. Figure 10.22 (8) shows
the adsorption of dodecyl sulfate on alumina. The
adsorption of the negatively charged surfactant on the
initially positively charged alumina surface decreases
the zeta potential, eventually reducing the latter to
zero. However, it is interesting to note that the
adsorption continues to increase, although at a slower
rate, even when the zeta potential is negative and the
surface has the same sign as the oncoming surfactant
molecules. This clearly indicates that even in systems
where electrostatics is the dominant mechanism
for adsorption, the latter may proceed through
other mechanisms, such as chain-chain interactions
between the adsorbed surfactant molecules.

Experimental evidence suggests that the electro-
static term in equation (10.18) can be overridden by
the other terms. In fact, flotation of most sulfide min-
erals is accomplished with anionic surfactants under
conditions where the mineral is negatively charged,
i.e. the surfactant and the surface have the same
charge and electrostatic interaction is unfavourable

I
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SDS/Alumina
0.1 MNaCI,pH6.5

(b)
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Residual dodecyl sulfate (mol/l)

Figure 10.22. Adsorption (a) and zeta potential (b) behaviours
of the dodecyl sulfate-alumina system (after ref. (8))

for adsorption. In the case of adsorption of fatty acids
or alkyl sulfonates on oxides or salt-type minerals,
AG^hem plays a dominant role in the adsorption pro-
cesses, and adsorption can take place irrespective of
the zeta potential of the surfaces.

By assuming that the Stern potential can be
approximated by the zeta potential, AG°oul can be
calculated by using equation (10.21). Table 10.5 (8)
presents the corresponding values of AG°oul for dif-
ferent values of the zeta potential. As shown in
this table, the energy involved is very small, and
even at very high zeta potentials, such as 60 mV,
AG(

c
}
oul is only 1.38 (kcal/mol). This value is much

Table 10.5. Calculated values of AG°oul,
from equation (10.21), for different values of
the potential (after ref. (8))

Zeta potential (mV)

10
20
30
40
50
60

AG°oul (kcal/mol)

0.23
0.46
0.69
0.92
1.15
1.38
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smaller than the AG°C_C (7 kcal/mol for a hydro-
carbon chain with 12 carbon atoms), the hydrogen-
bonding (4-8 kcal/mol), and the chemical interaction
contributions. Equation (10.21) may underestimate
the value of AGjoul, because of the fact that the
double-layer theory assumes the surface to be uni-
formly charged. A better model would involve the
presence of localized charges, which will increase
the contribution of AG°ouI.

2. Lateral chain-chain interactions At a certain sur-
factant concentration, there is a sharp increase in
the slope of the adsorption isotherm. This sharp
increase clearly indicates an enhanced affinity of the
surfactant for the surface. The increase in adsorp-
tion is also accompanied by a sharp increase in
the zeta potential, and in some cases, a reversal
in the zeta potential is observed. Such observations
have been attributed to lateral interactions between
the adsorbed surfactant tails, which lead to the for-
mation of self-assembled two-dimensional structures
known as "hemimicelles". The formation of such
structures resulting from hydrophobic interactions
between the surfactant tails, was first proposed in
1955 by Gaudin and Fuerstenau, and later verified by
Somasundaran and co-workers (refer to refs (9-11)
for further details of these studies). Such aggrega-
tion occurs due to the fact that surfactant molecules
decrease the entropy of the water molecules in the
bulk solution, and are forced out of the latter in a
process similar to the formation of the micelles in the
bulk. In order to form hemimicelles, a certain critical
amount of the adsorbed surfactant is required, and
this concentration is known as the critical hemim-
icelle concentration. The hemimicelle concentration
depends on the strength of the interaction between
the surfactant and the surface, the surfactant structure
(number of CH2 or aromatic groups, arrangement of
atoms in the hydrocarbon chain, etc.), and solution
conditions (pH, ionic strength and temperature).

The energy for lateral chain interaction, AG°_C,
has been proposed to be proportional to the number
of CH2 groups in the surfactant (n), according to the
following equation (8):

AG°C_C = n< (10.23)

where cp is the cohesive energy per mole of CH2

groups. This factor has been calculated to be about
0.6 kcal/mol per CH2 group, and hence for surfac-
tants with chain lengths of 12 to 18 carbon atoms,
the AG°C_C would be 7-10 kcal/mol (8). This energy
contribution is significantly higher than the electro-
static contribution, and would explain the increased

adsorption in some systems, even when the surfactant
is similarly charged to the substrate.

3. Chemical interactions The chemical contribution
may result from interactions such as covalent or com-
plex bond formation between the surfactants and the
surface sites. Surfactants such as fatty acids, alkyl
sulfates, alkyl sulfonates, amines and alkylhydroxa-
mates have been proposed to adsorb by means of
chemical interactions on a variety of particles. In
addition, surfactants containing hydroxyl, phenolic,
carboxylic and amine groups can hydrogen-bond with
the surface sites. Infrared spectroscopy has been used
to understand the chemisorption of surfactants at the
surface, by examining the shift in the characteristic
peaks of the surfactants upon adsorption.

Surfactants can react with the dissolved ionic
species in the bulk to form insoluble complexes. It
has been proposed that adsorption of the surfactant
can take place through similar reactions with ions
on the surface, or by surface precipitation, under
conditions where no bulk precipitation takes place,
but where the interfacial concentration is high enough
to exceed the solubility product in the interfacial
region (8).

7.2 Surfactant structures at the
solid-liquid interface

The aggregation of surfactants into spherical, cylindrical
and lamellar micelles in the bulk solution, and
the factors controlling the aggregation, are relatively
well understood, when compared to the self-assembly
of surfactants at the solid-liquid interface (9). At
interfaces, apart from the entropic conditions that favour
aggregation in the bulk, additional factors such as
surfactant-surface and solvent-surface interactions play
an important role in the self-assembly. Adsorption
isotherms, combined with techniques such as contact
angle and zeta potential, have been used traditionally
to probe the self-assembled surfactant structures at the
solid-liquid interface. Recently, surfactant structures
adsorbed at the solid-liquid interface have been directly
imaged by using atomic force microscopy (AFM) (for
further information on these studies, the interested
reader is referred to refs (10). and (11). Various factors,
such as the nature and morphology of the substrate,
solution conditions, surfactant type and time, have
been investigated by a number of authors (10, 11),
in order to understand the self-assembly process.
However, owing to the instability of the self-assembled
surfactant structures at lower concentrations under
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the experimental conditions encountered during AFM
experiments, most of the measurements using such
a technique have been performed at relatively high
surfactant concentrations (twice the bulk critical micelle
concentration (CMC)). However, as mentioned earlier,
surfactant self-assembly at the interface in the form of
"hemimicelles" is known to initiate at concentrations
much below the bulk CMC.

Some theoretical models based on the thermodynam-
ics of surfactant self-assembly have also been recently
used to predict the critical surface aggregation concen-
tration (the bulk concentration at which surfactants start
to self-assemble at the solid-liquid interface), and the
self-assembled surfactant structure at the solid-liquid
interface (11). These models, although providing use-
ful insight into the surfactant self-assembly process,
require an estimate of the interaction energies, which
are difficult to determine experimentally. Variations in
the estimated interaction energies can lead to different
self-assembled surfactant structures, depending on the
values used for the calculations.

Several different experimental techniques, such as
fluorescence decay, electron spin resonance (ESR)
spectroscopy, Raman spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy, neutron reflectome-
try, calorimetry, Fourier-transform infrared (FT-IR)
adsorption spectroscopy, small-angle neutron scatter-
ing (SANS), ellipsometry and surface force measure-
ments, have been used to study self-assembled sur-
factant structures at the solid-liquid interface (11).
These measurements, although providing insight into the
hemimicellization process, critical aggregation numbers

and adsorption kinetics, have not been able to illus-
trate the morphology and structural transitions taking
place within the self-assembled surfactant films at the
solid-liquid interface.

Presented below is an example of structure
development at the solid-liquid interface for the
silica/dodecyltrimethylammonium bromide (C12TAB)
system, at pH 4.0 and 0.1M NaCl as the background
electrolyte, obtained by Singh et al. (11). A combination
of different techniques such as adsorption, zeta potential,
contact angle and FT-IR attenuated total reflection
(ATR) measurements, have been used in this study
to clearly illustrate the structural transitions, and the
structure of self-assembled surfactant films at different
adsorbed amounts of the surfactants at the interface.

The adsorption, zeta potential and contact angle mea-
surements of silica surfaces, in 0.1M NaCl at pH 4.0 as a
function of the solution Ci2TAB concentration, obtained
in this study are presented in Figure 10.23. Based on the
observations, various possible self-assembled surfactant
structures as a function of the surfactant concentration
were suggested. Based on the interface properties, the
entire self-assembly process was divided into six stages,
marked as "A-F" on the figure. At low concentrations
(below 0.007 mM, Region A on Figure 23), individual
surfactant adsorption takes place. The next structural
transition in this system was the formation of hemi-
micelles, which is evidenced by a significant effect on
both the zeta potential and hydrophobicity of the sur-
face. At approximately 0.1 mM in region B, the sign of
the zeta potential reverses, although the contact angle
continues to increase, indicating that the reversal in
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C12TAB concentration (mM)
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Figure 10.23. Adsorption isotherm (squares), zeta potential (triangles), and contact angle (circles) data of silica surfaces, obtained
in 0.1M NaCl at pH 4.0 as a function of the solution C12TAB concentration (after ref. (10)). ("Reproduced with permission from
Langmuir, 2000, 16, 7255-7262, Copyright (2000) American Chemical Society")
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zeta potential is not due to formation of bilayers, as
has been suggested in earlier literature. This reversal
in zeta potential, while the hydrophobicity continues to
increase, was attributed to either hydrophobic associa-
tion between the surfactant tails, thus resulting in the for-
mation of hemimicelles, or due to some kind of specific
adsorption. In regions B and C, the contact angle contin-
ues to increase, hence indicating an increasing concen-
tration of hemimicelles at the interface. Beyond a certain
concentration (approximately 2.3 mM), the hydropho-
bicity decreases (region D), and is accompanied by an
increase in the rate of increase of the zeta potential.
This indicates the formation of structures which have an
increasing number of their polar heads oriented towards
the solution. The sharp increase in zeta potential, and the
corresponding decrease in contact angle, was attributed
to the transition of the surfactant structure from hemim-
icelles to either bilayers, spherical aggregates (imaged
at surfaces by using AFM), or structures having "semi-
spheres" on top of perfect monolayers. At higher sur-
factant concentrations beyond the bulk CMC (Regions
E and F), based on AFM imaging, spherical aggregates
or composite semi-spheres on top of perfect monolayers
(it is not possible to distinguish between these struc-
tures, based just on AFM imaging) are known to exist.
Thus, based on the adsorption, zeta potential and con-
tact angle results, several plausible surfactant structures
were proposed at the interface at different concentra-
tions of the surfactant. To illustrate the exact structural
transitions taking place at the interface, the FTIR/ATR
spectroscopic technique (with a polarized IR beam),
which can probe the adsorbed structures directly, was
employed.

The FTIR/ATR technique is based on the fact that
individual surfactant molecules, hemimicelles, monolay-
ers, bilayers and spherical/cylindrical aggregates at the
interface will have different average orientations of the
alkyl chain with respect to the surface normal. Different
average orientations would result in different absorptions
of the plane-polarized IR beam, and can thus be used to
identify the surfactant structures at the interface (11).

Based on the FT-IR study, the proposed surfactant
structures in the different regions were verified. In region
D, it was found that spherical aggregates are formed
directly from hemimicelles, without the formation of
bilayers. In fact, no evidence of bilayer formation
was seen in this system, even at very high surfactant
concentrations.

By using the contact angle, FTIR, zeta potential
and adsorption data, the above structural transitions are
summarized by the schematic shown in Figure 10.24,

(a)c
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Figure 10.24. Schematic representation of the proposed
self-assembled surfactant films at concentrations corresponding
to regions A - F in Figure 10.23: (A) individual surfactant
adsorption; (B) low concentration of hemimicelles on the
surface; (C) higher concentration of hemimicelles on the
surface; (D) hemimicelles and spherical surfactant aggregates
formed due to increased surfactant adsorption and transition
of some hemimicelles to spherical aggregates; (E) randomly
oriented spherical aggregates at the onset of steric repulsive
forces; (F) surface fully covered with randomly oriented
spherical aggregates (after ref. (11)). ("Reproduced with
permission from Langmuir, 2001, 17, 468-473, Copyright
(2001) American Chemical Society")

which illustrates the structures present at the interface
for the concentration regions A - F in Figures 10.23.

8 PARTICLE PROCESSING

8.1 Dispersion of particles

Different types of dispersions are encountered in
industrial applications, the most common ones include
solid/liquid (suspension), liquid/liquid (emulsions),
gas/liquid (foams), liquid/solid (gels), and liquid/gas
(aerosols). These dispersions are encountered in almost
every industry in some form or the other during the
preparation or as end product. Examples of industrial
applications of dispersions include paints, dyestuffs,
printing ink, paper coatings, cosmetics, ceramics,
microelectronics, agrochemical and pharmaceutical
formulations, and various household products. In the
following sections, the characterization and properties
of solid/liquid suspensions will be described. However,
the same concepts would be valid for other kinds of
dispersions also.
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8.1.1 Characterization of the state of dispersion

There are numerous techniques available for character-
ization of the state of dispersion. Some of the most
common methods are as described in the following.

1. In Situ Particle size measurement If the particle's
primary particle size is known, then measurements
of the size distribution in the suspension state can
indicate if the powder is dispersed or flocculated.
Table 10.6 presents some in situ particle sizing tech-
niques, along with the size ranges that they are capa-
ble of measuring and the concentrations of samples
which can be used. Caution should be exercized,
however, when using such techniques, since no one
method is appropriate for all slurries. Most of the
ensemble techniques, such as light scattering, photon
correlation spectroscopy, referenced light scattering,
acoustic spectroscopy, flow field fractionation and
sedimentation, are not sensitive to the tails of the
particle size distribution plots. There is definitely a
need for developing size distribution techniques that
are sensitive to large particles, are able to measure
slurries without dilution, and may be modified for
in-line particle size analysis.

2. Consolidation behaviour The state of the dispersion
can be assessed by monitoring powder consolidation
rates, such as sedimentation, filtration or casting
rates. Poorly dispersed suspensions will tend to
undergo more rapid consolidation when compared to
well-dispersed samples because of the large particle
(i.e. floc/agglomerate) size. This effect is illustrated
in Figure 10.25 for titania suspensions prepared at
various pH levels, showing the sediment height as
a function of the suspension pH. A lower sediment
height indicates that the initial settling rate and
coagulation is fast and the suspension is unstable. At
about pH 7.0, which is the IEP for the system, the
system is most unstable, since there are no repulsive

Table 10.6. Different techniques used for particle size mea-
surements in suspension, and the corresponding size ranges
and concentrations

Technique

Electrical sensing zone
Light scattering
Photon correlation

spectroscopy
Referenced light scattering
Acoustic spectroscopy
Flow field fractionation
Sedimentation

Size range

400 nm-1.2 mm
40 nm-2 mm
2 nm-5 urn

30 nm-5 urn
100 nm-10 (im

15 nm-2 |im
100 nm-100 urn

Solids range
(vol%)

Dilute
Dilute
Dilute

Dilute-5.0
2.0-50.0
2.0-20.0

Dilute

I

10 min

10 12 14
PH

Figure 10.25. Sediment height of TiO2 particles as a function
of pH and time (in 10~2M KNO3 solution)

electrostatic forces to keep the particles apart, and the
particles coagulate due to attractive van der Waals
forces. Another way to observe sedimentation would
be to measure the turbidity of the suspension. A
higher turbidity indicates a higher scattering of the
incident light, which in turn indicates a stable slurry.

Settling, however, may not be feasible or practical
for nanosized particles unless strong agglomeration
is present. Settling is also influenced by other factors
such as viscosity and structure formation. The tur-
bidity measurements are most reliable when used on
non-settling and translucent slurries.

3. Consolidated structure The consolidated structure
(i.e, powder compact) that forms after the liquid is
removed from the suspension depends on the state
of the dispersion. Well-dispersed suspensions tend to
form consolidated structures with a higher particle
packing density (lower total porosity) when com-
pared to samples prepared from suspensions with
flocs/agglomerates (Figure 10.26) (12). In addition,
the samples prepared from well-dispersed suspen-
sions tend to have a smaller average pore size and a
narrower pore size distribution.

4. Rheology This is the science dealing with the
flow and deformation of materials. The rheological
behaviour of particle/liquid systems is important in
most processing operations, including powder and
batch preparation, materials transport, coating and
deposition, and shape forming. Rheological proper-
ties are highly dependent upon the physical structure
of the particle/liquid system. The structure is gov-
erned by factors such as the particle size and shape
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Figure 10.26. Consolidated structures for dispersed and floc-
culated suspensions (after ref. (12))

distribution, solid/liquid volume ratio and interparti-
cle forces. Rheological measurements can often be
used to deduce information about the state of the
paniculate dispersion in the suspension.

The viscosity, 77, is defined as the ratio of the shear
stress (r) to the shear rate (Z)), as follows:

T

"=0 (10.24)

At low solids loading, flocs/agglomerates may remain
as individual flow units, which do not interact
extensively. Flow behaviour may be Newtonian,
although the viscosity will be higher than that
observed in the corresponding dispersed suspen-
sion. This is due to the immobilized liquid in the
intra-floc (intra-agglomerate) voids, which results
in an increase in the "effective" solids loading of
the suspension (Figure 10.27). As the solids load-
ing increases, agglomerated suspensions tend to show
shear-thinning behaviour (i.e. the viscosity decreases
as the shear rate is increased. Extensive structure
(floc/aggregates) exist at low shear rates. The vis-
cosities tend to be significantly higher than the cor-
responding dispersed suspensions due to immobilized
liquid. As the shear rate is increased, the structure is
broken down, entrapped liquid is released, and the
viscosities are observed to decrease. Whether or not
the flow units are broken down to primary particle
size levels depends on the shear rate and the strength
of the agglomerates.

1
cc

Flocculated/
agglomerated

Dispersed

0 i/F/A vD 1

Volume fraction of solids

Figure 10.27. Variation of the relative viscosity as a function
of the volume fraction for flocculated/agglomerated and dis-
persed suspensions

8.1.2 Control of dispersion through surface
chemistry

1. pH and ionic strength As illustrated earlier, both pH
and ionic strength control the surface charge and
hence the suspension stability. The effect of pH is
shown in Figure 10.25 for a titania suspension, which
exhibits minimum stability at the isoelectric point of
titania, where the net surface charge is zero, and
there is no electrostatic repulsive force to prevent
the particles from agglomerating due to attractive
van der Waals forces. Figure 10.28 (13) shows the
effect of electrolyte concentration on the stability of
a silica suspension under different pH conditions.
At low electrolyte concentration, the suspensions are
stable at all pH values (indicated by high turbidity),
whereas, at higher salt concentrations, suspensions
are unstable under pH conditions where the surface
potential is lower.

2. Surfactant adsorption at the surface As discussed in
an earlier section, the adsorption of ionic surfactants
can lead to charge development on the surface, and
hence lead to stabilization of paniculate dispersions.
It has been shown recently by Adler et al. (10), that
self-assembled surfactant layers at the particle surface
can impart stability to nanoparticulate suspensions in
extreme environments. It was proposed that the resis-
tance to elastic deformation of the surface surfactant
structures was the primary stabilization mechanism.
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Figure 10.28. Illustration of the effect of electrolyte concen-
tration on the coagulation of suspensions (after ref. (13))
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Figure 10.29. Turbidity of a 0.02 vol% suspension of
sol-gel-derived 250 nm silica particles after 60 min in a
solution of 0.1 MNaCl at pH 4 as a function of the Ci2TAB
concentration, and the measured interaction forces between
an AFM tip and the chemical vapour deposited (CVD) silica
substrate under identical solution conditions. A significant
repulsive force arises upon a change in concentration from
8 to 10 mM, which directly corresponds to the formation
of a stable suspension (after ref. (10)). ("Reproduced with
permission from Langmuir, 2000, 16, 7255-7262, Copyright
(2000) American Chemical Society")

Figure 10.29 (10) depicts the suspension turbidity, a
measure of the stability of a suspension of 0.25 urn
sol-gel-derived silica particles and the surface forces
measured with an atomic force microscope, as a
function of the surfactant (C12TAB) concentration
at pH 4.0 and 0.1M NaCl. Under these conditions,
the silica suspension without the dispersant is unsta-
ble, as determined by turbidity measurements. It is
seen that there exists a critical concentration of the
surfactant, above which repulsive forces between

surfactant-coated surfaces are observed, and particle
stability occurs. This transition from an unstable to a
stable suspension, from no repulsive forces to steric
repulsive forces, occurs just beyond the bulk criti-
cal micelle concentration (CMC) of the surfactant.
These authors reported the stability of silica sus-
pensions under 5M NaCl concentration conditions,
where the zeta potential is approximately zero. Sta-
bility under relatively high electrolyte concentrations
further indicates that electrostatic repulsion may not
be the only stabilization mechanism in the presence
of self-assembled surfactant structures at the surface
of the particle. It is important to note that the repul-
sive forces measured between the microscope tip
and the silica surface in the presence of the self-
assembled layer is at least an order of magnitude
higher than the repulsive force expected from pure
electrostatic interactions.

3. Polymer adsorption at the surface-steric barrier As
two polymer-coated particles approach each other,
the outer segments of the adsorbed polymer layers
begin to overlap, thus leading to steric repulsive
forces. This overlap usually takes place when the
separation between the particles is less than a few
Rg (radius of gyration) units (introduced earlier,
see equation (10.16)). The repulsive steric force
is, in fact, a repulsive osmotic force due to the
unfavourable entropy resulting from the compression
of the chains between the surfaces. This repulsive
force is critical in particulate processing, because
it can be used to stabilize dispersions which are
otherwise unstable. In order for the steric repulsion to
be effective, the range of the latter should be greater
than distances at which van der Waals forces become
dominant.

The steric repulsive force depends on the quantity or
coverage of the polymer on each surface, and on the
quality of the solvent. Three domains of close approach
for sterically stabilized particles can be defined (1),
based on the separation distance between the particles,
d, and the thickness of the steric layers, / (Figure 10.30).

(i) d > 21. This region is referred to as the non-
interpenetrational domain, since the adsorbed poly-
mer layers cannot interact, and no steric repulsive
forces are observed.

(ii) I < d < 21. When the distance between the surfaces
is less than twice the steric layer thickness, inter-
penetration occurs between the adsorbed polymer
molecules on both the surfaces - this domain is
referred to as the interpenetrational domain. Due
to such interpenetration, the solvent molecules are
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(a)of>2/

Figure 10.30. The three domains of sterically stabilized flat
plates: (a) non-interpenetration; (b) interpenetration; (c) inter-
penetration and compression of the adsorbed layer

driven out of the overlap region, thus resulting in
de-mixing. In good solvents, this de-mixing of seg-
ments and solvent leads to repulsion, due to the
increase in the free energy of the system,

(iii) d < /. When the separation distance is less than
the adsorbed layer thickness, apart from inter-
penetration, compression of the adsorbed polymer
molecules also takes place. In addition to the de-
mixing of solvent and segments, the reduction in
elasticity of the polymer segments also contributes
to the free energy of the system. This elasticity
arises from the reduction in the configurational
entropy of the adsorbed surfactant molecules, and
irrespective of the quality of the solvent, leads to
steric repulsion.

For a detailed mathematical description of these three
domains, the interested reader is referred to ref. (1).

A direct measure of the interaction energy can be
obtained by using atomic force microscopy (AFM).
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Figure 10.31. Interaction force between a silica sphere and a
flat silica substrate (pH 3.0, 0.01 M NaCl), both in the absence
and presence of 100 ppm of PEO (Mn 7500) dispersant
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Figure 10.32. Stability of silica particles (pH 3.0, 0.01 M
NaCl) as a function of the PEO dosage, showing the variation
with different molecular weights of the polymer

Figure 10.31 depicts the force between a silica sphere
and a flat silica surface measured by using such a tech-
nique, both with and without poly(ethylene oxide) (PEO)
(Mw 7500). Under the conditions of the experiment
(pH 3.0, 0.01 M NaCl), in the absence of the poly-
mer, the electrostatic repulsive forces are not strong
enough, and the van der Waals forces become domi-
nant and lead to an attractive interaction between the
surfaces. In the presence of the polymer, steric repul-
sive forces are observed between the surfaces, and no
net attractive force is measured. Figure 10.32 illustrates
the stability of silica particles under similar conditions,
but using PEO with different molecular weights. In the
absence of polymer, the turbidity of the silica suspen-
sion is low, hence indicating an unstable suspension, and
this correlates with the attractive interactions observed
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Table 10.7. Some commonly used dispersants, their formulae
and the mechanisms of dispersion involved in application

Dispersant

Sodium silicate
Sodium

Hexametaphosphate
Dodecyl trimethyl

ammonium
bromide

Poly(acrylic acid)

Poly(ethylene oxide)
Polyacrylamide

Poly(vinyl alcohol)
Poly(methacrylic

acid)
Poly(vinyl amine)

Formula

Na2Si03

(NaPO3)M

(CH2)i2N(CH3)3Br

(CH2-CH-COOH),2

(CH2-CH2-O),,
(CH2-CH-CONH2),Z

(CH2-CHOH),Z

(CH2-CCH3COOH),7

(CH2-CHNH3C1),Z

Dispersion
mechanism

Electrostatic
Electrostatic

Electrostatic,
steric

Electrostatic,
steric

Steric
Electrostatic,

steric
Steric
Electrostatic,

steric
Electrostatic,

steric

in Figure 10.31. Above a certain dosage of the added
polymer, a stable suspension is observed, and this again
correlates to the steric forces observed in the presence
of the polymer.

A list of commonly used dispersants, including
both inorganic and polymeric materials, is provided in
Table 10.7.

8.2 Selective flocculation of particles

The process of selective flocculation is used for
solid-solid separations (i.e. to separate a desired compo-
nent from a mixture of particles). The process involves
the selective adsorption of a polymeric flocculant on
the desired component, resulting in the formation of
agglomerates known as floes, and the separation of
such aggregates from particles of other component(s)
in the dispersed phase. The competition between dif-
ferent surfaces for the flocculant has to be controlled
in order to achieve adsorption on the targeted compo-
nents). The floes are separated from the suspension
either by sedimentation/elutriation or floc-flotation. In
order to improve the concentrate grade, if possible, the
floes may be subjected to further washing.

The selective flocculation process involves four
steps (6): (i) dispersion of the fine particles by addi-
tion of inorganic or organic dispersants, (ii) selective
adsorption of the polymer on the flocculating com-
ponent and formation of the floes, (iii) floe growth,
which is generally achieved by conditioning at low
shear, and (iv) floe separation, either through sedimenta-
tion/elutriation/sieving or flotation, followed by cleaning

of the floes by repeated redispersion and flocculation, if
necessary.

The principles of selective flocculation as well as
the underlying surface chemistry has been reviewed
earlier by various authors, including the groups of
Kitchener, Attia and Moudgil and their co-workers. (The
interested reader is referred to ref. (6) for details of these
publications.)

The process of selective flocculation is being used
industrially by companies such as the Engelhard Cor-
poration (process for removal of titania from clays),
Thiele Kaolin Georgia (separation of titania from clays)
and the Cleveland Cliffs Company (beneficiation of non-
magnetic taconites, and separation of silica). Although
the primary application of selective flocculation has been
in the mineral processing industry, many potential uses
also exist in biological and other colloidal fields. These
include purification of ceramic powders, separation of
hazardous solids from chemical wastes, and removal of
deleterious components from paper pulp.

It is important to note that the choice of selective
reagents/flocculants based on single-mineral tests does
not guarantee a successful separation scheme. In gen-
eral, the selectivity observed in single-component tests
is lost in mixed-component or natural systems because
of one or more of the following reasons: heterocoagula-
tion, charge patch neutralization, dissolved ion interfer-
ence, slime coating, physical entrapment, entrainment,
heteroflocculation, and cross-contamination during the
size reduction process (6). In order to develop selective
separation schemes, the role of these factors and their
dependence on the surface chemistry of the components
becomes very important. In the following section, the
choice of selective flocculants based on surface chem-
istry will be discussed.

8.2.1 Design of selective reagents based on
surface chemistry

The surface property which has the greatest differ-
ence between flocculating and nonaggregating parti-
cles should be the basis for selection of a flocculant.
The latter materials are high-molecular-weight polymers
and can adsorb through hydrogen bonding, hydrophobic
interactions, electrostatic interactions, chemical bonding
and van der Waals forces.

Flocculant selection based on surface charge

The differences in surface charge, either natural or
induced by controlling the pH and solution conditions,
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can be used to achieve selective adsorption of the floccu-
lant. For example, a hydrolyzed polyacrylamide, which
is negatively charged, can be employed to separate
apatite from clay under appropriate dosage and pH con-
ditions. In this system, clay is negatively charged in the
pH range 4-10, while apatite has an IEP at pH 6.5,
and hence by selecting the pH of the solution such that
the minerals are oppositely charged, selectivity can be
achieved based on surface charge.

However, the possibilities of achieving an adequate
selectivity based on electrostatic interactions alone are
limited since the particulates involved may have similar
isoelectric points (e.g. the apatite-dolomite system) or
there may be specific interactions between the polymer
and mineral surface.

Selectivity based on specificity of hydrogen
bonding

The specificity of hydrogen bonding of surface hydrox-
yls with PEO was discussed in Section 6.3 above (see
Figure 10.20 (6)). Those oxides which did not adsorb
PEO displayed no flocculation with this polymer, while
SiO2, MoO3, and V2O5 flocculated with PEO. In gen-
eral, highly acidic oxides of the type MO3, M2O5, and
MO2 are expected to adsorb and flocculate with poly
(ethylene oxide).

Flocculant selection based on specific interactions

Flocculants can be designed on the basis of certain
specific interactions, such as chemical reactions of the
flocculant with surface sites or ions present on the
surface. For example, poly(acrylic acid) (PAA) can
react with calcium sites on surfaces. However, such
an approach fails when the cations participating in the
complexation reactions on the surfaces are the same or
chemically similar.

Selectivity based on molecular recognition

An alternative approach to the selective creation of
adsorption sites on the surface, appropriate to the poly-
mer adsorption mechanism(s), would be to design the
flocculant molecule such that its configuration is com-
patible with the molecular architecture of the surface.

Based on the molecular/ionic recognition mecha-
nisms, the need to take into account the surface structure,
rather than simple interactions with single sites on the
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Figure 10.33. Schematic illustrating the mechanism of starch
adsorption through binuclear complexation with Fe sites on the
surface of haematite (after ref. (6)). ("Reprinted from Interna-
tional Journal of Mineral Processing, 58, S. Mathur, P. Singh
and B. M. Moudgil, Advances in selective flocculation technol-
ogy for solid-solid separations, Page 218, Copyright (2000),
with permission from Elsevier Science")

surface, in designing novel reagents for selective separa-
tion, has been suggested (6). Polymeric reagents having
two or more functional groups, with an appropriate spac-
ing between them, to achieve structural/stereochemical
compatibility with the surface are likely to exhibit
enhanced structure specificity, and hence act as more
selective dispersants and flocculants. Thus, the choice
of selective reagents on the basis of molecular recog-
nition (structural compatibility) mechanisms could help
in enhancing selectivity in natural ore systems, particu-
larly with respect to overcoming the adverse effects of
soluble-ion activation, heteroflocculation and slime coat-
ing. For instance, the unusual selectivity of starch-based
reagents for haematite and alumina has been attributed to
the structural compatibility between the interacting oxy-
gens in the starch end-groups and the Fe-Fe distance
on the surface of haematite (or Al-Al in the case of
alumina). Figure 10.33 (6) schematically illustrates this
concept of structural compatibility.

8.2.2 Modifying surface chemistry and
structure to enhance selectivity

A knowledge of the polymer adsorption mechanism(s)
can be used to create sites for adsorption in systems
where such sites do not exist. In such cases, the binding
sites for the polymer functionality may be selectively
created by altering the surface chemistry and surface
molecular architecture. Some of the methods by which
appropriate surface bonding sites can be created are
discussed below. These include modifying the surface
by changing the pH, heat treatment of the substrate and
selective coating on to the particles.
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Effect ofpH

In the case of hydrogen-bonding polymers, such as
PEO, the nature of the surface hydroxyl groups can
be manipulated by pH to control the adsorption and
desorption behaviour of the polymer, and hence the
flocculation of the material.

Effect of heat treatment

Figure 10.34 (6) illustrates the effect of heat treatment
of sol-gel-derived silica powders on the adsorption
of PEO. The adsorption and flocculation of PEO on
silica increases with temperature up until 700°C and
then decreases (see Figure 10.34). This behaviour of
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Figure 10.34. Adsorption isotherms for differently treated sil-
ica particles (at pH 5.6). The adsorption density of PEO
increases with temperature up until 700°C and then decreases
(after ref. (6)). ("Reprinted from International Journal of Min-
eral Processing, 58, S. Mathur, P. Singh and B. M. Moudgil,
Advances in selective flocculation technology for solid-solid
separations, Page 216, Copyright (2000), with permission from
Elsevier Science")

silica upon heat treatment was correlated with the
concentration of isolated silanol groups on the surface;
adsorption and flocculation were found to be highest at
the maximum isolated silanol concentration.

Recently, it has been shown by using NMR spec-
troscopic measurements (8) that heat treatment can be
used to alter the acidity of the silica surface, and hence
to control the adsorption of polymers (such as PEO) that
bind by hydrogen bonding.

Effect of surface coating

It was observed (6) that the source of the mineral
strongly influences its interaction with a given reagent.
Dolomite samples obtained from Florida exhibited floc-
culation with PEO whereas those from Perry Mines,
Georgia and New Jersey did not flocculate at all.
A detailed characterization of these dolomite samples
revealed that the flocculating dolomite is surface-coated
with a minor amount of palygorskite clay. The latter
material, due to the presence of strong Br0nsted acid
sites on the surface, adsorbs and flocculates with PEO.
This phenomenon can thus be used to introduce selec-
tivity in to a system, where the pure components are
inert to the given polymer, by coating of the desired
components.

In natural systems, the presence of even trace lev-
els of surface-active impurities can alter significantly
the surface characteristics and hence the flocculation
behaviour of the constituent minerals. In order to achieve
a better control of selectivity, surface characterization
techniques for analysing impurities and surface contam-
inants are therefore essential.

A list of some commonly used flocculants is provided
in Table 10.8.

Table 10.8. Some commonly used flocculants, their functional groups and the adsorption (bonding) mechanisms involved in
application

Flocculant Type Functional group Adsorption mechanism

Starch
Gums
Cellulose
Alginates
Carboxylic salts of poly(acrylic

acid)
Poly(styrene sulfonate)
Poly(vinyl phosphonate)
Polyethylenimine
Poly(ethyldimethyl sulfonium

chloride)
Poly(vinyl alcohol)
Poly(ethylene oxide)
Polyacrylamide

Natural
Natural
Natural
Natural
Anionic

Anionic
Anionic
Cationic
Cationic

Nonionic
Nonionic
Nonionic

-OH
-OH
-OH
- O H , - S O 3 - , - N H 2

+

-coo-
- S O 3 -
-PO3 2 -
-NH 2

+

-S(CH 3 ) 2
+

-OH
- O -
-CONH2

Hydrogen bonding
Hydrogen bonding
Hydrogen bonding
Hydrogen bonding, electrostatic, chemical bonding
Hydrogen bonding, electrostatic, chemical bonding,

hydrophobic bonding
Electrostatic, hydrogen Bonding, chemical bonding
Electrostatic, hydrogen bonding
Electrostatic, coordination bonding
Electrostatic

Hydrogen bonding
Hydrogen bonding, hydrophobic bonding
Hydrogen bonding, coordination bonding
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8.3 Flotation of minerals

In the processing of fine particles, it is often necessary to
separate certain components of the mixture from the oth-
ers. For carrying out such a solid-solid separation, dif-
ferences in the physical or chemical attributes between
the components can often be utilized. One such prop-
erty is the surface hydrophobicity, with froth flotation
being the most common industrial process based on this
approach. The term surface hydrophobicity refers either
to the tendency of the particle not to closely associate
with water or to repel it from the surface. Particles that
are hydrophobic have a tendency to associate with oily
or hydrocarbon-based materials. The process of froth
flotation is based on the simple idea of using air bub-
bles to provide an escape mechanism for the hydropho-
bic particles from the water-based mixture of particles.
Because of the free-energy driving forces associated
with hydrophobic surfaces in water, the hydrophobic
particles prefer to attach themselves to the air bubbles
rather than remain in the water. Once the particles are
attached to the bubble, they are carried up by the latter
to the surface of a constantly agitated water-solids mix-
ture (referred to as "pulp"). At the surface, a stabilized
froth is formed which can then be removed (skimmed)
from the surface. The component left behind in the pulp
(referred to as "gangue") is then either discarded or
reprocessed.

However, in mineral systems, the difference in
hydrophobicity between the components, may not be
significant with most of the naturally occurring minerals
having some kind of hydrophilic characteristic associ-
ated with their surfaces. In order to achieve selectivity
in separation, the surface of the components therefore
has to be modified to render it hydrophobic, while at
the same time ensuring that the component which is
not to be floated remains hydrophilic in character. In
almost all flotation processes, selective development of
hydrophobicity is achieved by adsorption of surfactants
to render the surfaces hydrophobic. In the flotation lit-
erature, these surfactants are known as "collectors". A
list of some of such commonly used collectors is given
in Table 10.9.

The success of any flotation scheme depends on
several factors, such as (i) the production of appropriate
particle sizes of the liberated components in the mixture
of the solids to be separated, (ii) the creation of selective
hydrophobicity, and (iii) the formation of a stable froth
containing the desired component on the surface of the
agitated mixture of the particles (pulp).

Each of these steps is very important, but the
selective modification of the surfaces by surfactant

Table 10.9. Collectors used for froth flotation and
their chemical structures

Collector Formula"

Primary amine Salt
Secondary amine Salt
Tertiary amine Salt
Quaternary ammonium salt
Sulfonium salts
Carboxylate
Sulfonate
Alkyl sulfate
Hydroxamate
O-Alkyl dithiocarbonates
Dialkyl dithiocarbamate
Dialkyl dithiophosphates

3

RR'NH 2
+ Cr

R(R /)2NH+Cr
R(R /)3N+Cr
RS(R')2+Cr
RCOO~Na+
RSO3"Na+
R_O-SO3~Na+

R-CO-NHONa+
R _O-CS 2 "Na +

R2N-CS2~Na+
(R_O)2-PS2-Na+

°R represents a hydrocarbon chain, usually >10 carbon
atoms; R' is a short alkyl chain, usually a methyl group.

adsorption is the key to a successful flotation process.
The procedure for selecting the optimum collector is
very complex, because not only is the surface chemistry
important, but also the economics of the process in terms
of collector dosage. In the remainder of this section, the
selection of collectors on the basis of surface chemistry
will be discussed in detail.

8.3,1 Collector selection based on surface
charge

In these flotation schemes, the electrostatic interaction
between the collector and the mineral plays an important
role. In all cases, the flotation of the mineral using
the collectors is carried out under pH conditions when
the mineral and the collector are oppositely charged.
For example, oxide-based minerals, such as corundum
(aluminium oxide), haematite (iron oxide) and geothite
(iron oxide), can be floated by using cationic collectors
such as primary, secondary, tertiary and quaternary
amines, plus other collectors such as alkyl pyridinium
salts above their isoelectric points (IEPs) (14), or they
can be floated by using anionic collectors such as sodium
alkyl sulfates, or sodium alkyl sulfonates below their
IEPs (15). Figure 10.35 shows the zeta potential under
different salt conditions, plus the flotation recovery data
for geothite when using three different surfactants (8).
It can be seen from this figure that the recovery is
at a maximum when the collector and the mineral
surfaces are oppositely charged, whereas the recovery
drops to zero when the surface charges are similar in
nature.
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Figure 10.35. Flotation of geothite with 10 3 M solutions of
dodecylammonium chloride (open squares), sodium dodecyl
sulfate (open circles) and sodium dodecyl sulfonate (filled
circles), illustrating the dependence of flotation recovery on
surface charge (after ref. (8))

8.3.2 Collector selection based on surface
reactions

Surface reactions, such as ion exchange, where surfac-
tant anions can replace crystal lattice ions, or actual
surface reactions where the surfactant forms complexes
with the ions present on the surface, can lead to surfac-
tant adsorption, and have been used in several systems
to achieve flotation selectivity.

For example, as shown in Figure 10.36 (15), no
adsorption of myristate (an anionic surfactant) occurs
below the isoelectric point (pH 7.0) of chromite (even
though the surfaces are oppositely charged), while essen-
tially complete flotation is achieved at about pH 9.0
(when the surfactant and surface are similarly charged).
The lack of flotation below the IEP was attributed to
the limited solubility of myristic acid under these con-
ditions. A similar behaviour has been observed for the
flotation of haematite with myristate. Chemisorption of
another anionic collector, octyl hydroxamate, has also
been observed on haematite at pH 9.0 (15).

In the case of oxides, experimental evidence indi-
cates that the following phenomena must occur in order
for the adsorption to take place by surface reactions:
(i) slight mineral dissolution, followed by hydrolysis

100 r
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Figure 10.36. Flotation of chromite with 10~4M myristate, as
a function of pH. Note that very little flotation occurs below the
IEP of chromite (pH 7.0) with a negatively charged collector,
while flotation increases when similar charges exist on both
surfactant and surface-an indication of chemisorption (after
ref. (15))

10 11

Figure 10.37. Flotation of chrysocolla as a function of pH with
different concentrations of octyl hydroxamate (after ref. (15))

of the contained metal ions to hydroxy complexes,
(ii) adsorption of hydroxy complexes by hydrogen bond-
ing, and (iii) collector adsorption on these metal ion
sites. For example, the flotation of chrysocolla (cop-
per oxide) with octyl hydroxamate (Figure 10.37) takes
place in the pH range in which CuOH+ is present
in significant concentration (Figure 38) (15). Optimum
flotation occurs at approximately pH 6.3, which is also
the pH at which the zeta potential becomes posi-
tive in the presence of Cu+ + . The infrared analy-
sis data for this system is presented in Figure 10.39,
which shows the spectra of chrysocolla, cupric octyl
hydroxamate and chrysocolla after being treated with
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Figure 10.38. Species diagram for 10 4MCu2 + as a function
of pH (after ref. (15))

0.001 M octyl hydroxamate. Cupric octyl hydroxam-
ate has major bands at 925, 1095, 1380, 1450, and
1535 cm"1, while bands at 1380, 1450 and 1535 cm"1

are observed on chrysocolla after it has been treated with
the collector, hence indicating the formation of cupric
octyl hydroxamate at the surface during the adsorp-
tion process. This surface reaction is evident from the
fact that chrysocolla changes colour from its natural
blue-green to a vivid green colour upon adsorption of
the collector.

The chemisorption of fatty acids, such as oleic, or
their soaps, on salt-type minerals, such as calcite, or
apatite, is another example of the use of chemical inter-
actions to achieve selectivity. In salt-type minerals, this
becomes significant, since the minerals to be separated
have similar physico-chemical properties. The separa-
tion process is further complicated due to the presence
of several ions in the solution, owing to the fact that
the minerals are "semi-soluble". Chemisorption in these
systems is thought to occur by an ion-exchange process
in which the oleate anions replace an equivalent amount
of the crystal lattice ions, such as F~, CO3

2" and SO4
2~,

to build a surface layer of the alkaline earth oleate (16).
Oleate has been observed to adsorb on calcite

and apatite, electrostatically below their points of
zero charge, and chemically above these points.

(a)
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Figure 10.39. Infrared spectra of (a) chrysocolla, (b) cupric
octyl hydroxamate, and (c) adsorbed hydroxamate on chryso-
colla (at pH 6.0) (after ref. (15))

Figure 10.40 (16) illustrates the adsorption of different
amounts oleate on to calcite at a natural pH of 9.6,
plus the corresponding zeta potential data as a function
of pH. Adsorption at pH 9.6, when the surfactant and
surface are similarly charged, takes place due to the
interaction of the surfactant with the calcium species on
the surface. The sharp increase in the adsorption above
3 x 10~5 mol/1 was attributed to possible precipitation
of calcium oleate, since, with calcium present at a
concentration of ~ 1.5 x 10~4 mol/1, the solubility limit
is exceeded for calcium oleate above ~ 5 x 10~5 mol/1
of oleate. Corresponding measurements at constant ionic
strength reveal little change in the zeta potential below
concentrations of ~ 10~6 mol/1 of oleate. Adsorption on
calcite at these concentration levels and at pH values
below the IEP (pH 8.2) can therefore be considered due
to electrostatic attraction between the negative oleate
ions and the positive surface sites.

Above its IEP, the zeta potential of calcite is seen to
change continuously with oleate concentration. Simple
electrostatic adsorption under constant ionic strength
will not lead to the observed changes in the zeta
potential, thus implying that there is some specific kind
of interaction taking place. It was found that the calcium
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Figure 10.40. Adsorption (a) and zeta potential (b) behaviour
for the calcite-oleate system (after ref. (16))

concentration in solution at pH 12.1 is significantly
increased by the presence of oleate. This suggests
chemical bonding of calcium and/or its complexes with
the oleate in the solution, and even precipitation of
calcium oleate. Similar chemical interactions with the
surface calcium species, leading to the adsorption of
oleate on to calcite have also been demonstrated by
using infrared spectroscopy (16).

The multilayer adsorption of fatty acids on minerals
has been shown to occur by the direct adsorption of
precipitated metallic salts of the collectors. In fact, it
has been shown, on the basis of solubility product data
for a number of cationic soaps of fatty acid collectors,
that the precipitation of such salts is indeed required for
the incipient flotation.
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1 INTRODUCTION

It is well recognized that the energy consumption per
capita and the standard of living of a society are
interrelated. Among various sources of energy, fossil
fuels or crude oils play an important role in providing
the energy supply of the world. Crude oil is the
most readily exploitable source of energy available
to humankind, and is also a source of raw materials
for feed stocks in many of the chemical industries
on which our present civilization relies. The field
of surface chemistry is intricately connected to most

(if not all) processes of petroleum technology - from
the drilling of crude oil to petroleum refining and
petrochemical processing - as well as to allied and
dependent applications and industries. All of these
processes involve interfacial phenomena and surface
chemical interactions.

In the context of petroleum technology, surface
chemistry deals with the surface properties of crude
oil/air, crude oil/brine (or water) and crude oil/solid sur-
faces. Thus, surface tension, interfacial tension (IFT),
contact angle, wetting and surface charge (zeta potential)
are the parameters that one measures for surface
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chemical studies. The next section deals with the
fundamental aspects of surface chemistry and how they
relate to the petroleum industry. Following this dis-
cussion, we will describe several major areas in the
petroleum industry - enhanced oil recovery, corrosion
inhibition, oil spill clean-up, fluidization of bitumen,
asphaltic emulsions, oil/water separation and crude oil
dehydration - where knowledge of surface chemistry
plays a vital role.

2 FUNDAMENTALS

A surfactant molecule has two functional groups,
namely a hydrophilic (water-soluble) or polar group
and a hydrophobic (oil-soluble) or non-polar group.
The hydrophobic group is usually a long hydrocarbon
chain (C8-Ci8), which may or may not be branched,
while the hydrophilic group is formed by moieties such
as carboxylates, sulfates, sulfonates (anionic), alcohols,
polyoxyethylenated chains (nonionic) and quaternary
ammonium salts (cationic) (1). Crude oil contains organic
acids and salts, alcohols and other natural surface-active
agents. When crude oil is brought in contact with brine
or water, these natural surfactants accumulate at the
interface and form an adsorbed film which lowers the
interfacial tension of the crude oil/water interface.

Depending on the type of crude oil, the adsorbed film
at the interface can be either fluid or very viscoelastic
and able to form a skin. Depending on the properties
of the crude oil (e.g. API gravity (2), sulfur, salt and
metals content, viscosity, pour point, etc.), the struc-
ture of the film can vary significantly. Therefore, the
molecular packing, surface viscosity, surface elasticity
and surface charge of the adsorbed film are very impor-
tant parameters that determine various phenomena such
as coalescence of emulsion droplets, as well as oil drop
migration in porous media.

2.1 Adsorbed films

Adsorption is an entropically driven process by which
molecules diffuse preferentially from a bulk phase
to an interface. Due to the affinity that a surfactant
molecule encounters towards both polar and non-polar
phases, thermodynamic stability (i.e. a minimum in free
energy or maximum in entropy of the system) occurs
when these surfactants are adsorbed at a polar/non-polar
(e.g. oil/water or air/water) interface. The difference
between solute concentration in the bulk and that at the
interface is the surface excess concentration. The latter

is related to surface and interfacial tension by the Gibbs
Adsorption Equation (3-5), which in its practical form,
is as follows:

1 dyr fc (111)
where F is the surface excess per unit area (moles/cm2)
of surfactant measured, R the universal gas constant,
T the temperature (in kelvin), y the surface tension
(often replaced by o for interfacial tension), and C
the bulk concentration of surface-active species. Once
the surface excess F is known, the area per molecule
of adsorbed surfactant can be calculated by using the
following equation:

Area per molecule (A ) =
1016

(11.2)

with units of area/molecule in A /molecule, and where
A^A is the Avogadro constant (6.023 x 1023 molecules
per mole).

The Gibbs adsorption equation allows for calculation
of area per molecule from very simple measurements
of surface (or interfacial) tension versus surfactant
concentration in the solution. This calculation, in turn,
enables one to study the relative area/molecule of a
surfactant. Tighter molecular packing in the adsorbed
film lowers the interfacial tension.

In addition, for very surface-active molecules, a
slight increase in bulk phase concentration produces a
dramatic reduction in the interfacial tension.

With the use of specific surfactants, and with appro-
priate physico-chemical conditions, the interfacial ten-
sion of a crude oil/water interface can drop as low
as 10~4 mN/m (6). As will be discussed below, such
ultra-low interfacial tensions are very important in tech-
nologies such as enhanced oil recovery processes for
recovering crude oil from depleted oil wells.

The presence of surfactant molecules at an interface
leads to a dramatic change in many surface properties,
including surface and interfacial tensions (as discussed
above), contact angle, wettability, surface charge and
surface rheology (i.e. surface viscosity). Surfactants can
also act as a barrier when they adsorb at an interface,
thus influencing mass and heat transfer between the
adjacent phases as well as dispersion stability (1).

2.2 Self-assembly of surfactant molecules

The adsorption of surface-active molecules from a bulk
phase to a surface or interface is governed by an equi-
librium rate constant, and the adsorption occurs at any
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concentration. If the concentration of a soluble surfactant
in water is increased gradually, the surface concentration
also increases and reaches a maximum level at a specific
bulk concentration. Beyond this concentration, individ-
ual surfactant monomers begin to aggregate with their
hydrophilic heads pointing outwards towards the solu-
tion and the hydrophobic tails pointing inwards away
from the water in order to minimize the free energy
(i.e. maximize the entropy) of the system. The concen-
tration at which this aggregation occurs is called the
critical micelle concentration (CMC), and the aggregates
are called micelles. In general, micelles are spherical
aggregates of surfactant molecules about 4-10 nm in
diameter that are in equilibrium with single surfactant
monomers in the bulk aqueous solution (Figure 11.1).
The critical micelle concentration depends upon the
structure of surfactant molecules, as well as physico-
chemical conditions such as temperature, pH and the
ionic composition of the solution.

As total surfactant concentration is further increased,
other cylindrical, hexagonal-packed and lamellar

Adsorbed film
Air

\ \ \ | I \ \ \

i
Water

Monomers *r>

Micelles

Figure 11.1. Schematic representation of the three environ-
ments (monomer, micelle and adsorbed film) in which sur-
factant molecules reside in water above the CMC

structures may form, depending on the surfactant
structure and physico-chemical conditions (Figure 11.2).
If the bulk phase is non-aqueous, reverse micelles may
form with polar heads pointing inwards into a water core
and hydrophobic tails pointing outwards into the oil.

Monomers

Surfactant
Crystal
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Figure 11.2. Possible structures formed in a surfactant solution
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When an oil phase is present in contact with the
aqueous phase, the water/oil partition coefficient of
the surfactant, degree of surface activity and molecular
structure determine whether an oil-in-water (o/w) emul-
sion, water-in-oil (w/o) emulsion, or liquid crystalline
structure is formed (1).

Surfactant aggregates are dynamic systems. Thermal
energy and coulombic forces keep surfactant monomers
and aggregates in motion, and influence the rates of
formation and break-up of these structures. Micel-
lar systems, for example, exhibit two characteristic
"relaxation" times, known as x\ and r2, corresponding
to the rate at which single monomers enter and exit
a micellar aggregate, and to the rate of formation and
break-up of an entire micelle, respectively. The kinet-
ics of micellization has been shown to strongly affect
such interfacial phenomena as wetting time, foamability,
emulsion droplet size, oil solubilization rate and deter-
gency (7).

2.3 Contact angle and wetting

The wetting of a surface by a liquid and the ultimate
extent of spreading of that liquid are very important
aspects of practical surface chemistry. Porous media
in a petroleum reservoir can be water-wet or oil-wet,
depending on the chemical composition of the solids
and the crude oil. The extent to which crude oil wets
the porous media is directly related to the work required
to bring this oil to the surface, as will be seen later.
Wetting of a solid surface by a liquid is determined by
the contact angle (measured through the liquid) that this
liquid makes with the surface (Figure 11.3). Usually,
complete wetting means that the contact angle between
a liquid and a solid is zero, or so close to zero that the
liquid spreads on the solid spontaneously. Non-wetting
occurs when the angle is greater than 90°, so that the
liquid beads up like water on a waxy surface (8).

Young's equation, as follows:

describes the relationship between contact angle (0)
and the solid-vapour (ysv), solid-liquid (ysiJ a nd
liquid-vapour (yLV) interfacial tensions. This equation
is usually helpful and sufficient for describing wetting
equilibria in most circumstances. However, sometimes
it is useful to determine thermodynamically whether
wetting will occur. For a spontaneous process (such as
spreading) to occur, the free energy of the process must
be negative (8). In terms of surface tensions, we define
the spreading coefficient, SL/S, w n e r e :

= Xsv — Yiy — (11.4)

COS0 = (11.3)

Spontaneous spreading occurs when SL/S > 0. Thus, to
encourage wetting, /LV and /SL should be made as small
as possible. This is achieved by adding a surfactant
to the liquid phase to decrease the solid/liquid and
liquid/vapour interfacial tensions.

Contact angle and wetting are closely related to
the interaction of crude oil with the rock surface and
solid particles in the reservoir porous media. The silica
in sand, for example, is preferentially water-wet so
that oil will not wet its surface. Silica is negatively
charged, and the negative charges found in the adsorbed
film around crude oil droplets leads to repulsion and
a beading effect between the water-wet solid and oil.
On the other hand, limestone, having a net positive
charge, will preferentially bind to the negatively charged
surfactants from crude oil such as organic acids. Hence,
the surfactant tail will be facing outward and the oil
can spread on the limestone. Both excessive beading
(non-wetting) and complete wetting of porous media
by a crude oil make it very difficult to coalesce oil
droplets and move oil ganglia through porous media to
the surface.

Figure 11.4 shows how the wettability of a water-
wet solid surface in contact with an oil droplet can
change when surfactant molecules adsorb on to it. As is
shown, if the solid surface has some negative sites where
cationic surfactants can be adsorbed, the hydrophobic
tails of these molecules will point towards the oil,
thus making the solid surface more wettable by the oil
droplet.

Vapour

Figure 11.3. Force balance among the three surface tensions
(Young's equation) acting at each point in the contact line; 0
is the contact angle of the liquid with the solid surface

2.4 Foams

For a liquid to produce a foam, it must be able to
(i) expand its surface area so as to form a thin film
around gas bubbles, (ii) possess the correct rheolog-
ical and surface properties to retard thinning of the
lamellae leading to bubble coalescence or collapse, and
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Oil droplet

Flattened oil droplet

Adding surfactant

Water-wet solid Water-wet solid

Figure 11.4. The wettability of a water-wet solid surface in
contact with an oil droplet increases when surfactant molecules
adsorb on to the surface

(iii) retard the diffusion of trapped gas from small to
large bubbles or to the surrounding atmosphere. Foam-
ing does not occur in pure liquids because such a
system cannot meet the above three criteria. When
surface-active molecules or polymers are present in the
liquid, however, rheological effects and adsorption of
molecules aid in stabilizing the interface, thus impeding
the diffusion of gas through the lamellae, and resulting
in a more mechanically stable system (Figure 11.5) (9).

As previously discussed, the Gibbs adsorption
equation demonstrates how an increase in the amount
of surface-active material will result in a decrease in
the surface tension of a liquid. Because the Gibbs
adsorption equation was derived on a thermodynamic
basis, the surface tension is an equilibrium value that
does not take into account the time necessary for
molecules to diffuse and adsorb to an interface. The
instantaneous, or dynamic surface tension of a newly
created interface is always higher than the equilibrium
surface tension value(s). In the laboratory, the dynamic
surface tension of an adsorbed film can be obtained by

Foam

Surfactant
solution

Figure 11.5. Schematic representation of the adsorption of
surfactant on the newly created air/water interface during foam
generation

measuring the maximum pressure realized within a soap
bubble as a function of the bubble lifetime (Figure 11.6).
If the interface (i.e. bubble) formation time is long,
surfactants have time to flow from the bulk solution to
the interface. Given enough time, the dynamic surface
tension approaches an equilibrium value. However, if
the interface is created very quickly (by a very small
bubble lifetime), surfactants do not have the opportunity
to diffuse from the bulk to the interface and hence higher
values of the dynamic surface tension are observed.

The effect on surface tension by surfactant adsorption
from the bulk solution (Gibbs effect) and by diffusion
along an interface (Marangoni effect) is often referred to
as the combined Gibbs-Marangoni effect (Figure 11.7).

Bubble lifetime, t

Figure 11.6. Dynamic surface tension of a newly created
interface as a function of bubble lifetime

(a)

1.1.ll.lU.Ul.Ul.Ut.il.
/ \ 1 /

Liquid lamella
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Figure 11.7. Schematic representation of the Gibbs-Marangoni
effects, (a) Unstretched film, (b) Stretched film. Film stretching
causes localized areas of high surface tension, y [1]. Surfactant
molecules flow from the bulk phase [2] to the surface (Gibbs
effect) and along the interface [3] (Marangoni effect) to "heal"
the stretched film [1J
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As a foam lamella is stretched (e.g. by gravity, agita-
tion, thermal fluctuation or drainage), it becomes thinner
and a new surface is generated having a lower transient
surfactant concentration at the surface, and consequently
a higher surface tension, than its neighbouring surface.
The surface tension gradient that is generated results in
the flow of surfactant (and associated boundary layer
water) from areas of low y to those of high / , thereby
opposing film thinning. Likewise, the diffusion of sur-
factant molecules with associated water also occurs from
the bulk in the direction of the newly created surface.
These mechanisms can be thought of as producing a
"healing" effect at the site of thinning. While the Gibbs
and Marangoni effects are complementary, each of them
are generally important in different surfactant concen-
tration regimes. However, both mechanisms rely on the
presence of a surface tension gradient and are ineffective
at very low and very high surfactant concentrations. At
very low surfactant concentrations, not enough surfac-
tant monomers exist in the bulk or interface to diffuse
to the thinning film. At very high concentrations, so
many monomers are present in the system that an ade-
quate concentration gradient is not established between
the thinning film and the bulk and neighbouring sur-
faces.

Other factors can also affect the stability of foam;
among these are temperature, surfactant structure, sur-
face viscosity, rate of drainage and bulk viscosity.

2.5 Emulsions

Working with emulsion systems is nothing new to people
in the petroleum industry. Historically and economi-
cally, the most important problems in the oil industry
have been in the area of breaking up o/w emulsions
formed within reservoirs. However, the breaking and
formation of emulsions plays a very important role in
other technological applications in the oil industries.
Because of their wide-ranging practical importance, it is
necessary to discuss the fundamental aspects and meth-
ods of characterization of emulsions.

An emulsion (sometimes referred to as a macroemul-
sion in order to distinguish it from a microemulsion) is
defined as a thermodynamically un stable mixture of two
immiscible liquids, one existing as a dispersed phase and
the other as a continuous phase. Note that emulsions
are formed from surfactant, oil, and water at concen-
trations found in the two-phase and three-phase regions
of the surfactant/oil/water phase diagram (Figure 11.8).
However, emulsions are not thermodynamically stable
and thus are not labelled on the phase diagram. The

Surfactant + Cosurfactant

o/w
Microemulsion

w/o
MicroemulsionLiquid crystal,

percolated or
bicontinuous

structure
Inverse
micellar
solution

Figure 11.8. Typical phase diagram for the Oil (O)AVater(W)/
Surfactant + Cosurfactant (S) system. Emulsions are formed
from surfactant, oil and water at concentrations found in the
two-phase (2-O) and three-phase (3-<J>) regions of the diagram

common types of emulsions relevant to the petroleum
industry are oil-in-water (o/w) and water-in-oil (w/o)
emulsions, although water-in-oil-in-water (w/o/w) and
oil-in-water-in-oil (o/w/o) multiple emulsions are some-
times encountered. The thermodynamic instability of an
emulsion system dictates that the suspension will sepa-
rate over time into water and oil. This phase separation is
dependent, among other factors, upon the rate of emul-
sion droplet coalescence. The level of emulsion stabil-
ity required in a process is dependent upon application
of the emulsion system. For example, microemulsions
formed with brine and crude oil within a reservoir aid
in mobilizing the oil trapped in the porous medium and
in pumping the oil to the surface. However, it is pre-
ferred that once the emulsion has been brought to the
surface, it quickly and easily (i.e. inexpensively) breaks
up into its individual oil and water phases. On the other
hand, sometimes it is required that emulsions be stable
for a long time, such as in the case of Orimulsion®, a
low-viscosity (150-350 CP) o/w emulsion made from
heavy crude oil (10).

Common emulsion properties such as droplet size
distribution, emulsion type, stability, and rheological
properties depend on many factors, including the fol-
lowing:

• chemical composition (molecular structure and con-
centration) of oil

• chemical composition (types and concentrations of
salts present) of water
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chemical composition (nonionic, anionic, cationic,
zwitterionic and polymeric) and concentration of
surfactants
structure and concentration of cosurfactants (e.g.
short-chain alcohols)
number and types of finely divided particles present
temperature and pressure of the system
order of mixing of emulsion constituents
energy input.

It is clearly evident that emulsions are very compli-
cated systems. Progress has been made on theoretical
studies attempting to clarify the complexities of these
systems. However, the majority of predictions of the
type and stability of emulsions derives more from empir-
ical observation than from theory. Emulsion formulation
is still considered to be an art rather than a scientific
method in many circles of industry (11).

2.5.1 Hydrophilic-lipophilic balance (HLB)

A very useful numerical rating scheme, known as
the hydrophilic-lipophilic balance (HLB) number, was
introduced by Griffin (12). In this empirical method, sur-
factants are assigned a number based on their solubility
behaviour in water (Table 11.1). This method correlates
well with Bancroft's rule, which states that the exter-
nal (continuous) phase of an emulsion will be that in
which the emulsifying agent (surfactant) is the most sol-
uble (13). Each surfactant is then rated according to this
scale. Surfactant mixtures are assigned an HLB num-
ber on a weight-prorated basis. Molecular functional
groups (e.g. -OH, -COONa, -CH2-, etc.) have also been
assigned HLB numbers (14). The empirical HLB num-
ber is calculated by adding 7 to the algebraic sum of
the functional group numbers given in Table 11.2. For
example, the calculated HLB number for sodium laurate

Table 11.1. The hydrophilic-lipophilic balance (HLB) scale

Surfactant solubility/
Behaviour in water

HLB
number

Application

No dispersibility in water

Poor dispersibility
Milky dispersion, unstable

Milky dispersion, stable
Translucent-to-clear solution

Clear solution

Detergent

Solubilizer

W/O emulsifier

Wetting agent

O/W emulsifier

Table 11.2. Group HLB numbers"

Hydrophilic group HLB Lipophilic group HLB

-SO4Na
-COOK
-COONa
Sulfonate
-N (tertiary amine)
Ester (sorbitan ring)
Ester (free)
-COOH
-OH (free)
- 0 -
-OH (sorbitan ring)

38.7
21.1
19.1

- 1 1 . 0
9.4
6.8
2.4
2.1
1.9
1.3
0.5

-CH-
-CH 2 -
-CH 3 -
-CH=

-0.475

-(CH2-CH2-CH2-O-) -0.15

"To calculate the HLB number for a given surfactant, add 7 to the algebraic sum of the
group numbers.



258 SURFACE CHEMISTRY IN IMPORTANT TECHNOLOGIES

(CnH23COONa) would be:

7 + H(-0.475) =20.9

The HLB empirical approach is still very popular
because of its extreme simplicity, but it does not take
into account the effects of the kind and concentration of
electrolyte, temperature and other factors.

begin to partition in the oil phase beyond this temper-
ature. The PIT phenomenon does not occur with ionic
surfactants, where a normal temperature-solubility rela-
tionship exists (i.e. solubility increases with increased
temperature), so its use is limited. However, emulsion
formulations are quite often stabilized by a mixture of
both ionic and nonionic surfactants, where the PIT may
still be important.

2.5.2 Winsor's R ratio

The introduction by Winsor (15) of the theoretical con-
cept that an emulsion formulation could be represented
by a single parameter relating the "ratio of the inter-
action energies" between adsorbed surfactant molecules
and the oil and water in the system was the next step
in understanding emulsion formulation. It was shown
that the state and properties of a system at equilibrium
were directly related to a particular combination of the
interactions between surfactant, water and oil. This com-
bination of interactions was expressed as the ratio R. A
ratio R < 1 means that the interactions between surfac-
tant and oil are stronger than those between surfactant
and water. In this case, the surfactant/oil/water systems
have a tendency to form w/o emulsions. When R = 1,
the surfactant-oil and surfactant-water interactions are
balanced. Such a system forms a thermodynamically sta-
ble bicontinuous microemulsion. Finally, R > 1 means
that the interactions between the surfactant and water
molecules are stronger than the interactions between the
surfactant and oil molecules, which thus leads to o/w
emulsions.

A major drawback to this method, however, is that
Winsor's so-called R ratio could not be numerically
calculated as in the HLB method, which made it difficult
to use for practical emulsion formulations.

2.5.3 Phase-inversion temperature

The phase-Inversion temperature (PIT) is the tempera-
ture at which the continuous and dispersed phases of
an emulsion system are inverted (e.g. an o/w emul-
sion becomes a w/o emulsion, and vice versa). This
phenomenon, introduced by Shinoda (16), occurs for
emulsion systems containing nonionic surfactants, and
can be a valuable tool for predicting the emulsion
behaviour of such systems. The phase inversion occurs
when the temperature is raised to a point where the
interaction between water and the nonionic surfac-
tant molecules decreases and the surfactant partition-
ing in water decreases. Hence, surfactant molecules

2.5.4 Surfactant affinity difference

Enhanced oil recovery research in the 1970s led to the
development of empirical correlations that numerically
describe the conditions for attaining ultra-low interfacial
tension and maximum oil mobilization. The correlation,
the surfactant affinity difference (SAD), is a measure of
the difference between the standard chemical potentials
or the Gibbs free energy of surfactant in the oil and
water phase, as follows:

SAD = u; - nj = AGoil^water = -RT In Kp (11.5)

where Kp is the partition coefficient of the surfactant
between water and oil at the corresponding temperature,
a value that can be measured. At a SAD = 0, the
surfactant affinity for the water phase exactly equals its
affinity for the oil phase, thus resulting in the optimum
formulation (i.e. an ultra-low interfacial tension). The
sign of the SAD indicates the dominant affinity of the
surfactant, whereas the value denotes the magnitude of
deviation from an optimum formulation. A SAD < 0
means that surfactant-oil interactions dominate, while
a SAD > 0 indicates that surfactant-water interactions
prevail.

2.5.5 Microemulsions

Under certain conditions, the oil or water droplets in
emulsions can be made small enough (< 100 nm) that
the emulsions appear transparent. Such dispersions are
called microemulsions. Three types of microemulsions
can be formed, namely oil-in-water, water-in-oil, and
middle-phase microemulsions. The latter microemul-
sions occur when the Winsor's ratio R = 1, and when
the SAD = 0. All microemulsions are thermodynami-
cally stable, which implies that they form spontaneously
at certain concentrations of oil, water and surfactant,
and the formation is limited only by the diffusion of the
molecules. It has been reported (17) that the change in
free energy of dispersions shows a minimum at an equi-
librium droplet size in the range of 100-1000 A for
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microemulsion systems. Microemulsions require a rela-
tively large amount of surfactant in order to stabilize the
large interfacial area created by the nano-droplets. They
also often require the addition of cosurfactants such as
short-chain alcohols to attain an appropriate interfacial
fluidity or surface viscosity of the oil/water interface.

3 APPLICATIONS

3.1 Drilling mud

The drilling mud used in prospecting for petroleum is a
complex system made from a variety of materials used to
perform several functions in the drilling process: water,
with its high heat capacity, removes the heat generated
by friction between the rocky material and the drilling
tip, oil lubricates the drilling tip, clay provides the
appropriate rheology, and salts of heavy metals increase
the density of the mud, so that the particles of rock
(debris) can rise with the mud up to the ground level,
where they are separated. Dispersant and emulsifying
surfactants are used to stabilize this complex mixture. It
is important to mention that drilling mud is formulated
for each region, because of the variation in geology
and physico chemical conditions from one place to
another (18).

3.2 Enhanced oil recovery

One of the most attractive energy sources today is the
petroleum remaining in a depleted oil well, where it
is trapped in the reservoir's porous media by capil-
lary and viscous forces. To recover this trapped oil,
several technologies based on enhanced oil recovery
(EOR) processes have been developed. Examples of
these technologies (also referred to as "tertiary oil recov-
ery") are surfactant-polymer flooding, foaming and
acid fracturing (6, 19-22). However, the presence of
many interfaces and the complexity of the physico-
chemical and geological characteristics of the reservoirs
make enhanced oil recovery an immense scientific and
technological challenge. A detailed knowledge of the
petroleum reservoir, transport through porous media,
and various interfacial phenomena are required. Further-
more, enhanced oil recovery technologies are usually
very expensive because enormous quantities of costly
chemicals are injected into an oil well and are com-
pletely lost during the process.

In spite of the above-mentioned difficulties, enhanced
oil recovery technologies are appealing since indeed the

depleted oil wells still contain approximately 65% of the
original oil in place.

3.2.1 Surfactant-polymer flooding

This present section will deal in a general way with all
of those technologies referred to as "surfactant-polymer
flooding" or "chemical flooding". Basically, the purpose
of surfactant-polymer flooding is to produce oil from an
exhausted petroleum well by injecting into the reservoir
a slug of surface-active agents capable of mobilizing
the residual oil (Figure 11.9) (6, 19-22). Figure 11.10
shows schematically the surfactant-polymer flooding
process. The first step is to inject a solution (preflush) to
condition the reservoir by eliminating undesirable salts
that would otherwise bind to the valuable surfactants and
render them ineffective (20, 23-26). Next, a surfactant
solution is injected to decrease the interfacial tension
of the oil ganglia (6, 19-22, 27), and to mobilize the
ganglia through narrow necks of the pores (6, 21),
thus forming an oil bank (as shown in Figure 11.11).
The formation of an oil bank is indispensable, since
it will allow the efficient mobilization of the trapped
crude oil. The surfactant slug is driven by a slug
of thickened aqueous polymer solution that is in turn
driven by a water slug (6, 20, 21). The viscous polymer
slug prevents fingers of water from penetrating the oil
bank, which would otherwise make the process less
effective (22).

In order to optimize the surfactant-polymer flooding
process, the oil bank formed must be propagated through
the porous media while the oil ganglia continue to
coalesce with the leading edge of the oil bank. The
volumetric coverage of the process is optimized by
adjusting the mobility of each slug (Figure 11.11) (6,
22). This is accomplished by maintaining the ultra-
low interfacial tension at the oil bank/surfactant slug
interface (6, 28).

There also exists a need to avoid surfactant aggregate
structures such as lamellar liquid crystals which exhibit
high viscosity (29-32). System parameters should be
such that mixing between the fluids in the surfactant,
oil and polymer slugs does not occur. A dispersion of
surfactant and oil would form an undesired emulsion,
while a dispersion of surfactant and polymer, if incom-
patible, could lead to phase separation, which would
decrease the effectiveness of the process. Other points
to take into account are (i) the mass transfer of surfac-
tant to the oil bank can change the interfacial tension,
and (ii) surfactant-polymer incompatibility leads to a
phase separation, which would reduce the efficiency of
the process (30, 31).
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Displacement of oil in petroleum reservoirs
by water or chemical flooding (five-spot pattern)
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Figure 11.9. Schematic representation of an oil reservoir and the displacement of oil by water or chemical flooding
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Figure 11.10. Schematic representation of the surfactant-polymer flooding process
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Figure 11.11. Schematic representation of the role of ultra-low
interfacial tension on the formation of the oil bank

After secondary oil recovery (water flooding), the
oil ganglia are trapped inside the pores by viscous
and capillary forces, the magnitude of which can be
accounted for by the capillary number, Nc, which is
defined as follows:

V Xow /
(11.6)

where u,w is the viscosity of water, uw is the water
velocity and yow is the oil/water interfacial tension (6,
19-22). At this stage in the oil recovery process,
the capillary number is about 10~6, which means that
the forces trapping the oil ganglia are enormous. As
indicated by equation (11.6), to overcome these forces
it is necessary to increase the capillary number by three
orders of magnitude to 10"3 by increasing the viscosity
or velocity of the fluid, or by decreasing the interfacial
tension from 30 to 10~3-10~4 mN/m. Any attempt to
increase the fluid velocity involves the use of high
pressures which can collapse the rock structure, thus

creating preferred paths of high porosity, and possibly
leading to channelling (22). Increasing the viscosity is
also impractical (try blowing honey through a straw!).
Therefore, in order to increase the capillary number,
one must decrease the interfacial tension (IFT) of the
entrapped oil.

Interfacial tensions can reach ultra-low values
at low as well as high surfactant concentrations
(Figure 11.12) (6, 21). At low surfactant concentrations,
the system appears to be a two-phase one, namely
oil and brine in equilibrium with each other. A small
change in the surfactant concentration around this region
could strongly affect the interfacial tension. Such a
change in surfactant concentration might occur due
to adsorption of surfactant molecules on to surfaces
of the reservoir porous media. On the other hand,
in high-surfactant-concentration systems (approximately
4-8 wt% surfactant), a microemulsion middle phase
exists in equilibrium with the excess oil and brine
phases. These high-concentration systems are close to
the optimal formulation (i.e. the concentration at which
the most oil can be mobilized), and are therefore
preferred to low-concentration systems (Figure 11.13).

Surface charge density is another parameter that
can strongly and favourably affect the displacement
efficiency of oil ganglia by changing the interfacial
tension, surface viscosity and electrical repulsion of the
ganglia entrapped in the porous media (Figure 11.14)
(6, 21,22, 33).

Figure 11.15 indicates that there exists an opti-
mal salinity where the high surfactant concentration
formulations exhibit a minimum interfacial tension
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Figure 11.13. Factors that can affect the partitioning of sur-
factant from the water to the oil phase. The transition from
the lower to the middle to the upper phase (1-m-u) can
occur by (a) increasing the salinity, (b) decreasing the oil
chain length, (c) decreasing the temperature, (d) increasing the
total surfactant concentration, (e) increasing the brine/oil ratio,
(f) increasing the surfactant solution/oil ratio, or (g) increasing
the molecular weight of the surfactant
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Figure 11.14. (a) Shape of an oil drop on a water-wet or
an oil-wet surface, (b) The role of surface charge in the oil
displacement process

between oil and water, a middle-phase microemulsion
formation with equal oil and water solubilized in the
middle phase, a minimum loss of surfactant in the porous
media, and a minimum phase separation time of the three
phases, as well as a minimum pressure buildup while
pumping these multiphase systems through the porous
media, and a maximum oil displacement efficiency. This
figure also suggests that these are all interrelated inter-
facial phenomena.

3.2.2 Foams in enhanced oil recovery

In the petroleum industry, foam finds applications
mainly in the area of enhanced oil recovery. The basic

Oil recovery efficiency

Apparent viscosity of
emulsions in porous media

Coalescence or
phase-separation
time of emulsions

Surfactant loss in porous media

Solubilization of oil and brine
in middle-phase microemulsions

Interfacial tension

OPTIMAL SALINITY

Salinity •

Figure 11.15. The various phenomena occurring at optimal
salinity in relation to enhanced oil recovery

concept involves the use of the unique rheological prop-
erties of foam in porous media to block highly per-
meable areas (from where the oil has already been
swept) and to allow oil to be recovered from the low-
permeability zones.

Carbon dioxide is often used in the foaming process
as a displacing fluid. The carbon dioxide fluid is miscible
in all proportions with the lighter hydrocarbons. This
behaviour is very different from that of displacement by
water, where a significant amount of oil remains trapped
because of the immiscibility of the two phases. Another
advantage of using carbon dioxide is that it has limited
solubility in water, so nearly all of the CO2 injected
can be used to solubilize the oil, and little is wasted by
dissolving into the water.

Surfactants are used to overcome some of the dis-
advantages that the CO2 flooding system offers. The
crucial disadvantage of CO2 flooding is the low viscos-
ity of liquid CO2 when compared to the heavy fractions
in the oil. A low viscosity implies a higher mobility and
this means a possibility of CO2 leakage via finger for-
mation or channelling. Surfactants are used to decrease
this higher mobility by enhancing foam stability.

Steam is also used as a foaming fluid. The prob-
lem in this case is similar to that of the CO2 system,
i.e. a high mobility of the steam. Once again, surfac-
tants with or without non-condensable gas are used to
increase the foam stability. Since the operating temper-
atures involved are high, the surfactant system must be
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designed to remain effective over a wide range of tem-
peratures. The adsorption of surfactants on to reservoir
rock surfaces is minimal at high temperatures, unless
ionic species are present. If the foam is made out
of "pure" steam (saturated steam in equilibrium with
water as the lamella), according to Kelvin's equation,
the smaller bubbles, which have a higher pressure, will
collapse and be absorbed by larger bubbles, thus result-
ing in decreased foam stability. Small amounts of non-
condensable gas are added to increase the foam stability
by decreasing the rate of steam condensation and foam
collapse.

The text by Schramm (34) covers most aspects of
the use of foams in the petroleum industry, ranging
from fundamentals to enhanced oil recovery. It also
provides field data from several oil fields along with
the "in-laboratory" experimental methods that are used
to correlate field data to proposed theories.

To control the reaction rate of the acid, retarders
such as alkyl sulfonates, alkyl phosphonates and alkyl
amines are used to form hydrophobic films on carbonate
surfaces. These protective films act as a barrier to slow
acid attack. Another method involves the use of foaming
agents to stabilize the carbon dioxide foam that is
created when CO2 is released as a product of the acid-
etching reaction. This CO2 foam acts as a barrier to slow
acid attack. Yet another method for controlling the acid
activity in an oil well is the use of emulsions containing
kerosene or diesel as the continuous oil phase and
hydrochloric acid as the dispersed aqueous phase. Acid-
in-oil emulsions are most commonly used because oil
separates the acid from the carbonate surface (and from
machine parts, thus reducing the level of corrosion).
Moreover, acid reaction rates can be further decreased
by surfactant retarders that increase the wettability of
the carbonate surface for oil.

3.2.3 Acid fracturing for oil well stimulation

Acid fracturing is an oil well stimulation process in
which acid (HC1 or HF, depending on the rock structure)
is injected into an oil well at sufficiently high pressure
to fracture the porous media or to widen existing natural
fractures. Various principles of surface chemistry are
employed in this process in order to avoid excessive
and costly fluid loss, and to decrease the rate of acid
spent.

For controlling fluid loss, surfactants are used as
thickeners which gel the acid by forming micelles.
These gelled acids are shear-stable because micellar
chains can quickly reform following shearing. The
advantages of surfactants as thickeners is that they can
be designed to provide high viscosity to "live" (i.e.
active) acid solutions, while at the same time providing
low viscosity to the spent acid. This is possible because
of the disruption of the micellar structure due to the
increased concentration of reaction products formed
during spending of acid. The decreased spent acid
viscosity aids in recovery of the treating fluids (35).

The employment of foamed acid and acid-external
emulsions (oil as the dispersed phase and gelled acid as
the continuous phase) are other methods used to control
the loss of acid solutions. The disadvantage of using oils
is that a large concentration of oil is required to increase
the viscosity of the emulsion formulation, which reduces
the acid concentration and, therefore, the amount of acid
available for fracture etching. Foaming the acid also
reduces the amount of acid available for etching since
less acid is present per unit volume injected.

3.3 Antifoaming and defoaming

Foam shows peculiar properties that are useful in
enhanced oil recovery. However, foam turns out to be
a major problem in all downstream processing of the
recovered crude oil. The causes of foaming are usually
related to naturally occurring impurities and corrosion
products found in process streams. Antifoaming and
defoaming agents are added in all major unit operations
to avoid foaming. Antifoaming agents are added to
prevent the formation of new foam, while defoamers are
added to destroy the existing foam (34). Hydrophobic
silicas, silicone oils, glycol-based polymers, amides,
mineral oils and fatty acids are common antifoaming
agents (34).

3.4 Corrosion inhibition

The petroleum industry does not remain unaffected
by corrosion (as was alluded to in the discussion on
acid-in-oil emulsions above). Indeed, corrosion is a
common phenomenon endured by almost every industry.
The metallic parts used everywhere from oil wells to
refineries and petrochemical plants are susceptible to
corrosion. In 1999, in the USA alone, corrosion was
held responsible for approximately $300 billion of lost
revenue, of which more than one third could have
been saved by using available methods of corrosion
control (36).
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Figure 11.16. Schematic representations of (a) a Bare metal
surface, and (b) a surface where the Presence of a surfactant
film acts as a barrier to corrosion

The most commonly observed corrosion in the oil
industry begins with the adsorption of protons on metal-
lic surfaces, followed by an irreversible electrochemical
reaction between the protons and the metallic atoms.
Metallic cations may either dissolve in the aqueous
phase or react with anions such as sulfur, thus exposing
more metallic surface for subsequent attacks.

Surface chemistry provides an important corrosion
control method (Figure 11.16). Ohmic inhibitors, also
known as filming inhibitors, are cationic surfactants that
have a tendency to preferentially adsorb to all available
negative sites on the metallic surface, forming a compact
and hydrophobic film. This low-permeability film will
(i) decrease the wettability of the surface to water
and brine, (ii) decrease the mobility of various ions,
(iii) lessen the spread of conductive bridges between
the anode and cathode, and (iv) reduce the possible
chemical interactions of oxidizing agents (e.g. protons,
acids, etc.) with negative sites on the metallic surface.

Robinson (18) describes in detail the possible solu-
tions to corrosion-related problems which are encoun-
tered in the various steps of petrochemical operations.

3.5 Oil spill clean-up

The introduction of petroleum into the marine environ-
ment is a direct consequence of the production and
transportation of crude oil and refined products. Oil
spills have justifiably earned ill fame for polluting the
environment by being responsible for some of the worst
environmental disasters in (recent) human history. Oil
spills jeopardize the dissolved oxygen-dependent aquatic
life because the oil film acts as a barrier for oxygen
transport across the air-water interface. Seabirds are
unable to fly or even float on water once oil wets their
feathers, thus leading to their untimely death. In addi-
tion to aesthetic and ecological concerns, coastal regions
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Figure 11.17. Schematic showing some of the phenomena
governing the fate of an oil spill after a spillage at sea

can suffer economically from damage done by oil spills
to recreational areas, harbours and vessels, commercial
shellfish grounds and intake sources for desalination and
power plants. Figure 11.17 shows some of the phenom-
ena that decide the fate of spilled oil on the sea surface.

For removal of spilled oil, a surfactant solution (a
dispersant) is added along the circumference of the
oil (sprayed from boats and aircraft), which creates a
surface tension gradient that forces the oil to contract to
the centre of the oil lens, so making the job of removal of
the oil easier. The effectiveness of this process depends
on sea conditions and application techniques, as well
as the chemical nature of both the oil and dispersant.
The time elapsed after an oil spill remains one of the
critical factors in this process, because with weathering,
the viscosity of oil increases rapidly, hence resulting in
slower migration of surfactant to the oil/water interface
and a decreased dispersion effectiveness.

Once the oil is collected, it is then pumped to on-ship
coalescers that use surfactants and oil-wet or water-wet
filters to break the crude oil-brine emulsion.

Even after removal of the bulk of the spilled oil, a
thin layer of oil still exists - this remains a barrier for
oxygen absorption. Moreover, the native microbial pop-
ulations cannot degrade it. It then becomes imperative
to break this film into tiny droplets so as to quicken the
oil degradation and to increase oxygen transport from
the atmosphere to the water. This is achieved by adding
a surfactant solution to the oil lens.

The surfactants traditionally used as dispersants are
not without their share of problems. Lately, there
has been some debate on the toxicological impact of
these dispersants on marine organisms and the coastal
environment, and so the search for new, less toxic
formulations remains ongoing.

The interested reader is referred to ref. (37) for fur-
ther studies on the chemistry and physics of disper-
sants and dispersed oil, methods for toxicological testing
and the techniques employed, logistics, monitoring and
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application strategies for using various dispersants in the
United States.

3.6 Fluidization of bitumen

Bitumen is a naturally occurring hydrocarbon that exists
in a semi-solid or solid phase in natural deposits. The
most important reservoirs of bitumen are found in
Canada and Venezuela. Among the problems encoun-
tered when recovering bitumen, its high viscosity is one
of the greatest. Natural bitumen has a viscosity greater
than 10000 mPa, measured on a gas-free basis at its
original temperature in the deposit and atmospheric pres-
sure (38, 39).

Current technology has made possible the recovery
and use of this huge source of energy (38-41). More-
over, since the extraction process of this raw material
requires much less energy than the refining process
required for other fossil fuels, (the bitumen extraction
industry is flourishing.) Gas-oil, which is an intermedi-
ate product created during the refining of crude oil, is
pumped into the oil well to reduce the viscosity of the
bitumen and allow it to be pumped from underground
to a flow station (at ground level.)

A commercial product known as Orimulsion® is
an example of the application of surface chemistry
to the technology of conferring special properties to
heavy crude oil1. This is an oil-in-water emulsion made
from bitumen stabilized by a nonionic surfactant, which
decreases the viscosity of the bitumen from 105 to less
than 102 mPa, and reduces the NO* emissions while still
maintaining a high combustion performance (42).

It is worth mentioning here that to optimize the low
viscosity of an emulsion, two emulsions of different drop
size distributions are mixed, with the smaller one being
about 25% and the larger one about 75% of the total
concentration (43).

3.7 Asphaltic emulsions

Another very important application of surface science in
the petroleum industry that has recently been receiving
much attention is the creation of oil-in-water asphaltic
emulsions (asphalt dispersed in a brine continuous
phase) which are used to pave roads (44). The idea is
to decrease the viscosity of asphalt, while at the same
time avoiding the use of gasoline. The latter is presently

1 Note: Orimulsion® is a trademark of INTEVEP, SA, a branch
company of Petroleos de Venezuela, SA (PDVSA).

being used to fluidize asphalt, but has high economic
and environmental costs.

For this technological application, the main types of
surfactants used have been cationics, since most rock
surfaces are negatively charged. By using this method,
when the asphaltic emulsion contacts the ground, surfac-
tant molecules migrate from the surface of the asphalt
droplets to the rock surfaces, which results in the break-
ing of the asphaltic emulsion and a permanent spread
of asphalt on to the rock surfaces. Cationic surfactants
are preferred, despite their high cost, because they pro-
mote faster breakup of the asphalt emulsion, which is
often necessary to prevent the possibility of rain wash-
ing away the asphalt before it has solidified. However,
work is currently being carried out to incorporate non-
ionic surfactants into the emulsion in order to reduce
costs and to improve the mechanical properties of the
asphalt.

3.8 Oil/water separation and crude oil
dehydration

Oil-water emulsion systems are often desirable in cases
such as the transportation of crude oil and increased fuel
efficiency of light oil fractions. By the same token, these
systems are undesirable for distillation and catalytic
cracking of crude oil. More than 50% of all of the
petroleum recovered is in the form of water-in-oil
emulsions. These emulsions are formed because crude
oil contains natural surfactants and the oil and water are
emulsified as they pass through mechanical devices such
as pumps or valves. Water must be removed before any
refinery operation can be performed on this oil material.
It is not economically viable to distill crude oil in
emulsion form because of the incremental energy costs
that would be encountered when producing fractions
in the established standard viscosity range. Moreover,
water may poison or reduce the activities of the catalysts
used in catalytic cracking processes further down the
processing line.

In earlier days, the method used to destabilize a crude
oil/water emulsion was gravity-heating sedimentation.
Nowadays, however, chemical de-emulsification and
improved electromagnetic and gravitational techniques
are the main methods used to break down an emulsion.

Such methods take advantage of inexpensive de-
emulsifying chemicals to enable the collision and fusion
of droplets that ultimately lead to oil/water phase sepa-
ration. This is achieved by adjusting the surface charge
density, counterion concentration and temperature. Poly-
mers are also added to promote flocculation. A detailed
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discussion of the electrostatic phenomena used in this
process can be found in ref. (45).

The coagulants (typically multivalent counterions)
commonly used are the salts of aluminium and iron
and salts or the bases of calcium and magnesium. The
transition from stabilized to destabilized emulsions on
changing the temperature is very sharp at the critical
flocculation temperature (CFT) when nonionic surfac-
tants are used. Generally, aqueous dispersions desta-
bilize upon increasing temperature, while non-aqueous
dispersions destabilize with decreasing temperature.

To dissolve the stabilizing agent, the use of cosol-
vents such as carbon disulfide, carbon tetrachloride,
acetone and ether is in current practice. For specific
examples of oil/water separations and for further details
about the use of dissolved air floatation, deep bed filtra-
tion, and the selection and sizing of various equipment,
the interested reader is referred to ref. (46).

4 SUMMARY

Surfactants have very special qualities that make them
invaluable to the petroleum industry. The relevance of
various interfacial phenomena, such as adsorbed surfac-
tant films, self-assembly, contact angle, wetting, foams
and emulsions, in nearly every process in the industry
has been discussed. In addition, this chapter summa-
rized the importance of the adsorption and aggrega-
tion behaviour of surfactants with regard to drilling,
enhanced oil recovery, antifoaming, corrosion inhibition,
oil spill clean-up, oil/water separation and fluidization of
highly viscous materials.
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1 INTRODUCTION

The surface-active agent first made by man was soap,
with this being an anionic surface-active agent. Indeed,
soap was already known to the Sumerians (Babylonians)
as early as 2500 years BC. Vegetable oils were cooked
with potassium carbonate from burnt wood. The next
step was the use of potassium hydroxide made from
potash and calcium oxide. In this way, soap has been
produced for millennia, mainly by the reaction of potas-
sium hydroxide and tallow. During the 17th century,
Marseille, in particular, was well known for its produc-
tion of soap.

If the hydrophobic part of a surfactant molecule acts
as an anion in aqueous solution, the compound is called

an anionic surfactant. Thus, many structures are known
which are covered by this definition.

In technical-scale production, it is mainly the car-
boxylates, sulfates, sulfonates and phosphates which act
as the hydrophilic parts of surface-active molecules. In
addition to soap, the carboxylic group also plays this role
in polyether carboxylates, sarcosinates and asparaginates.

In monoesters of sulfuric acid, the sulfate ion is
the hydrophilic part of the molecule which results in
its solubility in water. Sodium salts of fatty alcohol
monoesters of sulfuric acid are the best known examples
of this kind of surfactant. The sulfate group is also
present in alkyl polyglycol ether sulfates and in some
reaction products of starting materials containing a
double bond or an OH-group in the molecule, e.g.
sulfated castor oil.

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
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If the central sulfur atom of the hydrophilic group
is directly bonded to a carbon atom, the resulting
compound is called a sulfonate. Because aromatic ring
systems will easily react with sulfuric acid or sulfur
trioxide, alkylbenzene sulfonates were one of the earliest
types of surface-active compounds to be produced.
The sulfonate group is the hydrophilic part in many
surfactants in the trade. Besides alkylbenzene sulfonates,
alkane sulfonates, olefine sulfonates, a-sulfo fatty acid
methyl esters, taurates and isothionates should also be
mentioned.

In a similar way, the phosphorus atom gives rise
to the surface-active esters of phosphoric acid (alkyl
phosphates) and the alkyl phosphonates, in which the
phosphorus atom is directly bonded to a carbon atom.

Although many other surfactants can be prepared
which will exhibit anionic properties, the bulk of anion-
ics in the market today are covered by the types men-
tioned above.

The different demands of a surface-active system can
be met either by blending these main types with each
other or with other types of surfactants. This is, in most
cases, the best way to optimize costs, performance and
environmental impact.

2 SOAP

Although soap had already been known for millen-
nia, the industrial production of soap was particularly
favoured by the rising textile industry and the importa-
tion of tropical fats. Soap became an item for common
consumption when the Leblanc process for the pro-
duction of sodium carbonate was set into operation in
1820.

Soaps have now almost completely been replaced
by synthetic surfactants in many fields of their former
application, although they are still in use today in
bodycare products and cosmetics. In Western Europe
alone, production still exceeds 700000 t per year. In
less developed countries, soap is still the most important
surfactant in detergents and cleaners, as was always
the case.

Soaps are mainly produced from coconut oil, palm
kernel oil and tallow. High proportions of unsaturated
fatty acids are unwanted because they will easily become
rancid. However, if their double bonds are hydrogenated,
they may also be used as basic materials in soap
production. The preferred mixture for the production
of soap bars contains 80 wt% of tallow and 20 wt% of
coconut oil. The use of synthetic fatty acids has virtually
no importance any more.

Soap can be produced by the neutralization of fatty
acids from the fat-splitting process with caustic soda,
soda ash or potash. In the saponification process of
natural fats and oils, glycerol is obtained as an important
by-product. At first, a viscous gel is produced, and from
this, by the addition of common salt, "curd soap" is
separated. The lower phase consists of a viscous solution
of salt and glycerol. The upper phase is cooled and
transferred into moulds in which it will solidify to give
the curd soap. This soap contains ca. 60% of active
matter, calculated as fatty acid. Soap powder or flakes
can be obtained by vacuum drying on roll dryers or in
spray-drying towers to a fatty acid content of ca. 80%.
Glycerol, obtained by saponification of fats and oils, is
a component of the lower phase and is isolated by a
special process. The production of highly pure glycerol
gives a considerable contribution to the profitability of
a soap-production plant.

In addition to sodium soaps, corresponding saponi-
fication and neutralization reactions of fatty acids can
also be carried out to produce the softer potassium and
ammonium soaps. Soaps prepared from coconut oil or
oleic acid by the use of nitrilotriethanol are semi-solid
or liquid in form. Salts of polyvalent ions such as cal-
cium, zinc and aluminium, the so-called "metal soaps",
also form part of the market.

In larger plants, the production of soap is nowadays
carried out by a continuous process. Soaps based on pure
fatty acids can be prepared in crystalline form, although
they will absorb water from the humidity in air up to an
equilibrium level. The solubility of soaps depends on the
length of the carbon chain and increases sharply with a
rise in temperature. Sodium laurate is already soluble in
water at 30°C to a considerable amount, while sodium
stearate will not show a comparable solubility until a
temperature above 70°C is reached. All solutions of soap
in water are colloidal, and thus will easily form gels.

The precipitation of soaps by polyvalent ions in
aqueous solutions is considered to be troublesome in
many applications. However, because metal soaps are
soluble in organic solvents, mineral oils and fats, they
are valuable additives in the production of plastics where
they are used as mould-separation agents, emulsifiers
and stabilizers. The fatty acid salts of lead and cobalt
are used as siccatives in varnish and paints.

Because soaps are salts of weak acids and strong
bases, they undergo hydrolysis. Thus, their aqueous
solutions behave as alkaline systems. If the negative
influence from the water hardness is cancelled out by
using soft water or by the addition of sequestrants,
then soaps will show excellent detergency. They com-
bine good wetting ability and foaming power with a
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high detergency and work as good dispersants for soil
pigments. Simultaneously, they support the release of
soil by swelling the fibres and pigments due to their
alkaline reaction.

Soaps are still major components of modern deter-
gents. On the one hand, the formation of lather will
be controlled by the addition of soap with long carbon
chains. On the other hand, soaps based on coconut oil
acids are components of liquid soaps, where they form
lime soap by reaction with the components in hard water.
In this way, they bind the polyvalent ions resulting from
the water hardness. The formed insoluble lime soap is
dispersed by an excess of soap or by other surfactants
in the product so that it cannot deposit on the fibres.
The major application of soap lies mainly in the field
of human cleansing agents. Toilet soaps with different
properties are easily obtained by the addition of lime
soap dispersants, perfume oils, re-fatting agents, herbal
extracts and other active substances.

3 ALKYL SULFATES

With the expansion of the textile industry, other sur-
factants besides soap began to achieve importance. For
example, industry a surface-active product, produced by
sulfonation of castor oil, possesses outstanding proper-
ties. Under the name of "turkey red oil", it is still in use
today. It was found that the sulfuric acid semi-ester of
the OH-group of ricinoleic acid was the surface-active
moiety in this material. At first, the carboxylic group
of the ricinoleic acid was transformed into an ester to
avoid forming insoluble salts from the water hardness.
Later, Bertsch logically arrived at the use of fatty alco-
hols instead of ricinoleic acid as suitable hydrophobic
starting materials.

Only a few natural sources of fatty alcohols were
known at this time. Production on a technical scale
could be first realized by the reduction of methyl or
butyl esters of fatty acids with metallic sodium after
the Bouveault-Blanc process. Nearly simultaneously,
the high-pressure hydrogenation of fatty acids to the
resulting alcohols was developed by Schrauth. Hence,
fatty alcohols were soon available on the market in a
price range that made it possible to produce fatty alcohol
sulfates for use in detergents.

Fatty alcohol sulphates are surfactants that show
many interesting properties. They are relatively insen-
sitive towards water hardness, display no biodegradable
problems, and can be produced from renewable raw
materials.

The surface-active characteristics of these materials
are mainly dominated by their alkyl chains. The homol-
ogous series of the sodium salts of/z-alkyl sulfuric acid
mono esters with an even number of carbon atoms in the
alkyl chain are the most thoroughly investigated sub-
stances of this kind. While alkyl chains with two to
eight carbon atoms show the basic character of a salt,
the surface-active properties dominate for those com-
pounds with greater than 10 carbon atoms in the chain.
The solubility of sodium tetradecyl sulfate and its higher
homologues in water is poor at a temperature of 25°C,
while sodium dodecyl sulfate combines sufficient solu-
bility with good surface activity. Therefore, it is often
used as a standard substance.

Sodium alkyl sulfates are esters. Thus sodium dode-
cyl sulfate is sensitive towards hydrolysis, especially in
acid solutions. In this case, the starting fatty alcohol and
sodium hydrogen sulfate is formed. Hydrolysis, once
started, will run autocatalytically because the sodium
hydrogen sulfate formed in this reaction is an acid in
itself. Alkyl sulfates are stable in storage when in their
highly pure states.

However, the surface-active behaviour will already
be drastically changed by the presence of traces
of fatty alcohols or other substances with a strong
hydrophobicity.

Fatty alcohols are preferentially adsorbed at phase
boundaries due to their high surface activities. Such
behaviour, however, can often lead to the distortion of
test data. With increasing concentration, the fatty alco-
hol (being a hydrophobic substance) will be encased
in micelles of Sodium dodecyl sulfate, where the latter
begin forming at the so-called critical micelle concentra-
tion (CMC). This is due to desorption from the surface
boundary.

This course of adsorption and desorption can be used
as a sensitive test for small amounts of hydrophobic
impurities in a solution of surfactants. If the surface ten-
sion of the solution is plotted against the logarithm of the
concentration of the surfactant, the so-called sigma/ln
c curve will be obtained. The surface tension steadily
decreases with increasing concentration of surfactant,
until reaching a minimum shortly before the CMC.

At this stage, the hydrophobic impurities will be
enclosed inside the micelles. The surface tension of
the solution will rise slightly until reaching constant
value due to the fact that now the whole surface is
covered with molecules of the surfactant. A minimum
in the plot will only occur if there are impurities in the
solution which show a stronger surface activity than the
surfactant itself, e.g. traces of unreacted fatty alcohol.
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On the other hand, the behaviour discussed above
offers the possibility to eliminate hydrophobic impurities
from aqueous solutions of surface-active agents.

If foam is produced by blowing an inert gas
through the solution of alkyl sulfate (or any other
surfactant), the bulk of hydrophobic impurities will
be enriched in the thin films of the foam bub-
bles. The remaining solution will then become more
and more purified. Another method uses the pri-
mary adsorption of substances with the strongest sur-
face activity at interfaces. Hence, the hydrophobic
impurities will adsorb at the water/air interface and
can then be sucked away from the surface. Auto-
matic devices can decrease the surface area of the
solution to concentrate the surfactant-containing layer,
suck away these layers, expand the surface again
for repeated adsorption, and repeat the cycle, etc.
After some hundred cycles, the solution will become
"interfacially pure".

To use sodium alkyl sulfate as a standard material,
one has to ensure that the substance does not contain
any impurities. One of the ways to create such a pure
substance is to use the reaction of rc-dodecanol with
an adduct of chlorosulfuric acid and diethyl ether. The
fatty alcohol is added to the ether solution while being
cooled with ice. A stoichiometric surplus of 5-10% of
chlorosulfuric acid is used to avoid forming the dialkyl
sulfuric acid ester. The major part of the hydrogen
chloride gas formed will evaporate.

After completion of the reaction, the ether solution
is added to a surplus of an aqueous solution of sodium
hydroxide while the solution is strongly stirred. It
is essential to avoid any acid sites in the solution,
or otherwise hydrolysis takes place, thus reforming
undesired dodecanol. Carbon dioxide is then blown (in
the form of small bubbles) into the alkaline aqueous
solution to neutralize any surplus sodium hydroxide. The
solution now contains sodium dodecyl sulfate, sodium
chloride and sodium hydrogen carbonate, as well as
diethyl ether in the upper phase. The organic phase is
then separated and the aqueous solution washed three
times with ether.

Next, the aqueous phase is evaporated to dryness (the
temperature should not exceed 35°C), and the residue
obtained is extracted by ethanol at 60°C. Only the
required sodium dodecyl sulfate is soluble in ethanol,
while the sodium chloride and sodium hydrogen carbon-
ate are barely soluble in this solvent. The clear ethanolic
solution is then cooled, where upon sodium dodecyl sul-
fate separates as white crystals. In order to obtain a
highly pure substance, it is advisable to keep the first
and second fractions separate from the mother liquor.

The dried crystals are stable without any limitations
when kept in a closed container. On the other hand,
hydrolysis will start and continue autocatalytically if
the crystals are allowed to come into contact with water
(from moisture in the air) or acid gases allowed to enter.
At temperatures above 110°C, an intramolecular redox
reaction will take place, even in an inert atmosphere,
leading finally via dodecanal to dodecene and sodium
hydrogen sulfite.

The properties of alkyl sulfates differ depending upon
the structures of the alkyl chains and the counterions
present. While alkali and ammonium salts are similar in
behaviour, the solubilities of the alkaline-earth salts are
reduced in water. On the other hand, the solubilities in
organic solvents of alkyl sulfates with polyvalent ions
is increased. Due to this fact, fatty pollutants can be
better detached from fabrics by a detergent solution of
moderate water hardness than by a solution showing
extremely low water hardness. In particular, the wetting
of textile fibres will be measurably accelerated by using
calcium or magnesium as counterions.

The use of amines or tetraalkylammonium groups
as counterions results in alkyl sulfates with good sol-
ubilities in water and in many organic solvents. That
is of particular interest for many technical applications.
The above-mentioned statements about the influences of
different counterions on the behaviour of anionic alkyl
sulfates applies largely to all anionic surfactants. The
range of this influence differs according to the type of
surfactant and hydrophobic unit present in the molecule.

The alkyl chain of a particular alkyl sulfate depends,
of course, on the alcohol used in its synthesis. For
technically relevant alkyl sulfates, such alcohols are
available from the catalytic reduction of natural fatty
acids and synthesized fatty acids or alcohols from the
Oxo Process. Alcohols produced via the Ziegler process
("alfols") contain mainly 10 to 22 carbon atoms in their
main chains and are in accordance with fatty alcohols
obtained from natural sources.

In the Oxo Process, carbon monoxide and hydrogen
are added to olefines in such a way that aldehydes are
created having one carbon atom more than the starting
olefine. These are simultaneously converted into the
corresponding alcohols. The main products of the Oxo
Process are butanols, methylheptanol, 2-ethylhexanol,
and alcohols containing 8 to 13 carbon atoms in the
alkyl chain.

Alcohols from the Oxo Process used for the synthesis
of alkyl sulfates contain links of even and uneven
numbers in the alkyl chain depending on the starting
olefine employed. Although they are largely unbranched,
they always contain a certain ratio of methyl and ethyl
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side-chains in a-positions to the OH-group. However,
this has only a slight influence on the surface-active
properties of the corresponding alkyl sulfates.

4 ALKYL ETHER SULFATES

It is only a small step from the alkyl sulfates to
the so-called alkyl ether sulfates. These surface-active
agents are made from alcohols which are ethoxylated.
The formed fatty alcohol polyglycol ethers possess a
final OH-group which then reacts with sulfuric acid.
Fatty alcohol polyglycol sulfates are characterized by an
insensitivity to water hardness and low irritation of the
skin. Their aqueous solutions can be easily thickened by
the addition of sodium chloride. These properties thus
attract attention for the use of fatty alcohol polyglycol
sulfates in cosmetic products.

The sodium salts of coconut oil fatty alcohols
(12-14 C-atoms), with a degree of ethoxylation of 2 - 3 ,
are mainly used. These surfactants still contain - due
to the statistical contribution of the ethylene oxide
adducts - considerable amounts of the starting alcohol,
which is converted by sulfation and neutralization reac-
tions into the corresponding alkyl sulfate (as described
below).

Besides the ether sulfates derived from coconut
oil fatty alcohols, it is possible to produce other
compounds with a higher degree of ethoxylation by
using, other alcohols as starting materials. In this way,
the hydrophilic/lipophilic balance (HLB) value can be
widely varied. Thus, additives can be produced for oil-
in-water (O/W) or water-in-oil (W/O) emulsions, for use
in saline water, for detergents, and for dispersants of
lime soap.

Ether sulfates are prepared in substantial quantities in
short-time reactors by using gaseous sulfur trioxide. The
quality of the ether sulfates depends on a short reaction
time and a reaction temperature not exceeding 60°C. It
is also necessary to keep the ratio of SO3 to the ethylene
oxide adduct exactly in the range of 1.1-1.3.

Amidosulfuric acid or chlorosulfuric acid can also
be used for the sulfation of alkyl polyglycol ethers.
The formed sulfuric acid semi-ester can be neutralized
by either caustic soda solution, ammonia or nitrilotri-
ethanol. The acid reaction mixture has to be neutral-
ized immediately so as to avoid disintegration reactions
which take place in the acid environment. Such reactions
would otherwise lead not only to "dark" by-products but
also to the formation of dioxane. The ether sulfates pro-
duced nowadays cover all demands for safety from toxic
by-products.

Ether sulfates are sensitive to hydrolysis in acid solu-
tion and because an acid salt is formed by hydrolysis,
the reaction would then become autocatalytic. There-
fore, commercially available ether sulfates are usually
buffered. Such products contain concentrations of ether
sulfates of < 30%, or 65-70%. In the region between
these concentrations, ether sulfates form very rigid gels.

The viscosity of aqueous solutions of ether sulfates
can be increased by adding an electrolyte, usually
common salt. This effect depends on salt concentration
and the structure of the particular ether sulfate. As a
general rule, it can be said that this thickening effect
will happen at lower concentrations of salt, the more
branched parts there are in the alkyl chain. This means,
in practice, that thickening of solutions of alkyl ether
sulfates based on oxoalcohols with a proportion of
branched alkyl chains will occur at lower concentration
of salt than is the case for alkyl ether sulfates based on
pure linear alcohols. The increase of viscosity by the
addition of salt also takes place in mixtures of ether
sulfates with other types of surfactants.

Because ether sulfates are good foam-forming sub-
stances and also possess good solubilities in hard water
they are used in many liquid formulations. In particular,
they are used in cosmetic products like body cleansing
lotions, shampoos and shower gels. They are also part of
many liquid household cleaners and dishwashing agents.

5 ALKYL ETHER CARBOXYLATES

The hydrophilic component of these molecules is a
carboxylic group, as is the case in the soap molecule. In
general, an aceto- or propiocarboxylic group is attached
to the polyoxyethylene chain by an ether bond. The free
alkylcarboxylic acids can be prepared from salts such as
fatty acid soaps. In contrast to alkyl ether sulfates, alkyl
ether carboxylates contain no ester bonds and therefore
they are not susceptible to hydrolysis.

A straight forward method involves a preparation
after the Williamson synthesis, which does have some
industrial application. In this, the OH end-group of the
alkyl polyoxyethylene as starting material is converted
by monochloroacetic acid and metallic sodium to form
the ester carboxylate and sodium chloride.

Alkyl polyglycolether carboxylates are produced
industrially by a modified method where sodium hydrox-
ide solution is used instead of metallic sodium. A
molar excess of 20-30% of NaOH/chloroacetic acid
with respect to the alkyl polyglycolether is neces-
sary to obtain a high yield of the ether carboxy-
late. Alkylphenol polyoxyethylene carboxylates or alkyl
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polyoxypropylene carboxylates can be obtained by the
same procedure.

The necessary creation of sodium chloride is a
disadvantage in industrial production. It is possible
to form the carboxylic acids by stirring solutions of
ether carboxylates with hydrochloric acid or sulfuric
acid at ca. 80°C. After stirring, an upper layer is
formed containing the ether carboxylic acid, while the
lower layer consists of a (high-concentration) saline
solution and some by-products such as glycolic or
diglycolic acid.

Another procedure for the production of ether car-
boxylates is the catalytic oxidation of the nonionic sur-
factants by oxygen or air. While in the Williamson
synthesis with chloroacetic acid, two carbon atoms are
added to the nonionic, the oxidation route converts a
CH2OH group into a carboxylic group. This process is
carried out in the presence of platinum or palladium as
catalysts at a temperature of 40-100°C.

Ether carboxylic acids are able to undergo the same
reactions as fatty acids, e.g. esteriflcation, and the
formation of amides and acid chlorides. This leads to
a great variety of different structures for tailoring the
desired properties.

Alkyl polyether carboxylates are mainly produced
by synthetic methods involving monochloroacetic acid.
They are in general, shipped as ester carboxylic acids,
which are clear liquids. If necessary, they can be neu-
tralized before use. Alkyl polyether carboxylates offer
outstanding stability against water hardness. They are
mild to the skin and show excellent dispersing and emul-
sifying properties. They are readily used in cosmetic
formulations and household cleaners. In recent years,
polyether carboxylates have been reported as useful
additives in enhanced oil recovery, due to their outstand-
ing emulsifying properties under saline conditions and
at high temperatures.

6 a-OLEFINESULFONATES

The reaction of sulfur trioxide with a-olefines in molec-
ular ratios gives rise to two main products, i.e. iso-
meric alkenesulfonates and sultones. The 1,2-sulfone
is produced first, followed by transformation into the
1,3- and 1,4-sultones. Hydrolysis then leads to hydrox-
yalkanesulfonates. The overall synthesis is a four-stage
process of sulfonation, transformation, neutralization
and hydrolysis. The complex mixture of isomeric alke-
nesulfonates and hydroxyalkanesulfonates is known
under the collective term of "a-olefinesulphonates", an
anionic surfactant that is itself a blend of different

surfactants. In addition, the final product also contains
multiply-sulfonated olefines and other by-products. Par-
ticularly in the USA and Japan, the manufacturing of
olefinesulfonates has been thoroughly studied after ch-
olerines became available on a large scale from ethylene
oligomerization. Olefinesulfonates are produced by the
electrophilic addition of sulfur trioxide to alkenes con-
taining a double bond in the a-position. This reaction is
very exothermic. A discoloration or even the formation
of coal-like materials can easily take place. Therefore,
the heat of reaction must be removed immediately. In
particular, in the manufacture of olefinesulfonates, reac-
tors for achieving sulfonation in a short time have been
developed. The latter are nowadays also used for prepar-
ing alkylbenzene sulfonates and alkyl sulfates under
mild conditions.

In such reactors, the starting material comes into
contact with diluted SO3 gas for only a short time. The
reaction heat is removed by indirect cooling. Reaction
takes place in a tubular reactor which is cooled from
the outside by water. In these (falling-film) reactors the
Gf-olefines are sulfonated with SO3 gas diluted with air
or nitrogen. A molar ratio of 1.0 to 1.2 of SO3 is used
at a temperature of 25-30°C.

The mixture has to be allowed to age for rear-
rangement of the unstable 1,2-sultone to alkenesulfonic
acids and 1,3- and 1,4-sultones. That is carried out
to minimize the content of the 1,2-sulfone, or other-
wise this would be transformed by hydrolysis to the
insoluble 2-hydroxyalkanesulfonate. The highly reac-
tive 1,2-sulfone, the rearranged sultones or the formed
alkenesulfonic acid may further react with SO3 to give
disulfonic acids and sultone sulfonic acids.

In the following stage, the reaction mixture is neu-
tralized by caustic soda solution. In this neutralization
step, only the free sulfonic acid component will be dis-
solved. The water-insoluble mixture of sultones must
undergo an alkaline or acid hydrolysis. This takes place
in a reactor at a hydrolysis temperature of 150-160°C
for ca. 30 min. This leads to a nearly complete hydroly-
sis of the sultones to sodium 3-hydroxyalkanesulfonates
and sodium 4-hydroxyalkanesulfonates.

The composition of the final product depends on
the define feedstock, the sulfonation process and the
manufacturing conditions. A typical product composi-
tion contains 2 parts of sodium alkenesulfonate to 1
part of hydroxyalkanesulfonate, apart from 0-10% of
sodium disulfonate and less than 2% of unsulfonated
matter and sodium sulfate. Unhydrolysed sultones and
unreacted matter are only present in concentrations of
< 50 ppm. In addition, no severe toxic affects are known
for a-olefinesulfonates.
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In the USA, this surfactant is a well established prod-
uct used in many household and industrial formulations.
In particular, in light-duty liquid detergents the water
solubility and soil removal ability of a-olefinesulfonates
are excellent. In addition, a-olefinesulfonates are com-
patible with many other surfactants on the market,
including alkyl sulfates, alkylbenzene sulfonates and
alcohol ethoxylates. Therefore, a-olefinesulfonates can
be used to obtain synergistic effects in binary or ternary
mixtures.

The reaction product is a mixture of 50-60 individual
structural forms of alkenesulfonates and 40-50 forms of
hydroxyalkanesulfonates. The final product is bleached
by hydrogen peroxide and is available as a slurry of
30-40% active matter. Although the of-olefinesulfonates
offer a lot of properties which are valuable in many
applications, these materials have not achieved great
importance in Europe. Their sodium salts are non-
hygroscopic and will easily crystallize. Thus, they can
be favourably used for the production of free-flowing
powder detergents which will not become sticky under
conditions of high humidity. However, the final product
partly contains unsaturated compounds. Therefore, they
are somewhat susceptible to autoxidation. Olefinesul-
fonates derived from olefines with 12-14 carbon atoms
are very soluble in water, while already with 16-18 car-
bon atoms the solubility will, remarkably decrease. The
feedstock of a-olefinesulfonates for technical applica-
tions is mainly a blend of Ci4_i6 olefines. The critical
micelle concentration of this a-olefinesulfonate mix-
ture is 0.6 g/1, while its aqueous solution shows a
depression of the surface tension to 32 mN/m. Such a-
olefinesulfonates are good detergents and form stable
foams, although their wetting ability is only moderate.
The detergency rises with increasing alkyl chain length
of the starting olefine. This also means that the best
detergency properties are to be expected at higher tem-
peratures, where these compounds will have a sufficient
solubility.

The properties of of-olefinesulfonates used in
the trade alter according to their proportions of
hydroxyalkane- and alkenesulfonates. Hydroxyalkane-
sulfonates with the hydroxy group in the 2-position are
poorly soluble in water, while the hydroxy group in the
3- or 4-positions results in a very good solubility.

Such properties thus enable their use in detergents,
cleaners, dishwashing formulations, and also in body-
cleansing products. They are particularly useful in dry
cleaner, formulations, e.g. for carpet cleaners. The
world-wide consumption of a-olefinesulfonates in the
last decade was of the order of 85 000 t, that is 1.5% of
the total consumption of surfactants.

7 a-SULFO FATTY ACID
METHYLESTERS

Fatty acids in the form of their methylesters are basic
starting materials for the production of surface-active
a-sulfo fatty acid methylesters. While the reaction
of fats and oils with concentrated sulfuric acid or
oleum was limited to compounds with double bonds or
OH-groups in the molecule, saturated fatty acids also
became available as feedstock after the introduction
of sulfonation with diluted sulfur trioxide gas. The
sulfonate group enters in the a -position to the carboxylic
group in this process.

The sodium salts of a-sulfo fatty acid methylesters
are soluble in water and resistant to hydrolysis in
the pH range of 3-10. They are also only slightly
sensitive to water hardness and offer good detergency
in combination with other surfactants. Their foaming
ability decreases strongly from the lauric methylester
to the stearic methyl ester.

The preparation of a-sulfo fatty acid methylesters is
a two-stage process taking place at two different rates.
At first, an addition compound of 1 mol of methylester
with 2 mol of SO3 is formed. Then, in the following
reaction, 1 mol, of SO3 is split off, to form the final
ester. This sulfur trioxide will slowly react further with
another methyl ester. Using the fatty acid methylester
and SO3 in a molar ratio results in an undesirably long
reaction time. Therefore a surplus of sulfur trioxide is
used. The reaction mixture then consists of the main
product, the a-sulfo fatty acid methylester and also its
anhydride with SO3. By neutralization with a solution of
caustic soda, on the one hand the desired sodium salt of
the required ester is formed, while on the other hand the
anhydride is transformed to the corresponding disodium
salt and sodium methylsulfonate. In order to achieve a
complete transformation of the fatty acid methylester, a
certain amount of the undesired disodium salt has to be
expected.

In practice, the sulfonation process is carried out
in two stages. In the first stage, the methylester is
converted at temperatures below 50°C by SO3 which
is obtained - diluted with air and nitrogen - by the
burning of sulfur, followed by catalytic oxidation. In
the second stage, the reaction mixture is allowed to go
to completion at 70-90°C over a period of ca. about 1 h.
Sulfur trioxide is used in an excess of 10-20 mol%.

The reaction products are dark-coloured and are
bleached by the addition of water and hydrogen perox-
ide, followed by neutralization with sodium hydroxide.
The final ester product contains 10-20% of the barely
soluble disodium salt, and is marketed as a paste of



278 SURFACTANTS

40% active matter. In the range of 40-70 wt%, slurries
of these esters show a high viscosity, which leads to
considerable problems in handling.

These esters have found only a small use in fabric
detergents due to their expensive production process.
However, they have been suggested for use in cosmetics
because they show only a slight irritation of the skin.
They are also used as lime soap dispersants.

8 ESTERS AND AMIDES OF FATTY
ACIDS

Fatty acids can also act as the hydrophobic component of
a surface-active substance by reaction of the carboxylic
group with OH- or NH-containing molecules. One
example of this is the class of so-called protein fatty
acid condensates, which are soft to the skin and are
therefore used in cosmetic products. The fatty acid esters
or acid chlorides are converted to amides or esters of
amino acids or sulfonic acids containing an OH-group.
In this way taurates are formed by the reactions of 2-
aminoethane sulfonic acid with fatty acids such as lauric,
myristic or stearic acid.

In sodium lauroyl taurate, the sodium ion is attached
to the sulfo group while the carboxyl group of the fatty
acid is converted to an amide (1).

O
II

CH3 (CH2)9 CH 2~ C - N - CH 2 ~ CH2 SO3Na

H

(1)

In a similar way, the fatty acid can be attached
to 2-hydroxyethanesulfonic acid, thus forming an ester
instead of an amide. The sodium salt is the so-called
sodium isethionate (2).

O
II

CH3 (CH2)9 C H 2 - C - O - C H 2 - C H 2 SO3Na

(2)

Reaction of /V-methylaminoacetic acid with fatty
acids such as lauric, myristic or stearic acids leads to
the sarcosinates. The N-methylglycine can be easily
obtained from the reaction of formaldehyde, sodium
cyanide and methylamine. In this compound, the
hydrophilic group is a carboxylic group as in soap. The
hydrophobic part results from the fatty acid attached to
the sarcosine by an amide bond (3).

O
II

C H 3 ( C H 2 ) 9 C H 2 - C - N -

H

(3)

O

-CH-CH 2CONa

Asparaginates are the reaction products of 2-amino
succinic acid (aspartic acid) with fatty acids or their
acid chlorides. For instance, the sodium salt of lauroyl
asparaginate (4), formed by this reaction, is shown
below.

O CH2-COONa

CH3 (CH2)9 C H 2 - C - N - CH

H XCOONa

(4)

9 PETROL SULFONATES

When petroleum or kerosene (as the raw materials for
gas oil or lubricants) are purified by using oleum or
sulfuric acid, a reaction with the aromatic compounds
takes place. While these substances were originally
seen as waste products, later their chemical structures
and surface-active properties were identified, thus lead-
ing to special applications for such products. Nowa-
days, petroleum fractions with a high content of aro-
matic hydrocarbons are treated with sulfur trioxide to
form alkylaryl sulfonates. These products are then trans-
formed into the sodium, ammonium or alkaline-earth
salts. They are soluble in oils and therefore are of
some importance as additives in lubricants, oil fuels
and corrosion-inhibiting oils. Further more, they are also
used as auxiliaries in production of fabrics and as dis-
persants in enhanced oil recovery processes.

10 ALKYLBENZENE SULFONATES

The anionic surface-active compounds with the largest
volume of production are the alkylbenzene sulfonates.
Here, the possibility of an easy insertion of a sulfonic
acid group into the benzene molecule is used to obtain
inexpensive surfactants. Suitable starting materials are
alkylbenzenes with an alkyl chain length of ca. 12
carbon atoms, obtained by the application of olefines
or monochloroalkanes to the benzene ring.
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Tetrameric propene is used as the basic starting
material for the synthesis of the so-called tetrapropy-
lenebenzene sulfonate (TPS), which offers favourable
application properties at a relatively low cost of pro-
duction. Thus, it soon found use as a detergent prior to
the introduction of the above-mentioned alkyl sulfates
and alkanesulfonates. However, TPS contains a highly
branched alkyl chain, and as a result its biodegradability
was so poor that effluents with a high concentration of
detergent began to occur in slowly flowing rivers and
lakes, so giving rise to thick layers of foam. Therefore,
already by the 1960s the use of TPS was restricted in
many industrial countries.

The chemical industry reacted quickly to this chal-
lenge by producing alkylbenzene sulfonates with straight
alkyl chains which are easily biologically degradable.
These compounds are nowadays the basis of most deter-
gent formulations.

In contrast to TPS with its branched alkyl chain, n-
dodecylbenzene sulfonate exhibits an extremely fast rate
of biodegradability. The change-over from a branched
to a straight-chain structure is easily achieved, and
thus by the use of Ziegler synthesis and molecular-
sieve extraction techniques, industrial processes for the
production of linear defines and rc-alkanes soon became
readily available. These are the basic starting materials
for the synthesis of linear alkylbenzene derivatives.

The sulfonation of an alkylbenzene is carried out
by using sulfur trioxide (diluted to 4 - 8 % by air or
nitrogen). The reaction is very rapid and is accompanied
by generation of heat. Therefore, in modern continuous-
operation facilities a film reactor is used which allows
reaction to take place in thin and well-cooled falling
films. The sulfur trioxide is often produced by rapid
burning of elementary sulfur, followed by catalytic
oxidation of the sulfur dioxide thus produced by oxygen
from an excess of air. In the manufacture of detergents,
alkylbenzene sulfonates are produced often from the
respective alkylbenzene and sulfur trioxide in synthesis
facilities directly adjacent to the production line of the
detergent.

The alkylbenzene sulfonic acid produced is neutral-
ized with sodium hydroxide solution, forming a viscous
slurry containing 50-60% of active matter. It can be
shipped in the acid form or neutralized with other alka-
lis like potassium hydroxide or amines. Neutralization
is in most cases carried out continuously by feeding the
alkaline solution into a stream of circulated neutralized
product to avoid forming Gel-like structures.

Alkylbenzene sulfonic acids are strong acids, which
are easily soluble in water for up to 12-14 carbon
atoms in the side-chain. Alkylbenzene sulfonates with

longer alkyl chains and containing akaline-earth ions
are soluble in mineral oil. The colour of the acids is
yellow to brown, depending on the temperature regime,
which would be lightened by neutralization. Often, the
product is bleached by using hydrogen peroxide or
chlorine.

Commercial dodecylbenzene sulfonate is a mixture
of decyl- to tridecylbenzene sulfonates, made from
alkylbenzenes produced from an aluminium chloride
catalysed synthesis. Thus, it contains a significant pro-
portion of the 2-alkyl isomers. Its solubility in water is
better than the solubility of the corresponding sulfonate
derived from alkylbenzenes catalysed by hydrofluoric
acid. The viscosity of concentrated slurries is lower in
the case of aluminium chloride catalysed alkylbenzenes.

The surface activity of alkylbenzene sulfonates
depends on the length of the alkyl chain and the sol-
ubility in water. An optimum occurs at 11 to 15 carbon
atoms in the side-chain. Technical-grade alkylbenzene
sulfonates show a critical micelle (forming) concentra-
tion of ca. 0.5 g/1 at a surface tension of the solution of
35 mN/m.

Alkylbenzene sulfonates, as a mixture of homologous
and isomeric decyl- to tridecylbenzene sulfonates, with
an average of 12 carbon atoms, is an universally
applicable surfactant. Due to the fact that it is even stable
in acid solution - in contrast to alkyl sulfates or alkyl
ether sulfates - it can be used over a widespread field
of applications.

Alkylbenzene sulfonates are the main surfactants
used in household cleaners, detergents and sanitary
formulations, as well as in industrial and institutional
cleaners. They are used in the production of fabrics.
They are also used as emulsifiers, in many technical
processes as wetting agents and dispersants. e.g. in
polymerisation processes and in the formulation of plant
protection products.

These sulfonates can be used to optimize the effi-
cacy of cationic inhibitors for protecting metals against
corrosive acids. Such inhibitors form adsorption layers
on the surface of a metal which will act as a pen-
etration barrier for the acid medium, as well as for
the reaction products. However, there is no continu-
ous layer formed by the cationic surfactant because the
surfaces show sites of different charges. An inhibitor
consisting of a mixture of cationic and anionic sur-
factants leads to a compact adsorption layer and to a
high effectiveness of the inhibitor system. Although the
adduct of anionics and cationics is poorly soluble in
aqueous acid solutions, an inhibitor concentration of
ca. 5 ppm is already sufficient for the protection of the
metal.
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Linear alkylbenzene sulfonates are the surfactants
that have been most comprehensive tested for their envi-
ronmental behaviour. Due to their extensive applica-
tion, the ways of degradation and mineralization of the
substance itself, its by-products and metabolites have
been comprehensively studied. Under aerobic condi-
tions, these sulfonates are easily biologically degraded.
Although biological degradation will not take place
under anaerobic conditions, traces of sulfonates that
appear in sewage sludges by forming insoluble salts,
e.g. with calcium ions, will be easily mineralized, under-
going aerobic degradation once more when the rotted
sludge is brought into contact with soil.

Alkylbenzene sulfonates are on the market in the
form of slurries with a proportion of active matter of
50-60%, or as powders or granules with 80-90% active
content.

The linear sulfonates are inexpensive surfactants with
optimal properties for many applications. By mixing
with other kinds of surface-active agents synergistic
effects can occur that allow adjustment of the properties
of the mixtures to special demands.

A well known example is the mixture of an alkyl-
benzene sulfonate with soap. Both of these types of
surfactants alone result in a strong formation of foam
when used in water free from hardness and at higher
temperatures. The stability of the foam is lowered dras-
tically by the forming of mixed films in the lamellae of
the foam if soap is added to the sulfonate.

A regime for the formed foam can be achieved by
selecting the right fatty acids in the soap component.
In detergents for the washing of laundry, a good
foaming ability in the temperature range of 20-40°C

is desired. However, with rising temperatures in the
washing drum too much foam will be created. By mixing
an alkylbenzene sulfonate with soap containing alkyl
chains from 18 to 22 carbon atoms the soap will show
a notable solubility only at temperatures above 50°C.
In this way, any influence on the forming of foam
will only arise at higher temperatures. Figure 12.1 (a)
shows the foam height as a function of the alkyl chain
length, proportion of components in the mixture, and
temperature.

A punched disc rotating in a glass cylinder creates
the foam (see Figure 12.1(b)). Depending on the tem-
perature, an equilibrium occurs when as many foam
bubbles are newly produced in the same time inter-
val as the number that disappear. The foam increases
sharply with rising temperature when soap is absent. If
soap is added in a sufficient amount, a depression of the
foam is achieved, although the observed height of lather
depends on the solubility of the soap used. Soaps with
alkyl chains of 12 to 16 carbon atoms are soluble at low
temperatures. Thus, the foam is already depressed over
the temperature range from 20 to 40°C, where a thicker
foam layer is desired in handwashing. In comparison,
soaps with alkyl chains containing of 18 to 22 carbon
atoms will only depress the foam significantly at higher
temperatures.

For a decisive removal of fatty dirt from hydrophobic
fibres, it is necessary for that a fat-soluble surfactant to
penetrate into the fat layer, thus supporting its removal.
That can be achieved by using ethoxylated alcohols at
a low level of ethoxylation.

Mixtures of adducts of ethylene oxide with alkyl-
benzene sulfonates therefore show a division of the
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Figure 12.1. The formation of foam: (a) variation of foam height as a function of temperature on the addition of 4% soap to an
alkylbenzene sulfonate-based detergent system; (b) apparatus used to create the foam
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work that leads to a better cleaning performance. The
nonionic surfactants take over the job of removing the
fatty film on the fabric and decreasing the interfacial
tension between the hydrophobic solid surface and the
aqueous solution. The alkylbenzene sulfonates, on the
other hand, take the role of dispersing pigments and rais-
ing the stability of the dispersion of soil in the washing
liquor. Similar synergistic effects can be observed with
other kinds of surfactants.

Nearly all surfactants used in the trade are already
mixtures of homologues and isomers by themselves.
Thus, any additional beneficial effects will occur only
between classes of different surfactants. Such syner-
gisms make it possible to obtain the required effects
at lower total concentrations of the surfactant mixture
than those of the single components. This is important
for the proportion of cost to performance, as well as for
the reduced effects on the environment.

Many publications report the interactions between
various surfactants. In most cases, well-defined physical
methods are used. This leads to well-defined conditions
for the tests to yield reproducible results. To avoid dis-
tortion of the results by the presence of by-products,
pure surfactants are used, which are dissolved in distilled
water or in solutions of salts such as sodium chloride
or potassium chloride in known concentrations. Under
these conditions, the properties of the solutions can be
very accurately studied for their dependence on concen-
tration, proportion of mixture, temperature and time.

Often, synergistic effects are observed. This means
that the measured value will not change corresponding
to the molecular fraction of the mixture, but will show
a maximum or minimum, often within narrow limits.
Depending on the test procedure being used, different
extreme values can be observed, e.g. the maxima of sta-
bility of foam films, and of elasticity or viscosity of
surface films, and of the depression of surface tension, or
the minima of the critical micelle (forming) concentra-
tion. Because the interfacial activity of the single com-
ponents may be very different, such extreme values will
often already arise at a small proportion of the compo-
nent with the stronger interfacial activity in the mixture.

However, in the daily practice of the application of
surfactants there is in most cases an interaction of the
surfactant mixtures with the extended surfaces of solids.
This leads to a decrease in the amount of the most
surface-active components in the solution by adsorption
at the solid surface. Any synergisms observed in labora-
tory tests will therefore not occur any more, and a shift
of the synergistic effects to higher concentrations will
be observed. This changes drastically the proportion of
the synergistic-effective mixture. Especially in systems

with several components, the desired effect of a mixture
can be lost by adsorption of one or more components
on extended solid surfaces.

This is the case, for instance, when microemulsions
are used for enhanced oil recovery. By adsorption of
minor components at the rock matrix, the proportion of
the mixture can be so drastically altered that the forming
of a microemulsion with the oil is no longer possible.
The ratio of the surfactants present is then far away from
the necessary range under the given thermal conditions.

However, changing of the composition and properties
of surfactant mixtures while in use can also be required,
e.g. in breaking oil-in-water emulsions of the effluents
in car washing installations. By dilution with rinsing
water and reaction of the calcium ions from the water
hardness, insoluble salts of, e.g. alkylbenzene sulfonates
will be formed. Thus, the remaining concentration of
surfactants is not further able to stabilize the emulsion.
Simultaneously the water-insoluble calcium alkylben-
zene sulfonate will attract small oil droplets. In this way,
the emulsion is broken up and a separate phase of oil is
formed that can be separated.

In mixtures, a mutual solubilization of the surfactants
takes place. Thus, the solubility and as a result the
efficiency of difficultly soluble surfactants can be shifted
to a lower temperature range.

Figure 12.2 shows a triangular diagram for a mixture
of an alkylbenzene sulfonate, alkyl sulfate and C16/18-
soap, relating to the detergency behaviour cotton at
25°C. The performance is presented in the form of
contour lines as a percentage of the measured brightness
to the theoretically possible level. This diagram shows

Sodium
oleate

Sodium
alkyl sulfate

Sodium
alkylbenzene sulfonate

Figure 12.2. Triangular diagram illustrating the detergency
performance of a mixture of surfactants on soiled cotton at
25°C, as a function of the proportions of the three components
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that it is only in a small area of ca. 25% alkylbenzene
sulfonate, 25% alkyl sulfate, and 50% soap will a
maximum of detergency performance be obtained. It is
especially remarkable that ca. 50% of soap is needed to
achieve this maximal effect.

Beginning with 100% of sulfonate, the measured
detergency drops from 10 to 5% by the addition of
2-10% of soap. This could give rise to the statement
that the addition of soap lowers the detergency of the
alkylbenzene sulfonate under the conditions of the study.
However, on further addition of soap, the detergency
increases to 25% and this is a higher value than both
components will show when used as single surfactants.
Although the washing liquor was of medium hardness,
a sufficient amount of sodium triphosphate was added
to avoid precipitation of lime soap.

In this study of detergency at a low temperature, the
effect of the alkylbenzene sulfonate as a single surfactant
was very small. The alkyl sulfate shows a slightly higher
performance. The mixture of these two surfactants
shows an increase to 30%. The ternary mixture, with
soap in all proportions of alkylbenzene sulfonate and
alkyl sulfate, leads at first in a drop in detergency
performance. A significant rise of detergency occurred
first above a content of 40% soap in the mixture.

In actual practice, the synergistic effects of deter-
gency often only occur if the proportion of the compo-
nents is high enough to be effective in the presence of
extended surfaces from fibres and soil particles. There-
fore, it is very difficult to correlate results obtained on
pure systems with those obtained for actual applications.

11 ALKANE SULFONATES

By the radical addition of sodium bisulfite to a-olefines,
alkane sulfonates are obtained which carry a sulfo group
at the end of the chain. These compounds possess
relatively poor solubility in water. In contrast, the
sulfo group in technical alkane sulfonates is statistically
distributed along the alkyl chain. This leads to a good
solubility.

Alkane sulfonates are mainly produced by two meth-
ods, i.e. the process of sulfochlorination and the process
of sulfoxidation. In both processes, a radical chain reac-
tion takes place and therefore the alkane starting material
must be free from branched compounds, olefines and
aromatics because such compounds will act as chain-
stoppers in the chain reactions. Highly pure straight
alkanes of paraffin fractions from 13 to 18 carbon atoms
are used, with an optimum in the range of 14-17 car-
bons in the chain.

In both cases, a mixture of alkanes with sulfur diox-
ide and chlorine or oxygen, respectively, is irradiated
by actinic light, giving radicals which lead to sulfochlo-
rides or sulfonic acids. Because this reaction can take
place repeatedly at one alkane molecule, the process
is interrupted after 1 to 30% of the starting material
has reacted, the formed alkane sulfonate extracted after
the addition of caustic soda solution, and the remaining
alkane recycled back into the process.

11.1 Sulfochlorination

The main products of the sulfochlorination process are
the alkane sulfochlorides, which in turn are saponified
to the desired alkane sulfonates. This process was first
discovered in the 1930s, and industrially realized shortly
afterwards. Sulfochlorination is a radical chain reaction,
initiated by irradiation with short-wavelength light.

Because the dissociation enthalpy of chlorine is
250 kJ/mol, the reaction can be initiated by using visible
light in the wavelength range 370-478 nm, forming
chlorine radicals as follows:

C\2 + hv —

RH + cr —

R# + SO; —

RSO; + ci2 —

—• 2 c r

- > R* + HC1

—> R S O ;

-» RSO2CI + cr

(12.1a)

(12.1b)

(12.1c)

(12.1d)

The yield of alkane sulfochloride depends on the molar
ratio of SO2 to Cl2, the purity of the feedstock and the
reaction temperature. Optimal conditions in the techni-
cal process are 35-40°C and a molar ratio of SO2 to Cl2

of 3:1. Nevertheless, there are side-reaction such as the
chlorination of the alkane, chlorination of the formed
alkane sulfochlorides, and the formation of sulfuric acid
from traces of water. In addition, a second sulfochlorina-
tion reaction may take place. Thus, the main components
of the sulfochlorination process are the desired alkane
monosulfochloride, di- and trisulfochlorides and chlori-
nated products of these species, as well as monochlo-
ralkanes and dichloralkanes.

The sulfochlorination process is carried out in acid-
proof coated vessels. These reactors (with a volume
of 10-12 m3) are equipped with gas-inlet nozzles and
glass pipes containing fluorescent lamps. The reaction
mixture is pumped to heat exchangers in a circuit,
because at higher temperatures chlorination instead of
sulfochlorination will dominate. The advantage of using
fluorescent tubes radiating visible light is a long lifetime
of four to six years for these lamps. Eight vessels of this
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kind are connected in a reactor cascade arrangement.
In this way, the formation of poly sulfochlorinated
alkanes is limited. Circulating and cooling systems of
appropriate design also avoid the formation of di- and
polysulfochlorides.

An initial reaction time of 4 to 5 h is necessary
for a conversion of ca. 25% of the starting mate-
rial. The exhaust gas contains mainly hydrogen chlo-
ride and sulfur dioxide. While hydrogen chloride is
absorbed adiabatically by water, the excess of sulfur
dioxide can be liquefied for recycling back into the pro-
cess or be converted into sulfite solution. Residues of
hydrogen chloride and sulfur dioxide are stripped off
from the sulfochloride mixture by using warm air. A
schematic of a typical sulfochlorination plant is shown
in Figure 12.3.

The reaction mixture is saponificated by 10% caustic
sodium solution at ca. 90°C. After this stage, the mixture
is conveyed into a settler where an upper phase of non-
reacted alkane will separate, which is then fed back
into the process after refining. The lower phase contains
sodium chloride in addition to the formed sodium alkane

sulfonates, according to the following equation:

RSO2C1 + 2NaOH > RSO3Na + NaCl + H 2O
(12.2)

In addition, the reaction mixture also contains 4 -8%
of unreacted solubilized alkane. The pH value may
be adjusted in the range of 3-5 to improve the con-
ditions for separation. After cooling the NaCl brine,
which contains trace quantities of the alkane monosul-
fonate, 1.5-2.0% di- and polysulfonates will separate
out. Almost all of the alkanes and sulfonates are com-
pletely present in the upper phase. The alkanes are
mainly stripped off by steam distillation at ca. 200°C,
while at this temperature molten alkane sulfonate is
simultaneously formed. This is then transformed into
flakes on cooling rolls or other cooling equipment.

Sodium alkane sulfonates are hygroscopic and there-
fore they have to be shipped in sealed waterproof pack-
ages. They are also available in the trade as ca. 35%
solutions or 60-70% pastes. These consists of ca. 90%
monosulfonate, ca. 10% di- and polysulfonates, and very
small amounts of NaCl and neutral oil.

Off-gas(HCI/SO2-free) Off-gas

n-Alkane

Figure 12.3. Schematic of a typical continuous sulfochlorination plant: (1, 2 - 8 ) sulfochlorination reactors; (9) recirculation
coolers; (10) vaporizers; (11) absorption columns; (12) blow-off column
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Sulfochlorination was the first successful procedure
for preparing alkane sulfonates. Nowadays, however,
these materials are mainly produced by the sulfoxidation
process.

11.2 Sulfoxidation

This reaction, of n-alkanes with sulfur dioxide and
oxygen, was introduced in the 1940s. Sulfoxidation
is also started by a radical chain reaction. By using
ultraviolet light of wavelengths longer than 320 nm,
excited triplet sulfur dioxide is formed, and the reaction
combines according to the following:

3 S O 2 -

R# +

RSO*

RSO2OO# -

f-RH —

SO2 —

+ O2 —

FRH —

—> R# + HSO;

- > RSO'

- > RSO2OO*

—> RSO2OOH

The very unstable peroxy sulfonic acid is a source of
many complex reactions, the presence of which will
be minimized by using an excess of sulfur dioxide and
water:

RSO2OOH + SO2 RSO2OH + H2SO4 (12.4)

Because the paraffin/water mixture has to be in close
contact with the gases sulfur dioxide and oxygen (in
a molar ratio of 2:1), these three phases must be
thoroughly mixed. The simplified overall equation of
the total reaction is as follows:

RH + 2 SO2 + O2 + H2O • RSO3H + H2SO4.
(12.5)

Compared to sulfochlorination, multiple substitution is
dominant in the sulfoxidation process. Therefore, the
conversion is restricted to 1 mol% of each passage in
a continuously working facility. The weakly exothermic
reaction is run in the temperature range from 30 to 38°C.

The reaction mixture is circulated by the continuous
addition of alkane and water. It is pumped to a sep-
arator where an aqueous phase and an upper phase of
practically pure alkane are formed. In the aqueous phase,
there is sulfuric acid and unreacted alkane in addition to
the alkane sulfonic acid. After separation of the sulfuric
acid, the alkane sulfonic acid, containing some alkane,
is neutralized. The alkane is then separated by steam
distillation and recycled. The final product is obtained
as molten sodium alkane sulfonate and is available as
either flakes or pastes.

11.3 Properties and applications of
alkane sulphonates

Monoalkane sulfonates are the preferred materials
because their properties are very similar to those of the
alkylbenzene sulfonates. Products containing a higher
proportion of di- or polysulfonated compounds show a
limited detergency but are useful wetting agents.

The ratio of mono- to di- and polysulfonates in com-
mercial products lies in the range of 5.5:1 to 8.6:1 for
products derived from the sulfochlorination process and
9:1 to 10:1 in the case of sulfoxidation. Alkanes, mea-
sured as neutral oils have a content in all products of
< 0.6 wt%. The origin of the manufacturing process can
be traced by determining the presence of chloroalkanes.
Typical for the sulfochlorination route are chloro organ-
ics up to 0.15% of measured chlorine. Their absence
indicates the sulfoxidation process. However, the con-
tent of adsorbable organic halogen (AOX)-containing
substances in the products derived from sulfochlori-
nation will be completely mineralized by biological
sewage treatment.

The biological degradation of alkane sulfonates
occurs somewhat more easily than the degradation of
alkylbenzene sulfonates. Alkane sulfonates are toxico-
logically harmless and ecologically safe. From recent
investigations, it was found that even under anaerobic
conditions adapted strains of bacteria are able to desul-
fonate alkane sulfonates.

Some "no-effect concentration" (NOEC) values
where alkanesulfonates show no effect on biological
samples are shown in Table 12.1. Owing to their good
solubility in water, the stability of concentrated aqueous
solutions at low temperatures and their chemical
stability over the whole pH range and against oxidation
agents, alkane sulfonates can be widely applied. These
properties make alkane sulfonates valuable for preparing
liquid cleaners, laundry detergents and dishwashing
formulations. They are also a helpful auxiliary in
emulsion polymerization processes.

However, alkane sulfonates cannot be produced as
inexpensively as alkylbenzene sulfonates. Therefore,
they are mainly used as special surfactants in blends

Table 12.1. NOEC values for various
species at which alkane sulfonates
show no biological activity

Species NOEC value (mg/1)

Fish
Daphnia
Algae

1.2
0.6
6.1
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with other surfactants in order to adjust the properties
of the mixture to special requirements. They show
synergistic effects in mixtures with nonionics, ether
sulfates and alkyl polyglucosides. Blends of alkane
sulfonates of high purity with surfactants gentle to the
skin - such as amphoterics, fatty alkanolamides and
protein fatty acid condensates - are also suitable for
cosmetic formulations.

Because of their rapid wetting ability, alkane sul-
fonates are used in many production stages in the textile
industry. They are also useful in the pulp and paper
industries as well as in many industrial and institutional
cleaning processes.

Alkane sulfonates are components of bleaching and
disinfecting solutions due to their stability towards
strong alkaline solutions and oxidizing agents such as
hydrogen peroxide and sodium hypochlorite.

The high wetting ability and thermostability are
utilized by the addition of alkane sulfonates to water in
fire-fighting applications. Such water systems will wet
burning wood and plastics and penetrate into charcoal,
thus cooling it below its flash-point. Furthermore, foam
can be created to cover the burning material and separate
it from the oxygen in the air.

Alkane sulfonates are applied in a widespread man-
ner in emulsion polymerization. They are used as pro-
cessing aids, in particular in the emulsion polymerization
of vinyl chloride, vinyl acetate, styrene and acrylonitrile.
Because they possess no double bonds, alkane sulfonates
do not act as radical chain stoppers. Well-known lattices
derived from emulsion polymerization are poly(vinyl
chloride), ethylene-vinylacetate copolymers, polyacry-
lates, and butadiene and chloroprene rubbers. Alkane
sulfonates also offer good stabilizing effects in lattices
against coagulation by fillers.

The annual production of alkane sulfonates - which
are mainly produced in Europe - lies in the region of
60 000 t, about 20% of which are exported to countries
outside of Europe.

widespread use of phosphorus-containing surfactants
when compared to the total output of surfactants in
general.

Orthophosphoric acid, containing three acid OH
groups in the molecule, offers many opportunities for the
realization of surface-active molecule structures. How-
ever, phosphoric acid possesses additionally the ability
to form polyacids in wide manner. Pyrophosphoric acid
and triphosphoric acid are substances that have been
known for a long time. This fact presents further possi-
bilities for some interesting syntheses.

Phosphorus-containing surfactants exhibit a good sol-
ubility in saline solutions, they are insensitive to water
hardness, they are able to disperse lime soap, and they
act as corrosion inhibitors in acid media. They are also
valuable components for obtaining synergistic effects
due to the variety of possible molecule structures. How-
ever, until now this opportunity has only been seldom
used, as can be deduced from the literature. In some
fields of application, phosphorus-containing surfactants
obviously offer many benefits when compared to other
types of surfactants. In such cases, they have been
applied to great advantage.

There are many parallels between the phosphates and
sulfates of aliphatic alcohols. Both types of surfactants
contain ester bonds which undergo hydrolysis in strong
acid solutions. As a result, the production of esters is
a key stage in the preparation of these phosphorus-
containing surfactants.

By dry heating of the salts above a temperature of
140°C, decomposition will occur, forming the corre-
sponding alkenes and an inorganic acid salt. In the same
way that sulfonic and sulfinic acids are formed by C-S
bonds, C-P bonds lead to phosphonic and phosphinic
acids.

12.1 Phosphated and polyphosphated
alcohols

12 ESTERS OF PHOSPHORIC ACID

Although in most cases the bulk of anionic surfactants
on the market are of the sulfonate, sulfate, or carbonate
type, derivatives of phosphoric acid also show surface
activity, with very interesting properties. The proportion
of phosphorus-containing surfactants reaches about 1 %
of total surfactant production. It can be fundamentally
stated that surfactants covering nearly all applications
can be derived from phosphoric acid. It is often only
the somewhat higher price which blocks the same

In most cases, aliphatic alcohols with a chain length
in the range of 10 to 20 carbon atoms are converted
with phosphorus pentoxide to yield a mixture of alkyl
dihydrogen esters (primary) (5) and dialkyl hydrogen
esters (secondary) (6).

OH

R - CH2O — P = O (primary)

(5)
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OCH2O-R
R - CH2O - P = O (secondary)

(6)

The reaction follows the following simplified
equations:

P4O10 + 8R-CH2OH >

4(R-CH2O)2PO(OH) + 2H2O (12.6)

P4O10 + 4R-CH2OH + H2O >

4R-CH2O PO(OH)2 (12.7)

P4O10 4- 6ROH >

2(RO)2PO(OH) + 2ROPO(OH)2 (12.8)

Although the yield of the dialkyl hydrogen esters can be
influenced by the ratio of alcohol to P4O10, in practice,
mixtures of primary and secondary esters are obtained
always, e.g. changing the molecular ratio of alcohol
to P4O10 from 2:1 to 4:1 results in an increase of the
secondary ester in the mixture from 35 to 65%.

Long-chain alcohols, as well as traces of water in
the alcohol or from P4O10, lead to a higher proportion
of monoalkyl esters. Alkyl phosphates are described as
being low-skin-irritant anionic surfactants, and are used
in paste- and liquid-type skin cleansers. However, there
are also some specific routes for the syntheses of defined
primary or secondary esters.

Monoester salts of phosphoric acid, for instance,
are prepared by the reaction of alcohol (or ethoxylated
alcohol), alkali fluoride and pyrophosphoryl chloride
(C12PO)2O in a molar ratio of 0.9-1.5:0.05-1:1.0 at
- 5 0 to +10°C, followed by hydrolysis of the Cl"
containing intermediates with a base. In this way, for
example, 32.3 g (C12PO)2O was treated at -50°C with
23.9 g lauryl alcohol in the presence of 0.7 g KF and
the mixture was slowly warmed to room temperature
and then hydrolysed with H2O and 40% NaOH to give
83% sodium monolauryl phosphate. These monoester
salts show better washing and foaming efficiencies when
compared to the corresponding commercial products.

One can also use OH-containing nonionic surfac-
tants, with an OH end-group, for the reaction with P4Oi0.
The optimal ratio of surfactant/P4Oi0 is 2.5-3:1. While
the yield of mono- and diesters is significantly influ-
enced by the water content of the starting materials,
it does not depend on the reaction temperature. How-
ever, the quality of the surfactants is improved by using

tetraalkylammonium hydroxide as the base and a reac-
tion temperature below 60°C.

Surfactants can also be obtained by the reaction
of glycerol derivatives such as RCO2

[CH2CH(OH)CH2O]fIH (R = C6_i6 alkyl, n = \-5)
with P4O10 at 60-80°C, followed by subsequent neu-
tralization of the resulting phosphate ester acids with
aqueous alkali or alkanolamine solution at 50-70°C. The
preparation of surfactants by the reaction of P4Oi0with
fats, oils and diglycerides is also described in early
patents.

A specific example describes the reaction of P4O10
with diglycerides from vegetable oil in the presence of
isopropyl ether. The reaction product was neutralized
with ammonia or other alkaline reagents, as follows:

H2CO-C(O)C17H33
I

H2CO-C(O)C17H33 + NaOH -
I

H2CO-C(O)Ci7H33

H2CO-C(O)C17H33

HCOH
I

H2CO-C(O)C17H33

(12.9)

H2O + Ci7H33C(O)ONa

H2CO-C(O)C17H33

HCOH + P4O,0
 N H 4 Q H

a
I *

H2CO-C(O)C17H33

H2CO-C(O)C,7H33

HCOP(O)(ONH4)2

I
H2CO-C(O)C,7H33

(12.10)

Defined phosphoric acid diesters can be prepared by
treating a liquid slurry of a phosphate monoester
with epoxides in the presence of alkali compounds,
e.g. a mixture of monolauryl phosphate sodium salt
and triethylamine in water was treated with glyci-
dol at 80°C for 8 h to give 98% of the lauryl(2,3-
dihydroxypropyl)phosphate sodium salt.

However, definite primary or secondary alkyl phos-
phates are seldom produced in practice. There are two
reasons for this. First, the production costs are generally
too high, and secondly the mixture of both esters in com-
bination with the unreacted starting material often offers
the most interesting properties for practical applications.

Although temperature has no influence on the ratio of
reaction products, it does influence the rate of reaction
and the formation of coloured by-products. The addition
of acetic acid anhydride or acetyl chloride was found to
accelerate the reaction. In some instances, the use of
other solvents has been described.

The reaction of 2-ethylhexanol and POC13 (or P4O]0)
has been studied in an effort to maximize the formation
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of di-2-ethylhexyl hydrogen phosphate. It was found that
POCI3 was the preferred reagent for obtaining a pure
product.

The reaction between an alcohol and phosphorus
oxychloride also gives mono- or diesters, according to
the following:

ROH + POCI3

ROP(O) Cl2 + 2 H2O

2 ROH + POCI3

(RO)2P(O)C1 + H2O

ROP(O) Cl2 + HC1
(12.11a)

ROP(O)(OH)2 + 2HC1
(12.11b)

(RO)2P(O)C1 + 2 HC1
(12.12a)

(RO)2P(O)(OH) + HC1
(12.12b)

The ability of certain phosphoric acids to form con-
densed molecules is an additional effect. Such acids
include pyrophosphoric acid, H4P2O7 (7) and triphos-
phoric acid H5P3Oi0 (8).

O
II

o
HO-P-O-P-OH

(7)

O O O
II II II

0-P-O-P-O-P-OH

(8)

In living cells, adenosin triphosphate plays an impor-
tant role in the transfer of energy. As an example, the
reaction of condensed phosphoric acid with castor oil
gave a polyphosphoric acid ester, which after neutraliza-
tion with ammonia shows a high wetting power. For the
production of detergent builders and inhibitors against
soil-redeposition, starch was reacted with NaH2PO4 and
partially neutralized hexametaphosphoric acid. In a sim-
ilar way, vinyl monomers were heated with phospho-
rus compounds, e.g. PCI3, PBr3, triethyl phosphine,
tripropyl phosphine, triallyl phosphine, or methyl or
ethyl dimethoxy phosphine ester, to give polymers use-
ful as antistatic agents, surfactants and plasticizers.

12.2 Polyoxyalkylene phosphate esters

Compounds with a suitable length of a hydrophilic group
may be reacted with ethylene oxide, thus resulting in

alkyl polyglycol ethers which in turn can be treated
with phosphorus pentoxide or phosphoric acid to give
surface-active polyoxyalkylene phosphate esters. The
properties of phosphoric acid esters based on alkylene
oxide adducts can be controlled by the kind and length
of the hydrophilic alkylene oxide chain, as well as by
changing the length and structure of the hydrophobic
alkyl chain. Furthermore, they can be easily adapted
to special demands by using either ethylene oxide or
propylene oxide.

The general formulae of the polyoxyethylene mono-
and diesters of phosphoric acid are shown in structures
9 and 10, respectively, where R is either an alkyl or an
alkylphenyl group, and n is between 2 and 18.

RO(CH2 CH2O)nO

O = P - O H
I

H

(9)

R0(CH2
I

O = P - O H

RO(CH2 CH2O)/

(10)

Anionic polyoxyethylene phosphate surfactants are pro-
duced by two general reactions. Either the terminal
hydroxy group of a polyoxyethylated hydrophobic com-
pound is reacted with a phosphorylating agent, or a
phosphate ester is oxalkylated. Often, aliphatic and aro-
matic alcohols are first treated with an alkylene oxide,
and afterwards with a suitable phosphorylating agents,
such as P4O10, POCI3, phosphoric acid or polyphospho-
ric acid.

Phosphoric acid esters of polyoxyalkylenes with a
high degree of alkoxylation are only mildly anionic
and still show many properties of the base products.
However, they have a better performance in applica-
tion systems containing a high percentage of alkaline
builders, e.g. institutional and industrial cleaners.

Phosphoric acid esters based on linear primary alco-
hols (C11-C15) solidify in general below 24°C whereas
phosphate esters derived from nonylphenol are liquid at
temperatures as low as 2°C (see Table 12.2). Hydrolysis
with 1-3% water at 60-110°C decomposes polyphos-
phates without hydrolysing the phosphate ester product,
thus giving esters having good colour, clarity and resis-
tance to discolouration and acid drift in storage.
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Table 12.2. Pour points of phospate esters

Esters (of) Content" Pour point

Nonylphenol,
Nonylphenol,
Tridecyl alcohol (oxo),
Linear primary alcohol, C11-C15
Linear primary alcohol, C11-Q5
Linear primary alcohol, C11-Q5
Linear primary alcohol, Q4
Linear primary alcohol, C14

54.5 EO
64 EO
56.9 EO
54.5 EO
64 EO
68
57
57

EO
EO
PO

2
2
2

24
27
24
24
21

"EO, ethylene oxide; PO, propylene oxide.

Mixtures of novel nonionic derivatives of phosphate
esters of polyoxyethylenated partial glycerides of higher
fatty acids are manufactured by reacting ethoxylated
fatty mono- and diglycerides with polyphosphoric acid
containing 82-84% P4O10, followed by treatment of
the reaction products with ethylene oxide or propylene
oxide.

Phosphate derivatives of ethylene oxide adducts
exhibit good colour stability upon contact with sodium
hydroxide, whereas nonionic ethylene oxide adducts
discolour badly under these conditions. The free surface-
active acids show little tendency to hydrolyse. They have
a pH value of about 2 in aqueous solution. However, in
the presence of strong acids, polyoxyethylated phosphate
esters undergo hydrolysis to the base nonionic and
phosphoric acid.

12.3 Applications of
phosphorus-containing surfactants

Phosphorus-containing surfactants provide a combina-
tion of desired characteristics, e.g. wettability, deter-
gency, sequestering ability and anticorrosive behaviour.
Therefore a classification into separate fields of applica-
tion is difficult.

Wetting is often one of the first steps for the effect
of a surfactant. A special case is the penetration of
fluids into porous material such as a bundle of fibres
in the dyeing process or the stone matrix in enhanced
oil recovery. One of the steps of lubrication is wetting of
the surfaces by lubricant liquids. Because often further
conditions have to be considered, the use of phosphorus-
containing surfactants can be favourable.

Alkylphosphates and phosphonates are valuable com-
ponents of cleaners, especially when anticorrosive
behaviour is also asked for. Their solubility in saline
solutions extends their field of application above the
limits for other common surfactants.

Alkyl phosphonates are outstanding sequestering
agents and builders. The latter influence precipitation
of solid soil and promote the soil suspending ability of
washing liquors.

They are further able to reduce the catalytic effects
of heavy metal ions. Thus, they support the stabilization
of peroxides in detergents. In a similar way, alkyl
phosphonates also help to reduce the possibilities of
catalytic processes taking place which cause soaps and
fragrances to become rancid.

Far below stoichiometric amounts of sequestrants,
precipitation of insoluble salts from water hardness can
be avoided by the so-called threshold effect, in which
formation of crystal nucleation sites is hindered by
sequestrants. This process has been used for a long
time to prepare feeding water for boilers e.g. steam
vessels in rail way engines. Sodium pyrophosphate was
originally used for this task. However, in particular alkyl
phosphonic acids and their derivatives have a superior
effect when compared to sodium pyrophosphate.

Heavy metal ions not only behave as catalysts
in the destruction of peroxide compounds, but also
catalyse other chemical processes often caused by
oxygen and air. Sequestering these metal ions by
phosphorus-containing compounds will decrease these
undesired effects. Salts of alkylene diphosphonic acid
and aminotri(methylphosphonic) acid are effective in
stabilizing peroxide and chlorine bleaching solutions.

Phosphate esters based on alkanols, polyethoxy-
lated alkanols and alkylphenols are favourably applied
in emulsion polymerization processes. Especially in
low-temperature polymerization, high requirements are
demanded of emulsifiers for solubility and surface activ-
ity at ca. 5°C.

The dispersing ability of phosphorus-containing
anionics is made use of in many applications. The
sequestering abilities of polyphosphoric acid derivatives
and derivatives of phosphonic acids are additional
valuable properties for their use as dispersants. Their
main task is to secure a stable distribution of particles
in suspension. This is a strong demand in the production
of photographic emulsions, as well as in the production
of recording tapes and disk.

Poly(ethylene glycol) alkylaryl ether phosphates and
poly(ethylene glycol) alkyl ether phosphates have been
used as inhibitors for the deposition of salts in the
petroleum field. These reagents have high surface activ-
ity and are adsorbed on the nuclei of crystallization
centres, thus preventing further crystallization and thus
inhibiting the deposition of salts.

In recent years, bi- and polyfunctional phosphorus-
containing surfactants have attracted interest, mainly for
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their combination of surface activity and sequestering
ability. However, anticorrosive properties and biologi-
cally active behaviour are also effects that need to be
considered. Alkyl phosphonic acids and their deriva-
tives represent the largest group amongst these. Sur-
factants which contain carboxylic acid ester or amide
chains with terminal phosphonic acid groups are pre-
pared from poly(hydroxystearic) acid or polycaprolac-
tone. Such reaction products are useful as dispersants,
emulsifiers, and in some cases, as bactericides, disinfec-
tants and antiseptics.

The diethylethanolamine salt of oleyl phosphate is
effectively used as a dispersant for antimony oxide
in a mixture of xylene-type solvent and water. Such
a combination is useful as an additive for preventing
the activity deterioration of the fluid catalytic cracking
material for heavy petroleum fractions.

Phosphoric acid esters of alcohols are recommended
as surfactants which are mild to the skin. Therefore, they
are used in cosmetics such as shampoos and lotions. In
analogy to alkyl sulfates and alkylether sulfates mildness
to the skin and especially to mucous membranes will be
increased by using ethoxylated alkanols as the starting
materials.

Some phosphorus-containing surfactants possess bac-
teriostatic properties. In combination with their physio-
logical acceptance, they are therefore used in cosmetics
and pharmaceutics, e.g. in oral anticaries compositions,
the combination of alkyl phosphates and nonionic sur-
factants stabilizes mutanase without decreasing foaming
behaviour.

13 SULFOSUCCINATES

Mono- or dialkyl esters of succinic acid are formed
by the addition of fatty alcohols or ethoxylated fatty
alcohols to maleic anhydride in the presence of acid
catalysts. These are the hydrophobic starting material for
sulfosuccinates. The next step is the addition of sodium
hydrogensulfite in aqueous methanol, which forms the
surface-active sulfosuccinates via a radical reaction.

In the case of sulfosuccinates, fatty alcohols with
short alkyl chains that would otherwise give no useable
surface activity, owing to their chain length, in other
surfactants such as alkyl sulfates, can be used as starting
materials. Very pronounced is the large rise in surface
activity between diesters with six carbon atoms and
diesters with eight carbon atoms in the alkyl chain, but
we have to remind ourselves that this means a difference
of four carbon atoms in the whole molecule.

Alkyl sulfates as monoesters of the dibasic sulfuric
acid have only one hydrophobic group in the molecule,
while in the case of the tribasic sulfosuccinic acid, both
monoesters and diesters can be formed. This gives a
broader variation and influence of the surface-active
properties. In general, it can be said that sulfosuccinates
containing less than eight to ten carbons atoms in each
ester group exhibit a sufficient solubility in water.

Sulfosuccinates are in general on the market as neu-
tral aqueous solutions. However, especially the sodium
salts of the diesters will easily crystallize by evaporating.
In this form, they are used as components of cleaners
in powder form, e.g. in carpet dry cleaning formula-
tions. The dialkyl sulfosuccinates with alkyl groups such
as butyl, hexyl or ethylhexyl show outstanding wetting
properties and good dispersing ability. They are used as
quick-acting wetting agents in the textile industry. The
best results are obtained with esters containing from 14
to 18 carbon atoms in the hydrophobic unit.

The monoesters of sulfosuccinic acid possess good
washing ability and high foam stability, and are gentle
to the skin. Therefore they are in widespread use
in bodycare products such as shower gels and baby
shampoos. However, their ester bonds are sensitive to
hydrolysis in alkaline solutions. Thus, they cannot be
used in common detergents.

In particular, the monoesters of ethoxylated fatty
alcohols with three to twelve ethylene oxide groups
in the molecule are gaining importance in bodycare
products. They are indifferent to water hardness and
non-irritating to the skin.

The same properties are shown by the sulfosuccinates
of fatty acid alkanolamines (11). These materials can
be combined with other anionics, resulting in cleaners
which show good solubility and excellent foam ability.

R O - C O - N H - C H 2 C H 2 - O - C O

CH-SO3Na

CH2

OC-ONa

(ID

The sulfosuccinamates also need to be mentioned here.
These materials can be produced by the reaction of fatty
amines with maleic anhydride, followed by the addition
of sodium bisulfite (12).
They are used in flotation processes of non-sulfidic ores
to adjust the wetting properties.

The great variety and number of ester components
of all kinds results in adaptation to many demands in
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R-NH-CO

CH-SO3Na

CH2

OC-ONa

(12)

application. Therefore, they may be found in detergents
and cleaners, in body cleansers and bodycare products,
in disperse colourants, and in auxiliaries for the pulp and
paper industries. They are also used as emulsifiers in
polymerization processes, as foam boosters in flotation,
and as wetting agent in electrodeposition processes.

The production of sulfosuccinate on an industrial
scale began in the early 1960s. This followed a sharp
decline in the price of maleic anhydride, a raw material
which was of great importance in the production of
plastics. In the previous years, only a few diesters of
short-chain fatty alcohols had been used as wetting
agents, largely in the textile industry. In the class of
ethanolamides of sulfosuccinate, the monoethanolamide
of undecylenic acid shows microbiological properties
and is used in hair shampoos as an anti-dandruff agent.
A large variety of sulfosuccinates are now available.

For the synthesis of sulfosuccinate monoesters, the
fatty alcohol is loaded into a reactor vessel and heated
to 60-70°C. The temperature is kept at this level and
maleic anhydride is continuously added up to a slight
excess above the theoretically required amount. The heat
of reaction causes the anhydride to melt. The reaction is
continued by stirring the mixture for ca. 1 h at 70-90°C.
Afterwards, an aqueous solution (~20%) of sodium
sulfite or sodium bisulfite is added. The reaction is
completed by continuous stirring at 70-90°C for at least
for 1 h. The pHvalue of the reaction mixture is then
adjusted to neutral.

In the final stage, ca. 80% of the mixture is trans-
formed to the monoester of the sulfosuccinate, resulting
in a 40% aqueous solution which in most cases is used
in formulations. An excess of sulfite can be eliminated
by the addition of hydrogen peroxide. Solutions of sulfo-
succinates in their most common product form contains
40% active material.

The production of diesters is similar to the synthesis
of the monoesters. In this case, however, after addition
of the maleic anhydride, the temperature is raised to
100-120°C and under a slight vacuum the formed water
of reaction is evaporated so as to shift the reaction
towards the diesters. The use of an esterification catalyst
is also necessary. The addition of inert solvents for
the removal of water (by forming azeotropic mixtures)

is very helpful for lowering the required temperature.
Unlike the monoesters, the diesters of succinic acid are
obtained in high yield.

Sulphosuccinates obtained from OH-group contain-
ing substances other than fatty alcohols are produced in
the same manner as described before.

For the synthesis of sulfosuccinamates, maleic anhy-
dride is reacted with the particular amine needed to give
the required maleic acid monoamide, which can then be
transformed to the sulfosuccinamate by sulfonation with
sodium bisulfate in aqueous solution. The preparation of
diamides is similar to that used for preparing diesters.

As already mentioned, the finished monoester prod-
uct is always in the form of a blend because neither of
the reaction steps are completed. Often the starting mate-
rial by itself contains many components. That is espe-
cially the case when using ethoxylated fatty alcohols,
which offers a low sensitivity against the alkaline-earth
ions in hard water. This starting material even contains
unreacted fatty alcohol due to the statistical distribution
of the ethoxylates. However, it is possible to reduce the
amounts of unwanted by-products such as 1,4-dioxine or
nitrosamines in the alkanolamine-based sulfosuccinates
below the detection limits by using modern production
methods.

In the diester class, the di-2-ethylhexyl sulfosuccinate
and the diisodecyl sulfosuccinate have gained impor-
tance. These materials combine a high wetting power, a
good foaming ability and a strong decrease of the surface
tension in aqueous solution. Furthermore di-2-ethylhexyl
sulfosuccinate is soluble in a number of organic solvents,
such as alcohols and acetone, and even carbon tetrachlo-
ride and other non-polar solvents. Another important
sulfosuccinate of the diester type is diisooctyl sodium
sulfosuccinate. Due to its low toxicity, this sulfosucci-
nate is even used in pharmaceutics and in plastics for the
packaging of food, e.g. beverages. Because of its pres-
ence in these polymeric coatings and in emulsifiers, the
diisooctyl ester has to be considered as a food additive.
Therefore, the pharmacological and toxic side-effects of
this sulfosuccinate have been thoroughly studied. An
incorporation of ca. 37 mg per day is estimated as being
non-toxic. In medical use, even a consumption of up to
200 mg per day is tolerated. Because of its extended use
in recent years, the safety of sulfosuccinates is consid-
ered as proven.

Sulfosuccinates are very useful in emulsion poly-
merization processes. In this technique the interfacial
tension between the monomer and the water phase must
be lowered in order to secure the best contact of the
components for an optimal reaction rate. Furthermore,
the surfactant has to function not only as a wetting agent
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but also as a solubiliser and dispersant to ensure the
full effects of the various auxiliaries which are added
to alter the properties of the polymer latex. Sulfosucci-
nates are soluble not only in water but also in many of
the monomers. This is helpful in producing concentrated
and finely dispersed lattices important for stable dis-
persions of the polymers. Sulfosuccinates are also used
for the preparation of latex paints in which a thorough
dispersion of pigments is necessary to achieve stable
dispersions. For this purpose, the dioctyl and dihexyl
sulfosuccinates are used in a concentration range of 0.2
to 1.0%.

14 ANIONIC SURFACTANTS WITH
SPECIAL PROPERTIES

There are various other materials with special structures
which show anionic surface-active properties.

14.3 Anion-active sequestrents

There is another special type of surfactant where a fatty
amine is attached to a carboxlic group to create surface
activity. Reaction of 1 mol ethylenediaminetetraacetic
acid (EDTA) with 1 mol of alkyl amine results in the
monoalkyl amide of the EDTA (13). This compound
still possesses the sequestering properties for multivalent
ions of the original EDTA. However, in addition it
behaves as a surface-active agent. Hence, in aqueous
solution it will be driven by thermodynamic forces
towards the interfaces. In this way, its concentration
will be increased at solid surfaces where its sequestering
properties are desired.

HOOC-H2C CH 2 -CONH-R

N - C H 2 - C H 2 - N
HOOC-H2C CH2-CONH

(13)

14.1 Cleavable surfactants

The so-called cleavable surfactants possess a planned
"site of break" in their molecules. Surface-active agents
which reduce the surface tension of water to values
lower than 45 mN/m are highly toxic substances. They
have an harmful influence on the gills of fish and nutri-
ents for fish such as tiny crustaceans. Therefore, the pri-
mary degradation is of great importance besides the total
mineralisation. Chemodegradable surfactants are com-
pounds with an acetal group in their structures. Hence,
their surface-active properties will rapidly decrease after
use when they arrive into sewage systems. Surfactants
of this kind include sodium cis- or trans-(2-n-a\ky\-\,3-
dioxan-5-yl) sulfates or carboxylates.

14.2 Short-chain sulfonates

Another class of surfactants are those compounds with
short alkyl chains where the hydrophobic part of the
molecule dissociates in water as an anion. They will
not show any pronounced surface-active properties but
in combination with other anionic surfactants they will
influence the solubilities and viscosities of concentrated
solutions. A well-known compound of this kind is
cumene sulfonate (sodium propylbenzene sulfonate)
which is often used to decrease the viscosity of n-
alkylbenzene sulfonate pastes.

14.4 Fluorosurfactants

In fluorosurfactants, the hydrophobic group is a per-
fluoroalkyl unit in which all of the hydrogen atoms
are replaced by fluorine. Anionic fluorosurfactants can
be prepared from all classes of anionics. Their critical
micelle (forming) concentration is remarkably low and
therefore they depress the surface tension of water to
a very low value, even at small concentration levels.
Furthermore, they are stable against thermal and chem-
ical influences. Hence, fluorosurfactants can be used in
aggressive media and at high temperatures.

For economic reasons, they are only used if there is a
strong demand for outstanding properties. Typical fields
of application are as wetting agents in the production
of photographic material, as soil- and oil-resistant fin-
ishings in the textile industry, and in fire-extinguishing
agents. The surface tension of water will be lowered
by fluorosurfactants to a value that makes it possible to
extinguish burning oil that otherwise would "swim" on
the water.

14.5 Silicosurfactants

Silicosurfactants also possess outstanding properties.
Such materials display strong hydrophobic behaviour, as
is already known from the silicane oils used as effective
foam inhibitors.
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Depending on their structure, silicone surfactants
are surface-active not only in water but also in
organic solvents. They are structurally derived from
polydimethylsiloxanes (14) in which the methyl groups
are partly substituted by anionic groups.

/CH, \ (

3

CH,

H,C-Si-Of Si-OfSi-O-CH,

CH3 \CH3 / CH,

(14)

Silicone surfactants show outstanding surface activity,
e.g. the surface tensions of their aqueous solutions can
be lowered to the level of 21-22 mN/m. They are in
most cases oligomeric or polymeric substances. Silicone
sulfonates show thermal stability and will not crystallize
at low temperatures due to their highly branched struc-
tures. They show a great variety of molecular weights
and structures (linear, branched, comb-like, etc). The
variability of the synthetic routes also leads to a large
number of products with different properties.

Although most of the silicone surfactants on the
market are of the nonionic or amphoteric type, there
are also some anionic materials. For instance, by the
reaction of an epoxysiloxane intermediate with sodium
sulfite, a silicone sulfonate can be obtained. Silicone
surfactants, including the anionic forms continue to find
new fields of application.

The use of silicone surfactants as foam regulators in
the production of polyurethane foams played a key role
in bringing polyurethane foams on to the market. They
have also shown their technical usefulness in many other
applications. A high number of modifying groups can be
realized to cover the demands for industrial use. They
are used as wetting agents for surfaces of many different
kinds, as surface-active lubricants and as defoamers, as
well as foam regulators.

14.6 Ligninsulphonates

Aqueous solutions of ligninsulfonates do not form
micelles, although the surface tensions are lowered
to levels of 40 mN/m. In paper making, wood chips
are cooked in a sulfite digestor with calcium bisulfite

and excess sulfur dioxide. The waste liquor contains
lignin compounds which show surface-active properties.
Ligninsulfonates are prepared from this sulfite lye. The
molecular weight of ligninsulfonates is between 10000
and 50 000, depending on the grade of digestion and on
the chips used - either from hard or soft wood.

Calcium or sodium salts of ligninsulfonates are avail-
able as brown translucent solutions containing ca. 25%
active material or as yellow powder, (by spray drying).
They are easily soluble in water, forming neutral solu-
tions which are effective dispersants.

Ligninsulfonates are used as admixtures to increase
the flowability of concrete, as levelling agents in the
dyeing of fabrics, as protective agents for wool fibres
against the action of alkalies, and for the preparation of
drilling fluids. They also show sequestering properties
for heavy metal ions.
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1 INTRODUCTION

Surfactants have historically been classified according
to the charge they carry when dissociated in water at
neutral pH. This results in four categories, as follows:

• Nonionic surfactants - do not ionize in solution
• Anionic surfactants - carry a negative charge when

dissociated in water
• Cationic surfactants - carry a positive charge when

dissociated in water
• Amphoteric surfactants - can carry both a positive

and a negative charge when dissociated in water

Anionics are the largest class of surfactants in terms
of volume, and include the work-horse surfactants, lin-
ear alkylbenzene sulfonate (LAS), alcohol sulfate (AS)
and alcohol ether (or ethoxy) sulfate (AES). Cationic
surfactants generally include various quaternary salts,
used predominantly as fabric conditioners ("fabric soft-
eners"), anti-static agents and anti-microbial agents.
Amphoteric surfactants represent the smallest class of
surfactants, and generally are used when solubility,
mildness and compatibility issues are important.

More than approximately 2 million metric tons of
various nonionic surfactants are used annually in the
world today, and are prepared by more than 150 dif-
ferent manufacturers. There are three reasons for the
popularity of nonionic surfactants: nonionic feedstocks
are readily available and generally inexpensive, nonion-
ics are relatively easy to make, and nonionic surfactants
can vary significantly in structure so that the chances of
finding an acceptable nonionic surfactant for any given
application are quite good.

This present chapter deals with nonionic surfactants,
which include a broad array of different types of
molecules. However, as we shall see, the vast majority
of nonionic surfactants, at least in terms of volume,
arise from a very limited number of oleochemical and/or
petrochemical feedstocks. This chapter first discusses
the feedstocks used to produce the hydrophobic portion
of the nonionic molecule, and why they are used. The
second portion of the chapter deals with the hydrophilic
portion of the molecule in the same way. The final

segment of the chapter describes the major nonionic
surfactants that are used in the world today.

2 NONIONIC HYDROPHOBES

There are two general sources of hydrophobic
feedstocks, namely oleochemical and petrochemical.
Oleochemical feedstocks are those derived from
oleochemical sources such as palm kernel oil, coconut
oil, tallow, and so forth. Petrochemical feedstocks are
derived from petroleum. In the 1980s and 1990s, there
was significant debate about the pros and cons of
oleochemical vs. petrochemical feedstocks. This debate
has subsided as technical information has more clearly
defined such pros and cons. Oleochemical feedstocks
are indeed "renewable", but they have not been shown
to be superior to petrochemical feedstocks in terms of
their impact on the environment (energy consumed in
processing, wastes produced during processing, etc.). In
addition, the availability of oleochemical feedstocks can
vary, as does the pricing. Petrochemical feedstocks are
not renewable, although the amount of petroleum used
to produce surfactants is miniscule in comparison to the
amount used for energy. Thankfully, there now appears
to be a general consensus in the industry that both types
of feedstocks have their various pros and cons, and
that both are needed for future growth. Approximately
half of the alcohol used today to make various alcohol-
based nonionic surfactants originates from oleochemical
feedstocks, while the remainder is of petrochemical
origin.

2.1 Primary alcohols

The most common hydrophobe used to produce nonionic
surfactants is alcohol. Alcohol can be produced by using
both petrochemical and oleochemical feedstocks.

There are two petrochemical processes for converting
ethylene into various synthetic alcohols. The Ziegler pro-
cess employs aluminium metal and ethylene to grow alkyl
chains which are then oxidized and hydrolyzed to produce
a broad distribution of primary alcohols (see Figure 13.1).
This chemistry is practiced by the Sasol North America,
Inc. in the USA, and by Sasol Germany GmbH, and their
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Ziegler process
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= -(CH2)nCH3

with n=1-19

R1OH, R2OH, R3OH
(linear even carbon chain
length, primary alcohols)

Figure 13.1. The Ziegler process for the preparation of alcohols from ethylene
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Figure 13.2. The Shell Oil Company's SHOP/modified-OXO process for the preparation of alcohols from ethylene
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Figure 13.3. CONDEA's Lial process for the preparation of alcohols from paraffins

process has been licensed to others. Albemarle also uses
a modified version of the Ziegler process; their process
converts aluminium trialkyl to alpha olefines in order
to market and/or consume the shorter chain (C4-C10)
homologues. The Q2-C18 alpha olefins are then con-
verted to alcohols through transalkylation to produce the
C12-C18 aluminium trialkyl, which is then oxidized and
hydrolyzed to produce alcohol.

Shell's SHOP (Shell Higher Olefin Process) also
converts ethylene to alcohol, but makes use of a
different route that produces both even and odd carbon
chain length alcohols that contain a moderate level

(approximately 20%) of mostly methyl-branching (see
Figure 13.2). This process first produces even carbon
chain alpha olefines which are then converted to a
mixture of internal olefines of even and odd carbon
chain length. A modified-OXO process then converts
the internal olefines to alcohols.

An additional petrochemical route is practiced by
Sasol Italy SpA (see Figure 13.3). This process starts
with the dehydrogenation of paraffins to produce ole-
fines, which are then reacted with carbon monoxide (via
hydroformylation) to produce "Oxo" alcohols containing
40-50% mostly methyl-branching.
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Petrochemical alcohols are also produced via the
oligomerization of propylene and butylene, followed by
hydroformylation of the olefine to the alcohol.

A variety of oleochemical feedstocks (fats and oils)
can be employed to make alcohols. Coconut and palm
kernel oils, however, are most often used because they
produce alcohols predominantly in the lauryl (Ci2 and
Cu) range, which is considered most desirable from a
performance point of view, and because they produce
highly saturated alcohols which helps to minimize
the degree of hydrogenation required during alcohol
manufacture.

The oldest route for converting oils and fats to
alcohol involves the "splitting" of triglycerides (see

Figure 13.4). This route first produces fatty acids
which are then hydrogenated to produce alcohols.
Another common route for converting triglycerides to
alcohols involves the transestenfication of triglycerides
to methyl esters, which are then hydrogenated to alco-
hols (Figure 13.4). This process is practiced by Procter
& Gamble, Henkel and Kao.

Both oleochemical routes have process advantages
and disadvantages, and both produce high-quality
primary alcohols of even numbered carbon chain
lengths.

Because of the difficulty in producing surfactant
derivatives from secondary and tertiary alcohols, they
are not typically used as feedstocks.

RCOOCHp RCOOH

R-COOCH f a t S p l i t t i P 9 > R'COOH
I H90

R"COOCH2

Oil
(triglyceride)

R"COOH

Fatty acids

CH2OH

CHOH
I

CH2OH

Glycerol

transesterification
(CH3OH)

RCOOCH3

R'COOCH3

R"COOCHq

Glycerol

hydrogenation

hydrogenation
(H2)

R"CH2OH

Where R, R' and R" are even
carbon chain length saturated
or unsaturated alkyl chains in
C12-C18 range

Figure 13.4. Major oleochemical routes for producing alcohols

2.2 Alkylphenols

Alkylphenols are produced by reacting phenol with
propylene or isobutylene oligomers. As shown in
Figure 13.5, the reaction of a propylene trimer with
phenol produces various isomers of nonylphenol, the
most common feedstock for alkylphenol-based non-
ionic surfactants. Dimerization of isobutylene yields an
octene which leads to octyl(diisobutylene)phenol. Simi-
larly, propylene tetramer, on reaction with phenol, yields
dodecy l(tetrapropylene)phenol.

2.3 Alkylene oxides

Blocks of alkylene oxide (other than ethylene oxide) are
also commonly used as hydrophobes (see Figure 13.6).
The most common type is produced with propylene
oxide, although butylene oxide is also used.

oligomerization

Propylene Propylene trimer
(nonene)

(one possible isomer)
Phenol

OH
Nonylphenol

(one possible isomer)

Figure 13.5. Preparation of alkylphenol; in this example, propylene is used to produce nonylphenol

CH3

OH
I

-CH—CH?—OH-

Propylene glycol

Figure 13.6. Preparation of polypropylene oxide)

CH3 CH —CH2

Propylene oxide

CH3

HO(CH2—CH—O)mH

Polypropylene oxide)
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Figure 13.7. Preparation of various nitrogen-based feedstocks (and nitrogen-based nonionic surfactants)

2.4 Amines

A variety of amines can serve as nonionic feedstocks
(see Figure 13.7). Amines are generally made from
petrochemical-based or oleochemical-based alcohols, or
from fatty acids.

2.5 Esters

Alkoxylation catalysts have been developed that allow
the ready conversion of methyl esters, as well as their
precursor triglycerides, into nonionic surfactants. Methyl
esters are produced from triglycerides (see Figure 13.4),
or by esterifying fatty acids with methanol.

2.6 Fatty acids

Fatty acids are also used to produce nonionic surfactants.

2.7 Odd versus even chain length

At one point, the debate over oleochemical vs. petro-
chemical feedstocks also encompassed the question of
odd-versus-even-numbered carbon chain lengths. The
carbon chain length clearly has an impact on hydropho-
bicity and therefore surface activity, but beyond this,
whether a molecule has an even or odd number of
carbons is insignificant. The claim that even carbon
chain lengths promote faster biodegradation because
microorganisms can better metabolize even-carbon-
chain molecules has not proven to be true.

Oleochemical-based feedstocks produce even-num-
bered carbon chain length alcohols, as does the ziegler
petrochemical route. All other petrochemical routes
produce both even and odd carbon chain length
alcohols.

2.8 Branching

A higher degree of branching is sometimes preferred
by the formulator because this produces better sol-
ubility, can enhance wetting, foaming and emulsify-
ing power, and can positively impact on the physical
properties. Although very high branching can depress
the rate of biodegradation, minor branching (simple
methyl-branching) has little impact on environmental
acceptability.

Oleochemical feedstocks and Ziegler alcohols are
linear. Shell's SHOP process produces alcohols with
approximately 20% predominantly methyl-branching,
while other OXO-type alcohols contain approximately
40-50% predominantly methyl-branching. Alkylphe-
nols and alcohols based on oligomerized alkylenes are
generally highly branched.

2.9 Average molecular weight/carbon
chain distribution

Average molecular weight and carbon chain distribution
are adjusted by the manufacturer through distillation and
blending to meet the needs of the formulator. These
parameters are perhaps the most important factors when
selecting a hydrophobe because they strongly influence
surface activity and solubility.
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3 NONIONIC HYDROPHILES

3.1 Ethylene oxide

The most common hydrophile for nonionic surfactants is
a polymeric chain made from ethylene oxide (EO). EO is
a commodity chemical made from ethylene and oxygen
(see Figure 13.8). Although EO production consumes a
significant portion of the ethylene produced worldwide
(roughly 13% in the USA), the ethylene market is
more strongly driven by polyethylene production which
consumes significantly more (almost 30% of USA-
produced ethylene). Consequently, EO pricing varies
depending on ethylene pricing, which varies depending
on the volatility of the polyethylene market.

Addition of ethylene oxide to hydrophobic feedstocks
requires an alkoxylation catalyst. Most alkoxylators use
sodium or potassium hydroxide. These (and similar
catalysts) work by first removing a labile hydrogen
from the hydrophobe to produce a reactive anion
(see figure 13.9). This reactive anion then reacts with
ethylene oxide, one unit at a time, to "grow " the
ethylene oxide chain. However, different hydrophobic
molecules react with EO at different rates, thus yield-
ing a distribution of isomers (also called "ethoxymers"
and "homologues"). Figure 13.10 shows the distribution

25 -i

Current commercial route

H2C=CH2+1/2O2

Ethylene

catalyst A
Ethylene oxide

Figure 13.8. Preparation of ethylene oxide (EO)

0 5 10 15 20

Moles of EO

Figure 13.10. Distribution of ethoxymers for the sodium-
hydroxide-catalysed ethoxylation of dodecanol (to 60% EO
by weight)

of ethylene oxide for dodecanol "ethoxylated" to
60 wt% (where the hydrophobe makes up 40% of
the molecule and the hydrophile (EO) makes up
60%).

Ethoxylates are typically described by the average
amount of EO added to the hydrophobe, either as the
average weight percent added, or as the average number
of moles (units) of EO added. The advantage of using
percent is that it gives the user some idea of the
solubility characteristics of the ethoxylate. In general,
if the wt% EO is greater than 50, the surfactant is
water-soluble, while weight percentages below 50% are
oil-soluble (with 50% being borderline). The advantage
of describing the surfactants in terms of moles of EO is
that it more accurately describes the composition of the
molecule. It is important, however, to keep in mind that
the relationship between wt% and moles is not linear
(see Figure 13.11).

RX H + M+OH"

Catalyst

+ + t-LO I

|EO
1

|EO

R = alkyl (hydrophobe) portion of
feedstock

X = hetero-atom, such as oxygen,
sulfur or nitrogen*

*if nitrogen, product would contain
two poly(ethylene oxide) chains

etc.

.RX_ ( C H 2 CH 2 O) n H

Ethoxylate

Figure 13.9. Ethoxylation with conventional catalysts
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As described above, conventional ethoxylation cat-
alysts (NaOH, KOH, etc.) require a "labile" or "active
"hydrogen to promote ethoxylation. To become active
and labile, these hydrogens require an adjacent hetero-
atom, such as oxygen, sulfur or nitrogen. For many
years, this requirement served as a practical limit to
which hydrophobic feedstocks could and could not be
ethoxylated. Alcohols, amines, and to some extent, fatty
acids, could be ethoxylated, while triglycerides, methyl
esters, etc. could not.

The first crack in this paradigm, however, occurred
in 1989. Although not commercially attractive from a
conversion and reactivity point of view, Hoechst (1)
and Henkel (2) demonstrated that alkoxylation cata-
lysts based on alkali/alkaline-earth metals and cal-
cined hydrotalcites (aluminium-magnesium hydroxy-
carbonates), respectively, promoted the ethoxylation of
esters. In 1990, Vista Chemical Company (now Sasol
North America, Inc.) demonstrated that their propri-
etary catalyst (activated calcium and aluminium alkox-
ides), and similar catalysts, efficiently and effectively
ethoxylated a variety of esters (3). That same year,
Lion showed that magnesium oxide-based catalysts also
worked well (4). Henkel followed with the discovery
that hydrotalcites become effective catalysts for esters
when combined with co-catalysts such as ethylene gly-
col, fatty acids and standard alkali catalysts (5, 6).
These discoveries effectively launched the development

of ester ethoxylates, and initiated the commercial intro-
duction of methyl ester ethoxylates by Lion in the late
1990s. Esters, such as oleochemical oils and methyl
esters, are now recognized as alkoxylation feedstocks,
and ester alkoxylates are an active area of research and
development.

Although there hasn't been a great deal of research on
the mechanisms involved in the ethoxylation of esters,
one mechanism that has been proposed involves transes-
terification (7). As shown in Figure 13.12, it is the cat-
alyst (in this case, a mixture of calcium and aluminium
alkoxides) that first becomes "ethoxylated" (forms the
metal alkoxyethoxylate). After the catalyst picks up a
mole of EO, it then transesterifies with the ester to
form methyl ester ethoxylate, alkyl ester ethoxylate,
and metal-coordinated methoxide. These steps occur
continuously until the available EO is exhausted and
a distribution of methyl ester ethoxylate homologues
(ethoxymers) is obtained.

3.LI Ethoxymer distribution

With the exception of some small volume 1- and
2-mol products, all ethoxylates consist of a distribu-
tion of ethoxymers. These distributions are not statis-
tically determined because there exist finite differences
in the relative reactivities of various homologues to
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xs= excess

R—C—O(EO)XCH3 + residual catalyst complexes

Figure 13.12. Ethoxylation of a methyl ester by using a complex catalyst

EO, and because these relative reactivities are influ-
enced by the ethoxylation catalyst employed. With
linear alcohols, conventional ethoxylation catalysts,
such as sodium hydroxide and potassium hydrox-
ide, produce similar, somewhat broad distributions,
as illustrated earlier in Figure 13.10 for dodecanol
ethoxylated to 60% EO. Most formulators accept
the fact that ethoxylates contain a certain level of
unethoxylated feedstock (e.g. free alcohol in alcohol
ethoxylates) because it does not significantly impact
upon the performance or physical properties. How-
ever, some feedstocks are relatively volatile and/or have
an odour associated with them. Significant levels of
unethoxylated feedstock therefore can cause process-
ing problems (e.g. in the preparation of a spray-dried
powder) or odour concerns. In order to address these
concerns, alkoxylate manufacturers have developed cat-
alysts that "peak" the ethoxymer distribution. The result-
ing ethoxylates are called "peaked" or "narrow-range"
ethoxylates. An example of a 60 wt% ethoxylate of
dodecanol, made with a "peaked distribution" catalyst,
is shown in Figure 13.13. Note that in comparison to
the sodium hydroxide-catalysed ethoxylate, free dode-
canol (unethoxylated alcohol) drops from about 4 to
less than 1%, and that the concentrations of homo-
logues below and above the central molecule (7 mol
ethoxymer) are reduced. "Peaked" ethoxylates offer cer-
tain performance benefits which are described later in
this chapter.

3.2 Propylene oxide

In surfactant manufacture, propylene oxide (PO) is
employed both as a hydrophobe (see Section 2.3 above),
and as a modifier for poly(ethylene oxide). Propylene
oxide is similar to EO except that it contains an
additional methyl group, which adds steric bulk, and
is significantly more hydrophobic in nature. If PO
is inserted in the middle of an poly(ethylene oxide)
chain, different properties (e.g. greater liquidity) are
obtained. Since this approach requires three separate
alkoxylations, it is only used when modification of
specific properties is required. More common is the use
of PO to "cap" the end of the poly(ethylene oxide) chain.
This significantly reduces foaming, which can be critical
in certain applications (e.g. machine dishwashing).

3.3 Carbohydrates

The use of simple sugars as hydrophiles is attractive in
terms of both their ready availability and renewability,
and in terms of their inherent consumer acceptance.
Simple sugars are more readily available than vegetable
oils, and come from a variety of sources, including
cane, beet, corn, and so on. Unfortunately, the chemistry
involved in linking sugars to hydrophobes is more
difficult with respect to purity and yield, thus making
the cost of sugar-based surfactants relatively high.



NONIONIC SURFACTANTS 301

25 -,
• NaOH

• Proprietary catalyst

15 20

Moles of EO

25 30

Figure 13.13. Distribution of ethoxymers for the preparation of 60% EO ethoxylates by using sodium hydroxide (NaOH) and a
proprietary "peaked distribution" catalyst

4 COMMON NONIONIC
SURFACTANTS

4.1 Alcohol ethoxylates

The (general) structure of alcohol ethoxylates (AEs) (1)
is as follows:

Alcohol Ethoxylates

-O(CH2CH2O)/2H

Hydrophile

(where n = 0 or higher
depending on degree of
ethoxylation)

Hydrophobe

(where x = 5-17)

(1)

4.1.1 Applications

Almost 2 billion pounds of various alcohol ethoxylates
are consumed annually in the world today, which is more
than any other class of nonionic surfactant. They are
widely used in laundry detergents (second only to linear

alkylbenzene sulfonates) and liquid dishwashing liquids
(used mostly as a cosurfactant with anionic surfactants),
and are commonly used as the primary surfactant in var-
ious hard-surface, industrial and institutional cleaners.

4.1.2 Manufacture

The ethoxylation of primary alcohols is straightforward,
but requires care because of the hazardous nature of EO.
Conventional catalysts (sodium hydroxide, potassium
hydroxide, etc.) are readily available, and ethoxylation
products do not require purification or clean-up. Ethoxy-
lations are typically run in high-pressure autoclaves with
overhead stirring, although recirculation-type reactors
have been introduced which provide enhanced mixing
and process control.

4.1.3 Advantages/disadvantages

Alcohol ethoxylates are relatively inexpensive and read-
ily available, and are considered to be one of the key
"work-horse" surfactants. The primary advantage of
alcohol ethoxylates, however, lies in the flexibility of
their structure. The hydrophobe can vary in terms of
carbon chain length (from C6 to C2o+), carbon chain
distribution (single homologues or various blends), feed-
stock source (petrochemically based or oleochemically
based), and the degree of minor (methyl) branching.
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The hydrophile can vary in terms of EO chain length
and distribution (conventional vs. "peaked"). This give
this nonionic class significant flexibility in meeting
a wide range of physical property and performance
criteria.

4.1.4 Impact of molecular composition on
properties

Increasing average carbon chain length decreases the
critical micelle concentration (CMC), while both aver-
age carbon chain length and EO content determine the
surface activity. Increasing carbon chain length also
generally decreases the aqueous solubility and foaming,
but generally increases the solution viscosity. Increas-
ing carbon chain length and EO content also raises the
melting point.

Most detergent applications use a carbon chain
distribution averaging in the Q2-C16 range, and an
average of about 60-65% (7-9 mol) of EO. Some
hard-surface cleaners use shorter carbon chain lengths
(C6-Cio) with 50-60% (3-5 mol) EO because a shorter
carbon chain length has been shown to improve the
hard-surface cleaning performance, presumably because
the surfactant is better able to penetrate solid, greasy
soils.

As discussed earlier in this chapter, "peaked" or
"narrow-range" ethoxylates are available which have
peaked or narrow ethoxymer distributions. Peaking the
distribution effectively concentrates certain ethoxymers.
If these ethoxymers are key to performance, then the
latter (soil removal, wetting, etc.) will be enhanced.
However, the opposite is also true, which is why
utilizing peaked ethoxylates requires optimization of EO
content in order to obtain the benefit of peaking.

Peaking also improves the water solubility by reduc-
ing the concentrations of the lower, more insoluble
homologues.

As discussed earlier, peaking can also significantly
reduce the free (unethoxylated) alcohol content, as
well as the "lower-mole" ethoxymers. This can have
a significant impact on odour, especially if the parent
alcohol is volatile and/or pungent. A lower concentration
of unethoxylated alcohol also results in the reduction of
pluming during the processing of spray-dried powders.
If the ethoxylate is to be converted to an ether sulfate via
a sulfation reaction, then the lower free alcohol content
translates to a lower alcohol sulfate content in the
alcohol ether sulfate. This can result in an improvement
in the ability of the anionic to be thickened through
the addition of salt, and potentially improve product

mildness through a reduction in the concentration of
alcohol sulfate.

4.2 Alkylphenol ethoxylates

The general structure of alkylphenol ethoxylates (APEs)
(2) is as follows:

Alkylphenol Ethoxylates

CH3

CH3— CH2—CH— CH2—C

CH,

(nonylphenol shown above
(one of many possible
isomers); octyl phenol and
dodecaphenol also produced)

(2)

O—(CH2CH2O),,H

Hydrophile

(where n = 1 to 100
depending on degree of
ethoxylation)

4.2.1 Applications

Alkylphenol ethoxylates have been used for more than
50 years in a variety of applications. Questions regard-
ing APE environmental acceptability have led to their
diminished use, particularly in major USA and Euro-
pean liquid laundry and dishwashing products. They are
still used in smaller-volume detergent products, particu-
larly in the USA, and in a wide variety of institutional
and industrial products.

4.2.2 Manufacture

The ethoxylation of alkylphenols is similar to that of
linear alcohols.

4.2.3 Advantages/disadvantages

A key advantage of alkylphenol ethoxylates is that they
contain essentially no free (unethoxylated) alkylphenol.
The level of alkylphenol left after ethoxylation is
dependent on two factors, i.e. the relative reactivity of
the alcohol to EO in comparison to the reactivity of
the various ethoxymers, and the level of EO added to
the feedstock. With linear alcohols, the alcohol itself is
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generally less reactive to EO in comparison to the lower-
mol homologues (1-mol, 2-mol, etc.), which results in
a higher level of free alcohol in comparison to the
level of the low-mol homologues. However, because
alkylphenol is acidic, it is more reactive to EO than
the lower-mol homologues, and is consequently readily
consumed during the ethoxylation reaction. This gives
APE a distinct advantage over linear alcohol ethoxylates
in terms of odour.

Alkylphenol ethoxylates are easier to handle than lin-
ear alcohol ethoxylates because they have substantially
lower freezing points and have less of a tendency to
form gels in aqueous solutions. APEs are also consid-
ered to be the lowest-priced nonionic surfactant on the
market.

The use of APEs has been significantly impacted
by debate regarding their environmental acceptability
and threats of regulatory restrictions. APEs biodegrade
more slowly than linear alcohol ethoxylates, and certain
biodegradation intermediates (alkylphenol and the 1-mol
and 2-mol ethoxymers) have been shown to be more
toxic than the parent APE molecule itself. Recent risk
assessments, however, suggest that APEs pose less of
an environmental risk than originally thought, since
such ethoxylates and their intermediates biodegrade to
a high extent, and their environmental levels, wherever
wastewater treatment is adequate, pose minimal risk.

4.2.4 Impact of molecular composition on
properties

The general relationships described above between
the hydrophobe structure and EO chain length of
alcohol ethoxylates also apply to APEs. However,
hydrophobe size is generally limited to dodecyl-, nonyl-
and octylphenol. In addition, "peaked" distribution
ethoxylation has not been developed.

It must also be noted that alcohol ethoxylates and
APEs differ sufficiently in structure and properties such
that they are not used interchangeably. When choosing
an alcohol ethoxylate to replace an APE used in a
particular application, the formulator must optimize both
the hydrophobe and hydrophile to achieve optimum
performance; the opposite is also true.

4.3 Ethylene oxide/propylene oxide block
copolymers

The general structure of ethylene oxide/propylene oxide
(EO/PO) block copolymers (3) is as follows:

EO/PO/EO Block Copolymers

H(O—CH2—CH2)m—O—(CH,—CH—O),—(CH,—CH, —O),,,iH

r "I ' r
Elhylene oxide Propylene oxide Ethylene oxide

chain chain chain

Hydrophile Hydrophobe Hydrophile

(where in and w1 = 0 or higher, n = 1 or higher)

PO/EO/PO Block Copolymers

CH, CH,

H(O—CH—CH^)W—O—(CH2—CH-,—0),,—(CH,—CH—O),,,iH

i ' r "i
Propylene oxide Ethylene oxide Propylene oxide

chain chain chain

Hydrophobe Hydrophile Hydrophobe

(where m and m1 = 0 or higher, n = 1 or higher)

(3)

4.3.1 Applications

EO/PO block copolymers represent an important class of
surfactants because of their low-foaming characteristics.
They are used in machine dishwashing detergents, as
well as a variety of specialty applications that require
low- or no-foaming surfactants. They find application as
rinse aids, solubilizers for fragrances, and as thickeners
and gelling agents.

4.3.2 Manufacture

EO/PO/EO block copolymers are produced by first
forming a block of PO via propoxylation of propy-
lene glycol to the desired polymeric size (to form
the hydrophobe), followed by ethoxylation of the
polypropylene oxide chain (see Figure 13.14). Propy-
lene oxide is less reactive than ethylene oxide, and
requires slightly more rigorous conditions for efficient
propoxylation.

Production of PO/EO/PO block copolymers involves
the opposite sequence, in which a block of EO is
propoxylated.

4.3.3 Advantages/disadvantages

EO/PO/EO block copolymers are very low-foaming sur-
factants. As a result of hydrogen bonding, the ethoxylate
chain (and to a lesser extent, the propoxylate chain) add
structure to aqueous formulations, and are therefore used
as thickening and gelling agents. They are also mild, but
relatively expensive.
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OH
CH3—CH—CH2

CH 3—CH—CH 2—OH »

Propylene glycol Propylene oxide

CH3
I 3

HO(— CH2—CH—O)mH

Poly(propylene oxide) chain

ethylene
oxide

CH3

H ( 0 — C H 2 — C H 2 ) m — O — ( C H 2 — C H — 0 ) n — ( C H 2 — C H 2 — 0 ) m H

EO/PO/EO block copolymer

where m = 0 or higher, and n = 1 or higher depending on
degree of propoxylation and ethoxylation

Figure 13.14. Preparation of EO/PO/EO block copolymers

4.3.4 Impact of molecular composition on
properties

In general, increasing EO content increases the water
solubility, improves the ability to thicken and form
gels, and reduces wetting. PO/EO/PO block copolymers
foam less, are more effective defoamers, and have less
of a tendency to form gels in aqueous solutions than
EO/PO/EO block copolymers.

4.4 Alkylpolyglycosides

The general structure of alkylpolyglycosides (4) is as
follows:

Alkylpolyglycosides

CH3(CH2)WCH2CH2-

Hydrophobe

(where m - 6 to 14)

-O-

CH2O~ H

OH H

Hydrophile

(where n averages
between I and 2)

(4)

4.4.1 Applications

Alkylpolyglycosides (APGs®) are formulated into dish-
washing liquids (along with anionic surfactants) and in
various specialty applications. They were the first major
surfactant to utilize an oleochemical feedstock for the
hydrophilic portion of the surfactant molecule.

4.4.2 Man ufacture

APGs® are prepared by reacting alcohol (petrochemi-
cal or oleochemical) with glucose (dextrose) using pro-
cesses based on Fischer glycosylation.

4.4.3 Advantages/disadvantages

Alkylpolyglycoside (APG®) surfactants are premium-
priced, high-foaming nonionics that are mild and ionic-
strength tolerant.

4.4.4 Impact of molecular composition on
properties

Increasing alcohol chain length increases the surface
activity, but decreases water solubility, foaming and
tolerance to ionic strength. Limitations of existing pro-
cesses restrict the degree of glycosidation that can
occur such that the average number of moles of glu-
cose added is generally between 1.4 and 1.7. This gives
a relatively narrow range to adjust the hydrophilic
behaviour.
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4.5 Alkyl N-methylglucamides

These surfactants were developed and are being largely
consumed by a single detergent manufacturer (Procter &
Gamble). They are included here because a significant
quantity is produced, and because they represent the first
major surfactant utilizing oleochemical feedstocks for
both the hydrophobic and hydrophilic portions of the
surfactant. The general structure of these surfactants (5)
is as follows:

Alkyl N-Methylglucamides

Hydrophobe

(typically varies between
C12 and C18; C]2 version
shown above)

OH OH

,OH

CH3 OH OH

Hydrophile

(5)

4.5.1 Applications

Alkyl Af-methylglucamides find application predomi-
nantly in laundry and hand dishwashing liquids.

4.5.2 Manufacture

These surfactants are produced by preparing Af-methyl-
glucamine, followed by reaction of the latter with an
alkyl (or fatty) methyl ester, using a base catalyst, to
form the required glucamide (see Figure 13.15).

4.5.3 Advantages/disadvantages

The advantages of alkyl /V-methylglucamides as surfac-
tants are similar to those of APGs®. They are based on
renewable resources, and are high-foaming, mild surfac-
tants that emulsify well.

4.5.4 Impact of molecular composition on
properties

These surfactants can be made from Ci 2-C] 4 (cocoa) or
C16-C18 methyl esters. The cocoa version foams better
and is more soluble than the Ci6-Ci8 version.

4.6 Amine oxides

Amine oxides (6) are considered to be nonionic surfac-
tants because they are neutral when dissociated in water
at neutral pH. In an acid environment, however, amine
oxides are cationic. The general structure of these sur-
factants is as follows:

Amine Oxides

CH3 ..--'''

R-^rN • O

Hydrophobe C H 3 X ^ Hydrophile

(where R = saturated
or unsaturated C12-C18

alkyl chain)

(6)

Glucose-
CH3NH2 H2/P

catalyst
(Ni)

OH OH

,OH

base catalyst
+

methyl ester

Alkyl A/-methylglucamid

Figure 13.15. Preparation of an alkyl Af-methylglucamide from glucose and a methyl ester
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4.6.1 Applications

The principal application of amine oxides is boosting
the foam formation of alcohol-ether-sulfate-based hand
dishwashing formulations. They are also used in appli-
cations that require solubility in a high-ionic-strength
environment, or when strong oxidants are present.

4.6.2 Manufacture

Amine oxides are prepared by the oxidation of tertiary
amines (e.g. cocoa dimethylamine).

4.7.1 Applications

Alkanolamides are similar to amine oxides in that
their principal application is as foam stabilizers (boost-
ers) in hand dishwashing formulations. Alkanolamides,
however, are generally preferred in linear alkylben-
zene sulfonate/alcohol-ether-sulfate-based formulations,
while amine oxides seem to be the preferred foam stabi-
lizer for alcohol sulfate/alcohol-ether-sulfate-based for-
mulations.

Alkanolamides are also used in shampoos as thick-
ening agents, and as anti-static and anti-corrosion agents
in detergents.

4.6.3 Advantages/disadvantages

Amine oxides excel at stabilizing alcohol sulfate/alcohol
ether sulfate foam, and are relatively unaffected by ionic
strength and oxidants, but are relatively expensive.

4.6.4 Impact of molecular composition on
properties

There is not a large degree of freedom with respect
to structure. Most amine oxides are based on Ci2-C ]8

alkyldimethylamines. A small volume of amine oxides
derived from acylamidopropyldimethylamines is also
available commercially.

4.7 Alkanolamides

4.7.2 Manufacture

These surfactants are produced by reacting fatty acids or
fatty methyl esters with ethanolamine or diethanolamine.
With fatty acids, conventional amides (sometimes
called "Kritchevsky" alkanolamides) are obtained that
consist of approximately 50% amide, 25% unreacted
diethanolamine and 25% of various by-products (the
amine ester the amide ester, and the amine soap). With
methyl esters, higher-active (90% amide) alkanolamides
are produced; these are known as "super amides".

Alkanolamides can also be produced by ethoxylating
fatty amides.

4.7.3 Advantages/disadvantages

Alkanolamides are excellent at stabilizing foam and
thickening formulations, and are moderately priced.

The general
follows:

structure of these surfactants (7) is as

Alkanolamides

R-

Hydrophobe

(where R = C\\—C]-j
saturated or unsaturated
alkyl carbon chain)

O X
II I

-C—N—CH2CH2OH

Hydrophile

(where X = H for monoethanolamide
or -CH2CH2OH for diethanolamide)

(7)

4.7.4 Impact of molecular composition on
properties

Most alkanolamides are made with lauric-range
(C12-C14) fatty acids or methyl esters. Increasing the
carbon chain length decreases the water solubility, which
is why higher-molecular-weight versions are used in oil-
soluble applications (e.g. metalworking fluids).

Diethanolamides are generally more soluble than
monoalkanolamides, while super amides are less water
soluble than regular (Kritchevsky) amides. Super amides
are generally preferred in household products because
they have a lower odour (due to their lower free
amine content). Monoethanolamides are more effective
than diethanolamides in building viscosity, while super
amides are better at building viscosity than regular
amides.
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Note - alkanolamides can also be ethoxylated to
improve water solubility.

surfactants with the desired interaction with either
anionic species and/or negatively charged surfaces.

4.8 Amine ethoxylates

The general structure of these surfactants (8) is as
follows:

Amine Ethoxylates

X

R-j-N—(CH2CH2O)/7H

Hydrophobe

(where R = C12-C18 alkyl
carbon chain)

Hydrophile

(where X is an alkyl
group or another
poly(ethylene oxide)
chain)

(8)

4.8.1 Applications

Amine ethoxylates are found in a wide variety of appli-
cations as corrosion inhibitors (oilfield applications),
emulsifiers (asphalts), and as wetting agents processing
aids, antistatic agents and lubricants (textiles).

4.8.2 Manufacture

Primary and secondary amine ethoxylates are prepared
similarly to alcohol and alkylphenol ethoxylates. Like
APEs, amines are highly reactive towards EO, thus
resulting in a low level of unethoxylated amine.

In the ethoxylation of amines, EO first replaces the
available hydrogens on the nitrogen. This reaction does
not require an ethoxylation catalyst, and is one mech-
anism for preparing alkanolamines. Further ethoxyla-
tion (development of the poly(ethylene oxide) chains)
requires an ethoxylation catalyst.

4.8.3 Advantages/disadvantages

Low-mol amine ethoxylates represent a balance between
cationic and nonionic character. Varying the degree
of ethoxylation changes the balance and produces

4.8.4 Impact of molecular composition on
properties

Increasing EO content decreases the cationic behaviour
(increases the nonionic character), improves water sol-
ubility and decreases surface activity. The hydrophobe
can be varied to achieve the desired surface activity and
balance between cationic and nonionic character. Unsat-
urated hydrophobes produce better wetting agents.

4.9 Methyl ester ethoxylates

Although very little methyl ester ethoxylates are pro-
duced at the present time they are included here because
of their potential to have a significant impact on the
nonionic surfactants market in the future. The general
structure of these surfactants (9) is as follows:

Methyl Ester Ethoxylates

;O(CH2CH2O),;CH3

Hydrophile
(where n = 0 or higher
depending on degree
of ethoxylation)

Hydrophobe
(where x = 5-17)

(9)

4.9.1 Applications

Methyl ester ethoxylates (MEEs) are a new introduction
to the stable of feedstocks which can be ethoxylated,
and have only recently become commercially available
(currently being produced and utilized in a detergent
formulation in Japan by the Lion Corporation). Based
on recent literature, however, a significant amount of
effort is being focused on the development of MEEs for
detergent applications.

4.9.2 Manufacture

The ethoxylation of methyl esters is similar to that
of linear alcohols (explained earlier in this chapter),
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but requires specialized (proprietary) catalysts that have
been developed by most major ethoxylators.

4.9.3 Advantages/disadvantages

A key advantage for ethoxylators is that MEEs intro-
duce a new option for ethoxylatable feedstocks. For the
formulator, MEEs offer the advantage of having a sig-
nificantly lower tendency to gel which can be important
when formulating liquid products.

The primary disadvantage of MEEs (or any ester
ethoxylates) are that they will hydrolyse at pH levels
above about 9. This makes these materials unacceptable
for high pH (caustic) cleaners.

MEEs also foam less than alcohol ethoxylates. This
can be both an advantage and a disadvantage, depending
on what is desired in the application.

4.9.4 Impact of molecular composition on
properties

The general relationship described above between
hydrophobe structure and EO chain length of alcohol
ethoxylates also applies to MEEs. However, since the
catalysts used to prepare MEEs are often the same
catalysts used to produce "peaked" ethoxylates, the
ethoxymer distributions for MEEs are in fact already
"peaked". The degree of peaking, however, varies sig-
nificantly depending on the catalyst used.

4.10 Other surfactants

There are a number of other, smaller-volume, nonionic
ethoxylates that will not be discussed in this chapter.

These include secondary alcohol ethoxylates, tridecyl
alcohol ethoxylates, fatty acid ethoxylates, PO-capped
ethoxylates and various alcohol propoxylates.
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1 GENERAL INTRODUCTION

Cationic surfactants represent one of the smaller classes
of surfactants, with a consumption estimated to be
700000 tons per year. Typically, reviews and market
studies include in this class of materials all amine-based
surfactants, whether they be charged or uncharged. In
this present chapter we will use the same definition, but
exclude amphoteric materials, which will be covered in
the next chapter in this volume.

The demand for this class of surfactants is usually
found to be 10% of the total demand of surfactants,
although this figure varies depending upon the develop-
ment in different regions of the globe. More developed
regions typically show a higher use for these type of
surfactants, driven partly by the use of fabric softeners.

While cationics are a smaller class of surfactants,
they nevertheless represent an irreplaceable category of
surface-active agents. This particular class of surfactants
has several unique features, which cannot be duplicated
by other surfactant materials. Such features include the
ability to make a canonically charged surfactant, the
basicity of the nitrogen lone pair in uncharged amine sur-
factants, the ability to change the hydrophilic-lipophilic
balance (HLB) of the amine surfactant by protonat-
ing/deprotonating the nitrogen via changing the pH, and
the cationically charged surfactant's proclivity for for-
mation of ordered structures in aqueous solution.

The cationic charge leads to the use of these types of
surfactants in fabric softening and other surface treat-
ments where the cationic charge assists in deposition
on to surfaces, which due to the construction of our

universe and matter, are typically negatively charged.
The adsorption on to surfaces also accounts partly for the
bactericidal properties of some cationic surfactants. The
basicity of the nitrogen atom in amine surfactants can be
used to impart a local basic environment at the surface
that can be employed to improve detergency and other
dispersive processes. The ability to change the HLB of
an amine surfactant at will is useful in the breaking of
emulsions created with amine surfactants. This type of
behaviour is similar to the cleavable nonionic surfac-
tants that have recently been commercialized. Cationic
surfactants more easily form ordered structures in aque-
ous solution than other classes of surfactants. While in
the past this has been a limitation to the use of cationics,
it is now being employed where thickening in high-salt
solutions is required, or where suspensions of particulate
materials are needed.

The approach in this chapter is to review the use
of cationic surfactants by application. I have taken
this approach rather than a structural approach listing
various applications for each type of surfactant. I
hope the advantage for the reader will be a more in-
depth knowledge of the individual applications and the
contribution that the use of cationic surfactants can
have. For those applications which are not covered,
an understanding of the physical characteristics and
behaviours of cationic surfactants from the applications
described, should provide the basis for the sound use of
these surfactants.

A section on the syntheses of the different classes
of amine surfactants is given first. This provides a
baseline of knowledge about the structures of the various
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amine surfactants, which determine their performance in
different applications. It should also be mentioned that
the use of cationic surfactants, and surfactants in general,
in various applications is often well patented. Prior
to commercial exploitation of any of the technologies
discussed in this chapter, a review of the patent literature
is therefore strongly recommended.

I have called upon my colleagues in Akzo Nobel
Surface Chemistry, who individually possess extensive
application knowledge in each subject, to prepare the
individual sections of this chapter. Their names are
provided in the particular sections.

2 THE SYNTHESIS AND
MANUFACTURE OF CATIONIC
SURFACTANTS (Maurice Dery)

The majority of commercially produced amines origi-
nate from three materials, i.e. (i) natural fats and oils,
(ii) a//?/za-olefins, and (iii) fatty alcohols. Most large
commercial manufacturers of quaternary ammonium
compounds are fully back-integrated to at least one of
these three sources of amines. Such amines are then
used to produce a wide array of commercially available
cationic surfactants. Some individual quaternary ammo-
nium compounds can be produced by more than one
synthetic route.

Presently, most amine-containing surfactants are pro-
duced from fatty nitriles which are in turn made from
a natural fat or oil derived fatty acid and ammo-
nia (Figure 14.1). The nitriles are then reduced to the
amines. There are a variety of reducing agents which
accomplish this. Catalytic hydrogenation over a nickel-
containing catalyst is the one which is most often used

RCOOH + NH3

Fatty acid

catalyst
RC = N + H2O
Fatty nitrile

H2/catalyst

RNH2

Alkylamine
R2NH

Dialkylamine

2 CH2O/H2 and
CH3C1

CH2O/H2 and
CH3CI

RN+(CH3)3 Cl" R2N
+(CH3)2 Cl~

Alkyltrimethylammonium chloride Dialkyldimethylammonium chloride

Figure 14.1. Preparation of cationics from fatty nitriles

on a commercial scale. Bimetalic catalysts have been
investigated for use in this synthesis. Secondary and
tertiary amines are often by-products whose formation
can be hindered by the addition of acetic anhydride or
excess ammonia. In some cases, it is desired to pro-
duce secondary amines and the reaction conditions can
be controlled so that this is the favoured product. The
amines can then be quaternized or derivatized as dis-
cussed below.

Nearly all fatty nitrile plants require considerable
technological expertise and capital investment to oper-
ate. Presently, the largest volume product types are
the di(hydrogenated tallow) alkyldimethylammonium
(DHTMAC) quaternaries which are sold as the chloride
or methyl sulfate salts.

The major products produced directly from fats, oils
or fatty acids without a nitrile intermediate are the
quaternized amidoamines and imidazolines, and their
ethoxylated derivatives (Figure 14.2). Reaction of fatty
acids or tallow with various polyamines produces the
intermediate dialkylamidoamines. It is not necessary to
stop the reaction at the dialkylamidoamine stage. By

2 RCOOH + H2NCH2CH2NHCH2CH2NH2
Fatty acid Diethylene triamine

-2H2O

RCONHCH2CH2NHCH2CH2NHCOR
Dialkylamidoamine

Y ethylene oxide

/

RCONHCH2CH2NCH2CH2NHCOR

(CH2CH2O)yH

Ethoxylated amidoamine

CH3X

CH2CH2NHCOR

CH3

RCONHCH2CH2N+CH2CH2NHCOR

I

(CH2CH2O)yH

Amidoamine quat

CH2CH2NHCOR

CH3 X-

Imidazoline quat

Figure 14.2. Cationic surfactants from amidoamines and imi-
dazolines
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controlling the reaction conditions, the dehydration can
be continued until the imidazoline is produced. Quater-
naries are produced from both amidoamines and imi-
dazolines by reaction with methyl chloride or dimethyl
sulfate. The amidoamines can also be reacted with ethy-
lene oxide to produce ethoxylated amidoamines, which
are then quaternized.

These compounds and their derivatives can be man-
ufactured by using relatively simple equipment com-
pared to that required for the fatty nitrile derivatives.
The cyclization of amidoamines to imidazolines requires
higher reaction temperatures and reduced pressures,
which accounts for the higher prices of the imidazolines.

Alkylbenzyldimethylammonium (ABDM) quaternar-
ies are usually prepared from alpha -olefin or fatty
alcohol precursors. Manufacturers that start from the
fatty alcohol usually prefer to prepare the inter-
mediate alkyldimethylamine directly with dimethy-
lamine and catalyst, rather than from the fatty alkyl
chloride, although this route is commercially utilized
(Figure 14.3). Small volumes of dialkyldimethyl and
alkyltrimethyl quaternaries in the C8-Ci0 range are also
manufactured from these precursors.

Some tertiary amines are used as surfactants, but the
major use is as intermediates for preparing other classes
of surfactants such as quaternary ammonium compounds
and amine oxides. Primary and secondary amines are

RCH2CH2OH
Fatty alcohol

*- RCH2CH2CI
Fatty alkylchloride

(CH3)2NH

(CH3)2NH/catalyst

RCH=CH :

Linear a/pha-olefin

HBr
RCH2CH2Br

RCH2CH2N(CH3)2

Alkyldimethylamine

C6H5CH2CI

ci-

RCH2CH2N+(CH3)2

I

Alkylbenzyldimethyl quat

Figure 14.3. Cationics from alpha-olefins of fatty alcohols

RNH2 + 2 CH2O

Primary amine

R2NH + 2 CH2O

H2/catalyst

H2/catalyst

RN(CH3)2

Alkyldimethylamine

RN(CH3)2

Secondary amine Dialkylmethylamine

Figure 14.4. Reductive methylation of amines

usually converted to tertiary amines with formaldehyde
and hydrogen in the presence of a catalyst (Figure 14.4).
This is known as reductive alkylation and is an attractive
commercial process. The desired amines are produced
in high yields and without significant by-product for-
mation. The resultant alkyldimethyl- and dialkylmethyl
amines can then be quaternized by reaction with an
appropriate alkylating reagent or oxidized to the amine
oxide as described below.

Ethoxylated amines are prepared by the reaction of
epoxides with primary amines. This reaction is well
known, and an example is shown in Figure 14.5. In a
typical manufacturing process, two moles of ethylene
oxide are reacted with primary amine to produce a
dihydroxyethylamine. Addition of more than two moles
of ethylene oxide usually requires the presence of a
catalyst. Typical catalysts are sodium or potassium
hydroxide.

Non-catalytic reactions to produce poly(oxyethylene
amine) adducts were reported to proceed at lower reac-
tion temperatures via a quaternary ammonium interme-
diate. These catalysts do not result in a product with a
symmetrical distribution of oxyethylene units. This has
led to the development of catalysts intended to produce
narrower ranges of oxyethylene units on the surfac-
tant molecule. The narrow range ethoxylate catalysts are
composed of cations with valency higher that 1. These
include, (but are not limited to) calcium, barium, stron-
tium and magnesium. The surfactant properties and man-
ufacturing costs of poly(oxyalkylene amine)s produced
using narrow-range catalysts are expected to be differ-
ent compared to those made by using more traditional
catalysts. Examples have recently appeared claiming to
have produce lower coloured ethoxylated amines.

RNH2

OH

Dihydroxyethylamine

O(CH2CH2O)aH

O(CH2CH2O)6H

a+ b = x
Poly(oxyethylene alkylamine)

Figure 14.5. Synthesis of poly(oxyethylene alkylamine)s
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There are a wide variety of methods available for
the preparation of quaternary ammonium compounds.
A significantly lower number of methods exist which
can be used on a commercial scale. A summary of the
most common commercially used methods is discussed
below.

Quaternary ammonium compounds are usually pre-
pared from the reaction of a tertiary amine with an
alkylating agent (Figure 14.6). The most widely used
alkylating agents are summarized in Table 14.1. Some
of these alkylating reagents pose significant health
concerns and require special handling techniques. The
alkylation reactions are usually run at moderate temper-
atures, i.e. 60-100°C. When using methyl chloride, the
reactions are performed under moderate pressures, i.e.
60-115 psi.

The reaction of a tertiary amine with alkylating
agent can be classified as SN2 (substitution nucleophilic
bimolecular). The rate of the reaction is influenced by
several parameters, i.e. basicity of the amine, steric
effects, reactivity of the alkylating agent and solvent
polarity. The reaction is often carried out in a polar
solvent such as isopropanol, which may increase the rate
of reaction and make handling of the product easier.

Dialkyldimethyl and alkyltrimethyl quaternaries can
be prepared directly from secondary and primary amines
respectively (Figure 14.7). This process is known as
exhaustive alkylation and is usually not the method of
choice on a commercial scale. This technique requires
the continuous addition of basic material over the course
of the reaction to prevent the formation of amine salts.
Furthermore, products such as inorganic salt and water,
are produced which must be removed from the product;
the salt, in particular, represents a significant disposal
problem.

R2

i — N — R3 R4X

x-
R 1 - N + - R 3

R4

QuaternaryTertiary amine Alkylating agent

Figure 14.6. Cationics from alkylation of tertiary amines

RNH2 + 3CH3CI

Primary amine

R2NH + 2CH3CI

Primary amine

RN+(CH3)3Cr + 2NaCI + 2 H20

Alkyltrimethyl
quaternary

RN+(CH3)3Cr + NaCI + H20

Alkyltrimethyl
quaternary

Figure 14.7. Cationics from exhaustive alkylation of primary
and secondary amines

Ester quaternaries have begun to gain a market share
in Western Europe and in the USA, with this growth
expected to continue. These molecules are believed to be
rapidly biodegraded and can be formulated into products
such as fabric softeners that have good shelf-stability.
The industry has developed many examples of this type
of molecule.

Quaternized esteramines are usually derived from fat
or fatty acid which is reacted with an alkanolamine to
give an intermediate esteramine. The esteramines are
then quaternized. A typical reaction scheme for the
preparation of a diester quat is given in Figure 14.8. Two
moles of fatty acid methyl ester are reacted with one
mole of triethanolamine at 75-115°C in the presence of
sodium methoxide catalyst. The resultant esteramine is
then quaternized with dimethyl sulfate. Free fatty acids
and glycerides have been used in place of the fatty acid
methyl ester.

2RCOOCH3 + N(CH2CH2OH)3

Fatty acid Triethanolamine
methyl ester

-2 CH3OH N(CH2CH2OOCR)2

CH2CH2OH

Diesteramine

(CH3)2SO4

CH3SO4-

CH3N+(CH2CH2OOCR)2

I
CH2CH2OH

Quaternized esteramine

Figure 14.8. Preparation of a quaternized esteramine

Table 14.1. Typical alkylating agents used for the preparation of quaternaries

Alkylating agent Chemical formula Typical amine Final quaternary

Methyl chloride
Dimethyl sulfate
Diethyl sulfate
Benzyl chloride

CH3CI
(CH3)2SO4

(CH3CH2)2SO4
C6H5CH2C1

R3N
R3N
R3N
R2N

R 3N+CH 3Cr
R3N+CH3CH3SO4-
R3N+CH3CH3CH2SO4-
R3N+CH2C6H5Cr
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Tertiary amines can be readily oxidized to amine
oxides by using peracids and Caro's acid (H2SO5). On
a commercial scale, the preferred reagent is hydrogen
peroxide. The reaction is performed in water or an
alcohol-water mixture. The reaction is quite facile
and can be completed by using relatively moderate
temperatures, i.e. 70-80°C. In order to ensure complete
conversion of the amine, a slight excess of hydrogen
peroxide is often used which must be decomposed when
the desired reaction is complete. The simplest method
to accomplish this is to raise the reaction temperature
slightly and monitor the disappearance of the hydrogen
peroxide. Chelating agents are usually added to the
reaction mixture to prevent contact of trace metals
with the hydrogen peroxide solution. The mechanism
was reported to proceed via an alkyl peroxide which
decomposes to an amine oxide. The reaction is catalysed
by carbon dioxide. The kinetics of the reaction are
first order with respect to the amine concentration and
three-halves order with respect to the hydrogen peroxide
concentration (Figure 14.9).

Another important class of cationic surfactants are
the polyamine-based or polyquaternaries. Generally, the
synthesis of the polyamine-based surfactants is similar
to that for the monomeric counterparts, and will not be
discussed any further here.

Cationic surfactants, containing two hydrophilic
groups and two hydrophobic groups in the same
molecule, are referred to as "Gemini" surfactants.
Although these materials were first prepared in 1971,
they have not yet found any significant commercial
application. Many cationic "Gemini" surfactants have
been prepared with the intention of studying their chem-
ical and physical properties. The synthetic methodology
used to prepare these compounds is similar to that used
for preparing more traditional cationic surfactants, with
the exception being that the starting materials contain
multiple functionality. An example of a "Gemini" sur-
factant preparation is given in Figure 14.10. The devel-
opments in this area are being monitored by the industry

R3N + H2O2

Tertiary amine

R3N
+ — H2O

Figure 14.9. Preparation of amine oxides

with hopes that a significant commercial application is
imminent.

3 CATIONIC SURFACTANTS IN
FABRIC SOFTENING {Joe Zachwieja)

3.1 INTRODUCTION

The use of amine surfactants is varied and found
throughout a diverse number of industries. One indus-
try, detergents, employs the largest use of amine
surfactants as fabric softener actives. Out of the approx-
imately 700000 metric tons of amine surfactants con-
sumed globally on an annual basis, roughly 50%, or
300000 metric tons, find their way into household,
industrial, and textile fabric softener applications. Of
the three end-uses as fabric conditioners, the house-
hold fabric softener segment commands the lion's share
of cationic surfactants at approximately 270000 met-
ric tons.

The need for a fabric softener owes its origins to the
replacement of soaps with synthetic detergents shortly
after World War II. Soaps derived from fats that had been
reacted with caustic had been used for hundreds of years.
These soaps were efficient at removing dirt from fabrics,
although they also reacted with water hardness (Ca and
Mg ions) to form an insoluble residue that deposited on
to the fabrics. This residue resulted in the undesirable
benefit of greying fabrics; however, the residue also
provided a beneficial effect, i.e. it improved the feel
or "hand" when the fabric was rubbed across the skin.
With the introduction of the synthetic detergents, which
were formulated with builders or sequestering agents
to eliminate the water hardness residues, this perceived
"softness" benefit was lost.

In the late 1940s, the Armour Industrial Chemical
Company (now Akzo Nobel Surface Chemistry) discov-
ered that the softness lost during laundering with syn-
thetic detergents could be replaced by the use of a nitrile-
based chemical, i.e. dihydrogenated tallow dimethylam-
monium chloride (DHTDMAC). However, the commer-
cial use of DHTDMAC in a household fabric softener
was not realized until the mid-to-late 1950s. A. E. Staley
and Procter & Gamble first introduced the household

CICH2CHCH2CI + 2CH3(CH2)11N(CH3)2

I
OH

CH3 CH3

I I
CH3(CH2)n— N+CH2CHCH2N+— (CH2)nCH3

I I I
CH3 OH CH3

Figure 14.10. Preparation of a cationic "Gemini' surfactant
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fabric softeners, "Sta-Puf" and "Downy", respectively,
in the United States. The softener brands, "Comfort",
"Soupline", "Lenor" and "Humming" were launched
about 10 years later in Europe and Japan. The level of
active softener in all of these systems ranged from 3 to
8 wt% of DHTDMAC.

Household fabric softeners have been formulated to
be utilized by the consumer in either a rinse-added,
dryer-added, or wash-added (softergent = detergent plus
softener) application. It must be noted that there have
been many cationic compounds developed since the
introduction of DHTDMAC to meet the needs of for-
mulators.

3.2 Softener-active molecules

The fabric softener actives exploited today evolved pri-
marily as a result of (i) formulation and performance
demands, (ii) major trends in marketing, such as con-
centrated products to allow for greater throughput in
manufacturing, reduction of packaging and associated
costs and globalization of formulations, and (iii) legisla-
tive environmental pressures. The nature of the softener
actives that are commercially viable in today's market-
place fall into three chemical types of cationic surfac-
tant, i.e. (i) dialkyldimethyl quaternary ammonium salts,
(ii) diethylenetriamine (DETA) compounds, and (iii)
ester quaternaries. All of these are quaternary ammo-
nium compounds, meaning that they contain a positively
charged nitrogen atom having four hydrocarbon groups
attached to it by covalent bonds. For each positively
charged nitrogen centre there is an associated anion,
typically chloride or methyl sulfate. The structures that
represent these three major types of quaternaries in fab-
ric softening applications are shown in Figure 14.11.
A recent review on quaternary ammonium compounds
covering their properties, synthesis and manufacture,
and applications has been given by Dery (1).

3.2.1 Dialkyldimethyl quaternaries

The first commercial fabric softener active, DHTDMAC,
shown as Structure 1 in Figure 14.11, accounts for
approximately one third or 90 000 metric tons of the qua-
ternaries sold for use in fabric softening. DHTDMAC is
known to form a liquid crystalline phase when dispersed
in water. The liquid crystalline phases of DHTDMAC
and water are comprised of lipid-like bilayers and alter-
nating water layers. This structure is best described as
a "multiwalled vesicle" which resembles the multiple

layers of an onion. Due to the large amount of water
enclosed within the bilayer structure, the disperse phase
volume is much greater, thus resulting in a higher vis-
cosity of the dispersion. This viscosity can be reduced
by the addition of an electrolyte, such as sodium or cal-
cium chloride, which affects the spacing of the bilayers
and causes a lowering of the disperse phase volume via
osmotic shrinking of the lipid-like phase.

Data available from the commercial textile-treating
industry suggested that two fatty chains of 16-18
carbons each, which are commonly found in tallow, lard
and some seed oils, such as palm, soybean or canola,
resulted in the best softening performance. The alkyl
groups can be saturated, unsaturated, or a mixture of
both. The effect of alkyl chain saturation on the softener
active performance is readily seen in Table 14.2.

In general, softeners based on hydrogenated tallow
triglycerides or stearic acid which have a low Iodine
Value (IV) exhibit higher melting and storage temper-
atures (and usually require more solvent for ease of
handling), but provide premium softening and lubri-
cating qualities. The major detriment of these highly
saturated compounds is their inability to be formulated
into dispersions containing greater than about 15 wt%
active. When the level of alkyl chain unsaturation is
increased in these compounds, the dispersion forms a
lower-viscosity isotropic phase in which the packing of
the alkyl chains is disordered. This results in a reduced
softening effect; however, it does facilitate easier for-
mulation of concentrated products through the addition
of electrolytes.

The methyl sulfate version (DHTDMAMS), which is
the primary softener active found on tumble-dryer sheets
also provides some softening, but more importantly,
static charge control. The methyl sulfate counterion is
used due to the corrosivity of chloride ions against the
drums of tumble dryers.

3.2.2 Diethylene triamine compounds

The softener actives based on diethylene triamine
(DETA) that are of commercial significance today are
diamidoamine ethoxylate quaternary ammonium methyl
sulfate (DAAEQAMS) and imidazolinium quaternary
ammonium methyl sulfate (IQAMS) (see Structures 2
and 3, respectively, in Figure 14.11. These compounds
account for only about 10%, or 26 000 metric tons, of the
quaternaries sold for use in fabric softeners. Such com-
pounds were developed as an alternative to DHTDMAC
and were found to provide better static control and sim-
ilar softening performance on a cost/performance basis.



316

V\
C

X-
\

R CH3

X = Cl, CH3SO4

1 Structure!]

SURFACTANTS

0
II

R —C-O^
CH-CH2

R — C - O - C H /
||
0

CH3
I

- N + - C H 3
1
CH3

I Structure 4|

O CH3 O
II I II

RCHNC2H4— N — C2H4NHCR X"
I

(CH2CH2O)nH

X = CH3SO4

> • /

CH3N

CH3

CH2CH2OH

'CH2CH2OCR
"*3 ||

o
cr

, CH2CH2OCR

CH3N

I CH2CH2OCR
CH3 ||

ci- o

Monoester quat Diester quat (major component]

[Structure 2 |

-H CH2 X-
i:+ i

^ N ^ 2 O
\ II
CH2 — C H 2 - N H - C —R

X = CH3SO4

Structure 5

HOCH2CH2—N
/ \

CH2CH2OCR

/ \
Ql_j CH2CH2OCR

CH3SO4-

Structure 3 Structure 6

CH3

I
R —C —O —C 2H 4—N+ —C 3H 6 —NHC —R X"

CH3

X = CI

Structure 7 R = long chain hydrocarbon

Figure 14.11. Chemical structures of major softener actives

Table 14.2. Effect of alkyl chain saturation on the characteris-
tics of fabric softener actives

Characteristic Unsaturation (IV)"

Low, IV = 1-10 High, IV = 45-60

Handling
temperature

Softening
Hand
Stable concen-

tration (aqueous)

>65°C 40-55°C

Premium Good-excellent
Slick Dry
~ 15% (maximum) ^ 2 5 % (maximum)

"IV, iodine value.

The major advantage of this class of quaternaries is that
they can be derived from whole triglycerides, which are
cheap and available from a variety of naturally occurring
sources. DAAEQAMS and IQAMS based on unsatu-
rated fatty chains can be readily formulated to 25 wt%

and 20 wt%, respectively. For saturated fatty chains,
these compounds suffer the same problem of formula-
tion as seen with DHTMAC. The trade-off for this class
of compounds is ease of formulation in exchange for
premium softening. The IQAMS materials are also used
as tumble dryer sheet actives and in industrial (textile)
applications.

3.2.3 Ester quaternaries

The third class of quaternary ammonium compounds, i.e.
ester quaternaries (Structures 4 -7 in Figure 14.11) has
the greatest commercial significance in the fabric soft-
ener market today. These compounds represent almost
60%, or 155 000 metric tons, of the quaternaries sold
for use as fabric softeners. A recent and very compre-
hensive review of ester quaternaries was presented by
Kruger et al. in 1998 (2).
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Ester quaternaries have been known since the 1930s,
but found limited commercial use in earlier years. How-
ever, their commercial relevance took a "quantum leap"
forward in 1991, when European detergent manufactur-
ers reformulated their rinse-added softeners because of
pressure from environmental authorities in some Euro-
pean Union member states. A major benefit or feature
of the ester quat structure is its decomposition into non-
surface-active fragments upon hydrolysis. However, this
benefit, i.e. hydrolytic instability, also posed a challenge
to the formulator. Ester quaternaries are stable in aque-
ous solutions only over a narrow pH range, unlike the
traditional alkyl quaternaries. Softener dispersions based
on ester quaternaries are typically adjusted to pH < 4 to
maintain hydrolytic stability.

The ester quaternaries used in fabric softening are
based on alkanolamines reacted with fatty acids or esters.
Ester quaternaries derived from 3-(dimethylamino)-
1,2-propane diol (DMAPD) and methyldiethanolamine
(MDEA) result in structures (4 and 5, respectively, in
Figure 14.11) which resemble the dialkyl quaternaries
and exhibit similar softening performance. However,
triethanolamine (TEA)-based ester quaternaries (Struc-
ture 6 in Figure 14.11) contain a mixture of mono- and
triester quaternaries, in addition to the diester quat, and
lack the same level of performance as the true diester
quaternaries. There have been recent developments in
improving the diester quat content in these TEA-based
compounds. One development includes a process to
make a higher diester quat compound which exhibits
improved softening performance, water absorbancy and
formulation stability, and is non-yellowing to fabrics.
It is apparent from these developments that manipu-
lation of molecular parameters such as the degree of
esterification, ratio of mono-, di- and triesters, unsat-
uration, and isomerization of the alkyl chain, can
result in ester quaternaries having improved, if not
unique, benefits. Another interesting development uti-
lizing these techniques describes a novel, biodegrad-
able polyolester quat based on dimethylethanolamine
(DMEA) capable of producing low-viscosity, stable
aqueous dispersions/solutions up to 60 wt% actives. The
above-mentioned ester quat structures are primarily avail-
able in North America and Europe. There is an amide-
ester quat (Structure 7 in Figure 14.11) commercially
available in Asia which is a hybrid between a diami-
doamine and an ester quat.

3.3 Softener product trends

The primary use of fabric softeners world-wide is
in the rinse-aid area. This product form is typically

added to the rinse water during the deep-rinse cycle.
Rinse-added softeners aim to deliver about 0.25% of
active softener per load of fabric (e.g. for a 3 kg
load = 7 g of active softener). Regular-strength formu-
lations (3-8 wt% actives) were the work-horse products
from their introduction in the 1950s until the develop-
ment of concentrates and dilutable concentrates in the
1980s. These products contained three to five times the
active softener when compared to the regular-strength
product and primarily were designed to be diluted with
tap water by the consumer to make a 5-8 wt% dis-
persion. Such products met the following consumer
demands, i.e. (i) for less bulky and more concentrated
products, and (ii) to reduce plastic container waste and
promote recycling. Formulators continued to use the
DHTDMAC- and DETA-based actives for these concen-
trated products, but needed to employ viscosity mod-
ifiers such as ethoxylated fatty amines, fatty alcohols
and poly(ethylene glycol) esters to reduce the viscosity
of the dispersion. However, these new systems, in par-
ticular those above 15-20 wt% actives, suffered from
the weakness of gelation upon their addition to cool
rinse water, which caused fabric staining. This problem
was solved in the early 1990s with the development of
the ultra fabric softener formulations which are in use
today. New softener actives were developed which could
be formulated to 20-30 wt% without the fear of fabric
staining upon addition to the cool rinse water.

In addition to new softener actives development, the
formulator has been focused on delivering other benefits
via the fabric softener formulation. Recent developments
include concentrated, biodegradable softener formula-
tions which are clear or translucent and deliver improved
softening and water absorbency, and most importantly,
reduced wrinkling of fabrics, with a combination of
higher-IV materials and also the inclusion of solvents
to maintain solution clarity.

Another important fabric softener product form is the
dryer-added product. This product form has been a staple
commodity in the North American market-place since its
introduction in the late 1960s to alleviate the buildup of
static electricity or "static cling" on fabrics produced
during the tumble drying process. Such a dryer-added
product consists of a non-woven substrate or sheet on
to which is coated a mixture of cationic surfactant and
a release or distribution agent. The dryer sheet is tossed
in the tumble dryer along with the damp fabrics and
aims to deliver about 1-2 g of fabric softener actives per
fabric load. Since dryer sheets have a considerably lower
loading of softener actives when compared to the rinse-
added products, it is not surprising that they provide only
a limited softening performance. This feature, coupled
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with the fact that outside of North America a relatively
smaller percentage of households have tumble dryers,
also explains why rinse-added softeners command the
lion's share of the world-wide market.

The methyl sulfate dialkyldimethyl quaternaries and
ester quaternaries are the cationic surfactants of choice
for tumble dryer sheets. The compounds typically used
to optimize the softener actives release from the dryer
sheet include poly(ethylene glycol) esters and fatty
amine soaps. Recent data indicate that through the
proper selection of release agent (such as a 4 mol
alkoxylate), the melt characteristics of the dryer sheet
actives can be optimized to deliver the softener actives
more consistently over the entire tumble drying cycle.

The final commercially significant product form
incorporates a cationic fabric softener active with laun-
dry detergent and is better known as a "softergent".
The softergent product form is a trade-off on cleaning
and softening performance with convenience or ease of
use. Due to the antagonism between cationic softener
actives and anionic detergents, a considerable amount
of work has been directed at finding the right cationic
and anionics. One result was to incorporate hydrophilic
substituents into the cationic molecule to overcome the
formulation issues. Other strategies included the simple
addition of cationics or quaternaries into the detergents
at very high concentrations, delayed release of cationics
via encapsulation, use of substitutes for the cationic sur-
factant, such as montmorillonite clays, and replacement
of the anionic detergent with a nonionic surfactant. Like
the dryer-added product form which has found a niche
in one geographical area (North America), the softergent
product form has found considerable success in Europe.
Because fabrics are typically line dried in Europe, the
softergents can provide a perceptable level of softness
that cannot be met for those regions employing tumble
dryers. However, as tumble dryers continue to penetrate
the European market-place, the benchmark for softening
performance will be raised to a level that cannot be met
by the current softergents.

4 CATIONIC SURFACTANTS IN
BIOCIDES (Johan Tiedink)

4,1 Introduction

Microbes are ever present in our world. Wherever there
is moisture and nutrients - basically everywhere on
earth - microbes thrive, potentially leaving disease and
destruction in their wake. Microbes take many forms,
such as viruses, bacteria, fungi or algae. They cause

rot and slime - which affect products and health. An
important means of defense against these tiny terrors
are biocides. The use of biocides ensures effective
performance of products and processes, reduces the
cost of maintenance, provides health protection and
safeguards the natural environment.

4.2 Fatty amines and derivatives

A number of fatty amines and their derivatives, espe-
cially quaternary ammonium compounds, are widely
used in formulations for the control of bacteria, fungi,
viruses and algae, in disinfectant/sanitizers and wood-
preservation applications. Table 14.3 presents the fatty
amines and derivatives which are frequently used in bio-
cidal formulations.

The positive ionic charge, based on the nitrogen
atom of a quaternary ammonium group, provides the
antimicrobial properties. Quaternary ammonium com-
pounds have a number of advantages, i.e. they are read-
ily biodegradable, non-toxic, non-corrosive (at in-use
concentration) and have no odour.

4.3 Disinfection

Disinfectants, in their various specific formulations, are
used to destroy bacteria, viruses, spores, fungi and
other dangerous microbes. Disinfectants prevent disease
and food poisoning. They also prevent the spread of
microbes in hospitals, surgeries, public places, breweries
and in the food processing industry. Disinfecting of

Table 14.3. Biocidal cationic surfactants

Amines
Cocoamine
Cocopropylenediamine
Bis(3-aminopropyl); laurylamine
Monoalkyl quaternary ammonium compounds
Tetradecyltrimethylammonium bromide
Hexadecyltrimethylarnmonium chloride
Cocotrimethylammonium chloride
Coco(fractionated)trimethylammonium chloride

Dialkyl ammonium quaternaries
Dioctyldimethylammonium chloride
Didecyldimethylammonium chloride
Didecyldimethylammonium bromide
Dialkyldimethylammonium chloride
Dicocodimethylammonium chloride
Benzyl quaternary ammonium compounds
Cocobenzyldimethylammoniurn chloride

. Coco(fractionated)benzyldimethylammonium chloride
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animal housing and equipment protects the animals and
produce from lethal microbes such as Salmonella sp. and
Listeria sp.

Disinfectants are often applied by spraying or brush-
ing. In order to achieve the best results, the surfaces
to be disinfected have to be cleaned first. Dust, litter
and other deposits contain substantial levels of microbes.
After disinfecting, the surfaces are usually rinsed with
water, although the purity of the water employed for
rinsing can impact on how ultimately successful was
the initial disinfecting of the surface.

The antimicrobial properties of cationic surfactants
are evident in their ability to eliminate or inhibit the

growth or viability of microorganisms. The concentra-
tion used in the formulations determines whether the
microorganisms are eliminated or are inhibited from
growth.

4.4 Biostatic activity

Biostatic activity is defined as the concentration at
which the growth of the microorganism is inhibited.
Depending on the actual microorganism involved, for-
mulations are called either bacteriostatic, fungistatic or
algaestatic. In Tables 14.4 and 14.5, the fatty amine

Table 14.4.

Product"

MIC values as measures of bacteriostatic activity

Gram-negative

Escherichia
coli

bacteria

Proteus
mirabilis

Pseudomonas
aeruginosa

Gram-positive bacteria

Staphylococcus
aureus

Streptococcus
faecalis

Cocoamine acetate
(Armac® C)
Cocopropylenediamine
(Duomeen® C)
Didecyldimethylammoniurn chloride
(Arquad® 2.10-50)
Dialkyldimethylammonium chloride
(Arquad® NF-50)
Dicocodimethylamminium chloride
(Arquad® 2C-75)
Cocobenzyldimethylammonium chloride
(Arquad® B-50)
Coco(fractionated)benzyldimethylammonium
(Arquad® MCB-50)

50-100

25-50

6

25-50

400

100

50-100

400

800

50-100

400

800

200

100-200

3200

100-200

100-200

200

400

200

200

25

12-25

3

6-12

3

6

3-6

12

6-12

3-6

25

12-25

12-25

6

"The values given have been determined specifically for Akzo Nobel Surface Chemistry products with the trade names given in brackets.

Table 14.5. MIC values as measures of fungistatic activity

Product"

Cocoamine acetate
(Armac® C)
Cocopropylenediamine
(Duomeen® C)
Didecyldimethylammonium chloride
(Arquad® 2.10-50)
Dialkyldimethylammonium chloride
(Arquad® NF-50)
Dicocodimethylamminium chloride
(Arquad® 2C-75)
Cocobenzyldimethylammonium chloride
(Arquad® B-50)
Coco(fractionated)benzyldimethylammonium
chloride (Arquad® MCB-50)

Candida
albicans

25

12-25

3

25

400

50

25

Yeasts

Saccharomyces
cerevisiae

6-12

6

3

25

800

12

6

Aspergillus
niger

100-100

200

6-12

100-200

12

100-200

25-50

Fungi

Penicillium
funicolosum

100

50-100

3

25

6-12

12

3-6

"The values given have been determined specifically for Akzo Nobel Surface Chemistry products with the trade names given in brackets.
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derivatives exemplified above are compared in their
biostatic activities against gram-negative bacteria, gram-
positive bacteria, yeasts and fungi. The Minimum
Inhibitory Concentration (MIC) is the concentration at
which the growth of the microorganism is inhibited.
Such MIC values are given in parts per million (ppm)
of active material.

4.5 Biocidal activity

The biocidal activity of a formulation is determined by
the concentration of the active ingredient and by the
effective contact time. Depending on the microorgan-
ism to be killed, formulations are classified as being
either bactericidal, fungicidal or algicidal, fungicidal
or algaecidal. In disinfectant applications, the success-
ful elimination of microorganisms is usually confirmed
in a suspension test. Tables 14.6 and 14.7 present test
results obtained on didecyldimethylammonium chloride
and coco(fractionated)benzyldimethylammonium chlo-
ride. The tests employed are performed according to the
new European standards for the evaluation of disinfec-
tants. {Note for formula tables - in most applications,
these products will be part of a specific formulation, and
consequently an effect on the antimicrobial properties
can be expected.)

Table 14.6. Biocidal activity of coco(fractionated)benzyl-
dimethylammonium chloride and didecyldimethylammonium
chloride determined according to pr EN1276" for clean condi-
tions (0.03% BSA)

Microorganism Lowest test concentration
to pass the test

(ppm active substance)

Coco(fractionated)- Didecyldi-
benzyldimethyl- methyl
ammonium ammonium
chloride^ chloridec

Enterococcus faeciwn
Staphylococcus aureus
Escherichia coli
Pseudomonas aeruginosa
Salmonella typhimurium
Proteis mirabilis
Campylobacter jejuni
Legionella pneumophila
Listeria monocy to genes

30
40
100
700
150
300
45
80
25

10
10
25
250
40
200
4
30
5

npr EN1276-quantitative suspension test for the evaluation of bacte-
ricidal activity of chemical disinfectants and antiseptics used in food,
industrial, domestic and institutional areas.
/jArquad® MCB-50 (Akzo Nobel Surface Chemistry) used as test sub-
stance.
rArquad® 2.10-50 (Akzo Nobel Surface Chemistry) used as test sub-
stance.

Table 14.7. Fungicidal activity of coco(fractionated)benzyl-
dimethylammonium chloride and didecyldimethylammonium
chloride determined according to pr EN1650fl for clean condi-
tions (0.03% BSA)

Microorganism Lowest test concentration
to pass the test

(ppm active substance)

Coco(fractionated)- Didecyldi-
benzyldimethyl- methyl
ammonium ammonium
chloride*7 chloridec

Candida albicans
Sacchawmyces cerevisiae
Aspergillus niger

225
150
1500

40
20
150

"pr EN1650-quantitative suspension test for the evaluation of fungicidal
activity of chemical disinfectants and antiseptics used in food, industrial,
domestic and institutional areas.
^Arquad® MCB-50 (Akzo Nobel Surface Chemistry) used as test
substance.
cArquad® 2.10-50 (Akzo Nobel Surface Chemistry) used as test
substance.

4.5.1 Wood preservation

In general, hard-wood is more durable than soft-wood
but, due to its slow growth rate, is not commercially
available in large quantities and is also extremely costly.
On the other hand, timber cut from soft-wood is often
attacked by fungi, thus causing discoloration deep within
the wood structure. The most common of these fungi
is the blue stain fungi (see Section 4.5.2 below). Soft-
wood is also prone to attack from wood-rotting fungi
(see Section 4.5.3 below). The chemical treatment of
wood, to counter the effect of fungi, involves addi-
tional costs; however, these costs are fully justified if
the correct preservatives are used. Wood that is prop-
erly protected with the right preservative has a ser-
vice lifetime that is many years longer than that of
unprotected wood. This, in turn, reduces commercial
soft-wood consumption, is which in itself an impor-
tant environmental issue. The use of hard-wood, often
sourced from indigenous rain forests, can similarly be
reduced drastically.

4.5.2 Temporary protection

Wood is used as a source of nutrition and energy by
many microorganisms, including fungi and bacteria.
Fungi, such as the blue stain fungi, can be especially
damaging since their mycelia, or filaments, are able to
develop inside the wood cells. The damage caused by
these fungi shows as dark patches of discoloration both
on and beneath the surface of the timber. In certain
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conditions, these patches can spread to cover wide
areas until the entire length of the timber is affected.
The damaged, discolored wood can become spongy
and more water-absorbent than healthy wood. Fungal
growth may be treated in different ways, and the use
of a proven, effective fungicide is often the best of
these.

4,53 Permanent protection

For soft-woods, the most damaging form of attack
is from the wood-rotting fungi, the so-called Basid-
iomycetes. While some wood species are more durable
than others, none are completely resistant and will
eventually succumb in time. This group of fungi can
be split into two types, known as "Brown rot" and
"White rot". "Brown rot" destroys the cellulose skele-
ton of the wood so that the timbers become brown
and crumble easily. "White rot" damages both the cel-
lulose and the lignin in the wood cells, causing only
minor changes in colour, although the wood will become
soft and fluffy. The presence of water, oxygen, suit-
able temperatures and nutrients - in this case the wood
itself - are necessary for the germination and develop-
ment of fungi spores to take place. Wood preserva-
tion systems rely on the permanent elimination of the
fungi.

4.6 Wood preservatives

The use of quaternary ammonium compounds as bio-
cides in wood preservation formulations is increasing
rapidly. Their low toxicity and biodegradable proper-
ties, combined with their favourable adsorption charac-
teristics, have led to an increase in the popularity of
these products as an alternative to other wood preser-
vative formulations such as pentachloraphenate (PCP)
and chromated copper arsenate (CCA). Due to growing
environmental pressure, the use of these latter products
is declining and the development of alternative wood
preservatives is gaining momentum.

Used by themselves, or in combination with other
modern biocides - such as systematic fungicides, bac-
tericides or insecticides - the long-alkyl-chain qua-
ternary ammonium compounds offer a useful tool
in the development of new environmentally accept-
able wood preservative formulations. The most com-
monly used quaternary ammonium compounds are
coco(fractionated) benzyldimethylammonium chloride
and didecyldimethylammonium chloride.

5 CATIONIC SURFACTANTS IN
HARD SURFACE CLEANING {Eva
Cassel and Magnus Franck)

5.1 Introduction

Hard surface cleaning applications cover a very wide
scope and encompass both Industrial and Institutional
(I&I) and Household (HSHLD) concerns. This sub-set of
cleaning applications is very complex due to geographi-
cal differences in formulation design, plus the wealth of
technical and environmental requirements on the clean-
ers themselves. However, a common denominator is the
importance of formulation knowledge.

5.2 Hydrotropes

Hydrotropes belong to a very diverse group of com-
pounds that are of great importance in the for-
mulation of cleaning products. These range from
simple molecules such as ethanol and glycols, to
sodium toluene/cumene sulfonates, phosphate esters,
alkyl polyglucosides, amphoteric surfactants and quat-
ernized fatty amine ethoxylates. While there are differ-
ent definitions of (and theories about) the mechanisms
of the hydrotropes, their primarily role is to solubilize
surfactants and salts in aqueous cleaning systems. The
appropriate selection of the hydrotrope will achieve not
only a stable cleaner but may also offer additional bene-
fits which could include enhanced cleaning efficiency.
Sometimes a hydrotrope that offers multiple benefits
is called a "cosurfactant". There is no such thing as
a "panacea" or "universal" hydrotrope. Before the for-
mulation work starts, the cleaning conditions have to be
clearly defined, for example, the substrate to be cleaned,
the type of soil, the cleaning temperature and method-
ology, the desired foam characteristics and the environ-
mental requirements. On the basis of this information,
the surfactants(s), complexing agents, pH adjusters and
the hydrotrope can be chosen. In the I&I area, non-
ionic surfactants are often preferred due to their very
good surface-active properties, hard water tolerance and
compatibility with other surfactant types.

The complexing agents and pH adjusters are in many
cases necessary auxiliaries to achieve good cleaning
efficiency but they also change a vital parameter of
nonionic cleaning formulations, namely the cloud point.
The latter is the upper temperature limit where the
nonionic is no longer soluble in an aqueous system.
Above this temperature, phase separation occurs. For
optimal detergency performance, the cloud point should
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be close to the desired cleaning temperature. Use of a
hydrotrope makes it possible to balance the formulation
and adjust the cloud point according to this desired
temperature.

From the virtual "smorgasbord" of hydrotropes that
are available, products from the cationic (quaternized
fatty amine ethoxylates) and amphoteric families can be
combined with nonionic surfactants to produce water-
based formulations for the cleaning or degreasing of
hard surfaces.

It is important to take the efficiency of the hydrotrope
into consideration. The performance and quantity of the
hydrotrope is linked to the nonionic in the system and
the type and quantity of the builders used. Figure 14.12
illustrates the requisite amounts of hydrotrope needed
to reach a cloud point of 70°C in (a) an alka-
line (Formula A) and (b) a neutral formulation (For-
mula B), using a modelling system consisting of a
"peaked" or "narrow-range" ethoxylated fatty alcohol
(C9_n +4EO) with good emulsifying and soil pene-
trating properties (Berol® 260), and different builders,
including tetrapotassium pyrophosphate (TKPP), sodium
metasilicate and trisodium citrate. The hydrotropes

are a quaternized fatty amine ethoxylate (Berol® 563),
a-olefin sulfonate (AOS) and sodium xylene sulfonate
(SXS). The hydrotrope concentrations are adjusted based
on the active material present.

In this modelling system, the quaternary is the most
effective hydrotrope for this particular nonionic. In
Figure 14.13, the results of a detergency test using the
above-mentioned formulations are presented. There are
many types of soils (depending on the application), but
in this case the sample is a "real world" soil from a diesel
engine containing soot and grease. The test method is
a laboratory evaluation where the soil is smeared on
coated metal panels, the formulation is applied to the
panels and the detergency of the different products is
measured by using a reflectometer.

For the sake of clarity, the reference solution con-
taining the nonionic surfactant and the builders (no
hydrotrope) was dispersed mechanically before appli-
cation to the panels. Regardless of the builder used,
the quaternized fatty amine ethoxylate (Berol® 563)
enhances the soil removal.

Interestingly, quaternaries have the ability to remove
both greasy and paniculate soil. The hydrotropic
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Formula A

5% Berol 260

x% Hydrotrope

6% TKPP

4% Sodium metasilicate

Cloud point = 70°C

AOS SXS
Hydrotrope

Berol 563

Formula B

5% Berol 260

x% Hydrotrope

6% Trisodium citrate

Balance water

Cloud point = 70°C

AOS SXS
Hydrotrope

Berol 563

Figure 14.12. Required amounts of hydrotropes needed to
obtain a cloud point of 70°C, shown for alkaline (a) and neutral
(b) formulations
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Formula A
5% Berol 260

x% Hydrotrope
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Formula B

5% Berol 260

x% Hydrotrope

6% Trisodium citrate

Balance water

Dilution 1.50

200 ppm water hardness

No hydrotrope AOS SXS
(b) Hydrotrope

Berol 563

Figure 14.13. Detergency testing results obtained for the same
formulations used in Figure 14.12
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properties of specific quaternized fatty amine ethoxy-
lates are a function of their alkyl chain length and the
ethylene oxide content. When selecting the proper qua-
ternary for the specific cleaning condition, it is critical
to achieve the right balance between the alkyl chain
and the ethylene oxide for greatest efficiency. This high-
lights the fact that a well-balanced formulation of non-
ionics and quaternaries makes a potent, water-based,
degreasing system for hard surfaces and provides for a
powerful alternative to solvent-based degreasing. How-
ever, this type of combination does not perform well
in all instances. If a low-foam, high-caustic stability or
a highly concentrated product is the goal, a different
composition would be required. One option is to use
certain amphoteric surfactants. In Figure 14.14, the ini-
tial foam heights for three different hydrotrope systems
(using Formula A, as above) are evaluated according to
a method in which cylinders containing the formulations
were put in a support and simultaneously turned upside
down for a given time. The amount of hydrotrope is
adjusted to produce a clear solution above 45°C (Berol®
522 is a phosphate ester).

In this case, use of an amphoteric substantially low-
ered the foam quantity (height). In Figure 14.15, sodium
cumene sulfonate (SCS) is included as a reference and
the amount of hydrotrope is again adjusted to produce a
clear solution above 45°C. The amphoteric offers a sec-
ondary benefit as it solubilizes a highly concentrated
NasNTA (trisodium salt of nitrilotriacetic acid) solu-
tion, while other hydrotropes have solubilization max-
ima for the salt below this figure. The curves presented
in Figure 14.15 show how much hydrotrope is needed
at a certain Na^NTA concentration. The far right of each
curve indicates the solubilization maximum. With Berol

I ' I ' I ' l ' | i | i | i | i | i | ' | i | ' I ' I
8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

Na3 NTA (wt%)

Figure 14.15. Selecting the proper hydrotrope for a highly
concentrated liquid cleaner

Table 14.8. Starting point for hard surface cleaning formula-
tions

Cleaning conditions check-list Main ingredients
of cleaner

• Type of surface
• Soil composition
• Foam/low foam/no foam
• Temperature
• Corrosion risk
• Legislative environmental concerns
• Viscosity required

• Surfactant(s)
• Hydrotropes
• Builders/salts

563 and 10% Na3NTA in this formulation, the use of
Ampholate Y JH-40 allows for a maximum above 30%.
In summary, it is of the utmost importance to know the
exact details the cleaning conditions for any particular
application (see Table 14.8).
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Figure 14.14. Foam-height evaluation results obtained for
three different hydrotrope systems, employing the same alka-
line formulation used in Figure 14.12

5.3 Thickening

Formulations are most frequently thickened in order to
increase the contact time on inclined or vertical sur-
faces such as toilet bowls and tile walls. The longer
adherence achieved in this way results in an improved
removal of soil, limestone and microorganisms, as well
as in an enhanced perfume release for better air fresh-
ening. Different types of thickeners can be used, for
example, natural thickeners (cellulose ethers, xanthan
and guar gums, starch, etc.), synthetic thickeners (poly-
acrylates, polyurethanes and poly(ethylene glycol)s) and
cationics thickeners (quaternary ammonium salts, amine
oxides and ethoxylate amines). The stabilities of various
thickeners over different pH ranges are shown given in
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MC, HEC, CMC

Xanthan, guar

Quaternary ammonium salts*

Polyacrylates

-10

Amine oxides*

Ethoxylated amines*

Rod-like micelle formation

14

pH

Figure 14.16. Stability of various types of thickener over
different pH ranges: MC, methyl cellulose; HEC, hydroxy ethyl
cellulose; CMC, carboxy methyl cellulose; *, includes blends
with anionics

Figure 14.16. As can be seen from this figure, an amine
oxide mixed with an anionic as a thickener gives excel-
lent stability over the broad pH range of 0 to 14.

The unique ability of cationic surfactants to act as
thickeners is a result of the formation of long, rod-
like micelles which become entangled to give three-
dimensional networks. The packing of these micelles
into a network has been observed as the source of the
increased viscosity. The solubility of the cationic plays
a key role in the thickening action. If the cationic is
highly soluble, it forms spherical micelles, which do not
increase the viscosity of the system. Therefore, a des-
olubilizer (such as an anionic surfactant or electrolyte)
must be added to initiate the formation of the rod-like
micelles and the increase in viscosity. The latter will
increase until a maximum level is reached, after which it
will decrease. Conversely, with poorly soluble or insol-
uble cationic surfactants, a solubilizer must be added to
dissolve the surfactant and create the rod-like micelles,
to achieve the increased viscosity. However, adding too
much of the solubilizer will result in a non-viscous sys-
tem, as shown in Figure 14.17.

Amine oxides are powerful thickeners for anionic
surfactants, especially in acid formulations. The addition
of a very low amount of salt results in a high viscosity.
It is not only surfactant solutions that can be thickened
by amine oxides, for example, in hypochlorite bleach
formulations amine oxides offer a good thickening effect
as well as chlorine stability. The alkyl chain length of
the amine oxide has a significant impact. In particular,
myristamine oxide, Ci4N(CH3)2O (Aromox® 14 D-
W), gives both a high viscosity and chlorine stability.
A "middle-cut" coco amine oxide, Ci2_i4N(CH3)2O
(Aromox® MCD-W), gives limited or no thickening
effect, but can act as a fragrance (solubilizing) agent.
However, the use of "full-cut" coco amine oxides
(containing a certain proportion of C]6_i8 alkyl chains),

>

Highly soluble cationics
Spherical micelles

Desolubilizer
Poorly soluble cationics
two-phase system

Figure 14.17. Schematic of the formation of rod-like micelles

in combination with certain anionic surfactants, leads to
an effective thickening system.

In some cases, an alternative to sodium hypochlorite
bleach cleaners may be desired for a variety of reasons,
including product odour. Acid bleach cleaners based on
hydrogen peroxide are a good alternative. A formulation
based on a quaternary ammonium compound, a nonionic
and a desolubilizer in citric acid, will give excellent
sanitization, including cleaning, descaling, mild bleach-
ing and bactericidal activity. The formulation shown in
Table 14.9 has excellent stability regarding viscosity and
active oxygen content.

In acid solutions, amine oxides have a very efficient
thickening performance when used with both organic
and mineral acids. These thickened acid formulations
are widely used in industries where the removal of
soil, limestone, metal oxides and microorganisms are
desired, including applications such as metal and vehi-
cle cleaning, industrial kitchen and bathroom cleaning.
Depending on the type of acid, thickening is efficiently
done with a combination of a poorly soluble cationic

Table 14.9. Formulation for a bleach cleaner based on hydro-
gen peroxide"

Component

Citric acid monohydrate
Arquad® 16-29

(hexadecyltrimethylammonium
chloride)

Berol® 175 (C12_i4 alcohol, 7.5 EO)
Fragrance IFF 4329
Hydrogen peroxide (a.m.)/;

Sodium xylene sulfonate (40%)

Demineralized water

Content (wt%)

3.0
3.5

0.1
0.1
5.0
1.5

(added to balance)

"Viscosity: 250 mPa s (20cC, Brookfield LVT (spindel), 60 rpm).
/;a.m., active matter.
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thickener and a cationic solubilizer, or the appropriate
anionic counterion and a cationic solubilizer. The thick-
ening effect of a citric acid formulation containing a
cationic solubilizer and an anionic counterion is shown
in Figure 14.18.

When thickening an organic acid, e.g. citric acid, a
broad range of cationic surfactants can be used, such as
amine oxides, ethoxylated amines or quaternary ammo-
nium compounds, in combination with a desolubilizer
(e.g. an aromatic sulfonate) (see Figure 14.19).

When a desolubilizer is added to the acid formu-
lation, an increase of the viscosity is observed, where
the rod-like micelles increase in length. When the max-
imum viscosity is reached, a phenomenon occurs which
is often observed with cationic surfactants, namely vis-
coelasticity. The latter occurs when the system of very
long rod-like micelles with numerous entanglements
becomes a stable, three-dimensional network, which at

1000 -=,
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E

100 -

10

-0.0%

0.1%

Formulation
1.75% ETHOMEEN S/12
x% Na xylene sulfonate (40%)
0.0-0.1% Methyl salicylate
5% Citric acid
Demineralized H2O added to
balance

0.5 1 1.5

Na xylene sulfonate (%)

Figure 14.18. Thickening effect (represented by increase in
viscosity) of citric acid formulations

low shear stress behaves like gum. If this network is
broken down by applying a suitable shear rate, the
solution then starts to flow. This viscoelastic region,
which is very small, can be easily avoided by adding
small amounts of either nonionic surfactants or fragrance
components. In neutral-pH products, the only effective
cationics are the quaternary ammonium compounds in
combination with aromatic sulfonates.

5.4 Foaming

Foam, which is a dispersion of a gas in a liquid, has
a wide field of applications within I&I and HSHLD
cleaning. One of the main functions of amine oxides is
the generation of foam. The greatest amount of foam
is obtained when using amine oxides having chain
lengths of C12-Ci4. Cocoamine oxide, Ci2-i4N(CH3)2O
(Aromox® MCD-W), in combination with an alkyl sul-
fate, yields a voluminous, creamy foam that is highly
stable in the presence of fat. The combination of an
amine oxide and an alkyl sulfate shows excellent foam-
ing height characteristics, even in high-water-hardness
systems.

5.5 Wetting

Water is a good solvent and is commonly used because
it is safe, inexpensive, effective and has no odour. How-
ever, its polar character makes it difficult to wet a
hydrophobic surface, thus requiring the use of a wet-
ting agent. Good wetting allows the active solution to
penetrate move quickly to the surface and the cleaning
to be more efficient. Amine oxides with chain lengths of
around C i2 yield the fastest wetting times, where the lat-
ter are measured as the sinking times of a standard piece

1000

Desolubilizer (%)

Figure 14.19. Thickening effect (represented by increase in viscosity) as a function of added desolubilizer (xylene sulfonate) for
different cationic surfactants in citric acid formulations (5% citric acid monohydrate; 2% cationic surfactant (cj6—CJS type))
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of cotton in an aqueous surfactant solution. Accord-
ingly, amine oxides are effective wetting agents in dif-
ferent types of formulations of alkaline degreasers, for
example, oven cleaners or low-temperature detergents.
Most recently, a combination of alkyl amine deriva-
tives and short-chain glycosides has been shown to
have a synergistic effect, thus resulting in even bet-
ter wetting properties. Amine oxides with chain lengths
of C12-14 and Cj2_i8 and a cocotrimethylammonium
chloride, together with both branched and linear octyl
and hexyl glycosides, have been used. In laboratory
tests, different ratios of alkylamine derivatives and alkyl
glucosides were mixed and then evaluated by using
dynamic contact angle measurements (against Parafilm®
as a reference). These tests showed that a ratio of one
part alkylamine to nine parts alkyl glucosides gave the
optimum wetting performance.

6 CATIONIC SURFACTANTS IN
LAUNDRY DETERGENTS (Jeff Chang)

The major surfactants used in laundry detergents have
traditionally been linear alkylbenzene sulfonates, alcohol

ethoxylate sulfates, alkyl sulfates and alcohol ethoxy-
lates. This is due to their favorable cost-to-performance
position. The choice of surfactants to be used depends
not only on performance criteria but also on compatibil-
ity issues. The surfactants employed must be compatible
with the myriad of other components in the formulation
such as builders, enzymes, bleaching agents, fluorescent
whitening agents and dye-transfer inhibitors. The use of
amine surfactants in laundry detergents remains that of
a specialty surfactant additive. Common usage rates of
amine surfactants within laundry detergent formulations
are in the range of 0.1-5 wt%. The performance charac-
teristics enhanced by amine surfactants are typically soil
removal, soil anti-redeposition, and in-wash softening.

6.1 Amine oxides

Amine oxides are well known for their ability to remove
oily/greasy soils from hard surfaces. This ability is
retained in the laundry operation. Amine oxides have
the general Structures A and B shown in Figure 14.20

Polymers with amine oxide units have also found
utility in laundry detergents to increase detergency, i.e.
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Figure 14.20. Structures of cationic surfactants used in detergents
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soil removal. Amine yV-oxide polymers have also been
shown to act as dye-transfer inhibitors.

6.2 Ethoxylated amines

In some cases, the removal of oily soils and seba-
ceous dust from fabrics has been shown to be enhanced
by ethoxylated amines, (see Figure 14.20 Structure C).
Studies have also demonstrated that ethoxylated amines
are very effective in removing grass stains on cotton
fabrics. An ethoxylated amine with a tallow alkyl chain
and two moles of ethylene oxide has been shown to be
especially effective against oily soils deposited on cot-
ton/polyester blends and grass stains on cotton fabrics.

6.3 Glucamides

This class of compounds is covered by a large number of
application and formulation patents. Such surfactants are
claimed to have superior cleaning efficiency with respect
to oily/greasy and enzyme-sensitive soils. Glucamides
are polyhydroxy fatty acid amides, having the typical
Structure D shown in Figure 14.20.

6.4 Amidopropylamines

Amidopropylamines, whose generic structure is given
as Structure E in Figure 14.20, have been shown to
soften fabrics when used in a formulation containing
its corresponding betaine, where the nitrogen group has
been functionalized by reaction with chloroacetic acid.
To date, betaines on their own have not made significant
inroads into the laundry detergents market. Amidopropy-
lamines, along with the glucamides discussed above,
have been used to increase detergency.

6.5 Quaternary ammonium compounds

Quaternary ammonium compounds have been utilized
for a number of purposes in laundry detergents. The
performance characteristics where benefits are seen
include fabric softening and soil removal. Laundry
detergents that also provide fabric softening can utilize
relatively simple quaternary ammonium compounds of
structures such as alkyldimethylammonium quaternaries
with an alkyl chain length of 12 to 18 carbon atoms.

Ethoxylated quaternary ammonium compounds have
been also shown to aid in the removal of particulate/clay

soils from fabrics. The mechanism by which this occurs
involves the positively charged cationic group absorbing
on to the negatively charged layers of the clay particles
which are attached to the fabric. The hydrophilic ethoxy-
late units of the surfactant swell the clay particles so
that they lose their cohesive character and are thus swept
away in the wash liquor. Some complexes of anionic and
cationic surfactants have been found to remove oily soils
from fabrics better than either the anionic or cationic
parent surfactants from which they were formed.

6.6 Nitrogen-containing polymers

Nitrogen-containing polymers are a recent addition to
the use of amine surfactants in detergent formulations.
The first of there is a cellulose-based polymer where
quaternary ammonium groups have been added to the
polymer backbone. This structure allows the molecules
to attach themselves to the fabric through the quaternary
ammonium group while the cellulosic backbone covers
the fabric, thus effectively forming a protective sheath
around the latter. The generic structure of this cellulose-
based material is given as Structure F in Figure 14.20.

Polyalkyleneimines in the molecular weight range
from 1000 to 25 000g/mol have also been used as
soil dispersants in laundry detergents. In these com-
pounds, ethoxy and propoxy groups are attached to the
nitrogen-carbon backbone of the alkyleneimine. Such
alkoxy groups are able to attach themselves to soil mate-
rials and keep them in solution.

7 CATIONIC SURFACTANTS IN
PERSONAL CARE (Diana Tang)

7.1 Introduction

Cationic surfactants, characterized by their amphiphilic
properties, contain an alkyl hydrophobe and a
hydrophilic positively charged head-group. Among
cationic surfactants, quaternary ammonium salts are
notable for their ability to reduce surface and interfacial
tensions by ready adsorption to a surface or interface,
such as hair and skin. This ability to adsorb on
to substrates makes the use of cationic surfactants
extremely important in the personal care industry.

7.2 Functionality of cationic surfactants
on hair and skin

For conditioning and improving the substrate (hair and
skin), the cationic surfactants or conditioning agents
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must first deposit on to such substrates. Because of the
proteinaceous surface structure of both hair and skin,
quaternary ammonium compounds are attracted to the
negatively charged cuticle surface of hair and the stratum
corneum of skin. The interactions of quaternaries with
hair or skin surfaces contribute to surface improvements
such as smoothness, softness, enhanced manageability,
etc. This improvement of surface quality on hair or skin
is called "conditioning".

7.2.7 Hair

Human hair is a biological composite consisting of
the cortex, a spindle-shaped assemblage of cells which
serves as supporting material for the hair fibre, plus
surrounding cuticle layers overlapping each other to
provide the hair outer surface. The cuticle surface con-
sists of amino acid functional side groups, which are
potential binding sides for cosmetic components. The
mechanism of interaction of cationic surfactants with
the outer surfaces of hair fibres has recently been
studied by surface analysis techniques, e.g. x-ray pho-
toelectron spectroscopy, (XPS) by which the amount
of adsorption and uptake can be quantitatively deter-
mined.

The deposition and uptake of cationic surfactants on
the cuticle surface ultimately neutralizes the negatively
charged surface and thereby reduces the repulsive forces
between the cuticle scales to provide the following con-
ditioning benefits: enhanced appearance, lubricity, man-
ageability, wet/dry combability, reduced static charge
"flyaway" and detangling.

7.2.2 Skin

Skin is a living organism and has a more complex
structure than hair. This means that irritation and skin
compatibility are major concerns when the creams and
lotions are formulated. One of the most important
aspects for skin conditioning is to prevent the evapo-
ration of water from the skin surface to the atmosphere.
Consequently, emollients and humectants are commonly
used in skin care formulations to condition the skin
surface.

Cationic surfactants play an important role have
and offer specialized benefits for certain skin care and
sun care formulations. The emollients, humectants and
cationic emulsifiers used in skin care products provide
the following skin conditioning benefits: smoothness,
moisturizing effects, increased elasticity, less irritation
and improved appearance.

7.3 Cationic surfactant chemistry and
applications

Nearly all hair care products incorporate one or more
cationic conditioning agents, where the latter can be
either cationic surfactants or cationic polymers. The
cationic surfactants can be further divided into four
major classes, i.e. alkylamines, ethoxylated amines,
alkyl imidazolines, and quaternaries. The quaternaries
are the most widely used in the personal care industry
because of their strong affinity to the hair fibre surface.

7.3.1 Alkylamines

The structures of the different types of alkylamines
are shown in Figure 14.21. These amines, which are
used extensively in the cosmetic industry (typically as
their salts with phosphoric, citric or acetic acid), exhibit
surface activity, water solubility and compatibility with
a variety of other surfactants. They can also serve as
neutralizing agents for resins and acrylate thickeners.

Although alkylamines are extensively used as condi-
tioning agents, amidoamines have recently gained a con-
siderable amount of attention due to certain performance
advantages. The presence of the amido group, posi-
tioned between the cationic nitrogen and the hydrophobe
(Figure 14.22), influences the amine functionality and
helps impart strong cationic properties.

7.3.2 Ethoxylated amines

Compared to ordinary amines, ethoxylated amines
(Figure 14.23) become progressively more water-soluble
and nonionic in character as the degree of ethoxylation
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Figure 14.21. Structures of the different types of alkylamines
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Figure 14.22. General structure of amidoamines
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X(CH2CH2O)nH

Figure 14.23. General structure of ethoxylated amines

increases. Most ethoxylated amines are water-soluble
and compatible with a wide range of other surfactants,
in particular anionics. Ethoxylated amines are gener-
ally used as emulsifying, conditioning and anti-static
agents in shampoos and conditioners. In addition, they
are employed as plasticizing agents in hairspray formu-
lations to detackify and to provide flexibility, as well as
to neutralize hair fixative resins.

7.3.3 Quaternaries

Quaternary ammonium compounds play a vital role in
the formulation of hair and skin care products, and
for use in the personal care industry can be divided
into three categories, i.e. (i) alkyl quaternary ammo-
nium compounds (including mono-, di- and trialkyl qua-
ternaries), (ii) ethoxylated quaternaries, and (iii) ester
quaternaries. The synthetic route for preparing such
compounds is shown in Figure 14.24.

The conditioning performance of these compounds
is largely determined by their molecular structures. As
shown in Figure 14.25, the performance, in general,
improves as the number of alkyl groups and the length
of the alkyl chains increase.

Figure 14.25. Conditioning performances of various qua-
ternaries. The abbreviations used represent the follow-
ing INCI (International Nomenclature Cosmetic Ingredi-
ent) names, with the respective trade names given in
brackets: Tri-Cetyl, tricetylmonium chloride (Arquad® 316);
Behenyl, behentrimonium methosulfate (Arquad® B-72-PG);
Di-Tallow, quaternium-18 (Arquad® 2HT-75-PG); Di-Stearyl,
steartrimonium chloride (Arquad® 18-50); Soy, soytrimo-
nium chloride (Arquad® SV-60-PG); Di-Coco, cocotrimonium
chloride (Arquad® C-50); Mono-Cetyl, cetrimonium chlo-
ride (Arquad® 16-29); Mono-Coco, cocotrimonium chloride
(Arquad® C-33W)

CH3
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R — N — C H 3
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Alkyl quaternary ammonium compounds

Mono-, di- and trialkyl quaternaries are an extremely
important group of surfactants for use as hair condition-
ing ingredients (Figure 14.26). The conditioning perfor-
mance and benefits depend upon the number of alkyl
groups and the alkyl chain length, as well as the degree
of unsaturation.

Monoalkyl quaternaries, such as cetrimonium chlo-
ride, are cost-effective light conditioning additives, the
dialkyl quaternaries, such as dicetyldimethylmonium

CH3
I

R —N + CH3CI

CH3

CH3

I
(R — N —CH3)+ +

CH3

Figure 14.24. Synthetic route used to prepare quaternary
ammonium compounds

Figure 14.26. Structures of some typical alkyl quaternary salts

chloride, are moderate to strong conditioning actives
with excellent rinsing properties, while trialkyl qua-
ternaries, such as tricetylmonium chloride, are strong
conditioning actives with superior compatibility and
anti-static properties. Furthermore, trialkyl quaternaries
offer excellent compatibility with anionic surfactants
for "2-in-l" conditioning shampoo formulations due to
the shielding of the cationic centre by the three large
hydrophobes.

The branched quaternary compound with the Cos-
metics, Toiletries Fragrances Act (CFTA) name designa-
tion, stearyl octyldimonium methosulfate (Figure 14.27),
is a molecule offering strong conditioning performance.
Unlike conventional long-chain dialkyl quaternary com-
pounds, stearyl octyldimonium methosulfate is water-
soluble, and thus can be used in clear conditioning
formulations.
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CH3

I
CH2CH3

(R — N — CH2CHCH2CH2CH2CH3)
+ CH3OSO3-

I
CH3

R = C18

Figure 14.27. Structure of the branched quaternary compound,
stearyl octyldimonium methosulfate (Arquad® HTL8-MS)

Figure 14.29), are a new family of quaternary ammo-
nium salts designed for addressing a broad variety of
hair and skin conditioning needs.

The conditioning benefits of ester quaternaries can
be demonstrated by using a Dia-Stron Tensile Tester to
measure the combing force. The unique ability of these
quaternaries to improve the combability of both wet and
dry hair is illustrated in Figure 14.30.

Ethoxylated quaternary ammonium compounds

Ethoxylated quaternary salts are used primarily as light-
conditioning additives in both anionic and nonionic
surfactant systems. However, these quaternaries have
less substantivity due to their greater water solubility.
Increasing either the alkyl chain length or the number
of alkyl groups results in increased conditioning perfor-
mance (see Figure 14.28).

Ester quaternary ammonium compounds

Ester quaternaries, prepared by quaternization of the
condensates of alkanolamines with fatty acids (see

Wet

I Ester quat B Dialkyl quat H Monoalkyl quat|

F i g u r e 1 4 . 3 0 . Comparative combability measurements (both
wet and dry hair) for monoalkyl, dialkyl and ester quaternaries
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Figure 14.28. Combability measurements for a range of ethoxylated quaternary compounds
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Figure 14.29. Synthetic route used to prepare ester quaternaries

CH2CH2OOC— R'
I

R —N
I
CH2CH2OOC— R'

CH2CH2OOC—R'
I +

R —N —CH3 CH3OSO3-

CH2CH2OOC—R'



CATIONIC SURFACTANTS 331

8 CATIONIC SURFACTANTS IN
PAPER PROCESSING (Karin Bergstrom)

Tissue paper and fluff pulp, which are used in diapers,
towelling, napkins and facial and toilet tissue products,
find extensive application in modern society. During
recent years, a growing demand for fluff/tissue products
has been seen, which is closely related to the economic
development within this area. In industrialized countries,
there is a clear drive towards high-quality products. To
produce tissue or fluff of high quality and acceptable
cost, it is important to optimize properties such as bulk
adsorption, softness and wetting, but at the same time
reduce energy consumption during the paper manufac-
turing process.

It is well known that conventional quaternary ammo-
nium compounds, such as dialkyldimethylammonium
salts (e.g. ditallow dimethylammonium chloride and
ditallow dimethylammonium methyl sulfate), or quat-
ernized imidazolines are effective chemical debond-
ing agents in paper. Such compounds interact with
the natural fibre-to-fibre bonding that occurs during
the paper-making process, where hydrogen bonds are
formed between the hydroxyl groups of the fibre. The
hydrophilic cationic portion of the surfactant is believed
to be attracted to the negatively charged cellulose fibres
and thus reduces the inter-fibre bonding. The hydropho-
bic portions of the molecule are exposed on the surface,
forming a thin lubricant film, thus making the fibres
more hydrophobic. This reduction of the inter-fibre
bonding, together with the lubricating effect, imparts a
soft feel to the paper. In the mechanical fluff pulp pro-
cess, the lubricating property protects the fibres against
damage and reduces the defibration energy needed.
However, since such properties are obtained largely due
to the effect of fatty chain of the cationic debonder, the
absorbency and rewetting properties of the cellulose can
be negatively influenced (3).

It has been shown that bis(ethoxy 2-hydroxypropy-
lene) quaternary ammonium compounds, which are
cationic surfactants with both nonionic and cationic
hydrophilic groups, give excellent softening proper-
ties, while at the same time preserving good wetting
behaviour in fluff and tissue paper. This debonding agent
has been synthesized by reacting a long-chain alcohol
with ethylene oxide in the presence of an alkaline cat-
alyst. The resulting fatty alcohol ethoxylate is reacted
with epichlorohydrin, thus producing the correspond-
ing chloroglyceryl ether, which is than reacted with a
secondary amine such as dimethylamine. The cationic
part will adsorb, thus reducing inter-fibre bonding and
give softness, while the hydrophilic nonionic part will

provide good wettability. If the number of oxyethylene
units is increased, e.g. from two to ten, the wetta-
bility of the cellulose increases, while the number of
inter-fibre bonds between cellulose chains is somewhat
increased. As the number of carbon atoms in the fatty
alcohol increases, the wettability decreases and the effect
in reducing the inter-fibre bonds between the cellulose
chains is increased. Thus, by appropriate adjustment
of the chain length of the alcohol and the number of
oxyethylene units, it is possible to "fine-tune" a desired
combination of hydrophilicity and softness. A good bal-
ance is usually obtained with a stearyl alcohol and an
ethoxylation average of four. An additional benefit from
the hydroxy groups is the decrease in melting point of
the product, thereby improving the handling properties.

Additional incorporation of 2-hydroxy oxypropylene
groups by propoxylation of the fatty alcohol ethoxy-
late described above has been shown to give additional
benefits. While improving softness and preserving good
hydrophilic properties, this also reduces the electrostatic
charge in the cellulose materials, thus also giving the
molecule anti-static properties. Reducing electrostatic
buildup during the pulp and paper processes is impor-
tant for maintaining a fast and safe production line. It
is quite remarkable that the oxypropylene units, which
could be expected to impart some hydrophobic charac-
ter to the system, in this case do not affect the desirable
hydrophilic properties of the material. The anti-static
properties are most likely to be due to an increased bind-
ing of water molecules to the secondary hydroxyl group.

Another way of obtaining good softening proper-
ties, combined with good wetting and anti-static prop-
erties, is by mixing cationic and nonionic surfactants.
The behaviour of a mixture is often very different
from that of a pure surfactant as synergistic effects
are often observed. When ionic surfactants are mixed
with nonionic surfactants, the change in electrostatic
interactions between the head-groups becomes signifi-
cant and the mixture deviates from ideality. The criti-
cal micelle concentration (CMC) for a cationic/nonionic
mixture will be lower than that of the corresponding
single surfactant system. This will increase the driv-
ing force for adsorption on to the cellulose fibres and
will also considerably increase the effectiveness of the
softening agent. The adsorbed layer will also be denser
since the nonionic surfactant will decrease the repul-
sion between the cationic head-groups. This effect is
even more pronounced for cationic/anionic surfactant
mixtures, which have been used for fabric softening. A
combination of an alkylbenzyldimethylammonium chlo-
ride and a linear fatty alcohol ethoxylate (or fatty acid
ethoxylate) gives good softening properties combined
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with anti-static properties. This profound positive effect
of the cationic-nonionic surfactant adsorption on the
surface conductivity may be understood from Harwell's
theory assuming that a dense film adsorption will take
place, which acts as a conducting element.

Environmental issues are driving developments in
the chemical industry towards more efficient chemical
additives, which meet the new legislative standards. In
order to achieve these demands, new softening agents
have been developed. It has been shown that quater-
nized esteramine compounds (normally referred to as
ester quaternaries), such as diester ditallow dimethy-
lammonium chloride, work well as softening agents and
can be substituted for conventional softeners in tissue
paper and fluff pulp. Due to the hydrolytic instability of
the ester bond, these molecules are classified as being
"readily biodegradable" and have aquatic toxicity pro-
files which can meet government standards. Cleavage
of the ester bond yields fatty acid soaps, in addition to
highly water-soluble quaternary ammonium diols. The
cationic charge close to the ester bond makes these ester
quaternaries unusually stable to acids, which being labile
to alkalies. The hydrolysis rate is at a minimum between
pH 3 and 4 and accelerates strongly above pH values of
5-6. Thus, formulations containing ester quaternaries
must be maintained at low pH levels.

9 CATIONIC SURFACTANTS IN
CONVEYOR LUBRICANTS {Andress
Doyle)

The USA food and beverage industry consumes 700 mil-
lion gallons of lubricants every year, including greases,
process oils and chain lubricants. Conveyor or chain
lubricants are a very specialized type of boundary lubri-
cant which are used in this industry. The main use
of these lubricants is to facilitate the movement of
chain/belt and containers on the conveyor systems run-
ning from filling to packing stations (at very high
speeds) in food and beverage processing plants.

The formulation of chain/conveyor lubricants is very
complex due to various requirements placed on these
products. The primary function of a conveyor lubri-
cant is to reduce friction between the chain/conveyor
and its support. The reduction of friction between the
chain/conveyor and the container is a secondary require-
ment of such products. Added to this, the chain lubricant
needs to be formulated to provide both detergency, and
in many cases, biocidal functions, in order to main-
tain the processing plants chains in a sanitary condition.

These formulations should also be non-corrosive, stable
and compatible with a broad spectrum of materials.

One of the first fluids tried as a lubricant on these
chains was water and the formulations used in the indus-
try today are still 99% water-based. A conveyor lubri-
cant formulation concentrate contains 5-20% active
lubricant which is diluted 1:100 on site. This dilute prod-
uct is combined with water at low levels and sprayed
through nozzles on to the conveyor belt or chain. The
active lubricant component is consequently usually less
than 1 mg/1 when in final use at the food or beverage
processing plant. A packaging plant can use up to — 40
gallons of lubricant per hour and this places extreme
demands on the products cost/performance and environ-
mental profile.

There are two main classes of chain lubricants used
in the industry today, namely the traditional soap-
based lubricants and soap-less lubricants. The soap-
based lubricants are most commonly used due to their
low cost. A typical soap-based formulation is shown in
the table below. The pH of this formulation is usually
between 8 and 10, and the fatty acids typically used
are oleic or tall oil, with hydrotropes that can include
isopropyl alcohol (IPA) or glycols, and surfactants which
can be taken from the nonionic, anionic or amphoteric
classes. These formulations have several drawbacks,
but the primary problem is their inability to tolerate
hard water conditions. The insoluble salts formed with
calcium or magnesium ions can result in blocking of
the spray nozzles and consequently shutting down of
the packaging line. Therefore, the presence of chelating
agents, such as ethylenediaminetetraacetic acid (EDTA),
are critical to their long-term performance. However,
incompatibility with aluminum cans has limited the use
of EDTA in such formulations.

Component

Fatty acid
Tetrasodium EDTA (40%)
Hydrotrope
Surfactants
KOH (45%)

Remainder

Content (wt%)

10-20
5-12
5-10
5-10
5-10

(to 100)

The second class is the soap-less lubricants, with
these being based on a growing list of surfactant types.
The most common ones used today are the phos-
phate esters and cationic-based chain lubes; recently,
polyalkylphoglucosides have been added to this list.
Phosphate-ester-based chain lubricants have had lim-
ited use due to legislative restrictions in certain regions.
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However, the cationic-based chain lubricants are now
being used more extensively in today's market.

9.1 Cationic surfactants as chain
lubricants

Several classes of cationic surfactant have found utility
in chain lubricants as the active component; these
include amines, diamines, polyamines, etheramines and
the acetate salts of the various amine types shown in
Figure 14.31.

The use of amine chemistry in this application was
first developed as an additive to traditional soap-type
formulations, where it was found that the lubricity of
the fatty acid soap was enhanced. This resulted in the
use of fatty amines alone as lubricants without any
fatty acids being present. However, simple fatty amines
had limited use in this particular field due to their
interactions with carbonates, phosphates and sulfates in
certain water supplies, thus leading to the formation of
insoluble salts. However, it was found the latter could
be avoided by using diamines and polyamines (and their
salts) in the same formulations. A typical polyamine
chain lubricant formulation is shown in Figure 14.32.
Examples of the chemistries included under polyamines
as chain lubricants include diamines, etherdiamines,
triamines and tetramines, with chain lengths of Ci2-i8-
The acid that is most commonly used to neutralize
the polyamine is acetic acid, although other acid types
can also be used. The hydrotropes used in this type
of formulation can include glycols and alcohols. The

RNH2

RNCH2CH2CH2NH2

RNCH2CH2CH2NHCH2CH2CH2NH2

RNCH2CH2CH2NHCH2CH2CH2NHCH2CH2CH2NH2

ROCH2CH2CH2NHCH2CH2CH2NH2

Figure 14.31. Structures of some typical cationic surfactants
which are used as chain lubricants

Polyamine

Acid

Surfactant

Hydrotrope

Remainder

5-20%

1-7%

10-20%

5-10%

Water

Figure 14.32. Typical formulation of a soap-less, polyamine-
based chain lubricant concentrate

most common type of surfactant used with polyamine
formulations is nonionic.

The most successful features that have resulted
from the application of amine chemistry in chain
lubricants have been their lubrication efficiency, water
stability, biocidal action and improved compatibility
with polyethylene terephthalate) (PET) containers when
compared to traditional soap-based formulations. The
key features of these molecules that are considered crit-
ical to lubricity are the alkyl chain length, ionizable
sites and unsaturation in the alkyl chain. The alkyl chain
length should be between C)2 and C18. However, Cjg is
usually considered to be optimal for lubricity, while Ci2

tends to provide better biocidal action. The amount of
ionization sites, which in the case of polyamines is the
amount of nitrogen, is considered to be key in the bind-
ing of the lubricant to the chains or containers. There-
fore, the more nitrogen groups (which are positively
charged), then the better is the lubricant attachment to
the surface. The amount of double bonds or unsatura-
tion is also considered to improve binding to the surface.
However, this may also reduce the chain length effect
and give similar values to those for a shorter alkyl chain.
Unsaturation in longer-alkyl products may provide an
added benefit by keeping the lubricant liquid and stable
in the formulation.

Traditionally, the oleyl diamines used in this partic-
ular application should have an Iodine Value (IV) of
above 70 g I2 per 100 g. Lower IVs can result in chain
lubricant formulation stability issues, which could lead
to sediment in the final application, hence resulting in
blocked spray nozzles. Many of the recent developments
in cationic-surfactant-based chain lubricants have been
a consequence of improving formulation stability and
PET compatibility via the development of polyamine
formulations and etherdiamine formulations.

9.2 Cationic surfactants as chain
lubricant additives

Cationic surfactants can also be used as functional
additives in traditional chain lubricant formulations,
including biocides, stress-craze inhibitors and coupling
agents. As mentioned above, the first use of alkylamines
in chain lubricants was as an additive in a traditional,
soap-based formulation to improve the stability of the
system. Ethoxylated amines have also been employed as
coupling agents in an alkaline diamine track lubricant,
while tertiary amines have found utility as saponifying
agents in traditional, soap-based chain formulations.

The use of cationic surfactants in chain lubri-
cant formulations for biocidal action can be split
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into two groups, i.e. traditional quaternary ammonium
compounds as biocides in soap-less and soap-based
chain lubricants. However, the use of quaternary ammo-
nium compounds as biocides in any type of formu-
lation is banned from brewery sites due to concerns
about their impact on the yeast population. The use of
amines, diamines and polyamines as biocidal additives
has increased in these types of formulations as they do
not show the same anti-microbial activity towards yeast
(Saccharomyces)-type organisms, but will reduce the
growth of organisms such as Pseudomonas and Staphly-
ococcus. The optimal chain length for biocidal action
is C12, while Q 8 gives the best lubricity; thus, many
formulators will mix or compromise on chain lengths
in order to obtain a balance between the lubricity and
anti-microbial action.

The last additive area which has been gaining in
importance is that of the stress-craze inhibitor, because
the use of PET bottles continues to grow within the
beverage industry. The main problem with the use of
such bottles upon exposure to traditional, soap-based
chain lubricant formulations is the formation of stress
cracks or crazing, which weakens the integrity of the
container. The stress-crazing problem is not as severe
with soap-less based formulations, although the problem
can still occur on long-term exposure. The addition of
amines, secondary amines, tertiary amines, diamines and
quaternary ammonium compounds have found utility in
traditional, soap-based formulations for preventing or
reducing stress crazing in PET bottles.

As can be seen above, the formulation of chain
lubricants is extremely complex, as evidenced by the
demands placed on these formulations to include func-
tions that can have opposing effects, thus impacting their
efficiency. The complex nature of this area has resulted
in a very rich patent field, which makes the formulation
of these products even more complex.

10 CATIONIC SURFACTANTS IN
ROAD CONSTRUCTION (Alan James)

Bitumen (asphalt) is used as a binder in road construc-
tion and in protective coatings and adhesives used in the
construction industry (4, 5). In the most common pro-
cesses, the bitumen is heated to 100-200°C until fluid
enough to mix with aggregate. The "hot-mixed" mate-
rials must themselves be stored, transported and used
hot to maintain their workability. The final strength of
a roadway is developed as the mixture cools. Alterna-
tively, the bitumen is diluted with petroleum solvents
such as kerosene until fluid, with the final strength of the

material only developing when the solvent evaporates.
Bitumen emulsions provide an alternative approach in
which the bitumen is liquefied by dispersing in water.
Such emulsions can be used with cold and wet aggre-
gates, with the final strength of the road material devel-
oping as the emulsion "sets" - reverts to a continuous
bitumen phase - plus water is removed. Cationic surfac-
tants are used as adhesion promoters for hot bitumen, as
emulsifiers and adhesion promoters in bitumen emul-
sions, and as peptizing agents which improve the emul-
sifiability of bitumen and slow down its age-hardening.
Together, these applications account for ca. 10% of all
cationic surfactants consumption.

10.1 Adhesion promoters

Bitumen is a non-polar oily material, whereas the
aggregates used in road construction have polar surfaces.
The result is that bitumen may have difficulty in
spreading over (coating) the aggregates, especially when
the aggregate is wet or dusty, and the bitumen coating
may be displaced by water during the service life of the
roadway (known in the asphalt industry as "stripping").
Moisture damage is an important cause of the failure of
asphalt roadways.

The adhesion of bitumen to aggregate depends on the
chemistry of both the bitumen and the aggregate surface.
Aggregates may be of an acidic type whose surfaces
have a tendency to become negatively charged, or basic
with a tendency to become positively charged. Acidic
aggregates include those with high silica contents such
as granites and quartzites, while basic aggregates include
limestones. Bitumen, although mostly hydrocarbon in
nature, contains chemical groups such as carboxylic
acids, phenols, pyridines, sulfoxides, anhydrides, etc.
which are mainly associated with the high-molecular-
weight polar cyclic components known as asphaltenes.

The amount and nature of these polar groups depend
on the source and processing of the asphalt and can
influence the adhesive properties of the asphalt on to
different aggregate types. Most bitumens are low in
cationic amino compounds and so there are particular
problems with the adhesion to acidic aggregates. Addi-
tion of 0.2-2% cationic surfactants (called adhesion
promoters or anti-stripping agents) to bitumen markedly
improves its adhesion to aggregate. The result is that
the bitumen may coat wet aggregate and/or the coating
is not displaced by water. Traditional adhesion promot-
ers were based on tallow diamines but these have now
been largely replaced by liquid products based on tall oil
fatty acid condensates of polyethylenepolyamines. It has



CATIONIC SURFACTANTS 335

been shown that the cationic surfactants are adsorbed on
to the aggregate surface and are preferentially adsorbed
when compared to the polar components of the asphalt.

Stabilizer Acid Emulsifier

Asphalt Emulsion

10.1 A Heat stability of adhesion promoters

Bitumens are stored at 120-200°C and at these tem-
peratures amine groups in the adhesion promoters can
react with acid groups in the bitumen to form less active
amido compounds, or can degrade by oxidation. The rate
of degradation depends on the acid value of the bitumen
and the chemistry of the adhesion promoter. Where pos-
sible, the adhesion promoters should be added to the
bitumen just before use. So-called heat-stable products
based on less reactive tertiary amines or polyamines
have been developed for situations where the treated
bitumen must be stored for longer than a few hours.
Field studies have shown that treatment of bitumens
with adhesion promoters improves the performance of
roadways.

Bitumen emulsions

Bitumen emulsions are normally of the oil-in-water
(O/W) type, although there is evidence that bitumen can
form multiple water-oil-water (W/O/W) emulsions.
Emulsions containing from 40 to 80% bitumen are
brown liquids with consistencies ranging from that
of milk to double cream. The droplets range from
0.1-20 jum in diameter (see Figure 14.33) and can have
a positive (cationic emulsions) or negative (anionic
emulsions) charge.

Emulsions are usually prepared by mixing hot bitu-
men (110-180°C) and a warm solution of emulsifier

Batch soap
tank

Water
inlet

0.1 0.2 0.4 1 2 4 6 10 20 40 100 200

Figure 14.33. Particle size distribution of bitumen emulsion
droplets

Colloid
mill

Figure 14.34. Schematic of a batch emulsion plant

(soap) (20-80°C) in a colloid mill (see Figure 14.34).
The emulsification temperature (i.e. after mixing the
soap and bitumen phases) can range from 80 to HOT,
although the higher temperatures are only possible in
pressurized systems.

The soap contains cationic surfactant as well as
hydrochloric, or less usually, acetic or phosphoric acids.
The acids are needed to convert amine-type emulsifiers
to their protonated cationic forms but also to inhibit
the ionization of acid groups in the bitumen. Cationic
soaps typically contain 0.5-2.0% cationic surfactant,
acid to pH 1 to 5, and optional additives such as
water-soluble thickeners, electrolytes, latex, stabilizers
and adhesion promoters which modify the physical
properties or reactivity of the emulsion, or the properties
of the bitumen film when cured. Some typical emulsion
recipes are shown in Table 14.10.

Bitumen emulsions for road use are classified into
classes depending on their reactivity. Rapid-setting
emulsions set quickly in contact with clean aggregates
of low surface area, such as the chippings used in
chipseals (surface dressings). Medium-setting emulsions
set sufficiently less quickly so that they can be mixed
with aggregates of low surface area such as those used
in open-graded mixes (mixes with low fines content).
Slow-setting emulsions will mix with aggregates of
high surface area. The actual setting time in practice
depends on environmental conditions such as tempera-
ture, humidity, the compaction of emulsion aggregate
mixtures and the chemistry of the aggregate surface.
Cationic emulsions are generally preferred because the
surface of most aggregates is negatively charged so
contact with the aggregate can initiate the setting pro-
cess, and after curing the cationic emulsifiers act as
adhesion promoters. Where anionic emulsions are used,
cationic adhesion promoters are often included in the
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Table 14.10. Recepes for some typical butamen emulsions

Emulsion type

Cationic rapid-setting

Cationic medium-setting
Cationic slow-setting

Emulsifier level" %

0.15-0.25

0.3-0.6
0.8-2.0

Emulsion pH

2-4

1.5-4
2-5

Typical use

Spray seals

Open-graded mixes
Dense-graded mixes

Typical emulsified

Tallow diamine Cis alkyl
amidoamines

Tallow diamine, tallow tetramine
Quaternary amines, ethoxylated

tallow diamines, lignin amines

"Based on total emulsion.
/;As hydrochloride salt.

I } { I

lit
Contact of emulsion

with aggregate
Adsorption of 'free1

emulsifier

I I .

Electrophoresis
of droplets to

surface

Figure 14.35. Possible stages in the setting of a cationic bitumen emulsion

Coagulation/spreading
over surface

formulation to improve the water resistance of the cured
bitumen film.

The mechanism of emulsion setting is not yet fully
understood, although some factors have been identified.
Figure 14.35 shows the process thought to occur when a
rapid-setting cationic emulsion comes in to contact with
clean aggregates.

Not all of the emulsifier in an emulsion is associated
with the bitumen droplets. The amount of "free" emul-
sifier decreases over time as more emulsifier is adsorbed
on to the bitumen droplets during storage, a process
related to the migration of polar materials in the bitumen
droplet to the interface. The rate of setting is related to
the concentration of free emulsifier which can adsorb on
to the aggregate surface and reduce the charge.

Electrophoresis of the bitumen droplets to the aggre-
gate surface depends both on the charge on the asphalt
droplets and on the aggregate surface, as well as the size
of the bitumen droplets - small particles mean faster-
setting emulsions. The rise in pH resulting from the
contact of emulsion with the aggregate surface or filler
in the mixture, can result in a deprotonation of the
cationic emulsifiers and consequent destabilization of
the emulsion.

The choice and concentration of cationic emulsifier
influences the setting rate. Emulsifiers most suitable for
slow-setting emulsions tend to have large head-groups

and are used at higher concentrations, while emulsifiers
used for rapid-setting emulsions have small head-groups.
Because they are less sensitive to the pH increase
which occurs when aggregate is mixed with emulsion,
quaternary ammonium emulsifiers tend to give slow- or
medium-setting emulsions.

The setting of cationic emulsions can be accelerated
or slowed down in the field by the use of additives.
To accelerate the setting process, alkaline materials can
be added to the emulsion; to slow down the process,
additional cationic surfactant (known as "dope") may
be added.

As well as the setting rate, a further important
characteristic of the emulsion is its viscosity. The choice
of emulsifier can influence the viscosity of the emulsion,
through an influence on the particle size distribution, or
on the extent of multiple-phase droplets that are formed.

Bitumen peptizers

Bitumen is a colloidal dispersion of high-molecular-
weight polar asphaltenes in lower-molecular-weight rel-
atively non-polar hydrocarbons. Asphaltenes can asso-
ciate strongly and this leads to difficulties in emul-
sification. One solution is to add cationic surfactants,
so-called peptizing agents, which help disperse the
asphaltenes and improve the emulsion quality. Bitumen
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ages by oxidation and the loss of lower-molecular-
weight components, with the result being a stronger
association of asphaltene components and a stiffening
of the bitumen. Peptizing agents can slow down this
stiffening effect.

11 CATIONIC SURFACTANTS IN
VISCOSE/RAYON PRODUCTION
(Anders Cassel)

Surfactants today are necessary process additives in the
viscose/rayon industry. Their proper use gives better
process control, costs and product quality. Such pro-
cess surfactants display familiar functions in their appli-
cations in this industry. The surfactants used in vis-
cose processing therefore act as phase-transfer catalysts,
dispersants, emulsifiers, wetting agents, anti-foaming
agents and finishing agents. As the chemical conditions
in the viscose/rayon process stages vary so drastically,
care must be taken to ensure that the surfactants intro-
duced early in the process do not introduce unwanted
functions in subsequent steps.

11.1 Mercerization, xanthogenation,
dissolving and ripening

The surfactants used in the "alkaline stage" of the vis-
cose/rayon process are classified, according to their
functions or addition points, as reactivity (improv-
ing) additives, viscose process additives and modi-
fiers. Chemically, such surfactants are normally linear
or branched fatty alcohol ethoxylates or fatty amine
ethoxylates. In Figure 14.36, a simplified block scheme
of this stage of the viscose/rayon process is presented.
Reactivity-improving additives are added to the pro-
cess either to the pulp water slurry just before the pulp
enters into the drying section or to the alkalization slurry
(mercerization). Often, the surfactants are introduced by
spraying them on to the wet pulp. The surfactants added
this early on in the process must possess good solubility
in the process water being used. This leads to a good
distribution within the pulp material. The most desired
effect of the reactivity additive appears later in the xan-
thogenation step. Here, a reactivity additive, at a typical
dosage of 0.5-2 kg/ton cellulose improves the reactivity
between carbon disulfide and the mercerized cellulose,
thus leading to either the same or a better quality of the
produced liquid viscose, but with use of less CS2. The
use of electron-beam treated pulp, in combination with
suitable surfactants, also leads to improved reactivity.

Other typical effects of the reactivity additives are
that the alkali celluloses are more easily shredded and
become fluffier after shredding, the dissolving pulps
have a more open structure and will be more reactive
towards lye, and hornification of dried and stored pulp
becomes less serious a problem.

A viscose process additive is a surfactant that dis-
perses hydrophobic particles in the viscose, for example,
insoluble resins or other insoluble hydrophobic material.
The dosage used is 0.5-3 kg/ton cellulose. A modifier is
an additive, not always a surfactant, that decreases the
regeneration speed. This leads to viscose/rayon fibres
with higher wet strengths when modifiers are used at
dosages of 5-30 kg/ton cellulose.

11.2 Spinning, regeneration, washing and
spin finishing

Figure 14.37, shows a block scheme of the viscose/rayon
process from the spinning stage to production of the
final viscose/rayon material. In this process, two types
of surfactant process additives are introduced, i.e. spin
bath additives and lubricant finishing additives.

A spin bath additive acts as a dispersant for the insol-
uble material formed in the spin bath during regenera-
tion. Examples of insolubles formed from side reactions
include solid sulfur and zinc sulfide, plus other solids
such as resins from the pulp raw material. With the
exception of the lauryl pyridinium chlorides (LPCs), in
practice, all dispersing spin bath additives used today
are ethoxylated fatty polyamines. The more nitrogens
present and the longer the carbon chain, then the better is
the dispersing property. Often, wetting and anti-foaming
functions accompanying the dispersing function are
required in a spin bath. If this is the case, then mixtures
of surfactants which display all of these different func-
tions are needed. As wetting agents, fatty amine ethoxy-
lates can be utilized. Non-hydrolysable fatty polyamine
spin bath additives are now available on the market.
Major components in many lubricant finishing addi-
tives are ethoxylated fatty acids; the latter can be doped
with surface-active quaternary ammonium compounds
to improve the substantivity. Such ethoxylated fatty
acids typically contain carbon chains of Ci6-i8 ° r longer.

12 CATIONIC SURFACTANTS IN
OILFIELDS (James Gadberry)

In the 1940s, Armour and Company first prepared
fat-derived cationic surfactants and immediately began



338 SURFACTANTS

Wet dissolving pulp

Drying

Dry dissolving pulp

Mercerization
Pressing

Alkali cellulose

Shredding
Pre-ripening
Xanthogenation

Xanthogenated
cellulose

Dissolving

Viscose

Ripening
Filtering
Deairation
Modifiers injected
Filtering
Spinning

Partly regenerated and
coagulated cellulose

Slurry of 50% water and 50% pulp, pH 7, 45°C.
Reactivity additives: {0.5-2 kg I ton cellulose)

Drying machine, 120°C

Typical assay: 5-10% water, 90-95% pulp

Cellulose slurry in 18% NaOH solution, 20°C.
Reactivity additives: {0.5-2 kg I ton cellulose)

Typical assay: 35% cellulose, 15% NaOH, 50% water

Xanthogenation reaction system:
32% cellulose, 9% CS2,14% NaOH, 45% water

Typical assay: 38% xanthogenated cellulose, 14% NaOH, 45%
water, 3% "CS2 by-products"

Dissolving of xanthogenated cellulose in 6% NaOH, 10-15°C.
Viscose process additives: {0.5-3 kg I ton cellulose)

Xanthogenated cellulose (10% cellulose) in 6% NaOH

More homogenous substitution
Too coarse insolubles separated
Vacuum treatment
Modifiers: {5-30 kg I ton cellulose)
Too coarse insolubles separated
Viscose through spinnerets or slits

Cellulose formed.
Typical spin bath composition:
24.5% NaHSO4, 5.5% Na2SO4, 1% ZnSO4, 50°C.
Spin bath additives: {25-500 glton spin bath)

Figure 14.36. Block scheme of the viscose/rayon process, up to and including the spinner stage, showing the general process
conditions and typical addition points for the surfactants

offering these products for a broad spectrum of appli-
cations within the petroleum industry. Since then, this
class of products has been used in applications in the
production, transportation and refining of petroleum.
Most of the current uses of cationic surfactants in the
petroleum industry are long established and mature in
nature. In drilling and production, cationics have been
used as silt suspension additives, acid inhibitors, wet-
ting agents, emulsifiers, rheology control agents, cor-
rosion inhibitors, scale inhibitors, anti-swelling agents
and intermediates to other useful additives. For trans-
portation and refining, cationic surfactants have been
used as corrosion inhibitors, biocides, de-emulsifiers,
anti-fouling agents and containment agents. Table 14.11

presents a general picture of the uses of cationic surfac-
tants in oilfield applications (6).

12.1 Rheology

Cationic surfactants are used in a variety of rheological
applications. Perhaps chief among these is the use of
quaternary ammonium salts as reactive intermediates
to the formation of organophilic clays that are used in
drilling muds (see Section 14 below).

Another rheological application is in conformance
control whereby the water flow is diverted due to
fatty amine oxide induced gelation. This plugging of
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Coagulated and partly
regenerated cellulose

Stretching

Full regeneration

Fully regenerated fibre

Washing

Bleaching

Washing

Washed fibre

Spin finishing

Drying

Staple fibre, filament,
film

Cellulose is continusly formed.
Typical spin bath composition:
24.5% NaHSO4, 5.5% Na2SO4, 1% ZnSO4, 50°C.
Spin bath additives: (25-500 g/ton spin bath)

Dry or wet stretching

Often steam treatment

Water swollen cellulose fibre

Acid wash followed by desulphurization in NaOH solutions
containing NaSO3/Na2S, pH = 11-12, temperature 50-60°C.
Alkaline solutions, pH = 9-10, temperature 30-40°C, containing
NaCIO, CIO2 or H2O2.
Acid wash followed by other adjusting washes

Swollen clean cellulose fibre

Lubricant finishing additives: (1-20 glkg water solution), 25-50°C,
pH = 5-8.

From 250% moisture content down to 5% in drying sections, 70-50°C

Commercial end product

Figure 14.37. Block scheme of the viscose/rayon process, from the spinning stage to production of the commercial end product,
showing the general process conditions and typical addition points for the surfactants

Table 14.11. Uses of Cationic (amine) surfactants in oilfield applications (6)

Application

Drilling and production
Anti-swelling/clay
stabilization
Foaming
Silt suspension
Wetting
Emulsification
Fluid additives
Rheology control
Fracture fluids
Corrosion inhibition
Biocides
Demulsification

Transportation
Corrosion inhibition
Paraffin inhibition

Refining
Anti-fouling
Corrosion inhibition

Amines and
diamines

•

Quaternary
salts

•

•

Surfactant

Amine salts

Class

Ethoxylated
amines

•

•

•

Ethoxylated
quaternary salts

Amine
oxides

•
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high-flow zones allows increased oil production by
forcing injected water through areas of high oil content.

Control of rheology in acidizing operations is possi-
ble by using two-mole ethoxylated fatty amines. Used in
the form of their acid salts, these surfactants give high
gel strength during the digestion of carbonates in the
formation, and then, as the electrolyte builds to higher
levels, are self-breaking and allow flow again. Such salts
are also useful in foamed systems. Salts of ethoxylated
fatty amines have been reported to be effective thick-
ening agents for acid or salt solutions used as oil well
treatment fluids.

12.2 Corrosion inhibition

Fatty amines and diamines can be used for corrosion
inhibition in oil-producing wells. Typically, these prod-
ucts are dispersed as salts of organic acids such as fatty
acids or petroleum sulfonic acids. Fatty amines and
diamines have also been used as corrosion inhibitors
in the transportation and storage of petroleum products.
Quaternary ammonium salts, including dialkyldimethy-
lammonium, monoalkyltrimethylammonium and mono-
alkyldimethylbenzylammonium, are good corrosion
inhibitors.

12.3 Other applications

Highly ethoxylated amines and diamines have been
recommended for demulsification of crude oil. Com-
binations of quaternary ammonium salts and amines
oxides are useful for foaming and silt suspension. Coco
alkyltrimethylammonium chloride and bis(2-hydroxy-
ethyl)coco alkylamine oxide comprise the preferred
combinations. Quaternary ammonium salts, including
coco alkyltrimethylammonium chloride, are useful for
preparing foamed oil-in-water emulsions, which can dis-
solve paraffins and asphaltenes without formation dam-
age. The pyrolized amine salts of humic acid have been
used in filtrate control additives.

12.4 Recent trends and developments

12.4.1 Environmental

The coupling of the dramatic increase in offshore oil
production in recent decades with changing legisla-
tion regarding the ecological impact of chemicals has
put pressure on cationic surfactant producers to supply

alternative products. In some cases, this has caused dra-
matic changes in product selection. For example, coco
alkyltrimethylammonium chloride, once the work-horse
in acid foaming operations, is no longer recommended
for offshore applications due to marine toxicity legis-
lation. Such changes in product selection are driving
research into exploring new molecules and chemistries.

12.4.2 Surfactant-based fracturing fluids

Although polymeric rheology control additives dominate
the market for fracturing fluids, cationic surfactant-based
systems have been introduced. Ethoxylated quaternary
ammonium salts have been shown to afford viscoelastic
aqueous fracturing fluids. The strength and temperature
stability of the viscoelastic formulations depends upon
the purity of the surfactant. These systems are claimed to
break upon exposure to hydrocarbons, thereby affording
clean-up behaviour superior to that available when using
polymer-based fracture fluids.

12.4.3 Hydrate inhibitors

Simple monoalkyl quaternary ammonium salts have
been shown to inhibit formation of gas hydrates of the
type that block gas and oil pipelines and equipment. For
the most part, in order to be effective the salts must have
at least two C4-C6 alkyl groups on the quaternary head-
group. Such head-groups appear to fit well within the
nascent gas hydrate crystal and, by a mechanism that is
not yet totally understood, inhibit further growth of such
crystals.

Quaternary ammonium salts containing hydroxyl or
ether functions in the shorter groups attached to the
head-group are can also be used as hydrate inhibitors.
Ethoxylated alkyldiamines are another class of cationic
hydrate inhibitor that has been patented recently. In all
of the above cases, cationic hydrate inhibitors appear
to work best when used in combination with other
additives.

12.4.4 Miscellaneous oilfield applications

Quaternary ammonium hydroxides are a recent develop-
ment for use in scavenging mercaptans from hydrocar-
bons, such as from crude oil. In addition, a novel method
for the preparation of quaternary ammonium hydroxides
has been disclosed. A further invention claims the use
of amine oxides for removal of sulfur compounds from
hydrocarbon streams.
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Primary alkylamines have been found to enhance
the performance of compositions useful for dissolving
alphaltene and paraffin deposits. In addition, primary
alkylamines are useful for producing drilling fluids that
are stable when acidic gases are present.

13 CATIONIC SURFACTANTS IN
AGRICULTURAL FORMULATIONS
(Bodil Gustavsson)

Many pesticides are insoluble in water and biologically
inactive if they are not formulated with surfactants
(adjuvants). Even water-soluble compounds may be
inactive when applied as unformulated material (7).
The technical rationale for incorporating adjuvants into
pesticides includes improved wetting, rain fastness and
increased penetration.

For example, glyphosate (N-(phosphono methyl)
glycine) is a foliage acting herbicide with little selectiv-
ity, which is used for controlling undesirable vegetation.
Surfactants are used to improve the efficiency of this her-
bicide. The most common surfactants used in glyphosate
formulations as adjuvants are polyethoxy fatty amines,
quaternary ammonium salts, nonylphenol ethoxylates,
alkyl polyglucosides and amine oxides.

13.1 Adjuvants

Agrochemical adjuvants are widely used to improve
agrochemical applications. Improvement can be inter-
preted as "better weed/disease control" or "reducing
active ingredient per hectare", or even "reducing amount
of water to spray per hectare", Claims related to the adju-
vant function vary from "wetter", "spreader", "sticker",
"penetrator" to "synergist".

The word adjuvant generally refers to ready-to-use
"tank-mix" products, of which a specified amount (% vol
of spray volume or ml/ha) is recommended for certain
applications.

However, it is clear that the adjuvant function can
be incorporated in pesticide formulations as well. For
convenience, we refer in this context to "formulation-
adjuvant".

Work has been carried out to determine the phys-
ical and chemical properties in relation to agro-
chemical formulations and especially their adjuvant
effect on plant protection agents. Polyethoxy tallow
amine was used as a model adjuvant for compara-
tive purposes. The knowledge from extensive stud-
ies of physical and chemical properties shows that

the most important property of the adjuvant is the
ability to penetrate through the cuticle of the leaf.
The surfactants which exhibit the best results accord-
ing to greenhouse tests, are surfactants which con-
tain a nitrogen atom, e.g. amine surfactants such
as polyethoxy fatty amines, amine oxides, quater-
nary ammonium salts and amphoterics. Ethoxylated
fatty amines are used extensively as adjuvants with
hydrophilic pesticides, particularly with glyphosate-
based herbicides. In the free acid form, glyphosate
has low water solubility, and because of this, com-
mercial formulations contain a water-soluble salt of
glyphosate. For example, in the Roundup® herbicide,
glyphosate is present as the water-soluble monoiso-
propyl amine salt.

The basic physico-chemical properties of the fatty
amine surfactants drive their utilities as adjuvants. Such
molecules consist of a water-insoluble hydrophobic unit,
in this case derived from tallow fatty acid. The water-
soluble unit of the molecules consist of two chains
of polymeric alkoxides, in these cases ethylene oxide
and/or another alkylene oxide, such as propylene oxide.
A nitrogen atom in the middle of the molecule connects
the water-soluble and water-insoluble parts. Due to the
electronic properties of nitrogen with respect to the
carbon atom connectors which are usual in surfactants,
the molecule has an overall cationic character, thus
resulting in improved substantivity (adherence) to the
leaf surface.

In an agrochemical spray formulation, the initial
action of the surfactant relates to its influence on the
air-droplet interface. In spray formulations where the
surfactants is present for its adjuvant properties, the
cabionic is present at concentration above the critical
micelle concentration (CMC). A typical CMC for an
adjuvant surfactant is approximately 0.01 vol%. Typi-
cal adjuvant concentrations in agrochemical tank-mix
sprays range from 0.05 to 0.5 vol%. Such concentra-
tions are different from those of the surfactants used in
the agrochemical formulations themselves, for instance
as emulsifiers. The latter are generally present at approx-
imately 1 - 6 vol% of the formulation and are diluted
in the actual tank spray mixture to 0.001-0.006 vol%,
which is usually below the CMC. The surfactant
property is important because it influences wetting,
spreading, coverage and droplet size, as well as spray
equipment performance. All of these factors can, of
course, be related to the surface-active properties of sur-
factants in general.

Once the spray particle lands on the surface of a
leaf, there a new interface is created, i.e. the plant
surface solid-droplet interface. It is well known that
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surfactants can penetrate the plant (wax) cuticle fairly
rapidly. For penetration, the micelle structures have to
be broken up since only individual surfactant molecules
can penetrate the plant cuticle as the micelle structures
themselves are too large to penetrate. The penetration
of surfactants influences both the water permeance of
the plant cuticle, as well as the solute mobility in the
cuticle, i.e. this process influences the rate of uptake of
pesticides.

Additionally, surfactants in agrochemical formula-
tions affect retention and resistance to rain of the
active ingredient. These factors can be more related
to the chemistry on which the surfactants is based.
Due to the cationic character of (tertiary) amine-
based surfactants, i.e. their substantive properties, they
are known to give good retention, as well as rain-
fastness. Surfactants affect the physical state of actives
in the spray residue once the water has evaporated.
They can contribute to keeping the active from crys-
tallizing out of solution or from solidification by
other mechanisms. Surfactants can affect the volatiliza-
tion of actives, as they may react with the latter
to form ion-pairs, salts or complexes. Depending on
the solvent properties of the actives, surfactants will
affect the equilibrium distribution of active between
spray residue and cuticles. Referred to as the K-
depression effect, surfactants affect the equilibrium par-
tition coefficient of the solutes over the aqueous phase
(spray-droplet-residue) and the plant cuticle. Surfac-
tants also can change the transport properties of cuticles
by increasing the diffusion coefficients of water and
actives.

A significant number of studies of the effect
of surfactants on the herbicidal activity of the
monoisopropyl amine salt of glyphosate have been
reported in the literature. Fatty amine ethoxylates
having a hydrophilic-lipophilic balance (HLB) of
17, are generally the most effective in increasing
the herbicidal activity of solutions of the Roundup®
herbicide. In addition, in spray solutions containing
ammonium sulfate, responses to the surfactants were
different, with lipophilic surfactants, for example fatty
amine ethoxylates having an HLB of 6, being usually
observed to have greater effects. There is an additional
observation that glyphosate acid is much more soluble
in a solution of a tertiary amine from tallow (containing
15 moles of ethylene oxide per mole of amine) than it
is in pure water.

The range of surfactants compatible with monoam-
monium glyphosate at, for example, a glyphosate
concentration of 360 g a.e. (acid equivalent)/! and
a surfactant concentration of 180 g/1, is much more

restricted than the range of surfactants compatible
with mono(isopropyl ammonium) glyphosate at the
same glyphosate and surfactant concentrations. At the
illustrative concentrations given above, the surfactant
MON® 0818 (of the Monsanto Company), based on
polyoxyethylene tallow amine, shows excellent com-
patibility with mono(isopropylammonium) glyphosate,
but is incompatible with monoammonium glyphosate,
with this incompatibility resulting in immediate phase
separation. Additional compatibilizing agents, such as
octylamine hydrochloride, which are unnecessary in
aqueous concentrate formulations of mono(isopropyl
ammonium) glyphosate with a particular surfactant, may
be required for acceptable storage stability in the case
of the monoammonium glyphosate.

In general, lower-molecular-weight surfactants are
preferred to higher-molecular-weight surfactants, be-
cause a given weight of the former provides a higher
molecular concentration of surfactant than the same
weight of the latter. Those surfactants where the number
(or average number) of carbon atoms in the alkyl group
or groups is from about 10 to about 20 are most
preferred. The number of ethoxylate groups which can
be present in effective agricultural adjuvants range from
1.5 to 12 with the most effective being in the range of 2
to about 10. Specific examples of preferred surfactant are
ethoxylated derivatives of coco amine, tallow amine and
oleyl amine, where in each case the total ethoxylation
level is from 2 to about 8.

Other amine surfactants used in the adjuvant area
include quaternary ammonium compounds. Many of
these surfactants are commercially available, such as
Ethoquad C/25, a polyoxyethylene alkylmethyl ammo-
nium chloride with an average alkyl chain length of
about 12 carbon atoms and an average of 15 oxyethy-
lene units, available from Akzo Nobel Surface Chem-
istry AB. When this surfactant is used, a further unex-
pected advantage is that no additional solubilizing agent,
such as a glycol, is necessary to prevent the surfac-
tants from gelling when added to water. Optionally,
however, compositions of this product can contain addi-
tional glycols such as poly(ethylene glycol) having
a molecular weight of about 400 (PEG-400). Other
optional additional ingredients include ammonium salts,
for example ammonium sulfate, and active ingredients
such as 2,4-dichlorophenoxyacetic acid, dicamba or aci-
flourfen. Ethoquad C/25 also has a very low toxicity to
fish, is similar in herbicidal efficacy to the best commer-
cial /V-phosphonomethylglycine formulations and has
excellent physical stability at low and high temperatures
without the need for additional glycols as solubilizing
agents.
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14 CATIONIC SURFACTANTS IN
ORGANOCLAYS {Mike Hoey)

The manufacture of organoclays consumes a large
amount of quaternary ammonium salts each year. These
organoclays are in turn used in industries as diverse as
oilfield chemicals (drilling muds), lubricants (greases)
and paints and inks (rheology modifiers). The value of
organoclays lies in their ability to disperse, and interact,
in organic liquids. This property is caused by the unique
structure of the clay, coupled with the surface treatment
of the quaternary ammonium salt.

The development of today's commercial organ-
oclays can be traced back to the work by Ernest
Hauser and John Jordan for the National Lead Com-
pany in 1946. Armour and Company developed a
commercial process (1946) for manufacturing quater-
nary ammonium salts to supply National Lead for this
use. Since this beginning, a wide variety of organ-
oclays have been manufactured for different uses,
although the standard organoclays are still made by
using dimethyldi(hydrogenated tallow)ammonium chlo-
ride, dimethylbenzyl(hydrogenated tallow)ammonium
chloride, and methylbenzyldi(hydrogenated tallow)-
ammonium chloride.

A description of the clay is necessary to discuss
the resultant organoclay. An excellent discussion of
clay mineralogy can be found in ref. (8). Clays, as
referred to in this section, are aluminium and mag-
nesium silicates, or smectites. These silicates consist
of arrays of silicon-oxygen tetrahedra and aluminium
or magnesium oxygen-hydroxyl octahedra. This octa-
hedral layer is responsible for the classification of a
mineral as being trioctahedral or dioctahedral. This
comes down to the use in the unit cell of trivalent
aluminium (dioctahedral) or divalent magnesium (trioc-
tahedral). In addition to this, there can be substitution
of atoms in both the octahedral and tetrahedral sheets.
This replacement is known as isomorphous substitu-
tion. In these minerals of interest, such replacement
involves an atom with a lower valence for an atom
of higher valence (Al+3 for Si+4, Mg+2 for Al+3 ,Li+1

for Mg+2, etc.). This gives the unit cell an excess of

negative charge that is compensated for by absorp-
tion of sodium or calcium atoms on the surface of
the mineral. The amount of substitution, and the atoms
involved, give minerals of different species, as shown
in Table 14.12.

Most commercial organoclays are made from mont-
morillonite or hectorite. Clays are also referred to as
bentonites. This is actually the name given to the ore
from which the smectites are extracted.

The structure described above is the basis for the
unusual performance of smectites. The most unique
characteristic of smectites are their ability to swell in
water. If they are dispersed, one can generate a gel in
water or in a brine solution. This behaviour is caused
by the shape and size of the smectite particles; a typical
montmorillonite particle has dimensions of 1 x 10 x 20
millimicrons. This small particle has a high surface area
because it is so thin. Because of the unit cell structure
described above, the "top" and "bottom" surfaces of
the platelet will have a series of areas of net negative
charge that will have positive cations adsorbed onto
them. This surface charge is what causes the aggregated
smectite platelets to "swell"; osmotic pressure brings
water into the space between the particles and the
overall aggregation to absorb water. This surface charge
also allows the particles to interact and form ordered
associated structures in water. Such associations are
responsible for the gelling rheology observed for an
aqueous smectite solution. The amount of charge on
the surface is measured as the amount of exchangeable
cations per unit volume, or the cation exchange capacity
(CEC). The latter is usually expressed as the number of
millequivalents per 100 g of dry clay.

In making an organoclay, one exchanges a quaternary
ammonium cation for the inorganic cations absorbed
on the surface of the smectite platelet. This simple
ion-exchange has a rather dramatic effect upon the
final product. The clay will go from being water-
dispersible and hydrophilic to hydrophobic and will
flocculate out of a water system. This organoclay
will be dispersible in organic liquids and will also
exhibit swelling and rheological modification behaviour,
analogous to the behaviour of the smectite in water. The

Table 14.12. Different species of aluminium and magnesium silicates (smeclites)

Principal substitution Trioctahedral minerals Dioctahedral minerals

Prototype (no substitutions)
Practically all octahedral
Predominantly octahedral

Predominantly tetrahedral

Talc, Mg3Si4

Hectorite, (Mg3_;cLix)Si4
Saponite, (Mg3_jCAlx)(Si4_>.Alv),
sauconite, (Zn3_xAl.r)(S14-vAl^)
Vermiculite, (Mg3_vFeA-)(Si3Al)

Pyrophyllite, Al2Si4
Montmorillonite, (Al2-JCMgJC)Si4
Volchonskoite, (AI, Cr)2(Si4_yAlv)

Nontronite, (Al,Fe)2(Si4_vAlv)
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adsorbed quaternary ammonium cation is responsible for
this change in behaviour.

The preparation of organoclays is fairly standard.
A slurry of purified smectites in water is made up
and stirred to maintain good agitation. A quaternary
ammonium salt is then added to this stirring slurry. After
the exchange, the organoclay is filtered and dried. A
number of process adjustments and improvements have
been patented, mostly concerned with improving the
efficiency or consistency of the finished product.

The organoclays are used by adding them to an
organic liquid under shear. To improve the dispersability
of the organoclay, a dispersant or polar activator will be
added. This polar activator is usually a low-molecular-
weight alcohol, diol, or ketone. Methanol, ethanol,
propylene carbonate, hexylene glycol, neopentyl glycol
and acetone have all been used. It is believed that
these compounds function by helping to disperse the
organoclay particles from each other, thus allowing the
organic liquid to increase the separation. Dispersability
is a critical function affecting the performance of an
organoclay, and thus a considerable amount of work has
been carried out concerning this concept.

The biggest difference involved in describing an
organoclay is the type of quaternary ammonium salt(s)
used to prepare it. Although most commercial prod-
ucts are made from three types of quaternaries, namely
dimethyldi(hydrogenated tallow)ammonium chloride,
dimethylbenzyl(hydrogenated allow)ammonium chlo-
ride, and methylbenzyldi(hydrogenated tallow)ammo-
nium chloride, many other quaternaries have been used
and described in the patent literature.

Most of these patented materials were developed
because the inventors were looking for a way to modify
the performance of the organoclay from that of the
"standard" commercial organoclays. One other avenue
that has been explored is the use of a non-volatile
(high flashpoint) diluent in manufacturing the quaternary
ammonium salt that will be employed to make the
organoclay. When the latter is produced, the diluent will
co-precipitate with the quaternary on to the surface of
the clay particles. The value of this process is described
to be a reduction in waste, since the standard diluents
(isopropanol and, ethanol) will not precipitate on to the
surface and thus must be removed at some point in the
organoclay manufacturing process.

Organoclays have been used in a number of different
commercial applications. They are used to control the
rheology of organic fluids in a number of areas. They
are also used in oil-based drilling fluids. Such fluids
have to lubricate the drill bit, carry cuttings up and out
of the wellhole, and provide appropriate back pressure in

order to minimize damage to the formation being drilled.
Organoclays have also been used as packer fluids in
drilling. In areas that are subjected to extreme cold, the
drilling process has to be insulated from the surrounding
formation. If not, then the drilling process can thaw the
formation, hence resulting in damage. A packer fluid
is placed in the space between the formation and the
drilling piping to insulate them from each other.

Organoclays are also used in printing inks for
rheological control, in oil-based paints and in oil-
continuous latex polymers. In addition, they are used
to thicken nail polish and for fabric conditioning, where
in the latter the organoclays provide a carrier for the
(di(hydrogenated tallowalkyl)dimethylammonium chlo-
ride) (DHTDMAC) fabric softener, and provide addi-
tional softening due to the lubricity of the clays.

Organoclays are also used for applications other
than rheological control. These materials are known
to be able to adsorb organic molecules both from
aqueous systems and from air. A few developments have
taken advantage of this to develop systems that remove
contaminants from water systems and air and also to
remove ink from wastepaper. A additional use of an
organoclay is to prevent skin irritation from such irritants
as poison ivy. It is claimed that the organoclay can be
applied from a lotion to form a barrier on the skin and
adsorb the irritant organic molecule (urushiol for poison
ivy). A similar application is the use of organoclays to
prevent diaper rash. Once again, the organoclay is used
to provide a barrier layer that also adsorbs the fecal
proteolytic enzymes that cause such rashes.

Another new application for organoclays is in pro-
ducing plastic nanocomposites. In such an application,
the organoclay is dispersed into a polymer. If the dis-
persion is complete and uniform, then the resulting plas-
tic material has certain unusual properties, including
increased gas barrier properties, flame retardancy and
increased tensile strength. Work is continuing in this
area, which promises to be an interesting new use for
organoclays.

15 CATIONIC SURFACTANTS IN
MINING {Jan-Olof Gustavsson)

Cationic surfactants are an important class of flotation
collectors. Flotation is a separation process for minerals
which utilizes the difference in surface properties. The
first step is to liberate the minerals by grinding the ore to
an appropriate particle size, usually finer than 200 urn.
Then the flotation collector is added, together with other
flotation chemicals (dispersants, depressants, flocculants,



CATIONIC SURFACTANTS 345

activators, etc.), to the aqueous mineral slurry. The
flotation collector adsorbs to a specific hydrophilic min-
eral surface, thus transforming this surface to hydropho-
bic in character. By introducing air in to a flotation cell,
very fine air bubbles are formed. The mineral particles
with the adsorbed collector will be trapped by the air
bubbles and form a froth layer on the surface. This froth
is skimmed off and the minerals are concentrated. If the
froth contains the valuable mineral, this is known as
direct flotation. In those cases where the froth contains
the waste minerals or tailings, it is called reverse flota-
tion (the valuable mineral remains in the flotation cell).

Cationic flotation collectors can be divided in two
main groups, i.e. primary alkyl amines and quaternary
ammonium compounds. These collectors are used in
the selective flotation of oxide minerals, mainly quartz
and numerous silicates, and in potash flotation (9-11).
Alkylmorpholine (with a ring structure containing
tertiary-N and ether oxygen groups) is a special collector
which adsorbs to halite (NaCl) and is used in the reverse
flotation of potash. The alkyl amines used are typically
mono- (R-NH2) or diamine (R-NHCH2CH2CH2NH2)
compounds. Etheramines (R-OCH2CH2CH2NH2) are
also commonly used in iron ore flotation. With such
compounds, the polar head of the cationic reagent forms
an ionic bond with a negative site on the mineral surface.
The mineral which is separated has the most negative
surface potential (zeta potential) in the treated ore mix-
ture. To enhance the solubility, the amine collectors are
often used as salts of hydrochloric or acetic acid. The pH
range used is wide, i.e. 2 to 11, depending on the type
of minerals being treated. The actual flotation process
itself is complex, containing many stages with differ-
ent mechanisms. The hydrophobic part of the collector
molecule is important, as it affects, for example, the sol-
ubility, adsorption, hydrophobicity and froth characteris-
tics. Addition of other surfactants, oils and fatty acids is
also common to achieve good flotation performance. In
many cases, the cationic reagents are tailor-made for a
certain ore or ore type to give an optimized performance
regarding selectivity and efficiency, which improves the
recoveries and grades achieved.

15.1 Flotation of oxide minerals

15.1.1 Silicates from calcite

Ground calcium carbonate (GCC) is important as a filler
in plastics and paper, and in coatings for paper. Quartz
and other silicate minerals often accompany the car-
bonate ore. These abrasive and discolouring minerals

have to be removed, which is very often performed
by reversed flotation with cationic collectors. Dialkyl
quaternary compounds, and in particular dicocodimethy-
lammonium chloride, are widely used for this purpose.

15.1.2 Silicates from iron ore

Cationic flotation of silica is widely used to benefici-
ate low-grade iron ore. The removal of silica is carried
out by using reverse flotation, with the silica being
removed with the froth. The steel making industry has
put greater emphasis on low-silica metallurgy, meaning
that the need for reduction of silica is growing in iron
ore mining. The iron ore consists of several types of iron
oxides, mainly magnetic (magnetite) and non-magnetic
(haematite). Two techniques are available to separate sil-
ica in addition to gravimetric methods, namely magnetic
separation (high and low intensity) and flotation. Histor-
ically alkyl mono- and diamines have been used as flota-
tion collectors, although etheramines and etherdiamines
started to replace them in the 1970s. The etheramines,
whose general structure is shown in Figure 14.38, were
found to be more efficient collectors; one explanation for
this is that they are more easily dispersed when com-
pared with alkylamines. The etheramines also showed
other advantages, such as less sensitivity to pH varia-
tions and greater tolerance towards fine particles (slime).
The etheramines used today contain both straight chain
and branched alkyl groups.

Straight carbon chains (C8_io) are common as
hydrophobic units in ethermonoamines, while branched
carbon chains (C12-14), such as isotridecyl, are common
units in etherdiamines. The shorter ethermonoamines
are recommended for very fine ground pulps, while the
branched etherdiamines show good results for coarser
particles.

It is common practice to add the etheramines, which
are partly neutralised (5-30%) with acetic acid, direct
to the mineral slurry. As in all flotation operations, the
collector is sensitive to slime; in iron ore applications,
and in particular for haematite, a lot of fine material is
produced during the grinding process. The presence of
slime will increase the collector consumption drastically,
and give poor silica reduction and decrease the iron
recovery. Therefore, a de-sliming stage is often used
prior to flotation. In this, the iron oxide particles are
"depressed" with starch or dextrin; alkalized corn starch
is also commonly used. The depressant is added in a
conditioner formulation before the collector is added.
The pH varies between 8 to 10.5 in haematite flotation,
with 10.5 being the common pH used, while magnetite
flotation often takes place at pH levels of 8 to 10.
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Ethermonoamine
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Figure 14.38. Structures of some cationic surfactants used in flotation

15.1.3 Feldspar from quartz

Feldspar is separated from quartz by using fatty mono-
or diamines. The most commonly used are amines
derived from fatty acids containing 8 to 18 carbon atoms,
preferably Ci6-i8 alkyl groups. The amine employed
is widely used as its amine acetate, and it is also
common to use blends with fatty acids. The flotation
of feldspar from quartz is carried out at a very low pH.
Sulfuric acid and hydrofluoric acid are used to adjust
the pH to 2 - 3 . Fluoride ions activate feldspar, which
improves the recovery and grade of the feldspar product.
In order to avoid the discharge of fluoride ions in
wastewater and the handling of poisonous and corrosive
hydrofluoric acids, a significant amount of effort has
been made to develop a non-hydrofluoric-based process.
Nevertheless, the most common process still used today
is that involving fluoride activation. Sodium fluoride is
often used instead of hydrofluoric acid, so as to decrease
the risks of acid handling.

15.2 Potash

15.2.1 Flotation of sylvite

Sylvinite, a mixture of sylvite (KC1) and halite (NaCl),
is the predominant source of potash deposits. The
sylvite is separated from the gangue salts and clay
minerals by direct flotation, using neutralized long-chain
alkylamines, typically containing a C16-is saturated
alkyl group, with Cjg being the major part. If the
temperature is above 25°C, longer alkylamines (C20-24)
are often mixed with the C16-18 alkylamine to achieve
a more efficient collector material. The amine ion is
considered to fit in the crystal lattice by attaching itself
to a potassium ion site. The adsorption is strong and the
sylvite crystal becomes hydrophobic.

In the beneficiation of potash, the ore is first crushed
and ground to an appropriate particle size. All wet
operations must take place in saturated brine, since
potash is readily water-soluble. The different solubility
of the salts affects the composition of the brine at
different temperatures, (see Table 14.13).

Compared to the other flotation systems, the material
is much coarser in potash flotation, due to a large
liberalization size of the crystals. The rather small
difference in density between the mineral salt and the
brine makes it possible to float much larger particles in
the brine system as compared to water systems.

The potash contains clay minerals, often as slime.
This clay represents a large surface area and adsorbs
the alkylamine collector. This is detrimental to the
potash flotation, and therefore several methods are used
to dispose of the clay. Mechanical de-sliming using
hydrocyclones and hydroseparators is common practice.
Slime flotation is often used. In this, the clay minerals
are separated in a pre-flotation step by using a polymer
and a non-ionic surfactant, for example, polyacrylamide
and ethoxylated fatty acid, respectively. An alternate
way is to depress the clay minerals with polymers such
as sodium carboxymethyl cellulose (CMC), potato starch
and lignosulfonate.

The potash is often separated as a coarse and
fine particle fraction by screening at 0.6-0.8 mm; the
fractions are then treated separately. The concentration
process is quite complex, including several classification

Table 14.13. The composition of brine at different temperatures

Temperature
(°C)

20
40

Saturated
solution (wt%)

KC1 NaCl

10.2 20.0
13.2 19.7

Density

1.234
1.236

Solid
phase

Na + K
Na + K
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Table 14.14. Mineral

Separation (of)

Oxide minerals
Silica from calcite

Silica from iron ore

Feldspar from quartz

Potash
KC1 from potash

NaCl from carnallite

Cationic reagent

Quaternary
ammonium
compounds

Etheramines

Alkylamines,
alkyldiamines,
mixtures with
fatty acid

Alkylamines

Alkylmorpholine

Trade name

Armoflote® 18,
Lilaflot® 1590

Lilaflot® 810M,
Lilaflot® 819M,
Lilaflot® D817M

Armac® T, Lilaflot®
OT36, Armoflote®
820, Armoflote®
543

Armeen® HT,
Armoflote® 953,
Armac® HT

Armoflote® 619

pH

8-9

9-10.5

2-3

7-8

5-6

Remarks

The feldspar is activated
with fluoride in most
cases

The amine is often used
together with frothers and
"extender" oils

steps, flotation and regrinding, and may also differ
between different mines. Flotation is generally carried
in at least two stages, i.e. "rougher" and "cleaner" steps.
The froth product from the first flotation (rougher) enters
a second flotation step (cleaner) where the flotation is
repeated and the sylvite product becomes concentrated.
It is common practice to use additives in the flotation
to improve the recovery of sylvite and increase the
efficiency of the collector. Frothers such as pine oil
or methylisobutyl carbinol (M1BC) are frequently used.
Emulsions made of process oil mixed with collector and
frother are often employed to improve the recovery of
coarse-grained sylvite.

15.2.2 Flotation of halite

N-alkylmorpholine, whose structure is shown in
Figure 14.38 is used as a collector for halite. The
adsorption mechanism to halite is assumed to be a
hydrogen-bond formation between the hydrated (Na+)
halite surface and the ether oxygen in the morpholine,
and an ionic interaction between the morpholine tertiary
nitrogen atom and a negatively charged chlorine ion at
the halite surface. Reports in the literature also suggest
the use of anionic surfactants such as fatty acids and
alkyl phosphates as possible collectors for the flotation
of halite; again, the adsorption mechanism is assumed
to be by hydrogen-bond formation, as described above.

The reverse flotation of halite is preferable when KC1
is in the form of carnallite (KCl.MgC1.6H2O). Tradi-
tional direct flotation of sylvite (KC1) with fatty amines
will not work with carnallite ores. From carnallite, it
is possible to produce pure KC1 and MgCl2 by using

hot- or cold-crystallization processes. Reverse flotation
of halite (NaCl) can be utilized as a purification step in
the cold-crystallization process. It is also possible to use
alkylmorpholine in a reverse flotation of halite in pro-
cessing sylvinite, instead of the direct flotation of sylvite
with fatty amines.

The flotation is sensitive to pH; according to the lit-
erature, optimal flotation is obtained between pH 4 and
7, with pH 4 being preferable. The effectiveness of the
collector has an optimum at pH 4, and at higher pH val-
ues the collector dosage has to be increased to reach
the same halite recovery performance. Increased col-
lector dosage will affect the floatability of KC1, which
increases at higher collector concentration, thus mean-
ing increased losses. The alkyl group varies between
C12 to Ci8 according to the literature, although most
work reports the use of N-dodecylmorpholine as the
collector surfactant. Table 14.14 presents a summary of
mineral flotation techniques involving the use of cationic
surfactants.
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1 INTRODUCTION

Zwitterionic and amphoteric surfactants are often
regarded as a single group of surfactants using
the general term amphoteric surfactants. Besides the
similarities and general structural aspects that both
types of surfactants have in common, there are also
distinct differences to distinguish both product types.
Historical, economical and chemical structural reasons
contribute to placing both surfactant types together.
Betaines and amphoacetates are the typical and most
prominent representative examples of the zwitterionic
and amphoteric surfactants (1-3). Both types are
relatively new surfactants - the amphoacetates were first

proposed by Mannheimer (4) in the early 1950s. In
the early 1960s, betaines were first introduced into the
market. These surfactants experienced only a moderate
growth and remained as relatively unimportant specialty
surfactants until the 1980s, when a pronounced growth,
especially for the zwitterionic betaines, began.

Zwitterionic surfactants contain at least one negative
and one positive charge in the molecule at the same
time, with both charges neutralizing each other internally
under normal conditions. The molecules are overall
neutral and do not move in an electron field. Zwitterionic
compounds are also referred to as "inner salts".

In general, the cationic moiety consists of a quater-
nary ammonium group, which retains its positive charge

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
ISBN 0471 490830 © 2001 John Wiley & Sons, Ltd
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Figure 15.1. Amphoteric and zwitterionic behaviour at differ-
ent pH values

over the entire pH range. The removal of this charge
is only possible by degradation of the molecule. In
most cases, the anionic moiety is a carboxylic group,
although sulfonate and sulfate groups are also common.
At strongly acidic pH values, this anionic moiety can
be protonated. Consequently, most zwitterionic surfac-
tants can exist, not only in a zwitterionic but also in
a cationic form, which exhibits the typical behaviour
of a cationic surfactant. However, an anionic behaviour
cannot be achieved.

The term "amphoteric" (from amphos, meaning
both) was first used for surfactants in the 1940s by
H. Mannheimer (5). Amphoterics are substances which
can have - like an amino acid - anionic, cationic or
zwitterionic properties. These three forms exist in an
equilibrium, depending on the pH range (Figure 15.1).
At an acidic pH, the molecules will be protonated to
form cations, while at an alkaline pH they will be depro-
tonated to form anionic species. Only in a mid-pH range
can they exist as neutral molecules and demonstrate their
zwitterionic character. This pH is called the isoelectric
point. Amphoteric behaviour requires the presence of a
secondary or tertiary amine group, which can be proto-
nated easily.

The betaines, especially the coconut-oil-derived
cocamidopropyl betaines, are the most important
zwitterionic surfactants. The name "betaine" refers
to trimethylglycine, which was first isolated from
sugar beet (beta vulgaris). Cocoamphomonoacetate and
cocoamphodiacetate are the most important types for
the amphoteric surfactants. The structures and names
for both product types are summarized in Table 15.1.

The main uses of betaines and amphoacetates are
as secondary surfactants in the cosmetic field (6). The
cocamidopropyl betaine and the coco-derived amphoac-
etates are incorporated in increasing amounts into mod-
ern formulations for shampoos and shower gels. These
formulations are still mainly based on anionic sur-
factants such as lauryl sulfate or lauryl ether sulfate.
These anionic surfactants can be referred to as pri-
mary surfactants. The zwitterionic and amphoteric sur-
factants interact with the anionic surfactants to form
mixed micelles. The mildness, foaming and viscosity
of the formulations are considerably improved. More
recent uses for betaines are as modifiers in dish-
washing liquids, household cleaners and wool-wash
detergents. While the mildness of the formulation is
important, the excellent lime soap tolerance of the
betaines, combined with the overall improved clean-
ing performance, is of primary importance. Special
betaines have been designed to meet demands such as
low foam, extraordinary mildness or viscosity build-
ing. In technical applications, the hydrolytic stabil-
ity of the surfactant is an important requirement. For
this, alkyl betaine, carboxy or sulfo alkyl betaines are
preferred.

2 CHEMISTRY OF ZWITTERIONIC
SURFACTANTS

2.1 Carboxy betaines

Betaines are the most important secondary surfactants.
The hydrophilic group in the important carboxybe-
taine is identical to that of the zwitterionic N,N,N-
trimethylglycine, a betaine obtained from sugar beet
(Figure 15.2). The term betaine is used synonymously
for carboxybetaine, while other functional groups are
always indicated, i.e. sulfobetaines. The positive charge
is located at a quaternary nitrogen atom, and the neg-
ative charge at a carboxylic group linked closely to
the quaternary nitrogen by a methylene group. It is
important to note that the electron-attracting effect of
the positive nitrogen atom strongly enhances the acid-
ity of the carboxylic acid group, which results in an

CH3

U
CH3 — N —CH 2 —COO-

I
CH3

Figure 15.2. Structure of the natural betaine, Af,TV,N-tri-
methylglycine
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Table 15.1. Structures and nomenclature of zwitterionic and amphoteric surfactants

Formula Generic name INCI name" Chemical name

CH3

C1 2H2 5-N+-CH2-COO-

CH3

,0
CI,H2 3-C; CH3

l + "
N — (CH2)3 — N - CH2 — C 0 0 ~
I I

H CH3

Lauryl-
betaine

Laurylamido-
propylbetaine

Lauryl-
betaine

Lauramidopropyl-
betaine

2-Dodecyl(dimethyl)-
ammonioacetate

2-dimethyl(3-undecyl-
carboxamidopropyl)-
ammonioacetate

R -R 3

s l +
N — (CH2)3 — N - CH2 - COO"
I " I

H CH3

(R - C derived from coconut oil)

Cocoamido-
propylbetaine

Cocamidopropyl-
betaine

2-dimethyl(3-cocoyl-
carboxamidopropyl)-
ammonioacetate

C , 6 H 3 3 - N —(CH 2 ) 3 —SO 3 -

CH3

Cetylsulfo-
betaine

3-hexadecyl-
(dimethyl)ammonio-
1-propane sulfonate
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CH3

, O

(R - C derived from coconut oil)

Cocoamido-
propylhydroxy-
sulfobetaine

Cocamidopropyl-
hydroxysultaine

3-dimethyl(3-cocoyl-
carboxamidopropyl)-
ammonio-2-hydroxy-1 -
propane sulfonate

R _ r * CH3 OH O
R C \ l + " I II

N — ( C H 2 ) 3 — N - C H 2 —CH —CH 2 —O —P — O "

H CH3 OH

(R- C derived from coconut oil)
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propylhydroxy-
phosphato-
betaine

3-dimethyl(3-cocoyl-
carboxamidopropyl)-
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propane phosphate

R—C

/
R—C

H 2 C - C H 2 — OH
I

N - CH2 — CH2— N - CH2 — COO"Na+

I
H

(R- C derived from coconut oil)

H 2C-COONa+

N — CH2 — CH2 — N - CH2 — COO"Na+

H2C — CH2— OH

(R- C derived from coconut oil)

C , 2 H 2 5 - N - C H 2 — CH2 — COOH
I

H

Cocoampho-
monoacetate

Cocoampho-
diacetate

Laurylamino-
propionic acid

Sodium coco-
amphoacetate

Disodium-
Cocoampho-
diacetate

Lauramino-
propionic acid

Sodium 2-[2-hydroxyethyl
(2-cocoylcarboxamido-
ethyl) amino]acetate

Disodium 2-carboxylato-
methy 1 [2-(2-hydroxy-
ethylcocoylcarboxamido)-
ethyl]amino acetate

3-Dodecylamino-
propanoic acid

"INCI, International Nomenclature of Cosmetic Ingredients.
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acidity which is not comparable to that of acetic acid or
fatty acids. The pKa values of ^A^AMrimethylglycine
and acetic acid are 2.351 and 4.762, respectively (7),
and thus a pH of approximately 1 is needed to proto-
nate a carboxybetaine into its cationic form. At higher
pH values, a carboxybetaine is a neutral zwitterion.
Betaines generally contain a fully quarternized nitro-
gen atom.

Replacing one methyl group in N, N,N-tri methyl -
glycine by a long alkyl chain gives the simple structure
of an alkyl betaine surfactant (Figure 15.3).

Alkyl betaines are synthesized by carboxymethylat-
ing a long alkyl chain tertiary amine with chloroacetic
acid (MCA) or its sodium salt (Figure 15.4). The alkyl
chain of these amines is mostly derived from natural
sources such as coconut oil.

The reaction is carried out in aqueous solution. In
order to drive the reaction to completion, the pH of
the reaction mixture is controlled by addition of sodium

CH3

U

CH3—(CH2)n —N —CH 2 —COO"

CH3

Figure 15.3. General structure of an alkyl betaine

CH3

I
R — N + Cl — CH2 — COCTNa+

I
CH3

« -
<

CH3

R —N —CH 2 —COO" + NaCI
I

CH3

Figure 15.4. Synthesis of an alkyl betaine

N —CH 2 —CH 2 —CH 2 —N —CH 2 —
I I
H CH3

Figure 15.5. General structure of an alkylamido betaine

hydroxide. The pH is preferably kept in the range of
7 to 8 (8). The resulting surfactants are mostly aqueous
solutions with approximately 30% active betaine and 5%
sodium chloride as a by-product. In more recent years,
the market focus has been less on the alkyl betaines
and more on the alkylamido betaines. Because of
performance advantages, innovations have concentrated
on the alkylamido betaines. In Figure 15.5, the typical
structure of an alkylamido betaine is shown.

The production of alkylamido betaines is usually
accomplished in two steps. The first involves the for-
mation of an alkylamidopropyldimethylamine, which is
then followed by a carboxymethylation step to form the
final betaine (Figure 15.6).

In the amidoamine formation, 3-aminopropyldi-
methylamine (DMAPA) is reacted with a fatty acid
derivative. This may either be the fatty acid or its methyl
or glycerin ester. In the latter case, this means a nat-
ural oil is used. To produce cocamidopropyl betaine
(CAPB) the raw materials of choice are refined coconut
or palm kernel oil, either in their unhydrogenated or
hydrogenated forms. A typical fatty acid composition
for cocamidopropyl betaine is given in Table 15.2.

If the oil is used as the starting raw material, glycerin
will be formed as a by-product. Glycerin does not have
a negative effect on most applications and in fact, may
even be desired. A glycerin content of 2 - 3 % is normal
in CAPB solutions. If desired, some glycerin can be
removed from the amidoamine by phase separation or
distillation. Thus, a glycerin content of approximately
1% can be achieved. The use of fatty acids or their
methyl esters will result in CAPBs which are glycerin

//
\ — o

\ OR

, 0

R —C

H2N —CH 2 —CH 2 —CH 2 —N

CH3
I

— C H 2 - C H 2 - C H 2 — N +

CH3

R —C

CH3

I
NH —CH 2 —CH 2 —CH 2 —N

I
CH3

CH3

V NH — CH2 — CH2 — CH2 — N — CH2 — CXXT
I
CH3

NaCI

Figure 15.6. Synthesis of an alkylamido betaine
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Table 15.2. Typical Fatty Acid Composi-
tion of cocamidopropyl betaine (CAPB)

Fatty acid*7

8
10
12
14
16
18

Content* (wt%)

7
6

49
19
9

10

"Represented by the number of carbon atoms.
b Approximate values.

free. Any water or methanol produced is distilled off.
Specialty betaines can be made which differ in their
fatty acid distribution, such as a betaine which does not
contain caprylic and capric acid derived parts.

All amidoamines contain a small amount of fatty
acid, which is carried over to the second reaction step,
i.e. the formation of the betaine. Depending on the
source, the fatty acid is either residual unreacted fatty
acid or it is formed by hydrolysis of a fatty acid ester,
which takes place to a minor extent. The DMAPA, which
is used in excess, is distilled off after completion of the
reaction.

The betaine is formed in a carboxymethylation reac-
tion starting with the amidoamine and chloroacetic acid
or its sodium salt. The reaction is carried out in aqueous
solution at a temperature of 80-100°C.

Similar to the carboxymethylation of tertiary fatty
amines to alkyl betaines, the pH value in the car-
boxymethylation of alkylamidoamines needs to be con-
trolled and kept between 7.5 to 10.5 (9). If the pH of
the reaction medium is below approximately 7.5, the car-
boxymethylation will slow down due to the increasing
protonation of the amine, while the undesired hydrolysis
of chloroacetate will result in large amounts of glycolic
acid. When the pH exceeds approximately 10.5, hydrol-
ysis of the amide group may occur, which leads to unde-
sired high contents of fatty acids and carboxymethylated
amine derivatives, and finally to decomposition of the
final product.

Alkylamido betaines are usually supplied as 30%
aqueous solutions, containing several by-products, which
may effect the physical properties or the toxicologi-
cal profile of the betaine. Formerly, CAPB contained
approximately 3% of the amidoamine because of an
incomplete reaction. The amidoamine has some advan-
tages, contributing to viscosity and providing some sub-
stantivity to hair and skin. The tertiary amine is an
irritant and sensitization is suspected to be related to
the level of the tertiary amine (10) or the dimethyl
aminoamine (11). The content of amidoamine in modern

CAPBs is typically below 0.3%, which is normally
achieved by controlling the reaction pH. The dimethyl
aminoamine content is controlled to be below 15 ppm,
which is regarded as safe. Sodium chloride is formed as
the main by-product, and is present in most betaine solu-
tions in concentrations of about 5%. Typically, the salt
is left in the surfactant solution as it has no negative side
effects for most applications. It is even desirable for the
enhancement of viscosity in ready-to-use preparations
such as shampoos.

In a side reaction, the sodium chloroacetate or
chloroacetic acid is hydrolysed to glycolic acid; this side
reaction is controlled by the pH of the reaction mixture.
The glycolic acid content usually is below 0.1% but
may be as high as 1%. There is little concern about
the glycolic acid, as it is often added to personal care
formulations.

The presence of monochloroacetic acid (MCA), and
dichloroacetic acid (DCA), which is an impurity in
MCA, is more critical because of their toxicological
implications. While chloroacetic acid is almost com-
pletely consumed under proper reaction conditions,
dichloroacetic acid takes no part in the carboxymethyla-
tion and its hydrolytic degradation is also very limited.
Diverse methods have been developed to reduce the
residual content of chloroacetic acids. One possibility
is the reaction of such acids with sulfonating reagents
such as sodium hydrogen sulfite, which leads to a sulfo-
carboxy acid (12). A second method is the treatment of
the cocamidopropyl betaine at alkaline pH in combina-
tion with ammonia or amino acids (13). A more simple
way is the hydrolysis of mono- and dichloroacetic acid
at elevated temperatures, i.e. > 120°C (14). Contents of
mono- and dichloroacetic acid of < 5—10 ppm can be
reached when using the latter methods.

Other research efforts have focused on increasing the
concentration of the betaine solution as supplied. As pre-
viously mentioned, the usual concentration for commer-
cial cocamidopropyl betaine is approximately 30% of
active matter, comprising all surface-active compounds,
or about 35% solids. At slightly higher concentrations,
aqueous cocamidopropyl betaine solutions form high-
viscous solutions or even solid gels. These gels often
show the typical behaviour of "ringing" gels. The crit-
ical concentration depends strongly on the alkyl chain
length of the fatty acid. The influence of the chain length
on the flow behaviour of betaine solutions is shown in
Figure 15.7.

Numerous attempts have been made to produce
flowable, highly concentrated CAPB. A possible route
is the use of additional components such as other
surfactants (15), solvents such as 1,2-propylene glycol



354 SURFACTANTS

8 10 12 14 16

Alkyl chain length - hydrogenated fatty acids

Figure 15.7. Flowability of aqueous solutions of alkylamido-
propyl betaines (at 25°C)

or salts, i.e. sodium citrate (16), or the homologous
trimethylglycine (17). A preferred way is the addition
of free fatty acids (18). In this manner, the active
matter concentrations of 38% can be reached. Fatty
acids are brought into the reaction mixture as a by-
product of the amidoamine; by using this procedure,
no new compounds are added to the betaine. Highly
concentrated betaines save on storage and transportation
costs. They are microbiologically stable and require no
preservation.

Highly concentrated betaines are produced by the
spray drying of the aqueous betaine solution. This can
result in products containing 80-85% active matter,
13-15% sodium chloride and 0.3-3.0% water. Another
possibility for the production of a solid betaine is the
use of a solvent in which the betaine is substantially
insoluble. For this purpose, polar aprotic solvents such
as esters or liquefied gas solvents can be used (19).
The solid betaines have advantages in those applications
where the water content is critical.

2.2 Special carboxybetaines

Powdered betaines are just one example of the advanced
development of special carboxybetaines. For technical
applications, chloride ions need to be excluded to avoid
corrosion. Low-salt betaines can be produced by special
membrane-separation processes. Another possibility is
the use of non-aqueous solvents such as ethanol and the
subsequent filtration and separation of the precipitated
salt (20).

To modify the cocamidopropyl betaine for special
foam and viscosity requirements, the fatty acid composi-
tion is often adjusted. Examples include betaines based
on stripped coconut fatty acid with only a very small

fraction of caprylic and capric acid or betaines based
on lauric acid only. It is noted that betaines based on
caprylic and capric acid are practically non-irritating.
They are interesting surfactants for extremely mild con-
sumer products such as facial washes or baby sham-
poos (21). The Cg-io alkylamido betaine acts as a foam
booster when combined with anionic surfactants. Inter-
estingly, the surfactant itself is a low foamer, especially
when it is used in low concentrations. For technical
applications, such as in "cleaning in place" (CIP) liq-
uids, where low foam is a requirement, this betaine is
gaining increasing acceptance.

Undecylenic amidopropyl betaine combines the
antimicrobial activity of the undecylenic moiety with
surface-active properties. Since this betaine acts as a
mild active, selectively against Malassezia furfur, it is
an interesting raw material for the formulation of anti-
dandruff shampoos (22).

Gemini betaines have been made on the basis of
dimer acids (23). Such acids are produced by dimeriza-
tion of unsaturated fatty acids such as oleic and linoleic
acid and then purified by distillation. Dimer acids are a
mixture of different dicarboxylic acids with an average
chain length of 36 carbons (24).

Aqueous solutions of dimer amidopropyl betaine are
highly viscous, and are typically non-flowable above
a betaine actives concentration of 5 wt%. They dis-
play interesting rheological phenomena (25). To achieve
higher concentrations for shipment of this Gemini
betaine, mixtures with cocamidopropyl betaine can be
made. On this basis, concentrations of 25 wt% active
matter are achievable. Dimer amidopropyl betaine shows
an increased substantivity, compared to cocamidopropyl
betaine, on fibres and is a very effective irritancy miti-
gant in anionic-surfactant-based systems.

2.3 Sulfo- and phosphobetaines

Sulfobetaines are a product group with properties very
similar to the carboxybetaines (26). They have found
application in the technical and personal care areas,
although their usage is limited compared to the carboxy-
betaines.

The acidity of the sulfonic group is slightly more
pronounced than that of the carboxylic group in the
carboxybetaines. This aspect does not differentiate the
sulfobetaines distinctly from the carboxybetaines. The
synthesis of sulfobetaines either starts with tertiary
fatty amines or more commonly with fatty amidopropy-
lamines and is in this respect similar to the synthesis of
carboxybetaine. The sulfonic group can be introduced
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CH3

R-N + CI-CH2—CH-CH2—SO3Na

CH3 OH

Figure 15.8. Preparation of a sulfobetaine using chlorosulfonate

CH3

R-N-CH2-CH-CH2—SO3" + NaCI

CH, OH

CH.,
^ CH2CH2CH2

CH3 -so~

CH,

CH,

CH3-(CH2)n-N-CH2—CH2—CH2—P—O~

Figure 15.9. Preparation of a sulfobetaine using 1,3-propane-
sultone

in two ways. One way is the reaction with 1-chloro-
2-hydroxypropane-3-sulfonate which results in hydrox-
ysulfobetaines (Figure 15.8). The by-product of this
reaction is sodium chloride.

An alternative route to sulfobetaines is the reaction of
a tertiary amine with 1,3-propanesultone (Figure 15.9).
This route leads to salt-free products. Since propane-
sultone is a highly carcinogenic chemical, the products
must be checked carefully for residual sultone content.
The production of these propylsulfobetaines is limited
to a few specialized producers.

Sulfobetaines are typically produced as aqueous
solutions containing approximately 30 wt% of the active
matter. The fatty residue is similar to that of the
common carboxybetaines coconut or lauryl material.
Special alkyl compositions are possible, such as a
hydroxypropyl sulfobetaine based on synthetic Ci4_i5

alkyl raw material.
A further class of betaines containing an anionic moi-

ety based on a hetero atom are the phosphobetaines. This
group can be divided into betaines with a C-P linkage
and others with a C-O-P linkage. To the first group
belong the phosphinate betaines and the phosphonate
betaines (Figure 15.10 and 15.11, respectively).

O CH3

CH 3 - (CH 2 ) n -C-N-(CH 2 ) 3—N±-CH 2 -CH 3

C CCH2

P

CH3

O=P—O—CH2—CH3

O"

Figure 15.11. Two general structures of phosphonate betaines

The phosphobetaines can be prepared by the reaction
of alkyldimethylamine with bromoalkylethylphenyl-
phosphinate or bromoalkyldiethylphosphonate. The
phosphorus reagents are prepared from diethylphenyl-
phosphonite or triethylphosphite and a dibromalkane
by an Arbusov reaction (27). Alternatively, phosphobe-
taines can be prepared by the reaction of an alkylamido-
propyldimethylamine with a phosphoric acid ester and
formaldehyde (28).

Phosphatobetaines (Figure 15.12) represent examples
of betaines containing a C-O-P linkage. These betaines
can be synthesized by the reaction of a chlorohy-
droxyalkylphosphate with an alkylamidopropyldimethy-
lamine (29). A disadvantage of phosphatobetaines is
their susceptibility to hydrolysis of the C-O-P linkage.

3 CHEMISTRY OF AMPHOTERIC
SURFACTANTS

CHo O

CH3 - (CH2 )n -N-CH2—CH2—CH2—P—O"

CH3 C6H5

Figure 15.10. General structure of a phosphinate betaine

Amphoteric surfactants are often called amphoterics to
distinguish them from betaines. They are characterized
by a hydrophilic group in which the state of ionization
depends on the pH, a behaviour which is typical of
amino acids. At high pH values, the carboxyl group is

CH3

I +
OH

I
CH3—(CH3 )n—C— NH —(CH2)3—N — C H 2 — CH — CH2— O—P—O"

CHo OH

Figure 15.12. General structure of a phosphatobetaine



356 SURFACTANTS

ionized, thus resulting in a negative charge, while at
low pH values, the amino group is ionized, so resulting
in a cationic charge. Between these extremes, there is
a pH range in which the molecule is neutral. This pH
range represents the isoelectric range depending on the
alkalinity of the nitrogen atom and the acidity of the
carboxylic function in the given structure.

3.1 Aminoethylethanolamine-deri ved
amphoterics

A secondary surfactants group with increasing economi-
cal importance are the Af-(2-aminoethyl)-2-aminoethanol
(aminoethylethanolamine)-derived amphoterics. Because
the intermediate in the synthesis of these surfactants
is a substituted imidazoline, they are also classified
as being imidazoline-derived. Historically, these mild
surfactants have been the first to offer the possibility
for the production of non-eye-stinging shampoos. Still
today, aminoethylethanolamine-derived amphoterics are
mainly used in personal care formulations where mild
properties are desired, whereas industrial applications
play only a minor role.

The intermediate in the synthesis of aminoethyl-
ethanolamine-derived amphoterics is a heterocyclic imi-
dazoline with an unsaturated five-membered ring system
containing an amine and an imine group (Figure 15.13).

Due to the availability of only limited analytical
methods at the time of their market introduction, it
was assumed that these surfactants also possessed the
cyclic structure of the precursor (4). In later years,
it turned out that they are more correctly described
by an open-chain structure (30, 31). In contrast to
the well-defined composition of amidopropyl betaines,
aminoethylethanolamine-derived amphoterics often are
complex mixtures of different types of compounds and
impurities. The composition of the mixtures varies with
the production parameters.

In particular, two groups of aminoethylethanolamine-
derived amphoterics have found use in personal care
formulations, i.e. the amphomonoacetates and amphodi-
acetates. The key structures of these mono- and dicar-
boxylic derivatives are given in Figure 15.14.

CH?

R 1 CH2—CH2—OH

Figure 15.13. The imidazoline intermediate for aminoethyl-
ethanolamine-derived amphoterics

R—C- -N—CH2—CH2—N—CH2—COO"Na+

H H2C—CH2—OH

Amphomonoacetate

H2C—COO"Na+

., — P.hL—HH~—

I
H2C—CH2—OH

Amphodiacetate

Figure 15.14. General (base) structures of amphomonoacetate
and amphodiacetate

XOH

R - C

+ H 2 N-CH 2 -CH 2 —NH—CH 2 —CH 2 —OH

NH-CH2-CH2—NH—CH2—CH2—OH

-H 90

CH2

N XCH2

R NCH2—CH2—OH

Figure 15.15. Preparation of the imidazoline intermediate

The synthesis of these surfactants involves several
steps. The first step is the preparation of a substituted
imidazoline, usually 1-(hydroxyethyl)-2-alkyl imidazo-
line, starting from fatty acids or fatty acid methyl esters
and aminoethylethanolamine (AEEA) (Figure 15.15).
For the production of betaines, the choice of fatty mate-
rial is in most cases hydrogenated coco fatty acid. The
distribution composition of fatty acid chain lengths,
given above in Table 15.2, is typical also for cocoam-
phoacetates.

The reaction is carried out at temperatures of
140-200°C under moderate vacuum. The water formed
in the course of the reaction is continuously distilled
off. Under these conditions, the amide is first formed,
followed by ring-closure to give the imidazoline. To
obtain a complete conversion of the fatty acid to the
amide, an excess of AEEA is used. This excess is needed
to avoid the formation of a diamide (Figure 15.16).
This by-product stems from the reaction of both the
primary and the secondary amino group with fatty
acid. The diamide tends to crystallize out and form
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NH-CH2-CH2-N-CH2-CH2-OH

Figure 15.16. Structure of the diamide based on aminoethyl-
ethanolamine (AEEA)

finely dispersed precipitates in the final formulation
after an unpredictable storage time. This precipitate
is, of course, detrimental to the product quality, and
thus a low diamide content is a prerequisite for an
amphoacetate of good quality. Excess of AEEA can be
removed at elevated temperatures and reduced pressures.
A small amount of free fatty acid usually remains in the
imidazoline.

In the next reaction step, the imidazoline is car-
boxymethylated with chloroacetic acid (MCA) or sodium
monochloroacetate in alkaline aqueous solution. Depend-
ing on the reaction conditions, this step results in sodium
amphomonoacetate or sodium amphodiacetate.

For the production of amphomonoacetates
(Figure 15.17), the imidazoline is hydrolysed under
alkaline conditions by heating an aqueous solution
for several hours at a temperature of 80-90°C before

carboxymethylation. Imidazolines are stable at low pH
values except for very acidic conditions. They are easily
hydrolysed at pH values above 7 - under these con-
ditions, ring opening of the imidazoline takes place.
In a following step, chloroacetic acid or its sodium
salt is added to the mixture at a temperature of
60-90°C and the pH is kept in the range of 8.5-9.5
by using caustic soda. The hydrolysis may result in
primary and secondary amide derivatives, depending
on which bond is cleaved. If the 1,2-bond is hydrol-
ysed, a primary amide is formed, while if the 2,3-bond
is hydrolysed, a secondary amide is formed. Under
aqueous alkaline conditions as described above, the
formation of a primary amide derivative is favoured
(Figure 15.17, Structure I). There is evidence that ring-
opening occurs mainly at the 2,3-double bond, giving
the secondary amide first (Figure 15.17, Structure II),
followed by a rearrangement, i.e. a shift of the acyl
group. Thus, the result is the same as if the 1,2-bond
was hydrolysed (1). The primary amide derivative can
react only with one mole of chloroacetic acid, giving
amphomonoacetates as the main product of the reaction
sequence (Path B).

The secondary amide derivative is of minor impor-
tance and is present in an amount of not more than 10%
of the active matter in the mixture. This compound can

+ f-LO

CH2

Nw /
C N

CH2

/
NCH2-CH2-OH

H2O

H2C—CH2—OH

R-CO-N—CH2—CH2—NH2 (II)

+ CICHXOONa

R - C O - N H - C H 2 - C H 2 - N H - C H 2 - C H 2 - O H (I)

+ CICHXOONa

H2C—CH2—OH

R-CO-N—CHp—CHp—NH — CH?— COONa

R-CO—NH—CH2-CH2—N —CH2—CH2—OH (IV)
I

H2C —COONa
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t- CICHXOONa

H2C-CH2 -OH

R-CO—N—CH2—CH2—N—CH2—COONa (III)
I

H2C—COONa
Path A

Figure 15.17. Synthesis of amphomonoacetates
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ooa
CH2

'CH9
t- CICH2COONa

CH2 CH2

CH2—CH2—OH

N+ CH2 (I)

R CH2—CH2—OH

NaOH

R-CO-N-CH2-CH2-NH-CH2-COONa

CICH2COONa

CHp-CHo-OH

R-CO— N-CH2-CH2-N— CH2— COONa

CH2-COONa

Figure 15.18. Synthesis of an amphodiacetate

react with two moles of chloroacetic acid, which leads
to amphodiacetate as the product (Path A).

Commercial amphomonoacetates (the same is also
true for commercial amphodiacetates) are always a mix-
ture of amphomono- and amphodiacetates. The surfactant
is obtained as an aqueous mixture containing ca. 30% of
active matter, similar to cocamidopropyl betaine.

In order to obtain amphodiacetate as the main reac-
tion product, the imidazoline is directly carboxyalky-
lated with an excess of chloroacetic acid or sodium
chloroacetate for several hours at a temperature of
70-100°C and a pH of 8-10, which is maintained by
the addition of caustic soda. In the next step, hydroly-
sis and further carboxyalkylation occurs under alkaline
conditions. Once again, hydrolytic ring-opening occurs
mainly at the 2,3-double bond and a product is formed
which is identical with that formed via Path A in
Figure 15.17 (Structure III). Further investigations are
needed for clarification of the mechanism. Theoretically,
an imidazoline betaine may be formed as an intermediate
(Figure 15.18, Structure I).

Several other structures have been discussed or
proposed for amphodiacetates (with some examples
being shown in Figure 15.19). There is, however, no
evidence for the existence of these types of molecules
in amphodiacetate products.

Commercial amphodiacetates mainly consist of the
surfactant corresponding to Structure III (Figure 15.17)
and also, to a minor extent, an amphomonoacetate
(Figure 15.17, Structure IV), which can clearly be
identified. A complete analysis of amphodiacetates,

CH2—COONa

1/
R—CO—NH—CH2—CH2—N—CH2—CH2—OH

CH2—COO-

Figure 15.19. Proposed structures for amphodiacetates

however, is difficult and thus the commercial products
can be regarded as "products by process". Ampho-
diacetates can be delivered in a higher concentration
when compared to the corresponding monoacetates and
cocoamphodiacetate types. Amphodiacetates with up to
40% surfactant content are available on the market.

Since the chemistry of amphoacetates is related to a
large extent to that of betaines, the by-products (apart
from the amine) are almost identical. Sodium chloride
is contained in a range of 6% for monoacetates, and up
to 12% for diacetates. Glycolic acid, formed by hydrol-
ysis from chloroacetic acid, is contained at 0.5-1.0%
but may be as high as 4% in some grades of the surfac-
tant. Dichloroacetic acid and residual monochloroacetic
acid are found in similar concentrations as in betaines.
Glycerin is not usually present, because the oil is not
normally used as a raw material. However, a complete
analysis of the product composition still remains to be
carried out.
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3.2 Salt-free aminoethylethanolamine-
derived amphoterics

By reacting the imidazoline intermediate (Figure 15.13)
with acrylic acid or methyl acrylate under aqueous
alkaline conditions, amphomonopropionates are formed
(Figure 15.20).

The acrylic acid derivative presumably adds, via a
Michael Addition Reaction, to the nucleophilic nitro-
gen atom of the open-ring amidoamine, thus forming an
amphopropionate. No salt is formed as a by-product.
This reaction was first described in 1963, assuming
a cyclic product structure which contained imidazo-
line (32). Later, it was shown that the reaction in aque-
ous medium results in a linear product (33).

In contrast to betaines, which can be made by
carboxyalkylation of the precursor amidoamine with
3-bromopropionic acid and which are characterized
by a permanent cationic group, these propionates are
sufficiently stable and do not suffer noticeably from any

CH
2

\ \
C—

CH2
CH ? =CH — COONa

CH2—CH2—OH

H,O/NaOH

O CHp—CHo—COO"
II 1 +

R—C—N—CH2—CH2—N—CH2—CH2—OH

H H

Figure 15.20. Synthesis of an aminoethylethanolamine-derived
amphomonopropionate

reversibility of the reaction. However, the development
of acrylate cannot be completely excluded.

Amphopropionates are used in personal care, as
well as in technical applications, which require the
absence of salt. These may be, for example, electrolyte-
sensitive hair dye formulations or metal-working fluids.
In addition, a special dicarboxylic amphoteric based on
the addition of acrylic acid to an imidazoline has been
described (34).

3.3 Other amphoterics

By carboxyalkylation of alkylamines, alkyletheramines
or alkylpolyamines, either with chloroacetic acid or
acrylic acid (or their derivatives), a multitude of special
amphoteric surfactants can be achieved. An overview is
given in Table 15.3.

The salt-free propionates have found versatile tech-
nical applications in metal-working fluids, and because
of their excellent alkali stability, in alkaline cleaning
compounds. The acetates are more suitable for use in
personal care or general cleaning applications. Some
acetates have anti-microbial properties and are used
as disinfectants. Alkylaminopropionates and alkylamin-
odipropionates are synthesized by carboxyalkylation of
fatty amines with methyl acrylate or acrylic acid, follow-
ing the mechanism of the Michael (Addition) Reaction
(Figure 15.21).

Whether a mono- or a diadduct is formed mainly
depends on the stoichiometry. Unreacted acrylate can
be removed by distillation. Finally, the methyl ester
is hydrolysed in the presence of alkali at an elevated
temperature under pressure, thus producing the sodium
salt or the partial salt. The use of acrylic acid instead

Table 15.3. Amphoteric Surfactants Derived from Amine Derivatives

Formula Chemical name

CH 2 -CH 2 -COONa

C H 3 - ( C H 2 ) n - N

Disodium 3-(2-carboxylatoethyldodecylamino)
propanoate

CH 2 -CH 2 -COONa

CH3 — ( C H 2 ) 3 - C H - C H 2 ~ O - ( C H 2 ) 3 - N H - C H 2 - C H 2 - C O O N a Sodium 3-[3-(2-ethylhexyloxy)propylamino]
I propanoate
CH 2 -CH 3

CH3— (CH2)i 1 — NH— (CH2)2— N — (CH2)2— NH— CH2— COONa Disodium 2-[2-carboxylatomethylaminoethyl(2-dodecyl-
I aminoethyl)aminolacetate

CH 2 ~ COONa

CH3— (CH2)i7-N— (CH2)3— N — (CH2)3— NH— CH2— COONa Trisodium 2-l3-carboxylatomethylaminopropyl(3-
I I carboxylatomethyloctadecylaminopropyl)-

NaOOC-CH2 CH2-COONa amino]acetate
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H2C=CH—c;

R—NHP

- 2H2C=CH—C
O—CH,

R—NH—CH2—CH2—C R—N
O-CH3

H2O/NaOH

R—NH—CH2—CH2—C
CTNa+ R - N

CH2—CH2—C—O—CH3

O

H20/Na0H

CH2—CH2—C—O"Na+

Alkylaminopropionate Alkylaminodipropionate

Figure 15.21. Syntheses of alkylaminopropionates and alkyaminodipropionates

of methyl acrylate directly leads to the product and
saves the ester hydrolysis. This alternative, however,
only results in the dipropionates. If equimolar amounts
of amine and acrylic acid are used, a mixture of all three
products, but mainly residual amine and the diadduct,
are produced (1).

Amphopropionates have an isoelectric range at pH
values of approximately 2.5-4.5. Within this range,
their solubility is lowest and in some cases precipitates
may form. Thus, corresponding alkyletheraminepropi-
onates are made which can be used in a far wider range
of applications (3).

Structurally related to the propionates are the amino-
acetates. The latter are synthesized by the reaction of
fatty amines with chloroacetic acid as the alkylation
reagent. Depending on the amount of chloroacetic acid
used, mono- and disubstituted amines can be produced
in this way (Figure 15.22) (35).

Related to these compounds are alkyl polyamino car-
boxylates, which can be derived from fatty polyamines.

R-NH2

+ CICH2COOH/ \ + 2 CICH2COOH

R-NHCH2COOH R-N

Monosubstituted

CH2COOH

Disubstituted

Figure 15.22. Syntheses of mono- and disubstituted amines by
the reaction of fatty amines with chloroacetic acid

In these molecules, several amine groups and one or
more carboxylic acid groups are combined to give
highly functionalized surfactants. In particular, alkyl
amino acetic acids prepared from polyamines have
found interest since these amphoterics show microbio-
cidal properties (36). An example is dodecyl propylene
diamine acetic acid, which is derived from a diamine and
chloroacetic acid by carboxymethylation (Figure 15.23).

Another amphoteric with efficient bactericidal and
fungicidal properties is dodecyl diethylene triamine
acetic acid, which is synthesized in a similar manner
from the corresponding triamine (Figure 15.24).

An example of fully carboxymethylated alkyl
polyamino amphoterics is the class of compounds
introduced by E.G. Lomax (Figure 15.25) (37). These
so-called "APACS", which are mainly based on tallow,
are prepared in the usual manner by carboxymethylation
with monochloroacetic acid or by acrylation. Because of
their mildness, they have found use in special personal
care applications.

R-NH-CH2-CH2-CH2-NH-CH2-COOH

Figure 15.23. Structure of dodecyl propylene diamine acetic
acid (R = CH 3 (CH 2 )n-)

R-NH-CH2-CH2-NH-CH2-CH2-NH-CH2-COOH

Figure 15.24. Structure of dodecyl diethylene triamine acetic
acid(R = CH 3 (CH 2 )n-)
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R-N-CH2-CH2-CH2-N-CH2-CH2—CH2-N-CH2-CH2-CH2-N-CH2-COONa

H2C—COONa H2C—COONa H2C—COONa H2C—COONa

Figure 15.25. Structure of a fully carboxymethylated alkyl polyamino carboxylate (APAC)

4 ANALYSIS OF ZWITTERIONIC
AND AMPHOTERIC SURFACTANTS

Since the analytical methods for the characterization
of aminoethylethanolamine-derived amphoterics are in
most cases very similar to those used for betaine
analysis, the focus will be on the latter. Only small
modifications need to be made for the determination of
impurities and by-products in amphoacetate solutions.

The analysis of the content of surfactant actives
of betaine solutions is rather complicated. No direct
titration method for the determination of the betaine
concentration was available in the past, since all methods
known have lead to incorrect results due to the presence
of protonable by-products such as glycolic acid or
free amidoamine (38). A modified titration method has
been developed in recent years which gives more
accurate results due to the choice of a special solvent
mixture (39). The use of methanol and ethylene glycol
monomethyl ether allows the almost selective titration
of a betaine in its complex solution.

Despite these direct titration methods, the surfactant
actives content is usually calculated indirectly by a
subtraction method. For this, the water and sodium

chloride content is measured, since these substances
represent two of the main components of a typical
betaine solution. The water content can be determined
very accurately by using a Karl Fischer titration. Another
method, which gives a greater standard deviation, is
the drying of a small sample of the mixture and
the determination of the mass reduction. The sodium
chloride content can be measured by the potentiometric
titration of chloride with silver nitrate.

Another method for the quantification of the betaine
or amphoacetate content is proton nuclear magnetic res-
onance ('HNMR) spectroscopy. In addition, NMR spec-
troscopy gives structural information and is suitable for
the detection of unusual components in the solution. In
Figure 15.26, the spectra of pure cocoamphomonoac-
etate and cocamidopropyl betaine are given.

The signal most suited in the ^ N M R spectrum for
the determination of the betaine content is that observed
at 3.2 ppm. This signal is very specific and usually no
other compound shows a signal at this position. Such
a signal is produced by an overlap of the signal of the
hydrogens which are part of the methyl groups attached
to the quarternary nitrogen and that of the hydrogens of
the methylene group next to the amide moiety.

(a)

CH3-(CH2)n-CH2-CH2-C-NH-CH2-CH2-CH2—N—CH2-COO

a b e d e f a CI-L i

Solvent

e,h

UUl
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

ppm

(b)
CH3-(CH2)n-CH2-CH2-C-NH-CH2-CH2-N-CH2-CH2-OH

HO-CH2—COOH
h

Solvent

k,e

k CH2-COONa
m

LJJ u
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

ppm

Figure 15.26. lU NMR spectra of (a) cocamidopropyl betaine and (b) cocoamphomonoacetate
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In addition to the determination of the total amount of
betaine, it is possible to analyse the fatty acid composi-
tion of the surfactant. Usually the chain length distribu-
tion is checked in the raw material before the reaction. In
the product, this composition can be analysed by cleav-
age of the amide bond of the betaine in hydrochloric
acid and subsequent conversion of the resulting free
fatty acids into their methyl esters. The separation is
accomplished by gas chromotography (GC).

The determination of the contents of monochloro-
and dichloroacetic acids is of high priority due to the
negative toxicological profile of these substances. One
method makes use of the separation of these substances
via GC. For this analysis, both compounds have to be
converted into their corresponding methyl esters. The
detection is accomplished by using an electron capture
detector. The second method - High Pressure Liquid
Chromotography (HPLC) separation - allows the direct
determination of both organic acids without further
modification of the substances. This method, which
makes use of anion exchange columns, is advantegeous
since glycolic acid, a main by-product, can be detected
simultaneously.

The amount of free fatty acid in the betaine solution
can be measured by special GC techniques or reversed-
phase HPLC. Free fatty acid amidoamine can be deter-
mined very accurately by HPLC using a ion-exchange
column and a phosphate buffer solution as an eluent.

The amount of residual dimethylaminopropylamine
(DMAPA) is usually determined directly after the first
reaction step of the betaine synthesis, i.e. the prepa-
ration of amidoamine. After this has been reacted
with phenyl isothiocyanate, it can be analysed by
HPLC using a reversed-phase column. The quantita-
tive determination of aminoethylethanolamine (AEEA)
in aminoethylethanolamine-derived amphoterics cannot
currently be accomplished in the final product. Residual
amounts of this compound have to be measured in the
imidazoline intermediate of the reaction sequence.

5 PHYSICO-CHEMICAL PROPERTIES

5,1 Micelle formation

For amphoteric surfactants, the critical micelle concen-
trations (CMCs) are often stated. However, most studies
concerning the CMC have centred around betaines and
the information extrapolated or applied to the other types
of amphoteric surfactants.

Conductivity methods are often used to determine
CMCs for surfactants. However, the conductivity of

betaines is negligible when compared to that of strong
electrolytes (40), and therefore the conductivity method
is generally not suitable for determining the critical
micelle concentration. However, many other methods,
for instance those based on surface tension, refractive
index or dye solubilization, can be used.

One of the most detailed studies on the critical
micelle concentrations of betaines is that of Beckett and
Woodward41 who determined the CMCs of betaines with
octyl to hexadecyl alkyl chains by surface tension, dye
solubilization, iodine and refractive index methods. Due
to the peculiar character of betaines, the conductivity
method and octanol solubilizaton method were both
unsuitable.

It was also determined that the critical micelle con-
centration, especially for betaines, but also for surfac-
tants in general, decrease logarithmically as the number
of carbon atoms in the alkyl chains increases. This was
determined by Klevens (42) and is referred to as the
Klevens equation, as follows:

log(crac) = A - (B x N) (15.1)

where N is the number of carbon atoms in the hydropho-
bic chain, A and B are empirical constants, and the one
parameter is given in mol/1. The values of A and B can
be obtained by using Beckett and Woodward's CMC
results. For most surfactants, B is close to log 2, while
betaines have values which are closer to log 3.

This would indicate that changes in the alkyl chain
length have a greater effect on the CMC in betaines than
in anionic or cationic surfactants. This was explained by
the nature of the surface of micelles, probably formed
by a network of alternate positive and negative charges
that correspond to the positive charge at the nitrogen
atom and the negative charge of the carboxylate. Hence,
molecules of these substances attract each other on the
surface of the micelle, while in anionic and cationic
surfactants the polar groups repel one another. Conse-
quently, changes in the alkyl chain length have a greater
effect on molecular aggregation and lower the critical
micelle concentration (41).

Since alkyl betaines may exist as either zwitte-
rionic or cationic surfactants, depending on the pH,
their critical micelle concentration shows a complicated
behaviour. The CMCs of alkyl betaines are significantly
higher in dilute acid solutions than in dilute alkaline
solutions because at low pH the surfactant is at least
partly in the cationic form (43-45). As the concentra-
tion of HC1 increases, the amount of the cationic form in
solution increases and the resulting CMC of the zwitte-
rionic/cationic surfactant mixture increases because the
value of the cationic form is higher than that of the
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zwitterionic. However, increasing the concentration of
HC1 also increases the ionic strength of the solution,
which tends to lower the CMC.

Chevalier et al. (44) studied the critical micelle con-
centrations of alkyl betaines for different members of
the series as a function of the number of methylene
groups between the quaternary nitrogens and the car-
boxylate groups. The CMC increases as the number of
methylene groups increases from one to three, reaching a
maximum value and then decreasing for higher numbers
of methylene groups. This phenomenon was similarly
observed for phosphinate betaines. This was explained
as a competition between the increasing total hydropho-
bicity of the molecule as the number of methylene
groups increases, which tends to lower the CMC and
the increasing strength of the repulsive dipole-dipole
interactions between the head-groups at the interface
which occurs also as the number of methylene groups
increases, tending to raise the CMC values. This increase
in the strength of repulsion is due to an increase in
the cationic character, because the methylene groups
reduce the electronegative effect of the cationic centre
on the carboxyl group, thus leading to reduced acidity
and increased protonation.

Tables 15.4 and 15.5 present the CMC values deter-
mined for alkyldimethylammonioacetates and dode-
cyldimethylamonioalkylcarboxylates, respectively. For
comparison, the following CMCs were recently derived
for cocamidopropyl betaine:

caprylic/capramidopropyl betaine, 5.8 mM

cocamidopropyl betaine, 0.041 mM

Among the many unique properties of zwitterionic
surfactants, the strong interactions of their molecules

Table 15.4. Critical Micelle Concentra-
tions (CMCs) of alkyldimethylammonio
acetates

Table 15.5. Critical micelle concen-
trations (CMCs) of dodecyldimethy-
lammonioalkyl carboxylates (43)

Alkyl chain

Decyl
Undecyl
Dodecyl
Tridecyl
Tetradecyl
Pentadecyl
Hexadecyl

CMC (mM)

23.3
7.2
1.9
0.795
0.11
0.056
0.02

Reference

46
46
47
48
47
48
43

CH3

R— N+— CH2 — COCT

I
CH3

R = Alkyl chain

n

1
2
3
4
5
6

CMC"(mAf)

2.4
5.3
6.0
6.5
5.1
3.8

"In 1.0 mM NaOH.

CH3

I
CH3 — (CH2) 11 — N — (CH2) — COCT

I
CH3

n= 1-6

with other ionic surfactants, particularly anionics, is of
prime interest because it drives many of their practical
applications. It is not possible to cover in full detail
the vast number of papers dealing with this subject.
However, several studies on synergism in mixtures
containing zwitterionic surfactants have been published
by Rosen and co-workers. (49-51).

Jansson and co-workers (52-55) studied the interac-
tions of amphoteric surfactants with other surfactants.
They found that mixed micelles containing anionic sur-
factants are larger than those containing the correspond-
ing cationic surfactants.

The thermodynamics of mixed micelle formation has
been recently reported (56).

5.2 Surface tension

Surface tension measurements of betaines, especially of
alkyldimethyl betaines, have been reported repeatedly.
For alkyl betaines with increasing chain lengths of the
alkyl group, the results for surface tensions above the
CMC, given in Table 15.6, have been reported (41).

Measurements of commercial alkylamidopropyl
betaines, in contrast to the values reported for the pure
alkyl betaines, give significantly lower surface tensions
at concentrations above the CMC (Table 15.7) (57).

These results show that with commercial alkylami-
dopropyl betaines, characterized by fatty acid compo-
sitions (instead of one singe fatty acid) and in cases
containing by-products derived from the synthesis, very
low surface tensions are achievable. This effect is cer-
tainly related to the known effects in surfactant mixtures,
which usually show lower surface tensions than the pure
products.
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Table 15.6. Surface tension of alkyl betaines (41)

Number of
methylene
groups, n

7
9
10
11
13
15

Surface tension,
ya (mN/m)

34
33
37
36
35
33

Concentration^
(%(wt/vol))

3.5
0.5
0.2
0.05
0.005
0.001

"De Nuy ring method, T = 23 ± \°C.
''Approximate values.

CH3

CH3— (CH2)— N — CH2 — COO-

CM,

6 ECOLOGICAL AND
TOXICOLOGICAL PROPERTIES OF
ZWITTERIONIC AND AMPHOTERIC
SURFACTANTS

6.1 Ecological evaluation

A cocobetaine, a cocamidopropyl betaine, and also
a cocoamphomonoacetate, were tested with regard
to their environmental compatibility (54). These com-
pounds proved to be readily biodegradable in the
Organization for Economic Co-operation and Develop-
ment (OECD) tests for ultimate biodegradation. As was

demonstrated in the metabolite test, their degradation
to CO2, H2O, inorganic salts and biomass occurs quan-
titatively and no recalcitrant metabolites were formed.
It was confirmed that when sewerage treatment simu-
lation tests were run, these classes of surfactants were
easily eliminated from waste water. The aquatic toxic-
ity (towards algae, daphnia and fish) of these substances
is in the same order of magnitude as for other surface-
active substances ranging from toxic to moderately toxic
(EC50/LC50 > 1-100 mg/1). For waste water bacteria,
these substances are slightly toxic.

6.2 Toxicological profile

Some typical properties of these classes of surfactants
are presented in Table 15.8. All of these surfactants
have been extensively tested by the manufacturers
and by researchers, and their safety profiles are well
accepted.

The zwitterionic and amphoteric surfactants have
been comprehensively reviewed and reported on in
detail (58, 59).

6.3 Evaluation of toxicological results

While the ecological data indicate a good tolerance
to the environment, the toxicological findings seem to
reveal deficits with regard to the skin and eye irritation

Table 15.7. Surface tension of various alkylamidopropyl betaines (57)

Betaine system

Cocamidopropyl betaine
Cocamidopropyl betaine +
cocamidopropyldimethyl amine
Capryl-/caprylylamidopropyl betaine

"De Nuy ring method, T = 25 ± 1°C.
''Approximate values.

Surface tension,
ya (mN/m)

30
27

24

Concentration^
(% (wt/vol))

0.01
0.01
0.001
0.2

Table 15.8. Toxicological

Surfactant

Cocobetaine
Cocamidopropyl betaine
Cocoamphomonoacetate

properties of amphoteric surfactants

Acute
toxicity

None
None
None

Irritation to
skin*

(rabbit)

Yes
None
Moderately

Irritation to
eye*7

(rabbit)

Yes
Yes
Slightly

Sensitization
(Magnusson-
Kligman test)

None
None
None

Gene
mutation

(Ames test)

None
None
None

NOAEL6

> 250 mg/kg
1000 mg/kg

> 1000 mg/kg

"Concentration of 25%.
bConcentration of 20%.
'Oral toxicity: NOAEL, "No observed adverse effect level," is the maximum dose tolerated in cumulative toxicity studies.
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values. These disadvantages, however, arise only at
higher concentrations.

More important for a toxicological evaluation is
the fact that amphoterics are usually combined with
anionic surfactants, i.e. alkyl or alkyl ether sulfates. Such
blends are assessed to be very mild to skin and mucous
membranes (60, 61).

These synergistic effects play an important role with
regard to the use of betaines and amphoteric surfactants
in dermatologically compatible formulations. Results
from the Draizetest (determination of the irritation
capacity in the rabbit eye) clearly show the synergistic
effect of sodium lauryl ether sulfate/betaine with respect
to mucous membrane compatibility. The initial level of
the dermatological irritation potential of the disodium
cocoamphodiacetate is lower than that of the betaine.
Depending on the ratio of alkyl ether sulfate/amphoteric
surfactant or alkyl ether sulfate/betaine combinations, a
minimum in the irritation potential can be achieved.

The observed synergism can be understood in the
light of the work of Zeidler and Reese (62) who studied
the swelling of the pig epidermis caused by surfactants
when compared to the swelling effect of pure water. In
contrast to anionic surfactants, betaines and amphoteric
surfactants cause negative swelling of the skin relative to
water. This may reduce penetration and irritation effects
of the anionics.

Lang and Spengler (63) described a correlation
between CMC values and irritancy values, i.e. the lower
the CMC, then the lower the irritation of the surfac-
tant system. These authors showed synergistic effects
in systems of alkyl sulfate/cocamidopropyl betaine and
alkyl ether sulfate/cocamidopropyl betaine. Similarly,
modification of micelle composition was taken as an
explanation of such synergies (64).

7 APPLICATION PROPERTIES

Zwitterionic and amphoteric surfactants are typically
used as secondary surfactants. The existence of sec-
ondary surfactants obviously implies that there are pri-
mary surfactants. The latter are mostly the anionic alkyl
sulfates and alkylether sulfates, but also include different
types of sulfonates. These very often are the main com-
ponents of a formulation and provide the basic properties
of detergency, wetting and foaming. In modern for-
mulations, however, their base properties are not suffi-
cient and need to be improved by secondary surfactants.
Improvement is especially needed with respect to mild-
ness, but foaming and viscosity are also enhanced by the
use of secondary surfactants. This is where zwitterionic

and amphoteric surfactants are used, especially cocami-
dopropyl betaine and the cocoamphoacetates.

Zwitterionic and amphoteric surfactants are unique
in their excellent responses for the following:

• Irritation and toxicity
• Detoxification
• Biodegradability
• Chemical stability
• Foaming Power
• Viscosity Buildup
• Detergency
• Wetting
• Lime soap dispersion
• Emulsification

• Conditioning

These properties have been widely described and in

more recent times scientifically reviewed (65, 66).

7.1 Alkali tolerance and chemical
stability

Stability performance at acidic and alkaline pH extremes
are a signature characteristic of amphoteric surfac-
tants (67). One manufacturer determined the alkali tol-
erance by titrating a 1% active surfactant solution with
increasing concentrations of sodium hydroxide until the
solution changed from clear to hazy. The maximum
level of sodium hydroxide was then measured as an
"end point". According to this simple approach, alky-
lamphoacetates, alkylamphodipropionates, alkyl betaine,
alkylamineoxide and alkylamidopropyl betaine all dis-
played good alkali tolerance. The NaOH end points were
40,37,21,17 and 10%, respectively, (68).

Commercial amphoterics such as dihydroxyethy-
lalkyl glycinates (Figure 15.27) are considered excellent
thickeners for strongly alkaline oven cleaners, as well as
for acid toilet bowl cleaners.

Most betaine-derived surfactants are chemically sta-
ble in acid and alkaline media due to the properties
of the quaternary nitrogen. Instability arises from other
functional groups, as in amidobetaines, which although
they are fairly stable, can suffer hydrolysis of the amido
group (69). Apart from compounds having amido or

CH2 CH2 OH

R— N— CH2COCT

CH2CH2OH

Figure 15.27. General structure of a dihydroxyethylalkyl gly-
cinate
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-N:

CH3 OH

Figure 15.28. General structure of a hydroxysulfobetaine

ester groups, only betaine derivatives containing S-O-C
and P-O-C bonds, such as sulfito, sulfato, phosphito
and phosphato betaines, show a comparatively lower
stability to hydrolysis. From this point of view, sul-
fobetaines, phosphinate and phosphonate betaines are
superior.

Hydroxysulfobetaines (Figure 15.28) are soluble and
stable in concentrated alkaline solutions. The results
recorded over time demonstrated that all samples were
stable (70, 71).

Obviously, betaine-type cleavable surfactants of the
acetal type hydrolyse in acid media (72). The dode-
cyl derivative decomposes completely after 2 hours
40 minutes in a 2% HC1 solution, after 24 hours at pH
1, and only after more than one week at pH 3.

7.2 Foaming and viscosity

Zwitterionic and amphoteric surfactants contribute to
the overall generation of foam, foam stability and
foam quantity. Regardless of the type of amphoteric, a
generalization can be made concerning the hydrophobic
"R" group: The total number of carbon atoms in the "R"
group has a profound effect upon performance.

The typical chain length distribution from the
coconut oil or coconut fatty acids gives the best overall
performance response. The properties of different carbon
chain length compositions are presented in Table 15.9.

Amphoteric surfactants have especially good foam-
ing profiles in soft water. Betaines, in particular the
amidopropyl types, are tolerant of hard water, fol-
lowed closely by the tolerance of sulfobetaines and

Table 15.9. Contribution of carbon chain length contribution
to function properties

propionates. The amphoacetates show some limited
tolerance for hard water. Tests have been conducted
for the effects of hard water or lime soap dispersabil-
ity using the methods of Borghetty and Bergman (73,
74). The "APAC" amphoterics are also very efficient for
lime soap dispersing. Table 15.10 presents the ranking
of amphoterics for lime soap dispersability.

Secondary surfactants also play a role in the devel-
opment of viscosity in surfactant systems or blends.
Amidobetaines are efficient components in foam bath
compositions because they are good thickeners and
enhance foam properties. Beh and James (75) stud-
ied the foam stabilities of some bubble bath formu-
lations and, after examining several surfactants, found
that amidobetaines are the best stabilizing agents, with
alkyl betaines being the next efficient. Domingo and
Druguet (76) developed mathematical equations for the
response surfaces of apparent viscosity, rheological
behaviour and foaming power for a ternary mixture of
surfactants. High apparent viscosities can be obtained
either with alkanolamides or with the amidobetaines but
the apparent density of foam is greatly increased as the
amidobetaine content increases, and smaller bubbles are
produced.

It is generally known that aqueous solutions of true
amphoterics can be difficult to thicken. Viscosity control
is best achieved by using either the amphoteric salts or
by combining with anionic surfactants. The traditional
thickening aids, the alkanolamides, are not particularly
effective with amphoterics. Nonionic surfactants offer
the best thickening support for amphoteric surfactants,
especially those based on fatty acids or alcohols ethoxy-
lated with 50-200 moles of ethylene oxide, but like all
nonionics, they could exert a foam depressing effect if
used at a higher level. When amphoteric surfactants are
combined with anionic surfactants, the traditional alka-
nolamides are effective. The final pH adjustment can
also make a difference to the viscosity of the product.

Amidopropyl betaines, when used as secondary sur-
factants in anionic surfactant systems, respond quickly
with viscosity when salts or alkanolamides are added.

Table 15.10. Relative lime soap dispersability of amphoterics

Number of

carbon atoms

8-10

12-16

>18

Functional properties

Good foam stability, no viscosity
improvement

Good foam stability, good viscosity
building, some emollient properties,
some conditioning

Reduced foam stability, good viscosity
building

Amphoteric type

Alkvl oolvamine carboxvlates
Amidopropyl Betaines
Sulfoamidobetaines
Sulfatobetaines
Sulfobetaines
Alkyl betaines
Propionates
Amphoacetates

Lime soap dispersability

Exec"""'

\ r

Fair
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Mixtures of cocamidopropyl betaine and sodium lauryl be developed. A search of United States patents between
sulfate in molar ratios of 8:1 to 1:8 were investigated for 1991 and 1997 reveals a wide range of current consumer,
their viscosity response at a total surfactant concentra- pharmaceutical and industrial uses for zwitterionic and
tion of 0.83 mol/1 and a NaCl content of ca. 0.5% (77). amphoteric surfactants. A review of over 500 patents
At the molar ratios of 8:1, 6:1, 4:1, and 1:8, a Newto- yielded over 200 industry-specific-application patent
nian flow behaviour was found, while in other regions references. Of these, approximately 31% referred to
the system shows pseudoplastic or plastic behaviour. household, industrial and institutional markets, 22%

The viscosity responses of cocamidopropyl betaine pertained to personal care applications, 13% applied to
and cocoamphomonoacetate cocoamphodiacetate in oral care or pharmaceutical products and 33% could be
mixtures with sodium lauryl ether sulfate are very categorized as industrial applications. Examples include
similar to each other and exhibit a maximum value metal working, mining, photographic processes, paper,
around a 1:1 ratio (78). textile treatments, etc. This list is not meant to be all

We thus note that for most cleansing applications encompassing. Undoubtedly, many additional references
the zwitterionic and amphoteric surfactants are used as could probably be found if specific search criteria were
formulation modifiers, thus contributing their aforemen- assigned. It does, nevertheless, provide a good survey
tioned properties to the final application formulation. of the contemporary art. The results of this survey are

presented in Table 15.11.

8 APPLICATIONS
8.1 Hard surface cleaners

Even though many applications for zwitterionic and
amphoteric surfactants are well known and documented, Hard surface cleaners, household, industrial and insti-
new applications and refinements in the art continue to tutional detergents, and laundry detergents, continue to

Table 15.11. Result obtained from a survey of the USA patent literature, over the
period 1991-1997, for applications of zwitterionic and amphotenic surfactants

Application

Consumer or Industrial and Institutional
Detergents, undifferentiated liquids
Hard surface cleaners
Light-duty liquids, including dishwashing
Fabric and laundry cleaners
Shampoos
Skin cleansers and gels
Hair treatment products and dyes
Cosmetic and skin products
Oral care and food

Pharmaceutical and Clinical

Industrial and Agricultural
Agricultural products
Metallurgy
Photography
Inks
Magnetic recording devices
Corrosion inhibitors
Mining and well treatment
Paper
Flame retardants
Electronics
Latex and rubber
Leather and textile process
Cellulose processing
Waste treatment
Biocides
Fibreglass

Zwitterionics

15
12
3
5
3
6
2
2
4

6

1
4
3
3
2
1
0
0
0
0
0
0
0
0
1
0

Amphoterics

4
14
2
5
7
6

18
9
9

10

0
6
6
0
1
1
6
6
3
5
8
4
0
3
2
1
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account for a significant proportion of zwitterionic and
amphoteric surfactant use.

For example, detergent compositions containing a
alkylamidopropyl betaine in combination with at least
one cosurfactant can offer excellent removal of grease
soils and also provide superior filming and anti-streaking
properties in hard surface cleaners (79). Similarly, short-
chain amphocarboxylates, when incorporated into for-
mulations that do not contain large amounts of builders,
are also said to offer improved filming or anti-streaking
properties and good cleaning in glass cleaner formula-
tions (80).

A related application is the car wash market. Winkler
describes the use of a cocodimethyl betaine as a mild
foaming agent for car wash compounds dispensed in
commercial equipment (81).

Performance criteria for light-duty liquid dish wash
detergents include mildness, good foam, good deter-
gency, and grease removal ability over a range of water
hardness conditions. Erille, in a patent assigned to the
Colgate-Palmolive has Company, has selected zwitteri-
onic betaines and amine oxides as the cosurfactants of
choice to ensure mildness in other dish detergent sys-
tems (82).

Other hard surface applications rely on amphoteric
surfactants to enhance viscosity in highly acidic or alka-
line formulations. Some liquid toilet bowl cleaners, for
instance, are formulated within a pH range of 2-4 (83).
Amphoteric surfactants have been demonstrated to pro-
vide good gellation and stability in compounds contain-
ing peracetic acid (84).

Likewise, thickened aqueous hypochlorite composi-
tions rely on these surfactants to accomplish the same
purpose at pH levels of 11 or higher (85). The desired
viscosity for such formulations may range from 150 to
3000 cPa s. This would permit easy dispensing but pro-
vide good coating action necessary for cleaning toilet
bowls, bathroom tiles and shower walls (86). Effective
viscosity control is also necessary to suspend abrasives
found in scouring cleansers. Finally, the choice of sur-
factant is an important factor in the preparation of "low
solvent" hard surface cleaners. Such products are said
to have more desirable fragrance profiles (87, 88).

8.2 Laundry products

Although not widely used in this area, amphoteric
surfactants continue to be evaluated by mass market
producers. Ilardi, in a patent assigned to the Lever
Brothers Company, describes new fabric conditioning
compounds, which provide effective softening and static

control, are derived from glycerol and betaine (89).
Cao, in a patent assigned to the Colgate-Palmolive
Company, reports that amphoteric surfactants such as
sodium carboxymethyl tallow propylamine contribute to
fabric cleansing and softening when incorporated into
aqueous systems with polyethoxylated fatty alcohols,
inorganic builders and bentonite (90). Colgate, as well
as Procter & Gamble, have been developing systems
using amphoteric surfactants in lipase-containing laun-
dry detergents (91, 92).

8.3 Sanitizers and disinfectants

Owing to their compatibility with cationic biocides,
amphoteric and zwitterionic surfactants continue to be
used widely in the development and formulation of dis-
infectants and sanitizers for personal care, household,
industrial and institutional markets. For instance, substi-
tuted imidazoline amphoteric surfactants, in combination
with didecyldimethylammonium chloride, have been
found to display unexpected synergistic irritation reduc-
tion compared to formulations with alkyldimethylben-
zylammonium chlorides (93). Imidazoline derivatives
and betaines are known to impart moderate cleansing
without causing skin roughness, stickiness or irritat-
ing reactions with cationic disinfectants (94). Ampho-
teric surfactants are also suitable for use in anti-
microbial medications requiring subcutaneous cutaneous
or mucosal membrane administration (95).

8.4 Personal care cleansers and
shampoos

Not surprisingly, there are many references citing the use
of betaines and imidazoline-derived amphoteric surfac-
tants in foaming systems. Examples include shampoos,
hair tint treatments, permanent waves formulations,
anti-dandruff preparations, hair revitalizing tonics,
shower gels, facial cleansers, foam baths, etc. Per-
formance claims include mildness, improved lathering,
cleansing/oil removal, suspending, viscosity stabilizing
and functional enhancement of actives such as hair
dyes (96-102).

8.5 Cosmetics

Broad pH surfactant compatibility characteristics have
contributed to greater usage of amphoteric surfactants
in a variety of "leave-on" cosmetic and skin treatment
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R - N
,CH2 CH2 COOH

CH2 CH2 COONa

R = Cetyl, stearyl

Figure 15.29. Structure of an amphoteric surfactant used to
stabilize emulsions (from ref. (110))

products. These include alpha-hydroxy acid treatment
creams, skin desquamation aids, cleansing gels and mas-
sage creams. Excellent skin feel and moisturization, cou-
pled with long term stability of the active components
are some requirements which must be met when devel-
oping such "new generation" beauty aids (103-108).

Amphoterics can also be used to stabilize emulsions
by immobilizing the oil droplets in a network to retard or
prevent coalescences (109). Chun (110), in a conference
paper presented in 1978, proposed using an amphoteric
surfactant (see Figure 15.29) in combination with a fatty
amphophile, such as cetyl alcohol, to form a gel network
(similar to that of liquid crystal formation) to further
improve emulsion stability. A number of commercial
skin preparations have used this technique to stabilize
treatment lotions.

8.6 Oral care products

As the line between therapeutic cosmetics (cosmeceuti-
cals) and drugs becomes more vague, the use of ampho-
teric surfactants in the development of products which
are evaluated through clinical trials is likely to increase.
This is especially true concerning the use of amphoteric
surfactants in the oral care industry.

Toothpastes contain foaming agents which impart
a pleasant feel to the mouth during use. This foam
also helps create a suspension of abrasive ingredients,
thereby improving cleaning efficacy. Sodium lauryl sul-
fate is typically used for this purpose (111). The use of
betaine as a surfactant alternative to sodium lauryl sul-
fate is not yet widespread in the North American market.
However, commercial products are now available inter-
nationally. Clinical studies describing the use of betaine
in oral care applications have been published (112), and
major producers, such as Procter & Gamble and Colgate
have been awarded patents in this area.

Herlofson and Barkpoll, in an experimental tooth-
paste study involving twenty eight subjects, determined
that sodium lauryl sulfate significantly increased the
incidence of desquamation of oral mucosa when com-
pared with cocamidopropyl betaine. Less toxic deter-
gents, such as cocamidopropyl betaine, were therefore
found to be desirable in oral care products (113).

Lukacovic, in a patent assigned to Procter and Gam-
ble, describes the preparation of a toothpaste containing
betaine surfactants such as cocamidopropyl betaine or
laurylamidopropyl betaine. This composition is said to
retard or stop the proliferation of plaque, which is detri-
mental to oral health (114).

Polefka, in a patent assigned to Colgate, utilized
cocamidopropyl betaine as a cationic-compatible sur-
factant in the preparation of another anti-plaque com-
position utilizing bisbiguanide as an antimicrobial
active (115). Similar plaque control claims are made
by Michaels, who describes a composition based on
a blend of Cio-Qg alkyl Af-sulfobetaine and CiO-Ci8

alkyl A^Af-dihydroxylethylamine oxide (116).

8.7 Pharmaceutical industry

The most recent patent references to amphoteric surfac-
tants for the pharmaceutical industry involve the devel-
opment of new diagnostic test methods. These include
immunochemical assays and improved genetic diagnos-
tic methods. In these applications, the selective use of
amphoteric surfactants has been shown to enhance the
sensitivity of detection (117-119).

8.8 Other industrial applications

The use of amphoteric surfactants in heavy industry
is a broad topic encompassing such varied applica-
tions as oil well and mining fluids, fire fighting foams,
printing inks, wastewater effluent recovery aids, leather
softeners, electroplating bath additives and corrosion
inhibitors (120-129). While these topics are beyond
the scope of this present chapter, they are worth men-
tioning since developments involving amphoteric sur-
factants here will ultimately have an impact on their
consumption and availability in consumer markets and
elsewhere.
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1 INTRODUCTION

The simplest types of polymeric surfactants are
homopolymers, with only one repeat unit in a single
sequential arrangement. Examples of homopolymers
are poly(ethylene oxide) (PEO), poly(vinyl pyrrolidone)
(PVP) and poly(acrylic acid) (PAA). Homopolymers
have little surface activity at the air/liquid (A/L) and
liquid/liquid (L/L) interface. However, they may adsorb
at the solid/liquid (S/L) interface. The reduction in
configurational entropy of the chain on approaching
the solid surface (an unfavourable process) may be
compensated by a sufficient adsorption energy. For high-
molecular-weight materials, a significant proportion of
the segments may reside in direct contact with the
surface (in "trains", see below). Even if the adsorption
energy per segment, xs» ls small (<0.1 kT, where
k is the Boltzmann constant and T is the absolute
temperature), the total adsorption energy per chain may
be sufficient to overcome the entropy loss. For example,
for a chain with 1000 segments and 10% in direct
contact with the surface, the adsorption energy per
chain is 10 kT which is sufficient for adsorption to take

place. In this case, hydrophobic interactions or van der
Waals forces are sufficient for adsorption. However, with
many surfaces stronger interaction between the polymer
segments and the particle surface may take place, e.g.
adsorption of PEO on silica, whereby the interaction
occurs through hydrogen bonding between the EO units
and the silanol groups on the surface.

Due to the relatively weak adsorption of homopoly-
mers at the L/L interface, and in some cases at the
S/L interface, homopolymers are seldom used as emul-
sifiers or dispersants. For this purpose, the molecule is
modified to include some specific units that have strong
adsorption to the surface. A good example is partially
hydrolysed poly(vinyl acetate), which is commercially
referred to as poly(vinyl alcohol) (PVA). The polymer
contains 4-12% acetate groups (i.e. 96-88% hydrol-
ysed) and these groups impart an amphipathic character
to the chain. The polymer becomes surface-active at the
L/L interface and hence it can be used as an emul-
sifier. In addition, on a hydrophobic surface such as
polystyrene, the acetate groups become preferentially
adsorbed on the surface of the particles, thus leaving the
PVA units dangling in solution as "loops" and "tails".
The latter provide the required steric stabilization.
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The most convenient polymeric surfactants are those
of the block (A-B and A-B-A) and graft (BAfI)
type, whereby the B chain is chosen to be insoluble
in the medium and having a strong affinity to the
surface (strong "anchoring"), whereas the A chain is
chosen to be highly soluble in the medium and strongly
solvated by it to provide effective steric stabilization
(see below). Examples of such block copolymers are
those based on PEO and polypropylene oxide) (PPO),
i.e. PEO-PPO-PEO, which are commercially available
with various proportions of PEO and PPO ("Pluronics"
by BASF and "Synperonic PE" by UNIQEMA). The
PPO chain adsorbs at a hydrophobic surface, leaving
the PEO chains dangling in solution. With oil-in-water
(O/W) emulsions, the situation is different since the PPO
chains are not soluble in most organic solvents. Since
the PPO chain is also insoluble in water, adsorption
occurs by a process referred to as rejection anchoring,
whereby the molecule is rejected from both phases to
the interface. In this respect, these block copolymers
are not the most suitable emulsifiers. A better block
is that based on PEO-polystyrene (PS), whereby the
PS chains ensure strong adsorption on a hydrophobic
surface. Triblocks of PEO-PS-PEO are very useful
as dispersants or emulsifiers, although these are not
commercially available.

Another useful class of dispersants/emulsifiers are the
graft copolymers consisting of one B chain and sev-
eral A chains grafted on to the backbone. These graft
copolymers are sometimes referred to as "comb" poly-
mers. Examples of suitable B chains are poly(methyl
methacrylate) (PMMA) or polystyrene, with A chains
of PEO or PVP. The copolymer is usually pre-
pared by grafting a macromonomer such as methoxy
poly(ethylene oxide) methacrylate with poly(methyl
methacrylate).

Block and graft copolymers exhibit surface activity
since one of the blocks is soluble in one of the
phases (e.g. oil) and the other is soluble in the other
phase (e.g. water). Since block and graft copolymers
are amphiphilic, they aggregate in solution to form
micelles. However, most block and graft copolymers
have low critical micelle concentrations (CMCs) and in
most cases it is difficult to measure this parameter. In
addition, the aggregation number of most block and graft
copolymers is low and this requires sensitive techniques
to measure them, e.g. time-average and dynamic light
scattering. By measuring the intensity of scattered light
(when using time-average measurements) as a function
of concentration, one can extrapolate the results to zero
concentration and obtain the molecular weight of the
micelle. In dynamic light scattering, we can measure the

hydrodynamic radius of the micelle and this can give a
rough estimate of the aggregation number.

2 SOLUTION PROPERTIES OF
POLYMERIC SURFACTANTS

2.1 Thermodynamic treatment

The solution properties of blocks and grafts are compli-
cated since the copolymer components A and B behave
differently in different solvents. In order to simplify the
analysis, one usually starts with a solvent in which both
A and B are soluble. In this case, the solution properties
approach those of a homopolymer, for which accurate
theories exist, e.g. in the thermodynamic treatment of
Flory and Huggins (1, 2). The latter considers the free
energy of mixing of pure polymer with pure solvent,
AGmix, in terms of two contributions, i.e. the enthalpy
of mixing, A//mix, and the entropy of mixing, ASmix, as
follows:

AGmix = A//mix - TA5mix (16.1)

A negative value of AGmix indicates that the dissolu-
tion process will occur spontaneously. The term T ASmix

is generally positive, since there is an increase in dis-
order on mixing a polymer with a solvent (positive
entropy). Thus, the sign of AGmiX depends on the sign
of A//mjx. The latter is usually positive and hence the
enthalpy term opposes the mixing of polymer and sol-
vent. However, when there is interaction between the
polymer and solvent molecules, e.g. through hydrogen
bonding, the enthalpy of mixing is negative and hence
dissolution of the polymer in the solvent is spontaneous.
A good example is PEO in water, where the EO units
will hydrogen-bond with the water molecules.

Assuming that the polymer chain adopts a configu-
ration on a lattice (provided by the solvent molecules)
and considering that the mixing is "random", A5mix is
given by the following:

= -k(nx In0i + « 2 l n 0 2 ) (16.2)

where n\ is the number of solvent molecules with a
volume fraction 0}, and n2 is the number of solvent
molecules with a volume fraction 02-

The heat of mixing of polymer solutions, A//mix,
was calculated by Flory and Huggins (1, 2) who
introduced the concept of contact energy as the cause
of the heat of mixing of polymer solutions. In this
treatment, the energy change on mixing is assumed
to arise from the formation of new polymer-sol vent
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contacts, which replace some of the solvent-solvent
and polymer-polymer contacts present in pure solvent
and pure polymer, respectively. By assuming that the
size of polymer segments to be similar to that of
solvent molecules, Flory and Huggins (1,2) introduced
a dimensionless parameter x> t n e Flory-Huggins
(polymer-sol vent) interaction parameter, given by the
following:

A H •

(16.3)
A//ra

X =

or:
A//mix = (16.4)

The x parameter can be used as a measure of the solvent
power; it has a value < 0.5 when the polymer is in a
good solvent, and a value > 0.5 when the polymer is in
a poor solvent. The point where x = 0 . 5 is referred to
as the ^-solvent point.

By combining equations (16.2) and (16.4), we obtain
the following:

AGmix = 06.5)

The mixing of a pure solvent with a polymer creates
an osmotic pressure, 7r, which can be expressed in terms
of the polymer concentration c2 and its partial specific
volume t>2, as follows:

7T/c2 = RT[(l/M2) + {v\l
(16.6)

The second term in equation (16.6) is known as the
second virial coefficient, B2, i.e.

n/c2 = RT{(\/M2) + B2c2 + - -

where B2 is given by the expression:

B2 = (v2
2/Vi)(\/2-X)

(16.7)

(16.8)

Note that B2 = 0 when x = 0.5, i.e. the polymer dis-
plays ideal mixing with the solvent (0-point). Under
these conditions, the polymer chains in solution have no
attraction or repulsion and they adopt their unperturbed
dimensions. B2 is positive when x < 0.5 and mixing of
the polymer with the solvent is non-ideal with a pos-
itive deviation (good solvent for the polymer). In this
case, a plot of n/c2 versus c2 gives a line with a pos-
itive slope. When B2 is negative, i.e. x > 0.5, mixing
is non-ideal with a negative deviation (poor solvent for
the polymer). In this case a plot of TT/C2 versus c2 gives
a line with negative slope. Under these conditions, the
polymer may precipitate out.

Since the polymer solvency depends on temperature,
one can also define a ^-temperature at which x = 0.5.

This concept was introduced by Flory and Krikbaum (3)
who postulated the presence of an excluded volume
for the polymer chain, i.e. the volume occupied by the
polymer chain which exhibits long-range intramolecular
interaction. These interactions were introduced as an
enthalpic term K\ and an entropic term \j/\. The two
terms become equal when AGmix = 0. The temperature
at which these conditions prevail in a given solvent is
the #-temperature, given as follows:

KjJ
(16.9)

It clear from equation (16.9) that when T = 0,
K\ = i/rj. At the #-temperature, the effects of excluded
volume are eliminated and the polymer chain adopts its
unperturbed conformation in dilute solutions.

The x parameters can be expressed in terms of K\
and V̂ i as follows:

(16.10)

(16.11)

Alternatively one can write:

[(\/2)-X] = fill-(0/T)]

Several experimental results cannot be accounted for
by the Flory-Huggins theory, such as the dependence
of the x parameter on polymer concentration and
phase separation of many polymer solutions on heating,
e.g. PEO.

The solution properties of copolymers are much more
complicated (4). The two copolymer components A and
B behave differently in different solvents. When the two
components A and B are both soluble in the same sol-
vent, they exhibit similar solution properties, e.g. a non-
polar copolymer in a non-polar solvent. With branched
copolymers of high monomer density (e.g. star-branched
copolymers), the 0-temperature depends on the length
of the arms and is in general lower than that of a linear
polymer with the same molecular weight. Another com-
plication arises from specific interaction with the sol-
vent, e.g. hydrogen bonding between polymer molecules
and solvent, e.g. PEO and PVA in water. Aggregation
in solution (lack of complete solution) and formation of
micelles may also present a problem in determining the
solution properties of block and graft copolymers.

2.2 Solubility parameters and cohesive
energy density

As is clear from the thermodynamic treatment discussed
above, it is not easy to predict the solubility of a poly-
mer in a given solvent, since this requires knowledge of
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the x parameter. A qualitative guide for predicting the
solubility of a polymer in a solvent is to use the solu-
bility parameter concept introduced by Hildebrand (5).
The enthalpy of mixing of solute and solvent could be
derived by using the heat of vaporization of a liquid in a
binary mixture. The energy of vaporization of any mate-
rial, A£ v , when divided by its molar volume, V, gives
a measure of the strength of the internal forces between
the molecules. This is termed the cohesive energy den-
sity (CED), given as follows:

CED =
A£ v

(16.12)

The CED is a measure of the "internal pressure" and
its square root is defined as the solubility parameter 8.
Thus, the enthalpy of mixing of polymer and solvent is
given by the following expression:

A//mix = (16.13)

or:

Thus, one can calculate the solubility parameter from
a knowledge of the heat of vaporization, A//M, and
the molar volume, VM- This is straightforward for
many solvents and values of 8 have been tabulated by
Barton (6). For polymers this is not easy since the heat
of vaporization is not known and other methods have
to be applied to determine the solubility parameter of
various polymers. Several experimental methods such
as the measurement of polymer swelling or intrinsic
viscosity may be applied. Alternatively, 8 may be
calculated from a knowledge of the molar attraction
constants, G, of the various functional groups in the
polymer (7, 8). The values of G for the various groups
are assumed to be additive:

8 =
M

(16.15)

It is usually found that polymers will dissolve in solvents
having solubility parameters within about one unit of
their own. The closer the values of 8 between polymer
and solvent, then the more soluble is the polymer.

2.3 Size and shape of polymers in
solution

A knowledge of the conformation of the polymer chains
in space is very important for its characterization. Once
a polymer-solvent pair has been selected, the physical

properties of the resulting solution are controlled by
how the polymer behaves among the solvent molecules.
Of particular importance is the size, or hydrodynamic
volume, of the polymer in solution. The polymer chain
may be envisaged as a coil continuously changing
its shape and hence its size as a result of thermal
fluctuations. Two useful parameters can be employed
for characterizing the conformation of the polymer in
solution, namely the root-mean-square (rms) end-to-
end length, (r2)1/2, which represents a configurational
character with r being the distance from one end group
to the other in a polymer chain molecule, and the radius
of gyration, (s2)1/2, which is a measure of the effective
size of a polymer molecule: The latter represents the rms
distance of the elements of the chain from its centre of
gravity.

For simple linear polymers, we have the following:

^ / 2 (16.16)

It is convenient to express r and s in terms of two
factors, i.e. an unperturbed dimension, r0 or s0 (i-e. in a
#-solvent) and an expansion factor a (which determines
the polymer expansion as a result of the solvation of the
polymer), as follows:

r^ = r ^ (16.17)

(16.18)

In a good solvent, a is greater than 1, and the greater
the value of a, then the better the solvent.

The radius of gyration of a polymer molecule in
solution can be determined from light scattering mea-
surements. This is straightforward for homopolymers
and for copolymers in solvents that are good for both
components A and B. However, it is essential to use
selective solvents, whereby the medium is a good sol-
vent for one component, say A, and a poor solvent for
the second component, B. In this case, one part of the
amphipathic block or graft copolymer will separate as
a distinct phase, while the other remains in solution.
The insoluble portion of the amphipathic copolymer will
aggregate reversibly to form micelles. It is believed that
the micelles of block and graft copolymers are spheri-
cal. The critical micelle concentration of block and graft
copolymers is usually very low.

Several methods may be used to obtain the micellar
size and shape of block and graft copolymers, e.g. light
scattering, small-angle X-ray scattering and small-angle
neutron scattering. Dynamic light scattering (photon
correlation spectroscopy (PCS)) can also be applied
to obtain the hydrodynamic radius of the micelle. By
measuring the intensity fluctuation of scattered light
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by the micelles (which undergo Brownian diffusion),
one can obtain the diffusion coefficient of the micelle,
D, from which the hydrodynamic radius, /?h, can be
obtained by using the Stokes-Einstein equation, as
follows:

D =
kT

67tT]Rh

where rj is the viscosity of the medium.

(16.19)

3 ADSORPTION AND
CONFORMATION OF POLYMERIC
SURFACTANTS AT INTERFACES

Understanding the adsorption and conformation of poly-
meric surfactants at interfaces is key to understanding
how these molecules act as stabilizers for suspensions
and emulsions. Most basic theories on polymer adsorp-
tion and conformation have been developed for the
solid/liquid interface (9). The same concepts may be
applied for the liquid/liquid interface, with some modi-
fications whereby some part of the molecule may reside
within the oil phase, rather than simply staying at the
interface. Such modifications do not alter the basic con-
cepts, particularly when one deals with the stabilization
by these molecules.

The process of polymer adsorption involves a
number of interactions that need to be carefully
considered. Three main interactions are obvious, i.e. the
surface/solvent, the chain/solvent and the chain/surface.
For adsorption to take place, then unfavourable entropy
loss when a polymer molecule approaches a surface
must be compensated for by an energy of adsorption
term. One usually describes the adsorption energy in
terms of the value per segment in direct contact with
the surface, xs- In addition, the polymer molecule
must displace the solvent molecules at the surface.
The interaction between the chain and the solvent, as
determined by the Flory-Huggins interaction parameter
X, also plays a major role in polymer adsorption.

Apart from knowing the above interactions, one of
the most fundamental considerations is the conformation
of the polymer molecule at the interface. This is
determined by the structure of the polymer molecule
(whether this is a homopolymer, a block or a graft
copolymer), its flexibility, molecular weight and the
various environmental conditions such as solvency,
temperature, addition of electrolyte, etc.

The simplest polymer conformation to consider is
that of a homopolymer (which consists of identical seg-
ments such as PEO or PVP), whereby the molecule
attaches itself with some segments ("trains") leaving

loops and tails dangling in solution (10). This is illus-
trated in Figure 16.1 (a). As mentioned above, for such
a molecule to adsorb, the total adsorption energy per
molecule (number of segments in trains x xs) must
overcome the entropy loss. A minimum value of x s is
required for adsorption and this value could be a fraction
of kT, since a large number of segments may be attached
to the surface. For example, with a polymer chain con-
sisting of 1000 segments, with a fraction of 0.1 in trains
and an adsorption energy per segment of OAkT, the total
adsorption energy per molecule is lOkT, which in most
cases is sufficient for adsorption to occur. However, with
highly water-soluble polymers such as PEO, the adsorp-
tion energy per segment on a hydrophobic surface may
be too small for adsorption to take place. In addition,
even if adsorption occurs, the molecule becomes weakly
adsorbed and hence it will not provide effective steric
stabilization (see below).

In order to enhance the adsorption of a molecule
on the surface, one may incorporate specific groups
on a random basis on the chain. These groups will
enhance the adsorption of the polymer and hence
may provide effective stabilization. A good example
is partially hydrolysed poly(vinyl acetate). The polymer
chain contains random segments of vinyl acetate (which
are hydrophobic in nature) and these will enhance the
adsorption of the molecule on a hydrophobic surface
such as polystyrene. The conformation of such molecule
is shown in Figure 16.1(b). Clearly if all of the segments
are made hydrophobic, the molecule will lie flat on
the surface, as represented in Figure 16. l(c). Such
molecules will not offer any steric stabilization.

(c)

Stabilizing
chains

| "Anchor"
part

Figure 16.1. Various conformations of polymeric surfactants
adsorbed on a plane surface: (a) random conformations of
loops-trains-tails (homopolymer); (b) preferential adsorption
of "short blocks"; (c) chain lying flat on the surface; (d) AB
block copolymer with loop-train conformation of B and long
tail of A; (e) ABA block copolymer, as in (d); (0 BA,, graft
with backbone B forming small loops and several tails of A
("teeth")
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The most favourable structures for polymeric sur-
factants are those of the block and graft type, rep-
resented in Figures 16.1(d-f). In all of these cases,
the chain B is chosen to be highly insoluble in the
medium and hence it adsorbs on the surface with sev-
eral attachment points (small loops) and this ensures
strong adsorption ("anchor") on the surface. The chain
A is chosen to have little affinity to the surface and
high affinity to the medium, i.e. strongly solvated by
the molecules of the solvent and having a x < 0.5. This
A chain provides the steric stabilization. The molecule
shown in Figure 16.1(d) represents the case of an A-B
block copolymer, that of Figure 16.1(e) represents the
case of an A - B - A block copolymer, whereas that of
Figure 16.1 (f) is that of a graft copolymer BAn.

Several theories describe the process of polymer
adsorption, with these having been developed by using
either the statistical mechanical approach or the quasi-
lattice model. In the first approach, the polymer is
considered to consist of three structure with different
energy states, i.e. trains, loops and tails (11, 12). The
structures close to the surface (trains) are adsorbed with
an internal partition function which is determined by the
short-range interaction forces between the segment and
surface. As mentioned above, this can be described by
an adsorption energy per segment, xs- The segments in
the loops and tails are considered to have an internal
partition function equivalent to that of the segments in
the bulk solution. These segments in loops and tails are
assigned a segment-solvent interaction parameter x (the
Flory-Huggins interaction parameter). By equating the
chemical potential of the macromolecule in the adsorbed
state with that in the bulk solution, the adsorption
isotherm can be obtained. In the earlier theories, the
case of an isolated chain on the surface (low coverage)
was considered. This is clearly an unrealistic model,
since even at low coverage the polymer concentration
on the surface is sufficiently high for lateral interactions
between the chains to take place. Later theories were
modified to take into account such lateral interactions.

The quasi-lattice model was developed by Roe (13)
and Scheutjens and Fleer (14) (SF theory) The basic
analysis considered all chain conformations as step-
weighted random walks on a quasi-crystalline lattice
that extends in parallel layers from the surface. This
is illustrated in Figure 16.2 which shows a possible
conformation of a polymer molecule at a flat surface.
The partition function was written in terms of the
number of chain configurations that were treated as
connected sequences of segments. In each layer parallel
to the surface, random mixing between the segments
and solvent molecules was assumed, i.e. by using
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Figure 16.2. Possible conformation of a polymer molecule at
an interface

Bragg-William or mean field approximations. Each step
in the random walk was assigned a weighting factor, pt,
which was considered to consist of three factors, i.e.
the adsorption energy x s , the configurational entropy of
mixing, and the segment-solvent interaction parameter
X- The only layer that contains these three contributions
is the first one, since the segments are directly attached
to the surface with a segment-surface adsorption energy
Xs. All other layers far from the first layer contain only
two factors (entropy of mixing and segment-solvent
interaction). A summary of the prediction from the
theory is given below.

Figure 16.3 shows typical adsorption isotherms plot-
ted as surface coverage in equivalent monolayers, 6,
versus the polymer volume fraction, 0*, in the bulk solu-
tion (0* was taken to vary between 0 and 10~3, which

X5=M<T

10"4 5X10"4 10~3

Volume fraction in bulk solution, 0*

Figure 16.3. Adsorption isotherms for oligomers and polymers
in the dilute region: ( ), x = 0.5; ( ), x = 0
(Xs = \kT\ hexagonal lattice)
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is the normal experimental range). The results presented
in Figure 16.3 show the effect of increasing the chain
length r (from r = 1 representing a solute molecule with
one segment, to r = 5000 which represents a very high-
molecular-weight polymer). The effect of solvency was
also considered by assigning the two extreme value of
X from 0 for an athermal solvent to 0.5 for a #-solvent.
The adsorption energy per segment, xs» w a s assigned
the same value of \kT.

When r = 1, 0 is very small and the adsorption
increases linearly with the increase in 0* (Henry's type
isotherm). On the other hand, when r = 10 the isotherm
deviates from such a straight line and approaches a
Langmuirian type with a near-plateau value at high 0*
values. However, when r > 20, high affinity isotherms
are obtained. In this case, the adsorption rises very
steeply at low polymer concentrations and thereafter
it reaches a pseudo-plateau region. The adsorption
isotherms for chains with r = 100 and above are typical
of those obtained experimentally for most polymers
that are not too polydisperse (i.e. showing a steep rise
followed by a nearly horizontal pseudo-plateau (which
only increases by few percent per decade increase in 0*.

In these dilute solutions, the effect of solvency
is most clearly seen, with a poor solvent (x = 0.5)
giving the highest adsorbed amounts. In a good solvent
(X = 0), 0 is much smaller (see the dashed lines in
Figure 16.3) and it levels off for long chains to attain
an adsorption plateau which is essentially independent
of the molecular weight. It should be noted that in most
real situations the x value is somewhere between 0 and
0.5 (probably nearer the latter value).

Some general features of the adsorption isotherms
over a wide concentration range can be illustrated by
using logarithmic scales for both 0 and 0* which also
highlights the behaviour in extremely dilute solutions.
Such a presentation (15) is shown in Figure 16.4. The
calculations show a linear Henry region followed by
a pseudo-plateau region. A transition concentration,
0£, can be defined by extrapolation of the two linear
parts. It was found that 0£ decreases exponentially with
increasing chain length and when r = 50, 0£ is so small
(10~12) that id does not appear within the log scale
shown in Figure 16.4.

The presentation in Figure 16.4 answers the question
of irreversibility versus reversibility of polymer adsorp-
tion. When r > 50, 0£ reaches such a low value that,
experimentally when using low polymer concentrations,
one cannot detect any polymer in solution. This means
that on dilution of the system after complete adsorp-
tion, desorption is practically impossible, since one has
to reach such low polymer concentrations in the bulk

Figure 16.4. Log-log presentation of adsorption isotherms for
various r values: x s = \kT\ x = 0-5; hexagonal lattice

(10 12). This lack of desorption under practical situa-
tions is one of the reasons for the effective stabilization
produced by macromolecular surfactants for suspensions
and emulsions.

According to the SF theory, the bound fraction of
segments in trains, p (number of segments in direct
contact to the surface relative to the total number of
segments in the chain), is high at low polymer concentra-
tions (0* < </>l), approaching unity and relatively inde-
pendent of the molecular weight when r > 20. With an
increase in surface coverage and/ or molecular weight, p
decreases, thus indicating the formation of larger loops
and tails.

The structure of the adsorbed layer (conformation of
the polymer at the interface) is described in terms of the
segment density distribution p(z) which is simply the
number of segments in each layer in the z-direction from
the surface. Calculations by Scheutjens and Fleer (14)
showed that for a chain with r = 1000, 0* = 10~5 and
X = 0.5, 38% of the segments are in trains, 55.5% in
loops and 6.5% in tails. This theory demonstrates the
importance of tails which dominate the total distribution
in the outer region of the adsorbed layer.

It is clear from the above theories that for full char-
acterization of polymer adsorption and configuration at
the interface, one needs to measure the following val-
ues, i.e. the amount of polymer adsorbed per unit area
of the surface, f(mol m~2), the fraction of segments in
direct contact with the surface (in trains), p, and the
segment density distribution p(z). Measurement of F
and p as a function of polymer concentration is fairly
straightforward. The parameter F can be directly deter-
mined by equilibrating a known amount of disperse
phase (particles or droplets) of known surface area with
polymer solutions with various concentrations, starting
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from very small values. When the system reaches equi-
librium (this may take hours or days depending on the
polymer molecular weight), the particles of the disperse
phase are removed by centrifugation and/or filtration.
The equilibrium concentration of the supernatant liquid
is determined by using a suitable analytical technique.
If C\ and C2 are respectively the initial and equilib-
rium concentrations of the polymer (i.e. before and after
adsorption), m is the mass of the disperse phase and A
its surface area, then F is simply given by the following:

F =
C, - C 2

mA
(16.20)

Figure 16.5 shows the adsorption isotherms at 25°C for
PVA (containing 12% acetate groups) on polystyrene
latex (16). The high-affinity isotherms for the polymers
and the clear increase in amount of PVA adsorbed
(mg m~2) with increase in molecular weight are clearly
shown. Indeed the amount of adsorption at the plateau
value increased linearly with the square root of the
molecular weight of the polymer, thus indicating a
near-random-coil arrangement at the surface with few
attached segments.

Figure 16.6 shows the adsorption isotherms (at 20°C)
of two graft copolymers based on a poly(methyl
methacrylate-methacrylic acid) backbone and PEO
chains, namely Atlox 4913 and Hypermer CG-6(a) (17).
The latter has a higher proportion of poly(methacrylie
acid) and hence contains a lower PEG chain density
than Atlox 4913. Two latex particles with diameters of
427 and 867 nm were used for these measurements. The
adsorption isotherms are of a Langmuir type and the
plateau value does not seem to depend on the particle
size. However, the adsorption plateau value of Hyper-
mer CG-6(a) (1.2mg m~2) is lower than that obtained
when using Atlox 4913 (1.6mg nT2). This is due to the

M= 67000
M= 45000
M= 43000

M= 8000

100 200 300 400 500 600

C2(ppm)

Figure 16.5. Adsorption isotherms of poly(vinyl alcohol) on a
polystyrene latex at 25°C
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Figure 16.6. Adsorption isotherms of graft copolymers on a
polystyrene latex at 20°C

lower PEO side-chain density with Hypermer CG-6(a)
when compared with that of Atlox 4913.

The effect of temperature on the adsorption isotherms
for both copolymers on the larger latex particles
(D = 867) is shown in Figure 16.7. In both cases,
adsorption increases with increase of temperature from
20 to 40°C. This is due to the reduction of solvency
of the medium for the side chains with increasing
temperature. Increase in the x parameter (with increase
of temperature) results in an increase in polymer
adsorption.
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Figure 16.7. Adsorption isotherms for (a) Atlox 4913 and
(b) Hypermer CG-6(a) on a polystyrene latex (D = 867 nm),
measured at 20 and 40° C
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The polymer-bound fraction p can be directly deter-
mined by using spectroscopic methods such as infrared
(IR), electron spin resonance (ESR) and nuclear mag-
netic resonance (NMR) spectroscopy. The latter method
depends on the reduction of the mobility of the seg-
ments that are in close contact with the surface. By using
pulsed-gradient NMR spectroscopy, one can obtain the
fraction of segments that are "immobilized" (near the
surface) and hence one can obtain p (18, 19). An indi-
rect method for the estimation of p is microcalorimetry.
In this method, basically one compares the enthalpy of
adsorption per molecule with the enthalpy of adsorption
of one segment (20); this ratio gives the number of seg-
ments per molecule in direct contact with the surface
and thus allows the calculation of p. The enthalpy of
adsorption per segment is assumed to be equivalent to
that for a small molecule with an equivalent structure.

The most difficult parameter to measure is the
segment density distribution p(z). The latter can be
obtained from ellipsometry and attenuated total reflec-
tion (spectroscopy) but these methods require the use of
a flat surface (21) and hence cannot be applied for the
practical systems of particles. For the latter case, small-
angle neutron scattering (spectroscopy) can be employed
to obtain p(z). The basic principle of this technique
is to measure the scattering due to the adsorbed layer,
when the scattering length density of the particle core is
matched to that of the medium (the so-called "contrast-
matching" method). For example, for polymer layers of
PVA or PEO on polystyrene latex in water, one can use
a deuterated latex in a medium of H2O and D2O (to
contrast the scattering length density of the deuterated
styrene with that of the medium) (22).

In view of the above difficulties in determining the
segment density distribution, one usually determines the
hydrodynamic thickness, <5h, which gives a measure of
the extension of the polymer layer from the surface.
This value is important when discussing steric stabiliza-
tion, as will be shown below. Several methods may be
applied to obtain 8h and these are all based on measur-
ing the hydrodynamic radius of a particle containing the
adsorbed layer, Rh. From a knowledge of the particle
core radius R, one can obtain <5h. For accurate measure-
ments, the adsorbed layer thickness has to be greater
than 10% of the core radius and hence one should use
small particles for these measurements.

One of the simplest ways to obtain the hydrodynamic
radius of a particle is to measure the relative viscosity
of dilute dispersions, rjr, and then apply the Einstein
equation to obtain the effective volume fraction of the
particles, 0eff- Assuming that the particles behave as hard
spheres (when 8h is small compared to the core radius

R) of non-interacting particles (which is the case at low
volume fraction), we can write the following:

rjT = 1 + 2.50eff (16.21)

From 0eft and <p (the core volume fraction), 8h can be
calculated as follows:

Peff = ' (16.22)

To apply the above method, one should use a dispersion
with monodisperse particles and so this limits its use for
emulsions which are often polydisperse in nature.

Another method for determining 8h is to apply
dynamic light scattering, referred to as photon cor-
relation spectroscopy (PCS). For this purpose, dilute
monodisperse particles must be used. From measure-
ments of the intensity fluctuations of scattered light by
the particles as they undergo Brownian diffusion, one
can obtain the diffusion coefficient D, which can be
used to obtain the hydrodynamic radius by using the
Stokes-Einstein equation (equation (20.19)). By mea-
suring D for the particles, both with and without the
polymer layer, one can obtain Rh and R, respectively.
One should make sure that the bare particles are suffi-
ciently stable; 8h is then equal to (Rh — R).

The dynamic light scattering method cannot be
applied for emulsions since these cannot be prepared
in a monodisperse form. However, by measuring the
adsorbed layer thickness on a model monodisperse
hydrophobic particle such as polystyrene, one can make
the assumption that the layer thickness is similar to that
obtained on an emulsion droplet.

4 STABILIZATION OF DISPERSIONS
CONTAINING POLYMERIC
SURFACTANTS

Solid/liquid (suspensions) and liquid/liquid (emulsions)
dispersions can be prepared by using polymeric surfac-
tants, which ensure their long-term physical stability,
i.e. prevention of both flocculation and coalescence of
the emulsions. The stabilization produced by polymers
is usually referred to as steric stabilization, and arises
from two main effects (23). First, an unfavourable mix-
ing of the stabilizing polymer chains when these are in
good solvent conditions - this is referred to as the mix-
ing free energy Cmix (osmotic repulsion). Secondly, a
reduction of the configurational entropy of the chains on
significant overlap - this is referred to as the elastic free
energy Gei (entropic or volume restriction repulsion). A
summary of the two effects is given below.
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4.1 Mixing interaction

When two particles containing an adsorbed or grafted
polymer layer, with thickness <5h, approach to a surface-
to-surface distance of separation h which is less than
28h, the polymer chains may undergo some penetration
and/or compression. In both cases, there will be an
increase in the segment density of the chains in the
interaction zone. A schematic representation of this
interaction is given in Figure 16.8 which shows the very
simple case of two equal spheres, with an adsorbed
layer of thickness 8 (with uniform segment density), a
polymer volume fraction 02 and an overlap zone of dV.
Before overlap, the chemical potential of the solvent in
the adsorbed layer is /zf. In the overlap zone dV, the
chemical potential of the solvent is jif which is lower
than u" (i.e. the osmotic pressure in the overlap zone is
higher than that in the layer before overlap). As a result,
solvent will diffuse from the bulk, thus separating the
particles (i.e. leading to strong repulsion). This condition
is satisfied provided that the stabilizing polymer chains
(A in a block or graft copolymer) are in good solvent
conditions (i.e. x < 0.5).

The above mixing interaction can be calculated from
a consideration of the free energy of mixing two polymer
solutions, e.g. by using the Flory-Krigbaum theory (3),
as follows:

kT

(16.23)

It is clear from equation (16.23) that when the Flory-
Huggins interaction parameter x is l e s s than 0.5, i.e.
the stabilizing chains are in good solvent conditions,

Chemical
potential
of solvent

Gmix is positive and the interaction is repulsive. The
GITLix value increases very rapidly with a decrease in
h when the latter is less than 28. This explains whey
graft copolymers, such as Atlox 4913 or Hypermer
CG-6(a) are ideal for the stabilization of suspensions
in aqueous media. For the stabilization of dispersions
in non-aqueous media, such as water-in-oil (W/O)
emulsions, the stabilizing chain has to be soluble in
the oil phase (normally a hydrocarbon oil). In this
case, poly(hydroxystearic acid) (PHS) chains are ideal.
An ABA block of PHS-PEO-PHS (Arlacel PI35,
from UNIQEMA) is ideal for the stabilization of W/O
emulsions.

Equation (16.23) also shows that when x > 0.5,
i.e. the chains are in poor solvent conditions, Gmix is
negative and the interaction becomes attractive. This
explains the phenomenon of incipient flocculation which
may occur when the medium become a poor solvent
of the chains. This can occur if a non-solvent for the
chains is added to the medium, on the addition of
high salt concentrations to the aqueous medium (which
is sufficient to "salt-out" the chain, or by increasing
temperature (whereby the chains become less soluble
at high temperature, e.g. PEO).

The condition x = 0-5 is referred to as the 0-
point and denotes the onset of change of repulsion
to attraction, i.e. the onset of flocculation. In many
cases, there is good correlation between the 0-point
and the flocculation point (e.g. the critical flocculation
temperature).

4.2 Elastic (volume restriction or
entropic) interaction

This arises from the loss of configurational entropy
of the chains, particularly at significant overlap. This
is schematically illustrated in Figure 16.9 for a simple
case where the chain is represented by one rod with
one attachment point that rotates freely on the surface
when the surfaces are separated by an infinite distance.
Under these conditions, the rod has a number of
configuration Q.^ which is proportional to the volume

'//////////////A

h\!

Figure 16.8. Schematic representation of the overlap of two
polymer layers

Number of configurations, Q°° &

Figure 16.9. Schematic representation of the elastic interaction
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of the hemisphere "swept out" by the rod on free
rotation. When the two surfaces approach a distance
h which is smaller than the radius of the hemisphere
swept out by the rod, the volume available to the chains
becomes smaller and this results in a reduction in the
configurational entropy to a value Q which is smaller
than £2oo. This results in strong repulsion and the effect
is referred to as an elastic, volume restriction or entropic
repulsion, given by the following:

Gd = 2v In
Q

(16.24)

weak attraction that may occur at large separation dis-
tances may be overcome by Brownian diffusion and the
dispersion approaches thermodynamic stability. This is
particularly the case with dilute dispersions. However,
with concentrated dispersions, the small energy mini-
mum may be sufficient to cause some weak flocculation,
although in practice this may not be a problem since the
system can be redispersed by gently shaking. Indeed,
such a phenomenon of weak flocculation is beneficial in
some cases, for example, in the prevention of formation
of hard sediments.

where v is the number of chains per unit area of the
surface. The parameter Gei is always positive (repulsive)
and becomes very high on significant overlap of the
chains.

Plots of Gmix, Gei and GA (the van der Waals
attraction) versus h are given in Figure 16.10, which
also shows the variation of the net total interaction
energy, GT, given by the following:

+ + GA = Gs + G/y (16.25)

The mixing interaction, Gmix, increases very rapidly with
a decrease in h when h < 28 (and x < 0.5), while GcJ

also increases very rapidly with decrease of h on further
overlap. The GT-h curve shows a minimum (Gmin) at
h ^ 28, but when h < 28, Gj increases very rapidly
with further decreases in h. The depth of the minimum
depends on the particle size, the Hamaker constant (A)
and the adsorbed layer thickness 8. For a given par-
ticle size with a Hamaker constant A, Gmin decreases
as 8 increases. When 8 reaches values of the order of
5-10 nm, G ^ becomes quite small (particularly when
the particle radius is small, say < 1 urn). In this case, the

Figure 16.10. Schematic representation of the variation of
Gmix, Gei, GA and Gj with h

4.3 Main criteria for effective steric
stabilization

From the above discussion, one can summarize the
most important criteria for effective steric stabilization
when using polymeric surfactants. First, there should be
enough polymer to ensure complete coverage of the par-
ticle surface by the chains. This will prevent any attrac-
tion between the bare patches of the particles, while
it also prevents any bridging flocculation (simultaneous
adsorption of the chain on more than one particle).

The second and most important criterion for effective
steric stabilization is to ensure strong adsorption of the
chain to the particle surface (a strong "anchor" to the
surface is essential). This prevents any displacement
of the chains on close approach of the particles. This
is particularly the case with concentrated dispersions,
whereby the particles approach each other to close
distances of separation. In order to ensure a strong
"anchor" to the surface, one uses block and graft
copolymers (A-B, A - B - A and BA«). The chain B is
chosen to be highly insoluble in the medium and should
have strong affinity to the surface. Suitable examples of
B chains for hydrophobic particles in aqueous media are
polystyrene and poly(methyl methacrylate).

The third criterion for effective stabilization is to
ensure that the stabilizing chain A remains in good
solvent conditions under all practical situations, for
example during storage (at different temperatures) and
on application. For aqueous media, the most effective
A chains are those based on PEO, PVA and PVP. Such
chains are highly solvated by water and can also tolerate
reasonable amounts of electrolytes.

The last criterion for effective steric stabilization is
to have a sufficiently thick or grafted polymer layer to
screen the van der Waals attraction. An adsorbed layer
thickness in the region of 5-10 nm is usually sufficient
in most cases, particularly when the dispersion particle
size is not too high (a few urn). With graft copolymers,
a molecular weight of the side chains of the order of
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1000-2000 is usually adequate, since in this case the
chains then become extended (forming a "brush").
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1 GEMINI SURFACTANTS

1.1 Introduction

The term "gemini surfactant" was coined by Menger
in 1991. A gemini surfactant may be viewed as a surfac-
tant dimer, i.e. two amphiphilic molecules connected by
a spacer. Figure 17.1 shows the general structure. Gem-
ini surfactants are also referred to as "twin surfactants",
"dimeric surfactants" or "bis-surfactants".

The spacer chain, which can be hydrophilic or
hydrophobic, rigid or flexible, should bind the two
moieties together at, or in close proximity to,
the head-groups. Connecting two surfactant moieties

towards the end of their hydrophobic tails results in
a so-called "bolaform surfactant" and the physico-
chemical properties of such species are not very
interesting. Most geminis are composed of two
identical halves, but unsymmetrical gemini surfactants
have also been synthesized, either having different
hydrophobic tail lengths, or different types of polar
groups ("heterogemini surfactants"), or both. In recent
years, "higher oligomers" of single surfactants, i.e.
"tris-surfactants", "tetrasurfactants", etc. have also been
synthesized. Little is known today about properties and
usefulness of these species, however.

Gemini surfactants have not yet reached the mar-
ket on a large scale. They are, however, attracting

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
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386 SURFACTANTS

Hydrophobic
tail

Hydrophobic
tail

Figure 17.1. Schematic structure of gemini surfactants

considerable attention, both in industry and in academia.
Some gemini surfactants, in particular symmetrical
cationic ones, are made from readily available raw mate-
rials by a straightforward synthesis, as discussed below.
Thus, they should not be regarded as just being research
curiosities.

Figure 17.2 shows examples of gemini surfactants,
which have been somewhat randomly taken from the
literature. Compounds 1-3 are cationics differing in
the type of spacer unit connecting the two ionic
moieties. The spacer of Compound 1 is hydrophobic
and flexible, that of Compound 2 is hydrophilic and
flexible, while that of Compound 3 is hydrophobic and
rigid. Compound 4 is a typical nonionic gemini and
Compound 5 is an anionic one, based on the same
backbone structure. Compounds 6 and 7, finally, are
examples of heterogemini surfactants.

1.2 Synthesis

Cationic geminis such as Compounds 1-3 of
Figure 17.2 are conveniently prepared by reacting
an alkyldimethylamine with an a,&>-dihalo compound.
Dibromo reagents are more reactive and are usually
employed in laboratory synthesis, although the
corresponding dichloro compounds may be preferred in
large scale preparation:

2R-N(CH3)3 + Br-X-Br • R-N+(CH3)2-X-N+

x (CH3)2-R.2Br (17.1)

where R is an alkyl group of normal surfactant chain
length such as C12H25. X can be an alkylene group
to give a hydrophobic, flexible spacer, while it can
be CH2CH(OH)CH2 or CH2(CH2OCH2),,CH2 to give
a hydrophilic flexible spacer, or it can be CH2-O-CH2

to give a hydrophobic, rigid spacer (4> denotes a phenyl
ring, i.e. in this case C6H4).

For the specific (but important) case when X equals
CH2CH2 in equation (17.1), the dihalo compound is not
very reactive. The preferred synthesis route is then as
follows:

2RBr + (CH3)2N-CH2CH2-N(CH3)3

• R-N+(CH3)2-CH2CH2-N+(CH3)2-R.2Br
(17.2)

Anionic and nonionic geminis are often prepared by
ring opening of a bisepoxide, giving a bishydroxyether
intermediate. We show below a synthesis of a gemini
surfactant with sulfates as the polar headgroups (Com-
pound 5 of Figure 17.2):

2 ROH + CH2— C H - Y - C H - CH2
\ / \ /

Me O

— - R - O - C H o - C H - Y - C H - C H o - O - R

OH OH (17.3)

SO3
R - O - C H 2 - C H - Y - C H - C H 2 - O - R

OSO3- OSO3-

where R is an alkyl group of normal surfactant chain
length and Y is -OCH2CH2O.

Below is shown the synthesis for the heterogemini
surfactant Compound 7 of Figure 17.2:

CH3(CH2)7CH= CH(CH2)7CN

H 2 O 2

CH3(CH2)7CH- CH(CH2)7CN
\ /
O
HO-(CH2CH2O)/7-CH3

CH3(CH2)7CH- CH(CH2)7CN
I I

OH O-(CH2CH2O),,-CH3

SO3

CH3(CH2)7CH- CH(CH2)7CN Na+

I I
"O3SO O - (CH2CH2O),? - CH3

(17.4)
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— N-CH2-(CH2—O-CH2^CH2-N+— NT_
/

OSO3 OSOi

O—CH2—CH2—O-

r i
) = P — O — CH2 — CH2-N —

O

OSO3 O - f c H 2 - C H 2 - o 4 - C H 3
| I V in
CH CH

Figure 17.2. Structures of some gemini surfactants. Compounds 1-3 are cationics differing in the type of spacer unit, Compounds
4 and 5 are nonionic and anionic surfactants, respectively, based on the same backbone structure, while Compounds 6 and 7 are
heterogemini surfactants, having non-equal polar head-groups
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1.3 Micellization and behaviour at the
air-water interface

A very striking feature of gemini surfactants is that they
start to form micelles at a concentration more than one
order of magnitude lower than that of the correspond-
ing "monomer" surfactant. The low value of the critical
micelle concentration (CMC) is an important property,
implying, for instance, that geminis are very effective in
solubilizing oily components. The efficiency of geminis,
expressed as the C2o value, i.e. the surfactant concen-
tration at which the surface tension (y) is lowered by
20 mN/m, is also very high, again when compared with
the monomeric species. The effectiveness of geminis,
which is given by the value of the surface tension at the
CMC (YCMC) is usually also somewhat better than for
the corresponding monomeric surfactants. Figure 17.3
shows surface tension plots for a cationic gemini surfac-
tant and for the corresponding monomeric amphiphile.

The dynamic surface tension is an important
property, relevant to many practical, non-equilibrium
processes such as emulsiflcation and foaming. Dynamic
surface tension is a measure of how fast, in the
millisecond range, a surfactant decreases the surface
tension from the value of pure water (around 70 mN/m)
to values in the range of 30 mN/m. It has been found that
the type of spacer governs the dynamic surface tension
of geminis to a considerable degree, i.e. the longer and

the more flexible the spacer, then the better, i.e. the
shorter, the time before the onset of surface tension
reduction.

Geminis with flexible spacers, both hydrophilic and
hydrophobic, generally show lower YCMC values than
the corresponding surfactants with rigid spacers. This is
probably due to a better packing of the former at the
air-water interface (see below).

As mentioned above, geminis have remarkably low
CMC values when compared with conventional surfac-
tants of the same hydrocarbon chain length. CMC ratios
as high as 80 between monomeric and dimeric species
have been reported. Somewhat surprisingly, the CMC
values are not very dependant on the polarity of the
spacer. The values change with the length of the spacer,
however, as is illustrated in Figure 17.4 for three series
of cationic gemini surfactants, all having hydrophobic
spacers. For all three series, there is a CMC maximum
at a spacer length of 5-6 carbon atoms. This maximum
has been attributed to changes of spacer conformation
and its resulting effect on head-group hydration and
alkyl chain orientation. When the spacer becomes long
enough it is likely to twist in order to allow its middle
portion to reside in the micelle interior, thus contribut-
ing to the hydrophobicity of the surfactant. For geminis
with a hydrophilic spacer, such as oligo(ethylene gly-
col), the CMC values keep increasing with increasing
spacer chain length.

|

-1

Figure 17.3. Surface tension versus log concentration plots of
the gemini surfactant Ci2H25N(CH3)2-(CH2)3-N(CH3)2Ci2
H252+.2Br~(#) and the monomeric surfactant
Ci2H25N(CH3)3

 + .Br-(B). (From R. Zana, Dimeric (gemini)
surfactants, in Novel Surfactants (Ed. K. Holmberg), Surfactant
Science Series 74, Marcel Dekker, New York, 1998)
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10"* I 1

12 16
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Figure 17.4. Variation of CMC against the number of methy-
lene groups, s, in the spacer for three series of cationic gemini
surfactants: ( • ) CloH2iN(CH3)2-(CH2),-N(CH3)2C1oH21

2+.
2Br~; (V) Ci2H25N(CH3)2-(CH2)9-N(CH3)2Ci2H25

2+.2Br-;
(O) C16H33N(CH3)2-(CH2),-N(CH3)2Ci6H332+.2Br-. (From
R. Zana, Dimeric (gemini) surfactants, in Novel Surfactants (Ed.
K. Holmberg), Surfactant Science Series 74, Marcel Dekker,
New York, 1998)
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The area occupied by a surfactant at the air-water
interface can be obtained from the slope of the curve
of surface tension, y, versus the logarithm of surfactant
concentration, In C, using the Gibbs equation, which can
be expressed as follows:

1

nRTJ \d\nCj
(17.5)

where V is the surface excess concentration, n is 3
for ionic gemini surfactants, R is the gas constant and
T is the absolute temperature. Figure 17.5 shows the
variation of area per surfactant molecule at the surface
with the spacer length for a series of cationic gemi-
nis. As can be seen, there is a pronounced maximum
at 10-12 carbon atoms in the spacer. This maximum
has been explained in terms of change of location
of the hydrophobic spacer. At chain lengths below
10, the spacer lies more or less flat at the interface,
thus occupying a larger and larger area as the num-
ber of methylene groups increases. Above around 12
carbon atoms, the spacer chain starts to fold, hence
forming a loop into the air. This is analogous to
the explanation of the relationship between CMC and
the chain lengths of the hydrophobic spacers given
above.

3 -i

2 -

1 -

I
12 16 20

Figure 17.5. Variation of the area, a, per surfactant molecule
at the air-water interface against the number of methylene
groups, s, in the spacer for the series of gemini surfact-
ants Ci2H25N(CH3)2-(CH2)5-N(CH3)2Ci2H25?+.2Br-. (From
R. Zana, Dimeric (gemini) surfactants, in Novel Surfactants
(Ed. K. Holmberg), Surfactant Science Series 74, Marcel
Dekker, New York, 1998)

1.4 Micelle shape and effect on rheology
of solutions of gemini surfactants

At low concentrations, i.e. just above the CMC, cationic
geminis form spherical micelles just as their monomeric
counterparts do. The aggregation number, i.e. the num-
ber of molecules that make up a micelle, for surfactants
with 12 carbon atoms in the hydrophobic tails goes from
around 40 for the species with two methylene groups
as the spacer to around 25 for the surfactant with a
ten-methylene spacer unit. The surfactants with short
spacers (two, three and four methylene groups) show a
very steep growth of the aggregation number with con-
centration, thus indicating a transition from spherical
to elongated micelles, already at a very low surfac-
tant concentration. The surfactants with longer spacer
units show a much less pronounced micelle growth
with increasing concentration, in this respect resembling
the behaviour of the corresponding monomeric surfac-
tants. The difference in the slopes of the plots of the
aggregation numbers versus surfactant concentrations
between geminis with short spacers and those with long
spacers, schematically illustrated in Figure 17.6, can be
explained as follows. When the spacer consists of four
carbon atoms or less, the distance between the charged
head-groups becomes shorter than the inter-head-group
distance in conventional micelles. The surfactant pack-
ing in the micelles will therefore be different from the
packing of the corresponding normal surfactant hav-
ing the same hydrophobic tail. The gemini surfactant
can be said to pack as if the polar head-group were
smaller than it really is. This is the reason why the tran-
sition from spherical to rod-like aggregates occurs so
readily; for geometrical reasons, surfactants with small

100
90
80
70
60
50
40
30
20
10
0 i 1 1 1 1 1 1

0 50 100 150 200 250 300 350

C{mM)

Figure 17.6. Variation of micelle aggregation number, N,
with surfactant concentration, C, for cationic geminis with
C12H25 hydrophobic tails and with different lengths of the
spacer: ( ) three methylene groups; ( ) four
methylene groups; ( ) five methylene groups. The
monomeric analogue, didodecyldimethylammonium bromide,
is shown as a reference ( - • • • - • • •). (Data taken from
K. Esumi et ai, Langmuir, 13, 2585 and 2803 (1997))
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Figure 17.7. Variation of the zero shear viscosity, 77, with the
surfactant volume fraction, O, of solutions of the cationic gem-
ini surfactant C ^ ^ N t C ^ - t C ^ - N ^ ^ h C ^ s 2 * .
2Br~ at 20°C. (From F. Kern et al, Langmuir, 10, 1714
(1994))

head-group areas prefer to arrange themselves in elon-
gated structures. When the spacer length becomes equiv-
alent or larger than the normal inter-head-group distance
in micelles of cationic surfactants, the growth of the
micelle with surfactant concentration for geminis is sim-
ilar to that displayed for monomeric surfactants.

The shape of the micelles governs the solution
viscosity of gemini surfactants. The cationic gemini
surfactant with C12H25 hydrophobic tails and a two-
methylene spacer unit exhibits a dramatic viscosity
increase at about 2 wt% surfactant. As can be seen
from Figure 17.7, the viscosity increases between six
and seven orders of magnitude within a rather narrow
concentration range. This is a much more pronounced
viscosity increase with concentration than what one nor-
mally encounters with cationic surfactants and can be
accounted for by the sharp transition from spherical
to thread-like micelles characteristic of geminis with
short spacer units. It can also be noted that thread-like
micelles, and thus increased viscosity, can be induced
by the use of an applied shear already at a concentra-
tion below that where they form under static conditions.
The unusual rheological behaviour of gemini surfactants,
which takes place at relatively low surfactant concentra-
tions, can have important practical consequences.

1.5 Concluding remarks

This overview only covers isolated aspect of the inter-
esting chemistry of gemini surfactants. This surfactant

class is subject to much evaluation work at present and
one may foresee that the attractive features of these sur-
factants, such as high efficiency, low CMC and YCMC*
and a very steep rise in viscosity with concentration, will
find practical use. The high surfactant efficiency and the
low CMC has triggered much effort into using gem-
ini surfactants as solubilizers of various kinds. In model
experiments, using hydrocarbons as the compounds to be
solubilized, geminis have been found to be significantly
better than conventional surfactants, both on molar and
on weight basis. It may be that the tubular shape of
the aggregates contributes to the excellent solubilization
capacity of geminis.

Much effort is also devoted to exploit the specific
geometry of gemini surfactants to create structures of
well-defined geometry. Gemini surfactants form vesicles
and liquid crystalline phases over broad concentration
ranges, a property that can be taken advantage of for
a variety of applications. One example of such work
is the preparation of a mesoporous molecular sieve
called MCM-48. This material is cubic in structure and
is characterized by a three-dimensional pore system.
It is made from a template of a cubic liquid crystal
composed of cationic geminis with very long spacer
units, typically 12 methylene groups. The liquid crystal
is formed in a solution of tetraetylorthosilicate. The
silicate is allowed to gel by a pH adjustment, hence
solidifying the liquid crystalline structure. The surfactant
is subsequently removed by a calcination procedure
leaving a residue with a very high surface area and
an extremely well-defined pore radius. The radius can
be tailor-made by the choice of surfactant: the cationic
gemini with C16H33 hydrophobic tails gives a pore radius
of 12 A, while that with C18H37 tails gives a pore radius
of 13 A. This kind of synthesis precision is valuable
in materials technology, e.g. in the synthesis of carrier
materials for heterogeneous catalysis.

2 CLEAVABLE SURFACTANTS

2.1 Introduction

By tradition, surfactants are stable species. Among the
surfactant work-horses, e.g. anionics such as alkylben-
zene sulfonates and alkyl sulfates, nonionics such as
alcohol ethoxylates and alkylphenol ethoxylates, and
cationics such as alkyl quats and dialkyl quats, only the
alkyl sulfates are not chemically stable under normal
conditions. Through the years the susceptibility of alkyl
sulfates to acid-catalysed hydrolysis has been seen as
a considerable problem, particularly well-known for the
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most prominent member of the class, i.e. sodium dodecyl
sulfate (SDS). The general attitude has been that weak
bonds in a surfactant may cause handling and storage
problems and should therefore be avoided.

In recent years, the attitude towards easily cleavable
surfactants has been changed. Environmental concern
has become one of the main driving forces for the devel-
opment of new surfactants and the rate of biodegradation
has become a major issue. One of the main approaches
taken to produce readily biodegradable surfactants is to
build into the structure a bond with limited stability. For
practical reasons, the weak bond is usually the bridging
unit between the polar head-group and the hydropho-
bic tail of the surfactant, which means that degradation
immediately leads to destruction of the surface activ-
ity of the molecule, an event usually referred to as
the primary degradation of the surfactant. Biodegrada-
tion then proceeds along various routes, depending on
the type of primary degradation product. The ultimate
decomposition of the surfactant, often expressed as the
amount of carbon dioxide evolved during four weeks
exposure to appropriate micro-organisms, counted as the
per cent of the amount of carbon dioxide that could
theoretically be produced, is the most important mea-
sure of biodegradation. It seems that for most surfac-
tants containing easily cleavable bonds, the values for
ultimate decomposition are also higher than for the cor-
responding surfactants lacking the weak bond. Thus, the
strong trend towards more environmentally benign prod-
ucts favours the cleavable-surfactant approach on two
accounts.

A second incentive for the development of cleavable
surfactants is to avoid complications such as foaming
or formation of unwanted, stable emulsions after use of
a surfactant formulation. Cleavable surfactants present
the potential for elimination of some of these problems.
If the weak bond is present between the polar and the
non-polar part of the molecule, cleavage will lead to
one water-soluble and one water-insoluble product. Both
moieties can usually be removed by standard work-up
procedures. This approach has been of particular interest
for surfactants used in preparative organic chemistry and
in various biochemical applications.

A third use of surfactants with limited stability is to
have the cleavage product impart a new function. For
instance, a surfactant used in personal care formulations
may decompose on application to form products bene-
ficial to the skin. Surfactants that after cleavage impart
a new function are sometimes referred to as "functional
surfactants".

Finally, surfactants that, in a controlled way, break
down into non-surfactant products may find use in

specialized applications, e.g. in the biomedical field.
For instance, cleavable surfactants which form vesicles
or microemulsions can be of interest for drug delivery,
provided that the metabolites are non-toxic.

Most cleavable surfactants contain a hydrolysable
bond. Chemical hydrolysis is either acid- or alkali-
catalysed and many papers have discussed the surfactant
breakdown in terms of either of these mechanisms. In
the environment, bonds susceptible to hydrolysis are
often degraded by enzymatic catalysis, but few papers
dealing with cleavable surfactants have investigated
such processes in vitro. Other approaches that have
been taken include the incorporation of a bond that
can be destroyed by UV irradiation or the use of an
ozone-cleavable bond. This presentation is subdivided
according to the type of weak linkage present in the
surfactant.

2.2 Acid-labile surfactants

2.2.1 Cyclic acetals

Cyclic 1,3-dioxolane (five-membered ring) and 1,3-
dioxane (six-membered ring) compounds, illustrated
in Figure 17.8, were early examples of acid-labile
surfactants. They are typically synthesized from a long-
chain aldehyde by reaction with a diol or a higher polyol.
Reaction with a vicinal diol gives the dioxolane, while
1,3-diols yield dioxanes.

If the diol contains an extra hydroxyl group, such as
in glycerol, a hydroxy acetal is formed and the remaining
hydroxyl group can subsequently be derivatized to
give anionic or cationic surfactants, as illustrated in
Figure 17.9. It is claimed that glycerol gives ring
closure to dioxolane, yielding a free, primary hydroxyl

(a)

R — C

(b)

HO — C
I

HO — C

HO-C —

HO-C—N

R-CH I

1/
O —C

R-CH
\
O —C

Figure 17.8. Preparation of (a) 1,3-dioxolane and (b) 1,3-
dioxane surfactants from a long chain aldehyde and a 1,2-
and a 1,3-diol, respectively. (From K. Holmberg, Cleavable
surfactants, in Novel Surfactants (Ed. K. Holmberg), Surfactant
Science Series 74, Marcel Dekker, New York, 1998)
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Figure 17.9. Examples of anionic (I) and cationic (II) 1,3-dioxolane surfactants
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group, but it is likely that some dioxane with a free,
secondary hydroxyl group is formed as well. This free
hydroxyl group can be treated with SO3 and then
neutralized to give the sulfate, it can be reacted with
propane sultone to give the sulfonate, or it can be
substituted by bromine or chloride and then reacted
with dimethylamine to give a tertiary amine as the
polar group. Quaternization of the amine can be made
in the usual manner, e.g. with methyl bromide. The
remaining hydroxyl group may also be ethoxylated to
give nonionic chemodegradable surfactants. The rate
of decomposition in sewage plants of this class of
nonionic surfactants is much higher than for normal
ethoxylates.

Hydrolysis splits acetals into aldehydes, which are
intermediates in the biochemical /?-oxidation of hydro-
carbon chains. Acid-catalysed hydrolysis of unsub-
stituted acetals is generally facile and occurs at a
reasonable rate at pH 4-5 at room temperature.
However, electron-withdrawing substituents, such as
hydroxyl, ether oxygen and halogens, reduce the hydrol-
ysis rate. Anionic acetal surfactants are more labile than
cationic, a fact that can be ascribed to the locally high
oxonium ion activity around such micelles. The same
effect can be seen also for surfactants forming vesicular
aggregates, again undoubtedly due to differences in the
oxonium ion activity in the pseudo-phase surrounding
the vesicle. Acetal surfactants are stable at neutral and
high pH levels.

The 1,3-dioxolane ring has been found to corre-
spond to approximately two oxyethylene units with
regard to effect on the CMC and adsorption char-
acteristics. Thus, surfactant type I in Figure 17.9
should resemble ether sulfates of the general formula
R(OCH2CH2)2OSO3Na. This is interesting since the
commercial alkyl ether sulfates contain two to three
oxyethylene units.

2.2.2 Acyclic acetals

Alkyl glucosides, often somewhat erroneously referred
to as alkyl polyglucosides or APGs, are cyclic com-
pounds but since the ring does not involve the two
geminal hydroxyl groups of the aldehyde hydrate, it is
included here in the category of acyclic acetals. Alkyl
glucosides are by far the most important type of acetal
surfactant.

Alkyl glucosides are made either by direct condensa-
tion of glucose and a long-chain alcohol or by transac-
etalization of a short-chain alkyl glucoside, such as ethyl
glucoside, with a long chain alcohol, in both cases by
using an acid catalyst (Figure 17.10). The procedure
leads to some degree of sugar ring condensation, the
extent of which can be governed by various means, e.g.
the ratio of long-chain alcohol to sugar.

The alkyl glucoside surfactants break down into
glucose and long-chain alcohol under acidic conditions.
On the alkaline side, even at very high pH, they are

CH2OH

/ ° r

OC2H5

Figure 17.10. Two routes of preparation of alkyl glucosides (R
is a long-chain alkyl)
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stable to hydrolysis. Their cleavage profiles, along with
their relatively straightforward synthesis routes, make
these surfactants interesting candidates for various types
of cleaning formulations.

Polyoxyethylene-based cleavable surfactants have
been synthesized by reacting end-capped poly(ethylene
glycol) (PEG) with a long-chain aldehyde, as shown in
Figure 17.11. During acid hydrolysis, these compounds
will revert to the original fatty aldehyde and end-capped
PEG. Studies of the relationship between structure and
hydrolytic reactivity have shown that the hydrolysis
rate increases as the hydrophobe chain length decreases
when the hydrophilic part was kept the same. This
has been attributed to decreased hydrophobic shielding
of the acetal linkage from oxonium ions. No effect
on the hydrolysis rate was seen when the hydrophilic
part was varied while the hydrophobic part was kept
constant or when the structure of the hydrophobe
was varied from linear to branched. Furthermore, the
hydrolytic reactivity is higher for non-aggregated than
for micellized surfactants.

Acetal surfactants have been found to resemble tra-
ditional surfactants in terms of their physico-chemical
properties. However, it has been reported that the CMC
values for acetal-containing surfactants are somewhat
lower than those of the corresponding conventional
surfactants. Furthermore, the efficiency of the surfac-
tants, expressed as the concentration required to pro-
duce a 20 mN/m reduction in surface tension, was
higher for the cleavable surfactants. Evidently, the
acetal linkage connecting the hydrophobic tail and the
polar head-group gives a contribution to the surfactant

2 MPEGOH + RCHO
HVtoluene

-H2O

MPEGCL

MPEGO

CHR

Figure 17.11. Preparation of a cleavable surfactant containing
two polyoxyethylene chains (R is a long-chain alkyl)

hydrophobicity, thus resulting in higher adsorption effi-
ciency at the air-water interface and increased tendency
to aggregate into micelles.

223 Ketals

Surfactants containing ketal bonds can be prepared from
a long-chain ketone and a diol in analogy with the
reaction schemes given in Figures 17.8 and 17.9 for
the preparation of acetal surfactants. Nonionic cleav-
able surfactants based on a long-chain carbonyl com-
pound, glycerol and a polyoxyethylene chain have been
commercialized. Both long-chain ketones and aldehy-
des can be used and they form cyclic ketals and
acetals, respectively, upon condensation with glycerol,
as discussed above for cyclic acetals. Ketones give pri-
marily 4-hydroxymethyl-l,3-dioxolanes, whereas alde-
hydes give a mixture of 4-hydroxymethyl-l,3-dioxolanes
and 5-hydroxy-l,3-dioxanes. The remaining hydroxyl
function is alkoxylated in the presence of a conventional
base catalyst.

Ketal-based surfactants have also been prepared in
good yields from esters of keto acids by either of two
routes, as shown in Figure 17.12. The biodegradation
profiles of the dioxolane surfactants of Figure 17.12
are shown in Figure 17.13. As expected, the degrada-
tion rate is very dependent on the alkyl chain length.
The process is markedly faster for the labile surfac-
tants (and particularly for structure "a" which contains
an extra ether oxygen) than for the conventional car-
boxylate surfactant of the same alkyl chain length used
as the reference. Ketal surfactants are in general more
labile than the corresponding acetal surfactants. As an
example, a ketal surfactant kept at pH 3.5 was cleaved to
the same extent as an acetal surfactant of similar struc-
ture kept at pH 3.0. The relative lability of the ketal
linkage is due to the greater stability of the carbocation
formed during ketal hydrolysis when compared to the

ROCH2 O
I II
C H - O H + CH3C(CH2)nCOOC2H5 -
I
C H 2 - O H

ROCH2

/ x 0
O (CH2)nCOO

R - CHCH2 + CH3C(CH2)nCOOC2H5 -
\ /
O

H I
/ N e

O (CH2)nCOO

Figure 17.12. Preparation of anionic 1,3-dioxolane surfactants from ethyl esters of keto acids. (From A. Sokolowski et ai, J. Am.
Oil Chem. Soc, 69, 633 (1992))
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Figure 17.13. Rate of biodegradation versus time for four ketal surfactants with sodium dodecanoate as reference (I and II relate
to the compounds of Figure 17.12): (a) R = C12H25, n = 2; (b) R = Ci6H33, n = 2. (From D. Ono, et aL, J. Am. Oil Chem.
Soc, 72, 853 (1995))
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Figure 17.14. Acid-catalysed hydrolysis of a second-generation cleavable surfactant. (From D. A. Jaeger, Supramol. Chem., 5,
27 (1995))

carbocation formed during acetal hydrolysis. (It is note-
worthy that biodegradation of an acetal surfactant has
been found to be faster than for a ketal surfactant of
very similar structure. Evidently, there is no strict cor-
relation between the ease of biodegradation and the rate
of chemical hydrolysis.)

The term "second-generation cleavable surfactant"
has been introduced for labile surfactants which on
cleavage give another surfactant together with a small
water-soluble species. The daughter surfactant gener-
ally has a higher CMC than the parent surfactant.
Figure 17.14 shows a typical example of a second-
generation cleavable surfactant. The concept has been
applied to a variety of structures, including phospho-
lipid analogues and several applications of this specific
type of cleavable surfactants have been proposed.

2.2.4 Ortho esters

Ortho esters are a new class of surfactants that
have recently been described. Surfactant ortho esters
are conveniently prepared by transesterification of a

CH(OC2H5)3 + C 1 2 H 2 5 —OH + CH3O(CH2CH2O)nH

H+

-C2H5OH

O Ci2H25
I

H — C — O C 2 H 5

I
O —(CH2CH2O)nCH3

Figure 17.15. Synthesis and structure of an ortho-ester-based
surfactant. (From P. -E. Hellberg et aL, J. Surf. Det., 3, 369
(2000))

low-molecular-weight ortho ester (such as triethylortho-
formate) with fatty alcohol and poly(ethylene glycol)
(PEG). An example of a typical structure and method of
preparation are given in Figure 17.15. Due to the trifunc-
tionality of the ortho ester, a distribution of species is
obtained. Furthermore, if the reactant alcohol is difunc-
tional, cross-linking will occur and a large network may
be formed. Such compounds have been shown to be
effective foam depressants and an example based on
polypropylene glycol) (PPG) and PEG is shown in
Figure 17.16. By varying the number and types of sub-
stituents (fatty alcohol, alkyleneoxy group, end blocking,
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Figure 17.16. An ortho-ester-based block copolymer. (From P. -E. Hellberg et al., J. Surf. Del., 3, 369 (2000))

etc.), the properties of the ortho-ester-based surfactant or
block copolymer can be tailor-made for a specific field
of application.

Hydrolysis of ortho esters occurs by a mechanism
analogous to that of acetals and ketals and gives rise
to one mole of formate and two moles of alcohols.
Both formates and alcohols can be regarded as non-toxic
substances and recent research has shown that surface-
active formates (similar to surface-active alcohols and
esters, but in contrast to surface-active aldehydes) have
no or little dermatological effect, evaluated in terms
of sensitizing capacity and irritancy. Ortho-ester-based
surfactants undergo acid-catalysed cleavage much more
readily than acetal-based surfactants under the same
conditions. For instance, a water-soluble ortho ester
based on octanol and monomethyl-PEG is hydrolysed
to 50% in 2 h at pH 5. The structure of the surfactant
has been found to influence the hydrolysis rate and,
in general, a more hydrophilic surfactant has a higher
decomposition rate.

Ortho-ester linkages can also be used to improve
biodegradation properties in long-chain ethoxylates or
block copolymers. It has been shown that a conventional
PEG-PPG copolymer with a molecular weight of 2200
biodegrades to only 3% in 28 days. However, if an
equivalent molecule is built up from PEG 350 and PPG
400, connected with ortho-ester links, it will reach 62%
biodegradation within 28 days and thus be classified as
"readily biodegradable".

2.3 Alkali-labile surfactants

2.3 J Normal ester quats

By the term "ester quat", we refer to surface-active qua-
ternary ammonium compounds which have the general
formula R4N+X~ and in which the long-chain alkyl moi-
eties, R, are linked to the charged head-group by an
ester bond and with X~ being a counterion. With "nor-
mal" ester quats, we mean surfactants based on esters
between one or more fatty acids and a quaternized amino
alcohol. Figure 17.17 shows examples of three different
ester quats, all containing two long-chain and two short
substituent on the nitrogen atom. This figure also shows
the "parent", non-cleavable quat. As can be seen, the

ester-containing surfactants contain two carbon atoms
between the ester bond and the nitrogen which carries
the positive charge. Cleavage of the ester bonds of sur-
factants I I - IV yields a fatty acid soap in addition to a
highly water-soluble quaternary ammonium di- or triol.
These degradation products exhibit low fish toxicity
and they are degraded further by established metabolic
pathways. The overall ecological characteristics of ester-
quats are much superior to those of traditional quats,
such as that represented by compound I of Figure 17.17.

During the last decade, the dialkylester quats have
to a large extent replaced the stable dialkyl quats
as rinse-cycle softeners, which is the single largest
application for quaternary ammonium compounds. The
switch from stable dialkyl quats to dialkylester quats
may represent the most dramatic change of product type
in the history of surfactants, and is entirely environment-
driven. Unlike stable quats, ester quats show excellent
values for biodegradability and aquatic toxicity. Ester
quats have also fully or partially replaced traditional
quats in other applications of cationics, such as hair care
products and various industrial formulations.

The cationic charge close to the ester bond renders
normal ester quats unusually stable to acid and labile
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Figure 17.17. Structures of one conventional quaternary
ammonium surfactant (I) and three ester quats (II-IV) (R is a
long-chain alkyl, and X is Cl, Br or CH3SO4)
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Figure 17.18. Influence of pH on the hydrolytic stability of
the diacetylester of bis(2-hydroxyethyl)ammonium chloride at
25°C. (From G. Kriiger et ai, Esterquats, in Novel Surfactants
(Ed. K. Holmberg), Surfactant Science Series 74, Marcel
Dekker, New York, 1998)

to alkali. The strong pH dependence of the hydrolysis
can be taken advantage of to induce rapid cleavage of
the product. This phenomenon is even more pronounced
for betaine esters and the mechanism of hydrolysis
is discussed in some detail in the following section.
Figure 17.18 illustrates the pH dependence of hydrolysis
of an ester quat. As can be seen, the hydrolysis rate is at
a minimum between pH 3 and 4 and accelerates strongly
above pH 5-6. Evidently, formulations containing ester
quats must be maintained at low pH.

2.3.2 Betaine esters

The rate of alkali-catalysed ester hydrolysis is influ-
enced by adjacent electron-withdrawing or electron-
donating groups. A quaternary ammonium group is
strongly electron-withdrawing. The inductive effect will
lead to a decreased electron density at the ester bond;

hence, alkaline hydrolysis, which starts by a nucleophilic
attack by hydroxyl ions at the ester carbonyl carbon,
will be favoured. Compounds I I - IV of Figure 17.17 all
have two carbon atoms between the ammonium nitro-
gen and the -O-oxygen of the ester bond. Such esters
undergo alkaline hydrolysis at a faster rate than esters
lacking the adjacent charge, although the difference is
not very large. If, on the other hand, the charge is at
the other side of the ester bond, the rate enhancement
is much more pronounced. Such esters are extremely
labile on the alkaline side, but very stable even under
strongly acidic conditions. The large effect of the qua-
ternary ammonium group on the alkaline and acid rates
of hydrolysis is due to a stabilization/destabilization of
the ground state, as illustrated in Figure 17.19. The
charge repulsion, involving the carbonyl carbon atom
and the positive charge at the nitrogen atom, is relieved
by hydroxide ion attack, but augmented by protonation.
The net result is that compared with an ester lacking
the cationic charge, the rate of alkaline hydrolysis is
increased 200-fold, whereas the rate of acid hydroly-
sis is decreased 2000-fold. For surface-active betaine
esters based on long-chain fatty alcohols the rate of
alkaline hydrolysis is further accelerated due to micel-
lar catalysis. However, the presence of large, polarizable
counterions, such as bromide, can completely outweigh
the micellar catalysis.

The extreme pH dependence of surface-active betaine
esters makes them interesting as cleavable cationic sur-
factants. The shelf life is long when stored under acidic
conditions and the hydrolysis rate will then depend on
the pH at which they are used. Single-chain surfactants
of this type has been suggested as "temporary bacteri-
cides" for use in hygiene products, for disinfection in
the food industry and in other instances where only
a short-lived bactericidal action is wanted. The patent
literature also contains examples of betaine esters con-
taining two long-chain alkyl groups. Two examples are
given in Figure 17.20.

R'3N

Figure 17.19. Mechanisms for acid- and base-catalysed hydrolysis of a betaine ester
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Figure 17.20. Structures of two surface-active betaine esters
(R and X are the same as those in Figure 17.17)

2.4 Concluding remarks

Amphiphiles with an acid- or alkali-labile bond con-
stitute the most widely explored routes to achieve
cleavable surfactants. However, other approaches have
also been taken. For instance, several types of surfac-
tants with UV-labile bonds have been synthesized and
evaluated. Photochemical cleavage yields non-surface-
active species and the concept is attractive because it
allows an extremely fast breakdown of the surfactant to
occur.

An interesting use of photolabile surfactants is as
emulsifiers in emulsion polymerization. The use of a
photolabile emulsifier opens the possibility to control
the latex coagulation process simply by exposing the
dispersion to UV irradiation. The ionic head-group of
the surfactant will be split off by photolysis, thus leading
to aggregation of the latex particles. Such latexes could
be of interest for coatings applications.

Another example of UV-labile amphiphiles relate
to double-chain surfactants containing Co(m) as the
complexing agent for two single chain surfactants based
on ethylene diamine in the polar head-group. UV
irradiation, or merely sunlight, causes reduction of
Co(ni) to Co(n). The latter gives a very labile complex
and the double-chain surfactant immediately degrades
into two single-chain moieties.

Ozone-cleavable surfactants have also been devel-
oped as examples of environmentally benign amphi-
philes. These surfactants, which contain unsaturated
bonds, break down easily during ozonization of water,
which is a water purification process of growing impor-
tance. It is likely that other mechanisms of surfactant
breakdown in the environment will be explored in the
future in the design of new surfactants with good envi-
ronmental characteristics.

3 POLYMERIZABLE SURFACTANTS

3.1 Introduction

In many instances, surfactant action is needed at some
stage of an operation but unnecessary, or even unwanted,
at some later stage. The problems with residual surfac-
tant may be environmentally related, such as with slowly
biodegradable surfactants in sewage plants. The prob-
lems may also be of a technical nature since the presence
of surface-active agents in the final product may affect
the product performance in a negative way.

The paint area is a good example where surfactants
are needed at one stage but unwanted at a later stage.
Surfactants are used in paints as emulsifiers for the
binder, as dispersants for the pigment and to improve
wetting of the substrate. In the dried paint film, the
presence of surfactant frequently causes problems, how-
ever, since the surfactant acts as an external plasticizer
in the film, thus imparting softness and flexibility. This
could be taken advantage of, had the plasticizer been
evenly distributed in the coating. However, due to its
surface activity, the surfactant will migrate out of the
bulk phase and concentrate at the interfaces. It has been
shown that surfactant molecules preferably go to the
film-air interface, where they align with their hydropho-
bic tails pointing towards the air. As an example, calcu-
lations from electron spectroscopy for chemical analysis
(ESCA) spectra show that the dried film from a lac-
quer containing 1% surfactant may have an average
surface surfactant concentration of 50% (Figure 17.21).
The overall bulk concentration of surfactant is still
approximately 1% since the modified surface region is
a very thin layer compared to the thickness of the whole
film. The surfactant surface layer constitutes a so-called
weak boundary layer when a second coating is applied,
thus leading to the frequently encountered problem of
repaintability.

It is also known that during the drying of emulsion
paints the surfactant may undergo phase separation,

Air

Figure 17.21. Migration of surfactant in a lacquer film leads
to enrichment at the surface
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forming lumps, tenths of microns wide, distributed
throughout the film. Atomic force microscopy (AFM)
studies have revealed that these surfactant lumps can
extend far down into the film. On exposure to water,
the surfactant is washed out of the film, the result being
that deep cavities appear where the lumps had been.
Such film defects are believed to be one of the causes
of the poor water resistance of many latex paint films.

A way to overcome the problems associated with the
presence of surfactant in the final product is to have
the surfactant chemically bound to the latex particle or,
alternatively, to make the surfactant polymerize during
the setting or curing stage. In principle, the surfactant may
either undergo homopolymerization or copolymerize
with some other component of the system. In paints and
lacquers, the obvious choice of co-reactant is the binder.

A completely different way to avoid the problem of
residual surfactant in the end-product is to use cleavable
surfactants, i.e. surfactants that spontaneously break
down at some stage. This concept has been discussed
above in Section 2.

technical formulations the surfactant concentration is too
low to allow substantial homopolymerization in the bulk
phase. A monolayer of surfactant, on the other hand,
may homopolymerize when adsorbed at an interface, as
will be shown below. The palisade layer may either form
by adsorption from an aqueous solution or by migration
through a film, as discussed above.

Copolymerization, on the other hand, may take place
in a bulk phase. For copolymerization of a monomer,
Mj, and a surfactant, M2, to occur, the reactivity ratios
should preferably be r\ < 1 and r2 < 1, where r\ and r2

are defined as r\ = k\\/k\2 and r2 = k22/k2[, with knm

being the rate constants for the four possible ways in
which the monomer can add, shown as follows:

= *,2[M,.][M2]

= *2i[M2.][M,]

= *22[M2.][M2]

3.2 Mode of surfactant polymerization

3.2.1 Homopolymerization versus
copolymerization

In a formulation containing reactive surfactant,
homopolymerization of the amphiphile may take place
if the concentration is high enough. However, in most

3.2.2 Autoxidative versus non-autoxidative
polymerization

Autoxidation, i.e. oxygen-induced curing, may take
place both during copolymerization in the bulk phase
and during homopolymerization of a surface monolayer.
Two surfactants capable of undergoing autoxidation are
shown in Figure 17.22. Surfactants that can undergo

(b)

Figure 17.22. Two nonionic surfactants capable of autoxidation: (a) the ethoxylated monoethanolamide of linoleic acid; (b) the
ethoxylated dodecenylsuccinic acid monoester of trimethylolpropanediallyl ether
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(a) H3CO

(b) IOH

OSO~3 Na+

SO3 Na+

(c) SO3Na

Figure 17.23. Examples of polymerizable surfactants: (a) A methacrylate ester of a methyl-capped block copolymer of ethylene
oxide and butylene oxide; (b) an allyl-capped block copolymer of butylene oxide and ethylene oxide with varying end-groups;
bottom; (c) monododecylmonosulfopropylmaleate

Polymerization

Oil

Figure 17.24. Schematic representation of a polymerizable nonionic surfactant with the reactive group in the hydrophilic part of
the molecule

autoxidation are of particular interest in combination
with alkyd resins. Autoxidation is normally catalysed
by cobalt or manganese salts.

Non-autoxidative polymerization includes UV curing
or thermally induced curing with the use of free-
radical initiators, such as benzoyl peroxide or potassium
persulfate. Similar to autoxidation, both bulk and surface
curing may occur. Surfactants based on activated vinyl
groups, such as acrylate and methacrylate esters, are
typical examples of this class. Some examples of

surfactants capable of rapid UV curing are shown in
Figure 17.23.

3.2.3 Position of polymerizable group

The reactive group may be present either in the polar,
hydrophilic part or in the hydrophobic part of the
surfactant molecule, as shown in Figures 17.24 and
17.25, respectively.
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Polymerization

Figure 17.25. Schematic representation of a polymerizable nonionic surfactant with the reactive group in the hydrophobic part
of the molecule

In liquid-liquid two-phase systems, the solubility
characteristics of the initiator are important. The distri-
bution of initiator between oil and water phases should
be such that it is predominantly present in the phase
where the polymerizable function is located. The poly-
merization depicted in Figure 17.24 is best served with
a water-soluble initiator, whereas that of Figure 17.25
proceeds best with an oil-soluble one. In the most impor-
tant application of polymerizable surfactants, that of
emulsion polymerization (see below), water soluble ini-
tiators, such as potassium persulfate and hydrophilic azo
compounds, are used.

In general, polymerization at the polar end of non-
ionic surfactants, as illustrated in Figure 17.24, requires
relatively severe conditions and often gives poor yields.
When the same functional group is present in the
hydrophobic tail, reactivity in a two-phase system is
much higher. The poor reaction in the aqueous phase
is probably due to the energetically unfavourable situa-
tion of two polyoxyethylene chains being forced close
together to enable the new carbon-carbon link to form.
Cross-linking of the polar groups should also be avoided
if the surfactant after polymerization is expected to pro-
vide steric stabilization, for instance, in the stabilization
of dispersed systems. The entropy term, which is the
main driving force behind steric stabilization, will be
reduced if the freedom of motion of the polar head-
groups is restricted.

Cross-linking of the hydrophobic tails is also natural
in those cases when the surfactant polymerizes when
adsorbed at a hydrophobic surface. Adsorption at such

surfaces occurs with the surfactant hydrophobic chains
come close together, an alignment that should facilitate
formation of inter-chain bonds.

3.3 Applications of polymerizable
surfactants

3.3.1 Emulsion polymerization

Polymerizable surfactants are of interest in emulsion
polymerization, e.g. in the conversion of vinyl chloride
to poly(vinyl chloride) (PVC) and of acrylates and
vinyl acetate to lattices for coatings. Use of a reactive
surfactant in vinyl chloride polymerization leads to PVC
with improved shear stability. In lattices, polymerizable
surfactants can bring about several advantages such as
the following:

• improved stability against shear, freezing and dilution
• reduced foaming
• reduced problems with competitive adsorption (see

below)
• improved adhesion properties of the film
• improved water and chemical resistance of the film

Competitive adsorption is a serious problem in many
paint formulations, as well as in many other surfactant-
containing formulations. A pigmented latex coating con-
tains a variety of interfaces at which surfactants may
adsorb, such as binder-water, pigment-water, sub-
strate-water and air-water. In addition, the surfactant
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molecules may assemble in micelles or form aggregates
together with hydrophobic segments of the associative
thickener which is normally present in today's latex
paints. Since different surfactants are normally intro-
duced into the system together with the individual com-
ponents, e.g. emulsifier (often a mixture of an anionic
and a nonionic surfactant) with the binder, pigment dis-
persant with the pigment, wetting agent added directly
to the formulation, etc., the situation becomes very com-
plex and competitive adsorption is a potential problem
in all pigmented emulsion paints. The surface-active
agent used as the binder emulsifier may desorb from
the emulsion droplet and adsorb at the pigment surface.
The pigment dispersing agent may go the other way.
Such an exchange is known to occur and to cause prob-
lems in terms of instability and unwanted rheological
behaviour.

Compounds of the types shown in Figure 17.23 are
useful as reactive surfactants for latex preparation. Out
of these, maleic acid derivatives are particularly interest-
ing since they are unable to homopolymerize at ordinary
temperature. The maleic-acid-based surfactant shown in
this figure can be easily prepared by first reacting maleic
anhydride with a fatty alcohol and subsequently treating
the monoester formed with propane sultone (which is
toxic and should be handled with great care). Exten-
sive homopolymerization is unwanted since the result-
ing chains of oligomeric or polymeric surfactant will

constitute highly water-soluble segments on the sur-
face of the latex particles. After drying, these will be
distributed throughout the coating and may cause film
defects. Instead, the reactive surfactant should prefer-
ably copolymerize, i.e. react only with latex monomers,
in order to be evenly distributed on the particle sur-
face. It is also important that the reactivity is not too
high. If polymerization occurs too rapidly in the water
phase, the surfactant-containing polymer may end up
in the serum rather than on the particle surface. If the
polymerizable surfactant is too rapidly consumed by
polymerization in the emulsion droplets, the probability
is high that the surfactant will be buried in the interior
of the particle.

Polymerizable surfactants for lattices are sometimes
referred to as "surfmers", with this name indicating
that the surfactant can be seen as a special type of
comonomer. Reactive surfactants can also be employed
as initiators in which case they are called "inisurfs".
Finally, they can be used as chain-transfer agents, i.e.
to control the molecular weight of the latex polymer,
in which case they are named "transurfs". Figure 17.26
shows representative examples of inisurfs and transurfs,
along with structures of a conventional initiator and a
conventional chain-transfer agent for emulsion polymer-
ization. With the use of inisurfs of the type given in this
figure, it is possible to prepare lattices of high-solids
content without the use of extra surfactant.

CH3 CH3

I
(a) " 0 3 S — <D — (CH2)n — OCO — C — N = N — C — COO — (CH2)n — O — SO3"

CH 3 CH 3

CH 3

I
(b) "O3S — C H 2 — C H — N H C O — C —

I I
(CH2)nCH3 CH 3

CH3

I
— C —CONH — C H — C H 2 - S O 3 "

I II
CH 3 (CH2)nCH3

CH3

(c) NC — C — N =
I
CH3

CH 3

— C — CN
I
CH 3

(d) CHH23 — C H = CH — C H 2 - S O 3 -

(e) HS — C 1 0 H 2 0 - S O 3 -

(f) HS — C n H 2 n — C H 3

Figure 17.26. Structures of two inisurfs (a and b), i.e. polymerizable surfactants that also serve as polymerization initiators,
and two transurfs (d and e), polymerizable surfactants with chain-tranfer capability. One conventional initiator (c) and one
conventional chain-tranfer agent (f) are also given
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with proper storage stability. It has been found that
alkyd lacquer films containing this type of surfactant
dry faster and become harder than films containing the
same amount of a non-reactive nonionic surfactant with
a similar hydrophilic-lipophilic balance (HLB) value.

333 Surface modification

Modification of solid surfaces can be achieved by an
adsorbed layer of reactive surfactant on the surface,
as illustrated in Figure 17.29. Provided the surfactant
molecules are extensively cross-linked, such a thin
surface film will be attached irreversibly. In this way,
hydrophobic surfaces can be made hydrophilic or a
specific functionality can be introduced.

For example, low-density polyethylene films can be
hydrophilized with surfactants having one or two poly-
merizable groups, such as methacrylate or diacetylene
derivatives. Adsorption can be made from buffer solu-
tion and the subsequent polymerization of the adsorbed
monolayer achieved by UV irradiation. Particularly good
results are often obtained with surfactants of the "twin-
tail type", i.e. having a hydrophobic part consisting
of two hydrocarbon chains. This structure gives opti-
mal packing on planar surfaces since such surfactants
have a value of the critical packing parameter close to

unity. Proper alignment of the surfactants at the sur-
face is believed to be vital for effective cross-linking to
occur.

There is experimental evidence that surfactants
that contain two polymerizable functions give bet-
ter result in terms of permanent hydrophilization than
surfactants containing only one reactive group. Most
likely, surfactants with more than one polymerizable
group give a cross-linked networks of higher molec-
ular weight and such a surface layer will be com-
pletely water-insoluble and irreversibly attached to the
surface.

Paint and lacquer films can also be surface-modified
by migration of a dissolved surfactant to the film-air
interface during the drying or curing stage. The prin-
ciple is shown in Figure 17.30 for a UV-polymerizable
surfactant.

As an example, a fluorocarbon surface layer can be
obtained by dissolving a small amount (less than 1%) of
a polymerizable fluorosurfactant in a lacquer and cross-
linking the surfactant monolayer formed at the surface.
Figure 17.31 shows two fluorocarbon surfactants, one
polymerizable (a) and the other non-reactive (b), used
in such an experiment. The surfactants were added to a
poly(methyl methacrylate) (PMMA) lacquer. PMMA is
more polar than the hydrocarbon part of the surfactant
so the surfactant orients at the film-air interface with

uv

Figure 17.29. Schematic representation of surface modification using a UV-curable surfactant

Air

Figure 17.30. Schematic representation of surface modification of a lacquer film through migration of the surfactant to the
film-air interface, followed by UV curing
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Figure 17.31. Modification of a PMMA lacquer film by surface-active fluorocarbons of similar structure: (a) a reactive surfactant
containing a methacrylate group; (b) a non-reactive surfactant; (c) a surface-active polymer. (Redrawn from M. Torstensson et ai,
Macromolecules, 23 126 (1990))

its polar part in the lacquer and the fluorocarbon
residue away from it, i.e. pointing into the air. ESCA
revealed that a dense fluorocarbon layer formed at the
surface. After curing the films were washed with solvent.
Contact-angle measurements showed that the lacquer
to which the methacrylate surfactant had been added
had been properly and permanently hydrophobized.
The non-reactive surfactant could be washed away
from the surface, i.e. the hydrophobation was not
permanent. A preformed polymer of the same type
(Figure 17.31(c)) also gave a substantial and permanent
increase in contact angle. Migration of the polymer to
the surface was a slow process, however, and several
days were required in order to attain an equilibrium
surface composition.

3.4 Concluding remarks

The homopolymerization of reactive surfactants in the
form of assemblies, such as micelles or liquid crystals,
have been attempted as a way to freeze the structure
and prepare various types of nano-sized materials. Poly-
merization of micelles has not been entirely success-
ful, however. With both spherical and rod-like micelles,
the polymerized aggregates were of much larger size
than the original structures. With liquid crystals and,
in particular, with vesicles, the result is more promis-
ing. Stable vesicles, of interest for drug administration,
have been prepared by free-radical polymerization of
preformed vesicles. Such vesicles need not be based
entirely on polymerizable surfactants. Incorporation of
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smaller amounts, i.e. 10-30%, of reactive species into
a phospholipid-based formulation leads to vesicles with
much improved stability.

Although considerable academic attention has been
devoted to the homopolymerization of surfactant solu-
tions, the main industrial interest in polymerizable sur-
factants lies in applications, such as those described
above, where the surfactant is used in the normal way,
i.e. as an additive in concentrations of a few percent or
less. In such applications, polymerizable surfactants are
likely to be of increasing importance in the future.
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1 INTRODUCTION

The term "hydrotrope" was first introduced by Neuberg
in 1916 (1) to describe the power of anionic short-chain
organic compounds to dissolve organic compounds
such as carbohydrates, alcohols, aldehydes, ketones,
hydrocarbons, esters, ethers, lipids, fats and oils in
water. A number of organic and inorganic compounds
were also tested by McKee in 1946 (2). This author
found that many hydrotropic solutions precipitate the
solute when diluting the system with water. This
will ensure that the hydrotrope can be recovered
after use, which can be recognized as an important
feature for industrial applications. It was also noted
that a high concentration of the hydrotrope is required
to exhibit the hydrotropic action. The phenomenon
of increased solubility of the organic compound by
addition of the hydrotrope was attributed to a salting-
in effect. Booth and Everson (1948-1950) found
that the solubility of the solute was not linearly
dependent on the hydrotrope concentration (3-5). They
observed a sigmoidal behaviour for concentration

dependence and a drastic increase in the solubility
of the solute in the hydrotropic solutions above
a certain concentration. Lumb (1951) studied ternary
systems with potassium n-butyrate or potassium n-
octanoate, a normal primary alcohol and water (6).
This author concluded that the hydrotropic behaviour
of the lower alkanoates represented essentially the
same phenomenon as solubilization, i.e. the presence
of colloidal association structures. Further comparisons
with surfactants were also made by Lawrence (1959)
(7), Friberg and Rydhag (1970) (8) and Pearson and
Smith (1974), (9) by performing phase behaviour
studies on systems including hydrotropes. These studies
showed that hydrotropic solubilization is an extension
of surfactant solubilization.

Even though hydrotropes have not received the
same attention as surfactants in the literature, reviews
on the topic have been presented (see, for example,
refs (10-13)). A number of mechanisms have been
suggested in the literature as described above, although
the exact mechanism is not yet fully understood. This
present chapter will be dealing with hydrotropes from

Handbook of Applied Surface and Colloid Chemistry. Edited by Krister Holmberg
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408 SURFACTANTS

a fundamental point of view by describing the structure
and the function of the compounds. However, it was
recognized at an early stage that hydrotropes may
be very interesting for industrial applications, and so
brief descriptions of a number of applications where
hydrotropes have been found useful are included.

2 STRUCTURE OF HYDROTROPIC
COMPOUNDS

The organic salts that Neuberg introduced as hydrotropes
consist of an anionic group and a hydrophobic aro-
matic ring or ring system such as sodium benzoate.
Later on, the definition was revised by Saleh and
El-Khordagui (14) by including cationic and nonionic
organic compounds. The following definition was made:
"hydrotropic agents are freely soluble organic com-
pounds which at a concentration sufficient to induce a
stack-type aggregation, considerably enhance the aque-
ous solubility of organic substances, practically insolu-
ble under normal conditions. These compounds may be
anionic, cationic or neutral molecules".

Traditional hydrotropes are usually characterized by
a short and bulky structure, such as sodium xylene
sulfonate (SXS), sodium benzene sulfonate (SBS),
sodium toluene sulfonate (STS) and sodium cumene

sulfonate (SCS) (see Figure 18.1). The compounds
are amphiphilic with a quite small polar part and a
bulky non-polar part. Therefore, the hydrotrope will
be soluble in both non-polar and polar solvents. In
comparison with surfactants, hydrotropes have a less
profound hydrophobic character and hence a higher
solubility in water. The polar part will ensure a high
solubility in water, while the non-polar part acts as the
functional group. The term hydrotrope usually refers
to organic compounds, although inorganic examples,
such as alkali iodides, bicarbonates, oxalates and
thiocyanates, have also been mentioned (2). However,
this is quite uncommon and the definition of hydrotropes
made by Saleh and El-Khordagui (14) will exclude such
compounds. Their main effect is merely a salting-in
phenomenon.

The diacid, 5-carboxy-4-hexyl-2-cyclohexene-l-yl
octanoic acid, has a total chain length of 21 carbon
atoms and the structure does not resemble the struc-
ture of traditional hydrotropes such as the short-chain
aromatic sulfonates (see Figure 18.2). Despite the differ-
ence in structure, this diacid exhibits hydrotropic proper-
ties (15). However, it has been proven that the structure
of the diacid when active as a hydrotrope will not be
very different from the short and bulky conventional
compounds. The conformation of the diacid within a
lamellar liquid crystal is composed of a short loop where

SO3- Na+ SO3" Na+ SO3- Na+ SO3- Na+

CH3 CH3

Sodium benzene sulfonate Sodium toluene sulfonate Sodium xylene sulfonate Sodium cumene sulfonate
SBS STS SCSSBS STS SXS SCS

COCTNa+

Sodium benzoate
SB

Sodium salicylate
SS

NH

COOH
p-Aminobenzoic acid, hydrochloride

PABA.HCI

OH

Resorcinol Pyrogallol

Figure 18.1. Some examples of traditional hydrotropes

CH3-(CH2)3-O-CH2-CH2-O-SO3-Na+

Sodium butyl monoglycol sulfate
SBMGS

CH3-(CH2)x-COCrNa+

Sodium alkanoate (s)
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CH3CH2CH2CH2CH2CH CH2CH2CH2CH2CH2CH2CH2COOH

COOH

Diacid (5-carboxy-4-hexyl-2-cyclohexene-1-yl octanoic acid)

HO

H OH

Alkyl polyglucoside (s)

Figure 18.2. Two examples of alternative hydrotropes

the two polar carboxyl groups will be anchored at the
surface and the short straight carbon chain is embedded
in the hydrophobic part of the liquid crystal, which will
result in a short and bulky structure. Because of the long
carbon chain and the "double-hydrophilic" group, such
substances have a more profound surfactant character
than traditional hydrotropes.

Another class of compounds that may act as hydro-
tropes are sugar-based surfactants, such as alkyl polyglu-
cosides (APGs) (see Figure 18.2) (16). These substances
are nonionic surfactants, which are produced from
renewable raw materials such as vegetable oils and
sugar/starch. They have become important complements
to ethoxylates due to their ecological, toxicological and
technological properties. Alkyl polyglucosides are also
characterized by a bulky structure, but in this case the
hydrophilic group is bulky, while the hydrophobic alkyl
chain is quite small.

3 FUNCTION AND MECHANISM

Two main functions of hydrotropes have been described
in the literature, namely hydrotropes as (i) solubilizing
agents, or (ii) coupling agents. Much of the literature
has been focused on the first phenomenon, which is
connected with the dramatic increase in the solubility of
poorly water-soluble compounds in aqueous solutions
over a specific hydro trope concentration. The second
function concerns the ability of hydrotropes to change a
turbid solution into a transparent one when adding the
hydrotropic compound. During the extensive study of
hydrotropes to elucidate the exact mechanism, a number
of important features regarding hydrotropes have been
found, and these are described below.

3.1 Minimal hydrotropic concentration

A general observation is that a high amount of
hydrotrope is needed in order for the molecule to exhibit
hydrotropic activity, i.e. to facilitate a high solubility of
the hydrophobic solute in water. The concentration of
the hydrotrope needs to exceed a critical concentration
(17), the so-called "minimal hydrotropic concentration"
(MHC), to obtain a high solubility of the solute. This
is illustrated in Figure 18.3 where the solubility of the
dye fluorescein diacetate (FDA) in water was moni-
tored as a function of hydrotrope concentration through
the optical density (OD) values at the absorption band
maximum (17). The solubility of FDA in solutions with
three different hydrotropes, i.e. sodium /?-toluene sul-
fonate (STS), sodium salicylate (SS) and sodium butyl
monoglycol sulfate (SBMGS), does not vary linearly
with the hydrotrope concentration. Instead, a sigmoidal
behaviour is found, with the solubility increasing sharply
above a specific concentration. A plateau is reached
for even higher concentrations of the hydrotrope. The
minimal hydrotropic concentration differs between the
hydrotropes, i.e. about 0.2M for STS, 0.7M for SBMGS
and 0.8M for SS. However, this study indicated that the
MHC for a given hydrotrope will be the same for dif-
ferent solutes. This is presented in Figure 18.4 for the
solubility of three solutes, perylene, FDA and ethyl-/?-
nitrobenzoate (EPNB) in an aqueous solution of sodium
butyl monoglycol sulfate.

3.2 Association structures in hydrotropic
solutions

The mechanism of hydrotropic action has been attributed
to a salting-in effect, as well as to a phenomenon
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Figure 18.3. Solubility of the dye fluorescein diacetate (FDA)
in aqueous hydrotropic solutions as a function of the hydrotrope
concentration at room temperature. Three different hydrotropes,
i.e. sodium p-toluene sulfonate (NaPTS), sodium salicylate
(NaS) and sodium butyl monoglycol sulfate (NaBMGS) were
studied. (Reprinted with permission from Balasubramanian, D.
etaL, / . Phys. Chem., 93, 3865-3870 (1989). Copyright 2000
American Chemical Society)

similar to surfactant solubilization. The positive devi-
ation from the linearity for the solubilization capacity
as a function of the hydrotrope concentration indicates
the importance of co-operative intermolecular interac-
tion regarding the hydrotropes involved in the solubi-
lization process. The effect of the hydrotrope sodium
p-toluene sulfonate on perylene has been compared with
a salting-in agent, guanidinium thiocyanate (GdSCN)
and a phase-mixing agent, PEG-6000, (17). The solu-
bility of perylene will increase monotonically with both
GdSCN and PEG-6000, and not sigmoidal as is the case
for STS. This indicates that different mechanisms are
involved and hydrotropy will differ from phenomena
such as salting-in as well as cosolvency. The high val-
ues of the MHC and the gradual change in properties
such as surface tension (see below) indicates that the
self-aggregation might correspond to consecutive asso-
ciation such as dimerization, trimerization and so on, and
not co-operative such as with micellar surfactants. The
mechanism for aromatic hydrotropes has been attributed
to the plane-to-plane stacking of the hydrophobic part
of the molecule (14), thus requiring a planar aromatic
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Figure 18.4. Solubility of perylene, fluorescein diacetate
(FDA) and ethyl-p-nitrobenzoate (EPNB) in an aqueous
solution of sodium butyl monoglycol sulfate (SBMGS); optical
densities are given at their adsorption band maxima. (Reprinted
with permission from Balasubramanian, D. et al., J. Phys.
Chem., 93, 3865-3870 (1989). Copyright 2000 American
Chemical Society)

part. This has been employed to describe the differ-
ences observed for /?-aminobenzoic acid-HCl (PABA-
HC1), procaine-HCl and cinchocaine-HCl which have
been used to increase the solubility of riboflavin (14).
PABA-HC1 and procaine-HCl were proven to exhibit
hydrotropic activity, while cinchocaine-HCl did not per-
form as a hydrotropic agent. The side-chains in cin-
chocaine are likely to prevent a stack-type aggregation
due to steric reasons, while the association is favourable
for the planar molecules PABA and procaine.

3.3 Comparisons between surfactants
and hydrotropes

Hydrotropes have been proven to be surface-active.
The surface tensions for anionic hydrotropes such as
sodium salicylate, sodium xylene sulfonate, sodium p-
toluene sulfonate, sodium cumene sulfonate and sodium
butyl monoglycol sulfate decrease as a function of the
concentration in water, until a plateau is reached (17)
(see Figure 18.5). The same behaviour is also observed
for the nonionic hydrotropes resorcinol, catechol, and
pyrogallol (18). This means that they exhibit the same
behaviour as surfactants, even though the drop in sur-
face tension is not as dramatic but more gradual for
hydrotropes when compared to surfactants. The concen-
tration for the onset of self-aggregation of the anionic
hydrotropes in non-covalent assemblies determined from



HYDROTROPES 411

70

60 *,

40 -

x ^sSv ^ v

V "
• \ \

-

1 ™

1 1 1

t

1

t

1 NaXS
2 NaPTS
3NaS
4 NaBMGS
5NaCS

\

4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Concentration of hydrotrope {M)

0.9 1.0 1.1 1.2

Figure 18.5. Surface tension as a function of the hydrotrope concentration at room temperature. (Reprinted with permission from
Balasubramanian, D. et aL, J. Phys. Chern,, 93, 3865-3870 (1989). Copyright 2000 American Chemical Society)

the surface tension measurements are quite close to
the MHC values observed for these hydrotropes in
solubilization processes. Hence, this will also suggest
that association is important for hydrotropic solubi-
lization of organic compounds in water. The micro-
environmental features of hydrotrope assemblies have
been studied (11, 17), and it was concluded that
the micro-viscosity offered by hydrotropes such as
sodium /?-toluene sulfonate, sodium cumene sulfonate
and sodium butyl monoglycol sulfate is in the same
range as for ionic micelles, although slightly less polar
in nature.

Even though hydrotropes exhibit a resemblance to
surfactants, a number of differences are obvious. The
amount of hydrotrope needed to facilitate solubilization
of the solute in water is usually much higher than
that needed for surfactants. The reason for this is that
the shorter carbon chain of the hydrotrope will result
in a higher concentration for self-association, which
is a requirement for solubilization (12). In the case of
hydrotropes, the maximum solubilization will usually be
higher than for surfactants. This might be explained by
the fact that the micellar solution of a surfactant will
be transformed into an "inverse" micellar solution via
the formation of a lamellar liquid crystalline structure
and the solubilization of the solute in water will be

stopped when the lamellar liquid crystal appears. These
structures will not occur when hydrotropes are used
for solubilization. The fact that ordered structures are
found in the case of surfactant solutions and not in
hydrotrope solutions, where disordered structures and
aggregates are formed, indicates that there is a difference
in structural features and not in solubility (11). The
solubility capacity of hydrotropes are also more selective
and not as general as for surfactants in the sense that
not all organic compounds will become more soluble in
water by the addition of hydrotropes.

3.4 The influence of molecular structure
on hydrotropic efficacy

Hydrotropes do not perform so generally as surfactants
do, i.e. the solubility will not increase for all organic
compounds in hydrotropic solutions. The efficacy will
also vary among the different hydrotropes, even though
very small structural differences may be present. This
has been reported for the solubilities in aqueous sodium
o-, m- and p-xylene sulfonate solutions of solutes
such as acetophenone, aniline, benzaldehyde, o-cresol,
etc. It was found that the meta structure was more
effective, particularly at lower temperatures since it
had a higher water solubility (5). Another example is
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the observation that the solubilizing effect is higher for
sodium salicylate than for sodium benzoate with respect
to cyclohexanol, thus indicating the importance of the
presence of the hydroxyl group (19). The solubility
of riboflavin in water could also be increased by
changing the structure of the hydrotrope to become more
hydrophobic (11), hence suggesting that hydrophobic
interactions play a major role in the solubilization
process.

Many of the polyhydroxybenzenes are efficient
hydrotropes and these molecules offer a possibility for
evaluating the influence of the molecular structure and
the role of intermolecular interactions on the hydrotropic
action (18). The molecules used to increase the solubil-
ity of fluorescein diacetate are presented in Table 18.1.

A positive deviation from linearity and a sigmoidal
behaviour is observed for the hydrotropic activity as
a function of the hydrotrope. The latter will only
be active above a certain hydrotrope concentration
(MHC). Among the dihydroxy isomers it was found
that catechol is more effective than resorcinol, i.e.
the oisomer is more effective than the ra-isomer.
The water solubility of hydroquinone, the /?-isomer, is
very low and will reduce the hydrotropic function of
the molecule. The amphiphilic nature of catechol and
resorcinol is quite similar, which is obvious from surface
tension measurements. They do also have similar MHC
values (0.8M for catechol and 0.7M for resorcinol). The
reason for the difference in the hydrotropic actions of
catechol and resorcinol lies in their structures, which
will determine the packing of the molecules as well
as the organization of the functional group. It has
been indicated that catechol is able to arrange itself
in a more compact form than both resorcinol and
hydroquinone. By comparing resorcinol and orcinol, as
well as catechol and 4-methylcatechol, it was found that
the introduction of a methyl group will improve the
hydrotropic activity. Replacing one hydroxyl group with
a methyl group will also result in an increased solubility
of FDA. This is concluded by comparing the effects of

Table 18.1. Polyhydroxybenzenes used for hydrotropic stud-
ies (18)

"Common" name Chemical name

Catechol
Resorcinol
Hydroquinone
Pyrogallol
Phloroglucinol
4-Methylcatechol
Orcinol
2-Methylresorcinol

1,2-Dihydroxybenzene
1,3-Dihydroxybenzene
1,4-Dihydroxybenzene
1,2,3-Trihydroxybenzene
1,3,5-Trihydroxybenzene
4-Methyl-1,2-dihydroxybenzene
1 -Methyl-3,5-dihydroxybenzene
2-Methyl-1,3-dihydroxybenzene

phloroglucinol and orcinol. Summarizing, the following
order for hydrotropic activity was obtained:

4-methylcatechol > pyrogallol > catechol > orcinol

> resorcinol > phloroglucinol, hydroquinone.

The hydrotrope 4-methylcatechol has also been studied
by using NMR spectroscopy, evaluating various aspects
concerning self-association. A dramatic change in the
'H NMR chemical shift for the ring protons, as well as
for the methyl group protons, will occur at about the
MHC and around the concentration where the surface
tension levels off. Spin-lattice relaxation measurements
also showed a restriction in the molecular motion above
the MHC. Both of these observations are indicative
of self-association of non-covalent assemblies. A grad-
ual aggregation is suggested since the T\ -value stays
approximately stable as a function of the hydrotrope
concentration until the MHC is reached, after which it
decreases quite slowly.

The function of hydrotropes may vary in differ-
ent systems. This has been observed in sun-screen
microemulsions prepared with water, pentanol, sodium
dodecyl sulfate (SDS) and a hydrotrope (13). Three dif-
ferent hydrotropes were tested, i.e. p-aminobenzoic acid
(PABA), octyldimethyl-/?-aminobenzoic acid (ODP) and
2-hydroxy-4-methoxy-5-sulfobenzophenone (HMSB).
Their effects are presented in Table 18.2.

3.5 Hydrotropes as coupling agents

Hydrotropes are also known to behave as coupling
agents, thus transforming a turbid solution into a homo-
geneous transparent system (13). This has been reported
for systems consisting of water, sodium dodecyl sul-
fate (SDS), pentanol and p-xylene (20). The addition
of a hydrotrope, i.e. sodium xylene sulfonate (SXS),
has united the oil-in-water (o/w) and water-in-oil (w/o)
regions by destabilizing and reducing the lamellar liq-
uid crystal region and enlarging the bicontinuous region
(see Figure 18.6). It has been stated that the hydrotrope

Table 18.2. Function of three different sun-screen hydrotropes
in microemulsion preparations

Hydrotrope Function"

PABA
ODP
HMSB

Stabilizes the o/w microemulsion
Stabilizes the w/o microemulsion
Stabilizes both of the o/w and w/o parts

"o/w, oil-in water.
fow/o, water-in-oil.
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(a) p-Xylene

(b) p-Xylene

15wt%SDS +
85 wt% W

A7-C5OH 5 wt% SXS in
15wt%SDS +

85wt%W

n-C5OH

(c) p-Xylene (d) p-Xylene

10wt%SXSin
15wt%SDS +

85 wt% W

30 wt% SXS in
15 wt%SDS +

85wt%W

Figure 18.6. The effect of the hydrotrope sodium xylene sulfonate (SXS) on the phase behaviour for a system consisting of
water (w), sodium dodecyl sulfate (SDS), pentanol (A1-C5OH) and /?-xylene: I, o/w microemulsion; IIA, w/o microemulsion; IIB,
C5OH and p-xylene solution; IV multiphase region with lamellar liquid crystal. (Reprinted from Guo, R. et al., J. Disp. Sci.
Tech., 17, 493-507 (1996) p. 498-499, by courtesy of Marcel Dekker, Inc.)

will migrate into the ordered structure of liquid crystals,
resulting in a disruption due to the mismatch in the struc-
ture between the surfactant and the shorter hydrotrope.
This transition from a lamellar liquid crystal to a bicon-
tinuous structure is likely to be due to the resemblance
between the two structures. By mixing short-chain and
long-chain amphiphiles, an enhanced disorder in the

liquid crystalline phase is obtained and hence a destabi-
lization.

Alkyl polyglucosides (APGs) do also have the possi-
bility to perform as coupling agents (16). Two different
APGs with varying alkyl chain lengths have been eval-
uated as hydrotropes in a system with water, SDS and
pentanol. The hydrotropes are described in Table 18.3.
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Table 18.3. Alkyl polyglucosides used as coupling agents

Surfactant Hydrophobic
part

Degree of
polymerization (dp)

SL4
SL8
SL10
SL11

C4
C8
CIO
Cll

ca.
ca.
ca.

1
1.9
1.5
1.5

The model system contains regions with an aqueous
micellar solution, as well as regions with an inverse
micellar solution. These regions are connected with a
bicontinuous solution. A region of different types of
lamellar liquid crystal phases is also present. The model
hydrotrope, toluol-4-sulfonic acid, added to the water
phase, resulted in an extension of the solubility region
to higher surfactant concentrations, as well as a destabi-
lized liquid crystalline phase, which almost disappears.
The alkyl chain length of the APG SL4, is four and the
compound is claimed to be a hydrotrope. Comparisons
have been made with SL8, with an alkyl chain length
of eight carbon atoms. It was found that SL4 with a

short (butyl) group was more effective as a coupling
agent than the intermediate-chain-length (octyl) APG,
SL8. SL4 enlarges the microemulsion region and desta-
bilizes the liquid crystalline region, while SL8 has an
opposite effect, stabilizing the liquid crystal and discon-
necting the w/o and o/w regions. However, hydrotropes
are also used to increase the cloud point of solutions with
nonionic surfactants (see Section 4.1 below). In such an
experiment, 1% of four different sugar-based surfactants
(see Table 18.3) have been added to solutions contain-
ing 1% of three different nonionic surfactants, C6EO2,
C11EO5, and C13EO6. The hydrotropic effect is small
for short (butyl) and long (undecyl) hydrocarbon chains.
The maximum in cloud point elevation is observed for
intermediate chain lengths, (see Figure 18.7). The fact
that the short-chain-length APG (SL4) is more effective
as a coupling agent than the intermediate-chain-length
APG (SL8) is in contrast to that found for the cloud point
elevation. This means that the hydrotropic behaviour is
dependent on the way it is assessed and that the cloud
point elevation and breakdown of liquid crystalline
structures are not governed by the same phenomenon.
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Figure 18.7. The cloud points for solutions with 1 % nonionic surfactant and hydrotrope, respectively. The following surfactants
have been used: ( • ) C6EO2; (A) C n EO 5 ; ( • ) C13EO6. (Redrawn from data from Matero et aL, J. Surf. Del, 1, 485-489 (1998),
The American Oil Chemists' Society)
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4 APPLICATIONS

The potential industrial use of hydrotropes was rec-
ognized in 1946 by McKee (2) due to the interesting
characteristics that these materials displayed. By diluting
a hydrotropic solution, the solute will precipitate and the
hydrotrope can easily be recovered. The lack of flamma-
bility and (in general) no problems with emulsification,
as might be the case for surfactants, are also properties
which are valuable in industrial applications. The use
of hydrotropes in various applications is described in
refs(l l)and(13).

4.1 Detergents/liquid cleaners

Surfactant solubilization in liquid cleaners may be lim-
ited due to a high concentration of the surfactant or a
high amount of electrolytes present in the formulations.
In order to enhance the solubility and to increase the
cloud point for nonionic-based systems, hydrotropes are
often added. This phenomenon has already been pointed
out in Section 3.5 above, where the cloud points of
solutions with nonionic surfactants were elevated upon
the addition of alkyl polyglucosides (16). Hydrotropic
activity can be evaluated by determining the amount
of hydrotrope required to clarify a cloudy solution or
the cloud point elevation obtained for a specific con-
centration of a hydrotrope. The efficacy of hydrotropes
varies for different classes of compounds. This has been
observed for short-chain alkylbenzene and alkylnaph-
thalene sulfonates when added to a number of detergent
formulations (21). The alkylnaphthalene sulfonates were
found to be more efficient than the alkylbenzene sul-
fonates in elevating the cloud point.

The hydrotrope may also assist in solubilizing com-
ponents such as perfumes, colorants, bactericides, etc.
that are added in small amounts. The reason for using
hydrotropes is to obtain a clear and stable product, which
is very important from a market appeal point of view.
Sodium xylene sulfonate, sodium cumene sulfonate,
sodium toluene sulfonate, urea and ethanol have been
the most widely used hydrotropes in light-duty liquid
detergents. Apart from resulting in a stable product, the
hydrotropes should be nearly colourless and odourless.
This is the case for sodium xylene sulfonate, sodium
cumene sulfonate and ethanol. Isopropanol, propylene
glycol and poly(ethylene glycol ethers) can also be
found as hydrotropes in formulations.

Another important feature is that hydrotropes will
prevent formation of gels in concentrates as well as
in diluted systems (12). For concentrated products, the

aim is to obtain a stable product. In the case of diluted
formulations, the hydrotrope will facilitate the removal
of the dirt and contaminants by prevention of the
formation of a viscous gel as well as by increasing the
solubility of the hydrophobic dirt in the aqueous solution
of the hydrotrope (12, 15).

The hydrotropic compound diacid referred to ear-
lier (see Figure 18.2), which has a structure far from
traditional hydrotropes, has been used as a solubiliz-
ing agent in formulations for laundry applications. This
molecule has been proven to retard the formation of
liquid crystalline structures in such a concentrated sys-
tem, as well as in the diluted system used to model
actual washing conditions (12). The hydrotrope in the
diluted system with a hydrophobic solute, octanol, used
as a model for the dirt, will also increase the solubility
of the solute. This means that the diacid will facilitate
the formulation and stability of products for cleaning
as well as the cleaning action to remove contaminants.
Systems containing the diacid have been characterized
by a variety of techniques such as NMR spectroscopy
to study the ordering of the hydrocarbon chains with
and without the hydrotrope present by determining the
quadrupolar coupling and the order parameter (22). The
model system, octanol, water and surfactant, is a liquid
crystalline sample. The addition of the diacid resulted
in a decrease of the order parameter for the octanol
molecule (see Figure 18.8). Hence, the organized struc-
ture will be affected and the liquid crystalline structure
will be disordered. X-ray diffraction, used to study the
interlayer spacing of the lamellar liquid crystal, showed
that the organization of the diacid molecule active as a
hydrotrope was quite close to the structural appearance
of traditional short-chain hydrotropes (12, 15).

Rinse aids are usually based on nonionic surfactants.
These compounds will provide the wetting properties
as well as the defoaming action to enable higher
water rinse velocities (23). Defoaming will occur above
the cloud point and low cloud points are therefore
wanted to reduce the energy consumption by using
lower temperatures. Lower cloud points influence the
stability of the products and hydrotropes are used
to increase the stability of the final product. It is
also important to determine how the hydrotrope will
effect parameters such as dispersibility, cloud point
and foaming. Examples of hydrotropes used in rinse
aid formulations are alkylnaphthalene sulfonates and
sulfosuccinate esters since these are regarded as the
most effective, increasing the cloud points of solutions
with nonionic surfactants without leading to excessive
foaming. Propylene glycol, isopropanol and urea are
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Figure 18.8. The quadrupolar splitting of octanol as a function
of the molar fraction with added surfactant (#) or hydrotrope
(O) diacid. (Redrawn from Friberg, S. E. et al., J. Colloid
Interface Sci., 109, 487-492 (1986))

also commonly found, while alcohols in general are not
effective as solubilizers in such formulations.

Table 18.4. The effect of different parameters on the hydro-
tropic activity in extractive separation

Parameter Effect

Nature of hydrotrope

Hydrotrope
concentration

Nature of solvent

The hydrophobicity will effect the
aggregational behaviour and
hence the solubilization of the
solute

The separation factor will increase
with the concentration, with the
selectivity being higher above
the MHC

Extractions from inert solvents are
more efficient than from polar
solvents

solubilization provides the basis for using hydrotropes
as separation agents. This behaviour has been especially
useful for the separation of close-boiling mixtures.

4.2.1 Extractive separation

Separation of two compounds by using liquid-liquid
extraction can be enhanced by using a hydrotropic
water-phase (24). Since the hydrotrope is highly selec-
tive in the solubilization, the extraction percentage and
hence the separation factor will be different for the two
solutes (25). The yield and the separation factor will be
influenced by a number of parameters (see Table 18.4).

4.2 Separation processes

A variety of isomeric or closely related mixtures of
organic compounds are often found when manufactur-
ing chemical and pharmaceutical products. However, it
is usually necessary to separate these molecules in order
to obtain the expected functionality of the products.
Conventional methods such as distillation, extraction
and crystallization might be difficult to use since the
molecules to be separated might have very close chem-
ical and physical properties. Hydrotropes are known to
be selective in the solubilization of compounds and as
mentioned earlier, do not perform so generally as surfac-
tants. It has been found that the solubility enhancement
in water by adding the hydrotrope sodium xylene sul-
fonate (SXS) will vary for different isomers such as
o- and p-nitrochlorobenzene, as well as for o- and p-
dichlorobenzene (24). In this case, the o-isomer is more
soluble than the p-isomer. Higher solubilities have also
been reported for aromatic compounds when compared
to aliphatic and alicyclic compounds (24). This selective

4.2.2 Distillation

Addition of a hydrotrope to a mixture of compounds
to be separated will modify the vapour-liquid equilib-
rium. The volatilities for the compounds will change
differently due to a preferential association of one of
the components with the hydrotrope. In this case, one
of the components will have a higher solubility in the
liquid phase and the other component will be enriched
in the vapour phase (24, 26).

4.2.3 Crystallization

The phenomenon of hydrotropy can also be used for the
separation of similar compounds and isomers by crys-
tallization and precipitation of the selected component
from their mixtures in the presence of a hydrotrope.
The basis for this is the difference in the solubilities
for the two compounds as a function of the temperature
and the concentration of the hydrotrope. This has been
used for the separation of ochlorobenzoic acid and p-
chlorobenzoic acid (27) using sodium butyl monoglycol
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Table 18.5. Examples of systems used in separative processes

Compounds to be separated Hydrotrope" Technique

Extractive separation
Extractive separation
Distillation
Distillation
Crystallization
Crystallization

References

25
25
26
26
28
27

p-Cresol/2,6-xylenol
Phenol/o-chlorophenol
Xylenol/p-cresol
Phenol/ochlorophenol
o-Chloronitrobenzene /p-chloronitrobenzene
o-Chlorobenzoic acid/p-chlorobenzoic acid

ST, STS, SMS, SCyS, SPCS
ST, STS, SMS, SCyS, SPCS
/?-Toluene sulfonic acid
/^-Toluene sulfonic acid
Sodium butyl monoglycol sulfate
Sodium butyl monoglycol sulfate

"ST, sodium toluate; STS, sodium toluene sulfonate; SMS, sodium mesitylene sulfonate; SCyS, sodium cymene sultbnate; SPCS, sodium pseudo-
cumene sulfonate.

sulfate as a hydrotrope. By adding the hydrotrope to
the water phase, the absolute increase will be higher
for 6>-chlorobenzoic acid than for /?-chlorobenzoic acid,
while the solubility of the /?-isomer is lower than for the
oisomer in the hydrotropic solution. This difference in
the solubility can be used for separation since one com-
ponent will precipitate upon dilution with water. The ini-
tial composition, temperature, water addition flow-rate
and the path followed during the process will influence
which component will precipitate, as well as the size
distribution of the crystals. The same behaviour is also
expected and has in fact been reported for o- and p-
chloronitrobenzenes due to different solubilities in the
solution of sodium butyl monoglycol sulfate (28).

Table 18.5 gives an overview of different systems
used in separative processes.

4.3 Polymers and hydrotropes

The amino acid proline, which has a high water solubil-
ity, will increase the solubility of a number of different
hydrophobic substances such as pyrene, fluorescein diac-
etate (FDA), progesterone and estradiol. The increase
in the solubility of FDA as a function of the proline
concentration is sigmoidal in form, thus indicating the
hydrotropic activity of proline (29). The efficacy regard-
ing increasing the solubility is in the same range as for
traditional hydrotropes such as sodium toluene sulfonate,
sodium cumene sulfonate and sodium butyl monogly-
col sulfate. It has been suggested that the stacking of
the molecule might be more difficult for proline since
the solubility curve is not as steep as that observed
for hydrotropes in general. The polarity of the pro-
line solution is not very different from water, which
means that this amino acid does not offer a micro-
environment which is as non-polar as found for other
hydrotropes. This might, in fact, be regarded as an
advantage for biopolymers, which need to contain their
active conformations to retain their specific functions.
Proline has been proven to increase the denaturation

temperature for the protein enzyme a-chymotrypsin, as
well as for ribonuclease A. Due to this ability, proline is
a protein-compatible hydrotrope. The 4-hydroxyproline
compound will not exhibit hydrotropic activity, due to
a limited solubility in water of the actual compound
itself. The self-aggregation of 4-hydroxyproline may
also be prevented by the presence of the hydroxyl
group (13, 29).

4.4 Chemical reactions

Due to a low solubility of the hydrophobic reactant in
the aqueous-phase and/or of the aqueous-phase reagent
in the organic phase, the rates of many heterogeneous
reactions are generally low. Since the hydrotrope will
enhance the solubility of the organic compound in the
aqueous phase, the employment of such compounds is
very useful for increasing the rates for heterogeneous
reactions (11, 13).

The solid-liquid alkaline hydrolysis of esters
such as phenyl benzoate, ethyl /?-nitrobenzoate
and 2,4-dichlorophenylbenzoate has been studied
in the presence of sodium /?-toluene sulfonate,
sodium xylene sulfonate and the sodium salts of
phenol, /?-chlorophenol, 2,4-dichlorophenol and 2,4,6-
trichlorophenol. The solubilities of the esters in water
is very low, but in the presence of the hydrotropes
considerably higher reaction rates are obtained due
to higher solubilities (30). The same behaviour was
observed by using urea in the solid-liquid oximation of
cyclododecanone where the reaction rate was increased.
From studies of these types of reactions, the following
observations were made (31):

(i) Potassium salts were more effective than the
sodium salts of different hydrotropes.

(ii) Increasing the hydrophobicity of the hydrotrope by
increasing the size of the bulky group attached
to the benzene ring will enhance the hydrotropic
intensification factor.
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(iii) The intensification factor will vary exponentially
with the hydrotrope concentration.

Another example is the enhancement of the reaction rate
for the Claisen-Schmidt condensation of benzaldehy-
des with acetophenone by using either sodium butyl
monoglycol sulfate or the sodium salts of aromatic
sulfonic acids as hydrotropes (32). Solvents such as
N, yV-dimethylformamide, tetrahydrofuran and alcohols
are generally used in these preparations. However, by
introducing hydrotrope solutions as the reactive media,
the use of expensive organic solvents can be avoided.

difficult to investigate the kinetics for vesicle formation
by preparing vesicles using the above traditional tech-
niques. By using mechanical agitation, the size and the
distribution is dependent on the added energy. The high
ratio between the micelle-forming surfactant and the
vesicle-forming compound indicates that the osmotic
process will be time-consuming. Since a very low
amount of hydrotropes is necessary in the procedure of
vesicle formation, use of such compounds is considered
to be a very interesting technique for these types of
studies (34).

4.5 Preparation of vesicles

Amphiphilic association structures such as micelles,
microemulsion droplets, vesicles, etc. have a high poten-
tial in the biomedical, agricultural and chemical indus-
tries. Vesicles are characterized by a bilayer structure,
where the bilayer, which is composed of surfactants, will
separate two different water compartments, one form-
ing the core and the other forming the external phase.
They have proven to be useful in medical and personal
care applications. Vesicles may, for example, be used as
encapsulating agents for the controlled release of drugs
in various formulations. Three examples of traditional
procedures for preparing vesicles are as follows:

• mechanical agitation of lamellar liquid crystals
• evaporation of a volatile oil from an emulsion based

on water, oil and the vesicle-forming compound
• solubilization of the vesicle-forming compound in

surfactant micelles and thereafter dilution with water
below the critical micelle concentration (CMC).

The disadvantage with the last method is that a high
amount of micelle-forming surfactants, compared to
the amount of vesicle-forming surfactants, is present.
The micelle-forming surfactants will later on have to
be removed by dialysis and the method is very time-
consuming.

Aqueous solutions of hydrotropes have proven to
be powerful systems for preparing vesicles. In this
case, the vesicle-forming compound has been mixed
with water and the hydrotrope, and dilution with water
resulting in the vesicles (33). Vesicles formed by the
nonionic surfactant Laureth 4 (Brij® 30) from an
aqueous solution of sodium xylene sulfonate (SXS) were
more stable and smaller than vesicles prepared from the
suspension of the lamellar liquid crystal in water.

The preparation, structure and stability of vesicles
have been thoroughly studied. However, it has been

4.6 Solubilization of Pharmaceuticals

The importance of using hydrotropes in pharmaceutical
formulations was realized quite early on in the history
of hydrotropes. They have to a high extent been used as
solubilizing agents for preparing formulations of specific
drugs since the low water solubility of the drug is usu-
ally the limiting factor in the formulation process (11,
13). Other methods to achieve stable drug formulations
are to use cosolvent systems and micellar solubilization
employing surfactants. However, problems with toxic-
ity and precipitation of microcrystals have occurred (35)
and hydrotropic solubilization offers new possibilities in
the field to prepare safe, non-toxic systems of poorly
water-soluble drugs. When the drug is kept solubilized
in emulsions and suspensions, multiphase systems are
achieved. In the case of hydrotropes, a homogenous
phase is expected. Much of the literature regarding
hydrotropes in the pharmaceutical area have dealt with
the solubilization of drugs in aqueous-based formula-
tions. A number of studies have also been performed to
explore the mechanistic performance of the hydrotrope,
in particular to elucidate complexation between the
hydrotrope and the drug. Examples of drugs known
to be poorly water-soluble which have been studied
by using hydrotropes are riboflavin (vitamin B2) (35),
nifedipine (36), ketoprofen (37), flurbiprofen (38) and
oxamniquine (39).

Nicotinamide, or vitamin B3, characterized by a
low toxicity, has been proven to solubilize a num-
ber of drugs, such as, for example, riboflavin (35) and
nifedipine (36). A 36-fold increase of the solubility
of riboflavin, which has a multi-aromatic ring sys-
tem, at nicotinamide concentrations of about 2M, has
been observed (35). It has been shown that complexa-
tion occurs between the riboflavin and the hydrotropic
agents cytosine and caffeine, respectively (35). How-
ever, in the case of nicotinamide, no evidence for
complexation between riboflavin and nicotinamide,
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by performing fluorescence studies, could be found.
Therefore, complexation could not explain the increased
solubility of riboflavin in this case (35). The importance
of self-association of the hydrotrope for the solubilizing
process has been indicated for the system riboflavin and
nicotinamide, since the solubilizing capacity of nicoti-
namide will decrease with temperature as the extent of
self-association increases.

The aqueous solubility of ketoprofen (37) has been
increased by using hydrotropes such as sodium ben-
zoate, sodium-m-hydroxy benzoate, sodium o-hydroxy
benzoate, sodium dihydroxy benzoate, sodium ascorbate
and nicotinamide. Two different mechanisms have been
proposed at low and high concentrations of hydrotropes,
respectively. At low hydrotrope concentrations, it is
assumed that a weak ionic interaction between the
hydrotrope and the drug will occur, which is a result
of the differences in electronegativity found for the two
solutes. Other interactions such as hydrogen bonding
may also be of importance. The proposed mechanism for
enhanced solubilization at high hydrotrope concentra-
tions, i.e. above the MHC, is the formation of molecular
aggregation between the drug and the hydrotrope.

The effect of nicotinamide, sodium benzoate, sodium
naphthoate, sodium nicotinate and sodium isonicotinate
on the solubility of oxamniquine in water (39) has
revealed the importance of the structure of the
hydrotrope. Sodium naphthoate resulted in a higher
solubility of the solute when compared to sodium
benzoate. This indicates than an expansion of the ring
system enhances solubility, a phenomenon that has
also been found for chlorothiazide, phenacetin and
allopurinol. The solubilizing capacity of the hydrotrope
will also increase by replacing the benzene ring with
a pyridine ring, which has been observed for the
systems sodium nicotinate, sodium isonicotinate and
sodium benzoate, where the benzoate showed the least
increase in solubility of oxamniquine. Differential UV
absorption studies indicated that molecular interactions
occurred between the hydrotropes and oxamniquine
since spectral changes were observed in the presence
of the hydrotropes, thus suggesting that complexation
is an important mechanism. This study revealed the
formation of 1:1 complexes of oxamniquine with sodium
naphthoate, sodium isonicotinate and nicotinamide, and
1:2 complexes with sodium nicotinate and sodium
benzoate. A correlation was also found between the
solubilizing powers of the hydrotropes and the stability
constants for their complexes. Even though complex
formation seemed to be responsible for the increased
solubility of the drug, the effect of salting-in may also

play a role for the hydrotropes sodium nicotinate and
sodium isonicotinate.
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1 DIFFERENT SURFACTANT
SYSTEMS

Self-assembly of amphiphilic molecules, such as surfac-
tants and polar lipids, leads to a range of different struc-
tures, of which a few are shown in Figure 19.1. Systems
containing amphiphiles are best classified into homo-
geneous, or single-phase, systems and heterogeneous
systems of two or more phases. The single-phase
systems can in turn be divided into isotropic solutions,

solid phases and liquid crystalline phases. The solid
crystalline phases have, as do crystals in general,
both long-range and short-range order, but the degree
of short-range order varies between different phases.
Isotropic solution phases are characterized by disorder
over both short and long distances, while liquid crys-
talline phases or mesophases have a short-range disorder
but some distinct order over larger distances. In both
isotropic solutions and liquid crystals, the state of the
amphiphile alkyl chains can be denoted as "liquid-like".
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(a) (d)

Spherical micelle Reversed micelle

Lamellar phase Vesicle

Figure 19.1. Surfactant self-assembly leads to a range of dif-
ferent structures of which a few are shown here, (a) Spherical
micelles with an interior composed of the hydrocarbon chains
and a surface of the polar head-groups (pictured as spheres)
facing the water. Spherical micelles are characterized by a low
surfactant number (critical packing parameter) and a strongly
positive spontaneous curvature. The hydrocarbon core has
a radius close to the length of the extended alkyl chain,
(b) Cylindrical micelles with an interior composed of the
hydrocarbon chains and a surface of the polar head-groups fac-
ing the water. The cross-section of the hydrocarbon core is sim-
ilar to that of spherical micelles. The micellar length is highly
variable so these micelles are polydisperse. (c) Surfactant
bilayers which build up lamellar liquid crystals have, for
surfactant-water systems, a hydrocarbon core with a thick-
ness of ca. 80% of the length of two extended alkyl chains,
(d) Reversed or inverted micelles have a water core surrounded
by the surfactant polar head-groups. The alkyl chains, together
with a non-polar solvent, make up the continuous medium. Like
"normal" micelles, they can grow into cylinders, (e) A bicon-
tinuous structure with the surfactant molecules aggregated into
connected films characterized by two curvatures of opposite
sign. The mean curvature is small (zero for a minimal surface
structure), (f) Vesicles are built from bilayers similar to those
of the lamellar phase and are characterized by two distinct
water compartments, with one forming the core and one the
external medium. Vesicles may have different shapes, and there
are also reversed-type vesicles. (Redrawn from D. F. Evans
and H. Wennerstrom, The Colloidal Domain: Where Physics,
Chemistry, Biology and Technology Meet, VCH, New York,
1994, pp. 14-15)

In crystals, formed below the "chain melting tempera-

ture ", the state is more or less "solid-like". The more

Table 19.1. Different amphiphile systems

Homogeneous systems
Solid phases

Many different structures
Liquid crystalline phases

Lamellar
Hexagonal
Reversed hexagonal
Cubic: several structures are known, which can be grouped

into water-continuous, hydrophobe-continuous and
bicontinuous

"Intermediate" and "deformed" phases, including "nematic
lyotropic"

Isotropic solution phases
Dilute and concentrated micellar solutions
Reversed micellar solutions
Microemulsions

Heterogeneous systems
Emulsions
Suspensions
Vesicles, liposomes
Foams
Adsorbed surfactant layers and other surfactant films
Gels

important amphiphile systems can be arranged as shown
in Table 19.1.

This present chapter describes micelle formation
in isotropic solutions, while surfactant self-assembly
into other structures is treated in other chapters in
this volume, as well as surfactant self-assembly in the
presence of polymer chains and solid surfaces.

2 SURFACTANTS START TO FORM
MICELLES AT THE CMC

When measuring the different physico-chemical proper-
ties of aqueous solutions of a surfactant or lipid, which
is polar enough to be water-soluble up to relatively high
concentrations, we will encounter many peculiarities, as
exemplified in Figure 19.2 for an ionic surfactant. At
low concentrations, most properties are similar to those
of a simple electrolyte. One notable exception is the sur-
face tension, which decreases rapidly with the surfactant
concentration. At some higher concentration, which is
different for different surfactants, unusual changes are
recorded. For example, the surface tension, and also the
osmotic pressure, takes on an approximately constant
value, while light scattering starts to increase and self-
diffusion starts to decrease. All of these observations
suggest and are consistent with a change-over from a
solution containing single surfactant molecules or ions,
"unimers", to a situation where the surfactant more and
more occurs in a self-assembled or self-associated state.
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CMC Concentration

Figure 19.2. Schematic representation of the concentration
dependence of some physical properties for solutions of
a micelle-forming surfactant. (Redrawn from B. Lindman
and H. Wennerstrom, Topics in Current chemistry, Vol. 87,
Springer-Verlag, Berlin, 1980, p. 6)

We will examine in detail the structures formed as well
as the underlying mechanisms, and will only note here
two general features. The concentration for the onset of
self-assembly is quite well defined and becomes more
so the longer the alkyl chain of the surfactant. The first-
formed aggregates are generally approximately spherical
in shape. We call the aggregates "micelles", and the con-
centration where they start to form the "critical micelle
concentration" (CMC). An illustration of a micelle's
structure is given in Figure 19.3.

Figure 19.3. An illustration of a spherical micelle (for dode-
cyl sulfate), with a disordered hydrocarbon core and a rough
surface, emphasizing the liquid-like character. (Redrawn from
J. Israelachvili, Intermolecular and Surface Forces, with Appli-
cations to Colloidal and Biological Systems, Academic Press,
London, 1985, p. 251)

The CMC is the single most important characteris-
tic of a surfactant, useful inter alia in considerations of
practical uses of surfactants. We will now consider how
different factors influence the CMC, but let us first make
a note on how to measure it. The two most common and
generally applicable techniques are surface tension and,
solubilization, i.e. the solubility of an otherwise insol-
uble compound. For an ionic amphiphile, the conduc-
tivity offers a convenient approach to obtain the CMC.
However, as a very large number of physico-chemical
properties are sensitive to surfactant micellization, there
are numerous other possibilities, such as self-diffusion
measurements and NMR and fluorescence spectroscopy.
As we will see, the CMC is not an exactly defined
quantity, which causes difficulties in its determination.
For long-chain amphiphiles, an accurate determination
is straightforward and different techniques will give the
same results. However, for short-chain, weakly associ-
ating amphiphiles this is not the case and great care
must be taken not only in the measurements but also in
evaluating the CMC from experimental data.

3 THE CMC DEPENDS ON
CHEMICAL STRUCTURE

A list of the CMC values of selected surfactants at 25°C
is given in Table 19.2, while in Table 19.3 a list for
nonionic surfactants is given. From these and other data,
several general remarks about the variation of the CMC
with the surfactant chemical structure can be made, as
follows:

(i) The CMC decreases strongly with increasing alkyl
chain length of the surfactant (Figures 19.4 and
19.5). As a general rule, the CMC decreases
by a factor of ca. 2 for ionics (without added
salt) and by a factor of ca. 3 for nonionics on
adding one methylene group to the alkyl chain
(Table 19.4). Comparisons between the different
classes of surfactants are best made at a fixed
number of carbons in the alkyl chain length.

(ii) The CMCs of nonionics are much lower than those
of ionics. The relationship depends on alkyl chain
length, although two orders of magnitude is a rough
starting point.

(iii) Besides the major difference between ionics and
nonionics, the effects of the head-groups are moder-
ate. Cationics typically have slightly higher CMCs
than anionics. For nonionics of the oxyethylene
variety, there is a moderate increase of the CMC
as the polar head-group becomes larger.
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Table 19.2. CMC values of some selected surfactants at 25°C

Surfactant CMC1

Dodecylammonium chloride 1.47 x
Dodecyltrimethylammonium chloride 2.03 x
Decyltrimethylammonium bromide 6.5 x
Dodecyltrimethylammonium bromide 1.56 x
Hexadecyltrimethylammonium bromide 9.2 x
Dodecylpyridinium chloride 1.47 x
Sodium tetradecyl sulfate 2.1 x
Sodium dodecyl sulfate 8.3 x
Sodium decyl sulfate 3.3 x
Sodium octyl sulfate 1.33 x
Sodium octanoate 4 x
Sodium nonanoate 2.1 x
Sodium decanoate 1.09 x
Sodium undecanaote 5.6 x
Sodium dodecanoate 2.78 x
Sodium /7-octylbenzene sulfonate 1.47 x
Sodium /7-dodecylbenzene sulfonate 1.20 x
Dimethyldodecylamineoxide 2.1 x

CH3 (CH2)9 (OCH2CH)6OH 9 x
CH3 (CH2)9 (OCH2CH)9OH 1.3 x
CH3(CH2)n (OCH2CH)6OH 8.7 x
CH3 (CH2)7 C6H4 (CH2CH2O)6 2.05 x

Potassium perfluorooctanoate 2.88 x

10~2M
10~3M
10~3M
10~2M
\Q~lM
10-]m
lO-'/w
HT'/W
10~2m
10~2m
10~2m
10~3m
10"3M

10~4M
10~3M
10~5M
10~4M

°\n moles/dm3 (M) or moles/kg H2O (m).

Table 19.3. CMC values for some selected
nonionic surfactants

Surfactant

C6E3

C8E4

C8E5

C8E6

C10E5
Q0E6
CioE8
Ci2E5

Ci2E6

C ]2E7

C ]2E8

Ci4E8

C l 6E9

Ci6Ej2

Ci6E2i

C80E9

C 8 0Eio

C 1 2 N O

/3 — D — C8glucoside
fi — D — Cioglucoside
fi — D — Ci2glucoside

CMC (\LM)

10 x 104

8.5 x 103

9.2 x 103

9.9 x 103

9.0 x 102

9.5 x 102

10 x 102

6.5 x 10
6.8 x 10
6.9 x 10
7.1 x 10
9.0
2.1
2.3
3.9

3.4 x 102

3.4 x 102

2.2 x 103

2.5 x 104

2.2 x 103

1.9 x 102

10"'

icn

Cn(OCH2CH2)6OH

CnCOCTNa+

CnN
+(CH3)2CH2COO-

CnOSO3-Na+

CnN(CH3)3
+Br in 0.5M

NaBr

10 15

Number of carbon atoms in the alkyl chain, nc

20

Figure 19.4. The logarithm of the CMC varies linearly with
the number of carbon atoms in the alkyl chain of a surfactant.
The slope is larger for a nonionic surfactant, or an ionic
with added salt, than for an ionic surfactant without added
electrolyte. (Redrawn from B. Lindman and H. Wennerstrom,
Topics in Current Chemistry, Vol. 87, Springer-Verlag, Berlin,
1980, p. 8)

10-

10-3

O 10-4

10-1

10-'

(iv) The valency of the counterion is significant.

While simple monovalent inorganic counterions

10 12 14 16

Number of carbon atoms in the alkyl chain, nc

Figure 19.5. The logarithm of the CMC (molar concentration)
versus the number of carbons in the alkyl chain for various
octa(ethylene glycol)monoalkyl ethers at different tempera-
tures. From top to bottom, the temperatures are 15.0, 20.0,
25.0, 30.0 and 40.0°C. (Redrawn from K. Meguro, M. Ueno
and K. Esumi, in Nonionic Surfactants Physical Chemistry,
M. J. Schick (Ed.), Marcel Dekker, New York, 1987, p. 134)

give roughly the same CMC, increasing the valency
to 2 gives a reduction of the CMC by roughly a
factor of 4. Organic counterions reduce the CMC

when compared to inorganic ones - the more so the
larger the nonpolar part.

(v) While alkyl chain branching and double bonds,
aromatic groups or some other polar charac-
ter in the hydrophobic part produce sizeable
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Table 19.4. The CMC decreases strongly with the alkyl chain length. The decrease
follows, to a good approximation, the relationship log CMC = A — BIIQ, where «c
is the number of carbons in the alkyl chain

Surfactant series Temperature
°

B

Na carboxylates (soaps)
K carboxylates (soaps)
Na (K) rc-alkyl 1-sulfates or -sulfonates
Na /t-alkane-1-sulfonates
Na Ai-alkane-1-sulfonates
Na /i-alkane-1-sulfonates
Na n -alkyl- 1-sulfates
Na n-alkyl- 1-sulfates
Na H-alkyl-2-sulfates
Na p-/i-alkylbenzene sulfonates
Na p-n-alkylbenzene sulfonates
n-Alkylammonium chlorides
n-Alkylammonium chlorides
«-Alkytrimethylammonium bromides
n - Alky ltrimethy lammonium chlorides
(in 0.1 M NaCl)
n -Alkyltrimethylammonium bromides
ft-Alkylpyridinium bromides

20
25
25
40
55
60
45
60
55
55
70
25
45
25
25

60
30
25

1.8(5)
1.9(2)
1.5(1)
1.5(9)
1.1(5)
1.4(2)
1.4(2)
1.3(5)
1.2(8)
1.6(8)
1.3(3)
1.2(5)
1.7(9)
1.7(2)
1.2(3)

1.7(7)
1.7(2)
1.8(2)

0.30
0.29
0.30
0.29
0.26
0.28
0.30
0.28
0.27
0.29
0.27
0.27
0.30
0.30
0.33

0.29
0.31
0.49

changes in the CMC, a dramatic lowering of the
CMC (one or two orders of magnitude) results
from perfluorination of the alkyl chain. Interest-
ingly, partial fluorination may increase the CMC;
for example, fluorination of the terminal methyl
group roughly doubles the CMC. The anomalous
behaviour of partially fluorinated surfactants is due
to unfavourable interactions between the hydrocar-
bon and fluorocarbon groups.

4 TEMPERATURE AND COSOLUTES
AFFECT THE CMC

It is a characteristic feature of ionic surfactant micelliza-
tion that the CMC is, to a first approximation, indepen-
dent of the temperature. The temperature-dependence of
the CMC of sodium dodecyl sulfate (SDS), displayed
in Figure 19.6, is a good illustration of this. The CMC
varies in a non-monotonic way by ca. 10-20% over a
wide range. The shallow minimum at around 25°C can
be compared with a similar minimum in the solubil-
ity of hydrocarbons in water. Nonionic surfactants of
the polyoxyethylene type deviate from this behaviour
and show typically a monotonic, and much more pro-
nounced, decrease in CMC with increasing temperature.
As will be discussed briefly at the end of this chapter,
this class of nonionics behaves differently from other
surfactants with respect to temperature effects.

10 20 30 40 50 60

Figure 19.6. Temperature dependence of the CMC of sodium
dodecyl sulfate (top) and penta(ethylene glycol)monodecyl
ether. (Redrawn from P. H. Elworthy, A. T. Florence and
C. B. Macfarlane, Solubilisation by Surface-Active Agents,
Chapman & Hall, London, 1968)

Pressure has little influence on the CMC, even up to
high values.

Turning next to the effect of cosolutes on the CMC,
this is an important and broad issue that we will come
back to later. A most important matter is the effect
of added electrolyte on the CMCs of ionics. This is
illustrated in Figure 19.7 for the simplest and generally
most important case of adding a 1:1 inert electrolyte
to a solution of a monovalent surfactant. The following
features are noted:
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Figure 19.7. Effect of sodium chloride addition on the CMC
of different sodium alkyl sulfates. The solid lines repre-
sent predictions from electrostatic theory (Poisson-Boltzmann
equation), with cs being the salt concentrations. (Redrawn
from G. Gunnarsson, B. Jonsson and H. Wennerstrom, J. Phys.
Chem., 84(1980) 3114)

(i) Salt addition gives a dramatic lowering of the CMC,
which may amount to an order of magnitude.

(ii) The effect is moderate for short-chain surfactants
but much larger for long-chain ones.

(iii) As a consequence, at high salt levels the variation
of the CMC with the number of carbons in the
alkyl chain is much stronger than without added
salt. The rate of change at high salt levels becomes
similar to that of nonionics.

(iv) The salt effects (as many other aspects of ionic
surfactant self-assembly) can be quantitatively
reproduced from a simple model of electrostatic
interactions, via the Poisson-Boltzmann equation.
Let us further add that:

(v) The effect of added salt depends strongly on the
valency of the ions, and in line with what was noted
above, it is most sensitive to the valency of added
counterions.

(a)
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Figure 19.8. Addition of simple alcohols gives a lowering of the CMC (in this case for potassium dodecanoate) which is
approximately linear with the cosolute concentration. The slope increases rapidly when the alcohol becomes less polar. (Redrawn
from K. Shinoda, T. Nakagawa, B. -I. Tamamushi and T. Isemura, Colloidal Surfactants: Some Physicochemical Properties,
Academic Press, London, 1963)
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(vi) For nononics, simple salts produce only small
variations in the CMC with both increases and
decreases possible.

Other low-molecular-weight cosolutes produce changes
in the CMC to a very different extent depending on
the cosolute polarity. Both increases and decreases in
the CMC are possible. Small or moderate increases
may result from the addition of highly water-soluble
compounds, the reason being that water is the most
effective solvent for surfactant self-assembly. More
common and more interesting are the decreases in CMC
observed for most uncharged cosolutes. The effect will
depend on cosolute polarity and on any amphiphilic
character it may have and is perhaps best illustrated by
the addition of simple alcohols. As seen in Figure 19.8,
alcohols lower the CMC, but to very different extents.
The alcohols are less polar than water and are distributed
between the bulk solution and the micelles. The more
preference they have for the micelles, then the more they
will stabilize them. A longer alkyl chain leads to a less
favourable location in water and a more favourable one
in the micelles. Here, it will act basically as any added
nonionic amphiphile, such as a nonionic surfactant, in
lowering the CMC.

5 THE SOLUBILITY OF
SURFACTANTS MAY BE STRONGLY
TEMPERATURE-DEPENDENT

There are many important and intriguing temperature
effects in surfactant self-assembly. One, which is of
great practical significance, is the dramatic temperature-
dependent solubility notably displayed by many ionic
surfactants. The solubility may be very low at low tem-
peratures and then increases by orders of magnitude over
a relatively narrow temperature range. The phenomenon
is generally denoted as the "Krafft phenomenon", with
the temperature for the onset of the strongly increasing
solubility being the "Krafft point" or "Krafft temper-
ature". The temperature-dependence of surfactant sol-
ubility in the region of the Krafft point is illustrated
in Figure 19.9. The Krafft point may vary dramatically
with subtle changes in the surfactant chemical structure,
although some general remarks can be made for alkyl
chain surfactants, as follows:

(i) The Krafft point decreases strongly as the alkyl
chain length increases. The decrease is not regular
but displays an odd-even effect.

(ii) The Krafft point is strongly dependent on the
head-group and counterion. Salt addition typically
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Figure 19.9. Temperature-dependence of surfactant solubility
in the region of the Krafft point. (Redrawn from K. Shinoda,
T. Nakagawa, B. -I. Tamamushi and T. Isemura, Colloidal Sur-
factants: Some Physicochemical Properties, Academic Press,
London, 1963)

raises the Krafft point, while many other cosolutes
decrease it. There are no general trends for the
counterion dependence. Thus, for example, for
alkali alkanoates the Krafft point increases as the
atomic number of the counterion decreases, while
the opposite trend is observed for alkali sulfates
or sulfonates. For cationics, the Krafft point is
typically higher for bromide than for chloride, and
still higher for iodide. With divalent counterions,
the Krafft point is typically often much higher.

The Krafft phenomenon is best discussed from the inter-
play between the temperature-dependence of the surfac-
tant unimer solubility and the temperature dependence
of the CMC. As we have learnt above, the latter tem-
perature dependence is very weak and we can consider
here that the CMC is, to a good approximation, inde-
pendent of temperature. On the other hand, we expect
the dissolution of the surfactant into the constituent sol-
vated ions to increase markedly with temperature as seen
for simple salts. If this solubility is below the CMC, no
micelles can form and the total solubility is limited by
the (low) unimer solubility. If, on the other hand, the
unimer solubility reaches the CMC, micelles may form.
It is a characteristic feature of micellization, as we will
see later, that as the micelle concentration increases there
is virtually no change in the free unimer activity (or
concentration). This, together with a very high micelle
solubility, explains why a quite small increase in unimer
solubility (resulting here from a temperature increase)
leads to a dramatic increase in the overall surfactant
solubility.
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The Krafft point is determined by the energy relation-
ships between the solid crystalline state and the micellar
solutions. It appears that the micellar solutions vary only
weakly between different cases, like different counteri-
ons, while due to packing effects the solid crystalline
state may change dramatically. Looking for an under-
standing of the Krafft phenomenon we have therefore
to examine the packing effects and ionic interactions in
the solid state.

If the solubility of a surfactant is very low it will
clearly not be operative in various applications. Since a
longer chain surfactant is generally more efficient, there
is commonly a delicate compromise in the design of
surfactants. Attempts to lower the Krafft point should
mainly be directed towards the conditions in the solid
state. Besides changing the counterion, which is not
always possible, we should look into the packing
conditions of the hydrophobic chains. The development
of surfactants with a lower Krafft point is generally
based on making the packing conditions in the solid
state less favourable in one of the following ways:

• introduction of a methyl group, or some other chain
branching, in the alkyl chain

• introduction of a double bond in the alkyl chain
• introduction of a polar segment, usually an oxyethy-

lene group, between the alkyl chain and the ionic
group.

These are also the common approaches to manufacturing
surfactants compatible with hard water. Control of
chain melting is also very important in biological
systems, notably biological membranes, and is achieved
by controlling the chain unsaturation.

6 DRIVING FORCES OF MICELLE
FORMATION AND THERMODYNAMIC
MODELS

6.1 Hydrophobic interactions

The most important characteristic of surfactants and
polar lipids is the amphiphilicity. Water does not inter-
act favourably with the hydrophobic groups and there is
a driving force for expelling the latter from the aqueous
environment. This may be achieved by a macroscopic
phase separation or by hiding the non-polar groups in
some other way. There are numerous other examples
of hydrophobic effects and hydrophobic interactions, as
illustrated in Figure 19.10. For a hydrocarbon in water
there is a strong driving force for transfer to a hydro-
carbon phase or to some other non-polar environment.

Oil

-O
Water

(e)\-

•I
(f)

Water..•.;••••••

(h)

Figure 19.10. Illustrations of the effects of hydrophobic inter-
actions, i. e. the tendency to eliminate contacts between
water and nonpolar molecules or surfaces: (a) water and oil
are immiscible, with a strong driving force to expel hydro-
carbon molecules from water; (b) self-assembly of surfac-
tant molecules; (c) other types of association of hydrocarbon
chains; (d) folding of proteins; (e) strong adhesion between
non-polar surfaces in water; (f) non-wetting of water on
hydrophobic surfaces; (g) rapid coagulation of hydrophobic
particles in water; (h) attachment of hydrophobic particles to
air bubbles (mechanism of froth flotation). (Redrawn from
J. Israelachvili, Intermolecular and Surface Forces, with Appli-
cations to Colloidal and Biological Systems, Academic Press,
London, 2nd Edn, 1991)

When attaching a polar group to the hydrocarbon, an
opposing force is created, which counteracts any phase
separation. If the opposing force is weak, phase sepa-
ration will still result. If it is very strong when com-
pared to the hydrophobic effect, on the other hand, the
amphiphile will occur as single molecules or as small
aggregates, such as dimers. It is the common interme-
diate situation with a balance between hydrophobic and
hydrophilic interactions that we are concerned with in
surfactant self-assemblies.

The hydrophobic interaction increases with increas-
ing alkyl chain length of an alkane or the hydrophobic
group of a surfactant. Indeed, the decrease in solubil-
ity of an alkane with the number of carbons very much
parallels the change in CMC that we discussed above.
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We have noted that micellization (and surfactant
self-assembly in general) is some intermediate between
phase separation and simple complex formation and this
is illustrated in the ways that micellization has been
modelled in thermodynamic analyses. Micelle formation
is generally discussed in terms of one of the following
models.

6.2 Phase separation model

In this model, micelle formation is considered as being
akin to a phase separation, with the micelles being the
separated (pseudo-) phase, and the CMC the satura-
tion concentration of surfactant in the unimeric state.
Surfactant addition above the CMC consequently only
affects the micelle concentration, but not the unimer con-
centration. In many physico-chemical investigations, we
observe a number average over the different states that
a surfactant molecule can occupy. The phase separa-
tion model is particularly simple for the interpretation
of experimental observations. Below the CMC, we have
only unimers and the average of a quantity Q is simply
given as follows:

(Q) = Gaq (19.1)

For a concentration above the CMC, we get, since
Cmic = Ctot - CMC and Caq = CMC, the following:

(Q) = PmxcQmic + PaqQaq

= (1 - CMC/C tot)Gmic + (CMC/Ctol)Gaq
(19.2)

For concentrations sufficiently above the CMC, (Q)
approaches <2mic.

The phase separation model is simple to apply,
illustrative and sufficient for many considerations. As
we would expect, it becomes a better approximation
the higher the aggregation number, i.e. the number of
surfactant unimers in the micelle.

6.3 Mass action law model

Here, we assume a single micellar complex in equilib-
rium with the unimeric surfactant, as follows:

(19.3)

(19.4)

In this model, the aggregation number may be obtained
from the variation in gobs around the CMC. The more

1 2 3 4
Total surfactant concentration {CMC units)

Figure 19.11. The fraction of added surfactant that goes to
the micelles as a function of the total surfactant concentra-
tion for different aggregation numbers (N). (Redrawn from
R. J. Hunter, Foundations of Colloid Science, Oxford Univer-
sity Press, Oxford, 1989, p. 576)

gradual the change, then the lower is the aggregation
number and the more appropriate is the mass action law
model with respect to the phase separation model. The
fraction of added surfactant that goes to the micelles is
plotted as a function of the total surfactant concentration
for different aggregation numbers in Figure 19.11. For
very high aggregation numbers, N, there is a close to
stepwise change and the variation is in the limit the same
as that predicted by the phase separation model.

In reality, micelles are not monodisperse, but there is
a distribution of aggregation numbers, and micelles are
formed in a stepwise process. This is taken into account
in the following model.

6.4 Multiple equilibrium model

= Kn

(19.5)

(19.6)

(19.7)

(19.8)

(19.9)

As written, all of these treatments consider nonionic
surfactants. To account for the association of the counte-
rions to the micelles, we can add the relevant (stepwise if
needed) equilibria for the counterions. This is normally
not a reasonable approach though since the treatment
in terms of equilibrium constants assumes short-range
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interactions and the formation of well-defined com-
plexes. The distribution of counterions is governed by
electrostatic interactions which are long-range. It is,
therefore, not possible to assign definite characteristics
of "micellar-bound" counterions. This does not mean
that counterion binding or association may not be a
useful concept. However, we should be aware of the lim-
itations and analyse findings in terms of the appropriate
models.

7 THE ASSOCIATION PROCESS AND
COUNTERION BINDING CAN BE
MONITORED BY NMR
SPECTROSCOPY

A complete characterization of the self-association of a
surfactant would include giving the concentration of all
of the different species as a function of the total sur-
factant concentration. We can not easily measure the
concentration of micelles of all different aggregation
numbers, but we can obtain some suitable averages. Let
us consider the unimer concentration, the concentration
of micellized surfactant, the concentration of bound and
free counterions and the hydration of micelles. By using
counterion- and surfactant-specific electrodes, we can
obtain counterion and surfactant activities, which pro-
vide information on the distribution between micellar
and unimeric states. Even more complete information
is obtained if we measure the self-diffusion coeffi-
cients of surfactant molecules, micelles, counterions
and water molecules. These can nowadays be obtained
in a single fast experiment by using NMR methodol-
ogy. A representative example is given in Figure 19.12
for the case of decylammonium dichloroacetate. The
CMC is 26 mM. Self-diffusion coefficients constitute
one example where the observed quantity is a weighted
average over the different environments (micellar and
unimeric) so that:

A>bs = nic + Pfree^free

or:

A)bs = (CmicDmic +

(19.10)

(19.1 1)

where D, p and C denote, respectively, the self-
diffusion coefficient, the fraction of molecules in a given
environment and the concentration; Dfree is obtained
from data below the CMC and Dmic, for example,
from measurements on probe molecules confined to
the micelles. In the study of Figure 19.12, a low (to
avoid perturbation of the micellization) concentration of
sparingly soluble tetramethylsilane (TMS) is used. Since
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Figure 19.12. Dependence on the surfactant concentration of
the self-diffusion coefficients of surfactant ions (decylam-
monium), counterions (dichloroacetate), water molecules and
micelles (approximated by the diffusion of added tetramethyl-
silane (TMS)). (Redrawn from P. Stilbs and B. Lindman, J.
Phys. Chem., 85 (1981) 2587)
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Figure 19.13. Concentrations of micellar and free unimeric
surfactant ions (+) and counterions (—) as a function of the
total surfactant (decylammonium dichloroacetate) concentra-
tion; ft is the degree of counterion binding. (Redrawn from
P. Stilbs and B. Lindman, J. Phys. Chem., 85 (1981) 2587)

micelles are large entities, their D values are very much
lower than those of single unimeric molecules.

As can be seen from Figure 19.12, the rate of self-
diffusion is very different for the different molecules
at concentrations well above the CMC. We can directly
state that water molecules are least associated with the
(slowly moving) micelles, while the TMS molecules are
located in micelles to the largest extent. A quantitative
analysis of the surfactant and counterion diffusion data
gives the results presented in Figure 19.13. There are
some important general features, generally applicable for
ionic surfactants, which we should note, as follows:
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(i) To a good approximation, all surfactant molecules
are in the unimeric state below the CMC.

(ii) Above the CMC, the surfactant unimer concentra-
tion decreases and may reach values well below the
CMC.

(iii) The free counterion concentration increases at a
lower rate above than below the CMC.

(iv) If we normalize the micellar bound counterion con-
centration (C^ic) to the micellar surfactant concen-
tration (C^ic), we obtain the degree of counterion
binding, /?, as follows:

P = Cmic/Cmic (19.12)

It is an important result that ft remains constant when we
vary the micelle concentration over orders of magnitude.

The latter observation is often referred to as counte-
rion condensation, meaning that counterion association
is on a level which gives a certain critical effective
charge density. The parameter /3 then remains approxi-
mately constant, even with large variations of the con-
ditions, not only the micelle concentration but also the
added salt and temperature. The counterion condensation
phenomenon is common to all systems of high charge
densities, including also polyelectrolytes and charged
surfaces. It is very well understood from electrostatic
theory.

8 HYDROPHOBIC COMPOUNDS CAN
BE SOLUBILIZED IN MICELLES

TMS (Figure 19.12) is an example of a solubilized
compound or a "solubilizate", i.e. a compound which
becomes soluble due to the presence of micelles. Typ-
ically, the solubility stays very low until the CMC is
reached, while above the CMC it increases rapidly
and almost linearly with the surfactant concentration
(Figure 19.14). Solubilization is one of the most impor-
tant phenomena for surfactant solutions, with a direct
bearing on, inter alia, detergency and the formulation
of Pharmaceuticals. In order to study the solubilization
equilibria, and thus obtain information on the thermo-
dynamics of solubilization, the mentioned self-diffusion
technique is the most general and useful approach.

Surface tension measurements on impure surfactants
provide an illustration of solubilization. If the surface
tension is measured for sodium dodecyl sulfate solu-
tions, one frequently obtains a minimum. On purifica-
tion, this minimum is eliminated. The explanation is
that SDS often contains some dodecanol (due to hydrol-
ysis). The latter is more surface-active than SDS and
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Figure 19.14. Amount of a dye solubilized in solutions of
potassium alkanoates; from right to left, octanoate, decanoate,
dodecanoate and tetradecanoate. (Redrawn from K. Shinoda,
T. Nakagawa, B. -I. Tamamushi and T. Isemura, Colloidal Sur-
factants: Some Physicochemical Properties, Academic Press,
London 1963, p. 26)

becomes concentrated at the air-water interface. How-
ever, as soon as micelles start to form there is another,
more favourable, location for dodecanol, namely in the
micelles. Dodecanol is removed from the surface by sol-
ubilization and the surface tension them increases.

9 MICELLE SIZE AND STRUCTURE
MAY VARY

As a good approximation, micelles can, in a wide con-
centration range above the CMC, be viewed as micro-
scopic liquid hydrocarbon droplets covered with the
polar head-groups, which are in interaction with water.
It appears that the radius of the micelle core constituted
of the alkyl chains is close to the extended length of the
alkyl chain, i. e. in the range of 1.5-3.0 nm. Why is this
so?

The driving force of micelle formation is the elim-
ination of the contact between the alkyl chains and
water. The larger a spherical micelle, the more effi-
cient this is since the volume-to-area ratio increases.
Decreasing the micelle size always leads to an increased
hydrocarbon-water contact. However, if the spherical
micelle was made so large that no surfactant molecule
could reach from the micelle surface to the centre, one
would either have to create a void or some surfactant
molecules would lose contact with the surface. Both of
these options are unfavourable.

We should note that the fact that the micelle
radius equals the length of an extended surfactant
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molecule does not mean that the surfactant molecules are
extended. Only one molecule needs to be extended (in an
d\\-trans state) to fulfil the requirements mentioned and
the majority of the surfactant molecules are in a dis-
ordered state with many gauche -conformations. From
spectroscopic studies, the state of the alkyl chains in
micelles has been characterized in detail. This state
indeed is very close to that of the corresponding alkane
in a neat liquid oil. The liquid-like state is clearly
expressed by molecular dynamics. Thus, chain iso-
merism occurs on a time scale of a few tenths of picosec-
onds, only slightly slower than for liquid alkanes. Due
to the constraint the attachment to the micelle surface
involves, the motion is slightly anisotropic.

We emphasize that a micelle may for many pur-
poses be considered as a microscopic droplet of oil.
This explains the large solubilization capacity towards a
broad range of non-polar and weakly polar substances.
We note, however, that the locus of solubilization will be
very different for different solubilizates. While a satu-
rated hydrocarbon will be rather uniformly distributed
over the micelle core, an aromatic compound, being
slightly surface-active, will be concentrated to the inter-
facial region. An amphiphilic solubilizate, like a long-
chain alcohol, tends to orient in the same way as the
surfactant itself.

At the surface of the micelle we have the associated
counterions, which in number amount to 50-80% of
the surfactant ions, which as noted above is a number
quite invariant to the conditions. Simple inorganic
counterions are very loosely associated with the micelle.
The counterions are very mobile and there is no specific
complex formed with a definite counterion-head-group
distance. Rather, the counterions are associated by long-
range electrostatic interactions to the micelle as a whole.
They remain hydrated to a great extent, and especially
cations tend to keep their hydration shells.

Some water of hydration is thus accounted for by
the associated counterions and, furthermore, the polar
head-groups are extensively hydrated. On the other
hand, water molecules are effectively excluded from
the micelle core. There is, due to packing limitations,
some inevitable exposure of the hydrocarbon chains
at the micelle surface, but even a short step inwards,
the probability of finding water molecules becomes
extremely low.

The micelle size, as expressed by the radius of a
spherical aggregate, may be obtained inter alia from
various scattering experiments and from micelle self-
diffusion. A related and equally important characteristic
of a micelle is the micelle aggregation number, i. e. the
number of surfactant molecules in one micelle. This is

best determined in fluorescence quenching experiments.
To take an example, the aggregation number of SDS
micelles at 25°C is 60-70. The aggregation number
is quite well-defined, with only a narrow distribution.
Micelles of all aggregation numbers exist in equilibrium
but for aggregation numbers deviating markedly from
the average the probability is very small. For this reason,
the mass action law model offers a good description. In
fact, as mentioned above, the analysis of experimental
observations around the CMC using this model gives
some information on the micelle aggregation numbers.

Based on the approximate validity of the mass action
law model:

)" = K (19.13)

and the general relationship between the free energy
change and the equilibrium constant:

AG° = -RT\nK (19.14)

one can derive an approximate relationship for micelle
formation as follows:

AG° = RT In CMC (19.15)

This is a convenient starting point for thermodynamic
considerations.

10 A GEOMETRICAL
CONSIDERATION OF CHAIN
PACKING IS USEFUL

We came above to a simple characterization of the
micelle core as a hydrocarbon droplet with a radius
equalling the length of the extended alkyl chain of the
surfactant. We noted also that, since the cross-sectional
area per chain decreases radially towards the centre, only
one chain can be fully extended while the others are
more or less folded. The aggregation number, N, can be
expressed as the ratio between the micellar core volume,
Vmic, and the volume, v, of one chain as follows:

(19.16)

We can alternatively express the aggregation number as
the ratio between the micellar area, Amic, and the cross-
sectional area, a, of one surfactant molecule:

= Amk/a = (19.17)

By putting these aggregation numbers equal, we obtain
the following:

V/Rm[ca = 1/3 (19.18)
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Table 19.5. Kinetic parameters of association and dissociation of alkyl
sulfates from their micelles

Surfactant

NaC6SO4

NaC7SO4

NaC8SO4

NaC9SO4

NaCnSO4

NaC12SO4

NaCj4SO4

N

17
22
27
33
52
64
80

CMC
(M)

0.42
0.22
0.13
6 x 10"2

1.6 x 10"2

8.2 x 10"3
2.05 x lO-3

k
(s

1.32
7.3
1.0
1.4
4
1
9.6

: +

X

X

X

X

X

X

X

)

109

108

108

108

107

107

105

(M

3.2
3.3
7.7
2.3
2.6
1.2
4.7

k-

x 109

x 109

x 109

x 109

x 109

x 109

x 108

Since R^c cannot exceed the extended length of the
surfactant alkyl chain, /max = 1.5 + 1.265rcc we find that
v/lmaxG is less than or equal to 1/3 for a spherical
micelle.

The ratio v/lm.dXa, which gives a geometric char-
acterization of a surfactant molecule, is very useful
when discussing the type of structure formed by a given
amphiphile. This is called the critical packing parameter
(CPP) or the surfactant number.

11 KINETICS OF MICELLE
FORMATION

We already noted that micelles are formed in a step-
wise process, so the elementary step is the equilibrium
between a unimer and a micellar aggregate.

,n+l (19.19)

The 'on' rate constant, £+, is diffusion-controlled
and depends little on surfactant and micelle size (cf.
Table 19.5). The 'off' rate constant, &_, on the other
hand, is strongly dependent on alkyl chain length,
micelle size, etc. Because of the co-operativity in micelle
formation there is a very deep minimum in the size dis-
tribution curve. This leads to a two-step approach to
equilibrium after a perturbation. In a fast step, quasi-
equilibrium is reached under the constraint of a constant
total number of micelles. The redistribution of unimers
between abundant micelles is a fast process. In order
to reach a true equilibrium, the number of micelles
must change. Because of the stepwise process, this also
involves the very rare intermediate micelles. Therefore,
this process is slow.

From fast kinetic measurements, two relaxation
times are determined which characterize molecular
processes in micellar solutions, i.e. Ti measures the
rate at which surfactant molecules exchange between

micelles, while r2 measures the rate at which micelles
form and disintegrate. Some examples of relaxation
times are given in Table 19.6. As can be seen, x\ is
of the order of 10 us for SDS, while r2 is longer
than a millisecond. Both relaxation processes become
much slower as the surfactant alkyl chain length
increases.

Since the slow relaxation process is critically depen-
dent on the micelle size distribution, kinetic measure-
ments can be used to determine the standard deviation
of the distribution. As can be seen in Table 19.7, the dis-
tribution is relatively narrow for surfactants with longer
alkyl chains.

Table 19.6. Relaxation times T\ and r2 for some sodium alkyl
sulfates

Surfactant

NaC16SO4

NaCi4SO4

NaC]2SO4

Temperature

30

25
30
35
25

20
20

Concentration
(M)

1 x lO-3

2.1 x 10"3
2.1 x 10~3
2.1 x 10"3
3 x lO-3

1 x 10~2

5 x 10-2

T]

760

320
245
155
125

15

(ms)

350

41
19
7

34

1.8
50

Table 19.7. The CMC, the mean aggregation number N, and
the standard deviation a of the micelle size distribution for a
series of sodium alkyl sulfates, as determined from kinetic mea-
surements. (From E. A. G. Aniansson et ai, J. Phys. Chem.,
80 (1976) 905)

Surfactant Temperature CMC(M) N

NaC6SO4
NaC8SO4

NaC]2SO4

NaC]4SO4

25
25
25
40

0.42
0.22
8.2 x lO-3

2.05 x lO-3

17
22
64
80

6
10
13
16.5
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12 SURFACTANTS MAY FORM
AGGREGATES IN OTHER SOLVENTS
THAN WATER

12.1 Polar solvents

In strongly polar solvents, like formamide and ethylene
glycol, micelles are formed with qualitatively the same
features as in water. As exemplified by surface tension
studies in Figure 19.15, the CMC is much higher
in formamide than in water, in this case 100 mM
compared to 1 mM in water. It is a general feature, also
exemplified by smaller micelle radii and aggregation
numbers, that self-assembly is much less co-operative in

(a)
44 r

40

36

32

(b)

28

37

36

35

34

33

32

C16TAB in formamide

0.02 0.06 0.1

Log c

C16TAB in ethylene glycol

31
0.04 0.07 0.1 0.4

Log c

Figure 19.15. Surface tension, y of hexadecyltrimethylammo-
nium bromide, Ci6TABr, in (a) formamide, and (b) ethylene
glycol as a function of the logarithm of the surfactant concen-
tration (A/) at 60°C. (Redrawn from M. Sjoberg, Surfactant
Aggregation In Nonaqueous Polar Solvents, Doctoral The-
sis, Department of Physical Chemistry, The Royal Institute of
Technology, Stockholm, Sweden (1992)

alternative polar solvents. As a consequence, the degree
of counterion binding is also lower.

12.2 Non-polar solvents

For simple amphiphilic compounds, the association is
of low co-operativity in non-polar solvents and leads
typically only to smaller and polydisperse aggregates.
An illustration is given in Figure 19.16. However,
introduction of even quite small amounts of water can
induce a co-operative self-assembly leading to reverse
micelles.

20 40 60 80

Concentration of surfactant (mmol/kg)

(b)

0 20 40 60 80

Concentration of sorbitan monooleate (mmol/kg)

Figure 19.16. The aggregation numbers of amphiphiles in
non-polar solvents are generally low. The plots in (a) show
the average aggregation numbers of 1-monoolein and sorbitan
monooleate in cyclohexane, while those in (b) show the
fractions of surfactant as monomer, dimer and trimer of
sorbitan monooleate in benzene as a function of surfactant
concentration. (Redrawn from K. Konno and A. Kitahara, in
Nonionic Surfactants Physical Chemistry, M. J. Schick (Ed.),
Marcel Dekker, New York, 1987, pp. 195-196)
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13 GENERAL COMMENTS ON
AMPHIPHILE SELF-ASSEMBLY

In water (and other polar solvents), aggregation results
from the insolubility of the non-polar parts in water.
The packing of the hydrocarbon chains results from
the drive to minimize contact with water. Aggregation
is opposed by the hydrophilic interactions giving a
repulsion between the polar head-groups on the micelle
surface. The head-groups will arrange themselves to
minimize the unfavourable repulsions.

The self-assembly of an amphiphile depends on the
strength of the opposing force. It must be strong enough
to compete with one alternative, which is macroscopic
phase separation, but must also be limited in magnitude
since otherwise the unimeric state will be the most
stable one. Examples of head-groups giving too weak
amphiphiles are hydroxyl, aldehyde, ketone and amine.
For a long-chain alcohol, macroscopic phase separation
results rather than micelle formation.

For ionic surfactants, the counterion dissociation
plays a great role. Because of the counterions, macro-
scopic phase separation becomes entropically very
unfavourable and there is a strong tendency to form
small micelles.

Cosolutes may affect amphiphile self-assembly in
many different ways. They can, for example, stabilize
the micelles by reducing the polar interactions. For ionic
surfactants, we can neutralize the charges by adding
an oppositely charged surfactant, we can "screen" the
repulsions between head-groups, or rather even out the
uneven counterion distribution by adding electrolyte, or
we can dilute the charges by introducing a nonionic
amphiphile, such as a long-chain alcohol. In all cases,
we observe a marked reduction in the CMC, and an
increase in micelle size.

Self-assembly and micelle formation have, how-
ever, a broader significance than this. Mixed poly-
mer-surfactant solutions have many applications and
it has become more and more evident that an impor-
tant role of the polymer chains in many systems is to
promote micelle formation. A macromolecular cosolute
will be much more effective in reducing the CMC than
a low-molecular-weight one. This is discussed in some
detail in Chapter 20.

Surfactant adsorption at hydrophilic solid surfaces is
often pictured as leading to surfactant monolayers and
bilayers (Figure 19.17) but it has become increasingly
clear that also this process is best regarded as a process
of surfactant self-assembly. In such cases, the picture
of continuous surfactant layers must be replaced by one

Monolayer adsorption Bilayer adsorption

Figure 19.17. Conventional pictures of surfactant adsorption
at hydrophilic solid surfaces involve monolayer and bilayer
structures

Figure 19.18. In the absence of strong specific interactions
between a hydrophilic surface and the surfactant head-groups,
surfactant molecules will self-assemble into discrete micelles
at the surface

with discrete surfactant aggregates, i.e. surface micelles,
as illustrated in Figure 19.18.

14 MICELLE TYPE AND SIZE VARY
WITH CONCENTRATION

The spherical micelle discussed so far is but one
possibility of an amphiphile self-assembly. The spherical
micelle does not form at all for many amphiphiles,
while for others it occurs only in a limited range of
concentrations and temperatures. In general, we can
distinguish between three types of behaviour of a
surfactant or a polar lipid as the concentration is varied:

1. The surfactant has a high solubility in water and
the physico-chemical properties (viscosity, scattering,
spectroscopy, etc.) vary in a smooth fashion from the
CMC region up to saturation. This suggests that there
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are no major changes in micelle structure, and the
micelles remain small and do not depart much from
a spherical shape.

2. The surfactant has a high solubility in water but
as the concentration is increased there are quite
dramatic changes in certain properties. This indicates
that there are marked changes in the self-assembly
structures.

3. The surfactant has a low solubility and there is a
phase separation at low concentrations.

The three cases are characterized by different ranges of
existence of the isotropic solution phase. In either case
the new phase formed above saturation may be:

• a liquid crystalline phase
• a solid phase of (hydrated) surfactant
• a second, more concentrated, surfactant solution.

Different phase structures give very different physico-
chemical properties and, therefore, in any practical use
of surfactants it is mandatory to have control over
phase structure. The regions of existence of different
phases and the equilibria between different phases are
described by phase diagrams. These are significant, not
only as a basis of applications, but also for our general
understanding of surfactant self-assembly.

For a relatively short-chain surfactant, such as Cs or
Cio, one usually observes a slow and regular variation
of relevant properties, and no phase separation, up
to high concentrations, say 10-40 wt% (Figure 19.19).
The viscosity, which is an important property for the
uses of surfactants, varies smoothly and approximately
as predicted for a dispersion of spherical particles
up to high concentrations. By scattering experiments
and by NMR spectroscopy, direct evidence is obtained
for closely spherical aggregates up to the approach
of phase separation. For some surfactants, it may be
for only at micelle volume fractions of the order of
0.3 that appreciable deformations of the micelles are
seen.

A frequently encountered behaviour for longer chain
surfactants, say Q 4 or above, is that at low or inter-
mediate concentrations the viscosity starts to increase
rapidly with concentration. This is exemplified in a
plot of the (zero-shear) viscosity versus concentration
in Figure 19.20. Here, the micelles grow with increas-
ing concentration, at first to short prolates or cylin-
ders and then to long cylindrical or thread-like micelles
(Figure 19.21).

A third, less common, behaviour is the growth
to very long thread-like micelles even at very low
concentrations, sometimes just above the CMC.

0.1 0.2 0.3

Micelle volume fraction, O

0.4

Figure 19.19. Relative viscosity as a function of micelle vol-
ume fraction for solutions of spherical micelles. The dashed and
continuous curves give theoretical predictions for two models
of spherical particles, in the latter case taking into account
particle-particle interactions. The system exemplified is that
of C12E5 micelles with equal weights of solubilized decane.
(Redrawn from M. S. Leaver and U. Olsson, Langmuir, 10
(1994) 3449)

102

g 10°

10-

10"'
10"2 10"1 10° 101

Surfactant concentration (wt%)

Figure 19.20. For surfactants forming large micelles, the vis-
cosity starts to increase rapidly with surfactant concentration.
The increase in zero shear viscosity is plotted as a function of
surfactant concentration for C16E6. (By courtesy of U. Olsson,
M. Malmsten and F. Tiberg)

The growth of micelles is generally a one-
dimensional process leading to aggregates with a
circular cross-section. The hydrophobic core has a radius
which, as for the spherical micelles and for the same
reasons, equals the length of the extended alkyl chain
of the surfactant. The linear length of the rod-like
micelles can vary over wide ranges, from well below
10 nanometres to many hundred of nanometres.
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Sphere 200 r

Figure 19.21. At higher concentrations the micelles often grow
from spherical aggregates to long rod- or thread-like micelles

15 MICELLAR GROWTH IS
DIFFERENT FOR DIFFERENT
SYSTEMS
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Figure 19.22. The size of alkali dodecyl sulfate (DS) micelles,
here characterized by the hydrodynamic radius, decreases with
increasing temperature and is very sensitive to the choice
of counterion. The following concentrations are used: LiDS,
20 g/1 + 1 M LiCl; NaDS, 20 g/1 + 0.45 M NaCl; KDS,
5 g/1 + 0.45 M KC1; CsDS 5 g/1 + 0.45 M CsCl. As can
be seen, KDS and CsDS give much more pronounced growth
in spite of lower concentrations of surfactant. (Redrawn from
P. J. Missel, N. A. Mazer, M. C. Carey and G. B. Benedek, in
Solution Behavior of Surfactants, K. L. MittalandE. J. Fendler
(Eds.), Plenum Press, New York, 1982, Vol. 1, p. 373)

Micellar growth is a very common phenomenon and for
ionic surfactants the following factors (some of which
are exemplified in Figures 19.22 and 19.23) influence
the growth:

(i) The tendency to growth increases strongly with the
alkyl chain length and there is no growth for shorter
chains.

(ii) Micellar growth is strongly dependent on temper-
ature and is strongly promoted by a decrease in
temperature. For example, for hexadecyltrimethy-
lammonium bromide, there is micellar growth at
30°C but not at 50°C.

(iii) While the CMC is only slightly dependent on the
counterion within a given class, micellar growth
displays a strong variation. The dependence of
growth on counterion, however, is very different
for different surfactant head-groups. For example,
for hexadecyltrimethylammonium bromide, there is
major micellar growth while there is no growth
with chloride as the counterion. For alkali dodecyl
sulfates, growth is insignificant with Li+ as the
counterion, moderate with Na+, but quite dramatic
with K+ or Cs+. With carboxylate as the head-
group, the opposite variation along the series of
alkali ions is observed.

160 r

120

80

(0
CD

40
0.2 0.4

Concentration of NaCl (M)

0.6

Figure 19.23. The aggregation number of sodium dodecyl
sulfate (SDS) micelles increases with decreasing temperature
and increasing salt concentration. (Redrawn from N. J. Turro
and A. Yekta, J. Am. Chem. Soc, 100 (1978) 5951)

Organic counterions may induce dramatic growth at
low concentrations, as exemplified by salicylate in the
presence of long-chain cation surfactants:

(i) In the case of micellar growth, micellar size
increases strongly with surfactant concentration,

(ii) Large micelles are, in contrast to the small spherical
micelles, very polydisperse.



438 SURFACTANTS

(iii) Micelle size is very sensitive to cosolutes. Addition
of salt promotes micelle growth, while solubilized
molecules can have very different effects depend-
ing on the surfactant system involved. However,
in general, non-polar solubilizates, like alkanes,
which are located in the micellar core, tend to
inhibit micellar growth, while alcohols or aromatic
compounds, which are located in the outer part of
the micelles, tend to strongly induce growth. For
example, for hexadecyltrimethylammonium bro-
mide there is no growth on adding cyclohexane,
while hexanol and benzene both give dramatic
growth.

For other classes of surfactants there are different
characteristics of micellar growth. Nonionic surfactants
of the polyoxyethylene type give growth with increasing
concentration which is much more marked the shorter
the polar group. With 4 - 6 oxyethylene units there is
dramatic growth, while with 8 or more oxyethylenes
there is negligible growth under all conditions. These
surfactants show a micellar growth which is much more
pronounced at a higher temperature, i. e. opposite to
other classes of surfactants (see below).

Solutions of large micelles show many parallels with
solutions of linear polymers and the micelles have been
denoted as "living polymers". Because of the polymer-
like behaviour, concepts and theories developed for
polymer solutions have been successfully applied. Dif-
ferences from polymers, which complicate the compar-
ison, include the strong dependence of the "degree of

polymerization" on the conditions (surfactant concentra-
tion, temperature, etc.) Furthermore, under certain con-
ditions, such as very high concentrations, growth may
lead to branched structures.

The large micelles can differ strongly in flexibility
and may be referred to as rigid rods, semi-flexible or
highly flexible. As for polymers, they can be character-
ized by a persistence length.

The flexibility of ionic micelles is strongly dependent
on electrolyte addition. Thus, salt addition can induce a
change from rigid rods to very flexible micelles.

In dilute solutions, where the micelles do not over-
lap they behave as independent entities (Figure 19.24).
After the overlap volume fraction, 0*, in the so-called
semi-dilute concentration regime, the micelles are entan-
gled and there is a transient network characterized by a
correlation length; the latter is independent of micelle
size and polydispersity; the overlap concentration of
the system presented in Figure 19.20 is ca. 0.1%. The
viscosity of solutions of long linear micelles can be anal-
ysed in terms of the motion of the micelles, for example
by using the reptation model of polymer systems. In this
model, the micelles creep "like a snake" through tubes
in a porous structure given by the other micelles. The
zero shear viscosity, rj, depends on micelle size (aggre-
gation number, N) and volume fraction, 0, according to
the following:

rj = aN3(p3J5 (19.20)

where a is a constant.

0<0* 0>0*

Figure 19.24. There is a close analogy between solutions of long micelles and polymer solutions, including transient networks.
The figure illustrates the transition from dilute to semi-dilute solutions and the overlap concentration; 0* is the overlap volume
fraction
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As also observed experimentally, the viscosity
increases very strongly with both micelle size and
surfactant concentration.

The linear growth of micelles is the strongly dom-
inating type of growth. Disc-like or plate-like struc-
tures may also form, but these micelles are quite
small and exist only over a narrow range of condi-
tions (concentration, etc.). The linear growth can, as
mentioned earlier, lead to branched structures, which
at high enough concentrations may lead to the transi-
tion into a surfactant micellar structure which is com-
pletely connected so that the concept of distinct micelles
loses its meaning (Figure 19.25). In such a case, we
use the term bicontinuous structure, since the solutions
are continuous not only in the solvent but also in the
surfactant.

As we will see below, bicontinuous structures
are very significant in many contexts of amphiphile
self-assembly. Another type of bicontinuous structure
in simple surfactant-water solutions is the "sponge
phase", formed also in quite dilute surfactant solutions
(Figure 19.26). This structure forms for all classes of
surfactants but in particular for nonionics. We will also
mention that the structure of the sponge phase is related
to that of many microemulsions.

Figure 19.26. Representation of the sponge phase. For many
surfactants, there is an isotropic solution phase where the
surfactant forms a connected three-dimensional network. Since
both water and the hydrophobic regions are connected over
macroscopic distances, such structures are termed bicontinuous.
(Redrawn from P. Pieruschka and S. Marcelja, Langmuir, 2
(1994) 345)

16 SURFACTANT PHASES ARE BUILT
UP BY DISCRETE OR INFINITE
SELF-ASSEMBLIES

Surfactant micelles and bilayers are the building blocks
of most self-assembly structures and it is natural to
dwell on the distinction between these and to give some
further examples. As schematized in Figure 19.27 we

Discrete

Figure 19.25. Representation of branched micelles

Figure 19.27. Amphiphile self-assembly structures can be
divided into discrete micellar-type and connected forms. There
may be connectivity in one, two or three dimensions
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can divide phase structures in two groups, i.e. those
which are built up of limited or discrete self-assemblies,
which may be roughly characterized as spherical, pro-
late, oblate and cylindrical (more or less flexible), or
infinite or unlimited self-assemblies. In the latter case,
the surfactant aggregate is connected over macroscopic
distances in one, two or three dimensions. The hexago-
nal phases are examples of one-dimensional continuity,
the lamellar phase of two-dimensional continuity, while
three-dimensional continuity is found for the bicontinu-
ous cubic phases, for the "sponge" phase and for many
microemulsions.

Phases built up of discrete aggregates include
the normal and reversed micellar solutions, micellar-
type microemulsions, and certain (micellar-type) nor-
mal and reversed cubic phases. However, discrete
self-assemblies are also important in other contexts.
Adsorbed surfactant layers at solid or liquid surfaces
may involve micellar-type structures and the same
applies to mixed polymer-surfactant solutions.

Other examples of bilayer structures already men-
tioned are the "sponge" phase and bicontinuous cubic
phases. The sponge phase has been most studied for non-
ionic surfactants and is related to common microemul-
sions. Bilayers may also easily close on themselves
to form discrete entities including unilamellar vesicles
and multilamellar liposomes. Vesicles are of interest
because of the division into inner and outer aque-
ous domains separated by the bilayer. Vesicles and
liposomes are normally not thermodynamically stable
(although there are exceptions) and tend to phase sep-
arate into a lamellar phase and a dilute aqueous solu-
tion. Lipid bilayers are important constituents of living
organisms and form membranes, which act as barriers
between different compartments. Certain surfactants and
lipids may form reversed vesicles, i. e. vesicles with
inner and outer oleic domains separated by a (reversed)
amphiphile bilayer; the bilayer may or may not contain
some water.

17 NONIONIC OXYETHYLENE
SURFACTANTS DISPLAY SPECIAL
TEMPERATURE EFFECTS

For ionic surfactants, the electrostatic interactions are,
as seen above, decisive for the properties of simple and
complex systems. Nonionic surfactants are controlled
by very different hydrophilic interactions. The most
important type of nonionic surfactants is that with an
oligo(oxyethylene) group as the polar head. Denoting
an oxyethylene group by E, simple nonionics can be

abbreviated as CmE;! if we have an alkyl chain as the
lipophilic part.

For typical ionic surfactants, as well as many other
surfactants, the volume of the polar head-group is
much smaller than that of the non-polar part. For the
polyoxyethylene surfactants, the situation is different in
that the volumes of the two parts are similar in size;
typically, the polar part is larger than the non-polar one.

One conspicuous feature of a nonionic surfac-
tant is the temperature-dependence of physico-chemical
properties. The temperature dependence of the CMC
(Figure 19.28) differs from that of ionics in two respects:
it is markedly stronger and there is typically a mono-
tonic decrease with increasing temperature rather than
an increase at higher temperatures. A nonionic micelle
(Figure 19.29) has a thick interfacial layer of polar
head-groups rather than the quite sharp transition from
the hydrophobic micellar interior to the aqueous bulk
of ionics. We will see that changes in the inter-
molecular interactions in the polar layer account for
the special temperature-dependent behaviour of non-
ionics.

The spherical micelle depicted in Figure 19.29 is
typical for surfactants with long polyoxyethylene chains,
in particular at low temperatures and concentrations.
As for ionics, micellar growth may occur but the
conditions are different for nonionics. In particular, the
temperature-dependence of micelle size is opposite to
that of ionics.

312.5

Temperature (K)

303 294 286

Figure 19.28. The logarithm of the CMC plotted against
the inverse absolute temperature for nonionics with eight
oxyethylenes in the head-group. From top to bottom, the
numbers of carbon atoms in the alkyl chain are 10, 11, 12, 13,
14 and 15. (Redrawn from K. Meguro, M. Ueno and K. Esumi,
Nonionic Surfactants Physical Chemistry, M. J. Schick (Ed.),
Marcel Dekker, New York, 1987, p. 136)
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Figure 19.29. A schematic representation of a nonionic
micelle. (Redrawn from M. Jonstrb'mer, B. Jonsson and
B. Lindman, J. Phys. Chem., 95 (1991) 3293)
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Figure 19.30. Nonionic micelles grow with increasing tem-
perature for surfactants with short polar heads, while growth
is weak or insignificant for larger head-groups. The size
is characterized by the hydrodynamic radius, /?H- (Redrawn
from B. Lindman and M. Jonstromer, Springer Proceed-
ings in Physics: Physics of Amphiphilic Layers, J. Meunier,
D. Langevin and N. Boccara (Eds), Springer-Verlag, Berlin,
1987, p. 235)

The most significant features are illustrated in
Figure 19.30, where the hydrodynamic radii of the
micelles are given as a function of temperature for
three relatively dilute surfactants. For a surfactant such
as Ci2E8 there is insignificant or moderate growth up
to high temperatures; a longer polyoxyethylene chain

would give even less of such growth. For a short
oxyethylene chain, illustrated here by Ci2E5, there is
a dramatic growth with increasing temperature.

In general, we can summarize micellar size effects
for nonionics as follows:

(i) The polyoxyethylene chain length is the prime
factor in determining growth. The shorter the chain,
then the larger is the tendency to growth, with
respect to both temperature and concentration.

(ii) As with all types of surfactants, micellar growth
is promoted by an increased alkyl chain length.
For example, Ci6 surfactants give much stronger
growth than C12 ones.

(iii) Cosolutes influence growth differently than for ion-
ics. Salting-out electrolytes tend to promote growth,
while salting-in ones tend to inhibit growth. Ionic
surfactants have a strong tendency for reducing
growth, and even quite small amounts may inhibit
growth.

Unusual temperature dependencies are ubiquitous for
oxyethylene-containing systems. As indicated, there is
a weakened interaction between the oxyethylene groups
and the water solvent with increasing temperature. There
is a smoothly decaying hydration with increasing tem-
perature which is strikingly similar for quite dissimi-
lar systems. In fact, the apparent number of hydration
per oxyethylene group is sensitive to temperature, but
closely the same for different systems.

A lower consolute curve is typical of phase dia-
grams of oxyethylene-based surfactants and polymers.
This implies that the effective solute-solute interac-
tions have a significant temperature-dependence and
changes from repulsive to attractive with increasing
temperature. In turn, this can reflect changes in either
solute-solute, solute-solvent or solvent-solvent inter-
actions, or a combination of these. All alternatives have
been suggested and there is as yet no consensus about
the dominating effect. However, a water-water inter-
action mechanism, relating to a temperature-dependent
structuring of water around the oxyethylene groups,
is less likely in view of analogous observations in
solvents other than water. Hydrogen bonding between
water molecules and the ether oxygens represent another
model which has been analysed. Here, we describe
a model based on temperature-dependent solute con-
formational effects which has a strong predictive
power.

A polyoxyethylene chain may exist in a large num-
ber of conformations, which have different energies.
The conformation of an oxyethylene group, which is
gaucheg(g) around the C-C bond and anti(a) around
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(a)

a-g-a

(b)

Figure 19.31. Different conformations of an oxyethylene group
have different stabilities and polarities. The anti-gauche-anti
conformation (a) has a lower energy and is more polar than the
lower anti-anti-anti conformation (b)

the C-0 bond (Figure 19.31) has the lowest energy of
all conformers. This low energy conformation, which
will dominate at low temperatures, has a large dipole
moment. On the other hand, it has a low statistical
weight. With increasing temperature, other conforma-
tions of higher statistical weight will become increas-
ingly more important. These have smaller or no dipole
moments, as in the anti-anti-anti conformation.

The conformational changes will consequently make
the polyoxyethylene chains progressively less polar
as the temperature is increased. Becoming less polar,
they will interact less favourably with water, leading
to reduced hydration, and more favourably among
themselves, thus leading to a closer packing of head-
groups in the surfactant self-assemblies, as well as to an
increased tendency to separate into a more concentrated
phase.

18 CLOUDING IS A
CHARACTERISTIC FEATURE OF
POLYOXYETHYLENE-BASED
SURFACTANTS

A common observation for a solution of a nonionic
surfactant is that on heating the solution may start
to scatter light strongly in a well-defined temperature
range. It becomes "cloudy". This is a consequence of
one feature of the phase diagram. The isotropic solution
region is bordered towards higher temperatures by a
lower consolute curve, above which there is a phase
separation into one surfactant-rich and one surfactant-
poor solution. Onset of phase separation is manifested by
a cloudiness of the solutions. The minimum in a lower
consolute curve represents a critical point. Approaching

this is accompanied by strong scattering of light due to
critical fluctuations.

The clouding temperature or the cloud point depends
strongly on the polyoxyethylene chain length but is
less influenced by the hydrophobe size. Normally,
the cloud point is recorded for a certain fixed solute
concentration (say 1 wt%). The cloud point of C^Eg is
around 80°C, while it is ca. 50 and 10°C for C12E6 and
C12E4, respectively. For still shorter polyoxyethylene
chains, the surfactant is insoluble even at the freezing
temperature of water, so the cloud point is below 0°C.

Clouding is strongly dependent on cosolutes. Elec-
trolytes may either increase or decrease the cloud point
and may be termed "salting-in" or "salting-out", respec-
tively. This may be understood from the interaction
between surfactant and cosolute. The effect is dominated
by the anions. Some anions, such as SCN~, show a pref-
erence for the surfactant relative to the bulk solvent and
are enriched in the vicinity of the oxyethylene groups.
Others, such as Cl~, do not show such preference and
are depleted in the vicinity of the oxyethylene groups.
In the former case, increased solubility and an increased
cloud point results, while the opposite is observed in the
latter case. Very low concentrations of an ionic surfac-
tant strongly increase solubility, and thus also the cloud
point. This is due to the formation of mixed micelles.
This results in charged aggregates which are much more
difficult to concentrate in one of the phases due to the
unfavourable electrostatic interactions arising from the
entropy of the counterion distribution.
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1 INTRODUCTION

Surfactants and water-soluble polymers have very broad
ranges of applications. By reviewing the compositions
of various products we learn that in the large majority
of cases one or more polymers are present together
with one or more surfactants. In a typical situation they
are employed to achieve different effects - colloidal
stability, emulsification, flocculation, structuring and
suspending properties, rheology control - but in some
cases a synergistic effect is addressed. The combined
occurrence of polymers and surfactants is found in
such diverse areas as cosmetics, paints, detergents,
foods, polymer synthesis and formulations of drugs and
pesticides.

In this present chapter we will broadly investigate
the interactions between different types of polymers,

in particular water-soluble homopolymers and graft
copolymers, with the different classes of surfactants. It
will be found that important starting points in a discus-
sion are other mixed solute systems, in particular surfac-
tant-surfactant and polymer-polymer mixed solutions.

2 POLYMERS CAN INDUCE
SURFACTANT AGGREGATION

One of the most significant aspects of a surfactant is
its ability to lower the interfacial tension between an
aqueous solution and some other phase. In particular for
an ionic surfactant this is modified by the presence of
a polymer in the solution. As illustrated in Figure 20.1,
the effect of a polymer on the surface tension of an
aqueous solution is different for different surfactant
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concentrations. At low concentrations, there may or may
not be, depending on the surface activity of the polymer,
a lowering of the surface tension. However, at some
concentration there is a break in the surface tension
curve and a more or less constant value is attained. There
is then a concentration region, roughly proportional in
extent to the polymer concentration, with a constant y
value. Finally, there is a decrease towards the value
obtained in the absence of polymer.

We may interpret the concentration dependence of y
in the presence of a polymer as follows. At a certain
concentration, often termed the critical association con-
centration (CAC) and denoted T\ in Figure 20.1, there

PVP concentration = 0 g/l

0.001 I 0.01
Concentration of surfactant (M)

0.1

(b)

.2

Concentration of surfactant •

Figure 20.1. (a) Surface tensions of sodium dodecyl sul-
fate (SDS) solutions as a function of surfactant concentration in
the presence of different concentrations of poly(vinyl pyrroli-
done) (PVP). (b) A schematic plot for the case where the poly-
mer itself does not influence y. The concentrations T\/CAC,
7^ and 7? are used to identify the concentrations of changes
in the surface tension. As discussed in the text these param-
eters characterize different aspects of the polymer-surfactant
association, ((a) Redrawn from M. M. Breuer and I. D. Robb,
Chem. Ind., 530, (1972)) and ((b) redrawn from E. D. Goddard,
in Interactions of Surfactants with Polymers and Proteins
E. D. Goddard and K. P. Ananthapadmanabhan (Eds), CRC
Press, Boca Raton, FL, 1993, p. 139)

is an onset of association of surfactant to the poly-
mer. Because of this, there is no further increase in
surfactant activity and thus no further lowering of y.
As the polymer is saturated with surfactant (at 7^), the
surfactant unimer concentration and the activity start
to increase again and there is a lowering of y until
the unimer concentration reaches the critical micelle
concentration {CMC) (at the concentration T2), after
which y is constant and normal surfactant micelles start
to form.

This picture is confirmed if the association of
the surfactant is monitored directly (for example, by
surfactant-selective electrodes, by equilibrium dialysis,
by self-diffusion or by some spectroscopic technique).
As illustrated by the binding isotherm given in
Figure 20.2, there is at low surfactant concentrations
no significant interaction. At the CAC, a strongly co-
operative binding is indicated. At higher concentration,
we see a plateau level, and then a further increase
of the free surfactant concentration until the surfactant
activity or unimer concentration joins the curve obtained
in the absence of polymer. We note from Figure 20.2
the strong analogy with micelle formation and the
interpretation of the binding isotherm in terms of a
depression of the CMC.

Such a description is supported by solubilization
studies, as illustrated in Figure 20.3. We note from this
that the solubilization curves in the presence of polymer
are shifted to lower surfactant concentrations but are
otherwise essentially the same as those without polymer.
From the break-points we can deduce the CMC/CAC
values which decrease by the same factor as without
polymer as the alkyl chain is lengthened.

i!

Concentration of free surfactant •

Figure 20.2. The binding isotherm of a surfactant to a polymer
without distinct hydrophobic moieties, giving the concentration
of bound surfactant as a function of the free surfactant
concentration, can be interpreted as a lowering of the surfactant
CMC by the polymer, or a strongly co-operative binding
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- Without PVP
- With PVR 3 g/l -
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CMC Concentration of surfactant (m/W)

50

Figure 20.3. Solubilization experiments support the notion of
a polymer-induced micellization. The amount of a dye, Orange
OT, solubilized in mixtures of sodium alkyl sulfates of different
chain lengths (C10-C16) and poly(vinyl pyrrolidone) (PVP) is
given as a function of the surfactant concentration. (Redrawn
from H. Lange, Kolloid-Z. Z Polym., 243 (1971 101)
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Figure 20.4. Association between a homopolymer and a sur-
factant in different concentration domains: (I) at low surfactant
concentrations, there is no significant association at any poly-
mer concentration; (II) above the CAC, association increases
up to a particular surfactant concentration, which increases
linearly with the polymer concentration; (III) association is sat-
urated and the surfactant monomer concentration increases;
(IV) There is a coexistence of surfactant aggregates at the
polymer chains and free micelles. This picture is schematic
but gives a good description for aqueous mixtures of an
ionic surfactant and a nonionic homopolymer. (Redrawn from
B. Cabane and R. Duplessix, J. Phys. II (Paris), 43 (1982)
1529)

Experimental binding studies of mixed poly-
mer-surfactant solutions can be summarized as follows
(cf. Figure 20.4):

(i) The CAC/CMC value is only weakly dependent on
the polymer concentration over wide ranges.

(ii) The CAC/CMC value is to a good approximation,
independent of the polymer molecular weight down
to low values. For very low molecular weights, the
interaction is weakened.

(iii) The plateau binding increases linearly with the
polymer concentration.

(iv) Anionic surfactants show a marked interaction
with most homopolymers, while cationic surfac-
tants show a weaker but still significant interaction.
Nonionic and zwitterionic surfactants only rarely
show a distinct interaction with homopolymers.

3 ATTRACTIVE POLYMER-
SURFACTANT INTERACTIONS
DEPEND ON BOTH POLYMER AND
SURFACTANT

There are thus two alternative pictures of mixed poly-
mer-surfactant solutions, one describing the interaction
in terms of a (strongly co-operative) association or bind-
ing of the surfactant to the polymer, and one in terms
of a micellization of surfactant on or in the vicinity
of the polymer chain. Both descriptions are useful and
are largely overlapping. However, we will see that for
polymers with hydrophobic groups the binding approach
is preferred, while for hydrophilic homopolymers the
micelle formation picture has distinct advantages.

As regards the aggregate structure in these systems,
the pearl-necklace model (Figure 20.5), with the sur-
factant forming discrete micellar-like clusters along the
polymer chain, has received wide acceptance for the case
of mixed solutions of ionic surfactants and homopoly-
mers. The micelle sizes are similar with polymer present
as without and aggregation numbers are typically sim-
ilar or slightly lower than those of micelles forming in
the absence of a polymer.

In the presence of a polymer, the surfactant chemical
potential is lowered with respect to the situation without
polymer (Figure 20.6). There are several interactions
which can be responsible for surfactant binding or a
polymer-induced micellization. We note that in many
respects (variation with surfactant alkyl chain length,
solubilization, micelle structure and dynamics) there is
a close similarity to the micellization of the surfactant
alone. The normal hydrophobic interaction between
the alkyl chains must therefore still be a dominating
contribution to the free energy of association. However,
it is modified by mainly one of the following two
factors.
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Figure 20.5. Pearl-necklace
association

model of surfactant-polymer

C4C CMC

Concentration of surfactant — •

Figure 20.6. In the presence of a polymer, the chemical poten-
tial may be lowered leading to micelle formation at a lower
concentration. The figure gives the chemical potential (fi) of
the surfactant divided by k T as a function of surfactant con-
centration on a logarithmic scale. In the presence of poly-
mer, the chemical potential is lowered and micelle formation
on the polymer starts at a lower concentration (CAQ than in
the absence of polymer {CMC). (Redrawn from D. F. Evans
and H. Wennerstrom, The Colloidal Domain: Where Physics,
Chemistry, Biology and Technology Meet, VCH, New York,
1994, p. 312)

For polymers which have hydrophobic portions or
groups, there will be a hydrophobic attraction between

the polymer molecules and the surfactant molecules.
Such interactions will be particularly strong for block
copolymers, with hydrophobic and hydrophilic blocks,
and with graft copolymers, where hydrophobic groups
have been grafted on a hydrophilic polymer backbone.
However, homopolymers can also have hydrophobic
groups, strong as in poly(styrene sulfonate) or weak as
in poly(ethylene glycol). The polarity of such groups
can decrease with increasing temperature.

Electrostatic interactions are obvious if both sur-
factant and polymer are charged; then, in the case of
opposite signs of the charges, we can expect a quite
strong association. However, we must also take into
account the repulsive interactions between charged poly-
mer molecules or between charged surfactant molecules.
In particular, we learnt in our discussion of ionic surfac-
tant self-assembly that the entropy loss associated with
the increased concentration of counterions at the aggre-
gate surface compared to the bulk is highly unfavourable
for self-assembly and explains, inter alia, why ionic sur-
factants have orders-of-magnitude higher CMCs than
nonionics.

A polymer may modify this entropy contribution in a
number of different ways. If it is ionic and has a similar
charge, then we have a simple and relatively moderate
electrolyte effect. If its charge is opposite, and it acts as
a multivalent counterion, then the interaction becomes
very strong since an association between polymer and
micelle leads to a release of the counterions of both the
micelles and the polymer molecules; a very similar effect
will be obtained in mixtures of two oppositely charged
polymers. Indeed there is for such a case a lowering of
the CMC by orders of magnitude.

In addition, nonionic cosolutes may decrease the
CMC for ionics, as we learn elsewhere from the example
of addition of different alcohols (see Chapter 19). If
the cosolute is slightly amphiphilic, it will be located
in the micelle surface, lower the charge density and
hence decrease the entropic penalty in forming micelles.
This is believed to be the mechanism behind the
moderate depression of the CMC for ionic surfactants
produced by poly(ethylene glycol) and several nonionic
polysaccharides.

We note from these arguments that ionic surfactants
would be expected to interact broadly with different
types of water-soluble polymers. This is true, in particu-
lar, for anionics; the considerably weaker interaction of
cationics is not well understood. Nonionic surfactants,
on the other hand, should have little tendency to interact
with hydrophilic homopolymers since no further stabi-
lization of the micelles can be expected; we noted above
that nonionic surfactants only exceptionally associate to
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homopolymers. The situation will, of course, be different
for polymers with hydrophobic parts to which nonionics
will associate by hydrophobic interaction.

From this discussion, it is thus clear that a number
of factors influence polymer-surfactant interactions.
However, we can define three categories of surfactant
binding to polymers, as follows:

1. Charged surfactants bind to oppositely charged
polymers.

2. Charged surfactants generally bind to slightly
hydrophobic nonionic polymers - exemplified by
poly(ethylene glycol), poly(vinyl pyrrolidone) and
nonionic cellulose ethers). Binding is considerably
stronger for anionic than for cationic surfactants and
decreases with increasing polarity of the polymer.

3. All surfactants tend to bind to hydrophobically mod-
ified polymers.

Hydrophobic interactions are important in all three
cases but there are important differences. In case 1, the
normal surfactant-surfactant hydrophobic interaction is
very similar to what applies in the absence of polymer
while the attractive polymer-surfactant interaction is
due to electrostatics. In case 2, there is a weak
hydrophobic polymer-surfactant attraction (and an even
weaker polymer-polymer attraction) and a partial
elimination of an unfavourable surfactant-surfactant
electrostatic repulsion. In case 3, there are strong

10"

5

CMC

Hyaluronate

Alginate

Polyacrylate

-f-
10 12 14 16

Surfactant chain length, n, of CnTAB

Figure 20.7. The lowering of the CMC of ionic surfactants
in the presence of oppositely charged polymers increases
with increasing charge density of the polymer and can
amount to several orders of magnitude. The figure compares
CMC and CAC data of alkyl trimethylammonium bromides
in the presence of three polyanions, sodium hyaluronanate
(linear charge density ca. le/nm), sodium alginate (ca. lelrnn)
and sodium polyacrylate (ca. 3e/nm). (By courtesy of Per
Linse. Data from K. Hayakawa J. P. Kwate and J. C. T. Kwak,
Macromolecules, 16, (1983) 1642, and K. Thalberg and
B. Lindman, J. Phys. Chem., 93, (1989) 1478

hydrophobic attractions between all species, i.e.
polymer-polymer, polymer-surfactant and surfactant-
surfactant. Categories 1 and 2 are best regarded as a
polymer-induced surfactant self-assembly, i. e. fruitfully
discussed in terms of a lowering of the CMC. For
category 2, the CMC lowering is relatively small - a
factor of 1-5 - while in case 1 it can, as illustrated in
Figure 20.7, amount to several orders of magnitude for
higher polymer charge densities. In category 3, which
will now be examined in some detail, mixed surfactant
micellization is a better analogue.

4 SURFACTANT ASSOCIATION TO
SURFACE-ACTIVE POLYMERS CAN
BE STRONG

The modification of water-soluble homopolymers by
grafting a low amount of hydrophobic groups (of the
order of 1 % of the monomers reacted is a typical figure),
such as alkyl chains, leads to amphiphilic polymers
which have a tendency to self-associate by hydrophobic
interaction. This weak aggregation (Figure 20.8) leads
to an increase in viscosity and in other rheological
characteristics, and hence the use of these "associative
thickeners" as rheology modifiers in paints and other
products.

An added surfactant will interact strongly with
the hydrophobic groups of the polymer, so leading
to a strengthened association between polymer chains
and thus to an increased viscosity. We exemplify the
behaviour with a hydrophobically modified nonionic
cellulose ether (HM-EHEC) (Figure 20.9). As can be
seen in Figure 20.10, sodium dodecyl sulfate increases
the viscosity dramatically for HM-EHEC but very
slightly for unmodified EHEC. At higher surfactant
content, the viscosity effect is lost. As we will see later,
we can best understand these systems in terms of a
mixed micelle formation between the surfactant and the
amphiphilic polymer. In order to have cross-linking, and
thus a viscosity effect, there must be a sufficiently high
number of polymer hydrophobes per micelle. At higher
surfactant concentrations there will be only one polymer
hydrophobe in a micelle and all of the cross-linking
effect is lost.

These viscosity effects of the addition of surfactant to
a solution of a hydrophobically modified water-soluble
polymer are general, although the effect will be modified
by other interactions such as electrostatic ones. As
exemplified in Figure 20.11, addition of an oppositely
charged surfactant to a solution of a hydrophobically
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Polymer
molecules

Hydrophobic
side-groups

Weak aggregation Reinforced by surfactant cross-links
High surfactant

concentrations -
no cross-links

Figure 20.8. The self-association of a hydrophobically modified (HM) water-soluble polymer can be strengthened or weakened
by a surfactant, depending on the stoichiometry

O —CH2

H3C —CH 2

Figure 20.9. Cellulose can be modified by a relatively random substitution of hydroxyethyl and ethyl groups to give
ethylhydroxyethyl cellulose (EHEC). In HM-EHEC, a low fraction of hydrophobic groups is inserted
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Figure 20.10. Addition of sodium dodecyl sulfate to a solution
of a hydrophobically modified polymer (EHEC) gives a strong
increase in viscosity at first and then a decrease to a low value.
For the unmodified polymer, changes in viscosity are small.
(By courtesy of K. Thuresson)

10 0.0001 0.001 0.01 0.1

Concentration of surfactant {M)

Figure 20.11. Addition of a surfactant to a solution of
a hydrophobically modified polyelectrolyte (in this case
hydrophobically modified polyacrylate) gives very different
viscosity effects for different types of surfactants. The
effect is much larger for an oppositely charged surfactant,
dodecyltrimethylammonium bromide (DTAB), than it is for
a nonionic (C12E5) or a similarly charged one, sodium
dodecyl sulfate (SDS). (Redrawn from B. Magny, I. Iliopoulos,
R. Audebert, L. Piculell and B. Lindman, Progr. Colloid.
Polym. ScL, 89(1992) 118)

modified polyelectrolyte gives much larger viscosity
effects than for a nonionic or a similarly charged
surfactant; however, even in the latter case there are
substantial effects especially if the hydrophobic grafts
are larger.

In mixtures of surfactants and clouding polymers,
which become less polar at increasing temperatures,
thermoreversible gels may be formed. On increasing the
temperature, gelation is induced and on cooling the gel

melts. Such an effect may also be obtained in mixtures
of a nonionic surfactant and a hydrophobically modified
water-soluble polymer, when there is an important
temperature-induced micelle growth or a transition
from micelles to vesicles or some other self-assembly
structure.

5 THE INTERACTION BETWEEN A
SURFACTANT AND A SURFACE-
ACTIVE POLYMER IS ANALOGOUS
TO MIXED MICELLE FORMATION

A hydrophobically modified water-soluble polymer
(HM-polymer) can be viewed as a modified surfac-
tant. It forms micelles, or hydrophobic microdomains,
on its own at very low concentrations (intramolecularly,
at infinite dilution) and these micelles can solubilize
hydrophobic molecules. Furthermore, an HM-polymer
and a surfactant in general have a strong tendency to
form mixed micelles in a similar way as two surfactants.
Two stoichiometries are important for HM-polymer-
surfactant systems, i.e. the alkyl chain stoichiometry and
the charge stoichiometry.

Since the mixed aggregates dominate, we have a
low concentration of free surfactant and essentially no
free micelles until the concentration of micelles exceeds
the concentration of polymer hydrophobic groups. From
this, we can understand the binding isotherm of a surfac-
tant to an HM-polymer, as schematized in Figure 20.12.
The binding isotherm of an ionic surfactant to a
nonionic HM-polymer will be very similar to its binding

Co-operative 1

.—" Anti-co-operative
Non-co-operative

Concentration of ionic surfactant CMC

Figure 20.12. The binding isotherm (giving the concentration
of bound surfactant as a function of the free surfactant con-
centration) for an ionic surfactant to a nonionic HM-polymer
is similar to the binding to a nonionic micelle, i. e. with
one non-co-operative (a), one anti-co-operative (b) and one
co-operative (c) region. With the parent homopolymer, only
the co-operative region is seen
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to nonionic surfactant micelles. We can distinguish
between three concentration regions. In the first region,
there is a high affinity non-co-operative binding of indi-
vidual ionic surfactant molecules to micelles of the
nonionic surfactant or the HM-polymer. As the num-
ber of ionic surfactant molecules per micelle exceeds
one, the binding becomes anti-co-operative since the
binding of surfactant to a similarly charged micelle is
unfavourable. Finally, as the free surfactant concentra-
tion equals the C4C, i. e. the CMC in the presence of
the homopolymer, there is a self-association of the ionic
surfactant into micelles at the polymer. This is seen as
a co-operative binding region, which is the only bind-
ing seen for the corresponding polymer, which has no
hydrophobic grafts.

The peak in the plot of viscosity vs. surfactant
concentration in general occurs in the vicinity of
the CAC. Here, the composition of the mixed HM-
polymer-surfactant micelles changes strongly with con-
centration to become dominated by the surfactant; thus,
the cross-linking effect is lost.

The significance of the surfactant micelle-polymer
hydrophobe stoichiometry is nicely illustrated if the vis-
cosity is presented as a function of the concentration of
micelles (or hydrophobic microdomains), as determined
by fluorescence quenching. In Figure 20.13 viscosity

Polymers

Hydrophobic
side-chains

100

10 100
0.01

[SDS] (m/W)

Figure 20.13. The viscosity of a solution of a hydrophobically
modified water-soluble polymer and a surfactant compared
to the concentration of micelles (determined by fluorescence
quenching). The viscosity (filled circles) has a maximum
when the micelle concentration starts to increase. The system
illustrated is that of hydroxyethyl cellulose (1 wt%) and
sodium dodecyl sulfate (SDS). (S. Nilsson, Ph. D. Thesis, Lund
University, Sweden, 1999)

0.1 0.2 0.3

[NaCI] (M)

0.4 0.5

Figure 20.14. The viscosity (filled circles) of a solution of a
hydrophobically modified water-soluble polymer and a surfac-
tant increases as the concentration of micelles increases. The
system illustrated is that of hydroxyethyl cellulose (1 wt%) and
sodium dodecyl sulphate, upon the addition of an electrolyte
(NaCI). (S. Nilsson, Ph. D. Thesis, Lund University, Sweden,
1999)

data and micelle concentrations are presented for a sys-
tem of a nonionic cellulose ether and an anionic sur-
factant. The micelle concentration remains constant up
to surfactant concentrations of the order of the CMC;
in this concentration range, the viscosity increases by
orders of magnitude. As the micelle concentration then
increases, the viscosity drops very strongly, since the
number of polymer hydrophobes per micelle decreases
towards one. Such a strong dependence of rheological
characteristics on surfactant concentration is problematic
in many formulations but a simple remedy is to switch
over to a surfactant system with micellar growth, thus
eliminating or reducing the increase in micellar con-
centration. For an ionic system, micellar growth can
be induced by the addition of an electrolyte, oppo-
sitely charged surfactant or some weakly polar solubi-
lizate. For the system discussed here, electrolyte addition
induces micellar growth, and hence a decreased micel-
lar concentration, and as expected, a major increase in
viscosity (Figure 20.14).

6 THE PHASE BEHAVIOUR OF
POLYMER-SURFACTANT MIXTURES
RESEMBLES THAT OF MIXED
POLYMER SOLUTIONS

6.1 General aspects and nonionic systems

For the case of mixed solutions of a surfactant and an
HM-polymer, we can see a large tendency to association
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between the two cosolutes. We also learnt above that
many homopolymers facilitate micelle formation of an
ionic surfactant. However, an associative interaction is
by no means evident since for most polymer-surfactant
pairs there is no net attractive interaction.

For two polymers in a common solvent, the entropic
driving force of mixing is weak and we typically
encounter a segregation into two solutions, with one rich
in one polymer and one rich in the other; the tendency to
phase separation increases strongly with the molecular
weights of the polymers. In addition, since a micelle
is characterized by a high molecular weight, we would
expect segregative phase separation to be a common
phenomenon (Figure 20.15).

For polymer solutions, we can distinguish between
two types of phase separation, i.e. one segregative and
one associative (Figure 20.16). If there is no attractive
interaction, a segregative phase separation is obtained,
while if there is a moderately strong attraction complete
miscibility may result. In the case of strong attraction
between the two polymers, we will have an associative
phase separation, with one phase concentrated in both
polymers and one dilute solution. The degree of phase
separation will in both cases increase with the molecular
weight of the polymers.

For a mixed polymer-surfactant system, the
behaviour is completely analogous. One difference is
that the "degree of polymerisation" of a micelle, unlike
a polymer, is not fixed but may vary with the conditions
(temperature, electrolyte concentration, etc.), as we

(a)

(b)

Figure 20.15. Because of the high molecular weight of a
micelle we expect a mixed polymer-surfactant solution, in
the absence of significant attractive interactions, to display the
incompatibility typical of polymer mixtures (a), i. e. segregate
into one polymer-rich and one micelle-rich solution (b)

Segregation

0.5

Pi

(b)

Tie-lines
Association

0.5
0.5

0.5

Figure 20.16. Ternary phase diagrams for two polymers (Pi
and P2) in a common solvent (S) showing (a) segregation
and (b) association. In the two-phase regions, tie-lines are
given to show the compositions of co-existing solution phases.
(Redrawn from L. Piculell and B. Lindman, Adv. Colloid
Interface ScL, 41 (1992) 149)

learnt elsewhere in our discussion of micellar growth
(see Chapter 19).

In Figure 20.17, we compare a polymer-surfactant
mixture, a nonionic polyoxyethylene surfactant and
dextran, with a related polymer-polymer mixture,
poly(ethylene glycol) and dextran. We can see that
the two mixtures phase-separate in qualitatively the
same way.

Upon changing the surfactant there are major changes
in the phase diagram. Thus, C12E5 gives a much stronger
segregation than Ci2E8 and with the former segre-
gation increases strongly with increasing temperature.
We note that this is exactly what we would expect
from our discussion of micelle sizes for these sur-
factants (see Chapter 19). C12E8 forms small roughly
spherical micelles at all temperatures, while Q2E5
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Figure 20.17. Phase diagrams of (a) aqueous mixtures of dex-
tran (molecular weight 23 000) and polyethylene glycol)
(PEG) (molecular weight 2300 (dashed curve) and 18000
(continuous curve), compared with (b) a mixture of dextran
(40000) with C12E5. Above the curves, there is miscibility,
while below the curves there is phase separation into two
solutions, ((a) Redrawn from L. Piculell and B. Lindman, Adv.
Colloid Interface ScL, 41 (1992) 149, and (b) redrawn from
L. Piculell, K. Bergfeldt and S. Gerdes, J. Phys. Chem., 100
(1996) 3675)

forms large micelles which grow strongly with temper-
ature.

The segregative phase separation is not the only one
observed for mixtures of a nonionic polymer and a
nonionic surfactant. For the case of a less polar polymer,
the phase separation can be associative, especially at
higher temperatures, due to hydrophobic association.

6.2 Introduction of charges

The introduction of charged groups in the solutes has
a profound influence on phase-separation phenomena.

We have already learnt that polyelectrolytes are much
more soluble than the corresponding uncharged polymer,
which we attribute to the entropy of the counterion
distribution: confining polymer molecules to part of the
system costs little entropy due to the low number of
entities. On the other hand, there is a large entropy loss
on confining the (much more numerous) counterions. In
mixed polymer systems, we see many consequences of
the electrostatic interactions due to net charges. One is
the low tendency to phase separation in a mixed solution
of one nonionic and one ionic polymer; in the presence
of added electrolyte, this inhibition of phase separation
is largely eliminated and typical polymer incompatibility
is observed.

Completely analogous effects are observed for mixed
polymer-surfactant solutions. Even a very slight charg-
ing up of either the polymer (by introducing ionic
groups) or the micelles (by adding ionic surfactant)
strongly enhances polymer-surfactant miscibility. This
is illustrated for the system of Figure 20.17(b) in
Figure 20.18, where we also see that addition of elec-
trolyte tends to eliminate these effects of the charges.
When the polymer molecules are similarly charged,
there is also a return towards the incompatibility of the
parent nonionic mixture.

Ionic surfactants broadly tend to associate to nonionic
polymers. The lower the polarity of the polymer, the
stronger the association. For clouding polymers, which
are on the limit of being water-soluble, the association
is strong and leads to a strong increase of the cloud
point. This decreased tendency to phase separation is
illustrated in Figure 20.19, where we also see that quite
low concentrations of electrolyte change the behaviour
completely. As we have seen above, there is polymer-
induced micellization in these cases and thus a formation
of polymer-surfactant complexes. Because of the charg-
ing up of the polymer, its solubility increases, again as
a result of the entropic penalty of confining the coun-
terions to one phase. However, this is eliminated on
addition of low concentrations of electrolyte and there
is a dramatic lowering of the cloud point.

6.3 Mixed ionic systems

A mixture of two oppositely charged polyelectrolytes
shows a strongly associative behaviour, as demonstrated
by a strong tendency to phase separation. A mixture of a
polyelectrolyte and an oppositely charged surfactant will
also associate strongly. As exemplified in Figure 20.20,
there is a lowering of the CMC by orders of magnitude
for long-chain surfactants and, as shown in Figure 20.21,



SURFACTANT-POLYMER SYSTEMS 455

(a) Water (b) Water

0.05
0.95

0.10
0.90

0.15

0.05
0.95

0.90

0.85

0.20
0.80

0.25
0.75

0.05 0.10 0.15 0.20 0.25
Dextran Surfactant

0.85

0.80

0.25
0.75

0.05 0.10 0.15 0.20 0.25
Dextran Surfactant

(c) Water (d) Water

0.05 0.05
0.95

0.10
0.90

0.15

0.75

0.85

0.20
0.80

0.25
0.75

Dextran
sulfate

0.05 0.10 0.15 0.20 0.25 Surfactant Dextran
sulfate ° 0 5 °-1 0 °-1 5 °- 2 0 °-2 5 Surfactant

Figure 20.18. Effect of introducing charges in a mixture of a nonionic polymer and a nonionic surfactant, illustrated for the
mixture of dextran and a polyoxyethylene surfactant (reference system in (a)). Both upon introducing a low fraction of ionic
surfactant in the micelles (b) or a low amount of sulfate groups in dextran (c), the mutual miscibility is strongly enhanced. This
can be eliminated either if electrolyte is added or if both the polymer molecules and the micelles are charged (d). Above the
curves there is miscibility, while below there is phase separation into two solutions. The dashed curves give the miscibility limits
for the reference system. (Redrawn from K. Bergfeldt and L. Piculell, J. Phys. Chem., 100 (1996) 5935)

there is a strong associative phase separation. An
aqueous mixture of a polyelectrolyte and an oppositely
charged surfactant phase separates into one dilute phase
and one, typically highly viscous, phase concentrated in
both polymer and surfactant.

The extent of phase separation in the system shown in
Figure 20.21 increases strongly with the surfactant alkyl
chain length and polymer molecular weight. On addition
of electrolyte, the phase separation is eliminated, but at
higher electrolyte content there is a phase separation
again. However, as we can see in Figure 20.22, it
is of a different nature. This behaviour, which is

very similar to what we observe for mixtures of two
oppositely charged polymers, can best be understood
from a combination of polymer incompatibility and
electrostatic effects. We note that the concentration of
counterions is very high and, therefore, unlike that
observed for the nonionic polymers, phase separation
with a polyelectrolyte in one phase leads to confinement
of the counterions and a very significant entropy loss.
Therefore, polyelectrolytes are highly soluble when
compared to the corresponding uncharged polymer. At
high electrolyte concentrations, this entropy contribution
is eliminated and phase separation will be similar
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Figure 20.19. Addition of an ionic surfactant to a solution
(0.9 wt%) of a clouding polymer (illustrated by ethylhydrox-
yethyl cellulose (EHEC)) raises the cloud point in the absence
of added electrolyte but decreases it in the presence of (low
amounts of) electrolyte. The change in the cloud point on addi-
tion of sodium dodecy sulfate (SDS) is given in the absence of
added electrolyte and in the presence of different concentrations
of added NaCl; from top to bottom the curves refer to 0, 0.009,
0.019, 0.06 and 0.01 wt% of salt. (Redrawn from A. Carlsson,
G. Karlstrbm and B. Lindman, Langmuir, 2 (1986) 536)
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Figure 20.20. The CAC is typically orders of magnitude lower
than the CMC for an ionic surfactant in the presence of an
oppositely charged polymer, illustrated by plotting the loga-
rithm of the CMC and the CAC of alkyltrimethylammonium
bromides in the presence of an anionic polysaccharide, sodium
hyaluronate, versus the number of carbons in the alkyl chain.
(Redrawn from K. Thalberg and B. Lindman, J. Phys. Chem.,
93 (1989) 1478)

to that of uncharged polymer systems. In the case
of Figure 20.22, we have an intrinsically segregating
system, as can be seen from the phase diagram at high
electrolyte concentrations.

The associative phase separation at low salt contents
is also understood from the entropy of the counterion
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Figure 20.21. A mixture of an ionic surfactant and an oppo-
sitely charged polyelectrolyte typically gives an associative
phase separation, as exemplified here by tetradecyltrimethyl-
ammonium bromide (TTAB) and sodium hyaluronate (NaHy).
(Redrawn from B. Lindman and K. Thalberg, in Interactions
of Surfactants with Polymers and Proteins, E. D. Goddard and
K. P. Ananthapadmanabhan (Eds), CRC Press, Boca Raton,
FL, 1993, p. 252)

distribution. The highly charged micelles and polyelec-
trolyte molecules are enriched with counterions at their
surface due to the process of Coulomb attraction. On
association, counterions of both cosolutes are transferred
into the bulk with a concomitant entropy gain; there-
fore, the strong tendency to display associative phase
separation in the absence of added salt.

Replacing the surfactant of this system with one
which has a similar charge as the polymer, the entropic
loss is essentially absent and a segregative phase sepa-
ration is the rule, as illustrated in Figure 20.23. At high
salt contents, phase separation is enhanced, which can
be referred to the growth of sodium dodecyl sulfate
micelles.

7 PHASE BEHAVIOUR OF
POLYMER-SURFACTANT MIXTURES
IN RELATION TO POLYMER-
POLYMER AND SURFACTANT-
SURFACTANT MIXTURES

We may summarize the phase behaviour of mixtures
of polymer (P) and surfactant (S) depending on charge
(superscript +, - or 0) as follows:
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Figure 20.22. Phase separation in mixtures of a polyelectrolyte and an oppositely charged surfactant changes from associative
(a,b), to no phase separation (c) and finally to segregative (d,e) as electrolyte is added. This example shows mixtures of a
cationic surfactant, tetradecyltrimethylammonium bromide (TTAB), and an anionic polysaccharide, sodium hyaluronate (NaHy).
(Redrawn from B. Lindman and K. Thalberg, in Interactions of Surfactants with Polymers and Proteins E. D. Goddard and
K. P. Ananthapadmanabhan (Eds), CRC Press, Boca Raton, FL, 1993, p. 254)
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Figure 20.23. Phase separation in mixtures of a polyelec-
trolyte and a similarly charged surfactant is typically seg-
regative and may be enhanced on salt addition if there is
an electrolyte-induced micellar growth. This example refers
to mixtures of sodium dodecyl sulfate (SDS) and an anionic
polysaccharide, sodium hyaluronate (NaHy). (Redrawn from
B. Lindman and K. Thalberg, in Interactions of Surfactants
with Polymers and Proteins E. D. Goddard and K. P. Anan-
thapadmanabhan (Eds), CRC Press, Boca Raton, FL, 1993,
p. 257)
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PS systems are closely analogous to PP systems. The
degrees of polymerization of both polymer and sur-
factant aggregate determine the extent of phase sep-
aration. Since the micelle size is not fixed but may
vary with the conditions, phase separation will be vari-
able.

The phase behaviour of PS systems is also affected
by specific interactions between the two cosolutes,
similar to hydrophobic interactions in the case of
HM-polymers. This may enhance phase separation for
nonionic systems but decrease it for ionics. For a
mixture of oppositely charged polymer and surfactant,

the formation of a concentrated phase with charge
stoichiometric amounts of polymer and surfactant and
a dilute phase containing any excess of either polymer
or surfactant becomes unfavourable if the polymer is
hydrophobically modified. The reason for this is the
tendency of the polymer to associate hydrophobically
with the micelles in the concentrated phase. Then,
this phase will lose the charge stoichiometry and
have a tendency to swell. Therefore, associative
phase separation will occur only over a restricted
concentration region for a mixture of a hydrophobically
modified polyelectrolyte and an oppositely charged
surfactant.

Mixing two surfactants, on the other hand, does
not give rise to segregative phase separation. The rea-
son in this case is the strong tendency to form mixed
aggregates, which gives an important additional con-
tribution to the entropy of mixing. It is common,
however, for a mixture of two oppositely charged
surfactants to observe an associative phase separa-
tion.

8 POLYELECTROLYTE-
SURFACTANT SYSTEMS SHOW A
COMPLEX BEHAVIOUR

Mixed solutions of a polyelectrolyte and an oppositely
charged surfactant show some features that cannot be
understood from the triangular representation of a phase
diagram. For any system of a solvent and four ionic
species, a three-dimensional representation of the phase
diagram is needed. The pyramidal version illustrated
in Figure 20.24, with water at the top and each of
the possible electrolytes at the apices of the base,
is very suitable for many purposes. In a simplified
ternary representation, we can, with the exception of the
conventional mixing plane of surfactant, polyelectrolyte
and water, consider the alternative mixing plane of
water, simple salt (the two inorganic counterions) and
complex salt (polyion and surfactant ion).

A very significant observation, with a number of
practical consequences, is that under certain condi-
tions, dilution of a homogeneous solution of poly-
electrolyte and surfactant can lead to separation of
a concentrated phase enriched in both surfactant and
polyelectrolyte; the more water is added, then the
more concentrated is the poly ion- surfactant phase
and consequently there may be transitions from a
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Figure 20.24. A mixed aqueous system of a polyelectrolyte and an oppositely charged surfactant is best represented by using a
pyramidal phase diagram, with the four apices of the base corresponding to the four possible electrolytes. Important phenomena
are better visualized in the alternative mixing plane than in the conventional mixing plane. (By courtesy of Lennart Piculell)

(a) Water (b) Water

Polyelectrolyte Surfactant Simple salt Complex salt

Figure 20.25. Schematic ternary phase diagrams of a mixed aqueous system of a polyelectrolyte and an oppositely charged
surfactant in (a) the conventional and (b) alternative mixing planes. In the latter, it can be easily realized how the addition of
water to a homogeneous mixed solution can lead to phase separation, with the concentrated phase becoming more and more
concentrated as more water is added. (By courtesy of Lennart Piculell)

homogeneous solution to different liquid crystalline
phases. This concentration on dilution can be easily
understood by viewing the alternative mixing plane
(Figure 20.25).

A polyelectrolyte has typically a very extended con-
formation due to the electrostatic repulsion between the
different parts of the chain, as the counterion entropy
demands a large volume. This can be dramatically
changed on binding of an oppositely charged surfac-
tant. We can illustrate this by using the case of DNA,
characterized by a high rigidity and a very high molec-
ular weight. Compaction of DNA from an extended

coil state to a compact globular state is a significant
mechanism in promising routes of gene delivery to cells
(Figure 20.26). Compaction can be effected by the bind-
ing of self-assembling cationic surfactants or lipids, or
by positively charged surfaces, such as those of cationic
vesicles; decompaction can be accomplished by the use
of an anionic amphiphile. Because of its size, DNA com-
paction can be directly visualized by using fluorescence
microscopy (Figure 20.27). An important observation
relates to the strongly co-operative surfactant binding,
thus leading to the coexistence of both coil and globular
states of DNA.
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Compaction of DNA

Figure 20.26. Upon the addition of a cationic surfactant the
extended conformation of DNA can be transformed into a
compact one, (a) while the same effect can also be induced
by cationic surfaces (b) Such a compaction can be reversed by
the addition of an anionic surfactant. (By courtesy of Maria
Miguel)
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Figure 20.27. The compaction of DNA due to the addition
of a cationic surfactant can easily be visualized by the
use of fluorescence microscopy. At intermediate surfactant
concentrations, there is a coexistence of coils and globules.
(By courtesy of Maria Miguel)

9 POLYMERS MAY CHANGE THE
PHASE BEHAVIOUR OF INFINITE
SURFACTANT SELF-ASSEMBLIES

The larger the surfactant self-assembly aggregate, then
the larger will be the tendency for phase separation
of any kind. For polymers mixed with infinite surfac-
tant aggregates, as in a bicontinuous microemulsion or
a lamellar phase, weak repulsive and attractive inter-
actions will have a profound influence on the phase
behaviour. A bicontinuous microemulsion has oil and
water domains, which are separated by a monolayer
surfactant film, and which are connected over macro-
scopic distances; the structure is similar to that of the
sponge phase, with the surfactant bilayer replaced by
a monolayer and every second water channel replaced
by an oil channel. In the phase diagram of a surfac-
tant-oil-water system there is (under balanced condi-
tions) a large three-phase region where the bicontinuous
microemulsion is in equilibrium with the oil and water
phases.

For the case of adding a polymer to a lamellar
phase or a bicontinuous phase, where there is no net
attraction between polymer and surfactant films, the
polymer may enter the narrow water slits or channels
only if it has a low molecular weight and a low radius of
gyration (Figure 20.28). For a higher molecular weight,

(a) (b)

Figure 20.28. On addition of a water-soluble non-associating
polymer to a system of a bicontinuous microemulsion in
equilibrium with excess water and oil, the distribution of
the polymer will be very different for different molecu-
lar weights. A low-molecular-weight polymer is soluble in
the microemulsion phase (a), whereas coils that are larger
than the pore size of the microstructure are insoluble in the
microemulsion phase and confined to the excess water phase
(b) (or excess oil phase in the case of an oil-soluble poly-
mer). (Redrawn from A. Kabalnov, B. Lindman, U. Olsson,
L. Piculell, K. Thuresson and H. Wennerstrom, Colloid Polym.
ScL, 274 (1996) 297)
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it will stay outside (Figures 20.29 and 20.30) and
thereby destabilize the surfactant phase. However, only a
moderate hydrophobic modification of the polymer will
induce an association to the surfactant films and increase
the stability of the surfactant phase (Figure 20.31).
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Figure 20.29. Dextran and nonionic surfactants tend to segre-
gate. For a three-phase system of C12E5 microemulsions and
dextran, the partitioning of the polymer into the bicontinuous
microemulsion phase is high for low molecular weights but
very low for high molecular weights. This is illustrated here by
plotting the partition coefficient for dextran versus the unper-
turbed end-to-end distance. This microemulsion has a pore
size of ca. 300 A. (Redrawn from A. Kabalnov, B. Lindman,
U. Olsson, L. Piculell, K. Thuresson and H. Wennerstrom,
Colloid Polym. ScL, 274 (1996) 297)

Excess water phase
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Figure 20.31. While a hydrophilic polymer enriches in the
lower aqueous phase of a three-phase system and destabilizes
the microemulsion phase, the corresponding hydrophobically
modified polymer, which associates to the surfactant films, is
incorporated in the microemulsions and stabilizes them. This is
illustrated here by a schematic of the relative phase volumes as
a function of the polymer concentration. The initial swelling of
the middle phase is reversed at higher polymer concentrations
when the middle phase has been saturated with polymer
(Csal). (Redrawn from A. Kabalnov, B. Lindman, U. Olsson,
L. Piculell, K. Thuresson and H. Wennerstrom, Colloid Polym.
ScL, 274 (1996) 297)
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Figure 20.30. The partitioning of high-molecular-weight poly-
mers into the lower aqueous phase of a three-phase sys-
tem leads to a destabilization and decreased volume of
the microemulsion phase. This is illustrated here by a
schematic of the relative phase volumes as a function
of the polymer concentration. (A corresponding effect is
obtained on adding a high-molecular-weight oil-soluble poly-
mer.) (Redrawn from A. Kabalnov, B. Lindman, U. Olsson,
L. Piculell, K. Thuresson and H. Wennerstrom, Colloid Polym.
ScL, 274 (1996) 297)
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Figure 20.32. The interfacial behaviour of polymer-surfactant
mixtures depends on several factors such as the bulk properties
of complexes formed, the surfactant association to free and
interfacial polymer chains and the affinity of the polymer
and the surfactant for the interface. (By courtesy of Fredrik
Joabsson)
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Figure 20.33. The extension of an adsorbed polymer layer can be strongly modified on the association of an ionic surfactant due
to electrostatic interactions. On addition of an ionic surfactant (sodium dodecyl sulfate) (SDS) to an adsorbed layer of a nonionic
cellulose ether (ethylhydroxyethyl cellulose) (EHEC) there is a dramatic increase in the thickness of the adsorbed layer (filled
circles) while there is little change in the total adsorbed amount (open circles). (By courtesy of Fredrik Joabsson)

10 SURFACTANT BINDING
STRONGLY AFFECTS ADSORBED
POLYMER LAYERS AND THE
SWELLING OF CHEMICAL GELS

Adsorption from a mixed polymer-surfactant solution
or from surfactant interaction with an adsorbed polymer
layer depends on many factors, including the surfac-
tant association to the polymer chains, the interfacial
behaviour of the mixed aggregates and the compet-
itive adsorption between polymer and surfactant. As
schematized in Figure 20.32, the desorption of a poly-
mer from a surface can be due to a high bulk stability
of the polymer-surfactant complex, as well as on a
stronger and competitive adsorption of the surfactant.
The binding of an ionic surfactant into the adsorbed
layer of a nonionic polymer can dramatically change
the adsorbed layer. As illustrated in Figure 20.33, there
can be a dramatic swelling of the polymer layer due
to electrostatic repulsions. This swelling is quite anal-
ogous to the effect that ionic surfactants have on
the swelling of covalent gels of a nonionic polymer
(Figure 20.34).
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Figure 20.34. Swelling of covalent gels is mainly controlled
by electrostatic interactions. Therefore, the binding of an
ionic surfactant (exemplified by sodium dodecyl sulfate)
into a nonionic polymer gel (cross-linked ethylhydroxyethyl
cellulose) leads a large increase in the gel volume. Gel
swelling starts in the vicinity of the CAC, where also the
swelling of an adsorbed polymer layer takes place. (Redrawn
from O. Rosen and L. Piculell, Polym. Gels Networks, 5
(1997) 185)

11 THERE ARE MANY TECHNICAL
APPLICATIONS OF POLYMER-
SURFACTANT MIXTURES

The use of a polymer and a surfactant in combination
may be based on different effects such as controlling the

phase behaviour, controlling the interfacial properties or
controlling the formation of networks due to association.
The most important and well understood use of poly-
mers and surfactants together is to achieve a suitable
rheology, i. e. thickening and gelation effects. It is also
possible to design systems, based on hydrophobically
modified water-soluble polymers or homopolymers,
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which respond to different external factors. One example
of a responsive system is gelation which is induced on
temperature increase.

Phase behaviour effects include the solubilization of
water-insoluble polymers. One example is the depres-
sion of clouding (increase of cloud point) of a polymer
solution, achieved by the addition of an ionic surfac-
tant.

The polymer-induced micellization leads to a lower-
ing of the surfactant unimer concentration and activity.
This can be significant for the elimination of skin irri-
tation caused by the surfactant.

The interfacial behaviour of surfactant-polymer
mixtures, utilized for example in the stabilization of
suspensions, depends on a complex interplay between
different pair interactions. Addition of a polymer can
either remove surfactant from a surface or enhance
its adsorption, and vice versa, depending on the
relative stability of the polymer-surfactant complexes
in solution and at the interface.
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1 INTRODUCTION

Surfactants have been used for over 1000 years in every-
day applications, for example as emulsifiers in cleaning
and in foods. They occur widely in nature, where as
a bilayer they constitute a vital structural unit of bio-
logical membranes. Their functionality derives from the
molecular structure, with a polar (hydrophilic) head-
group, which conveys water-solubility, being attached
to a non-polar (hydrophobic) tail, which drives the for-
mation of self-assembled aggregates (micelles). Other
chapters in this volume detail the wide variety of
chemical structures that can form the polar groups
(ionic, nonionic, zwitterionic, etc.) and tail structures.

The latter are limited to hydrocarbon, perfluorocar-
bon and polydimethylsiloxane chains. While the forma-
tion of micelles is well known, surfactants also form
a wide variety of liquid crystalline phases in water
which are much less familiar. Almost all surfactants
that form micelles also form liquid crystals, while
many do not form micelles but do form liquid crystals.
Thus, liquid crystal formation by surfactants is more
widespread than micelle formation. Indeed, an under-
standing and knowledge of liquid crystals can provide a
comprehensive guide to the application of surfactants.
This is because the size and shape of the surfactant
molecules determine the structure of the self-assembled
aggregates, which in turn, controls the liquid crystal
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structures. The adsorption of surfactants at surfaces and
interfaces, which determines surface/interfacial proper-
ties, also depends on the same factors, and hence all of
these are closely related.

This review sets out to give a general description
of such liquid crystal structures, and how these relate
to surfactant chemical structures. Our objective is to
enable the reader to control the liquid crystal properties
for practical applications by selection of suitable single
or mixed surfactants, also in the presence of other
components such as polymers, electrolytes, organic
constituents ("actives", flavours, perfumes, etc.). This
is not a comprehensive review of all of the research
being carried out on surfactant liquid crystals. The
selection of references here is obviously idiosyncratic
and opportunistic. However, this article does cover the
main aspects of the subject, and indicates areas of
weakness which require attention. We commence with
a brief introduction to liquid crystals in general. Then,
we will give a summary of the behaviour of micellar
solutions because micelles can be regarded as the
building blocks of surfactant liquid crystals that occur
at still higher concentrations. Sections describing the
various liquid crystal phases, the way that the mesophase
type varies with surfactant chemical structure, and what
happens with mixed surfactants follow this. We also
include the effects of additives such as electrolytes
and other solutes. Because of the enormous number of
publications in this area, space considerations, and the
limited time of the authors, it simply is not possible to
document all of the available information here. While
we make, in passing, some reference to experimental
techniques, these are dealt with more fully in the chapter
by Hyde (Chapter 39). Instead, it is our intention to
give an introduction to the concepts and phenomena that
underlie the formation of surfactant mesophases and to
summarize the present knowledge of the area. As well
as an up-to-date description, our objective is to provide
sufficient information so that anyone with a practical
problem concerning mesophase formation or structure
can see the general context. This should allow them to
find some indication of steps that may provide a solution.
The article follows very closely, and relies heavily on, a
contribution produced previously (1) for the "Handbook
of Liquid Crystals", but is somewhat more up-to-date,
and (we hope) contains fewer errors!

As a further comment, we draw attention to several
books (2-13) which provide a good general introduction
to the area of surfactants and colloid science. Most of
the books have been published in the last few years and
summarize recent research.

2 LIQUID CRYSTALS

For a pure substance we are familiar with three distinct
states which change from one to another at a first-
order phase transition, for example on heating: crystal
—> liquid —• gas. These are all single-phase states, and
their equilibrium with other phases is described by the
Gibbs phase rule. In addition to these, there are various
phase states with properties intermediate between liquids
and crystals - unimaginatively termed liquid crystals or
mesophases (the latter is often employed to describe
some ill-defined "pasty", turbid gel, although we employ
the word here as an alternative to liquid crystal!). Crys-
tals have long-range order, with the molecules being
rigid and located in precise, regular, repeating patterns,
over dimensions of ten thousand molecular diameters or
more. Liquids usually have very rapid molecular motion
(rotation times of ca. 10~n s) and are disordered, with
molecular positions being almost random except for
some loose correlation between neighbours. Crystals
can support other objects without significant deforma-
tion, while liquids deform and flow under an applied
stress. Liquid crystals have the properties of both types.
There is some long-range order, and the molecules have
molecular motion, usually anisotropic. Their rheological
properties vary between a resemblance to "pig's excre-
ment", and that of "gnat's urine"! While textbooks refer
to liquid crystals as the fourth state of matter, in fact
there are dozens of different liquid crystalline states, all
with different degrees of molecular mobility and order.
The overwhelming majority are separated from other
phase states by a first-order phase transition. The transi-
tion crystal —» liquid on heating is accompanied by an
endothermic transition enthalpy, reflecting the increase
in molecular disorder (increased entropy) of the higher
temperature state. Similarly, transitions to or from liquid
phases involve enthalpy changes, but because the differ-
ence in molecular disorder is often small, the enthalpy
changes are typically only ca. 10% (or less) of those
normally encountered at a melting point.

Crystalline solids can be transformed into a liq-
uid state either by increasing the temperature to the
melting point or by dissolution in a solvent. Liquid
crystals can be produced similarly, either on heating
or dissolution. Those produced on heating are termed
thermotropic, while those produced with a solvent are
termed lyotropic. The former are usually organic com-
pounds with a rigid polyaromatic moiety attached to
a flexible alkyl chain. The liquid crystal order arises
from the anisotropic molecular shape and a short-range,
anisotropic intermolecular attraction. The latter gen-
erally occur with solutes where the solution species
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(molecules or aggregates) have a much larger molecular
size than the solvent, and the liquid crystal order arises
from the repulsive interactions between solute entities
at high concentration. The free energy change arising
from the loss of entropy in forming an "ordered solu-
tion" (a liquid crystal) is less than the gain in free
energy from dissolution of more solute. One immediate
consequence of this is that lyotropic mesophases form
more readily with pure, monodisperse solutes than with
polydisperse materials. Lyotropic liquid crystals form
frequently with polymers, particularly biological macro-
molecules. Protein crystals, formed by macromolecules
having a narrow range of configurations and with no
size or composition polydispersity, together with their
requirement for the presence of typically 50% water
(by volume), are a classic example of this. Rigid, high-
molar-mass polymers, synthetic or natural, frequently
form mesophases where the molecules are aligned par-
allel to each other. Surfactant monomers in solution are
usually not large or rigid enough to give mesomorphic
states, although the micelles are. Their mesophases are
the subject of this review. Another class of materials
that form multimolecular aggregates which then become
ordered lyotropic liquid crystals at higher concentrations
is comprised of polyaromatic compounds with polar sub-
stituents (14, 15). These self-associate through attractive
intermolecular dispersion forces (n-stacking), not the
hydrophobic effect. Once the aggregates have formed,
their mesophases (termed chromonic) show a similar
general behaviour to those of surfactants.

The occurrence of lyotropic liquid crystalline phases
is usually documented with the aid of a phase diagram,
numerous examples of which are given in this review.
Phase diagrams are simply a "map" showing the physi-
cal state for a particular range of constituents over some
variation of composition, temperature and/or pressure.
Each separate phase is represented as an area on this
map. The relationships between the various phases, par-
ticularly the transitions between them and the number
of phases that can co-exist at equilibrium, are given by
the Gibbs phase rule as follows:

P + F = C + 2 (21.1)

where P is the number of phases, F the num-
ber of degrees of freedom and C the number of
components. A knowledge of the phase rule is an
invaluable asset in any attempt to investigate the
behaviour of lyotropic mesophase systems, and indeed,
for general investigations of any multi-component
surfactant/polymer/additive... mixture. Non-equilibrium
states can be recognized from discrepancies between
observations and the number of phases allowed by

the phase rule. Much more frequently, such discrepan-
cies suggest that the original data require re-evaluation.
A good illustration of this is given in the review of
phospholipid liquid crystals by Chernik (16), and the
more general description of surfactants by Laughlin (4).
It is extremely time-consuming and difficult to con-
struct phase diagrams showing all aspects of the phase
behaviour in consistency with the phase rule where
multiple liquid crystals are present. Equilibrium phase
states, particularly the compositions, are often very slow
to form. Most authors concentrate on particular parts
of the mesophase regions. Many of the diagrams pre-
sented here are not strictly consistent with the phase
rule because the multiple phase regions are not shown,
particularly when these are small. One of us (GJTT)
suggests that those without sin cast the first stone.

3 SURFACTANT SOLUTIONS:
MICELLES

Only a brief summary is given here, since other chapters
in this volume discuss this in detail. When surfactants
dissolve in water at low concentrations, they exist as
monomers (ionic surfactants are dissociated). As the
concentration is increased, aggregates termed micelles
are formed. These appear at a well-defined concentration
known as the "critical micelle concentration" (CMC).
This is not a critical point in the sense of modern physics
since micelle formation occurs over a very narrow
range of concentrations. This range is so small that for
almost all practical purposes it can be represented by a
specific value, i.e. the CMC. For pure single surfactants
below the CMC, all of the dissolved surfactant exists as
monomers, while above the CMC all added surfactant
forms micelles. With surfactant mixtures the phenomena
is more complex because the components usually have
different individual CMCs, but the same considerations
apply (3).

Micelles are aggregates of at least 15-20 monomers,
usually more. Typical surfactants such as sodium dode-
cyl sulfate (SDS) or octaethyleneglycoldodecyl ether
(Ci2EO8) form micelles with aggregation numbers (q)
in the range of about 50-100 or so, with the exact num-
ber varying with the temperature and concentration. The
aggregation numbers can become very large - up to 104

or more, according to surfactant type, aggregate shape,
temperature and surfactant concentration (see below).

Micelle formation arises from the hydrophobic
effect (5, 17-21). This is the term used to describe the
interaction between non-polar solutes and water. It is
well known that non-polar solutes are almost insoluble
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in water, with the limited degree of solubility decreasing
rapidly with increasing solute size. A thermodynamic
analysis of the process shows that the introduction of a
hydrocarbon into water at ambient temperature is always
associated with a decrease of entropy, and an enthalpy
of about zero, thus resulting in a large and positive free
energy (18-22). "Structuring" of water molecules in the
neighbourhood of the alkane, akin to the formation of
clathrate hydrates (23), is frequently cited as the origin
of the entropy change. Unfortunately, attempts to locate
the "clathrate structure", for example, by self-diffusion
measurements of water and organic solutes such as tetra-
alkylammonium ions (24), have consistently failed to
show that more than a single layer of water around
the solute differs from bulk water - hardly evidence to
support the "water structure" concept.

In a series of recent papers Kronberg and co-
workers (18-20) have discussed this problem in detail.
These authors view the hydrophobic effect as the
result of two contributions, with one arising from
the "ordering" of water molecules around the solute,
and the second from the energy required to make a
cavity in water large enough to accommodate the non-
polar solute. The first contribution is associated with
a negative entropy because 'vicinal' water molecules
(next to a non-polar solute) have fewer conformations
available than "free" water - they can not hydrogen
bond to the solute. It also gives a negative enthalpy,
presumably because 'vicinal' water molecules make
stronger hydrogen bonds. The second and opposite
contribution arises from the large energy required to
form a cavity to accommodate the solute. This is large,
due both to the high cohesion in water arising from
hydrogen-bonding connectivity, and the small size of
water molecules compared to, e.g alkanes. An important
consequence of this mechanism is that the magnitude
of the hydrophobic effect is proportional to the AREA
of hydrophobic contact between water and the solute.
As will be seen below, by using this concept it is
possible to estimate an approximate CMC for almost
any novel surfactant, given that a few simple guidelines
are followed.

Micelles can only form when the surfactant solubil-
ity is equal to or greater than the CMC. In general,
this occurs only above a particular temperature known
as the "Krafft point" (temperature). Below this tem-
perature, the surfactant solubility increases slowly with
increasing temperature because the surfactant dissolves
as monomers. The limit to monomer solubility occurs
when the chemical potential of the monomers is equal
to that of the pure (usually crystalline) surfactant. Above
this temperature, the solubility increases VERY rapidly

because the surfactant dissolves as micelles - the con-
tribution of each micelle to the surfactant chemical
potential being the same as that of a monomer. Micelle
formation involves a dynamic equilibrium between
monomers and aggregates, represented by the following
equation (25-29):

(21.2)

where 5,, represents an aggregate of n monomers. In
fact, micelles form by a series of step-wise reactions
from monomers, follows:

•Si

•Si Sg+u etc. (21.3)

Clearly, there is a range of aggregate sizes present in
solution, with an average value of q. However, the size
distribution is usually narrow (say ±10%), particularly
for globular micelles. Although the micelle formation
process involves dimers, trimers, etc., the actual con-
centration of these species is very, very small. Hence,
once formed, micelles have a reasonably large, but finite,
lifetime. For dilute solutions, using fast relaxation tech-
niques, such as stopped flow, pressure/temperature jump
and ultrasound relaxation (2), it is possible to measure
both the exchange rate between monomers and micelles,
and the rate of micelle formation/breakdown. Both of
these processes are related to the CMC, becoming faster
as the CMC increases. Typically, the monomer-micelle
exchange rate is in the range 103 — 106 s~\ while micelle
breakdown/formation rates are ca. 10~] — 102 s"1 (i.e.
micelle lifetimes of 10~2-10 s). Note that from the
kinetic analysis of fast relaxation studies an upper limit
of < 10~10 mol dm~3 can be placed on the concentra-
tion of dimers, trimers, etc. (i.e. aggregates with radii
r much smaller than q) (28, 29). Figure 21.1 shows a
schematic representation of a small globular micelle.
The rapid, continuous exchange of monomers with bulk
solution means that the micelle is a very mobile, dis-
ordered, aggregate. There is a continuous movement of
molecules jumping part way in and out of the interface30

(this has recently been termed "protrusion" (31, 32). In
addition, diffusion around the micelle surface is rapid
(self-diffusion coefficient (D) ~ 10~10 m2 s"1), as is the
exchange between the various possible conformations of
the alkyl chain (correlation time (rc) ~ 10~9-10~10 s).
With an ionic surfactant, typically about 70-80% of
counterions reside close (within ca. 10 A) to the micelle
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Head-groups

Figure 21.1. Schematic representation of micelles formed by
ionic surfactants. Note that this is a "locally disordered"
aggregate with almost free molecular mobility. The interior
resembles a liquid hydrocarbon. About 70-80% of counterions
reside close to the charged micelle surface (within ca. 2 nm).
The micelle surface is rough, to at least ca. 0.2-0.3 nm

surface in a loosely "bound" state due to the very
high surface charge density. The exchange between
"bound" and free counterions occurs on a time scale of
ca. 10~9 s. There also exists a single layer of "bound"
water molecules associated with polar groups and ions.
Again, the exchange between bound and free water
occurs on a time-scale of 10"9 s(33).

We have discussed the formation of micelles at
a "critical micelle concentration", and the absence of
significant concentrations of small aggregates. In fact,
micelle formation occurs over a very narrow range
of concentrations, with this range being too narrow
to detect for all but the shortest chain (highest CMC)
surfactants. The almost complete absence of small
aggregates at concentrations above the CMC makes
their occurrence below this highly unlikely. There are
numerous claims in the literature of "pre-CMC" sur-
factant aggregates formed due to a contribution from
the hydrophobic effect. To date, none of these have
withstood a thorough examination of the evidence. Usu-
ally, the deviations from expected behaviour are due to
the presence of impurities. Penfold and co-workers (34)
have given a good illustration of how minor constituents
can influence surfactant properties. Their recent study
demonstrates (34) that doubts concerning the application
of the Gibbs adsorption equation apply to the systems
(i.e. the presence of impurities, which should be included
in the equation) rather than the thermodynamics I In
some cases, the impurities can cause the precipitation
of a minor fraction of a liquid crystalline phase (see
below) below the real CMC of the surfactant.

Arguably the most important parameter for any sur-
factant is the CMC value. This is because below this
concentration the monomer level increases as more is
dissolved, and hence the surfactant chemical poten-
tial (activity) also increases. Above the CMC, the
monomer concentration and surfactant chemical poten-
tial are approximately constant, so surfactant absorption
at interfaces and interfacial tensions show only small
changes with composition under most conditions. For
liquid crystal researchers, the CMC is the concentra-
tion at which the building blocks (micelles) of soluble
surfactant mesophases appear. Moreover, with partially
soluble surfactants it is the lowest concentration at which
a liquid crystal dispersion in water appears. Fortunately
there are well-established simple rules which describe
how CMC values vary with chain length for linear,
monoalkyl surfactants. From these, and a library of mea-
sured CMC values (35-38), it is possible to estimate the
approximate CMC for branched alkyl chain and di- (or
multi-) alkyl surfactants. Thus, most materials are cov-
ered. This includes the "gemini" surfactants, a "new"
fashionable group where two conventional surfactant
molecules are linked by a hydrophobic spacer of variable
length (38).

The hydrophobic effect provides the major determi-
nant of the CMC; its contribution is proportional to the
area (ah) of the non-polar chain removed from expo-
sure to water when micelles form (see above) (18-20).
(The hydrophobic contribution is given by a term in ya^,
where y = oil/water interfacial tension.) This leads to
a logarithmic relationship between the CMC and alkyl
chain length for linear surfactants, as follows:

log cmc = An + B (21.4)

where n is the alkyl chain number, and A and B are
constants.

The second factor is the valency (s) of the head-group
charge (s = 0 ,1 ,2 . . . , etc. for nonionic/zwitterionic,
mono-ionic, di-ionic . . . , etc. species). According to the
value of 5, the constant A takes the values: A = 0.5
(s = 0), A = 0.3 (s = 1), and A = 0.15-0.18 (s = 2).
Finally, the valency of the counterions is also important
as this influences the value of B. Essentially, the CMC is
reduced for multivalent counterions because fewer ions
are required close to the micelle surface to (partially)
balance the high surface charge density.

Lists of CMC values for various surfactants are given
elsewhere in this volume (see Chapter 19). While there
is some temperature-dependence of the CMC (17-20),
with many materials showing a shallow minimum, the
effect is small below 100°C. Equation (21.4) shows
that for nonionic and zwitterionic surfactants the CMC
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reduces by about a factor of 10 for the addition of two
CHo groups to the alkyl chain, while for monovalent
ionic surfactants the corresponding factor is 4. Branched
and multi-chain surfactants can be treated by estimating
the equivalent linear chain having the same area of
hydrophobic contact with water. There is a free energy
penalty for constraining the conformations of multi-
chain surfactants at the micelle surface (39, 40) which
leads to a higher than expected CMC. This effect is
small - equivalent to the loss of ca. one CH2 group (40).

For surfactants with other types of hydrophobic
groups, the CMC values are less readily available
because far fewer measurements have been made, espe-
cially on pure compounds. However, the oil/water inter-
facial tensions are 56 and 46 dyn/cm for fluorocarbon
and polydimethylsiloxane oils respectively, compared to
the value of 52 dyn/cm for hydrocarbon/water. Hence
from the sizes of the hydrophobic groups (see Table 21.1
below), the magnitude of the hydrophobic effect, and
hence their CMCs can be estimated. This clearly shows
that the well-known lower CMCs for fluorocarbon sur-
factants compared to normal derivatives arise from the
much larger size of fluorocarbons, rather than any magic
structuring of water!

With mixed surfactants, the CMC of the mixed
micelle varies according to the CMCs of the individual
surfactants, and their proportions. Clearly, micelle com-
position varies with concentration since the micelles that
form at lowest concentration are rich in the lowest-CMC
surfactant, while the higher-CMC materials become
more abundant in micelles as the overall concentration
is increased. The detailed dependence of CMC values
on mixed surfactant composition varies according to
whether there are specific interactions between head-
groups which lead to non-ideal mixing in the micelle.
This applies particularly with mixtures of nonionic
and ionic surfactants, and ionic surfactants of opposite
charge. Various treatments are available to describe the
behaviour (see Chapter 19), for example, as outlined in
the text by Clint (3) (Chapters 5 and 6).

Given that micelles are present in solution above
the CMC, the most important consideration for the
liquid crystal phases is the micelle shape. There are
three major types, namely spheres, rods and "discs".
They can be described by using the packing constraint
concepts (5, 41, 42). These give a simple description of
the relationship between micelle shape and molecular
shape. The micelles are assumed to be smooth, with
only the hydrophobic volume in the micelle interior. The
main molecular parameters are the hydrophobic group
volume, usually taken as being equal to the alkyl chain
volume (v), the area that the molecule occupies at the

micelle surface (a) and the maximum length of the alkyl
chain (taken as the a\\-trans length, /t). For a spherical
micelle having a hydrophobic volume (V) with radius
r, a total surface area A and aggregation number q, we
have the following relationships:

A — qa — 4nr2

V = qv = -7ir

and hence:
(21.5)

Ignoring end or edge effects for circular cylinders
(radius = r) and bilayer/disc (thickness = 2r) shapes,
the equivalent relationship are as follows:

a = 2- (rod)
r

v
a = - (disc)

r

(21.6)

(21.7)

The value of r can not be larger than /t, and hence there
are limitations on the lowest value of a for a given
shape:

a > 3 - (sphere); a > 2 - (rod); a > - (disc) (21.8)
/ t / t l[

Clearly, a surfactant with a given chain length can pack
into spheres, rods or discs, according to the size of
the head-group, with all three shapes being possible for
the largest a values and only disc micelles for small a
values. Entropy favours the formation of the smallest
possible aggregate at the CMC - i.e. spheres over rods
and rods over discs. The present authors are not aware
of any exceptions to this generalization. Thus, large
head-group surfactants form spherical micelles, smaller
head-groups give rods, and still smaller head-groups
give discs. (Because of the flexibility of alkyl chains
there does not appear to be a lower limit on the values of
r for conventional surfactants, and hence the maximum
values for a are not known.)

It is a simple matter to estimate the volumes of
hydrophobic groups from published density data for
alkanes (normal and fluorinated) and polydimethylsilox-
anes (5, 6, 43). One simply sums the group volumes
(see Table 21.1). Similarly, the maximum length of
the hydrophobic group can be calculated from known
bond lengths. Thus, the maximum micelle radius and
hence the limiting a values for the various aggregates
can be calculated. Note that there are small differences
between the parameters of Table 21.1 and those of other
authors (5-7). These are unimportant since they result
only in small differences in the calculated limits of the
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Table 21.1. Molecular sizes of various hydrophobic groups (at 25°C)

Hydrophobic group Fragment volumes (A3) Bond length (A)

Alkane

Fluorocarbon

Polydimethylsiloxane

V(CH3)
54.2

V(CF3)
92.5

V(CH2)
27.0

V(CF2)
36.0

V(CH)
- 0

L(C-C-C)
2.54

L(C-C-C)
2.54

L(CH3)
2.3

L(CF3)
2.8

Hydrophobic group

Alkane
Fluorocarbon
Polydimethylsiloxane

123 —

Sphere

68
102

~ 160

2.4

Limiting a values (A2)

Rod

46
68

~ 106

-

Disc

23
34

- 5 3

a values. Moreover, we recall the known roughness of
the micelle surface (typically 2 -3 A), and hence we
emphasize that this model gives only an approximate
description.

An important consequence of the above model is that
a simple increase in alkyl chain length should not alter
the micelle shape because both chain length and volume
increase by a constant increment. However, in practice
it is often observed that short chain (e.g. C]2) surfactants
form globular ("spherical") micelles while higher-chain-
length materials with the same head-group form long
rod micelles. This probably arises from the influence
of surface roughness on micelle shape and aggregation
numbers.

Micelle size (aggregation number) varies according
to the micelle shape and alkyl chain length. Spherical
micelles always have low aggregation numbers, due to
the micelle radius being limited by the aW-trans alkyl
chain length, and hence the surface area is limited. For
rod and disc micelles, where the fraction of "end" or
"edge" molecules plays a significant part in micelle size,
it is useful to consider a thermodynamic description
employed by Israelachvilli and co-workers (7, 41, 42).
In a solution of aggregates with a range of aggregation
numbers at equilibrium, the chemical potential (/z)
of all identical molecules is the same, whatever the
aggregation number, as follows:

kT X
fjin — fx0 -\ log —- = constant , n = 1 , 2 , 3 , . . . , etc.

n n (21.9)
where \in is the mean chemical potential of a molecule in
aggregates of aggregation number n, n® is the standard

part of the chemical potential (i.e. the mean interaction-
free energy per molecule) and Xn the concentration of
molecules for the n-aggregates. Taking simple models
for the interaction free energy within aggregates of
various shapes, it can be shown that:

n — ^infinity

akT
(2.10)

where p takes the value 1/3, 1/2 or 1 for spheres,
discs or rods, respectively. The monomer-monomer
bond energy within an aggregate is described by akT.
Above the CMC, with a > 1 (a reasonable assumption)
and p < 1 (i.e. for spheres and discs), this approach
leads to expressions which predict vanishingly low
concentrations of aggregates having n values which
are not small (say n > 10-20). Thus, spherical and
disc micelles remain small - or increase to "infinite"
aggregation numbers - i.e. they phase-separate. Only
rod micelles can have large aggregation numbers (n >
ca. 100). In practice, this does appear to be generally
true. In any case, we have already seen that spherical
micelles are prevented from becoming large by the alkyl
chain packing constraints. Hence, the major conclusion
of this approach is that disc micelles either remain
small - or grow to infinite size to form a lamellar liquid
crystalline phase (see below).

In real surfactant systems, the interactions are much
more complex that the simple picture used above. How-
ever, the general formalism still holds - but observed
aggregation numbers for small micelles are often larger
than expected for spheres, thus indicating globular
shapes, while the micelles do not grow very large as is
expected for rods. This is almost certainly due to micelle
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surface roughness. A surface roughness of 1-2 C-C
bonds allows the micelle radius to be slightly larger than
the aW-trans chain length - with a significant increase
in n. The roughness also allows repulsive interactions
between adjacent head-groups to be relaxed by the for-
mation of a thick interfacial layer rather than a smooth
surface. In addition, shape fluctuations can occur, which
can also lead to aggregation numbers larger than those
expected for spheres. However, if the alkyl chain length
is long enough, the micelles that do have a rod shape
become very long - up to > 1000 A. This is not usually
seen for common ionic surfactants because the longer
chain homologues have high Krafft temperatures, and
hence they are insoluble at normal temperatures.

4 LIQUID CRYSTAL STRUCTURES

There are six classes of liquid crystal phases, most
of which now have well-established structures. These
are the lamellar, hexagonal, cubic, nematic, gel and
intermediate phases. All except the intermediate phases
have been recognized for many years, and hence a
comprehensive literature review is outside the scope
of this present article. In all of the states except the
gel phases, both surfactant and water have a liquid-
like molecular mobility - i.e. short-range rotational and
translational diffusion on a time-scale of 10~12 s. They
differ in the long-range symmetry of the surfactant
aggregates and in the curvature of the micelle surface.
Except for the phases with flat aggregate surfaces,
each class can occur with either the polar regions
or the non-polar regions as the continuous medium,
with the former being referred to as normal, while
the latter are reversed. As will be seen later, the
phases occurs in a particular composition sequence,
thus occupying a specific region of the phase diagram.
Each class of mesophases is usually labelled by a
particular letter (see below) with the symbols having
subscripts of " 1 " or "2" to distinguish between the
normal or reversed forms. Unfortunately, there is no
universally accepted nomenclature as is the case with
thermotropic mesophases. Over the past few years,
a number of new intermediate phases have become
well-established; these have complex structures which
further complicate the nomenclature. In a recent review,
Holmes (45) has made the sensible suggestion that
letters representing the phase structure be followed by its
symmetry in parentheses. This removes any ambiguity.
In this present review, we employ the system used in
previous papers (44-46), with the Holmes modification.
As with thermotropic mesophases, the most important

technique to identify the mesophase type is polarizing
microscopy. The birefringent phases usually have typical
textures, while cubic phases have none - however, they
are very viscous!

4.1 Lamellar phase (La)

By far the most common surfactant mesophase is the
lamellar phase (La) (44-52), also known as the "neat
phase" from its occurrence during soap manufacture.
In this phase, the surfactant molecules are arranged in
bilayers frequently extending over large distances (a
micron or more), which are separated by water lay-
ers (Figure 21.2). Its major repeating unit, the bilayer,
forms the basic structural matrix of biological mem-
branes (6-8). While the lamellar phase does not usually
flow under gravity, it has a fairly low viscosity, with
the material being easily shaken into a container. It is
readily identified from its characteristic optical textures
(Figure 21.3).

The surfactant bilayer thickness can vary from
ca. 1.0-1.9 times the dW-trans alkyl chain length (/t) of
the surfactant. With longer-chain surfactants, the maxi-
mum thickness is reduced to < 1.7/t. Within this layer,
the 'fluid-like' characteristic of the alkyl chains is shown
by a diffuse wide-angle X-ray diffraction peak corre-
sponding to a Bragg reflection of 4.5 A (49). The dif-
ference in layer thickness arises from differences in
head-group areas and gives rise to differing degrees
of disorder within the alkyl chain region. For bilay-
ers of thickness 1.0 /t, the disorder is large. Alternative
suggestions that these lamellar phases consist of "inter-
digitated monolayers" are incorrect. In contrast, the
water layer thickness varies over a much larger range,

Head-groups

Figure 21.2. Schematic representation of a lamellar phase
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Figure 21.3. Typical optical textures of a lamellar phase, showing (a) oily streaks and (b) Maltese crosses

i.e. > 8 - > 2 0 0 u A . The water thickness is the same
throughout the sample, except at very high water con-
tents (47) where low energy fluctuations can occur. The
minimum water content is often that required to hydrate
the polar groups, but very low or zero water content can
occur with surfactants that form thermotropic lamellar
phases. Sharp reflections in the ratio d:d/2:d/3,... etc.
are observed in low-angle diffraction experiments (X-ray
or neutron) due to the regular alternating layer structure
with the repeat spacings being the sum of the water and
the alkyl chain layer dimensions.

4.2 Hexagonal phases (Hi, H2)

The next most common mesophase type is the hexag-
onal phase (44-52). There are two distinct classes of
hexagonal phase, with these being a "normal hexagonal"
(Hi) phase, also known as the "middle phase" - again
from the soap industry - and a "reversed hexagonal"
(H2) phase. The normal phase (Hi) is water-continuous,
while the reversed (H2) is alkyl-chain-continuous. They
consist of indefinitely long circular aggregates packed
on a hexagonal lattice (Figure 21.4).

The normal micelles have a diameter of 1.3-2.0
times the dW-trans alkyl chain length, with a typical
inter-micellar separation being in the region of 8 to
50 A. The reversed micelles have a polar region diame-
ter in the same range (8-50 A), but values above 30 A
are rare. The alkyl chain regions are of order (1-1.5 /t)
in thickness, but note that the centre of three rods cannot
be more than /t from the micelle surface.

X-ray diffraction studies of both phases shows Bragg
reflections in the ratio 1:l/>/3:1 /V4:l /V7:1/-/12, . ••
etc., again with a diffuse reflection at 4.5 A. Both phases
are rather viscous, much more so than the La phase. It is
usually not possible to shake a sample into a container
by hand. The optical textures are similar for both types,

Normal hexagonal, H1 Reversed hexagonal, H2

Figure 21.4. Schematic representations of (a) normal and
(b) reversed hexagonal phases

again being distinctly different from those of the La

phase (Figure 21.5).

4.3 Cubic phases

The cubic phases are also known as viscous isotropic
phases - because they are! As the name implies, these
phases have structures based around one of several pos-
sible cubic lattices, namely the primitive, face-centred
and body-centred. There are two very distinct aggre-
gate structures, i.e. one comprised of small micelles,
normal or reversed, and one based on three-dimensional
"bicontinuous" aggregates. The "normal" and "reversed"
structures that occur for both make a total of four classes.
It is still not certain exactly which structures can occur
for the different classes, but the overall picture has
become much clearer during the past few years (46,
49-57), with more and more structures being identified.
The first set of structures comprised of small globu-
lar micelles is labelled "I", while the second group,
the "bicontinuous" three-dimensional (3-D) micellar
network, is labelled "V".
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Figure 21.5. Typical optical textures of a hexagonal phase:
(a) fan-like; (b) non-geometric

The simplest cubic structures are those of the I
type, where the surfactant aggregates are small globular
micelles. For the water-continuous Ii phases, primitive,
body-centred and face-centred lattices (51) have all been
proposed. In the non-ionic surfactant dodecaethylenegly-
coldodecyl ether [C^EOnl/water system (56), all three
symmetries have been found, with the three differ-
ent cubic phases having different compositions (see
Figure 21.6). The micelles have diameters similar to
those in normal solutions, with a separation similar to
that found in the H] phase. For the Im3m and the Fm3m
cubic lattices, only one micelle type, a quasi-spherical

structure, is proposed for the lattice (See Figure 21.6)
(56, 59). However, the structure of the Pm3n phase has
been the subject of much discussion (55-59). It is now
thought that two slightly different micelles are present,
with one being slightly larger than the other. Whether
these micelles are short rods or flattened spheres is still
a matter for debate. The short-rod model fits better with
their position in the phase diagram (between Li and Hi).
However, a model composed of two spherical micelles
and six disc-shaped micelles has been proposed (59). It
is this structure which is now thought by some to be the
more accurate.

Reports of the reversed I2 structure of globular
aggregates packed in a cubic array are becoming more
frequent as suitable surfactants are examined (56-59),
despite previous doubts about their existence. A phase
with Fd3m symmetry is now well established (58, 59).
Here it appears that the micelles are spherical, but of
two different sizes (Figure 21.7). For reversed micelles,
the alkyl chain packing constraints no longer limit the
micelle diameter, and hence the co-existence of two
spherical micelles of different sizes is more plausible

Figure 21.7. Schematic representation of the Fd3m I2 phase
(reproduced from ref. (42))

Figure 21.6. Polyhedral representations showing the micellar arrangements for the (a) Pm3n, (b) Im3m and (c) Ij cubic lattices
(reproduced from ref. (56))
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than with the Ij phases, but again, there appear to
be other distinct symmetries possible in the I2 region.
Branched-chain polyoxyethylene surfactants with short
EO groups often show at least two I2 regions by optical
microscopy (58). It is likely that the confusion in this
area will be resolved in the next few years as the
surfactant structures necessary for both Ii and I2 phases
are now clear; hence, we can obtain the phases with
many more surfactant types.

The second set of cubic phases (V) has a "bicontinu-
ous" aggregate structure, with three main space groups,
Pn3m, Im3m and Ia3d, all being well reported (51-54).
The aggregates form a 3-D network extending through-
out the sample. Their main feature is that within the
structure there exists a surface (not the surfactant/water
interface) where most points are saddle points, hav-
ing radii of curvature of opposite sign at right angles.
This surface can have a positive net curvature towards
water (Vi) or towards oil (V2). Their net curvature lies
between that of hexagonal and lamellar phases, and this
is the composition region where they often occur. The
first report was of a body-centred lattice, Ia3d, (see
Figure 21.8) by Luzzati (60), who proposed a structure
of rod-like aggregates joined three-by-three to form two
independent networks. However, it is now believed that
these structures are better described by infinite periodic
minimal surfaces (61).

There is a significance difference between the occur-
rence of the different symmetries between Vj and V2.
For the V] states, only the Ia3d phase has been reported,
although tens of different systems have been examined.
For V2, all three forms have been observed, but usually
only one or two are present.

The two classes of cubic phase, I and V, are
distinguished from each other by their location in the
phase diagram. The I phases occur at compositions
between micellar solutions and hexagonal phases, while
the V phases occur between hexagonal and lamellar
phases. The factors that determine which particular

structure occurs within any set of I or V phases are
not yet understood.

4.4 Nematic phases

Lyotropic nematic phases were first reported by Lawson
and Flautt (62) for mixtures of C8 and Cio alkyl sulfates,
together with their corresponding alcohols in water.
They are somewhat less common than the mesophases
discussed so far. When they do form, they occur at the
boundary between an isotropic micellar phase (Lj) and
the hexagonal phase (LJ /HJ) , or between L\ and the
lamellar phase (L^L^). As their name implies, they have
a similar micellar order to that of the molecules in a
thermotropic nematic phase. This long-range micellar
orientational and translational order is lower than in
the other lyotropic phases described above. Like the
thermotropic phases, they are of low viscosity and can
be aligned in a magnetic field. It is possible to identify
nematic phases optically because of their characteristic
schlieren optical texture.

Lyotropic nematic phases are generally found for
short-chain surfactants, and for both hydrocarbon or
fluorocarbon derivatives (63, 64). Two different micelle
shapes can occur (65) (See Figure 21.9). One type (Nc)
is thought to be composed of small cylindrical micelles
and is related to the hexagonal phase, while the other
type of nematic (Nd) is composed of planar disc micelles
and is related to the lamellar phase. Note that the "disc"
micelles are likely to be "matchbox-" or "ruler-shaped",
rather than the circular discs. Hence the "disc" nematic
phase can have the director (the main axis) along the
long axis of "ruler" micelles or along the shortest micelle
dimension, as with "matchbox" micelles, while with Nc

phases the director always lies along the rod axis.
As with thermotropic nematics, the addition of opti-

cally active species to lyptropic nematic phases gives
lyotropic cholesteric phases. While details of their struc-
tures are not fully established, they appear to follow the

Ia3d Pn3m Im3m

Figure 21.8. Schematic representations of cubic phases (reproduced from ref. (42))
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(a)

Nd phase Nc phase

Figure 21.9. Schematic representations of (a) disc (Nd) and (b) rod (Nc) nematic phases

general pattern outlined above. The cholesteric "twist"
would appear to derive from the packing of optically
active molecules within the micelles, thus leading to a
twisted micellar structure, rather than to the transmis-
sion of the anisotropic forces via solvent mediation. A
recent report has shown evidence for the occurrence
of cholesteric "blue" phases - a remarkable observa-
tion (66).

4.5 Gel phases

The gel phase (L^) closely resembles the lamellar phase
(Figure 21.10) in that it is comprised of surfactant
layers, but it differs in its very high viscosity. The term
"gel" again originates from industry where these systems
were observed to have a gel-like rheology. However,
these states should not be confused with polymer gels
or gels formed by hydrocolloid systems, since they are

Normal Tilted Inter-digitated

Figure 21.10. Schematic representations of the three possible
gel phases: (a) normal; (b) tilted; (c) inter-digitated

single phases as defined by the phase rule, rather than
being multi-phase systems like polymer and colloid gels.

There is a considerable complexity in the nomen-
clature employed for gel phases. Here, the label "L^"
is used because it is very common as a general abbre-
viation. In the literature, a number of additional sym-
bols have been employed, such as P^, Lc, and very
recently (67, 68), Lpi and L^F- These are used to dis-
tinguish different specific details of the structures, for
example, differences in the direction of chain tilt (67,
68). Exactly how commonly some of these struc-
tures occur has yet to be established. The P^ phase,
where a "ripple" can be seen in freeze-fracture elec-
tron microscopy, is certainly a distinct and widespread
structure for pure lecithins.

Within the gel phase, the bilayers have rigid, mostly
aW-trans alkyl chains, as shown by a sharp, wide-angle
X-ray spacing of about 4.2 A and a large transition
heat on melting, typically 25-75% of the crystalline
surfactant melting transition. This indicates restricted
chain motions, mostly limited to rotation about the long
axis only. In contrast, the water (polar medium) is in a
"liquid-like" state, with fast rotational and translational
mobility. (Since the structure contains both crystalline
and liquid domains it is a true LIQUID CRYSTAL!).

There are commonly reported to be three different
structures of the gel phase, as shown in Figure 21.10.
The first structure, with the bilayer normal to the liquid
crystal axis, is the structure most commonly found
in dialkyl lipid systems (69). Here, the alkyl layer
thickness is found to be approximately twice the all-
trans alkyl chain length of the surfactant. The second
structure shown, i.e. the tilted bilayer, is found in
systems where the polar head-group is larger than the
width of the alkyl chain. This structure has been reported
for monoglyceride systems (70). The third structure, the
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inter-digitated form, is found with long chain monoalkyl
systems such as potassium stearate (71).

While the occurrence of gel phases is commonly
recognized for long-chain dialkyl surfactants, it is also a
common occurrence for monoalkyl surfactants. Because
of the lower packing order within the alkyl chain region
than that found in normal crystals, different chain length
derivatives (usually up to four carbons) can mix within
the Lp phase. Additionally, different head-groups can
also mix within the Lp phases. Indeed, Lp phases can
occur for mixed systems where none is observed for the
individual constituents. For example, sodium dodecyl
sulfate (SDS) and dodecanol form a mixed gel phase
where none is observed for SDS alone (72). (Note that
dodecanol does form a stable Lp phase, termed the "a-
crystalline phase" with ca. 0.2 mol fraction of water (6,
73, 74).)

While Lp phases have been accepted for years,
recently there has been debate about whether the state
really does exist as a true thermodynamic equilibrium
phase, based on very reasonable criticisms of deficien-
cies in their location on properly determined phase
diagrams (75). However, in at least one case (the non-
ionic surfactant trioxyethylenehexadecyl ether (76) the
Lp phase in water melts at a higher temperature than
the crystalline surfactant. It forms on mixing water and
the liquid surfactant just above the crystalline surfac-
tant melting point, thus giving clear proof that it is the
equilibrium state.

In fact, as Small has discussed in detail (6), the
stability of the Lp state is determined by the packing of
the alkyl chains. Polyethylene does not melt to a liquid
until 135-140°C (77). Long-chain alkanes do form
stable "a-crystalline" (rotator) phase where the alkyl
chain packing and mobility is similar to that of the Lp
phase. The melting of alkanes can be regarded as being
partly driven by the mismatch between CH2 and CH3
sizes within the crystal (24 A3 and (possibly) ca. 45 A3,
respectively) (6). Thus, the transition temperatures for
the sequence:

crystal "'rotator" phase melt

increase with hydrocarbon chain length, with the mini-
mum chain size required to form a rotator phase being
ca. C22- The value of TB for an alkane of chain length In
(see ref. (6) for values) represents an approximate upper
temperature limit for the hydrated Lp phase of surfac-
tants with chain length n because the head-groups pack
less effectively in the structure than a CH2 group. Usu-
ally, the Lp phases melt at a lower temperature than the
limit TB because the head-groups are more hydrated in

the molten phases than the Lp phase, and this free energy
contribution is larger than the chain packing energy.

To date, the hydration of head-groups in the the
L^ phase has always been found to be lower than
that of the higher-temperature molten phases (usually
lamellar). Hence, Lp phases do not swell in water to
the same extent as the La phases. Moreover, the size
(area) of the hydrated head-group determines which
of the three structures occur (see Figure 21.10). The
perpendicular bilayer requires a head-group area (a)
of ca. 22 A2, while the tilted bilayer occurs with a =
22-40 A2, and the monolayer interdigitated structure
with a > 44 A2. Hence, on increasing m in the series of
polyoxyethylene surfactants CnEOm(n > 16, m = 0-3),
either singly or in mixtures, one expects to encounter all
three phases. While the monolayer and perpendicular
bilayer structures are known, the tilted phase has not
been reported for this series.

In fact, a careful examination of properties such as
the enthalpy of melting, high-angle X-ray data and phase
behaviour for a series of closely related surfactants show
that considerable anomalies exist in both the assumed
alkyl chain packing structure and phase stability with the
conventional picture. This area deserves and requires a
systematic broad study to give a proper molecular-based
understanding.

4.6 Intermediate phases

We have already described the occurrence of bicontinu-
ous cubic phases having an aggregate curvature between
those of the hexagonal and lamellar phases. Over the
past 40 years, there have been sporadic reports of other
structures with similar intermediate curvature. A number
of these so-called "intermediate" phases have now been
identified. They replace V! bicontinuous cubic phases
for surfactants with longer or more rigid hydrophobic
chains. It is likely that they replace V2 phases under cer-
tain conditions, but this area has yet to receive the same
systematic attention as given to the V\ /intermediate
phases. Unlike the V phases, intermediate phases are
anisotropic in structure, and consequently birefringent;
in addition, they often have a lower viscosity than
the cubic phases, although most are still fairly vis-
cous. There is a continuing discussion in the literature
as to which structures are possible. Holmes (45) has
given a recent review of the area. The observed or pro-
posed structures divide topologically into three broad
types according to symmetry, namely rectangular rib-
bon structures, layered mesh structures and bicontinuous
structures which do not have cubic symmetry. Ribbon
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Figure 21.11. Schematic representations of (a) the centred
rectangular phase and (b) the six-connected rhombohedral
mesh phase

phases may be regarded as a distorted hexagonal phase
(see Figure 21.11 (a)). Mesh phases are distorted lamel-
lar phases in which the continuous bilayers are broken
by water-filled defects which may or may not be corre-
lated from one layer to the next (Figure 21.1 l(b)). The
bicontinuous phases are distorted cubic structures.

Phases with non-cubic structures were first identified
by X-ray scattering from aqueous soap mixtures (78,
79) and anhydrous soap melts in a series of papers
by Luzzati and Skoulios (79-83). In the first of these
papers (78), the term intermediate was applied to a
rectangular structure found in aqueous mixtures of
potassium and sodium oleates and potassium laurate
and palmitate. The structures found in the anhydrous
soaps were reinterpreted as intermediate, tetragonal,
rhombohedral and ribbon structures in the paper by
Luzzati et al. (84) in 1968. It was not until the early
1980s that interest in these unusual phase structures was
rekindled.

Ribbon phases have been the most comprehensively
studied of the intermediate phases. They occur when
the surfactant molecules aggregate to form long flat
ribbons with an aspect ratio of ca. 0.5, located on two-
dimensional lattices of oblique, rectangular (primitive
or centred) or hexagonal symmetry. Hagslatt et al. (85)
have investigated ribbon phases in a number of ternary
systems, concluding that all of their ribbon phases
index to a centred rectangular cell, cmm. A "hexagon-
rod" model of the ribbon cross-section was suggested
in which the ribbon structure is controlled by the
competition between the requirement for a constant
water layer thickness around each ribbon, the surface
area per molecule and the minimization of total surface
area. Note that given the anisotropic nature of the
interaction forces between the ribbons, the assumption
of a constant water layer must be an approximation.

The first identification of intermediate mesh -phase
structures was by Luzzati et al. (84) from the measure-
ments by Spegt and Skoulios (80-83) in anhydrous soap
melts. It was not until the work of Kekicheff and others
(72, 86-91) on sodium dodecyl sulfate (SDS)Avater and
on lithium perfluorooctanoate (LiPFO)Avater (92) that

intermediate mesh phases were recognized in aqueous
surfactant water systems. More recently, mesh interme-
diate phase structures have been identified in a number
of nonionic surfactants with long alkyl chains (93-95).
These reveal a very rich intermediate behaviour. There
are a number of possible mesh phase structures with
both tetragonal and rhombohedral symmetry. These gen-
erate X-ray scattering patterns which, although they may
show up to ten lines, must be indexed with care because
a variety of structures may be possible.

Many intermediate phase regions are bounded by
random mesh lamellar phases, i.e. ones that contain
water-filled defects, so that the non-uniform curvature
is retained although there is no longer any ordering of
the defects within the bilayer and there are no corre-
lations of defects between the bilayers. For example,
they have been seen in the SDS/water and LiPFO/water
systems, and as independently occurring phases in decy-
lammonium chloride/NH4CI/water (96, 97), and in cae-
sium perfluorooctanoate/water (98-101). These phases
are characterized by lamellar-like Bragg reflections in
the ratio 1:1/2:1/3,... etc., but with an additional broad
liquid-like reflection from the intra-lamellar defects.

While ribbon and mesh phases are now fairly well
established, the bicontinous non-cubic structures are still
elusive. The identification of tetragonal or rhombohe-
dral phases of a mesh or bicontinuous type is ambigu-
ous because there usually is insufficient information
to make a definitive identification. There are only a
few examples where authors have identified a bicon-
tinuous phase, usually because of its association with
adjacent bicontinuous cubic phases (89, 102). Anderson
and co-workers (103-105) propose that both rhombohe-
dral and tetragonal bicontinuous structures of the type
first proposed by Schoen (106) are not only possible
but are the most likely intermediate phase structures
with these symmetries. Hyde (107, 108) has considered
the origin of intermediate phases in detail. Theoreti-
cally, doubts on the existence of non-cubic bicontinuous
phases have been raised because periodic minimal sur-
faces with tetragonal or rhombohedral symmetries are
expected to have a higher associated bending energy cost
than their cubic phase counterparts. Hyde suggests that
the phase transition from ribbons to the Vi phase can
be achieved by extra tunnels connecting the mesh layers
in a rhombohedral mesh phase. All intermediate phase
structures are characterized by a non-uniform interfacial
curvature. The forces between the polar head-groups and
those between the lipidic alkyl chains tend to impose a
certain value for the interfacial curvature. This curvature
may not be compatible with the molecular length. The
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problem is resolved by either the system phase separat-
ing or by the formation of structures with non-uniform
surface curvatures. However, it is still not clear why
an increasing chain length or rigidity should favour the
formation of these intriguing phases over bicontinuous
cubic structures. Recall that the surfactant/water inter-
face does not correspond to the W\ minimal surface, and
hence as the surfactant chain length increases, the dis-
tance from the minimal surface increases. It may be that
the cubic minimal surface places constraints on chain
packing which are less serious with anisotropic bicon-
tinuous structures.

While the early reports of intermediate phases con-
cerned systems with reversed curvature (83, 84), these
were for surfactants where some residual short-range
order in the polar groups was probably present. There
are few definitive reports of fully molten intermediate
phases with reversed curvatures. In fact, the pattern of
how intermediate phases replace the normal bicontin-
uous cubic phase as the alkyl chain size increase only
became recognized as systematic studies on homologous
series were carried out (46, 76). Here, it has required a
combination of microscopy, multi-nuclear NMR spec-
troscopy and X-ray diffraction to elucidate the struc-
tures. Such studies on reversed phases have yet to be
carried out, particularly where small variations in alkyl
chain structure are made.

The key factor in studies of the normal systems was a
gradual increase of chain length. Conformational restric-
tions on the chains in normal aggregates appear to be
responsible for the reduced stability of the Vi phase
for long-chain derivatives. With reversed structures, the
presence of water in the aggregate cores allows con-
formational freedom. Hence, it is likely that reversed
intermediate phases will be found for systems with low
water contents and bulky head groups - inevitably with
multiple alkyl chain compounds. Where the chains have
identical lengths, such surfactants have high melting
temperatures. Hence, multiple unequal chains are prob-
ably required to observe reversed intermediate phases.

5 ORIGINS OF THE FORMATION OF
SURFACTANT LIQUID
CRYSTALS - WATER-CONTINUOUS
PHASES

As we have seen above, the Ii, Hi and La phases
have structures based on ordered globular (spherical),
rod and disc micelles. Intermediate and Vj phases have
an aggregate curvature between that of rods and discs.
Hence, the mesophases formed, and their sequences, can

be described simply in terms of micelle shape at the
CMC and the 'effective' volume fraction of micelles,
which governs what happens to the micelle packing at
high concentrations (46). The "effective" volume frac-
tion includes the actual volume occupied by tails, head-
groups and bound water. It also includes the affects of
soft-core inter-micellar interactions (2, 7) such as repul-
sions due to overlap of head-group conformations (as
with EO surfactants), electrostatics, hydration (solva-
tion) forces, the specific adsorption/desorption of solutes
such as ions, polarizable organics, and polymers. All
of these are complex and a molecular description is
well outside the scope of this present review. Fortu-
nately, the general behaviour is usually close to that of
an "effective hard-wall" particle. The major influence of
the chemical structure details is to alter somewhat the
concentration ranges of the mesophases, but not their
sequences.

The micelle shape is determined by the molecular
structure as described above (see equations (21.5-21.8)
and Table 21.1). There is a critical volume fraction (con-
centration) above which random (disordered) solutions
cannot occur for each of the shapes, i.e. spheres, rods
and discs (bilayers). An ordered state (liquid crystal)
must form at some higher concentrations if the surfac-
tant is sufficiently soluble. Thus the general scheme is
as follows:

Increase concentration

Micellar solution —

Spheres —

Rods —

Discs —

—> liquid crystals

- * CUBIC liquid

—* HEXAGONAL

liquid

—• LAMELLAR

crystals (/j)

crystals (H

liquid crystals (La)

In addition, for spherical and rod micelles, there is a
maximum volume fraction for the packing in an ordered
structure without a change of shape, these being ca. 0.74
for spheres and ca. 0.91 for rods (46). The lamellar
bilayers can, of course, pack to fill all the available
volume (1.0). When all of the available volume is occu-
pied for a given shape, then more surfactant can only
dissolve with a reduction of aggregate curvature to a
shape with a higher packing limit. Hence the sequence
of mesophases with increasing surfactant concentration
is as follows:

Small Polar Group: Disc (ruler-shaped) micelles

> Lamellar
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Medium Polar Group: Rod micelles > Hexagonal

> (Vi/Intermediate) > Lamellar

Large Polar Group: Spherical micelles > Cubic

> Hexagonal > (V\/Intermediate)

> Lamellar

Intermediate and Vi cubic phases do not easily lend
themselves to this simple treatment because of their
more complex shapes; nevertheless, because their micel-
lar curvature is between that of the Hi and La phases,
we expect them to occur at these concentrations - and
they do! One final point, we have already mentioned
that V] cubic phases are replaced by intermediate phases
for long-chain surfactants. For some short-chain surfac-
tants, particularly nonionic ones (e.g. EO derivatives or
methyl phosphine oxides, Cn, n < 12), the Vj phases do
not occur and there is a direct Hj/La transition.

6 ORIGINS OF THE FORMATION OF
SURFACTANT LIQUID
CRYSTALS - REVERSED PHASES

The sequence in which reversed phases occur is much
more complicated than that for the normal phases and
is not yet understood in terms of surfactant molecular
structures. The main reason is (probably) that there is
no limitation on the radius of the inverse micelles such
as that imposed by the length of the paraffin chain
on normal micelles. Water could swell the micelles
indefinitely (this does not happen because the size and
shape of inverse micelles is controlled by limits on
surfactant packing on a curved surface). Figure 21.12
(or something similar) is often employed to describe the
general pattern of mesophase behaviour as a function
of surfactant (water) concentration. In the description

1

- 1-2 l2 H2 v2
or inte

intermediate
i i

. .

v1
or Hi

mediate
Li

0 Water (%) 100

Figure 21.12. Schematic illustration of the mesophase sequ-
ence with increasing water concentration as a function of
temperature (redrawn from ref. (51))

of the normal phases, it does not include explicitly
the role of head-group size. In the description of the
reversed phases, it is misleading in that there are few
surfactants that exhibit more than two phases from the
sequence I2, H2, V2 and La at a given temperature.
More seriously, the sequences observed on increasing
water content are often La/V2 or Y2/H2. The diagram
does show phases that are likely to be neighbours, but
even with this caution is required because it is not
infrequent to observe a direct La/H2 transition without
an intervening V2 phase. To date, reports of reversed
intermediate phases are very rare.

7 PHASE BEHAVIOUR OF NONIONIC
SURFACTANTS

In principle, the aggregation properties and mesophases
of nonionic surfactants should be easier to understand
than the behaviour of ionic surfactants because there
are no long-range electrostatic forces. The intra- and
intermicellar head-group interactions operate over a
much shorter range than for ionic compounds, and so the
head-groups can pack close together. Thus, the range of
mesophase structures for monoalkyl surfactants can vary
from those with highly curved aggregates, such as in I\
and Hi phases, to geometries with a smaller or negative
curvature, as in the reversed phases (46, 109-111). The
effective head-group volume is given by its actual size,
together with about one hydration layer.

The most widely studied group of nonionic surfac-
tants is that of the poly(ethylene oxide) alkyl ethers
(n-C,H2n+1(OCH2CH2),OH; Q E O J (46, 109-112).
One reason for this is that it is possible to study the
phase behaviour while systematically varying the length
of either the hydrophobic alkyl chain or the hydrophilic
ethylene oxide groups. Surfactants with large head-
groups form cubic (10 and hexagonal (Hi) phases. With
increasing temperature, the head-group dehydrates and
reduces in effective size, often until the interfacial cur-
vature becomes zero or even negative. This results in
the formation of the lamellar (La) phase and a subse-
quent temperature increase (or further decrease in hydra-
tion and head-group size) can lead to the formation of
reversed phases.

The variation of the phase behaviour with head-
group size is illustrated with reference to the C12EOX

homologous series (46, 56, 113, 114), where x = 2-6,
8 and 12. The simplest phase behaviour is shown by
Ci2EO6 (Figure 21.13), which has Hi, Vi and La phases
and a region of partial miscibility or clouding (W + Li).
The cloud temperature (critical point) is defined as
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Figure 21.13. Phase diagram of the Ci2EO6/water system
(note that most of the two-phase regions are small and are
not shown): Li, aqueous surfactant solution; W, very dilute
surfactant solution; Hi, normal hexagonal phase; Vi, normal
bicontinuous cubic phase; La, lamellar phase; S, indicates
the presence of solid surfactant (reproduced from ref. (46) by
permission of The Royal Society of Chemistry)

the lowest temperature at which the region of partial
miscibility is seen. The maximum temperatures of the Hi
and Vi phases are 37 and 38°C, respectively, while the
La phase exists up to 73°C. Note that the pure surfactant
forms a liquid, which is miscible with water over a
certain composition/temperature range. The clouding
region arises from the partial miscibility of the Ci2EO6
micellar solution with water above ca. 49°C. This is
caused by a net inter-micellar attraction arising from
EO-EO interactions between adjacent micelles. This
is discussed further in ref. (114), and the references
contained therein. While the clouding phenomenon
is important for many micellar properties of these
surfactants, its only influence on the mesophases is to
determine the limit to which they can swell in water,
i.e. it fixes the boundaries between mesophases and the
dilute aqueous solution.

On increasing the EO size, an l\ cubic phase is
observed for Ci2EO8 between ~ 30 and 43 wt% sur-
factant on the dilute side of the large Ht region
(Figure 21.14). A V) cubic is seen over a narrow con-
centration range and the La phase is reduced to an even
smaller concentration and temperature range. With a fur-
ther increase in EO size to C12EO12, only Ij and Hj
phases are observed with the cubic phase existence range
increasing to ~ 35-53 wt% surfactant (Figure 21.15).
Recently it has been shown that there are in fact three

25 50 75

Composition (wt% C12EO8)

100

Figure 21.14. Phase diagram of the Ci2EO8/water system: Ij,
close-packed spherical micelle cubic phase; other phases, etc.
as for Figure 21.13 (reproduced from ref. (46) by permission
of The Royal Society of Chemistry)
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Figure 21.15. Phase diagram of the C^EO^/water system:
Fm3m, Im3m and Pm3n represent different Ii cubic phases;
other phases, etc. as for Figure 21.13 (Reprinted with per-
mission from ref. (56). Copyright (1997) American Chemical
Society)

distinct Ii phases present (56). With increasing sur-
factant concentration, these have space groups Fm3m,
Im3m and Pm3m. As one might expect, the partial
miscibility region shifts to higher temperatures as the
EO size increases. With very long EO groups, the Ii
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phase becomes even more dominant. However, even-
tually, increasing the EO size is expected to lead to
"micelles" with small aggregation numbers and a tiny
micelle core, which will not form ordered phases.

There is a distinct change in the behaviour as the
number of ethylene oxide groups decreases below 6.
For Ci2EO5 (113), Hi, V] and La phases are all clearly
observed (Figure 21.16), but with the Hi and Vi phases
existing over much narrower concentration ranges and
to lower temperatures than for Ci2EO6 (to 18.5 and
20°C, respectively). The La phase is formed over a
much wider concentration range. Note that above the
cloud point the lamellar phase co-exists with a dilute
aqueous phase and just above this the L3, the so-called
"sponge phase", occurs. This phase has received much
attention from academic researchers, both because of
its unique position in the phase diagram and because
it is closely related to the occurrence of bicontinuous
microemulsions (114-118). It is comprised of large
aggregates having a net negative curvature (the opposite
of normal micelles). The aggregates extend throughout
the phase, and hence it is continuous in both the aqueous
and surfactant regions, i.e. it is bicontinuous! In addition,
the "aggregates" are extremely labile, and hence the L3

phases have low viscosities but occasionally show shear
birefringence at higher concentrations. Their formation
can be slow, and so the establishment of exact phase

100
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Figure 21.16. Phase diagram of the C^ECVwater system: L',
and Lj, surfactant solutions; L2, liquid surfactant containing
dissolved water, not fully miscible with water; L3, sponge
phase, not fully miscible with water or surfactant; other
phases, etc. as for Figure 21.13 (reproduced from ref. (113)
by permission of The Royal Society of Chemistry)
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Figure 21.17. Phase diagrams of (a) the Ci2EO3/water system
(reproduced from ref. (46) permission of The Royal Society of
Chemistry), and (b) the C12EO2/water system (Reprinted with
permission from ref. (120). Copyright (1997) American Chem-
ical Society). Symbols used are as given for Figures 21.13 and
21.16

boundaries is sometimes tedious and time-consuming.
In some of the earlier mesophase studies, it was not
recognized just how slowly the L3 forms under some
conditions; hence the L3 regions may be underestimated
(e.g. see Figure 21.17 above). In fact, the surfactant
aggregate structure is closely related to that of the
reversed bicontinuous cubic phases which are frequently
found on the phase diagram adjacent to the L3 regions
(e.g. Ci2EO2, see below). While there is a dramatic
difference between the mesophase regions of Ci2EO6
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and C12EO5, the difference arises just from the small
difference in head-group size, and the existence of
partial miscibility above the cloud temperature. Note
the marked decrease in the miscibility of C12EO5 and
water above 80°C. This is a common feature with these
surfactants.

The phase behaviour of Ci2EO4 is very similar
to that of C]2EO5, with the La phase existing over
a similar concentration range (25-80 wt%), but to a
slightly lower temperature (68°C). Clouding occurs at
4°C and the Hi phase exists only at temperatures below
—2°C. The occurrence of a Vj phase, however, cannot
be definitely proved. An L3 phase is observed at similar
concentrations but ca. 10°C below that of C12EO5.

ForCi2EO3, no micellar phase occurs (Figure 21.17),
at least above 0°C, while the only mesophase shown on
the phase diagram is La. This exists over a concentration
range of — 47-85% surfactant and to a maximum
temperature of 52°C. The L3 phase is shown on the phase
diagram as being continuous with L2. In many of these
systems, it is difficult to observe the co-existence of the
L2 and L3 phases at high concentrations because of the
similar refractive index of the two phases. Laughlin has
observed that L3 and L2 are NOT continuous in this
system (119). In the above three systems, there are also
a number of two-phase regions in which various phases
co-exist with very dilute surfactant solution (W + Lj,
W + L2, W + L3 and W + L J .

For Ci?EO2 (114), in addition to La and L3 phases
there are two V2 reverse bicontinuous cubic phases
which exist between the other two phases over a temper-
ature range of 24-36°C (Figure 21.17(a)). X-ray diffrac-
tion studies (120) has shown the cubic phases to have
space groups Ia3d and Pn3m. Because of the reduced
hydrophilicity of the head-group, no mesophases exist
above 36°C. Note that these occur at higher water con-
centrations than the La phase over a small temperature
region - so that addition of water promotes negative
aggregate curvature. This is consistent with the view of
L3 as having aggregates with negative curvature, and is
a common occurrence with many surfactants that form
reversed phases. It underpins the general observations
above that there is not a similar regular phase sequence
(La, V2, H2, etc.) with concentrations for the reversed
structures as those that occur for normal mesophases.

For the remaining members of the series, C]2EOi
and C]2EOo (dodecanol), no mesophases occur - only
separate water and amphiphile phases which show slight
miscibility. With all of the CJ2 surfactants, no mesophase
exists above 80°C, while the maximum mesophase
"melting" temperature varies much less with EO size
than the cloud temperatures.

A similiar behaviour is observed for homologous
series of surfactants of different alkyl chain lengths, for
example, there are recent reports on C10EO4-C10EO7
which show the same general pattern (121-123) (but
note the reservations expressed in a recent review
by Chernik(112) about "compound formation"). The
mesophase regions extend to higher temperatures with
increasing n. The effect of curvature increases with EO
number, as expected. Thus, for all alkyl chain lengths
in > 10), 11 cubic phases only exist for EOr when x > 8
and extensive La regions occur for small EO groups
(x < 5).

The influence of alkyl chain length can be illustrated
by using C,,EO6 surfactants (46). C8EO6 gives just an
H, phase which melts at - 12°C (124, 125). C10EO6

shows a substantial area of Hi phase but there is
contention as to whether it additionally shows a low-
temperature La phase (125, 126). No Vj phase occurs
with these two materials. The phase behaviour of
C12EO6 is reported above. Ci4EO6 is very similar to
Ci2EO6, except that the La phase has a significantly
higher melting temperature (95°C, as opposed to 73°C).
On increasing the chain length to Cj6, there is a dramatic
alteration in the phase behaviour similar to the difference
between Ci2EO6 and Ci2EO5. The behaviour is even
more complex because a monolayer inter-digitated gel
(L^) phase occurs below ca. 25°C. The Hi and V!
melting temperatures are slightly decreased (both 34°C,
compared to 37 and 40°C for Ci4EO6) and the La

melting temperature slightly increased (102°C). This is
the first member of the CnEO6 series to show an La + W
region and an L3 phase (90-> 102°C). Moreover, with
an increase in chain size to C]6, the bicontinuous cubic
phase begins to be replaced by intermediate phases. In
fact, Ci6EO6 exhibits several phases not in the original
report, including a rod-micelle nematic phase, a random-
mesh-lamellar phase and another intermediate phase,
with the latter being metastable (127).

While the existence range of the nematic phase
is small for Ci6EO6, with Cj6EO8 a low-viscosity,
long rod-micelle nematic phase (Nc) has been observed
(Figure 21.18) over a narrow concentration range
at ~ 34 wt% surfactant over the temperature range
28-54°C between the H, and Li phases (128). Here
the increase in EO size removes the intermediate
phases and the La + W and L3 regions, but a gel
(Lp) phase is present at temperatures below the
molten phases. For much longer chain surfactants,
such as C22=EO6 (hexaethylene glycol cis-\3-
docosenyl ether) (129) or "C30EO9" (nonaethylene
glycol mono( 11 -oxa-14,18,22,26-tetramethylheptacosyl
ether) (95), the correlated defect mesh-phases replace
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Figure 21.18. Phase diagram of the C^ECVwater system: N^,
rod-nematic phase; other phases, etc. as for Figures 21.13,
21.16 and 21.17 (reproduced from ref. (128) by permission of
The Royal Society of Chemistry)

the V] region. No gel phases are expected here
because of the disrupted alkyl chain packing. Note that
several general conclusions are illustrated by the above
behaviour. First, an increasing surfactant chain length
has little effect on the composition ranges of phases
with positive curvature, with the major influence being
to raise the upper temperature limit of the mesophases.
Hence, very short-chain (Cn, n < 8) surfactants do not
form mesophases at all. Moreover, Nc phases occur
at the Lj/H] boundary for long-chain surfactants. This
pattern of behaviour is true for all surfactant types.
The reason why few Nc phases are reported in the
literature is because such long-chain surfactants are
usually insoluble. The "C22—" and "C30" derivatives
referred to above have their molecular packing in the
crystal disrupted by the presence of methyl side-groups
or unsaturation, both of which increase miscibility with
water.

Conroy et al. (114) investigated the effect of replac-
ing the terminal OH in three polyoxyethlene surfactants
by OMe (C12EOwOMe, m = 4, 6 and 8). For m = 4,
the La phase melts at 27°C for OMe (68°C for OH) and
the L3 phase is seen at lower temperatures (24-27°, as
opposed to 51.5-70°C). For m = 6, the Hi, V, and La

phases all melt at lower temperatures for OMe (24, 28
and 43, as opposed to 37, 38 and 73°C for OH). For
m = 8, the Vi and La phases are not seen for OMe and
the Ii and Hi melting temperatures are reduced to 15
and 41°C, respectively, from 16 and 59°C for OH. This

shows the importance of the terminal OH of the EO
groups, a factor which is often neglected.

Commercial polyoxyethylene surfactants contain a
wide range of EO sizes, often with a reasonably defined
alkyl chain. Bouwstra and co-workers (130) have stud-
ied a commercial sample of C9=C9EO14 (i.e. a Qg
chain with 9-10 cis double bonds and a polydisperse
EO group). The latter exhibits phase behaviour simi-
lar to C12EO8, with Il9 Hi, V! and La phases. The
Hi phase exits between 35.6 and 74.8 wt% surfactant
and up to 84°C. The other phases exist over narrower
concentration ranges and to lower temperatures. Sim-
ilar studies have also been reported by Kunieda and
co-workers (131, 132) for a wide range of commercial
oleoyl EO derivatives; again, the commercial actives
behave like pure ones with a shorter EO size.

The commercial "Synperonic A" surfactants are a
mixture of Q 3 (66%) and C15 (34%) alkyl chains while
the hydrophilic chains are composed of polydisperse
ethylene oxide groups. Investigations into the phase
behaviour of the A7, Al 1 and A20 surfactants (contain-
ing an average of 7, 11 and 20 EO groups respectively)
have been achieved by using a number of experimental
techniques (133, 134). The A7 material shows Hi and
La phases, with the Hi phases existing between 30 and
62 wt% surfactant up to a maximum of ~ 30°C, while
the La phases exists between 51 and 86 wt% surfactant
to a temperature greater than 60°C. With an increase of
EO size to the Al 1 compound, a small area of Vi cubic
phase appears between the Hi and La phases, while the
latter is greatly reduced in stability (73-83 wt%, with a
maximum temperature of ~ 35°C). The Hi phase exists
at slightly higher concentrations than for A7, and up to
- 64°C.

The phase behaviour of the A20 compound is rad-
ically different to the shorter-chain homologues, with
only l\ and Hi phases being present. The Ii phase
exists between 24 and 62 wt% surfactant up to ~ 70°C,
and the H[ between 60 and 81 wt% to over 80°C.
Unlike the other two surfactants, the A20 compound
shows no cloud point (below 100°C) at low surfactant
concentrations.

Triton X-100® and X-114® are industrial p-tert-
octylphenol polyoxyethylene surfactants with about
9.2 and 7.5 ethylene oxide groups per molecule,
respectively. They are used in biochemical studies
because of their ability to disrupt biological membranes
without denaturing integral membrane proteins (135).
TX-100 (136) forms an Hi phase between 37 and
63% surfactant contact from 0-28°C and an La phase
between 65 and 78% up to 6°C. TX-114 (137) exhibits
a larger area of La phase from 35 to 83% surfactant
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content and from — —20 to 65°C, but does not form an
Hi phase.

Essentially, these studies allow two general conclu-
sions to be made when comparing pure and commercial
nonionic surfactants. First, the stability of the Vj phase
is much reduced in commercial materials. Secondly,
a commercial surfactant of average formula C,,EO/n

resembles a pure surfactant with a slightly smaller EO
group such as C,,EO,,i_i. (An example is given below
in Section 11.2 on mixed surfactants). Thus, the surfac-
tant molecules with different EO sizes mix together in
the same aggregates, rather than the long and short EO
components separating into phases with large and small
aggregate curvatures, respectively. The small difference
in hydrophilicity caused by changing the head-group
size by one EO unit is responsible for this behaviour.
With other commercial surfactants where the head-group
is a small polymer of strongly hydrophilic residues, such
as with alkyl polyglycerols, the difference in hydration
and size between head-groups differing by 1 - 2 polymer
units is very often sufficient to cause the co-existence of
phases with different curvatures (e.g. L^ + H0 over a
wide range of water contents. Obviously, this is only
a rough guide for materials where the EO distribution
follows some regular pattern. Mixed commercial non-
ionic surfactants can show marked deviations from that
expected for the "average" EO size if the distribution of
EO sizes is bimodal.

While studies on linear alkyl surfactants are common,
in recent years branched-chain nonionic surfactants have
been studied, as well as surfactants with novel head-
groups and surfactant mixtures. The phase behaviour
of a series of mid-chain-substituted surfactants with the
general structure CH3(CH2)4CHEOJC(CH2)5CH3 where
x = 3, 4, 6, 8 and 10 (denoted s-C]2EOv) has been stud-
ied by optical microscopy using the penetration tech-
nique (138). These have much more bulky hydrophobic
groups and show clear differences from the behaviour of
the linear materials described above, as expected from
the packing constraints. No liquid crystal phases are seen
for S-C12EO3, as expected for a short-chain surfactant,
just the co-existence of W and L2. For the other mate-
rials, mesophases are observed. With S-Q2EO4, a V2

reversed bicontinuous cubic and an La phase are seen,
both of which melt at low temperature (8.0 and 0.5°C,
respectively) in addition to L2 and W. On increasing
the EO size to that of s-Ci?EO6, La and L3 phases are
observed. The L3 phase exists between 35.3 and 53°C on
the lower-surfactant-concentration side of the La phase
that exists up to 48.8°C. Lj micellar solution is seen only
below 5.9°C with a cloud temperature below 0°C.

The next compound, s-C}2EO8 (Figure 21.19), shows
similar phase behaviour to s-C]2EO6 with the melting
temperatures of the La and L3 phases increased (to
63.5 and 66.7°C, respectively). A micellar solution with
a cloud point at 19.2CC is present. Finally, s-Ci2EO]0

(Figure 21.20) gives Hi, Vj and La phases on penetra-
tion at 0°C. The Hi and Vi phases melt to micellar solu-
tion at < 10°C, while the La phase exists up to 74.2°C.
An L3 phase also exists between 69.0 and 79.0°C, with
the cloud point being 46.4°C. Clearly, the pattern of
behaviour resembles that of the linear surfactants, but
an increase EO size is required to observe a particular
phase sequence. It is initially surprising that mesophases
do form with the small (maximum) hydrophobic chain of
C7, where none are seen with simple linear surfactants of
this chain length. This may indicate that the micelles are
more monodisperse in size for dialkyl surfactants than
for monoalkyl surfactants because local molecular "pro-
trusion" of monomers out of the micelle is damped by
the hydrophobic effect on two alkyl chains, rather than
one. Thus, the micelle surface is smoother for dialkyl
surfactants then for monoalkyl derivatives.

Another series of "branched" (dialkyl) nonionic sur-
factants has been studied (139) having the general for-
mula Q.C,,GE8M, where Q and C,, denote different
alkyl chains, with k = 4 for rc-butyl (C4) and tert-buty\
(C4_r) and n = 10 or 12; G denotes a glyceryl unit and
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Figure 21.19. Schematic phase diagram of the s-C
system;: symbols used for phases, etc. are as given for
Figures 21.13 and 21.16 (reproduced from ref. (138) with
permission from Elsevier Science)
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Figure 21.20. Schematic phase diagram of the S-C12EO10/
water system; symbols used for phases, etc. are as given
for Figures 21.13 and 21.16 (reproduced form ref. (138) with
permission from Elsevier Science)

E8M denotes octaoxyethylene monomethyl ether. This
work follows on from earlier work on similar com-
pounds (140-142). The structural differences between
n- and terf-butyl chains within the asymmetrical V-
isomers leads to a different phase behaviour as expected
by the packing constraints. Both C10 isomers show Hi,
Vi and La phases, with the existence range and max-
imum temperature of the La much greater for the n-
butyl compound (8 - 80 wt% surfactant, compared to
68-77 wt%, and 50.TC compared to 11.6°C). The H,
and Vj phase ranges are similar for the two compounds,
but with the Vi phase existing to higher temperature for
the tt-butyl compound (Figure 21.21). This compound
also shows a L3 phase above the dilute La phase up
to 50.1°C. The n-butyl isomer of C]2 has very similar
phase behaviour to the C10 compound with all of the
phases existing to slightly higher temperatures.

Previously to the above work, Kratzat and Firnkel-
mann had investigated a homologous series of nonionic
surfactants containing two hydrophilic chains (143), and
having the general formula C;IG(EWM)2, where C,(
denotes the alkyl chain (n = 10-16), G = glycerol and
E,,,M = oligooxyethylene monomethyl ether (m = 3-5)
(Figure 21.22). The compound C10G(E4M)2 exhibits no
mesophases but has a cloud temperature of 54.2°C. The
other compounds studied (for which n = 12, 14 and 16)
all exhibit two Ii cubic phases and a hexagonal phase
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Figure 21.21. Phase diagram of the (C4)(Cio)GEgM/water
system: L, very dilute surfactant solution; CA, indicates
the presence of solid surfactant; other phases, etc. as for
Figures 21.13 and 21.16 (reproduced from ref. (139) with
permission of Academic Press)

(Figure 21.23). The temperature at which the phases
melt increases with increasing length of alkyl chain (the
melting temperatures of the H] phase in C/?G(E4M)2
for n = 12, 14 and 16 are 2.1, 31.6 and 38.6°C, respec-
tively). The cloud point is virtually unaffected. However,
on increasing the length of the head-group, the cloud
point increases (38.7, 53.0 and 61.8°C for Ci4G(E,?JM)2

where m = 3, 4 and 5, respectively).
All of these studies confirm that the pattern of phase

behaviour shown for the conventional surfactants gener-
ally holds at least qualitatively, whatever the head-group
or chain structure, provided that a proper consideration
of the alkyl chain packing conditions is made.

A severe test of this is where the flexible alkyl chain
is replaced by a rigid hydrophobic steroid skeleton.
When sufficiently long ethoxy chains are attached to
the cholesterol OH, a phase behaviour similar to more
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common alkyl derivatives is observed (144). For a
polydisperse EOn chain, Lj, H]? La and L2 phases are
seen, along with a region of clouding above 85°C. The
Hi phase exists between 18 and 60% surfactant content
from at least room temperature to 65°C. The La phase
exists from 35 to over 85% and to at least 100°C. When
the EO length is increased to 35, no lamellar phase
occurs, but an Ij cubic phase is seen between 23 and
67% surfactant and to over 100°C. The Hi phase is
seen between 67 and 83% and up to — 80°C. For a
chain length of 50 ethoxy groups, only the Ij phase is
seen between 27 and 93% up to 100°C. Estimating the
cholesterol length as being equivalent to ca. CJ5, and
a volume of ca. C20, this is well in agreement with the
packing behaviour of the normal surfactants. It might be
thought that the bulky nature of the cholesterol moiety
would prevent packing into spherical micelles, but this
is clearly not the case.

An exciting development in recent years has been the
systematic study of polymeric surfactants rather than the
occasional studies reported previously. Polysurfactants
can be made via polymerization of the chain termini
(head-groups or tails) or from hydrophilic and hydropho-
bic blocks (called side-chain or block copolymer sur-
factants, respectively). Over the years, Finkelmann and
Liihmann have reported the phase behaviour of a vari-
ety of non-ionic surfactants and the polymers formed
from them. In the latter category, they report (145)
on the liquid crystalline properties of side-chain poly-
mers comprising a polyoxymethylsilyl backbone ("P" =
O-SiCH^-, average degree of polymerisation 95) with
side chains of (CH2)ioC(0)0(CH2CH20)8CH3. These
are produced by esterifying the polyglycol with 10-
undecanoic acid, which forms the hydrophobic part
of the amphiphilic molecule. In water (Figure 21.23),
the polymer exhibits large regions of Hi (36-75%,
-15-+49°C) and La (64-90%, - 5 -> 64°C) phases
separated by a narrow band of Vi phase (—10 —• 45°C).
A region of clouding is seen up to 90% polymer. The
clouding temperature increases with concentration from
a minimum of 53°C. The changes induced by polymer-
ization are similar to those expected for increasing the
alkyl chain size to ca. Q4, a rather small alteration. The
high flexibility of the polyoxysilyl backbone is probably
responsible for this. A more rigid backbone would lead
to larger changes.

When the side-chain is modified to include a rigid
rod-like biphenyl moiety, ((CH2)3-0-0-O-(CH2CH2O)9

CH3) (146) and the degree of polymerization reduced to
55 (P55C3BiE9), subtle differences are seen in the phase
behaviour. Hi (34-75%, - 2 - • 68°C) and La (60-95%,
20 -> > 100°C) phases are still seen but with no Vj
phase between them. Clouding is observed up to 58%
polymer between 66 and 82°C. Above this, a bi-phasic
Li+ La region is seen to ~ 80%.

The phase behaviour of related polymers and
monomers containing the rigid biphenyl moiety was
studied in a later paper (147). The phase behaviour
of the monomeric surfactants is generally comparable
with that of common nonionic surfactants (especially
methyl-capped ethylene oxide alkyl ethers). They exhibit
Ii (sometimes two), Hi and La phases, as well
as clouding. The polymers, which have an average
degree of polymerization of 55, nearly all exhibit Hi
and La phases, whereas the Ii phase is seen only
in one (P55C3BiEn). One major difference between
the polymer and monomer phase behaviour is the
appearance of a nematic phase (Nc) built up of rod-
like micelles in a number of the polymers. This is
seen over a narrow concentration range between the Li
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and Hi phases, melting at temperatures below the Hi
phase. The phase behaviour of oligomers of PrC3BiE9

for r = 3-6 and 13.4 has also been reported. Hi and
La phases are seen for all of these, but the Ij phase
is not seen for r = 13.4 (or r = 55, i.e. the polymer).
The nematic phase is seen for r = 6(<50.0-52.2°C),
r = 13.4 (38.6-58.2) and r = 55 (34.8-58.2°C).

Liihmann and Finkelmann also made the first
published report of a nematic phase in a binary
nonionic/water system (148). This was formed by disc-
shaped micelles of the surfactant H2C=CH-CH2-
O-0-0-O-CH2-COO(CH2CH2O)7CH3, being observed
between the L} and La phases in a narrow band of
34-38% surfactant between 7.5 and 23.4°C (Figure
21.24). The La phase exists up to ~ 72% surfactant (and
to ~ 80% in a bi-phasic region with water). Clouding
is seen over a wide concentration range (up to > 90%
surfactant) with a lower critical temperature of 33.2°C.

Polyhydroxy surfactants have recently received some
attention as alternatives to EO materials. Polyhydroxy

80 -
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Figure 21.24. Phase diagram of the H2C = CHCH2O00EO7/
water system: Nj, disc-nematic phase; Ei, E2 and E3, eutectic
points; other phases, etc. as for Figure 21.13 (reproduced from
ref. (148))

compounds are more strongly hydrated than those con-
taining EO groups, and hence the mesophases exist
to high temperatures. In addition, the intermolecular
hydrogen bonding results in the occurrence of ther-
motropic mesophases to above 100°C. An up-to-date
summary of their surfactant properties has been pub-
lished recently (149). Generally, one requires at least a
hydrophilicity of ca. 2 x OH groups for surfactant prop-
erties, although di or trihydroxy compounds form lamel-
lar or reversed phases only. Very common examples of
this type of compounds are the monoglycerides. While
their formation of lamellar and inverse cubic phases
have been known for many years (50-52), only recently
has a definitive phase diagram of monoolein, one of the
commonest, been published (150, 151). Major problems
can occur with the slow establishment of phase equi-
libra, particularly where V2 phases are involved, as is
illustrated by comparing the phase diagram in ref. (149)
with an earlier version (152). Chernik has given sound
warnings of the problems involved (16).

For water-continuous phases, a larger polyhy-
droxy group is required. An easily synthesized
class of materials is the alkyl glucamides with
five OH groups. Unfortunately, single-chain mate-
rials have high Krafft temperatures. Lower Krafft
boundaries occur with surfactants possessing two
fairly short /t-alkyl chains and two glucamide
head-groups (153). These have the general formula
(QJH2/Z+1)2C[CH2NHCO(CHOH)4CH2OH]2 with n =
5-9 (abbreviated to di-(C-Glu). Di-(C5-Glu) shows
Hi, Vi and La phases on penetration at ~ 5°. The Hi
and Vi phases melt above 80° with the La remaining
to > 100°C. Di-(C6-Glu) shows the same sequence of
phases as above, with the Hi phase first seen at 56 wt%
surfactant (co-existing with an L} micellar solution). A
single Hi region exists between 62 and 71 wt% surfac-
tant and the Vi region between 71 and 75 wt%. Both
phases melt between 70 and 85°C. The La phase exists
at higher concentrations and to > 90°C.

Di-(C7-Glu) also has a bi-phasic H1/L1 phase forming
at 62 wt% surfactant and existing to — 60°C. The Hj
phase melts over a range from 62-80°C. Between the
Hi and La phases is another bi-phasic region between 71
and 75 wt%. This, and the La phase exist to > 90°C. A
two-phase loop occurs at low surfactant concentrations
and temperatures ( < 8 wt% and < 50°C). The authors
believe this to be the first observation of an upper
critical solution temperature for a nonionic surfactant.
The shape of the upper consolute loop is extremely
unusual, suggesting remarkable changes in micellar
interactions, or perhaps the presence of impurities! One
would be pleased to see these observations verified by
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other groups. Di-(Cg-Glu) shows only an La phase but
with a wide miscibility gap to a dilute aqueous solution.
This is not a remarkable behaviour.

Seddon and co-workers have studied the lyotropic
(and thermotropic) phase behaviour of n-octyl-1-O-^-
D-glucopyranoside (G) and its thio derivative, n-octyl-
1-5-yS-D-glucopyranoside (154). Both form Lj micellar
solutions, and Vi (Ia3d) and La phases in water with
the /3-O-G also forming an Hj phase. For yS-O-G, the
l^ phase exists from 80 to 100% surfactant and to over
120°C, Vj exists between 73 and 80% and up to ~ 60°C,
while Hj has a limited region between 64 and 73%, up to
35°C. All melt to give micellar solutions. The La phase
of /3-thio-O-G also exists up to 100% surfactant (from
75%) and to ~ 135°C. The Vi phase exists between 72
and 90% surfactant (i.e. it melts to give the lamellar
phase above 75%). The temperature at which it melts
varies from 0° at 90% to 65°C at 75%. In a later
paper, the mesophases of a series of these surfactants
were described (155). The behaviour of fi-O-G in water
has also been reported independently (156), with Hi,
Vj and La phases being shown over very similar
concentration and temperature ranges. In further work,
these latter authors also record (157) the co-existence of
two micellar phases for the C10 derivative, an important
observation which merits further work (149).

Hall et al. studied a series of l-(alkanoylmethyl-
amino) 1-deoxy-D-glucitols (C8-Ci2, CJ8=) (158). These
are also called TV-methyl glucamides, with the presence
of the /V-methyl group increasing solubility compared to
the glucamides referred to above. They form both ther-
motropic and lyotropic mesophases. Schematic phase
diagrams were produced for all of the compounds by
using the phase penetration technique with a complete
phase diagram being produced for the Ci0 compound
(Figure 21.25). The C8 derivative (C8G) forms an H2

phase when contacted with water. This exists between
0 and 39°C, melting to a micellar Li phase. C9G forms
an extensive range of mesophases, e.g. Hi (15-69°C),
V! (36-56°C) and La (44-76°C). All of these melt to
an Li phase. Ci0G observes the same phase sequence
as C9G. The Hi phase forms between 42 and 75% sur-
factant (from 30-81°C), the Vi phase between 67 and
79% (42-80°C) and the La phase between 75 and 100%
(46-> 100°C). CnG exhibits an Hi phase between 33
and 86°C, and Vi and La phases from 39.5 and 49°C,
respectively, to > 100°C. Similarly, Ci2G, exhibit phases
of Hi (45.5-75°C), V! and La (50 and 56°C, respec-
tively, to > 100°C). The phase behaviour for C18=G is
much simpler, exhibiting only an La phase from 22 to
> 100°C.
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Figure 21.25. Phase diagram of the CJO glucitol/water system:
symbols used for phases, etc. are as given for Figure 21.13
(reproduced form ref. (158) with permission from Taylor r
Francis Ltd)

Raaijmakers et al. studied the mesogenic proper-
ties of some 3-0-alky 1 derivatives of D-glucitol and
D-mannitol (159). Phase penetration scans have shown
that the C10-16 glucitol derivatives and the C i 2 mannitol
derivative all exhibit lyomesophases. The 3-<9-decyl-D-
glucitol (C10G) material gives an Hi phase on penetra-
tion at room temperature, and on heating, a Vj phase at
34°C and an La phase at 46°C. The solid bulk melts to
La at 55°C and all phases exist to at least 98°C. Ci2G
gives an h phase at 36°C, plus Hi (37°C), V, (40°C)
and La (46°C), with the solid melting to La at 65°C. All
phases exist to > 100°C, with the exception of the Hi
which melts to an Ii phase at 62°C. C14G gives only Vj
and La phases from 48 to > 100°C. Below rpen, the L<*
phase cools to give an L^ gel phase, a transition which is
reversible on reheating. Q 6 G gives an La phase from 52
to > 100°C. A reversible L a-L^ transition is observed
on cooling at 44°C. The pattern of phase formation in
3-O-dodecyl-D-mannitol (C12M) is similar to Ci2G with
all transition temperatures approximately 20°C higher,
apart from the melting temperature of the solid (97°C).

Finkelmann and Schafheutle have studied monomeric
and polymeric amphiphiles containing a monosaccha-
ride head-group (160). The monomer, N-D(—)-g\uco-N-
methyl-(12-acryloyloxy)dodecane-l-amide, exhibits Lj
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(> 52°) and La phases (65-88%, 57-87°C), with a bi-
phasic region separating the two. The polymer, poly[(/V-
D(—)-gluco-/V-methyl-(12-acryloyloxy)dodecane-l-
amide)] again exhibits Li and La phases, but these are
formed at — 0.1 CC. The lamellar phase exists between
37 and 100% polymer, and up to 184.8°C. It is sepa-
rated from the Li phase by a narrow bi-phasic region.
There is a region of clouding (Lj + L2) reaching from
~ 0 to 31 % polymer, with a lower critical temperature
of 17.9°C at 4.6% and an upper critical temperature of
105.5°C at 9.6% polymer.

Most of the above studies involve changes in
alkyl chain size, with no alteration of the head-group.
In a very important early study, Sagitani and co-
workers reported the behaviour of pure alkyl polyg-
lycerol [C12O(CH2CHOHCH2O)WOH] surfactants with
an ether-linked C\2 alkyl chain, with n = 1-4 (161).
The compounds with n = 1, and 2 give just a lamel-
lar phase to over 120°C, while with n = 4, a micellar
solution and a hexagonal phase occur. For n = 3, there
is a cloud point at ca. 53°C, with both micellar solution
and lamellar phase being present. The shape of the Li/La

phase boundary indicates the presence of an H] phase
below the cloud point, i.e. remarkably similar behaviour
to Ci2EO6, as these authors point out. In fact, poly-OH
compounds do resemble EO nonionics, but with a very
much reduced influence of temperature.

Much attention has been given recently to com-
mercial polyglucoside surfactants (alkyl polyglucosides
(APGs)) (162, 163), where the average number of
"poly"-glucoside units (degree of polymerization (DP))
falls within 1-3. From the above studies, one expects
short-chain derivatives with DP = ca. 1 to form Li, Hj
and La phases, while the low stability of the Hi phase
suggests that long-chain compounds will form La dis-
persions. Compounds with DP = 2 will give Hi and La

phases, while with DP = 3 or more the Ij cubics will
appear. Multi-phase co-existence is likely, along with
the occurrence of metastable, sticky, viscous phases at
high concentrations.

8 BLOCK COPOLYMER NONIONIC
SURFACTANTS

Block copolymer surfactants show a qualitatively sim-
ilar phase behaviour with temperature to conventional
materials. However, solubility requires the presence of
branched chains and/or ether links to reduce the occur-
rence of crystalline polymer with a high melting point. It
must be emphasized that commercial polymeric surfac-
tants are polydisperse in both alkyl chain and EO blocks,

and hence a range of molecular weights and head-group
sizes will be present. This will certainly modify the
behaviour compared to pure low-molar-mass surfactants,
but should not qualitatively change it. It could lead to the
occurrence of multi-phase regions, such as Hj and La, or
cubic regions, rather than single phases and "intermedi-
ate" structures that might occur with very monodisperse
polymers.

Alexandridis et al. (164) have studied a number
of block copolymers of ethylene oxide (EO), propy-
lene oxide (-OCH2CHCH3- (PO)) and butylene oxide
(-OCH2CH(CH2CH3)- (BO)) in water and in ternary
systems with /?-xylene. The polypropylene oxide) and
poly(butylene oxide) blocks represent the hydrophilic
portions in such systems. Obviously, the short methyl
and ethyl branches will need to be included in any pack-
ing constraints considerations.

The phase behaviours of three ethylene oxide/propy-
lene oxide ABA copolymers, (EO)6(PO)34(EO)6 (L62),
(EO)13(PO)3o(EO)13 (L64) and (EO)37(PO)58(EO)37
(PI05) have been investigated (164). The number of
mesophases formed increases with the poly(ethylene
oxide) content (Figure 21.26). L62 exhibits only a La

phase, between 51 and 76% polymer, and from < 20 up
to 65°C. Two-phase regions of lamellar phase with both
Li and L2 solution phases exist, with the former first
seen at < 30% polymer. L64 has a small region of Hi
phase between 46 and 54% polymer; this forms at 22°C
and melts at 46°C. The La phase exists between 48 and
82% polymer, from below 10 to 85°C. Again, the two-
phase regions are fairly wide. PI05 exhibits an l\ cubic
phase between 26 and 44% polymer, melting at 60°C.
The Hi (47-67%) and La (67-88%) are separated by a
two-phase region and exist to > 85°C. Note that simple
AB block copolymers are expected to resemble even
more closely the conventional surfactants. (The ABA
blocks are likely to assume a "U"-type conformation
for the hydrophobic block.)

The ternary system of L64/P105/water was also
studied (165) (Figure 21.27). At 25°C, a lamellar phase
is formed along the L64-water axis between 61 and
79% polymer, and between 73 and 87% polymer on the
P105-water axis, and extends all the way from one axis
to the other. Upon increasing the water concentration,
the hexagonal phase is formed. This extends between
52-55% on the L64-water axis and 47-67% on the
PI05-water axis. Additionally, there is an I{ cubic phase
between 28 and 43% PI05, and a narrow melted Vi
phase between 58 and 59% L64 between the Hj and La

regions.
The L64/water (D2O)/p-xylene ternary system

exhibits Lj, L? (containing a high /?-xylene-to-water



492 SURFACTANTS
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Figure 21.26. Phase diagrams of the (a) (EO)6(PO)34(EO)6
(L62), (b) (EO)i3(PO)3o(EO)i3 (L64), and (c) (EO)37(PO)58-
(EO)37 (PI05) block copolymers and water systems: E, normal
hexagonal phase; I, cubic phase; P, indicates the presence
of solid polymer; other phases, etc. as for Figures 21.13,
21.16 and 21.22 (Reprinted with permission from ref. (164).
Copyright (1996) American Chemical Society)

ratio), La, Hi, H2 and V2 phases at 25°C (166). Most
of the phase diagram consists of two- and three-phase
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Figure 21.27. Phase diagram of the L64/P105/water system:
L'; other phases, etc. as for Figures 21.13, 21.16, 21.22
and 21.26 (reproduced from ref. (165) with permission of
Academic Press)

regions (10 and 6, respectively). The Lj solution phase
forms up to — 46% polymer, and can solubilize up
to 4% xylene. The polymer is miscible with xylene
in all proportions along the whole "water-lean" side
of the phase diagram (the L2 region); 12% water
can be incorporated into the L2 phase. The La phase
forms on the polymer-water axis between 61 and
81% polymer and extends well into the phase diagram,
accommodating up to 20% xylene. The H] phase is
formed on the polymer-water axis between the Li and
La phases (47-57% polymer). Like the Li phase, it can
solubilize only a small amount of xylene. There is a
fairly extensive H2 phase between the ha and L2 phases
at polymer concentrations of 43-78%, and with water
concentrations of 13-22%. The V2 phase forms in a
small region between the La and H2 phases at ~ 70%
polymer. It has the Ia3d space group. One other phase
seen is an isotropic liquid phase (at 58-59% polymer),
denoted here as V. This is an L3 sponge phase, and has
low viscosity.

'Tluronic 25R4" has the structure (PO)i9(EO)33

(PO)i9, and has a similar ternary phase behaviour
in water/p-xylene as Pluronic L64 which has the
opposite block sequence and a comparable molecular
weight (see above). At 25°C, the 25R4/water//?-xylene
ternary phase diagram exhibits the same phases as
the L64 surfactant (167). Again, the phase diagram
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is dominated by two- and three- phase regions. The
La phase is formed along the polymer-water axis at
polymer concentrations between 61 and 79%, and can
accommodate up to 25% p-xylene. The Hi phase is
formed between the L\ and La phases at polymer
concentrations of between 43 and 56%; 3-4% xylene is
actually required for this phase to form. The H2 phase
is formed between the La and L2 phases, at polymer
concentrations of between 48 and 73% polymer, with
the water concentration varying in the range 13-18%.
The V2 phase forms in a narrow concentration range of
65-68% polymer. It is thought to have a space group
ofIa3d.

For the (EO)17(BO)i0/D2O//?-xylene system, Alexan-
dridis et al. claimed the first occurrence, to their knowl-
edge, of a reversed-micellar cubic phase in a "typical"
ternary amphiphile/water/oil system (168), before study-
ing and reporting the system in more detail (169). These
authors report six mesophases and two solution phases
at 25°C. On increasing the polymer concentration along
the polymer-water axis the phase sequence Li (< 22%
polymer), Ij (23-37% polymer), Hi (42-54% poly-
mer) and La (62-84% polymer) is observed. At even
higher concentrations, a polymer-rich paste-like phase
is seen. The La phase is the most extensive of the
mesophases and can accommodate up to 16% xylene.
The Ii phase most likely has the Im3m space group.
Along the polymer-xylene axis, the same sequence
of structures (sphere —> cylinder —» plane) is seen for
the reversed-phases. The L2 phase exists below 75%
polymer, the I? between 47 and 62% polymer, the H2

between 45 and 84% polymer, and the V2 at —80%
polymer between the H2 and La phases. The I2 phase
has the Fd3m space group, while the V2 phase has the
Ia3d group. Note that all of the reverse mesophases
require the presence of water to form (whereas the nor-
mal mesophases can form without xylene).

A comparison of the phase behaviour of PEO/PPO
and PEO/PBO copolymers in butanol/water was recently
reported (170). (Note that in this paper, poly(butylene
oxide) is referred to as polytetrahydrofuran.) "Pluronic
F127", E100P70E100, exhibits Li, L2, I], Hi and La

phases. The L\ phase exists along the polymer-water
axis up to 20% polymer, accommodating up to 10%
butanol. The I] cubic phase supercedes the Li phase and
exists up to 65% polymer. Its ability to solubilize butanol
decreases with increasing polymer concentration. The
Hi phase is formed at above ~~ 20% polymer, although at
least 15% butanol is required for it to form. A maximum
of ~ 23% butanol can be accommodated in the Hi phase.
As the polymer concentration is increased, the butanol
concentration required to form the Hi phase decreases,

and between 70 and 80% polymer no butanol is required.
The La phase is stable in the 20-30% polymer and
25-30% butanol ranges. A large L2 region extends from
the butanol-rich corner down to 20% butanol. Note that
when butanol is replaced by hexanol, the Li and L2

regions are reduced and the Ij phase is still observed,
along with a birefringent phase that was not investigated.

EiooB27E1Oo is of a similar molecular weight to
E1O()P7oEioo, but with a more hydrophobic middle
block. Only a single one-phase region is observed,
extending from the water-rich corner over a middle
region to the butanol-rich corner. No liquid crystalline
phases are observed. The Ei7B27Ei7/butanol/water sys-
tem also shows only a single one-phase region and no
mesophases.

9 ZWITTERIONIC SURFACTANTS

Zwitterionic surfactants broadly resemble nonionic
materials, but because two bulky charged groups
are usually involved, the head-groups are large. An
exception is dimethyldodecylamine oxide (171) which
has a compact head-group. This surfactant forms Hi,
Vj and La phases. The H] phases (termed the "middle
phase" in this paper) exists between 35 and 65%
surfactant and from < 20°C to > 105°C. The Vj (viscous
isotropic) phase has a narrow range of existence
(65-70% surfactant) and melts at a slightly higher
temperature than the Hi phase. The La (neat) phase
exists between 70 and 80% surfactant at 20°, and up
to 95% surfactant at 90°C. This melts at > 140°C. The
C14 compound exhibits a similar phase behaviour (172),
but also has a nematic phase (ND) between 31 and 35%
surfactant, up to 60°C.

A more typical surfactant is dodecyldimethylammo-
niopropane sulphonate (173). This forms an Ij cubic
phase between 49.5 and 63% surfactant from ~20°C
up to ~ 85°C. A hexagonal phase (65-87% surfactant)
forms at a slightly higher temperature but exists up to
> 160°C. A lamellar phase is seen at very high concen-
trations and above 170°C. Below this is a hydrated solid
surfactant phase which when viewed under a polarizing
microscope has the optical appearance of a gel phase.

10 IONIC SURFACTANTS

Ionic surfactants have been studied over a much longer
period than nonionic materials, although the long-range
electrostatic interactions and the insolubility of long-
chain materials have resulted in the general picture
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of mesophase behaviour emerging only rather slowly.
Typical surfactants with a single-charge ionic group
usually give small globular micelles and Hi as the low-
concentration mesophase. As the chain length increases
(and if solubility allows), then long rod-micelles form
and a rod nematic phase can occur at the WH] bound-
ary. Occasionally, if the counterion is highly dissociated,
an I] phase can occur as the first mesophase. Otherwise,
two charged groups are required for Ij formation. At
higher concentrations, the sequence H]/V]/La changes
to Hj/Intermediate/I^, (or a combination of the two) as
the alkyl chain size increases. In this region, there can
be long-lived metastable phases that are difficult to work
with and prevent the easy determination of equilibrium
boundaries.

Sodium dodecyl sulfate (SDS) is a very commonly
used surfactant, and yet for many years its mesophase
behaviour was not studied in detail. One reason for this
is the number of phases to be dealt with. Besides the
lamellar and hexagonal phases, there are a number of

intermediate phases existing over narrow concentration
ranges (88). The complete phase diagram was reported
by Kekicheff et al (72) (Figure 21.28). (Note that in
this paper, the hexagonal phase is represented by the
symbol Ha.) Between the Ha and La phases, the
authors identify four intermediate phases, with bi-phasic
regions separating most of the single-phase regions.
The Ha phase is first seen at 37% (with Li) and
at 40% in a single-phase region at 25.7°C. A two-
dimensional monoclinic phase (Ma) exists with the Ha

phase from 57-59% up to 58°C. Note that this is the
only mesophase region that doesn't exist up to ~ 100°C.
On increasing the surfactant concentration between 59
and 69%, the phase sequence is Ma (40.TC), Ma +
Ra (rhombohedral), Ra (43.0°C), Qa (cubic, 47.8°C),
Q a + T a (tetragonal), Ta (48.5°C), T a + L « , and La

(49.8°C). The La phase exists up to 87% surfactant,
above which it co-exists with a crystal phase. Despite
the extensive work involved in this diagram, there
still remain questions to answer. For example, the

20
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Figure 21.28. Phase diagram of the SDS/water system: Ua, hexagonal phase; Ma , two-dimensional monoclinic phase; R^,
rhombohedral phase; Qa, cubic phase; Ta , tetragonal phase; C, C' and C", refer to different polymorphic varieties for the same
SDS hydrate; other phases, etc. as for Figure 21.13 (Reprinted with permission from ref. (189). Copyright (1996) American
Chemical Society)
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disappearance of the Ha + Ma two-phase region is
difficult to understand. Note that this system typifies
those where equilibration between different states is
expected to be slow (as mentioned above).

Another system showing an intermediate phase
between the H] and La phase is that of caesium tetrade-
canoate-water (174). The phase behaviour between 24
and 80°C was studied in detail (Figure 21.29). The
Hj phase is first seen in a two-phase region with an
Lj micellar phase at 33% surfactant and in a single-
phase region between 37 and 67%. Above 65°C, the
Ha phase is replaced by a two-phase Ha + Vi region.
However, below this temperature, a ribbon phase (R)
is formed. The most likely structure of this phase is
rod-like aggregates with an elliptic cross-section. At
24°C, the R phase exists from 62-72% surfactant,
with the concentration range decreasing with increas-
ing temperature. Below 39°C, a bi-phasic R + La region
exists between 72 and 75% surfactant, while between
39 and 65°C the two phase region is R + Vi. The Vj
region is very narrow (~2% surfactant) and is bor-
dered by a two-phase Vi + La region up to 75% surfac-
tant. The lamellar phase exists to over 90% surfactant.
That the sequence of phases can be very complex and
varies with chain size is illustrated by the "penetration
scan" table reported by Rendall et al. (175). Here, the
"intermediate" phase types have not been identified, but
the general pattern and complexity of behaviour is clear.
One should also caution that minor levels of surface-
active impurities are likely to have a marked influ-
ence on the cubic/intermediate phases, particularly if the

impurities are uncharged cosurfactants (often likely to be
present from the chemical synthesis).

One of the first major surveys into the phase
behaviour of cationic surfactants was reported by Black-
more and Tiddy who undertook penetration scans on
a variety of surfactants with a range of alkyl chain
sizes, including the NH3

+, NMe3
+, NEt3

+, NPr3
+ and

NBu3
+ series (176). Previous studies had mostly been

limited to alkylammonium and alkylmethylammonium
salts (44, 177, 178). These show a qualitatively similar
pattern of behaviour to that of the anionic systems, with
the sequence W\N\fLa for short-chain derivatives being
replaced by Wx/Intermediate/ La for long-chain com-
pounds. For the intermediate chain lengths, Vi phases
replace the intermediate structures as the temperature
increases.

Surfactants containing divalent head-groups have
received little attention. Hagslatt et al. have investi-
gated a number of these (179). Dodecyl-l,3-propylene-
bis(ammonium chloride) (DoPDAC) has a head-group
consisting of two protonated amine groups separated by
a propylene group (179). The surfactant shows conven-
tional phase behaviour in water (D2O) (Figure 21.30),
forming Li, Ij cubic (denoted as I"), Hj hexagonal
(denoted as E), V] cubic (denoted as l\) and La lamel-
lar (denoted as D) phases. The Ii cubic phase forms at
30% surfactant at ~30°C and exists up to ~ 150°C.
The hexagonal phase is seen at 42% surfactant from
38 to > 160°C. Between 65 and 72% surfactant, the R{

phase melts to the Vj cubic phase (which forms above
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Figure 21.29. Phase diagram of the caesium tetradecanoate
(CsTD)/water system (reproduced from ref. (174) with permis-
sion of Academic Press)

0 10 20 30 40 50 60 70 80 90 100
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Figure 21.30. Phase diagram of the dodecyl-l,3-propylene-
bis(ammonium chloride) (DoPDAC)Avater system: C+S, indi-
cates the presence of solid surfactant; other phases, etc. as for
Figures 21.13, 21.14, 21.23 and 21.26 (Reprinted with per-
mission from ref. (179). Copyright (1991) American Chemical
Society)
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— 75CC). Similarly, above 72% surfactant the Vi phase
melts to an La lamellar phase. At 79%, surfactant the La

phase forms at 90°C. Note that the Krafft boundary has
a rather large slope. Usually for monovalent surfactants,
the Krafft boundary is flat or has only a small slope (50).

These workers also studied the ternary phase diagram
of the divalent surfactant dipotasium dodecylphosphate
(K2DoP), the monovalent surfactant potassium tetrade-
canoate (KTD) and D2O (180). At 25°C, K2DoP exhibits
Li (0-37% surfactant), h (37-67%) and H, (67-75%)
phases, plus a two-phase liquid crystal/hydrated surfac-
tant crystal (75-100%). In the ternary system, the Ij
cubic phase is seen between 20 and 60% K2DoP. Up to
30% KTD can be incorporated into the phase at lower
concentrations of K2DoP. On decreasing the percent-
age of D2O along the D2O-KTD axis, hexagonal (E),
ribbon (R), intermediate (possibly orthorhombic) and
lamellar (D) phases are seen. The hexagonal phase exists
right down to the K2DoP-D2O axis (70-75% K2DoP),
whereas the maximum K2DoP concentrations for the rib-
bon, intermediate and lamellar phases are 45, 24 and
22%, respectively.

Amphitropic (also referred to as amphotropic) surfac-
tants are compounds containing both lyotropic (e.g. qua-
ternary ammonium head-groups) and thermotropic (e.g.
oxycyanobiphenyl (OCB) groups, moities (181). Fuller
and co-workers have reported on two such compounds.
The first of these, 10-(4/-cyano-4-biphenyloxy)decyltri-
ethylammonium bromide, exhibits only an La phase
(182, 183) from 22 to > 90% surfactant with a temper-
ature range of 33-100°C. The second compound, N,N'-
bis[5-(4/-cyano-4-biphenyloxy)pentyl]-(A^,A^,A^/A^/)-
tetramethylhexanediammonium dibromide (5-6-5 OCB),
exhibits two La phases with a re-entrant L[ micel-
lar phase between them (Figure 21.31). The low-
concentration lamellar phase (La) exists between 18 and
64% surfactant, up to 65°C. Between 35 and 47% surfac-
tant, the melting temperature of the La phase decreases
from 65 to 50°C with increasing surfactant concentra-
tion. At this concentration, the high-concentration phase
(L^) appears and exists to > 80% surfactant and > 90°C.
Note that the absence of Hi and V! phases is due to the
difficulty of packing the bulky oxycyanobiphenyl group
into spherical or rod-like micelle interiors. The influence
of a range of added electrolytes on the lamellar phase of
the first surfactant was studied (184) in order to induce
the co-existence of two lamellar phases. This experiment
failed, although a wide co-existence region of micel-
lar and lamellar phases was observed. This indicated
that the two lamellar phases arises from the specific
adsorption of counterions. In further work (185), it was
demonstrated that the addition of thermotropic mesogens
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Figure 21.31. Phase diagram of the '5-6-5 OCBVwater sys-
tem; symbols used for phases, etc. as for Figure 21.13 (repro-
duced from ref. (181) with permission from Taylor r Francis
Ltd)

stabilized the lamellar phase, thus suggesting a route to
obtain true amphitropic mesophasesl

The second of the above compounds is an example
of a so-called "gemini" surfactant. Recently, there
has been considerable interest in these surfactants,
which are double-headed cationic compounds where
two alkyldimethyl quaternary ammonium groups per
molecule are linked by a hydrocarbon spacer chain.
(These are denoted as n-m-n surfactants, where n is the
length of the terminal alkyl chains and m the length of
the spacer chain.) In the second paper (183), Fuller et al.
reported the phase behaviour of further m-n-m OCB
surfactants and some straight-chain 15-/2-15 surfactants
(n = 1, 2, 3 and 6). Note that these compounds have
terminal hydrophobic chains of the same length as
the oxycyanobiphenyl compounds. The m-n-m OCB
surfactants all give just a lamellar phase from < 18°- >
100°C. Penetration scans on the \5-n-\5 surfactants
show that they all exhibit Hi, Vi and La phases to
> 100°C. Additionally, a nematic phase is seen for
m = 1 and 2, and intermediate phases for m = 1, 2
and 3.

Zana and co-workers have investigated various
properties of a series of gemini surfactants, includ-
ing their thermotropic and lyotropic phase behaviours.



SURFACTANT LIQUID CRYSTALS 497

These authors report that the 12-4-12 and 12-8-12
compounds form hexagonal and lamellar phases in
water (186, 187). For the latter compound, the Hj
phase exists between ~ 55 and 78% surfactant and
the La phase between 82 and 97% surfactant. The
phase behaviour of a wide range of gemini surfactants
(n = 12-18, m = 2-20) has now been studied and a
wide range of phases observed (188). Generally, the
phases are qualitatively in accord with packing con-
straint expectations, where the spacer group is included
in the hydrophobic volume. However, unusual partial
miscibility regions involving hexagonal, lamellar or con-
centrated surfactant solutions in co-existence with dilute
solutions are also observed.

Perez et al (189) have studied a series of novel
gemini surfactants with guanidyl head-groups (from the
amino acid arginine); such compounds are referred to
as "bis(Args)". They are made up of two symmetrical
A^-acyl-L-arginine residues of 10 (CW(CA)2) or 12
(Q,(LA)2) carbon atoms linked by covalent bonds to
an o?,&>-alkenediamine spacer chain of varying length,
n (n = 3,6 and 9). In the C3(LA)2 and C6(LA)2/water
systems, an Hi phase is seen at very low surfactant
concentrations (lower than 5%) between 4 and 20°C.
Penetration scans have shown that in C9(LA)2, the Hi
phase is replaced by an La phase.

11 THE INFLUENCE OF THIRD
COMPONENTS: COSURFACTANTS,
MIXED SURFACTANTS, OILS,
HYDROTROPES, ELECTROLYTES
AND ALTERNATIVE SOLVENTS

There is a vast body of data concerning the influ-
ence of third components on surfactant liquid crys-
tals. Because of the potentially great complexity of
the inherent mesophase behaviour, this array of data
can appear to be enormously difficult to rationalize.
However, if we consider the simple concepts described
above (micelle formation, micelle shape/packing con-
straints, volume fractions and the nature of intermicel-
lar interactions), then a reasonably simplified picture
emerges, at least for the water-continuous phases. This
present section does not attempt to be comprehen-
sive - it simply reports selected examples of behaviour
to illustrate the general concepts. The simplest way to
show the changes in mesophase behaviour is to employ
ternary phase diagrams. The reader should recall that
the important factors are (i) the behaviour as a func-
tion of surfactant/additive ratio, and (ii) the volume

fraction of surfactant plus amphiphile (where present)
for mesophase formation.

11.1 Cosurfactants

Cosurfactants are "surfactants" that are insufficiently
hydrophilic to form micelles or mesophases with water
alone, but can have dramatic effects when mixed with
normal surfactants. Examples of such materials are alco-
hols, fatty acids and long-chain aldehydes. Depending
on the strength of the polar group hydration, there is
greater or smaller incorporation of the cosurfactant into
mesophases. The extent to which the polar group resides
at the micelle surface also has a profound effect on the
mesophases. Weakly polar groups, such as methyl esters,
can occupy both the micelle interior and reside with the
ester group at the surface. They could be classified as
"polar oils". Thus, cosurfactants span the range of prop-
erties from oils to surfactants. In order to illustrate the
effects, we show the behaviour of a simple surfactant,
sodium octanoate, with various additives taken from the
extensive body of research produced by Per Ekwall,
Krister Fontell and their co-workers (50, 190). Sodium
octanoate forms only a hexagonal phase at room tem-
perature, but with Vi cubic and lamellar phases occur-
ring at higher temperatures. Figures 21.32-21.34 show
the ternary phase behaviours of sodium octanoate with
decanol, octyl aldehyde (octanal) and methyl octanoate,
respectively.

All three additives have roughly the same alkyl
chain length and volume as sodium octanoate (decanol
is just a bit bigger). Data for the phase behaviour of
octanol/sodium octanoate/water are available, although
the decanol system has received the most attention
by far! We see that decanol mixes in the system to
form a large lamellar region, and even an inverse-
hexagonal phase. This is because the alcohol group
always resides at the water/alkyl chain surface. Its
contribution to the micelle area is ca. 12 A2, and
since sodium octanoate has a head-group size of ca.
58 A2 in the mesophases, packing constraint calcula-
tions suggest a hexagonal/lamellar transition at a sodium
octanoate/decanol weight ratio of 7:3, in excellent agree-
ment with the phase diagram. (A theoretical calculation
of this type of phase behaviour has been described by
Wennerstrom and Jonsson (191).) The other two addi-
tives are dissolved much more extensively within the
hexagonal region, presumably because they occupy the
micelle interior to some extent. Octanal can reside at the
micelle surface to some degree because it forms a lamel-
lar phase which is in equilibrium with L\, and hence disc
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Figure 21.32. Phase diagram of the sodium octanoate (caprylate)/decanol/water system: B/mucous woven7 lamellar phase; C,
tetragonal phase; F, re versed-phase; G, isotropic phase; other phases, etc. as for Figures 21.13, 21.16, 21.22 and 21.26 (reproduced
from ref. (50) with permission of Academic Press)

micelles can occur. Methyl octanoate mainly resides in
the micelle interior, and thus the lamellar phase does
not have a boundary with Li. The fact that the lamel-
lar phase appears rather than a Vi cubic phase is a
general observation. Both intermediate and bicontinu-
ous cubic phases are much less frequently encountered in
multlcomponent systems than in binary surfactant/water
mixtures.

11.2 Mixed surfactants

The behaviour of mixed surfactants (at least in water-
rich regions) can be understood by considering the
nature of interactions between the head-groups and var-
ious packing constraints. A simple example is that
of the commercial nonionic surfactants reported by

Bouwstra et al. (192). These authors compared the
phase behaviour of technical-grade Ci2EO<7> and pure
C]2EO6. The ternary phase behaviour with water and
decane were studied and compared. Both exhibited Ii,
H] and Li phases, but only Ci2EO6 gives a very small
region of a Vj cubic phase. Note that the Ii phase is
not seen in the binary Ci2EO6/water system (46). In
addition, their X-ray data indicated that the Hi phase
in Ci2EO6 is composed of infinite long rods, whereas
short interrupted rods were reported for the hexagonal
phase of Ci2EO<7>.

Where ionic surfactants are involved, like charges
show only small changes in phase structures, but over-
all solubility can be greatly increased because surfac-
tants do not generally form mixed crystals, and hence
each increases the solubility of the other. For sur-
factants with opposite charges, usually the mixed salt
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Figure 21.33. Phase diagram of the sodium octanoate (capry-
late)/octanol (caprylaldehyde)/water system; symbols used for
phases, etc. as for Figures 21.13, 21.16 and 21.22 (reproduced
from ref. (50) with permission of Academic Press)
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Figure 21.34. Phase diagram of the sodium octanoate (capry-
late)/methyl octanoate methyl caprylate/water system; symbols
used for phases, etc. as for Figures 21.13, 21.22 and 21.26
(reproduced from ref. (50) with permission of Academic Press)

is insoluble. Where solubility does occur, the average
head-group size is much reduced because of the neu-
tralized electrostatic repulsions. Typically, cationic and

anionic surfactants, which alone form hexagonal or Ii
cubic phases, form lamellar phases at low concentrations
in 1:1 mixtures (193). Obviously, with dialkyl surfac-
tants more complex behaviour can occur.

11.3 Oils

Oils are solubilized into the interior of micelles where
they allow the micelle to swell to a larger radius, hence
giving rise to cubic (10 and hexagonal (HO phases at
smaller a-values than for the surfactant alone. Polar
oils can also reside at the micelle surface to some
extent, thus reducing micelle curvature and inducing
the occurrence of lamellar and inverse phases. This
behaviour is typified by the behaviour of the commercial
non-ionic surfactant nonylphenol-(probably branched)-
decaethylene oxide (EMU-09) with and p-xylene and
hexadecane (50) (see Figures 21.35 and 21.36, respec-
tively).

These figures show that the hexadecane induces the
formation of an Ij cubic phase, whereas the much
more polarizable /?-xylene, which can reside at the
chain/water interface, induces a lamellar phase. As
expected with the increase in micelle diameter, all of the

p-Xylene

20

Figure 21.35. Phase diagram of the commercial nonionic sur-
factant, nonylphenol-(probably branched)-decaethylene oxide
(EMU-09)//?-xylene/water system; symbols used for phases,
etc. as for Figures 21.13, 21.16, 21.22 and 21.28 (reproduced
from ref. (50) with permission of Academic Press)
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Figure 21.36. Phase diagram of the commercial nonionic sur-
factant, nonylphenol-(probably branched)-decaethylene oxide
(EMU-09)/hexadecane/water system; symbols used for phases,
etc. as for Figure 21.13, 21.16, 21.22 and 21.26 (reproduced
from ref. (50) with permission of Academic Press)

phases have their boundaries shifted to higher volume
fractions with hexadecane addition.

For surfactants having small polar groups and bulky
chains, there can be extensive effects with the addition
of oils. Alone with water, the surfactants form reversed
micelles and/or reversed mesophases. Large volumes
of oil can be incorporated into these systems because
of the possibility of swelling the alkyl chain regions
in these oil-continuous phases (L2, H2 and V2). While
extensive research has been carried out in this area, it
appears to be much more complex than for the water-
continuous phases. Each different surfactant type can
show individual behaviour according to the curvature
properties of the surfactant layer.

11.4 Hydrotropes

Hydrotropes are small, highly water-soluble additives
that increase markedly the solubility of other com-
ponents, including surfactants, in water. They are
employed very widely in industry. In fact, they only
work when the "insoluble" phase is a mesophase with
high molecular mobility (e.g. a polymer coacervate

Figure 21.37. Phase diagram of the sodium octanoate (capry-
late)/ethanol/water system; symbols used for phases, etc. as
for Figures 21.14, 21.21, 21.22 and 21.26 (reproduced from
ref. (50) with permission of Academic Press)

or surfactant mesophase). These include weakly self-
associating electrolytes such as sodium xylene sul-
fonate and short-chain alcohols. Their influence can be
illustrated by the effect of ethanol on the hexagonal
mesophase of sodium octanoate (Figure 21.37).

Ethanol "solubilizes" the hexagonal phase, shifting
the boundary from ca. 40 to ca. 45%, although it initially
stabilizes it. There is almost no increase in the maximum
solubility of crystalline surfactant. Where mesophases
occur over a wider concentration range (say, 10-40%)
then hydrotropes can sharply increase the isotropic
solution range by removing the mesophase.

11.5 Electrolytes

The influence of electrolytes divides into two areas, i.e.
the influence on nonionic (uncharged) surfactants and
that on ionic materials. For nonionic surfactants, the
effects are either "salting-out" or "salting-in", in line
with observations from the Hoffmeister series of elec-
trolyte effects on protein precipitation. While there has
been much discussion over the past 50 years on the
molecular mechanism involved, including many words
on the "structure" of water, Ninham and Yaminsky have
recently shown in a landmark paper that the phenom-
ena can be explained by dispersion interactions (194).
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Essentially, electrolytes that are adsorbed to surfactants
increase their solubility, and hence mesophases dis-
solve. Those that are desorbed from the aggregates raise
the chemical potential and decrease the solubility. Like
hydrotropes, large effects are seen only with mesophase
or "coacevate" precipitates. For ionic surfactants, there
are two additional effects. Where a counterion that pro-
duces an insoluble surfactant salt is present then any
mesophases are removed by an increase of the Krafft
temperature. In addition, the well-known common-ion
effect raises the Krafft temperatures. Furthermore, elec-
trolytes have a marked influence on the CMC values,
reducing the relatively high values of ionic surfactants
to the low values of zwitterionic derivatives. This hap-
pens typically when the added electrolyte level is of
the same order as the CMC range (ca. 1-300% of the
CMC without electrolyte). Otherwise, where solubility
is maintained at high electrolyte levels, one observes
salting-in or salting-out effects. These can be illustrated
by the phase behaviour of sodium soaps with water
(Figure 21.38) (195).

Added electrolyte induces co-existence between a
dilute aqueous phase and micellar solutions (similar to a
nonionic surfactant cloud temperature) and then changes
the hexagonal phase to the lamellar phase. Clearly, the
ionic surfactant mesophase dissolves in water because
of electrostatic repulsions. High-salt levels negate the
electrostatic repulsions, changing the behaviour to that
of a moderately polar surfactant (e.g. C12EO3). Salting-
in electrolytes, such as sodium thiocyanate, are likely to

cause the lamellar phase to swell to much higher water
levels. If the adsorption of thiocyanate ions is sufficient,
it is possible that micelles will form again at very high
levels. This behaviour merits further study.

11.6 Alternative solvents

Over recent years, the question of whether or not sur-
factants form aggregates similar to micelles, which then
form mesophases in other polar solvents, has received
considerable attention (196-219). The solvents con-
cerned are polar liquids such as glycerol, ethylene gly-
col, formamide or ethyl ammonium nitrate (a molten
electrolyte at ambient temperature). The answer is YES,
but the thermodynamics of the aggregation process is
somewhat different. Figures 21.39 and 21.40 show mea-
surements of the EMF from a surfactant-specific elec-
trode in hexadecylpyridinium bromide solutions where
water and ethylene glycol are solvents.

These results clearly show that aggregates form over
a very narrow concentration range in ethylene glycol,
similar to micelle formation. However, the aggrega-
tion concentration is higher by two orders of magni-
tude - simply because the "solvophobic" effect is much
smaller than the hydrophobic effect. In fact, a useful
"rule of thumb" is that a surfactant with a Ci6 chain
in the alternative solvents resembles a C)2 surfactant
in water. It seems that at least a C10 or Ci2 chain is
required for micelle-like aggregation in these solvents.

Brine/liquid
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Figure 21.38. Phase diagram of the sodium palmitate (NaP)/sodium chloride/water system at 90°C (reproduced from ref. (195)
with permission of Academic Press)



502 SURFACTANTS

120
10° 101 102 103 104 105

Surfactant concentration (106 mol dm"3)

10b

Figure 21.39. EMF from a surfactant-specific (cetylpyridinium
bromide) electrode as a function of concentration for solutions
in water and ethylene glycol (cf. Figure 21.40) (reproduced
from ref. (196) by permission of The Royal Society of Chem-
istry)
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Figure 21.40. The monomer concentration of cetylpyridinium
bromide as a function of total concentration (cf. Figure 21.39)
(reproduced from ref. (196) by permission of The Royal
Society of Chemistry)

The mesophase behaviour is remarkably similar to that
in water, again with a Ci6 chain derivative in the sol-
vent resembling that of a C\2 surfactant in water. There
are, of course, detailed differences. Thus, cubic phases
are stabilized over the intermediate phases (as expected
for shorter-chain surfactants). Polyoxyethylenes are not
miscible with glycerol, so they form no mesophases. In
the main though, given the large differences between
the nature of the polar solvents and water (molec-
ular size, symmetry, polarity, hydrogen-bonding abil-
ity, conformational freedom, influence on electrostatics,
etc.), this similarity is remarkable. Table 21.2 shows the

mesophase behaviour of octadecylpyridinium bromide
in a range of solvents.

The phase sequence and types are all remarkably
similar. Only formamide shows a real difference, with I]
cubic phases being observed. Even so, these are formed
by shorter-chain derivatives (the chloride salts) in water,
so their occurrence with the longer-chain bromide is
different - but not that much! The phase diagrams
(Figure 21.41) show clearly that in ethylammonium
nitrate as solvent the boundaries are shifted to much
higher concentrations, again resembling a shorter-chain
surfactant.

12 CONCLUSIONS AND THE FUTURE

It is clear that a framework based on packing constraints,
surfactant chemical type, and water (solvent)-surfactant
interactions now exists, so that the pattern of solvent-
continuous surfactant mesophases can be rationalized
for a wide range of materials, both for water and other
polar solvents. Moreover, many data exist on the influ-
ence of additives, which can be seen to fit into the
general picture. While no mention of theoretical com-
puter modelling has been made here, this is an area
that is evolving rapidly at present. Both molecular and
mesoscopic models are under development that should
enable semi-quantative computer predictions of phase
behaviour to be made within the next few years. These
should be able to shed light on remaining problems
such as the structures of intermediate and gel phases.
However, further experimental work is still required on
the structures of intermediate phases and gel phases.
In addition, the knowledge of mesophase glasses and
particularly other semi-solid mesophases is at a rather
primitive level. For example, we have not discussed
at all the mesophases where the head-groups are par-
tially crystalline and chains are molten (220). These
swell in oil, in a type of behaviour that is analogous
to that of L^ phases that swell in water. Moreover, the
general framework can now be employed to rational-
ize surfactant mesophase behaviour with more complex
additives such as well-defined biomolecules (e.g. pro-
teins), as well as synthetic polymers of all types. Mem-
brane protein crystals (where the protein hydrophobic
region is covered by surfactant) certainly fall into this
class. Lyotropic liquid crystals have recently been inves-
tigated as suitable media for membrane protein crystal-
lization (221). Such studies will certainly grow in the
immediate future.
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Table 21.2. Phase penetration data of anhydrous octadecylpyridinium bromide, showing the
temperature ranges of the mesophases (217). The sequence of columns indicates the order of
the phases with increasing surfactant concentration: the first temperature given is 7pen; the
second indicates the upper temperature limit of the mesophase

Solvent0 Temperature/range (°C)

Lf
Water
EG
GLY
FA
EAN

48-61 57

43-100+
44-108
31-150+
50-100+
49-120+

-
99
-
-
_

54-100+
54-106
48-150+
61-100+
74-120+

59-100+
56-150+
48-150+
61-100+
73-120+

flEG, ethylene glycol; GLY,»«»; FA, • • • ; EAN, ethyl ammonium nitrate.
bL\, indicates Li intrusion between the Ii and Hi phases.
c+', indicates that the mesophase is stable above the temperature given (the temperature limit).
dL", indicates Li intrusion between the H) and W\ phases.
T h e anhydrous surfactant forms the La phase at 74-75°C.

(a) 100 (b)

25 50 75

Concentration (wt%)

25 50 75

Concentration (wt%)

100

Figure 21.41. Phase diagrams of (a) octadecylpyridinium bromide/water and (b) octadecylpyridinium bromide/ethylammonium
nitrate; Symbols used as for Figure 21.13 (reprinted from ref. (217) by courtesy of Marcel Dekker, Inc.)

It is now timely to consider problems where
mesophase kinetics are important. Mesophase formation
is involved in the applications of many specialist
formulated products, including detergents. Recent
advances in instrumental techniques allow the initial
events that occur on mixing surfactant and water
to be monitored, for example by using synchrotron
X-ray diffraction and a fast-mixing cell (222). To
develop a proper understanding of the behaviour
will require a consideration of diffusion processes in
labile anisotropic media - an exciting opportunity for
computational modelling.

Rheology is perhaps the most important user property
of surfactant mesophases, since almost every product is

pumped, poured and stirred. Recent developments mean
that it is now possible to make X-ray, neutron, optical
microscopy and other measurements on flowing systems
to relate macroscopic orientation/morphology to rheolog-
ical properties at the same time as molecular/aggregate
reorientation is also studied (223). This offers the excit-
ing prospect that in future not only will it be possible to
formulate products for control of the mesophase struc-
ture through an understanding of ideas such as packing
constraints, etc., but rheological properties and dissolu-
tion rates will be controlled to deliver optimum benefit to
customers. The future developments offer exciting intel-
lectual challenges which will have an important scientific
impact as well as being of widespread practical use.
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1 INTRODUCTION

The world-wide extensive use of surfactants in vari-
ous areas of application (emulsifiers, detergents, cos-
metics, industrial cleaners, textile and food industries,

etc.) leads to a considerable discharge of these com-
pounds into the environment. These substances are
introduced into the aquatic system mainly by the
waste-water path via waste-water treatment plants or
by direct discharge. On account of these first exten-
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sive application of a synthetic anionic surfactant in
household detergents (tetrapropylenebenzene sulfonate)
in Central Europe in the 1950s and 1960s, with the
consequence of a strong formation of foam in waste
water-treatment plants and rivers, it became evident that
surfactants have strong environmental impacts. The need
for legal regulations was very rapidly realized in sev-
eral European countries and North America. Regulation
of the biodegradation of surfactants was the primary
aim. Initially, anionic and nonionic surfactants became
the focus of attention because of their extensive use
and their partially low biodegradability. Legal regula-
tions generally defined the minimum requirements for
biodegradability. At the same time, a great interna-
tional effort was made to develop chemical methods
for analysis and biological test procedures to assess the
degree of degradation. It can be assumed that surfac-
tants were the initiators of the ecological assessment of
chemicals.

2 USE AND ENVIRONMENTAL
RELEVANCE OF SURFACTANTS IN
DIFFERENT FIELDS OF APPLICATION

Surfactants with different chemical structures and spe-
cific properties are used world-wide in different fields
of application. Figure 22.1 represents an overview of
the percentage of the applied amounts in the relevant
fields. The main share (42%) is used for washing and

Table 22.1. Production and consumption of surfactants in
Western Europe according to Comite Europeen des Agents
de Surface et de leurs Intermediares Organiques (CESIO) (in
1000 t - as 100% active)

Surfactant

AN1ONICS
Alkylbenzene sulfonates (LASs")
Alkane sulfonates
Alcohol sulfates
Alcohol ether sulfates
Other anionics
Total Anionics
Soaps

NONIONICS
All ethoxylates
Other nonionics
Total nonionics

CATIONICS

AMPHOTERICS

GRAND TOTAL

Production

1996

400
77

111
229

82
899
550

844
224

1068

170

43

2730

1997

420
70

115
254

80
939
550

879
236

1115

174

60

2838

Total

1996

390
74

103
210

87
864
550

800
200

1000

145

40

2599

market

1997

390
60

108
240

72
870
550

807
196

1003

149

56

2628

"LASs, linear alkylbenzene sulfonates.

cleaning purposes. This is followed by the textile indus-
try with 16%, and cosmetics and mining/oil-recovery
and -refining (each 7%). Table 22.1 shows the produc-
tion and consumption of surfactants in Western Europe.
Figure 22.2 reflects the surfactant production in the Fed-
eral Republic of Germany, including developments from
1978 to 1996 where a shift from anionic compounds to

Dyes, lacquers and
plastics

Leather and fur

Textiles and fibers

Cosmetics and
pharmaceutics

Various industrial
branches

10% Food

Insecticides and
pesticides 2%

Metal processing
3%

Mining, flotation and oil
recovery 7%

Cellulose, pulp and
paper 2%

Detergents
42%

Figure 22.1. Percentage of surfactant amounts in different fields of application in Western Europe
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(a) 1978
Total production: 357000 t

Cationics

Anionics

(b) 1996
Total production: 7500001

Amphoterics

Nonionics

Anionics
42%

Cationics

Figure 22.2. Production of surfactants in the Federal Republic
of Germany for (a) 1978, and (b) 1996

nonionics is clearly visible. The rise in total production
from 357 000 t/a to 750000 t/a is also a clear indica-
tion of the growing importance of these compounds
(Figure 22.2). Based on this large production and con-
sumption figures, a direct ecological relevance of these
compounds can be derived. The main portion of the
surfactants after their proper use is discharged into the
environment via the waste-water path. In most fields of
application, surfactants are not changed in their chem-
ical structure so that their characteristic property, i.e.
surface-activity, is maintained. To a certain degree, a
direct or an indirect terrestrial disposal of surfactants
also takes place. The different fields of application of
these compounds are described in some detail in the
following sections.

2.1 Detergents and cleaning agents

By far the largest consumption of surfactants world-wide
is for washing and cleaning purposes. This application

represents a share of 42% of the total consumption.
Household detergents have different application profiles
(e.g. heavy duty detergents, special detergents, liquid
detergents, etc.) and therefore also different formulations
for the surfactant components. The most important
ingredients of detergents are the surfactants, where
the linear alkylbenzene sulfonates (LASs) still have a
dominant position. Generally, these compounds are used
in combination with nonionic fatty alcohol polyglycol
ethers.

Surfactants have another central importance and
function in the overwhelming majority of household,
commercial and industrial cleaning agents. In the case
of commercial and industrial cleaners, the following
applications can be mentioned:

• Cleaning of hard surfaces
• Car washing
• Cleaning of buildings
• Bottle cleaning

In addition, for household purposes many surfactant-
containing preparations are used in dishwashing.

2.2 Cosmetics and pharmaceutics

As shown in Figure 22.1, 7% of total surfactants are
used in cosmetics and pharmaceuticals, especially in per-
sonal care products such as shampoos, bath preparations
or toothpastes. Surfactants are important in their func-
tion as emulsifiers in creams and lotions. A great variety
of anionic, nonionic, cationic and also amphoteric sur-
factants are used here.

2.3 Textile industry

Another important field of surfactant application is
as auxiliaries in the textile industry, where mainly
for washing, wetting, bleaching, dyeing and finishing
procedures, anionic, nonionic and cationic formulations
are used to a considerable extent and where generally
the used chemicals are directly or indirectly discharged
into the environment. The range of surfactant types used
in auxiliaries and finishing agents is very high; just to
mention a few, these include:

• Combinations of nonionic ethoxylated products
• Sulfosuccinates
• Polyglycol ether phosphates
• Fatty acid polyglycol ethers
• Fatty acid sarcosinates



512 SURFACTANTS

• Betaines
• Aryl sulfonates
• Quaternary ammonium compounds

In this field, it is difficult to differentiate between
the specific effects of surfactants which are not only
restricted to washing.

2.4 Mining and oil production/refining

Considerable amounts of surfactants are used for ore
and mineral flotation in mining activities. These act
as collectors and foamers. Today, surfactants are also
indispensable in coal-mining, too, where they are used in
flotation, binding of coal dust, and coal transport through
pipelines.

Surfactants are of great importance as auxiliaries
for the production and processing of crude oil and gas
(emulsifiers, agents for foaming and defoaming, lubri-
cants, bactericides, corrosion inhibitors, de-emulsifiers,
etc.). In particular, tertiary oil production represents a
broad field for such applications.

2.5 Metal processing industry

Surfactants play an important role in the processing
of metals. They are used in many treatment steps as
emulsifiers, surface-active agents, lubricants, cleaning
agents and corrosion inhibitors.

2.6 Dyes, varnishes and plastics

Surfactants are used in the so-called flush process in
the dye and varnish industry. Organic and inorganic
pigments are transferred from an aqueous medium into
an oily medium in this procedure. In addition, surfac-
tants disperse pigments in dyestuffs, emulsify pigments
in emulsion dyestuffs and stabilize the formulations of
dyes and varnishes.

Surfactants are also used as dispersing agents for
dyestuffs in the plastics industry. Furthermore, they
are used to a large extent as emulsifiers for emulsion
polymerization e.g. poly(vinyl chloride) (PVC).

2.7 Food industries

Independent of a natural content of surface-active sub-
stances in food (e.g. phosphorus lipids, glucolipids,

proteins, etc.), synthetic surfactants are used in consid-
erable amounts in this field where emulsifiers for fats
and oils are most important. The fat processing indus-
try is included here, where with surfactants, renetting
processes play a major role.

2.8 Leather and fur industry

Surfactants are important auxiliaries in practically all
processes in the production of leather and fur from the
raw to the finished product.

2.9 Pulp and paper production

Considerable amounts of surfactants are used as aux-
iliaries in pulp and paper production, for instance
in waste-paper recycling, flotation, adjustment of the
absorptive capacity of paper, and finishing.

3 ENVIRONMENTAL LEGISLATION

As early as 1961, the first legal actions by different
European governments were taken to control the
environmental impacts from the use of surfactants and
detergents. The general aim was to establish a standard
for the biological degradability based on the background
that considerable volumes of these compounds are
discharged into the environment. In the same year in
Germany, a law on surfactants in washing and cleaning
products was published, comprising regulations (1962)
on the biological degradability of anionic surfactants.
A minimum degradation rate of 80% was stipulated
here. This was analytically based on the "methylene blue
active substances" (MBAS) test which defines primary
degradation. Already in 1968, under the patronage of
the European Council, an agreement on detergents
was elaborated. On a supranational level (European
Economic Community (EEC) - European Working
Group (EWG)), a first guideline was issued with the
aim to harmonize the different regulations for detergents
in the member states of the EEC (73/404/EWG).
Consecutive guidelines, i.e. 73/405/EWG, 82/242/EWG,
82/243/EWG, and 86/94/EWG, were based on this first
version. According to the latest status, these require
a 90% degradation of all surfactants. Additionally,
the EEC Directive has also laid down principles
for the environmental risk assessment of new
chemicals. As part of this assessment, the measured or
calculated environmental concentrations, the "Predicted
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Environmental Concentrations" (PECs), are compared
with those concentrations of the chemicals that have
no negative effects towards representative organisms
("Predicted No-Effect Concentrations" (PNECs)). This
is a tiered process in which each step requires more
refined data and represents an increased relevance to
real-world systems.

Concurrent to these legal actions, adequate methods
for measuring biodegradability were developed, includ-
ing various analytical procedures. The most impor-
tant tests specified by the detergent legislation are the
following:

• The Organization for Economic Co-operation and
Development (OECD) Screening Test

• The OECD Confirmatory Test

The same relates to the analytical methods,
where for anionic, nonionic and cationic surfactants,
various colorimetric procedures (MBAS, "bismuth
active substance(s)" (BiAS), and "disulfine blue active
substance(s)" (DSBAS)) were introduced. Since these
methods analyse only the loss of surface-activity
or primary degradation, other analytical approaches
have been employed in the last 10 years in order to
characterize the total or ultimate degradation. These
include methods such as high performance liquid
chromatography (HPLC), gas chromatography (GC)
GC/mass spectrometry (MS), and the measurement
of total organic carbon (TOC) and chemical oxygen
demand (COD).

4 ANALYSIS OF SURFACTANTS IN
THE ENVIRONMENT

A large share of surfactants is discharged after their
application via sewer systems to waste-water treatment
plants. In spite of the high biodegradability of modern
surfactants, considerable amounts of surfactants are still
introduced into the aquatic environment, especially in
places where there is no adequate waste-water treatment.
The large amount of surfactants which are specifically
used in detergents causes surface water pollution in the
u.g/1-range. Table 22.2 shows a simple estimation for
the situation in Germany today for the main type of
detergent surfactant i.e. linear alkylbenzene sulfonates,
(LASs). This estimation is a very simple approach
to the real situation, for example, the small share
of direct discharges to surface water or a further
biodegradation in rivers are disregarded. However, the
estimated LAS concentrations correspond well to an
extensive monitoring study (1, 2) and to a recently

Table 22.2. Estimation of LAS concentrations in river waters
in Germany

Aspect/feature Value LAS
concentration

Population 80 000 000
Water consumption per 200 1/d

person per day
LAS consumption per year 39 000 t/a
Raw waste water - 6.7 mg/1
Elimination in sewage 99-99.6%

treatment plants
with nitrification and

denitrification
Effluents of sewage - 27-67 ug/1

treatment plants
Dilution in rivers 6-10
Rivers and surface waters - 2-10 ug/1

carried out monitoring programme in the Bavarian
Main-Danube region where LAS concentrations from
0.9 to 11.4 mg/1 (average 5.4 mg/1) were measured
in influents of waste-water treatment plants and from
< 2 to 13 u.g/1 in the Main and Danube receiving
waters.

With respect to these data and an insufficient elimi-
nation in waste-water treatment plants at that time, mea-
surements of the surfactant concentration in the aquatic
environment were begun. Rather early on, for example,
extensive data have been received since the beginning
of the 1960s from the River Rhine (3).

However, determination of surfactants in the environ-
ment was difficult up to the 1980s because of the lack of
analytical methods which allow a selective determina-
tion of single surfactant species. The term "Surfactant"
indicates only the physical property of decreasing the
surface tension. Generally, we can distinguish between
four groups of surfactants depending on their charge.
Special analytical procedures were developed to deter-
mine all surfactants of each group as a "sum" param-
eter. Some of these were internationally standardized,
as shown in Table 22.3. As mentioned above, the use of
these methods provides no specific information about the
surfactant species, homologous or isomeric compounds
or metabolites. In addition, there are some further dis-
advantages to these methods as follows:

• Vulnerability to interfering substances
• Use of a halogenated solvent
• Lower detection limit in real samples is not better

than 0.1 mg/1

The use of chromatographic methods, especially high
performance liquid chromatography (HPLC), solves
these problems and yields more information about the
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Table 22.3. Analytical methods to determine surfactants depending on their charge as the sum parameter

Surfactant group Analytical method International standard

Anionic Measurement of the methylene blue index, ISO 7875-1 (1984)
MB AS (methylene blue active substance(s)) EN 903 (1994)

Nonionic Determination of the bismuth active ISO 7875-2 (1984)
substance(s) (BiAS) using the Dragendorff reagent

Cationic Determination of the disulfine blue active
substance(s) (DSBAS)

Amphoteric Orange II method

25.0 -i

C12-LAS

-1.5
3.0 6.0 9.0 12.0 15.0 18.0 21.0 24.0 27.0 29.7

Time (min)

Figure 22.3. Reversed-phase HPLC chromatogram of an LAS surfactant

surfactants and their metabolites in the environment.
Figure 22.3 shows, as an example, an HPLC chro-
matogram of an LAS surfactant. This figure demon-
strates the advantages of chromatographic methods in
surfactant analysis. Homologues of the LAS with dif-
ferent alkyl chain lengths are chromatographically well
resolved, which thus allows the quantitative determina-
tion of the single homologues. This situation is illus-
trated in Figure 22.3 where the labelled main peak
groups in the chromatogram are LAS molecules with
different alkyl chain lengths. The fine resolution within
these main peak groups indicates the presence of iso-
meric LAS compounds.

A sample pre-treatment by solid phase extraction
(SPE), followed by HPLC using the sensitive fluores-
cence detection method, allows the determination of the
LAS surfactant up to the concentration of about 2 ng/1
in environmental samples, i.e. in surface waters.

The separate determination of homologous and
isomeric compounds is absolutely necessary in order
to assess the aquatic toxicity of a surfactant because
biodegradability and aquatic toxicity are strongly

dependent on the composition of the surfactant. It should
be noted here that commercial surfactants are mixtures
of many homologous and isomeric substances.

Many articles dealing with the determination of
surfactants and their metabolites in surface waters,
sewage treatment processes, biodegradation tests, soils,
etc. have been published during the last 10 to 15 years.
Some surveys refer to the original literature (e.g. see the
review by Kloster (4)).

Generally, it must be mentioned that the determi-
nation of surfactants in environmental samples some-
times requires extensive isolation and pre-concentration
procedures.

5 CRITERIA FOR ECOLOGICAL
ASSESSMENT AND BIOLOGICAL
TESTING PROCEDURES

The evaluation of the environmental compatibility of
chemical substances and preparations is today based
on several mainly ecological criteria. When considering
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surfactants, such criteria are listed according to their
importance as follows:

(i) Primary and total biological degradation in the
aquatic and terrestrial environment.

(ii) Acute and chronic aquatic and terrestrial toxic-
ity, especially against bacteria, algae, crustaceans
(daphnia), fish, worms and groups of organisms.

(iii) Bioaccumulation and biomagnification in the single
organism or in the food chain in water and soil.

(iv) Formation of ecologically hazardous degradation
products and metabolites in the course of biological
degradation processes.

(v) Elimination by mechanical, chemical or physico-
chemical processes, e.g. sorption, photolysis or
hydrolysis, in waste-water treatment plants or sur-
face water.

(vi) Causation of unwanted physico-chemical effects in
waste-water treatment processes and surface water,
e.g. foaming or negative impacts on aeration in the
activated sludge process.

5.1 Biological degradation

Biological degradation, which means the biological
transformation of an organic molecule by enzymatic
breakdown to carbon dioxide and water, is one of
the most important ecological criteria for an ecological
appraisal and ranking of surfactants. This is especially
true for surfactants which normally have the additional
property of a higher toxicity. A specific differentiation
between primary and total degradation is typically made
for surfactants. The degree of biological degradation
is not an absolute dimension. It is strongly defined
by the testing method and also the type of analytical
evaluation (biochemical oxygen demand (BOD), TOC,
COD, formation of CO2, etc.). The end-products which
are postulated for total or ultimate degradation are
CO2, H2O and inorganic ions such as SO4

2~ and
NO3". However, it is also acceptable to understand
total degradation respective elimination not only as
a catabolic process but also as an anabolic process
where surfactants are transformed into biomass and
finally removed as surplus sludge from a waste-water
treatment plant. Initiated by environmental problems
with surfactants, a large number of test methods were
developed to determine the biological degradation of
organic substances. A quantification of the degree of
biodegradability depends on the test method. Most of
the tests are carried out under aerobic conditions. All
of these tests are generally influenced by the following
important factors and parameters (5, 6):

(i) The concentration of test material must be high
enough for the analytical methods chosen or
available.

(ii) The concentration must be sufficiently low in the
case of toxic substances (e.g. cationic surfactants)
or when real environmental concentrations have to
be simulated (surface waters).

(iii) Physico-chemical properties of the test substances,
such as water solubility, volatility and absorption
behaviour, which influence their bioavailability and
abiotic elimination from water.

(iv) Composition and concentration of inorganic and
also organic nutrients in the test medium, espe-
cially nitrogen and phosphorus, but also trace ele-
ments, and a sufficient buffer capacity of the total
substrate.

(v) Presence and absence of other carbon-containing
biodegradable substances in the same medium for
cometabolic competing or otherwise modifying
processes.

(vi) Conditions and properties of the test systems such
as volume, shape configuration of the test vessel,
temperature, mode of mixing or shaking and oxy-
gen supply, especially in simulation tests which
approach the conditions of modern waste-water
treatment plants. Sludge loading, sludge age, return
sludge volume, oxygen concentration and settling
time are very important parameters in this context.

(vii) Duration of the test.

It is quite obvious that test conditions within the same
test method must be standardized on an international
basis in order to obtain comparable results. Such require-
ments have only been partially realized up until now.
Especially with anaerobic testing, there is still a situation
where the number of available and generally accepted
tests is very small and further developments and agree-
ments are necessary for the simulation of anaerobic
digestion in waste-water treatment plants. It cannot be
ignored that this treatment step also decides the fate of a
considerable amount of surfactants in our environment.

Other factors which are very important but have not
yet been standardized are the composition and quality
of the inoculum. Composition relates to the species of
bacteria and other micro-organisms, including the bio-
coenotic aspect which will degrade the surfactant under
consideration. The quality of the inoculum is mainly
described by its status of adaptation and acclimatization
and therefore by the enzymatic activities and capabilities
of the microbial cell. The inoculum can usually only be
defined in terms of its origin and metabolic history.

Biodegradation tests are used to predict the biodegra-
dation behaviour of a test material in natural or technical
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environments. Each test method should simulate such an
environment to a certain degree.

The biodegradability of substances and waste-water
constituents not only depends on the molecular structure
of the test material but also on important additional
factors such as the following:

• Concentration of the test material
• Availability in inorganic nutrients and additional

organic material for cometabolic processes
• Possible toxic effects of the test material under test

conditions
• Conditions and physical chemical properties and

bioavailability of the test material

just to mention some aspects.
In particular, processes of adaption or acclimatization

are very complex and the biological phenomena which
contribute to this may include the following:

(i) Regulation of enzymes in competent micro-
organisms through introduction by substrate(s)
and/or de-repression by removal of repressing
substances. These processes are fast; for example,
enzyme induction or de-repression may take
minutes or even days.

(ii) Growth of existing competent species from initially
low numbers, possibly limited by adverse effects
such as predation by protozoa or viral infection.

(iii) Genetic mutation - at typical spontaneous mutation
rates, new genotypes may emerge with better
capacities for breakdown.

(iv) Association of appropriate organisms into consor-
tial arrangements.

(v) Gene transfer, for instance, on plasmids.

A considerable number of standardized OECD and
International Organization for Standardization (ISO)
methods for measuring the biodegradability of sur-
factants are available. Table 22.4 gives an overview
of such methods. ISO 7827 and OECD 301 A are
used to determine the ultimate biodegradability in
the aquatic environment. This is achieved via the
measurement of dissolved organic carbon (DOC) at
an incubation period of 28 days. The widely used
Zahn-Wellens Test (OECD 302 B) is also a static
method but works with a substantially higher biomass
and substrate concentration (50-400 mg/1). This cor-
responds more to the situation in a real waste-water
treatment plant.

Table 22.5 describes a set of standard conditions for
aerobic batch tests which are generally applied (5).

Table 22.4. ISO Standards and OECD Guidelines for biodegra-
dation tests

Test method

DOC Die-Away Test
CO? Evolution Test
Modified MITI Test (I)
Closed Bottle Test
Modified OECD Screening Test
Manometric Respirometry Test
Modified SCAS Test
Zahn-Wellens/EMPA Test
Modified MITI Test (II)
Aerobic Sewage Treatment:

Coupled Units Test
Inherent Biodegradability in Soil
Biodegradability in Seawater
Test Guidance for Poorly

Water-soluble Substances
Anaerobic Degradation Test
Two-phase Closed Bottle Test
Biodegradation Test at Low

Concentrations
CO2 Test in Sealed Vessels

OECD
Guideline

301 A
301 B
301 C
301 D
301 E
301 F
302 A
302 B
302 C
303

304
306

-

-
-
-

-

ISO
Standard

7 827
9 439

-
10707
7 827
9 408
9 887
9 888

-
11733

-
-

10634

11734
10708
14 592

14 593

The ISO 11 733 and OECD 303 are continuous flow
tests involving laboratory activated-sludge plants which
closely correspond to technical waste-water treatment
plants. During the last five years, these tests have been
developed further in Germany. Corresponding to modern
waste-water treatment processes, these new laboratory
activated-sludge plants are also designed to simulate
nitrification and pre-denitrification. BOD5 sludge loading
and sludge retention times (SRTs) are the decisive design
parameters. The so-called Modified OECD Confirmatory
Test works with a sludge age of 8-10 days which
ensures nitrification and reflects the status of waste-water
treatment plants in many countries today.

Complete degradation of surfactants is accomplished
by mixed cultures of micro-organisms, mainly bacteria
constructed on the basis of synergistic and commensal-
istic relationships. However, degradation of a surfactant
by one member of a commensalistic consortium may
lead to the formation of more toxic or also non-toxic
metabolites. Under practical conditions in waste-water
treatment plants, this can be avoided by the applica-
tion of a low sludge loading corresponding to high
sludge retention times (SRTs) in the biological reactor.
The present development in the design and construc-
tion of waste-water treatment plants with nitrification
and denitrification clearly favours a very high degrada-
tion of surfactants (90-99%), especially when biologi-
cal nitrification and denitrification is applied on a large
scale. Under these improved conditions, even hard to
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Table 22.5. Standard conditions for aerobic batch tests

Test mixtures contain test compound, inorganic test medium and inoculum

The organic test compound is the source of carbon and energy

The concentration of the test compound must be high enough for the analytical procedure and not inhibitory to the test
micro-organisms under test conditions. Frequently used test concentrations are, e.g. 20 mg/1 DOC for ISO 7827 and
ISO 9439 and 100 mg/1 for ISO 9408

A standardized defined inorganic test medium is used with sufficient buffering capacity to maintain a pH value of about 7
throughout the test

As inoculum, unadapted mixed micro-organisms are used, e.g. from a municipal activated sludge plant at a concentration of
30 mg/1 dry solids

Degradation of the test compound is usually determined in at least two parallel vessels, and the following controls are
required:

• blank control (only inoculum)

• reference substance

and optionally:

• inhibition control (test compound and reference substance)
• abiotic elimination control (no inoculum, addition of biocide to prevent microbial growth, etc.)
• adsorption control (inoculum, addition of biocide, etc.)

The test mixture is aerated, mixed (by shaking) and incubated at a constant test temperature in the range of 20-25 °C.

The test duration is normally 28 days, with at least three to four samplings, per week to obtain about 15 values for the
degradation curve

All aerobic batch tests are predominantly used to determine the ultimate biodegradability (mineralization) of a test
compound. Therefore, the summary parameters, DOC (e.g. for ISO 7827), BOD (e.g. for ISO 9408) or CO2 evolution
(e.g. for ISO 9439), are used for analysis.

Additionally and optionally, the primary biodegradability of the test compound can be determined by a specific analysis

From the measured data, the biodegradation is calculated for every sampling day, e.g. DOC compared to the concentration at
the start of the test, BOD as a percentage of ThOD and CO2 as a percentage of ThCO2. From these values, a degradation
curve is drawn and the biodegradation degree of the test compound is indicated as the mean value of the plateau phase

degrade surfactants such as tetrapropylenebenzene sul- take place (8). Desulfonation with assimilation of the
fonate (TPBS) can be degraded by up to more than 90%. sulfur moiety by strictly anaerobic bacteria was fol-

Anaerobic biodegradation refers to the microbial lowed by the reduction of the sulfonate as a source of
degradation of organic substances in the absence of free electrons and carbon under anaerobic nitrate-respiring
oxygen (O2). While O2 serves as the electron acceptor conditions. Up until now, there is no clear evidence that
in aerobic biodegradation processes, forming H2O as the such mechanisms would also occur at significant rates
final product, degradation processes under anaerobic or under real-world conditions, e.g. anaerobic digesters or
anoxic conditions depend on alternative acceptors such denitrification stages in waste-water treatment plants,
as nitrate, sulfate or carbonate, yielding as final products
molecular nitrogen (N2), hydrogen sulfide (H2S) and/or
ammonia (NH3) and methane (CH4), respectively (7). 5.2 Mechanical, chemical and

Anaerobic degradation is a multistep process which physico-chemical elimination
can be carried out by different bacterial groups and
consortia. With polymeric substances like proteins or Surfactants can also be removed from waste-water by
carbohydrates, this involves as a first step hydrolysis mechanical, chemical and physico-chemical processes
to monomeric compounds. Then in a subsequent step, at waste-water treatment plants and in surface waters. If
the decomposition to soluble acids, alcohols, molecular there are no undesired secondary effects during waste-
hydrogen (H2) and carbon dioxide is effected. Espe- water treatment and in sludge disposal, this way of
daily with surfactants of the sulfonate type, such as elimination is, from the environmental point of view, of
LASs, it has been shown that desulfonation reactions equal value to biodegradation. In this context, sorption
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effects on sewage sludge particles are important. At the
same time, precipitation effects in sewer systems and
at the mechanical stage of a waste-water treatment plant
can play an important role with surfactants such as LASs
which are sensitive to water hardness. By the formation
of insoluble calcium salts, a higher elimination can
take place. In this way, certain surfactants are already
removed in the mechanical stage. From there, they are
immediately transferred to the anaerobic digestion stage,
where for LASs no further degradation can be expected.
Photolytic and hydrolytic degradation mechanisms for
cationic compounds also have to be regarded, especially
in surface waters.

5.3 Aquatic toxicity

In particular for the assessment of ecological risks with
surfactants, aquatic toxicity is of outstanding importance
since this is the most deleterious effect such a compound
can exert on the environment (9-11).

Orally administered surfactants have only a low
toxicity against higher organisms but they generally
show a rather high toxicity in surface waters against
algae, crustaceans, fish and many other water organisms
in the freshwater and marine environments. With anionic
surfactants, these effects on fish are mainly caused by
damaging the gills. With nonionic compounds, narcotic
effects on the central nervous system are a way of
attack. Since surfactants have a high affinity to proteins,
they can also influence enzymatic activities and in
this way can cause disorders in metabolism. In the
ecological assessment of surfactants today, acute and

chronic toxicity must be equally regarded with the
restriction that the amount of data on chronic toxicity
is still limited.

The acute toxicity test which is mostly used describes
the adverse biological effect or effects which occur
within a short period of time after a short-term exposure.
The results are often expressed as the LC50 or EC50

(median lethal or median effect concentration) values
which are statistically derived concentrations which over
a defined period of exposure in an acute toxicity test
are expected to cause death or effects in 50% of the
organism in a given period (24, 48 or 96 h).

The major application of LC50/EC50 values is for the
classification of substances according to their toxicities.
There are a multitude of laws and regulations world-
wide which are based to some degree on these numerical
values. The complete hazard evaluation of a substance
must include an examination of its lethal concentration,
as well as all other aspects of its acute toxicity. It
should be understood that the use of LC5O/EC5o (0, 100)
for classification is based more on expediency and
regulatory demands that on science. It must equally
be recognized that the LC50/EC50 (0, 100) values have
become an integral part of most regulatory systems.

The LC50/EC50 values are statistically derived from
biological data and thus are inherently variable values.
They cannot be considered to be constants and therefore
their accuracies cannot be determined. There are several
international standards (ISO) for testing the aquatic
toxicity with freshwater organisms. Table 22.6 gives
an overview on these methods and the corresponding
OECD guidelines for the testing of chemicals. For a

Table 22.6. International standards (ISO) for testing the aquatic toxicity with freshwater organisms and the corresponding OECD
Guidelines for the testing of chemicals

Test organism Title (ISO) ISO OECD
Guideline

Fish Determination of the acute lethal toxicity of substances to a freshwater
fish {Brachydanio redo Hamilton-Buchanan (Teleostei, Cyprinidea))

Fish Determination of the prolonged toxicity of substances to freshwater
fish - Method for evaluating the effects of substances on the growth
rate of rainbow trout {Oncorhynchus my kiss Walbaum (Teleostei,
Salmonidae))

Fish (embryo) Determination of toxicity to embryos and larvae of freshwater fish
Daphnia Determination of the inhibition of the mobility of Daphnia magna

Straus (Cladocera, Crustacea) - Acute toxicity test
Algae Freshwater algal growth inhibition test with Scenedesmus subspicatus

and Selenastrum capricornutum
Algae Pseudomonas putida growth inhibition test {Pseudomonas cell

multiplication inhibition test)
Algae Guidelines for algal growth inhibition tests with poorly soluble

materials, volatile compounds, metals and waste-water
Luminescent Determination of the inhibitory effect of water samples on the light

bacteria emission of Vibrio fischeri (Luminescent bacteria test)

7346-1,-2,-3 (1996)

10229(1994)

12 890 (1999)
6341 (1996)

8692 (1989)

10712 (1995)

14442 (1999)

11348-1,-2,-3 (1998)

203

204

202

201

-

-

_
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general description and evaluation of acute ecotoxicity
the following ranking is generally accepted:

< 1 mg/1,
1-10 mg/1,

10-100 mg/1,
> 100 mg/1,

very toxic
toxic
slightly toxic
non toxic

A growing importance is dedicated to chronic toxicity,
which describes the harmful properties of a substance
which are demonstrated only after a long-term exposure in
relation to the live span of the test organism. This is usually
expressed by either the "LOEC" or "NOEC" values.

The LOEC (lowest observed effect concentration),
or threshold level of observed effects, is the lowest test
concentration at which a substance is observed to have a
statistically significant and unequivocal effect on the test
species. The NOEC (no observed effect concentration) is
the highest tested concentration below the LOEC where
the stated effect was not observed. A chronic toxicity
test may include more than one generation of the test
organism.

A knowledge of chronic and sub-acute toxic effects
is the basis of a risk-assessment procedure which is
closer to natural conditions. It is decisive to know what
concentration of surfactant causes no observable effects
any more. For the quantitative description of a chronic
exposure situation, the NOEC value is used. By the
eventual use of additional safety factors a so-called
PNEC (predicted no effect concentration) value can be
derived. The latter describes a situation where in the
environment no deleterious effects should be expected
any more. Aquatic toxicity and biological degradation
are closely connected with each other insofar as a

Table 22.7. Surfactant metabolism in fish

good and rapid biological degradation in a waste-water
treatment plant prevents a transfer of a toxicity potential
into a recipient.

Another important definition and terminology is the
so-called "application factor", which is applied for
converting data from one exposure period or end point
to another, e.g. from an acute EC50 (measured) to a
chronic NOEC (predicted). For surfactants, application
factors from 10 to 1000 are generally used when missing
data for chronic toxicity have to be derived from acute
toxicity tests. The stringency of the acute test influences
the dimension of the application factor.

5.4 Formation of hazardous metabolites

The criterion for the formation of hazardous metabolites
describes a behaviour where mainly biological
degradation produces more toxic intermediates than the
original compound.

This problem is essentially restricted to the alkylphe-
nol ethoxylates (APEOs). Here, during biological degra-
dation lower ethoxylated compounds, with one or two
EO units, and nonylphenol are formed which are more
toxic and additionally display undesired effects on the
endocrine system. The opposite, for instance, is true for
degradation products from LASs such as sulfopheno-
lic fatty acids which display a highly reduced aquatic
toxicity.

Metabolite formation with surfactants has also been
shown in fish without any identifying harmful effects
(Table 22.7).

Substance Species Matrix Metabolite

Sodium lauryl sulfate

Linear alkylbenzene
sulfonates

Dioctyl sodium
sulfosuccinate
Sodium dodecyl tri(oxyethylene)ether
Sodium dodecyl
tetra(oxyethylene)ether

Carassius auratus

Pimephales promelas

Oncorhynchus mykiss

Cyprinus carpio
Cyprinus carpio

Bile

Water
Bile
Gills
Kidney

Bile

Bile
Bile
Gills
Kidney
Liver
Blood

Principal metabolite: butyric acid-4-sulfatea

Minor metabolites: Q0 , Q and C$ intermediates*7

Principle metabolite: butyric acid-4-sulfate"
98% of 14C recovered as metabolites*7

25-75% of 14C as metabolites*7

75-85% of 14C as metabolites*7

Principal metabolites (4) including
3-phenyl-butyric acid"

Minor metabolites (10)*5

Principal metabolites (2): 85% of 14C recovered*7

Parent substance: 14% of 14C recovered*7

Majority of 14C recovered as metabolites*7

> 95% of recovered 14C as metabolites*7

> 85% of recovered 14C as metabolites*7

> 90% of recovered 14C as metabolites*7

> 85% of recovered 14C as metabolites*7

> 80% of recovered 14C as metabolites*7

"metabolite identified by using GC-MS.
^identity of metabolite(s) not known.
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5.5 Bioaccumulation and
biomagnification

Bioconcentration is usually defined as the net result of
the uptake, distribution and elimination of a substance
in an organism due to water-borne exposure, whereas
bioaccumulation includes all routes of exposure (i.e.
air, water, soil, food, etc.). Biomagnification is defined
as the accumulation and transfer of substances via the
food web.

The bioaccumulation of a substance into an organism
is not an adverse effect hazard in itself. Bioconcen-
tration and bioaccumulation may lead to an increase
in body burden which may cause toxic effects due to
direct and/or indirect exposure. Bioaccumulative sub-
stances characterized by high persistence and toxicity,
negligible metabolism and a log ATOW between 5 and 8
may represent a concern when widely dispersed in the
environment. The potential of a substance to bioaccumu-
late is primarily related to its lipophilicity. A surrogate
measure of this quality is the n-octanol - water partition
coefficient (Kow), which is correlated with bioconcentra-
tion potential. Therefore, A ^ values are normally used
as predictors in quantitative structure - activity relation-
ships (QSARs) for bioconcentration factors (BCFs) of
organic non-polar substances.

It has to be considered that when biotransformation
of a substance by the organism occurs, elimination may
significantly increase this reducing bioconcentration.

A number of test guidelines for the experimen-
tal determination of bioconcentrations in fish have
been documented and adopted, with the most gener-
ally applied being the OECD test guidelines and the
ASTM standard guide. However, there are no inter-
nationally recognized guidelines on the experimental
determination of bioaccumulation and biomagnification.
Generally, substances with high solubilities, such as
surfactants, are less likely to partition into lipids and
hence have a low bioconcentration potential. Linking
surface activity with bioconcentration has not been well
studied.

With regard to bioconcentration, it is important that
surfactants are characterized by combining a lipophilic
and a hydrophilic moiety in the same molecule. This
is true for all four classes, namely anionic, nonionic,
cationic and amphoteric surfactants. Although these
classes possess quite different hydrophilic groups, the
lipophilic part usually consists of an alkyl chain or
alkyl chains of different lengths. There is some evidence
that the lipophilic groups of surfactants are metabolized
after uptake by aquatic invertebrate species (Daphnia
and Chironomus) and fish.

Laboratory studies carried out with 14C-labelled
LASs indicated that the BCFs of LAS 11.6 and 11.7
ranged from 50 to 70. Concentrations in fish (300 ug/kg)
measured in the Tokyo Bay area in the Pacific Ocean is
related to local discharges. Surface water concentrations
averaged around 10 ug/1 (Field BCF = 30).

It can be concluded that LASs do not represent a
significant hazard for toxicity due to bioaccumulation.

5.6 Behaviour of surfactants in sewage
sludge, soil and plants

In the last 10 years, accumulation processes of surfac-
tants on sewage sludge, in soil and in plants have been
investigated with the following main areas of focus:

• Aerobic and anaerobic degradation behaviour in soil
(pilot and monitoring studies), including the identifi-
cation of metabolites

• Transport of surfactants in soil and groundwater
• Uptake by plants and general bioavailability in soil
• Influence on the behaviour of other sewage sludge

and soil components (polyaromatic hydrocarbons and
other hazarduous compounds)

In several studies, it was found that a real risk could not
be recognized.

6 ANIONIC SURFACTANTS

6.1 General remarks

Anionic surfactants are used to a great extent in the
industrial sector as well as in the household and personal
care sector. In this context, sulfonates and sulfates
are especially important. Apart from soaps, the most
important mass produced compounds are:

• Linear alkylbenzene sulfonates
• Fatty alcohol sulfates
• Fatty alcohol ether sulfates
• Paraffin sulfonates
• of-olefin sulfonates
• Petroleum sulfonates

while of minor importance are:

• a-sulfo fatty acid esters
• Sulfosuccinic acids
• Alkyl esters
• Acyl oxyalkane sulfonates
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• Acyl aminosulfonates (taurides)
• Sarcosinates
• Alkyl phosphates

which are mainly used in cosmetics and in cleaning
formulations.

Anionic surfactants also comprise most of the so-
called bio-surfactants. These fulfil important physiolog-
ical functions in nature. To a lesser degree, they also
have commercial applications.

Low production costs, technical application prop-
erties, high water solubility, and cold-resistance of
solutions are the reasons which determine the high
importance of this surfactant group, which has the con-
sumption amounts in the Federal Republic of Germany
as shown earlier in Figure 22.2.

All large-scale produced surfactants are not pure
chemical substances, but mixtures of isomeric and
homologous compounds. This is especially true for most
of the anionic surfactants. Isomerism can be related to
the alkyl chain length, the location of alkyl branch-
ing, the kind of branching, or the number of ethoxylate
groups in ethylene oxide adducts. The occurrence of
single isomeric and homologous compounds follows sta-
tistical frequency distribution patterns which results in a
more or less high content of the main component. It can
be observed that purer fractions are increasingly being
introduced into the market. The distribution of homo-
logues and isomers strongly influences biodegradation
and aquatic toxicity characteristics.

Soaps also belong to the group of anionic surfac-
tants. These are alkali salts (mainly Na and K) from
medium- to long-chain saturated and unsaturated fatty
acids (C12-C22). Based on their chemical structure and
their electrochemical behaviour, they belong to anionic
surfactants of the carboxylate type. The consumption of
soaps is 105 000 t/a in Germany, which corresponds to
a raw waste-water concentration of around 24 mg/1.

6.2 Biodegradability

The introduction and use of tetrapropylenebenzene sul-
fonate (TPBS) in household detergents in the 1950s
directed, for the first time, public attention to the eco-
logical behaviour of a chemical compound produced in
large volumes. The poor biodegradability of TPBS in
waste-water treatment plants at that time and a general
poor status of such biological treatment plants resulted
in serious foam problems in these plants and surface
waters and in high concentrations in recipients.

Linear alkylbenzene sulfonates (LASs) are primar-
ily attacked via a hydroxylation of the alkyl chain from

the methyl group, followed by ^-oxidation. The ulti-
mate biodegradation to CO2, H2O and SO4

2~ requires
many different enzyme systems. For this reason, sev-
eral taxonomically different bacteria are involved in the
mineralization of LASs. Generally it can be stated that
the microbial degradation of an LAS is well elucidated.
Figure 22.4 shows the main degradation path of an LAS,
which is the degradation of the alkyl chain followed by
ring fission and desulfonation. At the same time, it can
be concluded that no stable or harmful metabolites are
formed during these different degradation steps.

According to several studies, the biodegradation of
primary alkane sulfonates begins with a desulfonation
step, followed by a final /?-oxidation of the alkyl chain.
The biodegradation of alkyl sulfates starts with the
spliting off of the sulfate group, which is catalysed
by sulfatases. The resulting alcohol is oxidized via the
aldehyde to the corresponding carbon acid, followed
by a final metabolization via ^-oxidation (Figure 22.5).
The initial attack on alkane sulfonates depends on the
presence of molecular oxygen and NADH (reduced
nicotinamide - adenine dinucleotide), indicating mono-
oxygenase activity. A hydrolysation of the a -carbon
of alkane sulfonate by this mono-oxygenase yields
the labile 1-hydroxy-n-alkane sulfonate, which then
hydrolyses to give the corresponding alkanals. The
oxidation of the alkanals leads to the production of
homologous carbon acids. The carbon acids, in turn, are
further metabolized by /3-oxidation.

Quantitative data on the biological degradation of
anionic surfactants can be found in Table 22.8. Pilot
studies carried out with LASs in the Netherlands,
Germany, Italy, Spain and the UK show mean removals
of 99.2% in activated sludge plants in these countries
where a high standard in waste-water treatment exists.

An additional extensive field study by Association
Internationale de la Savonnerie, de la Detergence et des
products d'Entretien (A.I.S.E.) and Comite Europeen
des Agents de Surface et de leurs Intermediaires
Organiques (CESIO) (Environmental Risk Assessment
of Detergent Chemicals) (13) in 1995 provides substan-
tial measuring data on the elimination of commercially
important surfactants, i.e. alcohol ethoxylates (AEs),
alkyle ether sulfates (AESs), alkyl sulfonates (ASs) and
linear alkylbenzend sulfonates (LASs), in seven mod-
ern waste-water treatment plants in The Netherlands.
Table 22.9 summarizes the key monitoring data for these
surfactants.
The results indicate that on average all surfactants were
removed by more than 99% during activated sludge
treatment. The removal of surfactants was always higher
than the elimination of organic material, expressed as the
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COOH "COOH
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f COOH
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Assimilation Mineralization
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Figure 22.4. Main degradation pathways of linear alkylbenzene sulfonates (from Fond der Chemischen Industrie, Folien serie
"Tenside", Frankfurt/Main, Germany, 1992)

CH3 — (CH2)n — CH2 — O — SO3 — Na+

C H 3 — (CH2)n-2 — COOH

Hydrolysis
CH3—(CH2)n—CH2 —OH

/3-Oxidation

Oxidation

CH3—(CH2)n—COOH

Repeated
^-Oxidation

CH3 — C —SCoA

Mineralization C Q 2 + ^ Q + E n ergy

Assimilation Biomass

Figure 22.5. Biodegradation of alkyl sulfates (from ref. (12) with kind permission from Kluwer Academic Publishers)

BOD. The measured effluent concentrations were in the
low jug/1 range and therefore not acutely toxic to aquatic
organisms (14).

Surfactants containing perfluoroalkyl groups (fluo-
rinated surfactants) play an important role in differ-
ent manufacturing processes (metal working, the photo
industry, etc.). They are generally considered as being
very stable compounds because the enzymatic cleavage
of the carbon-fluorine bond is very hard to achieve.
This is confirmed by the behaviour of perfluorooctane

sulfonic acid which was degraded neither under aerobic
nor under anaerobic conditions (15).

Generally, soaps are readily biodegradable up to a
concentration of 1000 mg/1. Soaps with shorter alkyl
chains are faster degraded. In addition, they do not
inhibit the biodegradation of other organic substance
contained in domestic waste-water. Soaps are readily
biodegradable under anaerobic conditions. Non-soluble
calcium soaps show the same behaviour if the particle
size is small enough.
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Table 22.8. Data obtained for the biodegradability of anionic surfactants

Surfactant

LAS(Cio-i3: 0 Cue); AW
348

Secondary alkane sulfonate
(C13-C18)

Alcohol sulfate
(C12-C18-FA-,
C12/ uFA-oxo-alcohol
sulfate)

Alcohol ether sulfate
(C12/14FA + 2EO sulfate,
Ci2/i5oxo-alcohol + 3EO
sulfate)

Sulfosuccinic ester, Dioctyl
sulfosuccinate

a-Olefinsulfonate
(Ci4-C,8)

of-Methyl ether sulfonate

Removal

OECD
Screening
Test (%)

95

96

99

98-99

97

99

99

of MB AS"

OECD
Confirmatory

Test (%)

93-97

97-98

98-99

96

96

98

95

Removal
(%)

73-84
55-65
45-76
88-96
63-95
56-91

88-96
63-95
64-96

96-100
58-100
65-83

50

85
85

65-80
76

42-57

Ultimate degradation

Screening Tests

Parameter^

C
BODT
CO2

C
BODT
CO2

C
BODT
CO2

C
BODT
CO2

BODT

C
BODT
CO2

BODT
CO2

Test

MOST
CB

Sturm
MOST

CB
Sturm

MOST
CB

Sturm

MOST
CB

Sturm

CB

MOST
CB

Sturm
CB

Sturm

Coupled

Removal

73 ± 6
74±11

93"
96 ± 3
93±5
83±13
90 ±13
97±7
94-99J

67±6
68 ± 3
89±6
99 ± 8
79-89^
49 ±13

70 ±5
78±3

98 ±6

Units Test

Parameter

C
C

c
c
c
c
c
c
c

c
c
c
c
c
c

c
c

c

aMethylene blue active substance(s).
''BODT, BOD30 related to the theoretical BOD (%).
CMOST, Modified OECD Screening Test; CB, Closed Bottle Test; Sturm-Test.
^Without sludge exchange.

Table 22.9. Summary of the key monitoring data for surfactants obtained by field studies in waste-water treatment plants in The
Netherlands

Surfactant Influent range
(mg/1)

Influent average
(mg/1)

Effluent range
(Hg/l)

Effluent average Removal range Removal average

BOD*
LASs
AE(Ci2_i5)
AES (C12-15)
AS (C12-15)
Soap

134-285
3.4-8.9
1.6-4.7
1.2-6.0
0.1-1.3
1.4-4.5

221
5.2
3.0
3.2
0.6
2.8

2000-4300
19-71
2.2-13
3.0-12
1.2-12
91-365

3200
39
6.2
6.5
5.7
174

96.4-99.2
98.0-99.6
99.6-99.9
99.3-99.9
99.0-99.6
97.7-99.6

98.1
99.2
99.8
99.6
99.2
99.1

aElimination of organic material, expressed as the BOD.
*In units of ug/1.

An important abiotic elimination process of LASs
during waste-water treatment is chemical precipitation
in sewer systems and in mechanical sedimentation tanks
of waste-water treatment plants by alkaline-earth ions.
As a result of this, a possible aerobic degradation of
those surfactants sensitive to water hardness during the
biological treatment (activated sludge, trickling filter,
etc.) is prevented. Together with the primary sludge
water, insoluble precipitates reach the anaerobic digester

where no further anaerobic degradation takes place. In
this way, LASs contained in digested sludge can possi-
bly contaminate soil. Non-sulfonated anionic surfactants
are biodegradable under anaerobic conditions.

According to a review by AISE and CESIO on
the fate and biodegradation of commercial surfactants,
which was completed in 1999, the following statements
on the anaerobic biodegradation behaviour of anionic
surfactants can be made:
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• Sulfonated anionic surfactants (LAS, SAS and
MES) - poorly biodegradable

• Sulfated anionic surfactants - well biodegradable
• Fatty acids and soaps - well biodegradable

6.3 Aquatic toxicity

Seen as a whole, there are many data available on the
aquatic toxicity of anionic surfactants, mainly for acute

toxicity. In a status report by the German "Hauptauss-

chuB Detergentien" which was published in 1988, data,

mainly on acute toxicity, were presented for seven dif-

ferent surfactants (Table 22.10).

Since LAS surfactants are still widely used as

work-horses in household detergent formulations, most

data are available for this compounds, and also with

special regard to the effects of alkyl chain length on

aquatic toxicity. In optimizing detergency and ecology,

Table 22.10. Data obtained for the aquatic toxicity of anionic surfactants

Surfactant Fish toxicity, LC50
(mg/1)

Daphnia toxicity, EC50
(mg/1)

Toxicity data for
other species (mg/1)

Remarks

LAS (C10-13; ^ Cn.6) MW Golden orphe, 3.2-4.9 8.9-14
348 (common in
Germany)

Alkyl chain > Cn.6
(not used in
Germany)

Zebra fish, 7.8
Rainbow trout, 5.6
Goldfish, 9.2
Fathead minnow, 4.1
(0 3-10)

Toxicity ca. 1 mg/1 or
< 1 mg/1

Algae (cell
multiplication
inhibition),
10-300

Secondary alkane
sulfonate
(C13-C18)

3-24

Toxic long-chain
isomers are
degraded faster than
less toxic
short-chain isomers.
After waste-water
treatment, the
mixture of isomers
is 10-fold less toxic
than the original
substance. The first
metabolic
degradation step
already leads to total
detoxification. The
reliable assessment
of toxicity by
considering the
composition is not
possible

8.7-13.5

Alcohol suliate
(C,2-Ci8-FA-, C12/15FA-
oxoalcohol sulfate)

Alcohol ether sulfate
(C12/14FA + 2EO sulfate,
C12/15 oxo-alcohol
+ 3EO sulfate)

Sulfosuccinic ester,
Dioctyl sulfosuccinate

Qf-Olefin sulfonate
(C14-C18)

a-methyl ether
sulfonate

3-20

1.4-20

39

2-20

0.5-5

5-70

1-50

33

5-50

acute, 7-40
chronic (NOEC),

0.2-0.6

Algae (growth), 60

Algae (growth), 65

_

Algae (growth),
10-100

Algae (growth), 3.0
Bacteria, Ps.
putida
(growth), EC 10 of
220

Pure carbon chains
from C12 to Cig are
considerably less
toxic (daphnia)

Often other names for
the same substance:
C14-C16
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a Cn.6-LAS is preferred; the LC50 value for fish is in
the range of 3-10 mg/1. Long-chain LASs are more
toxic (< 1 mg/1). Daphnids are, by a factor of two less
sensitive than fish. The a-olefin sulfonates display an
acute toxicity between 2 and 20 mg/1, again with longer-
chain compounds being more toxic.

Sulfosuccinates have a rather good ecological profile,
with acute toxicities of about 33-39 mg/1.

The aquatic toxicity of primary alkyl sulfates with
a chain length range from C12 to Ci8 generally lies
between 3 and 20 mg/1. The toxicity to daphnids is lower
by a factor from 2 to 3.

Alkyl ether sulfates (C12-C14, C ] 6-C1 8 , 1-4 EO)
have a similar toxic profile. Compounds with a higher
number of EO units are less toxic.

According to Figure 22.6, the toxicity of alkane
sulfonates is a function of chain length. For three
important groups of water organisms (fish, daphnia
and algae), alkane sulfonates become more toxic with
growing chain length.

Table 22.12. Aquatic toxicity of soaps against algae (in mg/1)
after 72 h exposure time

1000.0 -

CO

3
i>
o

100.0-

10.0-

1.0

— Fish
— Daphnia
•••• Algae

10
I

12

I

14 16

Carbon chain length

I
18

Figure 22.6. Toxicity of alkane sulfonates as a function of
chain length (from ref. (17))

Table 22.11. Aquatic toxicity of soaps against daphnia (test
duration of 24 h)

Substance

Sodium oleate

Sodium laurate

Tallow soap

Palm kernel soap

Test criteria

EC50
ECo
EC 100
EC50
ECo
EC 100
EC50
EC0

EC 100
EC50
ECo
EC 100

Concentration (mg/1)

4.2
1.6

15
48
15

125
40
30
50
25

6.3
50

Substance

Sodium
tallow soap

Sodium palm
kernel soap

Sodium oleate
Sodium

laurate
Sodium

behenate

EC50
(bio

mass)

190

140

58
53

230

EC,0

(bio
mass)

70

60

10
9

30

EC50
(growth

rate)

280

195

95
160

500

EC10
(growth

rate)

104

102

34
17

79

Data for acute aquatic toxicity against daphnia are found
in Table 22.11, with a clear indication that also soaps
as surface-active compounds display a toxicity similar
to synthetic surfactants. The aquatic toxicity of soaps
depends considerably on the water hardness.
Table 22.12 presents data obtaining for the aquatic
toxicity of soaps, as determined by the algae cell
multiplication inhibition test (DIN 38412 L9).
Chronic and sub-lethal toxicities of anionic surfactants
to aquatic animals (invertebrates and vertebrates) gen-
erally occur at concentrations equal to greater than
0.1 mg/1. Table 22.13 gives an overview of the reported
chronic toxicities to invertebrates, including freshwater
and marine organisms.
Table 22.14 presents chronic toxicities of surfactants to
fish, mainly restricted to various blends and homol-
ogous of LASs. Additional information comes from
Table 22.15, were other anionic surfactants were tested,
leading to similar results (18).

7 NONIONIC SURFACTANTS

7.1 General remarks

The use of nonionic surfactants has reached more than
50% of the total market in Western Europe today
(Table 22.1), with a rather pronounced rise in the last
few years. For this reason the ecological behaviour of
nonionic surfactants is very important.

According to production figures the following rank-
ing of nonionic surfactants can be made:

• Fatty alcohol ethoxylates (fatty alcohol polyglycol
ethers)

• Alkylphenol ethoxylates (alkylphenol polyglycol
ethers)

• Fatty acid esters
• Fatty acid amides
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Table 22.13. Chronic toxicities of surfactants to invertebrates

Surfactant First-effect
concentration

(mg/1)

Test species Test duration^ Effect"

Cn.s-LAS 1.7-3.4 Daphnia magna 21 d

LAS
Cn.g-LAS
C13-LAS
AES
AS

LAS

LAS

Ciig-LAS
LAS (C10-C14

homologues)
C11.7-LAS
C 13.1-LAS

C114-LAS
ABS

AS

LAS

> 10.0
1.18 (NOEC)
0.57 (NOEC)
0.27 (NOEC)
0.25

0.2-0.4
0.4-1.0
>4.4
0.05-0.10

<0.32, 0.89
0.1-9.8 (NOEC

range)
3.0 (NOEC)
0.04 (NOEC)

0.4 (NOEC)
0.55-5.8

0.14-1.63
0.47-1.46

0.37-1.46
0.05

Daphnia magna
Daphnia magna

Flatworms: Dugesia
gonocephala and
Notoplana humilis

Gammarus pseudolimnaeus
Campeloma decisum (snail)
Physa integra (snail)
Oyster {Crassostrea virginica)

Ceriodaphnia dubia
Daphnia magna

Ceriodaphnia sp.
Mysid shrimp (Mysidopsis

bahia)

Clams {Mercenaria
mercenaria)

Oyster (C virginica)
M. mercenaria

C. virginica
Mussel (Mytilus edulis)

21 d
21 d

30 d

6-1 :

10 d

7 d
ND

ND
ND

14 d

14 d

10 d

Survival,
reproduction

Reproduction
Reproduction

Regeneration

Growth, reproduction

Larval growth, egg
development

Reproduction
Reproduction

Reproduction
ND

Larval growth and
development

Larval growth and
development

Fertilization, larval growth

"ND, not defined.

Table 22.14. Chronic toxicities of surfactants to fish (Reproduced with permission of Hanser Verlag, Munich)

Surfactant First-effect
concentration

(mg/1)

Test species Test duration Effect

Cn.8 LAS
C13-LAS
AES
C112-LAS
C11.7-LAS
C13.3-LAS
LAS
C10-LAS
Cn-LAS
C12-LAS
Cn-LAS
C14-LA
LAS
LAS

LAS
LAS
LAS
LAS

0.90 (NOEC)
0.15 (NOEC)
0.10 (NOEC)
5.1-8.4
0.48-0.49
0.11-0.25
0.63-1.2
14.0-28.0
7.2-14.5
1.08-2.45
0.12-0.28
0.05-0.10
3.2 (NOEC)
0.05-0.50

2.0-5.0
0.25-1.10
4-10
0.5-1.1
<0.3
0.5-1.2
2.3-5.8

Fathead minnow

Fathead minnow

Fathead minnow
Fathead minnow

Poecilia reticulata
Marine flatfish

(Limanda
yokohamae,
Paralichtys
ovaliceus)

Fathead minnow
Tilapia mossambica
Bluegill
Fathead minnow
White sucker
Northern pike
Smallmouth bass

28 d

Complete life cycle,
partial life cycle

28 weeks
28 d

28 d
30 d

30 d
90 d
6 d
30 d

Hatching, growth,
larval survival

Hatching, growth,
larval survival

Survival
Survival, hatching

Immobility
Hatching

Fecundity, maturity
Fertilization, hatching
Standing crop
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Table 22.15. NOEC and 1
fish and daphnia (12)a

Surfactant

SAS
AE2S

J3EC values of

Fish (Oncorhynchus my kiss)

NOEC

0.85
0.1

LOEC

2.87
0.27

SAS and AE2S for

Daphnia

NOEC

0.37
0.72

magna

LOEC

1.16
2.16

"All values in units of mg/1, measured after 28 d.

• Fatty acid alkanol amides
• Carbohydrate surfactants (e.g. alkyl polyglycosides)

Furthermore, many ethoxylated and/or propoxylated
compounds and amines are used in many applications
and can be introduced into the environment via gen-
erally known pathways. Especially from the ecologi-
cal point of view, the application of some groups of

nonionic surfactants has changed dramatically over the
past few years. The use of alkylphenol ethoxylates has
been reduced due to the formation of toxic metabo-
lites (especially nonylphenol with its endocrine effects).
For example, in Germany from 1986 there has existed
a voluntary self-obligation by detergent producers that
they will no longer use alkylphenol ethoxylates in deter-
gents. On the other hand, surfactants which are based on
renewable materials have increased considerably (e.g.
alkyl polyglycosides).

7.2 Biodegradability

The important group of fatty alcohol ethoxylates is read-
ily biodegradable (Table 22.16). The ultimate degrada-
tion measured by Coupled Units Tests ranges between
93 and 96%. The mineralization determined in a

Table 22.16. Data obtained for the biodegradability of nonionic surfactants

Surfactant Removal of BiASa

OECD OECD
Screening Confirmatory
Test (%) Test (%)

Ultimate degradation

Screening Tests

Removal Parameter^ Test6'

Coupled Units Test

Removal Parameter

Fatty alcohol
ethoxylate

Ci6/18-FA
Q2-18-FA

+ (10-14) EO
C16/18-FA

+ 30EO
C16/18-FA

+ 25EO

Oxoalcohol ethoxylate
C9/11 +7EO

96
98-99

99

93-98

98

65-75
69-86

94
27

BODT
BODT

C
BODT

CB
CB

MOST
CB

95 ±3
96±4
93 ±6

C
C

c
75*

/
C14/15 + (9-20)EO
Nonylphenol

ethoxylate
NP-5/6EO
NP-7EO
NP-9/10EO

NP-20EO
NP-25EO

Fatty amine
ethoxylate

C16/ is -amine
+ 10EO

/
+ 12EO
+ 20EO
+ 2EO

85

'80

80

16

88

86
95

83-93

91-93

87-97

85-90
85

97-98

75
65-75

8-17
5-10

40

33

85

C

co2

c
BODT
CO2

BODT

CO2

MOST
Sturm

MOST
CB

Sturm

CB

Sturm

36 ±9

91 ±5
l\d

90 ±3
IV1

77 ±8
70±8
50± 16

33 ±9
6±12

70±5

(continued

C

C

c
c

COD
C
C
C

C(6h)
C

c

overleaf)
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Table 22.16. (continued)

Surfactant Removal of BiAS*

OECD OECD
Screening Confirmatory
Test (%) Test (%)

Ultimate degradation

Screening Tests

Removal Parameter^ Test6'

Coupled Units Test

Removal Parameter

Fatty acid
polyglycol ester

C12-I8 (saturated
and unsaturated)

+ 5-29EO
oleic acid + 5EO

Alcohol EO/PO
adducts

FA+ (2-5)EO
+ 4PO

C12/I8-FA
+2.5EO + 6PO

C12/I8-FA
+2.5EO + 6PO

/
+6EO + 2PO

EO/PO block
polymer:

20% EO:
MW 2500

End-capped C12/14-FA
+9EO-n-butylester

Alkylolamide
Ci2/i4-ethanol

-amide+4EO
Ci2/i4-ethanol

-amide+lOEO
Cj2/i4-diethanolamide

Glucose amide
Q2/14-GA

Alkyl polyglycoside
C8/io-APG
C12/14-APG

95-99 92-96

90

97

95

93-97

87

76

32 7

98

no BiAS no BiAS

no BiAS

60-80
100

52
52
52
43
36
69
83

BODT
C

C
BODT
CO2

C
BODT

C
BODT

CB
MOST

MOST
CB

Sturm
MOST

CB
MOST

CB

71 ± 4
71±4

85^
71±4

85^

60 ±18

37 ±14

C
C

c
c
c

C(6h)

COD

17* COD

8
0-10

80

47

35

74

86-89

88
56-82

C
BODT

BODT

BODT

BODT

C

CO2

C
C

MOST
CB

CB

CB

CB

MOST

Modified
Sturm

MOST
MOST

2 ± 4

88±1O

61*

89±2

COD

C(6h)

C

c
"BiAS, bismuth active substance(s).
''BODT, BOD30 related to the theoretical BOD(%).
CMOST, Modified OECD Screening Test; CB, Closed Bottle Test; Sturm-Test.
dWithout sludge exchange.

catabolic test was 99 ± 3%. These high degradation val-
ues indicate that no poorly degradable metabolites are
formed.

Two mechanisms for the initial attack of fatty alcohol
ethoxylates by micro-organisms are described. First,
the fission of the surfactant molecule into the alkyl
and the ethoxylate chain, followed by an independent
degradation of both components, or secondly, an attack
at both ends of the molecule at the same time. The

degradation of alkylphenol ethoxylates is effected by
shortening the polyethoxylate chain.

Several metabolites are formed during the aerobic
and anaerobic biodegradation of alkylphenol ethoxylates
(APEOs). Significant amounts are found of alkylphe-
nol, mono- and diethoxylated alkylphenols and the
equivalent carboxylates, i.e. alkylphenoxyacetic acid and
alkylphenoxyethoxyacetic acid. A simplified scheme,
according to Thiele et al. (19), of the biodegradation
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— (CH2CH2O)n—H

n= 1-40

^ Anaerobic

Waste-water treatment

O~ (CH2CH2O)n—CH2COOH — (CH2CH2O)n—H

n=^,2

— (CH2CH2O)n— H

n = 1 , 2

Anaerobic sludge treatment

Figure 22.7. Aerobic and anaerobic biodegradation pathways of alkylphenol ethoxylates

steps of APEOs leading to alkylphenols, is shown in
Figure 22.7.

Alkyl glycosides (APGs) pass the OCED criteria for
being readily biodegradable substances. APGs are elim-
inated in laboratory activated sludge plants at level of
between 99.5 and 99.8%. The high ultimate biodegrad-
ability (Coupled Units Test) allows the conclusion that
the high primary degradation of APGs is coupled with
this high ultimate degradation. It was demonstrated by
Steber et al. (20) that no stable metabolites of APG are
formed.

Activated sludge studies show that glucose amide,
which is used in special applications (i.e. dishwashing
products), is eliminated by more than 99.6% (21). Con-
sequently, the expected concentrations of glucose amide
in surface waters is about 1 ug/1 (or lower).

7.3 Aquatic toxicity

Several acute and chronic aquatic toxicity data of
nonionic surfactants are listed in Tables 22.17 and 22.18.

Many data are available on acute and chronic effects
of alkyl ethoxylates on aquatic organisms. Sometimes,
toxic concentrations for the same organism differ consid-
erably. The reason for this is that different types of alkyl
ethoxylates were used for measuring the toxicity, i.e.
they vary in alkyl chain length and number of ethoxylate

groups, and may have linear or branched alkyl chains.
For example, the aquatic toxicity of a Ci4-alkyl ethoxy-
late depends considerably on the number of E. groups
in the molecule, as follows:

Surfactant
CM-1EO
C14-4EO
C14-6EO
C14-9EO

LC50 (48 h) Daphnia magna (mg/1)
0.83
1.8
4.2

10.1

8 CATIONIC SURFACTANTS

8.1 General remarks

In contrast to anionic and nonionic surfactants, the
consumption of cationic surfactants is much smaller.
Cationic surfactants are mainly used as fabric softeners
and in cleaners with biocide effects. Cationic compounds
with different chemical structures which are used as
surfactants include the following:

• Primary, secondary, ternary and quaternary ammo-
nium salts

• Pyridinium salts
• Imidazolinium salts
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Table 22.17. Acute aquatic toxicity of nonionic surfactants

Surfactant

Alkyl ethoxylate
(Ci2/i5-(3-10)EO)

Alkyl ethoxylate
(Ci3-7EO, branched)

Alcohol EO/PO adducts
Cio/i2-4EO + 6PO
Cio/i2-9EO + 6PO
Nonylphenol
ethoxylate (9EO)

Alkyl polyglycoside

Glucose C12/14 amide

E C 5 0

Brachydanio rerio
Daphnia magna
Luminescent bacteria
Fathead minnow
Daphnia magna
Luminescent bacteria

Daphnia species
Daphnia species
Fathead minnow
Daphnia magna
Luminescent bacteria
Brachydanio rerio
Daphnia
Algae
Brachydanio rerio
Daphnia
Algae

Criterion

LC50
EC50
EC 5 0

LC 5 0

EC50
EC50

EC0

EC0

LC50
EC 5 0

EC50
LC 5 0

EC50
EC50
LC50
EC50
EC50

Concentration
(mg/1)

1.2-2.3
0.41-4.17

1.5
4.0
9.0
8.1

2.2
17.3
4.5

12.9
60

3.0
7.0
6.0
7.5

18
12.6

Table 22.18. Chronic aquatic toxicity of nonionic surfactants

Surfactant Organism Test and Criterion Concentration
(mg/L)

Alkylphenol
ethoxylate

Fatty alcohol
ethoxylate
(C12_i8+9EO)
Alcohol EO/PO adducts
Ci2_i8-2EO+4PO
C12-i8-2EO+4PO
Fatty acid C12-18
diethanol amide

Alkyl polyglycoside
(C12/14-APG)

Daphnia
Fathead minnow

Rainbow trout
Daphnia
Algae

Algae
Biocenosis
Rainbow trout
Daphnia
Algae
Fish
Daphnia
Algae

21 d, reproduction (NOEC)
28 d, growth, hatching,
larval survival (NOEC)
28 d (OECD 204) (NOEC)
21 d (OECD 202) (NOEC)
72 h (EG 92/69) (NOEC)

96 h (NOEC)
(NOEC)
28 d (OECD 204) (NOEC)
21 d (OECD 202) (NOEC)
72 h (EG 92/69) (NOEC)
Chronic, growth (NOEC)
Chronic, reproduction (NOEC)
Chronic, cell multiplication (NOEC)

0.24
0.18-0.32

0.25
2.9
0.2

0.6
0.15
0.26
0.07
0.32
1.6
1.0
2.0

• Salts of amine oxides
• Sulfonium salts

Until the beginning of the 1990s, di-tallow dimethy-

lammonium chloride (DTDMAC) (see Figure 22.8) was
the most important fabric-softening agent, but due to

its poor biodegradability DTDMAC has been almost
completely replaced by so-called "esterquats". The latter
are quaternary ammonium compounds with ester link-

ages in their aliphatic chains, i.e. esterquats can undergo
hydrolysis and therefore they are more easily biodegrad-

able than DTDMAC. This introduction of ester link-
ages in aliphatic chains was also used to improved the

biodegradability of other groups of cationic surfactants
(e.g. imidazolium salts). Today, commercially important
cationic surfactants with ester linkages in their aliphatic
chains include the following:

chloride (DEED-
Esterquat (commercial name)
Diethylester dimethylammonium
MAC)

Diesterquaternary (DEQ)
Di-tallow imidazolinester (DTIE)

The structures of these surfactants are shown in
Figure 22.8.
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C16-18H33-37
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U1I3 IN — ^113 Ul
I
Ci 6-18^33-37

CH2CH2OH
©I 0

CH3 N — CH2CH2OCO— C16-18^33-37 CH3SO4
I
CH2CH2OCO C-] 6-18^33-37

CH3

CH3 - ® N — CH2CH2OCO—
I
CH2CH2OCO

CH3 OCO — C16-18^33-37

CH 3 -®N —CH2CH2CHCH2OCO—C16_18H33_37CI0

I
CH3

DTDMAC

Esterquat

DEEDMAC

DEQ

CH3 — N ̂ Q^ N — CH2CH2OCO— C16_18H33_37 CH3SO? DTIE

C16-18H33-37

Figure 22.8. Chemical structures of commercial fabric softeners

8.2 Biodegradability

The ecological behaviour of cationic surfactants is basi-
cally determined by their basic physico-chemical prop-
erty, i.e. the strong adsorption on surfaces, e.g. on clay
minerals or activated sludge, thus leading to their elim-
ination in water treatment plants and water courses.
Although physico-chemical processes are primarily
effective in the elimination of cationic surfactants of
the quaternary-ammonium-ion type in waste-water treat-
ment, there are indications on the basis of experiments
that these substances are aerobically biodegradable.

Two mechanisms for the first step of biodegradation
of alkylmethylammonium salts are described. The first
of these is oxidation of the methyl groups at the far
end of the alkyl chain end a stepwise shortening of
the latter. The second is a fission of the bond between
the nitrogen atom and the alkyl chain, followed by
the oxidation of the alkyl chain to the carbon acid
which is further metabolized through /3-oxidation. It was
proven in laboratory tests that alkylmethylammonium
compounds are subjected to a primary degradation
with an approximate half-life of 2.5 h. The ultimate
degradation requires 28-40 h half-life.

However, alkylmethylammonium-type cationic sur-
factants are primarily very poorly biodegradable under
anaerobic conditions and an ultimate biodegradation
does not take place.

As described above, esterquats differ structurally
from DTDMACs by the presence of ester linkages in the
alkyl chains. These linkages allow a rapid and complete
biodegradation of esterquats. For example, DEEDMACs
reached about 80% CO2 evolution in the modified Sturm
test. With respect to the other criteria, DEEDMACs can
be classified as readily biodegradable. In addition, a
rapid and high anaerobic biodegradability of DEED-
MACs was found (22). Similar results were reported
from biodegradation tests with esterquats, DEQs and
DTIEs. There was almost a complete mineralization and
stable metabolites were not formed.

8.3 Aquatic toxicity

Several data for the acute and chronic toxicities of
cationic surfactants with different aquatic organisms are
shown in Table 22.19.

The aquatic toxicity of DTDMACs is generally
higher than the aquatic toxicity of anionic and nonionic
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Table 22.19. Aquatic toxicity of cationic surfactants

Surfactant

DTDMAC

Esterquat

DEEDMAC

DEQ

DTIE

Organism

Fish
Daphnia
Fathead minnow

Daphnia
Algae
Trout
Daphnia
Algae
Biocenosis
Algae

Daphnia magna

Brachydanio redo

Daphnia magna
Fathead minnow
Trout
Daphnia
Algae
Daphnia
Brachydanio redo
Daphnia
Brachydanio redo
Daphnia

Test and
Criterion

LC50

EC50

Early-life-stage
(NOEC)

Reproduction (NOEC)
NOEC
LC50
EC50
EC10

NOEC
EC50, 96 h,
growth inhibition

(OECD 201)
LC50, 24 h

(OECD 202)
LC50, 96 h

(OECD 203)
21 d, growth (NOEC)
35 d, growth (NOEC)
LC50
EC50

EC50

NOEC
LC50, 48 h
EC50, 48 h
28 d (NOEC)
28 d (NOEC)

Concentration
(mg/1)

1-6
0.1-1.0

0.23

0.38
0.71
3.0

78.3
1.4
0.15
2.9

14.8

5.2

1.0
0.68
7.0
7.7
1.8
1.0

5-6
0.4

0.5-0.6
0.25

surfactants, while the toxicity of esterquats is similar to
that of commonly used anionic and nonionic surfactants.

Of far-reaching consequence from the toxicological
aspect is the fact that neutral salts are formed with
the anionic surfactants which are present in excess in
domestic waste-water, thus leading to a considerable
decrease in toxicity (23).

9 AMPHOTERIC SURFACTANTS

9.1 General remarks

Amphoteric surfactants have a special application profile
which favours their use mainly in cosmetics. In recent
years, they have also found increasing application in the
development of dishwashing agents or household clean-
ers. Compared to the amounts produced world-wide of
anionic and nonionic surfactants, the volume of ampho-
terics is still relatively small. For cosmetic products,
their consumption in Europe in 1992 was about 15 000 t.
The main carbon chain includes the C8-Ci8 range. The
zwitterionic character of amphoterics strongly influences
their particular behaviour, i.e. both anionic and cationic

units are found in the molecules. Figure 22.9 shows the
two most important types of amphoterics, i.e. betaines
and "true" amphoterics, and the structural dependence
on the pH range. Real amphoteric surfactants form salts
in both alkaline (anion) and acid (cation) environments.
Between the two structures, there is a status of compen-
sation designated as the "isoelectric range" (24).

Table 22.20 presents a list of commercially available
amphoteric substances.

9.2 Biodegradation

According to Table 22.21, commercially used ampho-
teric surfactants are readily biodegradable under
stringent OECD tests on ultimate biodegradation and
therefore pose no risk for the environment if biological
treatment is applied. In addition, anaerobic degradation
values of 54 to 56% indicate that decomposition of these
compounds is easily achieved under the rather stringent
conditions of the European Center for Ecotoxicology
and Toxicology of Chemicals (ECETOC) test.

In particular, coco betaine and cocoamphoacetate
have been extensively tested with regard to their
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Alkaline

Acidic

Betaines

CH3

R-^N —CH2COO0

I
CH3

CH3

CH2COOH
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®N —CH2COC
I
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H
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H
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H
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I
H

Figure 22.9. Dependence of amphoteric surfactants on pH range (from ref. (24) with permission from Wiley-VCH)

Table 22.20. Some commercially available amphoteric surfactants

Chemical designation Fat basis Amine basis INCI designation*

Betaines
Cocoalkyldimethyl betaine Tertiary amine Not applicable
Lauryl, myristyl dimethyl betaine Tertiary amine Not applicable
Cocoamidopropyl N,N-dimethyl betaine Fatty acid, Dimethylamino-

coconut oil propylamine
Lauroylamidopropyl Fatty acid, Dimethylamino-

N,N-dimethyl-hydroxypropyl betaine coconut oil propylamine

True amphoterics
Cocoamidoethyl hydroxyethyl glycinate Fatty acid Aminoethyl-

ethanolamine
Cocoamidoethyl hydroxyethyl /V-carboxy Fatty acid Aminoethyl-

glycinate ethanolamine

COCO BETAINE
LAURYL BETAINE
COCAMIDOPROPYL

BETAINE
LAURYL

HYDROXYSULTAINE

SODIUM COCOAMPHO-
DIACETATE

DISODIUM COCOAMPHO-
DIACETATE

"International Nomenclature of Cosmetic Ingredients.

Table 22.21. Data obtained for the biodegradability of amphoteric surfactants

Surfactant

Cocamidopropyl betaine

Disodium cocoampho-
diacetate

Test method

Modified OECD Screening Test
(OECD 301 E)

Zahn-Wellens Test (OECD 302 B)
Coupled Units Test (OECD 303 A)
Anaerobic Degradation Test

(ECETOC)
Modified OECD Screening Test

(OECD 301 E)
Zahn-Wellens Test (OECD 302 B)
Coupled Units Test (OECD 303 A)
Anaerobic Degradation Test

(ECETOC)

Parameter

DOC

DOC
DOC
CO2 and methane

formation
DOC

DOC
DOC
CO2 and methane

formation

Value(%)

100

97-100
9 7 ± 4
56±17

80-96

61-88
7 4 ± 4
54 ±17
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Table 22.22. Aquatic toxicity of amphoteric surfactants

Surfactant

Cocamidopropyl
betaine

Disodium coco-
amphodiacetate

Organism

Brachydanio rerio
Daphnia
Algae
Rainbow trout
Daphnia
Golden orphe
Daphnia

Test and
Criterion

LC50, acute (OECD 203)
EC50, acute (OECD 202)
Chronic (NOEC)
Chronic (NOEC)
Chronic (NOEC)
LC50, acute (OECD 203)
EC50, acute (OECD 202)

Concentration
(mg/1)

6.7
3.7
0.96
0.16
0.9

27
520

environmental compatibility. It was demonstrated that
no recalcitrant metabolites are formed.

9.3 Aquatic toxicity

Under the aspects of acute and chronic aquatic toxici-
ties, amphoteric surfactants display a behaviour which is
quite similar to the other groups of surfactants, with dis-
odium cocoamphodiacetate being less toxic against fish
and daphnids than cocamidopropyl betaine, according to
the data presented in Table 22.22. All NOEC values are
below 1 mg/1, with daphnia and algae having a lower
sensitivity than fish.

10 ENVIRONMENTAL BEHAVIOUR
UNDER REAL CONDITIONS AND RISK
ASSESSMENT

While laboratory studies are very useful in predicting the
fate of chemicals in vitro, a thorough assessment requires
that their fate under real-world environmental conditions
is also examined. This means that surfactants also have
to be observed in surface waters such as lakes and rivers.
The use of laboratory data only to describe and assess
risks in the real environment usually leads to consid-
erable problems, mostly in overestimating the hazards.
Therefore, it is necessary to perform field studies, par-
ticularly in critical stretches of water with high pollu-
tion. In its simplest form, this can be river monitoring
programmes, where at selected sampling points actual
surfactant concentrations are measured at certain time
intervals. A typical example is the monitoring of MBASs
in the River Neckar (Germany) over a time period
of 19 years. It can be recognized from this that there
is a considerable reduction in surfactant concentration
from 1965 to 1983. This is largely due to an improved
sewage treatment situation along the river. Monitoring
should take precedence over the theoretically predicted
PEC and must be considered as an integral part of risk

assessment. More extensive monitoring programmes for
surfactants (LASs, AESs and FAEOs) have been per-
formed in The Netherlands and Germany in order to
obtain reliable data on the real concentrations.

When considering the fate of residual concentrations
of surfactants which are discharged into receiving waters
after biological treatment, it is important to know what
additional elimination can be achieved in flowing or
stagnant waters. It is generally accepted that biolog-
ical degradation in this context again plays a major
role, while not ignoring the fact that physico-chemical
effects are also effective, e.g. photolytic decomposition
with some cationic surfactants. Degradation of organic
compounds in surface waters is generally characterized
by half-life expectancy (ro.s (h)). Data for some impor-
tant surfactants for real-river situations are presented in
Table 22.23. It can be seen from this table that a rather
short time interval (0.2-2.4 h) is needed to achieve an
additional 50% reduction of surfactant concentrations.

With a total consumption of about 17 million tons,
the ecological safeguarding of surfactants is of cen-
tral importance world-wide. Figure 22.10 outlines some
important aspects of the environmental acceptability of
surfactants, which do not only include biodegradability
and environmental toxicity but also eco-balances and
safety in application. Eco-balances describe the whole
life cycle of a surfactant under ecological aspects from
production, use and disposal. These different aspects can
be summarized in an extended risk assessment exer-
cise. Risk in this context represents the likelihood that
a hazard will be realized i.e. that due to exposure an
adverse effect may occur in some recipients (e.g. a

Table 22.23. Some half-life periods of surfactants in rivers

Surfactant River to.5 (h)fl

CiO-13-alkylbenzene sulfonate 0.2-2.4
se?c-Ci4_i7-alkyl sulfonate 0.8
Ci2-i4-alkyl polyglycol (2EO) ether sulfate 0.7-2.0
Ci2_i4-alkyl sulfate 0.3

"Related to the maximum flow rate of 1 m/h.
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Biological
degradation

Chronic
toxicity
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Consumption! Eco-balance Safety in application]

Figure 22.10. Important aspects of the environmental accept-
ability of surfactants

river). Risk assessment, again in this context, is the pro-
cess that evaluates the likelihood that adverse ecological
effects may occur, are occurring, or have occurred upon
exposure to one or more chemical agent (surfactant(s)).
Fundamental to the definition of risk assessment is the
recognition that risk requires two elements:

(i) The inherent ability of a chemical to cause adverse
effects e.g. aquatic toxicity:

(ii) The exposure or interaction of the chemical with
an ecological component or partner (e.g. fish, crus-
tacean, etc.) at sufficient intensity and duration to
elicit the harmfulness or effect(s).

The ratio of the Predicted Environmental Concentration
(PEC) to the Predicted No-Effect Concentration (PNEC)
is used as a measure of this risk.

The assessment of risk normally requires an eval-
uation of the intrinsic physico-chemical properties, i.e.
biodegradability and toxicity, of the chemical. The risk
assessment for surfactants is usually based on biodegrad-
ability and aquatic toxicity data. Generally in envi-
ronmental exposure assessment, the concentration of a
substance in the different environmental compartments
is estimated from the amount of the substance released
from domestic and industrial use. The PEC can therefore
be calculated from a knowledge of the quantity of the
substance that will be discharged (e.g. via waste-waters)
into the environment and the distribution and degrada-
tion processes (e.g. waste-water treatment plant).

Improvements for current environmental risk assess-
ment models come from new approaches such as
GREAT-ER (Geography-Referenced Exposure Assess-
ment Tool for European Rivers) which will allow us to
generate better and more reliable exposure concentra-
tions. This uses a GIS (Geographic Information System)
to produce a simple and clear visualization of predicted
chemical concentrations and water quality along a river
by colour coding. GREAT-ER has already been imple-
mented for a variety of river basins in the UK, Germany,
Italy and Belgium (25).
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1 INTRODUCTION

Due to the rapid development of modern high-
performance computers as fast parallel machines,
molecular dynamics computer simulations has nowadays
an enormous potential to give new insights into
the structure, function and dynamics of surfactant
aggregates. It seems realistic, therefore, to expect that
these methods will be more extensively applied in the
future. About 10 years ago, molecular dynamics, in
combination with force fields, were first developed for
new applications in biochemistry and biophysics. In this
research area, advanced computer simulation methods
tend to be a useful and powerful tool for the prediction
of protein and lipid structures. In principal, all of these
methods can also be applied in order to calculate the
aggregation and adsorption processes of surface-active
molecules. This field of research is growing rapidly at
present, and it thus seems interesting to give an actual

overview concerning this special simulation technique.
As fluid interfaces have many applications in science
and industry, we shall therefore give some insight into
recent results obtained from various modelling studies
of surfactant monolayers. We shall briefly discuss
the molecular dynamics method and then switch to
advanced modelling strategies developed for the bulk
phase of micellar systems, i.e. the "Dissipative Particle
Dynamics Method", which has been developed in order
to predict the phase behavior of surfactant/water and
surfactant/water/oil systems. This is followed by a
brief discussion about the restrictions and limits of the
molecular dynamics simulation method.

2 SURFACTANTS ADSORBED AT
SURFACES AND INTERFACES

Monomolecular films are two-dimensional layers of
amphiphilic molecules adsorbed at a fluid interface. It
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1 INTRODUCTION

Due to the rapid development of modern high-
performance computers as fast parallel machines,
molecular dynamics computer simulations has nowadays
an enormous potential to give new insights into
the structure, function and dynamics of surfactant
aggregates. It seems realistic, therefore, to expect that
these methods will be more extensively applied in the
future. About 10 years ago, molecular dynamics, in
combination with force fields, were first developed for
new applications in biochemistry and biophysics. In this
research area, advanced computer simulation methods
tend to be a useful and powerful tool for the prediction
of protein and lipid structures. In principal, all of these
methods can also be applied in order to calculate the
aggregation and adsorption processes of surface-active
molecules. This field of research is growing rapidly at
present, and it thus seems interesting to give an actual

overview concerning this special simulation technique.
As fluid interfaces have many applications in science
and industry, we shall therefore give some insight into
recent results obtained from various modelling studies
of surfactant monolayers. We shall briefly discuss
the molecular dynamics method and then switch to
advanced modelling strategies developed for the bulk
phase of micellar systems, i.e. the "Dissipative Particle
Dynamics Method", which has been developed in order
to predict the phase behavior of surfactant/water and
surfactant/water/oil systems. This is followed by a
brief discussion about the restrictions and limits of the
molecular dynamics simulation method.

2 SURFACTANTS ADSORBED AT
SURFACES AND INTERFACES

Monomolecular films are two-dimensional layers of
amphiphilic molecules adsorbed at a fluid interface. It
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is well known that in emulsions, microemulsions or
foams, these surfactant monolayers determine the prop-
erties, and hence the technical applications of these
systems. Surfactant films are, therefore, the subject of
intensive research activities and investigations. The cur-
rent interest is focused on film formation processes
at the air/water or air/oil interface and also on Lang-
muir-Blodgett films which are adsorbed on the surface
of solids. It turns out that the understanding of the phase
behaviour of the surfactants adsorbed in the monolayer
is crucial for the prediction of film properties.

It is common knowledge that the shape of the
n/A isotherm depends on the structure and phase
behaviour of the investigated monomolecular film. In
this context, n denotes the surface pressure and A is
the area occupied by one surfactant molecule. In the
case of insoluble surfactants, a gas phase is observed in
the highly dilute concentration regime. If the surface
pressure is increased, then transitions to condensed
phases will occur. The latter might be liquid-expanded
or liquid-condensed structures. A solid phase appears in
the regime of high surface pressure values. Under these
conditions, the surfactants are densely packed. Further
increasing of the surface pressure results in a collapse of
the monomolecular film structure. In the case of water-
soluble surface-active compounds, the situation is more
complicated and amphiphilic molecules can be dissolved
in the bulk phase during compression of the monolayer.
In both structures, the monomolecular film is composed
of only one single layer of amphiphilic molecules. On
this molecular length scale, the film structure can be
characterized by molecular parameters. It turns out that
the formation of different condensed phases can be well
described by the orientation of the hydrophobic and
hydrophilic chains with respect to the water surface. This
property is often denoted as the tilt angle.

The molecular tilt angle depends on the surfactant
concentration at the interface. In the regime of infinitely
small surfactant concentrations, the molecules tend to
lay almost flat on the surface. This corresponds to
tilt angles of about 90° measured with respect to the
surface normal vector. During film compression, the
phase transitions towards liquid-expanded and liquid-
condensed phases can be characterized by decreasing
tilt angles.

In order to gain more insight into the molecular
structure of surfactant monolayers, experimental meth-
ods such as fluorescence microscopy, light scattering,
small-angle X-ray scattering and neutron diffraction
were employed. By using Brewster-angle microscopy
techniques or fluorescence microscopy the domain struc-
tures in surfactant monolayers can be visualized. A

Figure 23.1. Network-like superstructure of a surfactant film
of cetyltrimethylammonium bromide (c = 6 x 10~7 mol/1).
The cross-linking process between the molecules was induced
by adding multivalent counterions such as cerium sulfate
(c = 10~3 mol/1). The Brewster-angle image was obtained dur-
ing the adsorption process of the amphiphilic molecules and
represents the situation near the sol-gel transition, where the
first "infinite" large clusters were formed. Black zones repre-
sent the pure water surface, while clear areas correspond to the
presence of surfactant clusters

typical example is given in Figure 23.1, which shows
a network-like superstructure of an adsorbed film of
cetyltrimethlyammonium bromide spread on an aqueous
solution of Ce(SO4)2. On close inspection, it becomes
clear that the surfactant molecules of this sample tend
to form large clusters of fractal geometry. Each of
the aggregates observed in Figure 23.1, contain large
amounts (i.e. billions) of molecules and up until now it
has not been possible to treat such large systems by using
computer simulations. This problem leads to the restric-
tion of building up simple model systems, which can
still represent the major properties of the investigated
surfactant films.

Due to the rapid development of computer perfor-
mance in the last few years, the molecular dynamics
simulation method can now be used in order to get
more detailed information on the phase behaviour of
surfactant molecules at the air/water interface, provided
that the number of molecules does not exceed a cer-
tain threshold value. With these computer simulation
methods, it is possible to directly calculate molecular
parameters such as the average tilt angle of the surfac-
tant molecules adsorbed in the monolayer.

Due to the fact that the computer time for calcu-
lating the atomic interactions generally increases with
approximately the square of the number of investigated
atoms, one still needs simple systems consisting of a
relatively small number of molecules. Whereas chemists
usually work with molar quantities, molecular dynamics
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computer simulations are still limited to some thou-
sand interacting atoms. However even in this case, one
already needs the technology of parallel computers in
order to reduce the simulation time down to days or
weeks. By using these advanced techniques, it is pos-
sible nowadays to explore the dynamic features of the
investigated systems on time-scales of several nanosec-
onds. The basic processes of such calculations is sum-
marized in the following section.

3 THE MOLECULAR DYNAMICS
METHOD

It is not the aim of this present section to discuss the
methods and procedures in great detail. We therefore
refer to an excellent review book which deals particu-
larly with the molecular dynamics simulation technique
as applied to liquids (1).

Lennard-Jones potentials. Because it is not our inten-
tion to review all advantages and applications of these
different functional forms and parameter sets, we shall
focus our explanations to the well-known AMBER force
field (2, 3). This parameter set is widely used, and has
already been successfully applied to molecular dynamics
simulations of various surfactant systems.

3.2 The functional form of the AMBER
force field

Basically, this method has been specially used for
proteins and DNA, but nowadays it has also been
accepted for advanced calculations of other types of
molecules such as polymers, surfactants and small
organic molecules. The general procedure used by
AMBER to calculate the potential energy is given by
the following equation:

3.1 The force field

For molecular dynamics calculations, it is first necessary
to determine the interactions between atoms. The princi-
pal result of such a calculation depends strongly on the
force field. The latter is in fact an empirical fit of the
potential energy surface of the molecular system. Such
treatment represents the functional forms and parameters
of the potential energy of a given molecular configura-
tion. These theories are developed to explain a wide
range of experimental parameters. Force fields, com-
monly used for describing molecular structures employ
bond distances, bond angles and torsions to calculate
the part of the potential energy surface belonging to
the intramolecular interactions. Interatomic distances
between non-bonded atoms are input variables into func-
tions for calculating the van der Waals and electrostatic
interactions.

The calculation of the potential energy, along with its
first derivatives with respect to the atomic coordinates,
is the crucial and necessary input into the dynamics
simulation procedure. The nature of the force field, its
applicability to the system and the ability to predict
particular properties determine the quality of the results.

In the last decade, special force fields have been
developed for polymers, proteins, biomacromolecules,
small organic molecules, carbohydrates and inorganic
compounds. Up until now, force field developments
and refinements are still an active part of scien-
tific research. The functional forms range from simple
quadratic to Morse functions, Fourier expansions, and

(1)
V,,

(2)

(3)

(4)

(5) (6) (23.1)

A pictorial presentation of the functional terms is pre-
sented in Figure 23.2. The first three terms describe the

(1) (2)

vs.
(3) 4 + 5 + 6

Figure 23.2. Pictorial representation of the functional terms
used in the AMBER force field model
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potential energy of the bond lengths b, bond angles 0
and dihedrals (p, while b0, 00 and 0O denote the corre-
sponding equilibrium values. The interactions between
non-bonded atoms are represented by terms (4), (5) and
(6). Term (4) accounts for the van der Waals interactions
and includes the parameters s and r*. Electrostatic inter-
actions are calculated by using the Coulomb equation
(term (5)), where g; and g, are the partial charges on
atoms / and j , respectively. EQ denotes the permittiv-
ity, while Eo is a constant and describes a macroscopic
property. Therefore, in all atomistic simulations, Eo is
set to unity. However, in the AMBER force field a
distance-dependent dielectric function Eo = f(r) can be
used. The energetic contributions of hydrogen bonds are
often treated by using a modified 12-10 Lennard-Jones
potential function. This term includes typical parameters
such as Cjj and D,y (term (6)).

In molecular dynamics simulations, it is useful
to include specific parameters describing the influ-
ence of intra- and intermolecular interactions of water
molecules. These parameter sets represent water mod-
els such as SPC, SPC/E, ST2, TIP3P and TIP4P. Such
models were successfully used for the prediction of
thermodynamic data of liquid water. If a special water
model is chosen in combination with the AMBER force
field for calculation of the potential energy according to
equation (23.1), term (6) is omitted.

AMBER belongs to the group of classical force fields
(Class I), in which the molecular motions are treated
by changing bond angles and torsions. The analogy
of vibrating atoms connected by springs to describe
interatomic interactions is also included into these force
fields. Certainly, such classical models have limitations,
but many experimental properties such as vibration
frequencies, sublimation energies or crystal and liquid
structures can be reproduced by using classical force
fields. More sophisticated or second (Class II) force
fields such as CFF91 include additional functional terms
(cross-terms). These new parameters were introduced to
take into account the coupling between different atomic
vibrations (e.g. bond distance and bond-angle bending).
It was shown that Class II force fields are more accurate
than Class I force fields such as AMBER.

3.3 The energy cut-off and periodic
boundary conditions

In order to reduce the computation time for calcula-
tion of the non-bonded interactions, it is inevitable to
truncate the range of intermolecular van der Waals and
electrostatic interactions. In practice, periodic simulation

boxes with boundary conditions and cut-offs of the non-
bonded electrostatic and van der Waals energies were
introduced.

The van der Waals interaction potential is relatively
short-range and "dies" out at r~6. At r = 0.8-1.0 nm,
the energy and the resulting forces are quite small.
Truncation of the van der Waals potential to zero at
about r — 1.0 nm is, thus, a reasonable approximation.
Conversely, the Coulomb interactions disappear at r~l.
Generally, at considerable distances the electrostatic
energy is not negligible. This holds especially for ionic
systems. Therefore, the energy cut-off procedure is
often not suitable for calculations of ionic surfactant
systems and an appropriate treatment of the non-bonded
contributions to the electrostatic energy is crucial. The
Ewald and the Cell Multipole techniques are convenient
methods which perform a rather precise calculation of
the long-range Coulombic forces.

In simulations of nonionic systems, the construction
of neutral charged groups appeared to be a reasonable
approximation. When considering a molecular dynamics
simulation of the surfactant molecule C12E5 (monodode-
cylpentaethylene glycol) with the AMBER force field,
the CH3, CH2, CH2-O-CH2 and CH2-OH groups can
be defined as neutral charged groups. This means that
the sum of the atomic partial charge in each of these
groups totals zero. In a neutral charge group, one atom
is designated as a switching atom. In the CH3 and CH2

groups, the carbons are switching atoms, while in the
CH2-O-CH2 and CH2-OH charge groups, the oxygens
are switching atoms. If the switching atom is in the range
of the energy cut-off, then all atoms included in the
charge group are also used for the calculation of the elec-
trostatic energy. This procedure ensures that artificial
dipole splits are avoided and the interactions between
neutral charge groups are dominated by dipole interac-
tions which decrease with r~3. Then, the dipole-dipole
interactions mainly contribute to the Coulomb energy.
The charge group approximation is sufficient to obtain
reliable interatomic Coulomb interaction energies for
neutral surfactant molecules with small dipole moments,
such as C12E5.

3.4 The molecular dynamics procedure

A molecular dynamics simulation describes the phase
space region defined by atomic positions and veloci-
ties. Consequently, this method allows the calculation of
thermal motion. On close inspection, one obtains infor-
mation on conformations, thermodynamic properties and
dynamic features of surfactant and solvent molecules. A
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typical result of a molecular dynamics simulation con-
sists of a trajectory, which is defined as a set of positions
and velocities of atoms as a function of time. This tra-
jectory can be systematically analysed and this leads
to investigations of conformational changes, structural
relaxations or diffusion processes.

Frequently, molecular dynamics simulations are per-
formed at conditions of constant pressure or tempera-
ture. In constant volume simulations, the volume of the
simulation box is thought to be constant, although the
pressure is changing. Simulations under these conditions
represent only a rough estimate and the results must be
verified by comparison with corresponding experiments.
It turns out that in the simulation the values of T and
P often have a crucial influence on the course of the
computer simulation.

In cases of constant temperature and constant vol-
ume simulations, an initial Boltzmann distribution of
velocities representing a well-defined start temperature
is assigned to each atom. After a certain heating period,
the atoms move under their "own" forces. The displace-
ment of the molecules at a specific time step At is
calculated from Newton's law of motion, as follows:

d2r
F = m-—

dt2 (23.2)

Actually, the problem with this is the numerical inte-
gration of equation (23.2) to obtain the trajectory, or
in other words, the r(t) function for each atom. In
molecular dynamics simulation programs, a widely used
integrator algorithm is the "Verlet leap-frog integrator
method". A key parameter in the numerical integration
procedure is the time step At. To make the best use of
the computer time, a large time step is desirable. How-
ever, if At is too large, then instability and inaccuracy in
the integration process occur. The time step is assigned
to the highest frequency motion in the system. Normally,
this is the C-H vibration in surfactant molecules, whose
period is of the order of 1 femtosecond. Therefore, At
should be set to at least 1 fs when C-H bond vibrations
are taken into account.

Molecular dynamics simulations are usually carried
out in two stages. After an initial equilibration process,
a data collection period then follows. The duration of
each stage depends on the system, under investigation
as well as on its properties.

In a molecular dynamics simulation, it is necessary
to reach a system state in which the relevant properties
do not change with proceeding simulation time. There
are different ways to judge whether a system has equili-
brated. One method is to plot the various thermodynamic
quantities, such as energy, temperature or pressure, ver-
sus time. Very often, the kinetic and potential energy

terms of the system can be analysed. These equilibra-
tion tests are necessary, but indeed not sufficient, since
a sudden conformational change can occur after a long
period of time. Another way to check equilibration is
to start the calculation with different initial configura-
tions and a different initial atomic velocity distribution.
Unfortunately, convergence to similar conformations is
not a proof for equilibration but merely an indicator that
equilibrium has occurred.

In the following section, we will discuss some
examples of molecular dynamics simulations of surfac-
tants at liquid interfaces and in aqueous solution.

4 MOLECULAR DYNAMICS
COMPUTER SIMULATIONS OF
SURFACTANT MONOLAYERS AT
AIR/WATER AND OIL/WATER
INTERFACES

4.1 C12E5 at the air/water interface

A number of molecular dynamics (MD) simulations of
surfactant monolayers have been published during the
last decade. In these studies, the water surface was often
modelled as a flat, amorphous plane. Due to severe
computer power restrictions, there have been only a
few attempts in which the surface was modelled in
all atomic details. Monolayers of trimethylammonium
chloride at the air/water interface and the properties
of tetradecyltrimethylammonium bromide monolayers
have been simulated. In addition to these computer
experiments, the structures of phenol, /?-^-pentylphenol
and N,A^-diethyl-/?-nitroaniline adsorbed on water have
been investigated by MD simulations. Recently, molec-
ular dynamics simulations of sodium dodecyl sulfate
at the water/vapour and the water/CCl4 interfaces in
regimes of small surface concentrations have been per-
formed (4).

A microscopic part of a monolayer consisting of
monododecylpentaethylene glycol surfactants (Ci2E5)
adsorbed at the water surface was simulated with the
AMBER force field and the SPC water parameter set (5).
The temperature T was set to 298 K, while the number
of molecules, N, was composed of 36 surfactant and
1575 water molecules arranged in a cubic box with
periodic boundary conditions. The area per surfactant
molecule (A) corresponded to a value of A = 0.55 nm2,
which is somewhat larger than the critical micelle
concentration (CMC) of C12E5 (A = 0.50 ± 0.03 nm2).

During a 500 ps simulation, the system was allowed
to equilibrate to a constant total energy. The final
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Figure 23.3. Average concentration profiles of O1, C12, C13 and O ater atoms in the direction of the water surface normal

data collection was performed for an additional 500 ps
molecular dynamics simulation run.

The evaluation of structural properties such as orien-
tation angles and layer thicknesses requires an appro-
priate definition of the water surface. In Figure 23.3
the average concentration profiles in the z-direction for
water oxygen atoms, OWater, and the C12, C13 and O1

atoms of the surfactant molecules are summarized. The
average water oxygen concentration decreases to zero at
3.3 nm, while at Lz = 2.9 nm, (cz) is about half that of
the water bulk density. No water molecules evaporated
in the gas phase beyond the L, value of 3.3 nm. Anal-
ogous to the Gibbs Dividing Plane, the water surface
was defined by a plane lying between Lz = 2.9-3.3 nm.
Additionally, some interesting points are revealed from
the average atomic concentrations shown in Figure 23.3.
The O1 oxygen atoms participate at the water surface
since these atoms tend to be concentrated in the interface
region. In addition, the C13 atoms are mainly located in
the interface region. The C12 atom is also partially in
contact with water molecules at the interface. The inter-
action between C12 and water is less distinctive. The
peak of this curve is very close to that point where the
water concentration decays to zero.

The orientations of the hydrophobic alkyl chains and
the hydrophilic glycol chains within the monolayer are
of foremost interest since molecular orientation is a
strong indicator for the phase state of the surfactant
monolayer. In Figure 23.4, a method is presented for
calculating the average tilt angle of the specific Cn and
E5 chains. In the E5 chains, vectors were constructed
from the distance between the first oxygen atom O1

and the terminal hydrogen atom connected to O6. In the

Figure 23.4. Definitions of the tilt angles between the water
surface normal and the E5 and C12 chains. Vectors are defined
between C12 and C1 and between O1 and O6 respectively

C12 chains, the vectors between C12 and the hydrogens
connected to C1 were used for the calculation of tilt
angles. The average tilt angle (cp) was calculated from
angles between these vector definitions and the normal
of the water surface.

From the molecular dynamics simulations, it became
evident that the C[2 chains are tilted away with respect
to the surface normal with an average tilt angle of
about 43 =b 3 degrees. The calculation results predict an
almost parallel orientation of the E5 chains with respect
to the surface normal, with a tilt angle value of about
11 ±0 .5 degrees. The molecular orientation and chain
ordering become obvious from the molecular structure
of the surfactants adsorbed on the water surface, as dis-
played in Figure 23.5. It is easy to see the different
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Figure 23.5. A representative molecular structure of the C12E5
surfactant molecules adsorbed on the water surface. The
surfactant structures are extracted from the trajectory at a
simulation time of 900 ps. The water molecules are not shown

orientations of the C12 and E5 chains. It can also be
recognized that the alkyl chains are more fluid-like. The
molecular dynamics simulation results agree very well
with those obtained from neutron reflection experiments.
Additionally, some other important molecular properties
have been investigated with molecular dynamics simu-
lations. These include the following:

• Analysis of the chain conformations
• Mobility of the alkyl and glycol ether chains
• The lateral structure of the glycol ether chains

From the analysis of the molecular structure, from the
conformation distribution and from the calculation of the
mean square displacements in different chain sections,
a high degree of flexibility of the terminal groups in
the C12 and E5 chains became evident. In comparison
to E5, the hydrophobic C\2 chains are considerably
less ordered and are, in fact, not densely packed.
From comparisons with molecular dynamics simulations
of long-chain surfactants adsorbed on the air/water
surface in the same surfactant concentration regime,
it can be concluded that the molecular orientation of
the C12 chain is similar to that for surfactants with
linear hydrophobic chains and small polar head-groups.
It was found that the monolayer tilts of single-chain
surfactants varied from 10 to 36 degrees with increasing
area/molecule values. Other simulations of long-chain
surfactants revealed that the mean tilt angle varied from
40 to 60 degrees. In n-hexadecyltrimethylammonium
chloride monolayers, the average tilt angle was found to
be of the order of 40 degrees. Generally, the simulations
of long-chain model surfactants showed that an increase
of the molecular area causes an increase of the average
tilt angle. The result of the enhanced Q 2 chain end

flexibility was also observed. It was found that most of
the gauche conformations occurred around bonds near
the hydrophobic chain ends.

There seems to be a difference in the diffusion
behaviour between surfactants with small head-
groups and surfactants with long hydrophilic glycol
ether chains. In a previous simulation, the diffusion
constant of ft-hexadecyltrimethyl ammonium chloride in
the monolayer was calculated to 1.9 x 10~6-4.8 x
10~6 cm2/s. The diffusion constant increases with
increasing molecular area, to a maximum of 1.6 x
10~5 cm2/s. Conversely, the alkyl glycol ether head-
groups are strongly anchored at the water surface, with
the effect of a restricted mobility. This discrepancy
can be explained by a network of hydrogen bonds
which tends to "freeze" the monolayer structure. This
result was supported by calculations of pair distribution
functions between E5 oxygen atoms arranged in a
common layer (5).

4.2 Orientation of C12E5 at the water/oil
interface

Now, we will focus our attention to the molecular struc-
ture of C12E5 at the octane/water interface. In a molecu-
lar dynamics simulation, octane molecules were used to
build an appropriate model for the oil phase (6). The
computer simulation provides new insights into two-
dimensional monolayers at the water/oil interface. By
using the neutron reflection method, the structure of
C12E5 on the water surface, with and without added
dodecane, was recently investigated. It was found that
the C12 chains change to an almost perpendicular ori-
entation to the surface upon incorporation of dodecane
into the Ci2E5 layer.

In the MD simulation, the octane/water system con-
sisted of 36 C12E5 surfactant, 1392 water and 143
octane molecules, and the simulation was performed
at constant pressure of 105 Pa and a constant tem-
perature of 298 K (6). In the equilibrium state, octane
molecules penetrate into the hydrophobic monododecyl
layer, which was also investigated by neutron reflection
studies of the interactions between Ci2E5 and dode-
cane. From average concentration profiles of specified
atoms in the z-direction of the simulation box, this pen-
etration phenomenon becomes obvious (Figure 23.6). In
Figure 23.6, the average concentration profiles of the
carbon atoms of the C i2 chain, the carbon atoms of
octane molecules and the oxygen water atoms are plot-
ted. The essential result is, that from 3.0 nm the C]2

and octane concentrations coincide. This effect leads
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Figure 23.6. Average concentration profiles of Owaler, carbon atoms of the C\2 chain and carbon atoms of octane molecules in
the z-direction of the simulation box representing the water surface normal

are in contact. The observed oil penetration results in
an increase of the surface area per surfactant molecule,
which was also observed experimentally. The molec-
ular film at the water/octane interface is depicted in
Figure 23.7.

An analysis of the surfactant tilt angles revealed that
no significant difference appears between the molecular
orientations of the hydrophobic C]2 chain at the air/water
and the oil/water interface. This result is in discrepancy
with experimental investigations of the interaction of
C12E5 and dodecane. Neutron reflection measurements
suggest an more upright arrangement of the C\2 chains
if dodecane penetrates into the C12 layer.

5 MOLECULAR DYNAMICS
COMPUTER SIMULATION OF
MICELLES

The results of molecular dynamics simulations which
were performed to get more information on the physical
properties of sodium octanoate micelles are discussed
next. From the results thus reported, it was possible to
obtain some typical properties of the micelle.

It is well known that water-soluble surfactants tend
to form various types of aggregates at threshold values
above the CMC. This aggregation process is the result
of two competing factors. The hydrophobic chains try
to avoid the energetically unfavourable contact with
water. This can be achieved by forming various types
of defined aggregates (micelles). These particles are
stabilized by van der Waals attractions between the

Figure 23.7. The molecular structure of C12E5 surfactant
molecules adsorbed at the oil/water interface

to the conclusion that octane molecules penetrate into
the C12 layer. Furthermore, the octane and water phases
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non-polar paraffin chains. Conversely, there is often a
strong repulsion between the polar head-groups. The
actual shape and size of the micelles is controlled
by the competition between these different forces. In
aqueous solution, the polar head-groups are oriented
towards the water phase and hydration forces also tend
to stabilize this structure. Depending on the surfactant
system, the polar head-centres can consist of cationic,
anionic, amphoteric or nonionic groups.

Very often, micelles have a spherical shape and consist
of 30-80 monomers. The aggregates can vary their size
and shape continuously due to the exchange of monomers.
Some important parameters which can influence the
micellar structure are the surfactant concentration, the
lengths of the paraffin chains, the salt content (ionic
strengths), the temperature, the pH values and the pressure.

Some computer simulations of micelles on a molec-
ular level have already been performed with molecular
dynamics calculations. The models used in these sim-
ulations are based on different approximation levels.
In simulations in which solvent molecules were omit-
ted, the solvation shell was simulated by a sphere, and
the interactions between the atoms and the sphere was
calculated by Lennard-Jones-type potential functions.
In more advanced simulations, the solvent molecules
were especially considered and specific water models
like SPC were used.

At first glance these models reflect the situation in a
real physical micellar solution rather crudely, although
the previously performed calculations have already been
successful in gaining important information on micellar
structures. In recent times, the models have been refined
in the way that all interactions between all water and
surfactant atoms were included in the simulations. This
holds for hydrogen bonds, electrostatic Coulomb forces
and van der Waals interactions.

Previously, the sodium dodecyl sulfate (SDS) sur-
factant system was also investigated with a 200 ps
molecular dynamics computer simulation in the NVT-
ensemble (7). In this computer simulation, the param-
eters of the atomic interaction potential functions were
taken from the CHARMM force field. The calculations
showed that the SDS micelle remains spherical with a
radius of gyration in good agreement with the experi-
mental results. Remarkable motions of the head-groups
were observed and the trans to gauche populations are
equivalent for the micelle and the analogous hydro-
carbon, liquid dodecane. Recently, atomic-level stud-
ies of AOT reverse micelles and molecular dynamics
simulations of the structure and dynamics of a dode-
cylphosphocholine micelle in aqueous solution have
been published (8, 9).

Figure 23.8. Average molecular structure of the sodium
octanoate micelle after the simulation time between 250 and
300 ps. The water molecules surrounding the micelle are not
shown

The simulations of the sodium octanoate micelle
were based on the AMBER force field with a simulation
period of 300 ps (10). The aggregate was surrounded by
870 water molecules and the simulation was performed
at a temperature of 300 K and a pressure of 105 Pa.

Figure 23.8 shows a representative molecular struc-
ture of the surfactants forming the micelle. The micellar
structure was obtained from averaging of the atomic
Cartesian coordinates from the trajectory in the time
interval between 250 and 300 ps. From Figure 23.8,
it becomes evident that the micelle attains a roughly
spherical shape. This holds at least for the investi-
gated time regime. The polar head-groups are located
on the micellar surface and are in direct contact with
water molecules. The alkyl chains are directed into the
hydrophobic core and the micelle itself is surrounded
by sodium counterions. From the calculated trajectory,
some important micellar properties has been investi-
gated. Briefly summarized, these are as follows:

Conformations of the hydrophobic alkyl chains
Micellar radius
Structure of the solvens around the carboxylate head-
groups
Water penetration into the micelles
The micellar shape
The surface charge of the micelle
Sodium counterion distribution and solvation shells
around the micelle
Diffusion of solvent molecules within the micelle and
at the micellar surface



546 SURFACTANTS

Figure 23.9. Molecular structure of one monomer of the micel-
lar aggregate with the nearest neighbour water molecules

From the results thus produced, it was possible to
obtain some typical properties of the micelle. It turned
out that the average radius of the micelle coincides
pretty well with that found from the experimental results
of small-angle neutron scattering experiments. It was
also possible to determine the actual conformations
of surfactant monomers both outside and inside the
micelle. These data are in general agreement with
nuclear magnetic resonance studies and with Raman
scattering experiments. On close inspection it was found
that the micelle attains a slightly ellipsoidal shape. An
average distance of 255 pm between the anionic polar
head-groups and water molecules was obtained. This
value agrees well with Heteronuclear Overhauser Effect
measurements. In the first solvation shell, each head-
group is surrounded by 10 water molecules, and eight of
these tend to form hydrogen bonds to such polar groups
(Figure 23.9). Furthermore, a second and third hydration
shell could be observed. The average hydrogen-bond
length corresponds to 175 pm and is slightly shorter
than the observed hydrogen bonds between pure water
molecules in the bulk phase. A complete dissociation

of the sodium counterions from the anionic polar-head
groups was observed, and the distribution of sodium
counterions and water molecules around the polar head-
groups could be deduced. The first hydration shell, in the
range of 200-280 pm, consists only of water molecules,
resulting in a micellar surface charge of \5e. Sodium
counterions dissociate in the second and third hydration
layers and are themselves surrounded with solvation
shells. The diffusion of water molecules belonging to
the first hydration layer of the sodium octanoate micelle
is decreased by a factor of approximately 2 due to the
formation of hydrogen bonds to the head-group oxygens.

Large numbers of water molecules are located in a
globular shell with a diameter of 0.9-1.3 nm, which cor-
responds to the surface of the micelle. The internal core
region between 500-900 pm also contains water, but
only 10% of the total amount. Some molecules can even
penetrate into the vicinity of the centre of the micelle,
but this process rarely occurs. On the grounds of the
thermal motion, hollow spaces, pores and channels are
continuously formed and destroyed in which occasion-
ally some water molecules are able to penetrate. This
is, of course, a dynamic process with time-constants
of only a few picoseconds. In contrast to the micel-
lar systems consisting of sodium dodecyl sulfate sur-
factants (7), in sodium octanoate a significant amount
of water penetration occurs. This process is certainly
related to the aggregation number and the lengths of the
paraffin chains. A sodium dodecyl sulfate micelle has
a more compact structure and packing of the paraffin
chains seems to be more effective. In this case, there
are only a few solvent-accessible sites, and water pen-
etration is, therefore, reduced. This situation changes,
however, if micelles with small aggregation numbers,
such as sodium octanoate micelles, are considered. Due
to less distinctive hydrophobic forces, the micellar core
is not very stable, and these aggregates are characterized
by large thermal fluctuations.

6 THE DISSIPATIVE PARTICLE
DYNAMICS SIMULATION METHOD

In concentrated solutions, surfactants and amphiphilic
polymers tend to form mesophases such as nematic,
lamellar, hexagonal or cubic structures. The character-
ization of these phases is very important for various
technical applications. At present, phase diagrams of
amphiphilic molecules in aqueous solution cannot be
calculated by using the atomic-level MD technique.
In order to improve this situation, some years ago
a new simulation technique was introduced (11-13),



COMPUTER SIMULATIONS OF SURFACTANTS 547

derived from molecular dynamics simulations and lattice
gas automata, that effectively opens up the mesoscopic
length and time regimes in complex fluids to simulation.
This new theoretical approach is called "Dissipative Par-
ticle Dynamics" (DPD).

In the DPD methodology, small regions of fluid
material are represented by fundamental particles called
"beads". These particles are not directly comparable to
the atoms or molecules familiar from MD simulations
since all degrees of freedom smaller than a bead radius
are assumed to have been integrated out. Hence, coarse-
grained interactions between beads can be calculated.
There are three types of short-ranged forces between
pairs of beads. A harmonic conservative interaction is
given in the following equation:

F =
o

rij < 1,
rU > *

(23.3)

where r,-y- denotes the distance vector between particles
/ and j .

The dissipative force (Equation (23.4)) deals with the
viscous drag between moving beads (i.e. fluid elements),
as follows:

ru
(25A)

where <wD(r/y) is a short-range weight function, and vtj
is the bead velocity. Because of the form chosen for the
dissipative force, this conserves the total momenta of
each pair of particles, and hence also of the system.

A random force (equation (23.5)) ensures the main-
taining of the energy input into the system in opposition
to the dissipation:

o nj >
{ }

where £,7(0 is a delta-correlated stochastic variable, and
all forces are treated with a fixed cut-off radius.

The crucial advantage of Dissipative Particle Dynam-
ics is the correspondence to the Gibbs Canonical NVT
ensemble. It can be shown that the system evolves to a
steady state by a suitable choice of the relative magni-
tudes of the forces acting on the particles.

The bead dynamics is realized by the integration of
the equations of motion for the beads. A trajectory is
generated through the system's phase space. All thermo-
dynamic observables (e.g. density fields, order param-
eters, correlation functions, stress tensor, etc.) can be
constructed from suitable averages. An immense advan-
tage over conventional molecular dynamics and Brown-
ian dynamics is that all forces are "soft", thus allowing

the use of a much larger time-step and correspondingly
shorter simulation times.

Surfactants may be constructed out of the beads in
a DPD simulation, hence allowing the investigation of
the morphologies of the molecules. The interactions of
a surfactant with other surfactants and the solvent occur
via the conservative, dissipative and random forces
between their component beads. Typically, the beads
making up a surfactant are bound to each other with
harmonic forces.

The mesoscale morphologies resulting from a DPD
simulation can be analysed by means of a three-
dimensional display of the beads making up the sys-
tem by drawing density slices through the simulation
box or by a display of the iso-density surfaces. The
latter can be compared directly with experimental obser-
vations, e.g. from electron microscopy. This method
allows the chemical engineer to assess the effects of
changes to the molecular composition of a formulation
on the microstructure and hence the expected macro-
scopic properties. With a combination of MD and DPD
simulations, one can achieve a more detailed insight
into the phase behaviour of surfactants and polymer
amphiphiles in aqueous solution.

Two examples of DPD simulations of the Cj2E5

surfactant in aqueous solution at different concentra-
tions are given in Figures 23.10 and 23.11. The mea-
sured phase diagrams for Ci2E5 in water located in the
lower parts of Figures 23.10 and 23.11 were obtained
from ref. (14). The precise simulation, and hence the
prediction of phase behaviour of the nonionic surfactant
C12E5, becomes obvious from an examination of these
figures.

7 LIMITS AND RESTRICTIONS OF
THE MOLECULAR DYNAMICS
TECHNIQUE FOR SURFACTANT
SIMULATIONS

The most accurate method of calculating the dynami-
cal behaviour of surfactants is to integrate the equations
of motion of all of the atoms in the system. It is obvi-
ous that the molecular dynamics calculations described
in this chapter give only a rough estimate of the real
situation. Such MD techniques require computer proces-
sor speeds and memory capacities that currently limit
their applicability to a few nanoseconds of molecu-
lar motion. This is inadequate for many chemical pro-
cesses of surfactants which occur on the microsecond
(or longer) time-scales. Effects which are dependent on
molecular diffusion cannot be investigated due to the



Figure 23.10. DPD simulation of C12E5 in water at a concentration of 25%, showing (a) a stick and (b) a Ci2-iso-density
presentation; Li corresponds to a micellar phase

relatively long-time scales involved, i.e. in the range of
microseconds.

The accuracy of the simulation results depends on
a suitable choice of the parameters in the potential
functions. On account of equation (23.1), an essential
restraint of the calculation method is the pair-wise addi-
tion of atomic forces. Although effective pair potentials
are used, three-body terms and interactions of higher
order are neglected. Consequently, the major many-
body contributions to the induced dipole interactions
in aqueous ionic systems are not modelled accurately.
A further simplification is a common application of

fixed atomic partial charges. Conformational changes of
the surfactants, or the presence of an external field by
dynamic solvent molecules, influence the charge distri-
bution in the surfactant monomers. Therefore, induced
polarization effects are often not taken into account.
The atomic interaction potential functions of bond vibra-
tions, as well as bond angle and dihedral deformations,
are based on classical instead of quantum mechanics.
This is sometimes not sufficient to calculate precisely
the intramolecular interactions.

Referring to the MD simulations of micelles and
monomolecular films, it should be pointed out that
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Figure 23.11. DPD simulation of C12E5 in water at a concentration of 90%, showing (a) a stick and (b) a Ci2-iso-density
presentation; La corresponds to a lamellar phase

the equilibrium state is related to isolated structures.
This means that the interactions of the micelle and
the monolayer with free monomers in solution or with
different aggregates are also not taken into account.

Despite the restrictions of the molecular dynam-
ics simulation technique, some important features of
micellar structures have already been observed and rea-
sonable results which coincide rather well with experi-
mental data have been obtained. Nevertheless, in order
to examine the dynamic of aggregation processes it is
necessary to enlarge the simulation time drastically. A

general rule states that "computer power is currently
increasing by a factor of 10 each six years". This should
lead to interesting consequences with respect to the
molecular dynamics simulations of surfactant systems.

However, the dissipative particle dynamics simula-
tion technique trys to avoid the major drawback of the
classical MD method which often provides far more
detail of the small-scale fluctuational motion of atoms
than is necessary for an understanding of many physi-
cal processes of surfactants. With DPD, the mesoscopic
length and time regimes in complex fluids are accessible
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via computer simulations. DPD achieves this goal by
retaining the principle of integrating the equations of
motion for a system, while integrating out the small-
est spatial degrees of freedom first. The fast motion of
the atoms in a system is averaged over and the remain-
ing structure is represented by a set of "beads", of given
mass and size, that interacts via soft potentials with other
beads. These approximations open the way to simula-
tions of the phase behaviour of surfactants in aqueous
solution and in emulsions.
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a-crystalline phase 477
a-olefinesulfonates 276-277
a-sulfo fatty acid methylesters 277-278
ab initio polymerizations 194-195
absorbency 138-139, 154-158, 159-162
acetals 391-393
acid fracturing 263
acid-base interactions 233
additives, phase behaviour 497-502
adhesion 157-158, 334-336
adjuvants 341-342
adsorbable organic halogen (AOX)-containing substances

284
adsorption

adsorbed films 252, 253
adsorber dyes 101-103
adsorption isotherms 167-168, 379-380
competitive 105-107
detergency 58-61
experimental techniques 237, 381
paper manufacture 132-136
polymeric surfactants 377-384
sensitizing dyes 98
surfactants 232-238, 240-241

AEEA see aminoethylethanolamine
aerobic batch tests 516-517
aerosols 15
AFM see atomic force microscopy
agglomeration 79, 114, 206-208, 239
aggregate, roads 334
aggregation 79, 186, 188, 445-447

see also coagulation; coalescence; flocculation
agriculture 73-83, 341-342
agrochemicals 80-83
AKD see alkyl ketene dimer
alcohol ethoxylates 301-302
alcohols

nonionic hydrophobes 294-296
algicides 318-321
alkane sulfonates 282-285
alkanolamides 306-307
alkenyl succinic anhydride (ASA) 141, 143-144
alkyd emulsions 113, 402-403
alkyl chain length 484-488
alkyl ketene dimer (AKD) 141, 142-144, 158
alkyl N-methylglucamides 305
alkyl quaternary ammonium salts 311-312, 314. 315-316,

318, 329-330
alkylamines 328
alkylbenzene sulfonates 278-282
alkylene oxides 296

alkylether carboxylates 275-276
alkylether sulfates 275, 524-525
alkylglucosides 392-393
alkylphenol ethoxylates (APEOs) 302-303, 528-529
alkylphenols 296
alkylpolyglucosides 409
alkylpolyglycosides (APGs) 304, 529
alkylsulfates 273-275, 524-525
AMBER force field 539-540, 541, 545
amidopropylamines 327
amine ethoxylates 307
amine oxides 305-306, 324, 325-327
amines 297
aminoethylethanolamine (AEEA) 356-359
amorphous dispersions 91
amphipathic structure 232-233, 376
amphiphiles

see also hydrophobes; surfactants
drugs 4, 7

amphitropic mesophases 496
amphoacetates 349-350, 356-359
amphoteric surfactants 294, 323, 349-350, 351, 355-372,

532-534
see also zwitterionic surfactants

anaerobic testing 515, 517
anchoring 140, 205, 374, 377-378, 383
anion-active sequestrents 291
anionic surfactants 271-292, 520-525
antifoamers 71, 263
antisettling agents 79-80
antistat layers 86-87
antithixotropy 209
AOX see adsorbable organic halogen-containing substances
APEOs see alkylphenol ethoxylates
APGs see alkylpolyglycosides
aquatic toxicity 518-519, 524-525, 529, 531-532, 534
aqueous dispersions 39
aqueous injection moulding 216
ASA see alkenyl succinic anhydride
asphalt see bitumen
asphaltic emulsions 265
assessment criteria 514-520
associative phase separation 453, 456-458
associative thickeners 105-107, 449
atomic force microscopy (AFM)

dispersions 242
latices 109-110
paper 127, 149, 165, 166
surfactant migration 398

autophobicity 142
autoxidation" 398-399
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bactericides 318-321
barrier coatings 152-154
batch polymerizations 194-195
batch tests 516-517
Bendtsen test 165
BET see B ru n au er - Em mett-Teller
betaines 349-355, 363-364, 396-397, 533
BiAS see Bismuth active substances
bicontinuous phases

aggregates 473, 475, 477-478
liquid crystals 473, 475, 477-478, 482
microemulsions 460-462, 482
ringing gels 353

bilayers
binder burnout 216-217
binder-emulsion preparation 107-110
binders 111-113, 116, 149
Bingham solids 208-209
bio-surfactants 521
bioaccumulation 515, 520
bioadhesion 14
bioavailability 8-9
biocides 318-321, 333-334, 360
biodegradability

amphoteric surfactants 532-534
anionic surfactants 279, 521-524
cationic surfactants 531
cleavable surfactants 391, 394, 395
drug delivery systems 26-30
legislation 512-513
nonionic surfactants 527-529
surfactants 509-510, 515-517

biomagnification 515, 520
biostatic activity 319-320
bis-surfactants see Gemini surfactants
bismuth active substances (BiAS) 513, 527
bitumen 265, 334-337
bleaching 125
block copolymers

adsorption 374, 377-384
drug delivery 8, 11, 13, 15-16, 21-25
nonionic surfactants 303-304, 491-493

blood substitute formulations 9
blooming 116
boundary conditions 227, 540
Bragg-William approximations 378
Brewster-angle microscopy 538
bridging

flocculation 136-137, 205
brightening 125
Bristow wheel 160
Br0nsted acidity 231-232
Brunauer-Emmett-Teller (BET) isotherm 167-168
bubble formation 255, 274

see also foams
builders 54, 61, 65, 288

CAC see critical association concentration
calcium, detergency 61-65
calcium carbonate 147
cancer therapy 9-10
capillary phenomena

condensation 161 -162
dynamics 159-160

carbohydrates 300-301
carboxybetaines 350-354
carrier effect 64
casting 203, 212-213, 215-216
cationic surfactants 309-348, 460, 529-532
centrifugal casting 212
ceramics 201-218
chain length 297, 302
chain lubricants see conveyor lubricants
chain scission 217
chain-chain interactions 236
charge regulated surfaces 227-228
charge-stabilized particles 136-137
CHARMM force fields 545
chelating agents 332
chemical flooding 259-262
chemical interactions 236
chemical pulping 125
chemically heterogeneous dispersions 40-42
chemically homogeneous dispersions 40
chemisorption 248
clathrate hydrates 468
clean-up, oil spills 264
cleansing see detergency
cleavable surfactants 291, 390-397
clouding

detergency 69
hydrotropes 321-322, 414, 415
liquid crystals 480-481
nonionic surfactants 485-488
oxyethylene surfactants 442
surfactant-polymer systems 454-456, 463

CMC see critical micelle concentration
coalescence 106
coatings 29-30, 146-154
cobinders 148-149
cobuilders 64-65
cold isostatic pressing 214
collectors, flotation 246-249
colloidal processing 203
colloidal silver 91, 92
columnar mesophases

see also rod-like micelles
commercial processes see manufacture
commercial surfactants 484, 492
comminution 180-184, 190-191, 193
compaction of DNA 460
competitive adsorption 105-107, 109
complexation 61-65, 96
compression rheology 211-212
computer simulation 537-550
concentration effects 435-437
concentration profiles 542, 544
condensation 184-185, 190-191
conditioning 327-328
conductivity 87
conformation 377-381, 543, 545
consolidation 41, 124-125, 212-216, 239, 240
constant charge surfaces 227
constant potential surfaces 227
consulate point 488
contact angles
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see also Young equation
crude oil 254, 255

conveyor lubricants 332-334
cooperative binding 447, 451 -452
copolymers

adhesion 86
adsorption 374, 377-384
drug delivery 8, 11, 13, 15-16, 21-25
nonionic surfactants 303-304, 491-493
pigment dispersion 119

corrosion inhibition 263-264, 288, 307, 340
cosmetics 327-328,368-369,511
cosolutes 425-427, 435, 438, 442, 448
cosurfactants 497-498
Couette flow technique 183
Coulombic forces 540
counterions 274, 431, 468-469
coupled units tests 527-528
coupler dispersions 99-101
coupling agents 409, 412-414
CPP see critical packing parameter
cracking process 265-266
cratering, paints 121
creaming, emulsions 186
critical association concentration (CAC) 446-447, 452, 456
critical micelle concentration (CMC)

see also micelles
amphoterics 362-363
competitive adsorption 106-107
detergency 55-56
Gemini surfactants 388-389, 390
micellization 253, 467-472
surfactant-polymer systems 446-447
surfactants 237, 388-390, 422-427

critical packing parameter (CPP) 45, 422, 432-433
critical solution temperature 189-190
critical surface tension 120-121
Cross equation 209
'cross-talk' 87, 92
crude oil 252, 254, 255, 265-266
cry oporometry 169 -170
crystal growth 79

see also Ostwald ripening
crystallization 416-417
cubic phases

drug delivery 12, 20
multicomponent systems 492, 494, 498-499
phase behaviour 481
structure 472, 473-475

curtain coating 88
cyclic acetals 391-392
cyclodextrin solutions 16-17

Darcy's law 152
deagglomeration 206-208
Debye-Hiickel equation 131
DEEDMAC see diethylester dimethylammonium chloride
defects 202
defoamers 263

see also antifoamers; foam breaking
deformation 146
degradation products 515
denaturation temperature 46

deoxyribonucleic acid (DNA) 12-13, 460
DEQs see diesterquaternaries
destabilization 40-42
detergency 53-72

alkyl sulfates 274
amphoterics 365, 366-367
anionic surfactants 279-282
betaines 350
cationic surfactants 310, 314-318, 321-327
cleavable surfactants 395
environmental issues 511,513,521
fabric softeners 314-318
hydrotropes 415-416
mesophases 503
nonionic surfactants 302, 303, 305
sulfosuccinates 289

developer scavengers 87-88
dewatering 152
di-tallow dimethylammonium chloride (DTDMAC)

530-532
di-tallow imidazolinester (DTIE) 530-532
dialkyldimethyl quaternary ammonium salts 311-312, 314,

315, 318
diesterquaternaries (DEQs) 530-532
diethylene triamine quaternary ammonium salts 315-316
diethylester dimethylammonium chloride (DEEDMAC)

530-532
differential scanning calorimetry (DSC) 170
dimeric surfactants see Gemini surfactants
direct casting 215-216
direct coagulation casting 215
direct flotation 345
disc-nematic phases 489
disinfection 318-319, 368
dispersants 116-119, 147-148, 288, 291
dispersions

absorber dyes 101-102
agriculture 79
aqueous 39
ceramics 206-208
chemically heterogeneous 40-42
chemically homogeneous 40
coupler 99-101
drug delivery 8-15
emulsions 99-100
mixed micellization 100
nanocrystalline 100-101
natural systems 175-176
oil-continuous 39
paint pigments 113-119
particle processing 238-243
photography 91-92
stabilization 381-384

disproportionation 41
dissipative particle dynamics (DPD) simulation method 537,

546-547, 548
dissociation 221
distillation 416
disulfine blue active substances (DSBAS) 513
DLVO theory 130-132
DNA see deoxyribonucleic acid
dodecyl-l,3-propylenebis(ammonium chloride) (DoPDAC)

495
DoPDAC see dodecyl-l,3-propylenebis(ammonium chloride)
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double-chain surfactants
see also lipids

DPD see dissipative particle dynamics
drained casting 212-213
drilling mud 259
droplet size

agrochemical sprays 80-83
comminution 181-183
monomer emulsions 191
Ostwald ripening 186-187
polymerization techniques 195-198
surfactant role 111-113

drugs (pharmaceutical) 3-6, 8-23
dry pressing 214
dry strength, paper 145
drying, ceramics 216-217
DSBAS see disulfine blue active substances
DSC see differential scanning calorimetry
DTDMAC see di-tallow dimethylammonium chloride
DTIE see di-tallow imidazolinester
dynamic swelling 185, 191

EC50 tests 518-519, 524-525, 530, 532
edge penetration 161
EDTA see ethylenediaminetetraacetic acid
EEC see European Economic Community Directives
elastic interaction 382-383
electrical behaviour

conductivity 233-236
electrical double-layer 222-223

see also zeta potential
electroacoustic sonic amplitude (ESA) 102-103
electrokinetic potential see zeta potential
electrokinetics 102-103

see also electroosmosis; electrophoresis; sedimentation
potential; streaming potential

electrolytes
detergency 59, 60, 72
foaming 72
micellization 425-427
phase behaviour 500-501
surface charge 221-222
surfactant-polymer systems 454-460

electron spectroscopy for chemical analysis (ESCA) 51,
109, 111-113, 162-163, 397

electronic properties 87
electroosmosis 225
electrophoresis 97, 102-103, 224, 336
electrophoretic deposition (EPD) 213-214
electrostatics

air 50
double-layers 204-205
liquids 42
patch aggregation 136, 137
responsive systems 25-26
stabilization 108
surface charge 226-229
surfactant-polymer systems 448

electrosteric stabilization 206
elongational rheology 153
emulsifiable concentrates 73, 74-76
emulsification

comminution 179, 180-184

condensation 179, 184-185
emulsifiers 179-180
foodstuffs 42, 45, 47
paints 105, 107-110
photography 91, 99-100
photolability 397
spontaneous 185

emulsion concentrates 76-78
emulsion polymerization 107-110, 175-200, 288,

290-291,400-402
emulsions

see also emulsification; microemulsions
alkyd 113
bitumen 335-336
drug delivery 8-9
foodstuffs 40-41
miniemulsions 176, 177, 195-196
monomer 191-196
multiple 73
nanoemulsions 77
petroleum industry 256-259, 262, 263
photography 85-86, 87-89
radical polymerization 196-198
separation 265-266
spontaneous 74-76
stability 186-190
suspoemulsions 73

encapsulation 28, 418
see also microencapsulation

enhanced oil recovery (EOR) 259, 262-263
entropic interactions 382-383
environmental issues

see also biodegradability
amphoteric surfactants 364, 365, 532-534
analytical techniques 513-514
anionic surfactants 279-280, 284, 520-525
aquatic toxicity 524-525, 529, 531-532, 534
assessment criteria 514-520
cationic surfactants 321, 332, 340, 529-532
ethoxylated surfactants 107,117
eutrophication 61, 116
industry 510-512
legislation 512-513
nonionic surfactants 303, 305, 525-529
oil industry 264-265, 340
risk assessment 534-535
softening agents 332
zwitterionic surfactants 364, 365

EOR see enhanced oil recovery
EPD see electrophoretic deposition
equivalence points 96-97
ESA see electroacoustic sonic amplitude
ESCA see electron spectroscopy for chemical analysis
ester quaternary ammonium salts 316-317, 329-330,

395-397
ethoxylated amines 327, 328-329
ethoxylated quaternary ammonium salts 329-330
ethoxylated surfactants 107
ethoxymer distribution 299-300, 302
ethylene oxide 298-300, 303-304
ethylenediaminetetraacetic acid (EDTA) 332
European Economic Community (EEC) Directives 512-513
European Working Group (EWG) 512-513
eutrophication 61, 116
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346
129
125-127

125-128, 129

EWG see European Working Group
extenders 114
extraction 416
extrusion coating 88
extrusion molding 214

fabric softeners 314-318
fatty acids 277-278, 352-353
fatty alcohols 273, 275
fatty amines 318
fatty nitriles 311
Feldspar, flotation
fibre collapse point
fibre lignin content
fibre properties, paper
fillers, paper 129
films

see also foams
morphology 109-110

filter dyes 101-103
first-effect concentrations 526
fixation, emulsions 196-198
flexibility 438
flocculation

ceramics 205, 209-211, 213
emulsion concentrates 76, 77
foodstuffs 43, 44
nanoparticles 135
paper 129-130, 135-138, 141-142, 151
pigment dispersion 114
polymeric surfactants 381-382, 383
selective 243-245

Flory-Huggins theory 229-230, 374-375
Flory-Krigbaum theory 382
flotation 246-249, 289, 344-347
fluidization 265
fluorosurfactants 122, 291
foams

see also films
amphoterics 365, 366-367
anionic surfactants 274, 275, 280
bubble formation 255, 274
cationic surfactants 325
detergency 71-72
foodstuffs 41-42
petroleum industry
stabilizers 306

foodstuffs 39-52
cationic surfactants
environmental issues
nonionic surfactants

force fields 539-541
fracturing fluids 340
free energy

see also interfacial tension; surface tension
free rosin distributions 140
free volume theory 230
functionality tests 46
fungicides 318-321

254-256, 262-263

332-334
512

297, 307-308

gas adsorption 167-168
gas chromatography (GC) 362

GC see gas chromatography
gel phases

betaines 353
ceramics 215
drug delivery 21-23, 29
structure 476-477
surfactant-polymer systems 455-456, 462-463

gelatin 86, 97
gemini surfactants 314, 354, 385-390, 469, 496-497
gene therapy 11-12
Geography-Referenced Exposure Assessment Tool for

European Rivers (GREAT-ER) 535
Gibbs equations

adsorption 75, 76-77, 252, 389
phase rule 466, 467

Gibbs-Helmholtz equation 177
Gibbs-Marangoni effect 255
Gibbs-Thompson equation 169-170
glucamides 327
Gouy-Chapman model 222-223
graft copolymers 374, 377-384
granules 214
GREAT-ER see Geography-Referenced Exposure Assessment

Tool for European Rivers
Griffith equation 201
grinding, dispersion 114

hair care 327-328, 354, 368
hard surface cleaning 321-326, 367-368
heat treatment 245
heat-developable materials 90
heavy metal ions 288-289
Helmholtz model 222
hemimicelles 236, 237, 238
heterogeneity 40-42, 155-156, 202-203
heteronuclear Overhauser effect 546
heterophase polymerizations 181, 184, 185, 190
hexagonal phases 473, 479, 481, 492
high performance liquid chromatography (HPLC) 362,

513-514
HLB see hydrophilic-lipophilic balance
homogeneity 540
homopolymers 373-374
HPLC see high performance liquid chromatography
hydrate inhibitors 340
hydration interactions 42-43
hydrogen bonding 230, 244, 489
hydrolysis 100, 143-144, 391-397
hydrophiles 298-301
hydrophilic-lipophilic balance (HLB)

anionic surfactants 275
cationic surfactants 310
emulsions 180, 257-258
lipids 44-45, 48
paint pigments 117
spontaneous emulsification 74

hydrophobic effect 467-469
hydrophobicity

interactions 233, 428-429, 449, 452
lipids 12-13
micelles 294-297
modification 447-452, 461



556 INDEX - VOLUME 1

hydrophobizing see sizing
hydrotropes 321-323, 407-420, 500

IEP see isoelectronic point
image analysis 164-166
immunization 28
in situ particle size measurement 239
in situ -forming carrier systems 20
inclusion complexes 17
industrial syntheses see manufacture
infrared (IR) spectroscopy 163
inisurfs 401-402
initiators 194, 400
injection molding 214
inner salts 350
insulin adsorption 5
interfacial polymerization 73
interfacial tension

oil recovery 261
polymers 178
spontaneous emulsification 74-76

intermediate phases 477-479
internal sizing 138-145
International Organization for Standardization (ISO)

517
interpenetration 241 -242
inverse micellar solutions 411
inverse phases 499
inverse polymerization 180
ion adsorption 220
ion dissolution 220-221
ion exchange 61-65, 233
ion pairing 233
ionic strength 226, 240
ionic surfactants 493-497
ionization 221
IR see infrared spectroscopy
isoelectronic point (IEP) 46, 96-97, 224, 225-226,

246-248
isomorphous substitutions 221

kaolin 147
Kelvin equation 161, 168
ketals 393-394
kinetics 433-434
Klevens equation 362
Kolmogorov length 181
Kozeny-Carman relationship 152
Krafft point 45, 427-428, 468, 489
Krafft temperature see Krafft point
Krieger-Dougherty equation 151, 210

lamellar phases
see also liquid crystals
hydrotropes 411,412-414
micelle self-assembly 253
phase behaviour 481
structure 471, 472-473
vesicles 418

Langmuir equation 58
Langmuir-Blodgett (LB) films

computer simulation 538

516,

Laplace equations 168
laser-focusing techniques 165
LASs see linear alkylbenzene sulfonates
lateral interactions 236
lateral structure 543
latex 105-122
lattices 221, 401-402
LB see Langmuir-Blodgett
LC450 tests 518-519, 524-525, 530, 532
legislation 512-513
Lial process 295
lidocaine 7, 8
ligand complexation 96
light scattering

paper 129
light sensitivity 101
lignin content 125-127
ligninsulfonates 292
limited coalescence 103-104
linear alkylbenzene sulfonates (LASs) 511, 513, 521,

523-526
linearized Poisson-Boltzmann distribution 228
lipids 12-13, 44-46
liposomes 9-12
liquid bridges 44, 50
liquid crystals

agrochemical sprays 83
chemical structure 465-508
concentration effects 436
drug delivery 12, 20-21
foodstuffs 45
formation 256
hydrotropes 408-409, 411, 412-414, 415
lamellar 411, 412-414, 418, 471, 472-473, 481
lyotropic 466-467
nematic 475-476, 483-484, 489
phase behaviour 466, 472-502
surfactants 66-67, 70
vesicles 418

liquid soaps 273
liquid transport 162
liquid/liquid interface 65-67
LOEC see lowest observed effect concentration
loops 231,377-379
lowest observed effect concentration (LOEC) 519, 527
lyotropic liquid crystals 466-467
lyotropic nematic phases 475

macroemulsions 176, 177
macromolecules 15
Maltese cross textures 473
manufacturing processes

amphoterics 356-360
anionic surfactants 273-279, 282-284, 286-288, 290
betaines 352-353, 355
block copolymers 303
cationic surfactants 311-314
Gemini surfactants 386
Lial process 295
nonionic surfactants 294-297, 298-300, 302-308
OXO process 274, 295
Shell Higher Olefin Process 295
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Williamson synthesis 275, 276
Ziegler process 279, 294-295

mass action models 429
matte beads 87, 103-104
MBAS see methylene blue active substances
MD see molecular dynamics
mean field approximations 378
mechanical pulping 125
membrane emulsification 183
mercerization 337, 338, 339
mercury porosimetry 168-170
mesh mesophases 477-478, 494
mesogenic properties 490
mesophases

additives 497-502
hydrogen bonding 489
liquid crystals 465-508
lyotropic liquid crystals 466-467
meshes 477-478
ringing gels 353

metabolites 515, 519
metals

processing 512
methyl ester ethoxylates 307-308
methylene blue active substances (MBAS) 512, 513
MHC see minimal hydrotropic concentration
micelles

see also critical micelle concentration; rod-like micelles
agrochemical sprays 83
amphoterics 362-363
cationic surfactants 324
computer simulation 544-546
concentration effects 435-437
coupler dispersions 100
detergency 55-56, 59
drug delivery 15-16
Gemini surfactants 388-390
hemimicelles 236, 237, 238
inverse solutions 411
kinetics 433-434
liquid crystals 465-466, 467-472
mixed 100, 442,451-452
molecular dynamics 544-546
nonionic 440-442
phase behaviour 481
polymeric surfactants 376
self-assembly 252-254
solvent effects 434
sponge phase 439-440
structure 421-423, 431-432, 437-441, 467-472
surfactant adsorption 236-237
temperature effects 440-442
thermodynamic models 428-430

Michael addition reactions 359-360
microemulsions

see also emulsions
agriculture 73
bicontinuous 460-462, 482
condensation 184-185
detergency 68-70
drugs 7, 17
emulsion polymerization 176
formation 253, 258-259

hydrotropes 412, 414
surfactant-polymer systems 460-462

microencapsulation 73-74
microorganisms 319-320
migration, films 397
mineral flotation 246-249, 344-347
miniemulsions 176, 177, 195-196
minimal hydrotropic concentration (MHC) 409, 412
mining 344-347, 512
mixed micelles 100,442,451-452
mixed surfactants 498-499
mobility 543
modelling, Langmuir-Blodgett films 537-550
molecular dynamics (MD) 537-550
molecular recognition 244
monolayers 541-544
monomer emulsions 191 -196
multiple emulsions 73
multiple equilibrium model 429-430

nanocrystalline dispersions 91, 100-101
nanoemulsions 77
nanoparticles 135
nanoparticulate semiconductors 87
NaPA see sodium polyacrylate
necking, ceramics 207
nematic liquid crystals 475-476, 483-484, 489
neutralization flocculation 137
nitrogen-containing polymers 327
NMR see nuclear magnetic resonance spectroscopy
no observed effect concentration (NOEC) 284, 519,

526-527, 530, 532
nonionic hydrophiles 298-301
nonionic hydrophobes 294-297
nonionic micelles 440-442
nonionic surfactants 293-308

block copolymers 491-493
environmental issues 525-529
phase behaviour 480-491

nonpolar solvents 434
nuclear magnetic resonance (NMR) spectroscopy

amphoterics 361 -362
hydrotropes 412
micellization 430-431
porosity 170

nucleation 95

OECD see Organization for Economic Co-operation and
Development

oil ganglia 259, 261
oil industry see petroleum industry
oil-continuous dispersions 39
oils 499-500
oily streaks 473
oligopeptides 4-5
optical density 409-410
optical textures 472-473, 474
oral care 369
oral drug administration 8-9, 13, 18, 28
Organization for Economic Co-operation and Development

(OECD) tests 513, 518, 520, 523, 527-528, 533-534
organoclays 343-344
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ortho esters 394-395
osmosis 211-212
Ostwald ripening

dynamic swelling 191
emulsion concentrates 77-78, 79
emulsions 185-188, 191
foams 41
photography 95-96

overcoating 87
OXO process 274, 295
oxyethylene surfactants 440-442

TZ -stacking 467
packing density 211
paints 105-122, 397, 403-404
paper 123-173

absorbency 154-158, 159-162
cationic surfactants 331-332
environmental issues 512
formation 128-138
internal sizing 138-145
polymer adsorption 132-136
porosity 167-171
surface properties 155-156, 158-159, 162-166
surface treatment 146-154
wettability 154-159

paraphenylenediamines 89, 90, 93
parenteral drug administration 9-10, 19-20
Parker-Print-Surf (PPS) test 165
particle size 239
particulates 48-51, 91-92, 94-99
patch flocculation 136, 137
PB see Poisson-Boltzman theory
PCS see photon correlation spectroscopy
pearl-necklace model 447-448
PEC see predicted environmental concentrations
PEGs see poly(ethylene glycol)s
penetration

capillary 160-162
drug delivery 11
molecular dynamics 544, 545

PEO see poly(ethylene oxide)
PEO-PPO-PEO block copolymers 11, 13, 15-16, 21-25
peptization 334, 336-337
perfluorocarbon fluids 179
personal care 327-330, 344, 354, 364-369
petrol sulfonates 278
petroleum industry 251-267, 295-296, 337-341, 343-344,

512
Peyer's patches 28
PGSE NMR see pulsed gradient spin-echo nuclear magnetic

resonance
pH effects

amphoterics 350
betaine esters 396
ceramics 204-205, 215
dispersions 240
drug delivery 25-26
effects on sizing 141-142
selective flocculation 245
surface charge 221-222
thickener stability 323-324

zeta potential 225-226, 248-249
zwitterions 350, 352-353

pharmacy 3-38, 369, 418-419, 511
phase behaviour

amphiphilic drugs 7, 8
computer simulations 547-550
hydrotropes 412-414, 500
in situ-forming carrier systems 20
inversion 44, 186, 189-190, 258
ionic surfactants 493-497
liquid crystals 466, 472-502
micelles 481
nonionic surfactants 480-491
separation 43, 186, 429
surfactant-polymer systems 452-463
surfactants 67-71, 480-497
zwitterions 493

phase rule 466, 467
phosphated alcohols 285-287
phosphobetaines 354-355
phosphoric acid esters 285-289
photography 85-104, 176, 192-193
photolability 397
photon correlation spectroscopy (PCS) 381
physico-chemical processes 421-443, 515, 517-518
Pickering stabilizers 192-193
picture framing 121
pigments 108-109, 113-119, 147
plasticity 208
plastics 91, 512
PNEC see predicted no-effect concentrations
Poisson-Boltzmann (PB) theory 205, 226-228
polar solvents 434
polarizing microscopy 75, 472
polyamines 333
polycarboxylates 64-65
polydispersity index 19
polyelectrolytes 116-119, 132-136, 147-148
polyethylene oxide) (PEO) 5-6
polyglucoside surfactants 489-491
polyhydroxy surfactants 489
polyhydroxybenzenes 412
polymerization

binder-emulsion preparation 107-110
emulsions 107-110, 175-200, 288, 290-291, 400-402
inverse 180
radical 176, 196-198
surfactants 107-110, 397-405
suspensions 103-104, 176, 192-193

polymers
adsorption 132-136, 229-232, 241
bridging mechanism 136-137
drug delivery 13-14, 23, 27-29
electronically conducting 87
nitrogen-containing 327
particle interactions 43, 205-206
surfactant-polymer systems 445-463
surfactants 373-384

polyoxyethylene surfactants 287-288, 486-487, 502
polyphosphated alcohols 285-287
polysaccharides 44, 46-48
porosimetry, mercury 168-170
porosity 167-171
post-emulsified binders 111-113
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potash, flotation 347
powders 50-51, 202-203
PPS see Parker-Print-Surf test
predicted environmental concentrations (PEC) 512-513, 535
predicted no-effect concentrations (PNEC) 513, 519, 535
pressure filtration 203
proline 417
propionates 359-360
propylene oxide 300, 303-304
protein crystals 467
proteins 5, 46
pulping 125
pyrolysis 217

quasi-lattice model 378
quaternary ammonium salts

agricultural adjuvants 341-342
biocides 318-321
cleavable surfactants 395-397
cosmetics 316-317, 329-330
detergency 314-318, 327
environmental issues 530-532
manufacture 311-314
mineral flotation 345, 347
oilfields 338-340
organoclays 343-344
paper 331
thickeners 323

quinonediimines 89, 93-94

radical polymerization 176, 196-198
Raman spectroscopy 163
rayon 337, 338, 339
refractive index 114
RES see reticuloendothelial system
responsive drug delivery 24-26
retention, paper 129-130, 141-142
reticuloendothelial system (RES) 9
reverse flotation 345
reversed phases

liquid crystals 472-473, 480, 499
Rhebinder effect 79
rheology

associative thickeners 449
ceramics 208-212
dispersions 239-240
elongational 153
foams 254
foodstuffs 41
liquid crystals 466
mesophases 503
modifiers 148-149, 343
paper coatings 149-152
surfactants 338-340, 389-390

rheopexy 209
rhombohedral mesh phases 477-478, 494
ribbon phases 477-478, 495
ringing gels 353
rinse-added softeners 317
risk assessment 534-535
road construction 334-337
rod-like micelles

cationic surfactants 324
concentration 437
flexibility 438

rolling-up mechanism 59, 65-67
rosins 140-142
rotator phase 477

salting-in 407, 409-410, 500
scanning electron microscopy (SEM) 127, 170-171
schlieren nematic texture 475
SDS see sodium dodecyl sulfate
secondary ion mass spectrometry (SIMS) 163
secondary surfactants 365, 367
sedimentation 186
sedimentation potential 225
seed particles 194
segregative phase separation 453, 456-458
selective flocculation 243-245
self-emulsifiable oils 73
SEM see scanning electron microscopy
sensitization (paper) 97-98, 137
separation 59, 416-417
sequestration 288-289, 291
sewage treatment see waste-water treatment
SFA see surface force apparatus
SFF see solid freeform fabrication
shear behaviour 149-152, 208-210
Shell Higher Olefin Process (SHOP) 295
SHOP see Shell Higher Olefin Process
short-chain sulfonates 291
short-oil alkyds 113
silicates, flotation 345
silicone surfactants 122,291-292
silver halides 87-88, 90-92, 94-99
SIMS see secondary ion mass spectrometry
sizing 125, 138-145, 152-153
skin care

amphoterics 364-365, 366-367, 368
betaines 354
cationic surfactants 327-328, 344
organoclays 344

slide hopper coating 88
slip casting, ceramics 203, 212
SLNs see solid lipid nanoparticles
slurries 176
smectites, organoclays 343-344
soaps 272-273, 280
sodium dodecyl sulfate (SDS) 494
sodium polyacrylate (NaPA) 147-149
solid formulations, agriculture 73-74
solid freeform fabrication (SFF) 216
solid lipid nanoparticles (SLNs) 12-13
solid loading, ceramics 210-211
solid/liquid interfaces 58-61
solubility 46, 178, 375-376
solubilization

capacity 69
hydrotropes 409-412, 415, 418-419
micelles 431,432
surfactant-polymer systems 447

solvation shells 545
solvents

foodstuffs 43
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micellization 434
multicomponent systems 501-502
paints 119

speciality surfactants 121-122, 385-405
spin finishing 337, 338, 339
sponge phases

block copolymers 492-493
liquid crystals 482
micelles 439-440

spontaneous emulsification 74-76, 185
sprays, agriculture 80-83
stabilization

aggregation 188
coupler dispersions 99-100
dispersions 381-384
electrostatic 108
foams 306
foodstuffs 40-42
microemulsions 412, 414
Ostwald ripening 186-187
paper manufacture 130
steric 9,205,377,381-384
suspension polymerization 192-193
suspensions 209-210, 212, 213

starches, co-binders 149
static cling 317
steady shear 149-152
stereolithography 216
steric effects

stabilization 9, 205, 377, 381-384
Stern plane 224-225, 235
Stern-Graham model 223
stiff gels, ceramics 215
Stokes-Einstein equation 377
streaming potential 224-225
stress-craze inhibitors 333-334
structural viscous liquids

see also shear behaviour
stylus contact method 165
subbing layers 85
sulfobetaines 354-355
sulfochlorination 282-284
sulfosuccinates 289-291, 524-525
sulfoxidation 284
supersaturation 184
support base, photography 85
surface charge

aqueous media 220-229
flotation 246-249
molecular dynamics 545
selective flocculation 243-244

surface tension
agrochemical sprays 80-83
betaines 363-364
detergency 54-58
Gemini surfactants 388
paints 120-121
perfluorocarbon fluids 179
polymers 178
surfactant-polymer systems 445-446

surfaces
see also surface charge; surface tension
activity 4-6 , 44-48, 73, 105
modification 403-404

morphology 125
reactions 247-249
roughness 155-156, 158-159, 163-166
treatment 125, 138-145, 146-154, 245

surfactant affinity difference 258
surfactant number see critical packing parameter
surfactant systems, drug effects 6-8
surfactant-polymer flooding 259-262
surfactant-polymer systems 445-463
surfactants

see also zwitterionic surfactants
adsorption 232-238, 240-241
agriculture 73
amphipathic structure 232-233, 376
amphoteric 294, 323, 349-350, 351, 355-372, 532-534
anionic 271-292, 520-525
antifoaming agents 71-72
cationic 309-348, 529-532
cleavable 291, 390-397
commercial 484, 492
computer simulation 537-550
corrosion inhibition 263-264
cosurfactants 497-498
detergency 54-55, 58-61, 65-71
dispersions 240-241
droplet size 111-113
environmental issues 509-536
ethoxylated 107
experimental techniques 237
foams 254-256
Gemini 314, 354, 385-390, 469, 496-497
hydrophilic-lipophilic balance 180, 275, 310
hydrotropes 500
ionic 493-497
liquid crystals 465-508
mixed 498-499
molecular dynamics 537-550
nonionic 293-308, 480-493, 525-529
oil spill clean-up 264-265
paints 105-110
petroleum industry 252-256, 259-265
phase behaviour 67-71, 480-493
physico-chemical properties 421-443
polymeric 373-384
polymerizable 107-110, 397-405
secondary 365, 367
self-assembly 252-254
speciality 121-122, 385-405
surfactant-polymer systems 445-463
swelling 190
usage trends 510-511
UV-curable 403-404

surfmers (polymerizable surfactants) 107-110, 397-405
suspension polymerization 103-104, 176, 192-193
suspensions

agriculture 78-80
ceramics 203, 205, 208-212
consolidation 212-216
foodstuffs 41

suspoemulsions 73
swelling

agents 184
drug delivery systems 25
emulsions 190-191
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heterophase polymerizations 190
radical polymerization 197
surfactant-polymer systems 462-463

syntheses see manufacturing processes
synthetic sizing agents 140

tails 231, 377-379
targeted drug administration 10-11
temperature effects

drug delivery 24-25
micelles 425-428, 437, 440-442
oxyethylene surfactants 440-442

tetrapropylenebenzene sulfonate (TPS) 279
textiles 511-512
thermodynamics

drug delivery 15-23
emulsions 176-179
micellization 428-430
polymer adsorption 229-230
polymeric surfactants 374-375

thermoporosimetry 169 -170
thermotropic liquid crystals 466
thickening 148-149, 323-325
thixotropy 209, 210
threshold effect 64, 288
tilt angles 538, 542
titania (titanium dioxide) 114
toothpastes 369
topical drug administration 11, 18-19
topography, paper 163-166
toxicology

amphoterics 364-365
aquatic 518-519, 524-525, 529, 531-532, 534
surfactants 515

TPS see tetrapropylenebenzene sulfonate
train formation 231, 377-379
transport of liquids 162
transurfs 401
triglycerides 41, 296, 297
twin surfactants see Gemini surfactants

Ultra Turrax system 183
ultrasound 182-183
ultraviolet (UV) curable surfactants

vaccination, oral 28
van der Waals interactions

ceramics 203-204, 205, 207
DLVO theory 131-132
emulsion concentrates 76
liquids 42-43
molecular dynamics 539-540
pigment dispersion 115
powder systems 50

vapour transport 161
vesicles

hydrotropes 418
viscoelasticity

ceramics 210
paper coatings 151-152
thickeners 325

viscose 337, 338, 339
viscosity

403-404

see also thickening
amphoteric surfactants 365, 366-368
ceramics 209-211
dispersions 240
Gemini surfactants 390
micelle concentration 436
surfactant-polymer systems 449, 452

volume restriction interaction 382-383

Washburn equation 159-161
washing see detergency
waste-water treatment 510, 515, 517, 520, 529
water

see also aqueous systems
bridges 50
flooding 261
hardness 61-65, 272-273, 288, 314

water-borne paints 116-119
water-continuous phases 479-480
Wenzel's equation 155
wet strength, paper 145-146
wetting

agriculture 73, 78-79, 81-83
amphoterics 365
anionic surfactants 285, 288
cationic surfactants 325-326
counterions 274
crude oil 254, 255
detergency 54-58
foodstuffs 48-49
paints 119-121
paper 127-128, 142, 144, 154-159
pigment dispersion 114
sulfosuccinates 289, 290

wicking 161
Williamson synthesis 275, 276
Winsor's R ratio 258
wood preservatives 318, 320-321

X-ray photoelectron spectroscopy (XPS) 144-145, 162-163
xanthogenation 337, 338, 339
XPS see X-ray photoelectron spectroscopy

Young equation
agriculture 78-79
detergents 56
petroleum 254

zeolites 61-65
zeta potential

experimental techniques 237-238
flotation 248-249
manipulation 225-226
measurement 224-225
surfactant adsorption 235, 237-238

Ziegler process 279, 294-295
Zisman plots 120-121
zwitterionic surfactants

characterization 361-372
chemistry 349-355
emulsions 257
paints 118
phase behaviour 493
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absorption, molecular 243-244
ACRPAC see analysis of capillary rise profile around a

cylinder
adhering bubble methods 253-254
adhesion 125-126, 389-390
ADSA see axisymmetric drop shape analysis
adsorption

electrokinetics 371
measurement 435-444
thin-liquid films 416

advancing contact angles 129-130
Aerosol OT see sodium bis(2-ethylhexyl)sulfosuccinate
aerosols 9
AFM see atomic force microscopy
ageing effects 154-155
aggregati on 15-19

see also coagulation; coalescence; flocculation
AKD see alkyl ketene dimer
alcohols

bilayer solubilization 172
foaming 24
microemulsions 63, 64-66, 69

alkanethiols 99-116
alkyldimethylaminoxides (DMAOs) 196-199, 201-202,

208-210, 213
amino acids 175-177
Amonton friction 391
amphiphiles

domain morphology 303-304, 306
Langmuir-Blodgett films 80-81
liquid crystals 300
microemulsions 57-58

amphoteric surfactants
see also zwitterionic surfactants

analysis of capillary rise profile around a cylinder (ACRPAC)
268

anionic surfactants 147
antifoamers 143-157
antipercolation threshold 181 -182
AOT see sodium bis(2-ethylhexyl) sulfosuccinate
APGs see alkylpolyglycosides
aqueous polymer solutions 400-402
aqueous systems 143-156, 190-199
atomic force microscopy (AFM)

surface forces 384-388, 390-391, 395, 397, 399-400
thin-liquid films 415

attenuated total reflection (ATR) spectroscopy 101, 102
autopoiesis 50-52
axisymmetric drop shape analysis (ADSA) 253-254,

255-263, 264, 265-266
azobenzene chromophore 91

back-scatter technique 37, 39
Berthelot's (geometric mean) combining rule 127
BET see Brunauer-Emmett-Teller
bicontinuous phases

characterization 352
domain morphology 302, 303, 306, 310-315, 316-317
mesophases 302, 303, 306, 310-315, 316-321
microemulsions 351-352
phase prisms 340-342
ringing gels 204

Bikerman test 32-33
bilayers 149-150, 171-173, 199-204, 211-212

see also membranes, vesicles
binary solutions 160, 162-173
binary surfactant-water systems 166-169
Bingham solids 190, 204
biologically active molecules 106-109, 111-113
birefringence 195, 206
black films 28-29, 30, 426, 427, 431-433
block copolymers

rheology 204-205
blue laser diodes 87-89
Boltzmann distribution law 4
Boltzmann equation 373
Bragg diffraction 301
Bragg reflections 330
brewing industry 155-156
bridging

antifoaming agents 146, 149, 151
ceramics 430
measurement 402, 405

Brownian motion 3, 13, 16, 20, 365
Brunauer-Emmett-Teller (BET) isotherm 436
bubble formation 418

see also foams
bubble methods

contact angle 253-254
dynamic surface tension 227-229, 232-236
equilibrium surface tension 217, 221-223, 235

cadmium arachidate 82
calcium myristate 327
capillary phenomena

condensation 390
contact angle measurement 252, 264-266, 268, 272-274
penetration 120, 136-140
pressures 421-423, 431
rise 217,218-219

carbohydrates 17-19
Cassie-Baxter equation 132
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cathetometers 265
CBFs see common black films
cell attachment 107, 111-113
cell opening 41
cell-surface interactions 17-18
cellular foams 37
cement foams 42
centrifugation 358, 365, 367, 417
chain length 245, 248
champagne foams 416
channel defects 319
chemisorption 100-101
chiral mesophases 316
chirality 50-51
cholesterics 299-300
chromatographic retention 442-443
clays 3, 8-9
clouding

cloud point defoamers 148
curvature 338

CMC see critical micelle concentration
coagulation 15-19
cobblestone model 383, 391
cohesion 125-126
cohesion energy 269-270
collective diffusion 346-347, 350-351
columnar mesophases 308-310

see also rod-like micelles
command surfaces 91-92
commercial processes see manufacture
commercial surfactants 63-64
comminution 4-5
common black films (CBFs) 427, 431-433
competing microstructures 336-337
competitive adsorption 429
composite surfaces 131-132
compressible fluids 68
computers 89-90, 92-95
concentration effects 287-288, 347, 380
concrete foams 42
condensation 4, 5-6
condensed phases 189-190
conductivity 213, 242, 335, 438
contact angles

see also Young equation
definitions 133-134
hysteresis 129, 130-133
measurement 251-280
particle/water interface 150
temperature dependence 269, 276-277
thin-liquid films 422
wetting 119-140

contamination, films 423
copolymers

rheology 204-205
copper myristate 326
cosurfactants 63, 64, 65-66
Coulombic wells 430
counterions 246
Cox-Merz rule 211
critical micelle concentration (CMC)

see also micelles
foams 25-26, 28, 29
influencing factors 241, 245-246

measurement 239-249
micellization 190-191
non-aqueous media 246-248
self-diffusion NMR 286
surface forces 398-399
surface tension 438-439
surfactants 162-166

critical surface tension 126-127
cryo-transmission electron microscopy (Cryo-TEM) 193,

196, 198, 335, 358
crystal growth
cubic phases

domain morphology 311-314
rheology 204-205
self-diffusion 353-355
thermotropic behaviour 209

cumulant analysis 366
curvature 70-72, 160-161, 169, 301-321, 336-338, 345
cylindrical electrophoresis chambers 376-377
cylindrical micelles 193-194, 199

data processing 89-90, 92-95
DDAB see didodecyldimethylammonium bromide
de-wetting 146, 149
Debye screening length 393-395
Debye-Huckel equation 424
defects 317-319
defoamers 143, 154-155

see also antifoamers; foam breaking
deformation 388
density fluctuations 431, 432-433
deoxyribonucleic acid (DNA) 84, 85
depletion method 436
Derjaguin-Muller-Toporov (DMT) theory 389, 391
detergency
deuterium labelling 289-290
diameter axisymmetric drop shape analysis (ADSA-D) see

axisymmetric drop shape analysis
didodecyldimethylammonium bromide (DDAB) 181 -184
dielectric relaxation 11
diffusion coefficient 244
dilation 190, 206, 235, 237
dimensional analysis 274
1,2-dimyristoyl-s;y/2-glycero-3-phosphotidylcholine (DMPC)

50,51-52
Discovery space shuttle 236
disjoining pressure 417, 424-430, 431
Disorder-Open-Connected-Cylinder (DOC) model 181,

182-184
dispersions

emulsions 55-56
methodology 4-5
monolayer-protected metal clusters 113-114
solid 3-20
solubilization 159
thin-liquid films 416, 425 -426

DLS see dynamic light scattering
DLVO theory 13-15, 17, 29
DMAOs see alkyldimethylaminoxides
DMPC see l,2-dimyristoyl-s>7?-glycero-3-phosphotidylcholine
DMT see Derjaguin-Muller-Toporov theory
DNA see deoxyribonucleic acid
DOC see Disorder-Open-Connected-Cylinder model



INDEX - VOLUME 2 565

DODAB surfactant 48, 49
domain morphology 301-321
double-chain surfactants 160
double-layers 11-14
drag reduction 210
drop methods

contact angle 253-254, 255-263, 264
dynamic surface tension 230-236
equilibrium surface tension 217, 220-223, 235

droplet microemulsions 344-352
droplet sedimentation 271-272
dry wetting 122-123
Du Noiiy ring method 217, 220
Dupre equation 125-126
dye micellization 243
dye solubilization 242-243, 247-248
dynamic light scattering (DLS) 242, 247, 294-296, 357,

365-369
dynamic surface forces 388-389
dynamic surface tension 218, 225-238, 439-440

thin-liquid films 417
encapsulation
end-functionalization 105 -109
engulfment (particle behaviour) 275
entropic interactions 426-427
environmental issues
EON see equivalent ethoxy number
equation of state 127-128, 252-253, 270, 274
equilibrium contact angles 129-130
equilibrium films 28-29
equilibrium phases 56
equilibrium surface tension 217-224
equivalent ethoxy number (EON) 161
ESA see electroacoustic sonic amplitude
ether oils 67
ethoxylated alcohols 55-63, 69-70, 71-73
ethyl(hydroxyethyl)cellulose (EHEC) 401 -402
Euclidean solids 190
EWG see European Working Group
excess solubilization 178-180

eddy currents 284-285
EFF see emulsion ferrofluid techniques
EHEC see ethyl(hydroxyethyl)cellulose
Einstein relationship 350
elasticity 206
electrical behaviour

colloidal dispersions 9-13
conductivity 213, 242, 335, 438
dispersion 5

electrical double-layer 373-374
see also zeta potential

electroacoustic sonic amplitude (ESA) 379
electrokinetic potential see zeta potential
electrokinetics 371-382

see also electroosmosis; electrophoresis; sedimentation
potential; streaming potential

electrolytes
antifoaming agents 154
critical micelle concentration 246
electrostatic double-layers 393-397

electron microscopy (EM) 335-336
electronic properties 83-84, 92-95
electrooptics 89-90
electroosmosis 371-372, 375-379
electrophoresis 371-372, 375-379
electrostatics

colloidal dispersions 13-15
double-layers 424-425
solubilization 165, 185

ellipsoids of revolution 322-323
ellipsometry 443-444
EM see electron microscopy
emulsification

failure 339, 344, 351-352
emulsion ferrofluid (EFF) techniques 417
emulsion films 30-31
emulsions

see also emulsification; microemulsions
antifoaming agents 152-154
characterization 55-56
definition 4
formation 74

fatty acids 49-52, 82
ferromagnetic colloids 7
Fick's law 16, 17
films

see also foams
film pressure concept 122-123
film-dimpling 423
flotation 269
stratification 427
thin-liquid 415-433
wetting 122-123

fish-cuts, phase prisms 340
flexible surface model 336
flip-flop (transverse diffusion) 47, 50
flocculation

colloidal dispersions 15-16
definition 15-16

fluorescence quenching 281, 290-292
foam breaking 143-157
foams 23-43

bubble formation 418
characterization 415-416, 433
film rupture mechanisms 26
foaming agents 40-41
industrial materials 37-43
micellar structural forces 427-428
preparation 24-25, 40-43
stability 25-37

foodstuffs
foam breaking 155-156
foams 24-27,43

force methods 217-221
fractional amino acid transfer 176-177
fragmentation fractal dimension 360
free energy 121-134

see also interfacial tension; surface tension
freeze-fracture technique 335, 353
frequency doubling 88-89
frictional forces 390-392
fringes of equal chromatic order (FECO) interferometry 384
froth 25
funnel-shaped test 33-34
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gas-filled polymer foams 38, 40
gel phases

definition 4
domain morphology 307-308
foam stabilization 27
rheology 204
vesicle bilayers 46-47

gel-like networks 430
genus concept 304-306, 314
geometric mean combining rule 127
Gibbs elasticity 27-28, 235
Gibbs equations

adsorption 242
solubilization 164

Gibbs free energy 122
Gibbs triangle 57-60
Gibbs-Marangoni effect 27-28
Girifalco-Good-Fowkes-Young equation 129
globules 304, 306, 310, 316
gold 3 ,4 ,6 ,99 -116
goniometer-telescopes 254, 260-262, 263
goniometry 357, 368
Gouy-Chapman model 373-374, 375
Gouy-Chapman-Stern-Grahame model 380
granules 269-277
grazing incidence X-ray diffraction 80, 82
Guinier approximation 362

haematite 7
Hagen-Poiseuille equation 272
Hamaker theory 392
hard-sphere radius 346
head space measurement 35
head-group overlap 426-427
heat of immersion 269
Helfrich forces 429
Helmholtz free energy 122
Helmholtz-Smoluchowski equation 374-375
heterogeneity 130
hexagonal mesophases 308-309
hexagonal phases 167, 308-309
hexamethyldisiloxane (HMDSO) 380-381
HLB see hydrophilic-lipophilic balance
HMDSO see hexamethyldisiloxane
homogeneity 314, 321-323, 330
honeycombs 316
Hookean solids 190, 194
Hooke's law 387
hydration interactions 394
hydrocarbon radius 345-346, 348
hydrodynamic forces 375, 380-382, 388-389, 417
hydrodynamic radius 334, 346, 347, 368-369
hydrolysis 6-7
hydrophilic-lipophilic balance (HLB)

microemulsions 61, 63, 69
solubilization 161, 167

hydrophobic effect 240
hydrophobicity

foams 151-152
interactions 430
micelles 162

hyperpolarizability 87-88
hysteresis 268, 401

image analysis 35, 36
immersional wetting 126
indifferent adsorption 429
indifferent ions 10
industrial materials 37-43
infrared (IR) spectroscopy 101-102, 105-106
inhomogeneous surfaces 129-130, 135-136
integrated circuits 93-95
intensity-weighted distribution 362, 366
interfacial curvature 301-321
interfacial tension

definition 121
measurement 218-223, 225-226, 230-232, 235,

258-260
microemulsions 70, 72-73
sedimentation volume 269-270
wetting thermodynamics 127 -129

interference microscopy 263-264
interferometry 384-385
intermediate phases 316-317
ionic surfactants 64-66, 165-166
ionization 371

Johnson-Kendall-Roberts (JKR) theory 388, 389-390, 391
Jonsson model 165-166

kaolinite 8-9
kinetics 55
Krafft point 245
Krafft temperature see Krafft point
kugelschaum, foaming 24-25

LAC see limiting association concentration
lamellae lifetime measurement 37
lamellae profiles 422
lamellar phases

see also liquid crystals
bilayer solubilization 171-173
domain morphology 307, 308, 316
phase prisms 340-341
rheology 199-204
rigid interface solubilization 185
shear behaviour 211-214
smectics 300, 307, 315

lamellar structural forces 428-429
laminar flow 18
Langmuir-Blodgett (LB) films 79-98

command surfaces 91-92
deposition 80-83, 85
historic perspective 99
molecular electronics 92-95
nanoparticles 83-84
nonlinear optical devices 85-90
sensors 90-91
surface forces 392, 396, 403-404

lanthanum myristate 329
lanthanum palmitate 329
Laplace equations 121, 252, 272, 421, 422
laser light 86-89
latex 8
LB see Langmuir-Blodgett
lead myristate 328
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life, origins 50
Lifshitz theory 390, 392, 425-426
light scattering

see also goniometry; static light scattering
CMC determination 242, 247
droplet microemulsions 349
dynamic 242, 247, 294-296, 357, 365-369
micelle size/shape 281, 294-296
microemulsions 335
particle size 357-370
small-angle 357, 362, 364-365
thin-liquid films 417

limiting association concentration (LAC) 165
lindane 178-184
line tension approach 123 -124
liposomes 45, 49-50
liquid crystals

foam stabilization 29-30
Langmuir-Blodgett films 82, 91
lyotropic 299-338
nematic 82, 299-300
smectics 300, 307, 315
solids/melts 299-301
solubilization 166-169, 173
vesicle bilayers 46-47

liquid magnets 7
LOEC see lowest observed effect concentration
low shear viscosity 349-350
lyotropic liquid crystals 299-338

MAC see maximum additive concentration
magnetic properties

colloids 246
Langmuir-Blodgett films 84
liquids 7

Maltese cross textures 308
Marangoni flow 27-28, 146, 230
MASIF see measurement and analysis of surface interactions

and forces
mass action models 163-164
mass-weighted distributions 359
maximum additive concentration (MAC) 163, 166, 170-171
maximum bubble methods 217, 223, 227-229, 440
Maxwell model 194-195
measurement and analysis of surface interactions and forces

(MASIF) 384-388, 406
melts, liquid crystals 299-301
membranes 46, 49-52, 171-173
meniscus formation 136-137
meniscus height 82-83
meniscus radii 421
mesh mesophases 302, 305-306, 315-316
mesomorphism 300, 302
mesophases

bicontinuous 302, 303, 306, 310-315, 316-317
columns 308-310
cubic 311-314
gels 307-308
hexagonal 308-309
lamellar 307, 308, 316
lyotropic liquid crystals 299-338
meshes 302, 305-306, 315-316
molten 318-319

morphology 301-321
polycontinuous 316-317
ribbons 309-310
ringing gels 204
smectics 300, 307, 315

metals
clusters 113-114
foams 41-42
ion hydrolysis 6-7
nanoparticles 83-84, 113-114

micelles
see also critical micelle concentration; rod-like micelles
antifoaming agents 148
aqueous solutions 190-192
cylindrical 193-194, 199
foam films 427-428
non-aqueous media 246-248
reversed 169-171, 174-177, 181-184
self-assembly 239-241
self-reproduction 50
size/shape measurement 281-297
solubilization 162-169
stability 148
structure 162
vesicle comparison 45

Michelson optics 264
microcellular plastic foams 40
microdomains 173
microemulsions 55-77

see also emulsions
antifoaming agents 152-153, 154
applications 13-1A
bicontinuous 351-352
characterization 333-356, 364
definitions 56
Disorder-Open-Connected-Cylinder model 181
domain morphology 302, 317-319
droplet 344-352
formation 56, 68-70
interfacial tensions 70, 72-73
ionic surfactants 64-66
mesophases 300
microstructures 70-72, 342-344
mixed surfactants 63-64, 66-67
nonionic surfactants 57-64, 66-67
phase behaviour 57-70, 178, 338-342, 344-345
relaxation NMR 290
reversed 9
scattering techniques 293
soft surfactant systems 174-181
solubilization 169-171, 173, 174-185
stiff surfactant systems 181-185

microinterferometry 419-420
microparticle electrophoresis chambers 375
micropipets 417
microscopic study 34-35
microstructures 342-344
middle mesophases 308-309
Mie theory 362-365
mixed films 30
MLVs see multi-lamellar vesicles
mobility 375-377
moist wetting 122-123
molal volume 244
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molecular absorption 243-244
molecular dimensions 323-332
molecular electronics 92-95
molten mesophases 318-319
monodisperse particles 6
monolayer-protected clusters (MPC) 113-114
monolayers 80-82, 99-116, 146, 147
morphology 301-321
motorized syringe methods 258
multi-lamellar vesicles (MLVs) 45-46

nanoassembly computers 93-95
nanoparticles 83-84, 113-114
Navier-Stokes equation 371-372, 374
NBFs see Newton black films
neat mesophases (smectics) 300, 307, 315
nematic liquid crystals 82, 299-300
neutron scattering see small-angle neutron scattering
Newton black films (NBFs) 29, 30, 426, 427
Newtonian liquids 190, 192-194
NLO see nonlinear optical
nonaqueous media 67, 246-248
noninteracting micelles 191-192
noninteractive adsorption 429
nonionic surfactants

microemulsions 57-64, 66-67
solubilization 166-169

nonlinear optical (NLO) devices 85-90
non-Newtonian fluids 19-20
nonpolar solvents 67, 246-248
nonpolar surfaces 396-398
nonwetting surfaces 121
nuclear magnetic resonance (NMR) spectroscopy

calibration 283-284
intermediate mesophases 316
micelle shape/size 281 -290
microemulsions 334-335, 347, 349
pulsed gradient spin-echo 282, 284-286, 288-289
relaxation 281-282, 289-290, 334-335, 347
self-diffusion 281-289, 302, 334

nucleation 5-6, 416, 431
null ellipsometry 443
number-weighted distributions 359

o/w see oil-in-water
oblate ellipsoids of revolution 322-323
oblate micelles 286-287
oil-in-water (o/w) microemulsions 55-74, 177-181,

184-185
oil-swollen lamellar phases 185
oils 145, 147, 148-149, 151-154
oligoethylene oxide surfactants 337-338
open-cell structures 41
optical fibre probes 35, 38
optical storage devices 87
ordered phases 307-317
organic monolayers 79-98,99-116
origins of life 50
orthokinetic coagulation 18-19
oscillating jet method 229-230
oscillatory force profiles 399-400

osmometry 244, 247
osmosis 349, 417
oversize fraction 359

palisade layer 162
paper

foam breaking 143, 145
parachute morphology 49
partial molal volume 244
partial wetting 121
particle size 357-370
particle suspension layer stability 271-272
particulates 150-152, 153
Pascalian liquids 190
patterned self-assembling monolayers 109-113
PB see Poisson-Boltzman theory
PEGs see poly(ethylene glycol)s
pendant drop method 217, 221-222, 233
penetration

capillary 120, 136-140
surfactant aggregates 166-168

PEO-PPO-PEO block copolymers 168, 204-205
peptization 3
Percus-Yevick approximation 205
peristaltic forces 426
Perrin black films see Newton black films
PGSE NMR see pulsed gradient spin-echo nuclear magnetic

resonance
pH effects

electrokinetics 372, 376-377, 380
fatty acid vesicles 49
particle mobility 376-377
zeta potential 380-381

phase behaviour
foam stabilization 31
inversion 61, 338
microemulsions 57-70, 178, 338-342, 344-345
separation 40
transition temperature 46-47, 50-52

phase prisms 339-342
phospholipid bilayers 45, 46-47, 49-52
photochromism 91 -92
photomicroscopy 275-276
photonic devices 85-90
plasma polymerization 380-381
plastics 37-38, 40-41
plate methods 236-237
point of zero charge (PZC) 9-10
Poiseuille approximation 227
Poisson-Boltzmann (PB) theory 12-13, 202-203,

373-374, 393-396, 424
polar interactions 129
polar layer 162
polar surfaces 394-396, 398-399
polarization (optical) 86, 367
polarized attenuated total reflection infrared spectroscopy

101, 102
polycontinuous mesophases 316-317
polydimethylsiloxanes 145
polydispersity 18, 199-202
polydispersity index 359, 363-364
polyederschaum, foaming 24-25
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polyelectrolytes 402-404, 429
polyethylene glycol)s (PEGs) 106-107, 381-382
polymerization

plasma 380-381
vesicles 49

polymers
foam stabilization 26
latex dispersions 8
microemulsion additives 67-68, 69
patterned self-assembling monolayers 111
plastic foams 37-38, 40-41, 42
wetting 126-127

polyurethane foam 38, 41, 42
porosity 120, 136-140, 269-277
porous disc holders 418
potentiometry 438
powders 136, 138-140, 269-277
prebiological phases 50
precursor films 135
pressure drop technique 35-36
pressure effects 62, 68, 69, 246
pressure methods 217, 223, 227-229, 234-236
probing aggregation 368-369
profile axisymmetric drop shape analysis (ADSA-P) see

axisymmetric drop shape analysis
prolate ellipsoids of revolution 322-323
prolate micelles 286-287
proteins 106-109, 401
protolysis 9-10
protrusion 397, 427
pseudo-binary phase diagrams 178-179
pseudo-emulsions 30-31, 152-154
pseudo-phase model 163, 173
pulsed gradient spin-echo nuclear magnetic resonance (PGSE

NMR) 282, 284-286, 288-289
puncture defects 319
PZC see point of zero charge

quasi-equilibrium 400
Quemada function 349, 351

radius of gyration 295
Rayleigh limit 349, 361-362
Rayleigh-Debye-Gans (RDG) approximation 362, 363, 368
reaction rates, vesicles 50
receding contact angles 129-130, 150
rectangular electrophoresis chambers 377-378
reflected-light interferometry 419
reflected-light video microscopy 419
refractive index 242, 420, 437
rejection (particle behaviour) 275
relaxation, NMR 281-282, 289-290, 334-335, 347
repulsion forces 429
restricted equilibrium 400
reversed phases

micelles 169-171, 174-177, 181-184
microemulsions 9

rheology
colloidal dispersions 19-20
dilational 237
surfactants 189-214

rheopexy 190, 206
ribbon phases 309-310
ring methods 236-237
ringing gels 204
robust beer foams 416
rod-like micelles

birefringence 195, 206
domain morphology 304, 306, 308-310
rheology 193-199
shear behaviour 206 - 210

Ross-Miles pour test 34
rotor mixers 34, 35
rough surfaces 129-130
rupture, films 431
Saccharomyces cerevisiae (yeast) 112

SALS see small-angle light scattering
salts, microemulsions 62, 64-66, 69
SAMs see self-assembling monolayers
SANS see small-angle neutron scattering
SAXS see small-angle X-ray scattering
Scheludko cells 418
Schulze-Hardy rule 17
SDS see sodium dodecyl sulfate
secondary black films see Newton black films
sedimentation 358, 365
sedimentation potential 371, 379
sedimentation volume 269-271, 273
self-assembling monolayers (SAMs) 99-116
self-diffusion

cubic phases 353-355
droplet microemulsions 350-351
microemulsions 342-344, 346-347
NMR 281-289, 302, 334
sponge phases 352-355

self-reproduction 50-52
semiconductors 83-84, 93-95
sensors, Langmuir-Blodgett films 90-91
serum replacement method 440-442
sessile drop methods 217, 221-222, 253-254, 257-258
SEA see surface force apparatus
shape methods 217, 221-223, 232-234
shape parameters, mesophases 331, 332
shear behaviour 205-214, 349-350
shear moduli 202-204
shear planes 374-375
Shinoda-cuts, phase prisms 340
Siegert relation 295, 365
silica, colloidal 7-8
single-lamellar vesicles (SLVs) 45-46
single-particle counting 358
single-phase fluids 159
'slip-stick' patterns 260-261
SLS see static light scattering
SLVs see single-lamellar vesicles
small-angle light scattering (SALS) 357, 362, 364-365
small-angle neutron scattering (SANS)

mesophases 301, 316
micelles 281, 292-294
microemulsions 71-72, 335, 347-349, 358
rheology 205, 206, 211-212
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small-angle X-ray scattering (SAXS)
mesophases 301, 316
micelles 281,292-294
microemulsions 335, 358
rheology 211

'Smart' surfaces 91-92
smectics 300, 307, 315
soaps 440
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) 65-67, 248,

364, 366-367
sodium chloride 62, 64-66
sodium dodecyl sulfate (SDS) 241, 426, 427
soft surfactant systems 174-181
sol, definition 4
solid dispersions

aggregation processes 15-19
electrical properties 9-13
rheology 19-20
stability 5, 9, 13, 15
synthesis 4 -9

solidification fronts 274-277
'solloids' 397
solubilization

antifoaming agents 147-148
binary solutions 160, 162-173
definition 159
Jonsson model 165-166
limit 345
micelles 162-165
organic compounds 246
soft surfactant systems 174-181
steric effects 166-169
stiff surfactant systems 181 -184
ternary systems 173-184
water-in-oil microemulsions 169-171, 174-177,

181-184
solutions, spreading behaviour 136
solvents

diffusion 288
exchange model 172
surface forces 404-407

space partitioners 316-317
Sparge tube technique 32-33
spatial fluctuations 431-432
specific surface area 360
spinning drop method 217, 222-223
spinodal decomposition 416, 431
sponge phases

characterization 352-355
domain morphology 302, 305-306, 316, 317-319
liquid crystals 300
phase prisms 340-342

spontaneous curvature 70-72, 160-161, 169
SPR see surface plasmon resonance
spreading 124-126, 134-136, 146, 149-150
spring deflection 385-387
SSFQ see -ieady-state fluorescence quenching
stabilization

common black films 431-433
foams 25-37
micella. 148
thin-liquid films 416-417, 426, 430

stalagmometers 230-231
static light scattering (SLS)

CMC determination 242, 247
micelle shape/size 294-296
microemulsions 349
particle size 357, 360-365, 368-369

steady-state fluorescence quenching (SSFQ) 281, 290-292
steric effects

forces 397, 405, 424, 426-427
solubilization 166-169

'sticky' contacts 208, 210
stiff surfactant systems 181 -185
Stokes-Einstein equation 230-231, 347, 366
stratification 29, 30
streaming potential 371-372, 379
stretching (antifoaming agents) 146, 149
strontium myristate 325
structural inversion 342-344
structural viscous liquids 190

see also shear behaviour
sugars 171-172
supercritical fluids 68
superlattices 83
superspreaders 149 -150
suprafluid liquids 190
supramolecular forces 427-430
supramolecular structuring 424
surface charge

electrokinetics 371-382
surface force apparatus (SFA) 384-385, 390-391, 415, 428
surface plasmon resonance (SPR) 102, 103
surface tension

CMC determination 241-242
component approach 128-129
contaminant detection 163
definition 121
dynamic 225-238
equilibrium 217-224
film flotation 269
gradients 150
measurement 217-224, 225-238, 438-442
sedimentation volume 273
solidification fronts 274-277
wetting 126-127

surfaces
see also surface charge; surface tension
conduction 11-13
depletion 429
genus concept 304-306, 314
geometry 387-388
separation measurement 385-387
surface-surface interactions 383-414
viscosity 27, 147

surfactant films 336, 354
surfactant monolayer model 173
surfactants

see also zwitterionic surfactants
adsorption 436-444
anionic 147
antifoaming agents 147, 149
aqueous solutions 190-191
commercial 63-64
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concentration measurement 436-444
cosurfactants 63, 64, 65-66
emulsions 55
ionic 64-66
microemulsions 55-74
nonionic 57-64, 66-67, 166-169
rheology 189-214
shear behaviour 205-214
solubilization 159-186
structure 245
surface forces 397-404
thin-liquid films 415-417
vesicles 45, 48

suspension layer stability 271-272
suspensions

definition 4
swelling

domain morphology 319-321, 323
exponents 331
surfactant aggregates 166-168

syneresis 3
synergistic effects 151 -152, 429

Tanford's formulae 303
Tanner's law 134
temperature effects

contact angle 269, 276-277
critical micelle concentration 246
liquid crystals 300
microemulsions 60-70,71-72
nuclear magnetic resonance 284
vesicle phase transition 46-47, 50-52

tensiometry 217-224, 225-238
ternary systems 160-161, 173-185
TFB see thin-film balance
thermodynamics

microemulsions 56
vesicles 48-49
wetting 120, 121-134

thermoplastic foams 40
thermotropic liquid crystals 300
thin-film balance (TFB) method 36, 39, 417-424
thin-liquid films 415-430, 431-433
thixotropy 190
three-phase contact lines 259-260, 265-266
time-resolved fluorescence quenching (TRFQ) 281,

290-292
titration, soaps 440
topology 301,314,316-321
transition (particle behaviour) 275-276
transverse diffusion (flip-flop) 47, 50
TRFQ see time-resolved fluorescence quenching
Triton X-n solutions 228
turbulent flow 18-19

ultracentrifugation 367
ultrasound 155-156, 244
ultraviolet (UV) spectroscopy
undersize fractions 359
undulation forces 426

437-438

unilamellar vesicles see single-lamellar vesicles

van der Waals interactions
colloidal dispersions 13-15, 16-17
measurement 392
sedimentation 269, 272
thin-liquid films 424
wetting thermodynamics 127, 128

vapour phase methods 9
vapour pressure osmometry 244, 247
vesicles

antifoaming agents 149-150
autopoiesis 50-52
bilayer solubilization 171-173
fatty acids 49-50
formation 47-49
phase structure/transition 46-47
polymerization 49
rheology 200-204, 211-213

viscoelasticity
measurement 388-389
rheology 190, 193-198

viscosity
antifoaming agents 147
CMC determination 244
colloidal dispersions 19-20
dilational 235
foam stabilization 26, 27
microemulsions 335
rheology 192-199
shear behaviour 206-207, 211

visible spectroscopy 437-438
volatility of liquids 122-123
volume fraction 345-346, 349-350

w/o see water-in-oil
Washburn equation 138-139, 272
water

see also aqueous systems
solubilization 169-171

water-in-oil (w/o) microemulsions 169-171, 174-177,
181-184

waveguide format 88, 89
Weaver-Bertucci equation 143-144
wedge model 180-181
wetting 119-142

capillary penetration 136-140
imperfect solid surfaces 129-134
Langmuir-Blodgett films 82-83, 91-92
porous surfaces 138-140
solid surfaces 126-129
spreading 124-126, 134-136
tension 126
thermodynamics 120, 121-134
thin-liquid films 431

wicking 120, 132
Wilhelmy plate method 217-218, 219-220, 267-269
Winsor equilibria, emulsification failure 161, 178, 351-352

X-ray photoelectron spectroscopy (XPS) 105-106
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X-ray reflectivity 427
X-ray scattering see small-angle X-ray scattering
XPS see X-ray photoelectron spectroscopy

yeast {Saccharomyces cerevisiae)
Young equation

background 120, 133-134, 252
modification 122-131
porous solids 74, 138-139

112

Young-Laplace equation 219, 222-223

zeta potential
electrokinetics 374, 380-381

Zimm plots 295
zirconium myristate 327
zwitterionic surfactants

critical micelle concentration 245
rheology 196-199, 201-202, 208-210, 213



Cumulative Index

a-crystalline phase VI 477
a-olefinesulfonates VI 276-277
a-sulfo fatty acid methylesters VI 277-278
ab initlo polymerizations VI 194-195
absorbency VI 138-139, VI 154-158, VI 159-162
absorption, molecular V2 243-244
acetals VI 391-393
acid fracturing VI 263
acid-base interactions VI 233
ACRPAC see analysis of capillary rise profile around a

cylinder
additives, phase behaviour VI 497-502
adhering bubble methods V2 253-254
adhesion VI 157-158, VI 334-336, V2 125-126, V2

389-390
adjuvants VI 341-342
ADSA see axisymmetric drop shape analysis
adsorbable organic halogen (AOX)-containing substances

VI 284
adsorption

adsorbed films VI 252, VI 253
adsorber dyes VI 101-103
adsorption isotherms VI 167-168, VI 379-380
competitive VI 105-107
detergency VI 58-61
electrokinetics V2 371
experimental techniques VI 237, VI 381
measurement V2 435-444
paper manufacture VI 132-136
polymeric surfactants VI 377-384
sensitizing dyes VI 98
surfactants VI 232-238, VI 240-241
thin-liquid films V2 416

advancing contact angles V2 129-130
AEEA see aminoethylethanolamine
aerobic batch tests VI 516-517
Aerosol OT see sodium bis(2-ethylhexyl)sulfosuccinate
aerosols VI 15, V2 9
AFM see atomic force microscopy
ageing effects V2 154-155
agglomeration VI 79, VI 114, VI 206-208, VI 239
aggregate, roads VI 334
aggregation VI 79, VI 186, VI 188, VI 445-447, V2

15-19
see also coagulation; coalescence; flocculation

agriculture VI 73-83, VI 341-342
agrochemicals VI 80-83
AKD see alkyl ketene dimer
alcohol ethoxylates VI 301-302
alcohols

bilayer solubilization V2 172

foaming V2 24
microemulsions V2 63, V2 64-66, V2 69
nonionic hydrophobes VI 294-296

algicides VI 318-321
alkane sulfonates VI 282-285
alkane thiols V2 99-116
alkanolamides VI 306-307
alkenyl succinic anhydride (ASA) VI 141, VI 143-144
alkyd emulsions VI 113, VI 402-403
alkyl chain length VI 484-488
alkyl ketene dimer (AKD) VI 141, VI 142-144, VI 158
alkyl yV-methylglucamides VI 305
alkyl quaternary ammonium salts VI 311-312, VI 314, VI

315-316, VI 318, VI 329-330
alkylamines VI 328
alkylbenzene sulfonates VI 278-282
alkyldimethylaminoxides (DMAOs) V2 196-199, V2

201-202, V2 208-210, V2 213
alkylene oxides VI 296
alkylether carboxylates VI 275-276
alkylether sulfates VI 275, VI 524-525
alkylglucosides VI 392-393
alkylphenol ethoxylates (APEOs) VI 302-303, VI

528-529
alkylphenols VI 296
alkylpolyglucosides VI 409
alkylpolyglycosides (APGs) VI 304, VI 529
alkylsulfates VI 273-275, VI 524-525
AMBER force field VI 539-540, VI 541, VI 545
amidopropylamines VI 327
amine ethoxylates VI 307
amine oxides VI 305-306, VI 324, VI 325-327
amines VI 297
amino acids V2 175-177
aminoethylethanolamine (AEEA) VI 356-359
Amonton friction V2 391
amorphous dispersions VI 91
amphipathic structure VI 232-233, VI 376
amphiphiles

see also hydrophobes; surfactants
domain morphology V2 303-304, V2 306
drugs VI 4, VI 7
Langmuir-Blodgett films V2 80-81
liquid crystals V2 300
microemulsions V2 57-58

amphitropic mesophases VI 496
amphoacetates VI 349-350, VI 356-359
amphoteric surfactants VI 294, VI 323, VI 349-350, VI

351, VI 355-372, VI 532-534
see also zwitterionic surfactants

anaerobic testing VI 515, VI 517
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analysis of capillary rise profile around a cylinder (ACRPAC)
V2 268

anchoring VI 140, VI 205, VI 374, VI 377-378, VI 383
anion-active sequestrents VI 291
anionic surfactants VI 271-292, VI 520-525, V2 147
antifoamers VI 71, VI 263, V2 143-157
antipercolation threshold V2 181-182
antisettling agents VI 79-80
antistat layers VI 86-87
antithixotropy VI 209
AOT see sodium bis(2-ethylhexyl) sulfosuccinate
AOX see adsorbable organic halogen-containing substances
APEOs see alkylphenol ethoxylates
APGs see alkylpolyglycosides
aquatic toxicity VI 518-519, VI 524-525, VI 529, VI

531-532, VI 534
aqueous dispersions VI 39
aqueous injection moulding VI 216
aqueous polymer solutions V2 400-402
aqueous systems V2 143-156, V2 190-199
ASA see alkenyl succinic anhydride
asphalt see bitumen
asphaltic emulsions VI 265
assessment criteria VI 514-520
associative phase separation VI 453, VI 456-458
associative thickeners VI 105-107, VI 449
atomic force microscopy (AFM)

dispersions VI 242
latices VI 109-110
paper VI 127, VI 149, VI 165, VI 166
surface forces V2 384-388, V2 390-391, V2 395, V2

397, V2 399-400
surfactant migration VI 398
thin-liquid films V2 415

attenuated total reflection (ATR) spectroscopy V2 101, V2
102

autophobicity VI 142
autopoiesis V2 50-52
autoxidation VI 398-399
axisymmetric drop shape analysis (ADSA) V2 253-254, V2

255-263, V2 264, V2 265-266
azobenzene chromophore V2 91

back-scatter technique V2 37, V2 39
bactericides VI 318-321
barrier coatings VI 152-154
batch polymerizations VI 194-195
batch tests VI 516-517
Bendtsen test VI 165
Berthelot's (geometric mean) combining rule V2 127
BET see Brunauer-Emmett-Teller
betaines VI 349-355, VI 363-364, VI 396-397, VI 533
BiAS see Bismuth active substances
bicontinuous phases

aggregates VI 473, VI 475, VI 477-478
characterization V2 352
domain morphology V2 302, V2 303, V2 306, V2

310-315, V2 316-317
liquid crystals VI 473, VI 475, VI 477-478, VI 482
mesophases V2 302, V2 303, V2 306, V2 310-315, V2

316-321
microemulsions VI 460-462, VI 482, V2 351-352
phase prisms V2 340-342

ringing gels VI 353, V2 204
Bikerman test V2 32-33
bilayers V2 149-150, V2 171-173, V2 199-204, V2

211-212
see also membranes, vesicles

binary solutions V2 160, V2 162-173
binary surfactant-water systems V2 166-169
binder burnout VI 216-217
binder-emulsion preparation VI 107-110
binders VI 111-113, VI 116, VI 149
Bingham solids VI 208-209, V2 190, V2 204
bio-surfactants VI 521
bioaccumulation VI 515, VI 520
bioadhesion VI 14
bioavailability VI 8-9
biocides VI 318-321, VI 333-334, VI 360
biodegradability

amphoteric surfactants VI 532-534
anionic surfactants VI 279, VI 521-524
cationic surfactants VI 531
cleavable surfactants VI 391, VI 394, VI 395
drug delivery systems VI 26-30
legislation VI 512-513
nonionic surfactants VI 527-529
surfactants VI 509-510, VI 515-517

biologically active molecules V2 106-109, V2 111-113
biomagnification VI 515, VI 520
biostatic activity VI 319-320
birefringence V2 195, V2 206
bis-surfactants see Gemini surfactants
bismuth active substances (BiAS) VI 513, VI 527
bitumen VI 265, VI 334-337
black films V2 28-29, V2 30, V2 426, V2 427, V2

431-433
bleaching VI 125
block copolymers

adsorption VI 374, VI 377-384
drug delivery VI 8, VI 11, VI 13, VI 15-16, VI 21-25
nonionic surfactants VI 303-304, VI 491-493
rheology V2 204-205

blood substitute formulations VI 9
blooming VI 116
blue laser diodes V2 87-89
Boltzmann distribution law V2 4
Boltzmann equation V2 373
boundary conditions VI 227, VI 540
Bragg diffraction V2 301
Bragg reflections V2 330
Bragg-William approximations VI 378
brewing industry V2 155-156
Brewster-angle microscopy VI 538
bridging

antifoaming agents V2 146, V2 149, V2 151
ceramics V2 430
flocculation VI 136-137, VI 205
measurement V2 402, V2 405

brightening VI 125
Bristow wheel VI 160
Br0nsted acidity VI 231-232
Brownian motion V2 3, V2 13, V2 16, V2 20, V2 365
Brunauer-Emmett-Teller (BET) isotherm VI 167-168, V2

436
bubble formation VI 255, VI 274, V2 418

see also foams
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bubble methods
contact angle V2 253-254
dynamic surface tension V2 227-229, V2 232-236
equilibrium surface tension V2 217, V2 221-223, V2 235

builders VI 54, VI 61, VI 65, VI 288

CAC see critical association concentration
cadmium arachidate V2 82
calcium, detergency VI 61-65
calcium carbonate VI 147
calcium myristate V2 327
cancer therapy VI 9-10
capillary phenomena

condensation VI 161-162, V2 390
contact angle measurement V2 252, V2 264-266, V2

268, V2 272-274
dynamics VI 159-160
penetration V2 120, V2 136-140
pressures V2 421-423, V2 431
rise V2 217, V2 218-219

carbohydrates VI 300-301, V2 17-19
carboxybetaines VI 350-354
carrier effect VI 64
Cassie-Baxter equation V2 132
casting VI 203, VI 212-213, VI 215-216
cathetometers V2 265
cationic surfactants VI 309-348, VI 460, VI 529-532
CBFs see common black films
cell attachment V2 107, V2 111 — 113
cell opening V2 41
cell-surface interactions V2 17-18
cellular foams V2 37
cement foams V2 42
centrifugal casting VI 212
centrifugation V2 358, V2 365, V2 367, V2 417
ceramics VI 201-218
chain length VI 297, VI 302, V2 245, V2 248
chain lubricants see conveyor lubricants
chain scission VI 217
chain-chain interactions VI 236
champagne foams V2 416
channel defects V2 319
charge regulated surfaces VI 227-228
charge-stabilized particles VI 136-137
CHARMM force fields VI 545
chelating agents VI 332
chemical flooding VI 259-262
chemical interactions VI 236
chemical pulping VI 125
chemically heterogeneous dispersions VI 40-42
chemically homogeneous dispersions VI 40
chemisorption VI 248, V2 100-101
chiral mesophases V2 316
chirality V2 50-51
cholesterics V2 299-300
chromatographic retention V2 442-443
clathrate hydrates VI 468
clays V2 3, V2 8-9
clean-up, oil spills VI 264
cleansing see detergency
cleavable surfactants VI 291, VI 390-397
clouding

cloud point defoamers V2 148

curvature V2 338
detergency VI 69
hydrotropes VI 321-322, VI 414, VI 415
liquid crystals VI 480-481
nonionic surfactants VI 485-488
oxyethylene surfactants VI 442
surfactant-polymer systems VI 454-456, VI 463

CMC see critical micelle concentration
coagulation V2 15-19
coalescence VI 106
coatings VI 29-30, VI 146-154
cobblestone model V2 383, V2 391
cobinders VI 148-149
cobuilders VI 64-65
cohesion V2 125-126
cohesion energy V2 269-270
cold isostatic pressing VI 214
collective diffusion V2 346-347, V2 350-351
collectors, flotation VI 246-249
colloidal processing VI 203
colloidal silver VI 91, VI 92
columnar mesophases V2 308-310

see also rod-like micelles
command surfaces V2 91-92
commercial processes see manufacture
commercial surfactants VI 484, VI 492, V2 63-64
comminution VI 180-184, VI 190-191, VI 193, V2 4 -5
common black films (CBFs) V2 427, V2 431-433
compaction of DNA VI 460
competing microstructures V2 336-337
competitive adsorption VI 105-107, VI 109, V2 429
complexation VI 61-65, VI 96
composite surfaces V2 131-132
compressible fluids V2 68
compression rheology VI 211-212
computer simulation VI 537-550
computers V2 89-90, V2 92-95
concentration effects VI 435-437, V2 287-288, V2 347,

V2 380
concentration profiles VI 542, VI 544
concrete foams V2 42
condensation VI 184-185, VI 190-191, V2 4, V2 5-6
condensed phases V2 189-190
conditioning VI 327-328
conductivity VI 87, V2 213, V2 242, V2 335, V2 438
conformation VI 377-381, VI 543, VI 545
consolidation VI 41, VI 124-125, VI 212-216, VI 239,

VI 240
constant charge surfaces VI 227
constant potential surfaces VI 227
consulate point VI 488
contact angles

see also Young equation
crude oil VI 254, VI 255
definitions V2 133-134
hysteresis V2 129, V2 130-133
measurement V2 251 -280
particle/water interface V2 150
temperature dependence V2 269, V2 276-277
thin-liquid films V2 422
wetting V2 119-140

contamination, films V2 423
conveyor lubricants VI 332-334
cooperative binding VI 447, VI 451-452
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copolymers
adhesion VI 86
adsorption VI 374, VI 377-384
drug delivery VI 8, VI 11, VI 13, VI 15-16, VI 21-25
nonionic surfactants VI 303-304, VI 491-493
pigment dispersion VI 119
rheology V2 204-205

copper myristate V2 326
corrosion inhibition VI 263-264, VI 288, VI 307, VI 340
cosmetics VI 327-328, VI 368-369, VI 511
cosolutes VI 425-427, VI 435, VI 438, VI 442, VI 448
cosurfactants VI 497-498, V2 63, V2 64, V2 65-66
Couette flow technique VI 183
Coulombic forces VI 540
Coulombic wells V2 430
counterions VI 274, VI 431, VI 468-469, V2 246
coupled units tests VI 527-528
coupler dispersions VI 99-101
coupling agents VI 409, VI 412-414
Cox-Merz rule V2 211
CPP see critical packing parameter
cracking process VI 265-266
cratering, paints VI 121
creaming, emulsions VI 186
critical association concentration (CAC) VI 446-447, VI

452, VI 456
critical micelle concentration (CMC)

see also micelles
amphoterics VI 362-363
competitive adsorption VI 106-107
detergency VI 55-56
foams V2 25-26, V2 28, V2 29
Gemini surfactants VI 388-389, VI 390
influencing factors V2 241, V2 245-246
measurement V2 239-249
micellization VI 253, VI 467-472, V2 190-191
non-aqueous media V2 246-248
self-diffusion NMR V2 286
surface forces V2 398-399
surface tension V2 438-439
surfactant-polymer systems VI 446-447
surfactants VI 237, VI 388-390, VI 422-427, V2

162-166
critical packing parameter (CPP) VI 45, VI 422, VI

432-433
critical solution temperature VI 189-190
critical surface tension VI 120-121, V2 126-127
Cross equation VI 209
'cross-talk' VI 87, VI 92
crude oil VI 252, VI 254, VI 255, VI 265-266
cryo-transmission electron microscopy (Cryo-TEM) V2 193,

V2 196, V2 198, V2 335, V2 358
cryoporometry VI 169-170
crystal growth VI 79

see also Ostwald ripening
crystallization VI 416-417
cubic phases

domain morphology V2 311-314
drug delivery VI 12, VI 20
multicomponent systems VI 492, VI 494, VI 498-499
phase behaviour VI 481
rheology V2 204-205
self-diffusion V2 353-355
structure VI 472, VI 473-475

thermotropic behaviour V2 209
cumulant analysis V2 366
curtain coating VI 88
curvature V2 70-72, V2 160-161, V2 169, V2 301-321,

V2 336-338, V2 345
cyclic acetals VI 391-392
cyclodextrin solutions VI 16-17
cylindrical electrophoresis chambers V2 376-377
cylindrical micelles V2 193-194, V2 199

Darcy's law VI 152
data processing V2 89-90, V2 92-95
DDAB see didodecyldimethylammonium bromide
de-wetting V2 146, V2 149
deagglomeration VI 206-208
Debye screening length V2 393-395
Debye-Hiickel equation VI 131, V2 424
DEEDMAC see diethylester dimethylammonium chloride
defects VI 202, V2 317-319
defoamers VI 263, V2 143, V2 154-155

see also antifoamers; foam breaking
deformation VI 146, V2 388
degradation products VI 515
denaturation temperature VI 46
density fluctuations V2 431, V2 432-433
deoxyribonucleic acid (DNA) VI 12-13, VI 460, V2 84,

V2 85
depletion method V2 436
DEQs see diesterquaternaries
Derjaguin-Muller-Toporov (DMT) theory V2 389, V2 391
destabilization VI 40-42
detergency VI 53-72

alkyl sulfates VI 274
amphoterics VI 365, VI 366-367
anionic surfactants VI 279-282
betaines VI 350
cationic surfactants VI 310, VI 314-318, VI 321-327
cleavable surfactants VI 395
environmental issues VI 511, VI 513, VI 521
fabric softeners VI 314-318
hydrotropes VI 415-416
mesophases VI 503
nonionic surfactants VI 302, VI 303, VI 305
sulfosuccinates VI 289

deuterium labelling V2 289-290
developer scavengers VI 87-88
dewatering VI 152
di-tallow dimethylammonium chloride (DTDMAC) VI

530-532
di-tallow imidazolinester (DTIE) VI 530-532
dialkyldimethyl quaternary ammonium salts VI 311-312,

VI 314, VI 315, VI 318
diameter axisymmetric drop shape analysis (ADSA-D) see

axisymmetric drop shape analysis
didodecyldimethylammonium bromide (DDAB) V2

181-184
dielectric relaxation V2 11
diesterquaternaries (DEQs) VI 530-532
diethylene triamine quaternary ammonium salts VI

315-316
diethylester dimethylammonium chloride (DEEDMAC) VI

530-532
differential scanning calorimetry (DSC) VI 170
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diffusion coefficient V2 244
dilation V2 190, V2 206, V2 235, V2 237
dimensional analysis V2 274
dimeric surfactants see Gemini surfactants
1,2-dimyristoyl-s;y«-glycero-3-phosphotidylcholine (DMPC)

V2 50, V2 51-52
direct casting VI 215-216
direct coagulation casting VI 215
direct flotation VI 345
disc-nematic phases VI 489
Discovery space shuttle V2 236
disinfection VI 318-319, VI 368
disjoining pressure V2 417, V2 424-430, V2 431
Disorder-Open-Connected-Cylinder (DOC) model V2

181, V2 182-184
dispersants VI 116-119, VI 147-148, VI 288, VI 291
dispersions

absorber dyes V1 101 -102
agriculture VI 79
aqueous VI 39
ceramics VI 206-208
chemically heterogeneous VI 40-42
chemically homogeneous VI 40
coupler VI 99-101
drug delivery VI 8-15
emulsions VI 99-100, V2 55-56
methodology V2 4-5
mixed micellization VI 100
monolayer-protected metal clusters V2 113-114
nanocrystalline VI 100-101
natural systems VI 175-176
oil-continuous VI 39
paint pigments VI 113-119
particle processing VI 238-243
photography VI 91-92
solid V2 3-20
solubilization V2 159
stabilization VI 381-384
thin-liquid films V2 416, V2 425-426

disproportionation VI 41
dissipative particle dynamics (DPD) simulation method VI

537, VI 546-547, VI 548
dissociation VI 221
distillation VI 416
disulfine blue active substances (DSBAS) VI 513
DLS see dynamic light scattering
DLVO theory VI 130-132, V2 13-15, V2 17, V2 29
DMAOs see alkyldimethylaminoxides
DMPC see l,2-dimyristoyl-.s7«-glycero-3-phosphotidylcholine
DMT see Derjaguin-Muller-Toporov theory
DNA see deoxyribonucleic acid
DOC see Disorder-Open-Connected-Cylinder model
DODAB surfactant V2 48, V2 49
dodecyl-l,3-propylenebis(ammonium chloride) (DoPDAC)

VI 495
domain morphology V2 301-321
DoPDAC see dodecyl-l,3-propylenebis(ammonium chloride)
double-chain surfactants V2 160

see also lipids
double-layers V2 11-14
DPD see dissipative particle dynamics
drag reduction V2 210
drained casting VI 212-213
drilling mud VI 259

drop methods
contact angle V2 253-254, V2 255-263, V2 264
dynamic surface tension V2 230-236
equilibrium surface tension V2 217, V2 220-223, V2 235

droplet microemulsions V2 344-352
droplet sedimentation V2 271-272
droplet size

agrochemical sprays VI 80-83
comminution VI 181-183
monomer emulsions VI 191
Ostwald ripening VI 186-187
polymerization techniques VI 195-198
surfactant role VI 111-113

drugs (pharmaceutical) VI 3-6, VI 8-23
dry pressing VI 214
dry strength, paper VI 145
dry wetting V2 122-123
drying, ceramics VI 216-217
DSBAS see disulfine blue active substances
DSC see differential scanning calorimetry
DTDMAC see di-tallow dimethylammonium chloride
DTIE see di-tallow imidazolinester
Du Nouy ring method V2 217, V2 220
Dupre equation V2 125-126
dye micellization V2 243
dye solubilization V2 242-243, V2 247-248
dynamic light scattering (DLS) V2 242, V2 247, V2

294-296, V2 357, V2 365-369
dynamic surface forces V2 388-389
dynamic surface tension V2 218, V2 225-238, V2 439-440
dynamic swelling VI 185, VI 191

EC50 tests VI 518-519, VI 524-525, VI 530, VI 532
eddy currents V2 284-285
edge penetration VI 161
EDTA see ethylenediaminetetraacetic acid
EEC see European Economic Community Directives
EFF see emulsion ferrofluid techniques
EHEC see ethyl(hydroxyethyl)cellulose
Einstein relationship V2 350
elastic interaction VI 382-383
elasticity V2 206
electrical behaviour

colloidal dispersions V2 9-13
conductivity VI 233-236, V2 213, V2 242, V2 335, V2

438
dispersion V2 5

electrical double-layer VI 222-223, V2 373-374
see also zeta potential

electroacoustic sonic amplitude (ESA) VI 102-103, V2 379
electrokinetic potential see zeta potential
electrokinetics VI 102-103, V2 371-382

see also electroosmosis; electrophoresis; sedimentation
potential; streaming potential

electrolytes
antifoaming agents V2 154
critical micelle concentration V2 246
detergency VI 59, VI 60, VI 72
electrostatic double-layers V2 393-397
foaming VI 72
micellization VI 425-427
phase behaviour VI 500-501
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electrolytes {Continued)
surface charge VI 221-222
surfactant-polymer systems VI 454-460

electron microscopy (EM) V2 335-336
electron spectroscopy for chemical analysis (ESCA) VI 51,

VI 109, VI 111-113, VI 162-163, VI 397
electronic properties VI 87, V2 83-84, V2 92-95
electrooptics V2 89-90
electroosmosis VI 225, V2 371-372, V2 375-379
electrophoresis VI 97, VI 102-103, VI 224, VI 336, V2

371-372, V2 375-379
electrophoretic deposition (EPD) VI 213-214
electrostatics

air VI 50
colloidal dispersions V2 13-15
double-layers VI 204-205, V2 424-425
liquids VI 42
patch aggregation VI 136, VI 137
responsive systems VI 25-26
solubilization V2 165, V2 185
stabilization VI 108
surface charge VI 226-229
surfactant-polymer systems VI 448

electrosteric stabilization VI 206
ellipsoids of revolution V2 322-323
ellipsometry V2 443-444
elongational rheology VI 153
EM see electron microscopy
emulsifiable concentrates VI 73, VI 74-76
emulsification

comminution VI 179, VI 180-184
condensation VI 179, VI 184-185
emulsifiers VI 179-180
failure V2 339, V2 344, V2 351-352
foodstuffs VI 42, VI 45, VI 47
paints VI 105, VI 107-110
photography VI 91, VI 99-100
photolability VI 397
spontaneous VI 185

emulsion concentrates VI 76-78
emulsion ferrofluid (EFF) techniques V2 417
emulsion films V2 30-31
emulsion polymerization VI 107-110, VI 175-200, VI

288, VI 290-291, VI 400-402
emulsions

see also emulsification; microemulsions
alkyd VI 113
antifoaming agents V2 152-154
bitumen VI 335-336
characterization V2 55-56
definition V2 4
drug delivery VI 8-9
foodstuffs VI 40-41
formation V2 74
miniemulsions VI 176, VI 177, VI 195-196
monomer VI 191-196
multiple VI 73
nanoemulsions VI 77
petroleum industry VI 256-259, VI 262, VI 263
photography VI 85-86, VI 87-89
radical polymerization VI 196-198
separation VI 265-266
spontaneous VI 74-76
stability VI 186-190

suspoemulsions VI 73
thin-liquid films V2 417

encapsulation VI 28, VI 418
see also microencapsulation

end-functionalization V2 105-109
engulfment (particle behaviour) V2 275
enhanced oil recovery (EOR) VI 259, VI 262-263
entropic interactions VI 382-383, V2 426-427
environmental issues

see also biodegradability
amphoteric surfactants VI 364, VI 365, VI 532-534
analytical techniques VI 513-514
anionic surfactants VI 279-280, VI 284, VI 520-525
aquatic toxicity VI 524-525, VI 529, VI 531-532, VI

534
assessment criteria VI 514-520
cationic surfactants VI 321, VI 332, VI 340, VI

529-532
ethoxylated surfactants VI 107, VI 117
eutrophication VI 61, VI 116
industry VI 510-512
legislation VI 512-513
nonionic surfactants VI 303, VI 305, VI 525-529
oil industry VI 264-265, VI 340
risk assessment VI 534-535
softening agents VI 332
zwitterionic surfactants VI 364, VI 365

EON see equivalent ethoxy number
EOR see enhanced oil recovery
EPD see electrophoretic deposition
equation of state V2 127-128, V2 252-253, V2 270, V2

274
equilibrium contact angles V2 129-130
equilibrium films V2 28-29
equilibrium phases V2 56
equilibrium surface tension V2 217-224
equivalence points VI 96-97
equivalent ethoxy number (EON) V2 161
ESA see electroacoustic sonic amplitude
ESCA see electron spectroscopy for chemical analysis
ester quaternary ammonium salts VI 316-317, VI

329-330, VI 395-397
ether oils V2 67
ethoxylated alcohols V2 55-63, V2 69-70, V2 71-73
ethoxylated amines VI 327, VI 328-329
ethoxylated quaternary ammonium salts VI 329-330
ethoxylated surfactants VI 107
ethoxymer distribution VI 299-300, VI 302
ethylene oxide VI 298-300, VI 303-304
ethylenediaminetetraacetic acid (EDTA) VI 332
ethyl(hydroxyethyl)cellulose (EHEC) V2 401-402
Euclidean solids V2 190
European Economic Community (EEC) Directives VI

512-513
European Working Group (EWG) VI 512-513
eutrophication VI 61, VI 116
EWG see European Working Group
excess solubilization V2 178-180
extenders VI 114
extraction VI 416
extrusion coating VI 88
extrusion molding VI 214
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fabric softeners VI 314-318
fatty acids VI 277-278, VI 352-353, V2 49-52, V2 82
fatty alcohols VI 273, VI 275
fatty amines VI 318
fatty nitriles VI 311
Feldspar, flotation VI 346
ferromagnetic colloids V2 7
fibre collapse point VI 129
fibre lignin content VI 125-127
fibre properties, paper VI 125-128, VI 129
Fick's law V2 16, V2 17
fillers, paper VI 129
films

see also foams
film pressure concept V2 122-123
film-dimpling V2 423
flotation V2 269
morphology VI 109-110
stratification V2 427
thin-liquid V2 415-433
wetting V2 122-123

filter dyes VI 101-103
first-effect concentrations VI 526
fish-cuts, phase prisms V2 340
fixation, emulsions VI 196-198
flexibility VI 438
flexible surface model V2 336
flip-flop (transverse diffusion) V2 47, V2 50
flocculation

ceramics VI 205, VI 209-211, VI 213
colloidal dispersions V2 15-16
definition V2 15-16
emulsion concentrates VI 76, VI 77
foodstuffs VI 43, VI 44
nanoparticles VI 135
paper VI 129-130, VI 135-138, VI 141-142, VI 151
pigment dispersion VI 114
polymeric surfactants VI 381-382, VI 383
selective VI 243-245

Flory-Huggins theory VI 229-230, VI 374-375
Flory-Krigbaum theory VI 382
flotation VI 246-249, VI 289, VI 344-347
fluidization VI 265
fluorescence quenching V2 281, V2 290-292
fluorosurfactants VI 122, VI 291
foam breaking V2 143-157
foams V2 23-43

see also films
amphoterics VI 365, VI 366-367
anionic surfactants VI 274, VI 275, VI 280
bubble formation VI 255, VI 274, V2 418
cationic surfactants VI 325
characterization V2 415-416, V2 433
detergency VI 71-72
film rupture mechanisms V2 26
foaming agents V2 40-41
foodstuffs VI 41-42
industrial materials V2 37-43
micellar structural forces V2 427-428
petroleum industry VI 254-256, VI 262-263
preparation V2 24-25, V2 40-43
stability V2 25-37
stabilizers VI 306

foodstuffs VI 39-52

cationic surfactants VI 332-334
environmental issues VI 512
foam breaking V2 155-156
foams V2 24-27, V2 43
nonionic surfactants VI 297, VI 307-308

force fields VI 539-541
force methods V2 217-221
fractional amino acid transfer V2 176-177
fracturing fluids VI 340
fragmentation fractal dimension V2 360
free energy V2 121-134

see also interfacial tension; surface tension
free rosin distributions VI 140
free volume theory VI 230
freeze-fracture technique V2 335, V2 353
frequency doubling V2 88-89
frictional forces V2 390-392
fringes of equal chromatic order (FECO) interferometry V2

384
froth V2 25
functionality tests VI 46
fungicides VI 318-321
funnel-shaped test V2 33-34

gas adsorption VI 167-168
gas chromatography (GC) VI 362
gas-filled polymer foams V2 38, V2 40
GC see gas chromatography
gel phases

betaines VI 353
ceramics VI 215
definition V2 4
domain morphology V2 307-308
drug delivery VI 21-23, VI 29
foam stabilization V2 27
rheology V2 204
structure VI 476-477
surfactant-polymer systems VI 455-456, VI 462-463
vesicle bilayers V2 46-47

gel-like networks V2 430
gelatin VI 86, VI 97
gemini surfactants VI 314, VI 354, VI 385-390, VI 469,

VI 496-497
gene therapy VI 11-12
genus concept V2 304-306, V2 314
Geography-Referenced Exposure Assessment Tool for

European Rivers (GREAT-ER) VI 535
geometric mean combining rule V2 127
Gibbs elasticity V2 27-28, V2 235
Gibbs equations

adsorption VI 75, VI 76-77, VI 252, VI 389, V2 242
phase rule VI 466, VI 467
solubilization V2 164

Gibbs free energy V2 122
Gibbs triangle V2 57-60
Gibbs-Helmholtz equation VI 177
Gibbs-Marangoni effect VI 255, V2 27-28
Gibbs-Thompson equation VI 169-170
Girifalco-Good-Fowkes-Young equation V2 129
globules V2 304, V2 306, V2 310, V2 316
glucamides VI 327
gold V2 3, V2 4, V2 6, V2 99-116
goniometer-telescopes V2 254, V2 260-262, V2 263
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goniometry V2 357, V2 368
Gouy-Chapman model VI 222-223, V2 373-374, V2 375
Gouy-Chapman-Stern-Grahame model V2 380
graft copolymers VI 374, VI 377-384
granules VI 214, V2 269-277
grazing incidence X-ray diffraction V2 80, V2 82
GREAT-ER see Geography-Referenced Exposure Assessment

Tool for European Rivers
Griffith equation VI 201
grinding, dispersion VI 114
Guinier approximation V2 362

haematite V2 7
Hagen-Poiseuille equation V2 272
hair care VI 327-328, VI 354, VI 368
Hamaker theory V2 392
hard surface cleaning VI 321-326, VI 367-368
hard-sphere radius V2 346
head space measurement V2 35
head-group overlap V2 426-427
heat of immersion V2 269
heat treatment VI 245
heat-developable materials VI 90
heavy metal ions VI 288-289
Helfrich forces V2 429
Helmholtz free energy V2 122
Helmholtz model VI 222
Helmholtz-Smoluchowski equation V2 374-375
hemimicelles VI 236, VI 237, VI 238
heterogeneity VI 40-42, VI 155-156, VI 202-203, V2

130
heteronuclear Overhauser effect VI 546
heterophase polymerizations VI 181, VI 184, VI 185, VI

190
hexagonal mesophases V2 308-309
hexagonal phases VI 473, VI 479, VI 481, VI 492, V2

167, V2 308-309
hexamethyldisiloxane (HMDSO) V2 380-381
high performance liquid chromatography (HPLC) VI 362,

VI 513-514
HLB see hydrophilic—lipophilic balance
HMDSO see hexamethyldisiloxane
homogeneity VI 540, V2 314, V2 321-323, V2 330
homopolymers VI 373-374
honeycombs V2 316
Hookean solids V2 190, V2 194
Hooke's law V2 387
HPLC see high performance liquid chromatography
hydrate inhibitors VI 340
hydration interactions VI 42-43, V2 394
hydrocarbon radius V2 345-346, V2 348
hydrodynamic forces V2 375, V2 380-382, V2 388-389,

V2 417
hydrodynamic radius V2 334, V2 346, V2 347, V2 368-369
hydrogen bonding VI 230, VI 244, VI 489
hydrolysis VI 100, VI 143-144, VI 391-397, V2 6-7
hydrophiles VI 298-301
hydrophilic-lipophilic balance (HLB)

anionic surfactants VI 275
cationic surfactants VI 310
emulsions VI 180, VI 257-258
lipids VI 44-45. VI 48
microemulsions V2 61. V2 63. V2 69

paint pigments VI 117
solubilization V2 161, V2 167
spontaneous emulsification VI 74

hydrophobic effect VI 467-469, V2 240
hydrophobicity

foams V2 151-152
interactions VI 233, VI 428-429, VI 449, VI 452, V2

430
lipids VI 12-13
micelles VI 294-297, V2 162
modification VI 447-452, VI 461

hydrophobizing see sizing
hydrotropes VI 321-323, VI 407-420, VI 500
hyperpolarizability V2 87-88
hysteresis V2 268, V2 401

IEP see isoelectronic point
image analysis VI 164-166, V2 35, V2 36
immersional wetting V2 126
immunization VI 28
in situ particle size measurement VI 239
in situ -forming carrier systems VI 20
inclusion complexes VI 17
indifferent adsorption V2 429
indifferent ions V2 10
industrial materials V2 37-43
industrial syntheses see manufacture
infrared (IR) spectroscopy VI 163, V2 101-102, V2

105-106
inhomogeneous surfaces V2 129-130, V2 135-136
inisurfs VI 401-402
initiators VI 194, VI 400
injection molding VI 214
inner salts VI 350
insulin adsorption VI 5
integrated circuits V2 93-95
intensity-weighted distribution V2 362, V2 366
interfacial curvature V2 301-321
interfacial polymerization VI 73
interfacial tension

definition V2 121
measurement V2 218-223, V2 225-226, V2 230-232,

V2 235, V2 258-260
microemulsions V2 70, V2 72-73
oil recovery VI 261
polymers VI 178
sedimentation volume V2 269-270
spontaneous emulsification VI 74-76
wetting thermodynamics V2 127-129

interference microscopy V2 263-264
interferometry V2 384-385
intermediate phases VI 477-479, V2 316-317
internal sizing VI 138-145
International Organization for Standardization (ISO) VI

516, VI 517
interpenetration VI 241-242
inverse micellar solutions VI 411
inverse phases VI 499
inverse polymerization VI 180
ion adsorption VI 220
ion dissolution VI 220-221
ion exchange VI 61-65, VI 233
ion pairing VI 233
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ionic strength VI 226, VI 240
ionic surfactants VI 493-497, V2 64-66, V2 165-166
ionization VI 221, V2 371
IR see infrared spectroscopy
isoelectronic point (IEP) VI 46, VI 96-97, VI 224, VI

225-226, VI 246-248
isomorphous substitutions VI 221

Johnson-Kendall-Roberts (JKR) theory V2 388, V2
389-390, V2 391

Jonsson model V2 165-166

kaolin VI 147
kaolinite V2 8-9
Kelvin equation VI 161, VI 168
ketals VI 393-394
kinetics VI 433-434, V2 55
Klevens equation VI 362
Kolmogorov length VI 181
Kozeny-Carman relationship VI 152
Krafft point VI 45, VI 427-428, VI 468, VI 489, V2 245
Krafft temperature see Krafft point
Krieger-Dougherty equation VI 151, VI 210
kugelschaum, foaming V2 24-25

LAC see limiting association concentration
lamellae lifetime measurement V2 37
lamellae profiles V2 422
lamellar phases

see also liquid crystals
bilayer solubilization V2 171-173
domain morphology V2 307, V2 308, V2 316
hydrotropes VI 411, VI 412-414
micelle self-assembly VI 253
phase behaviour VI 481
phase prisms V2 340-341
rheology V2 199-204
rigid interface solubilization V2 185
shear behaviour V2 211 -214
smectics V2 300, V2 307, V2 315
structure VI 471, VI 472-473
vesicles VI 418

lamellar structural forces V2 428-429
laminar flow V2 18
Langmuir equation VI 58
Langmuir-Blodgett (LB) films V2 79-98

command surfaces V2 91-92
computer simulation VI 538
deposition V2 80-83, V2 85
historic perspective V2 99
molecular electronics V2 92-95
nanoparticles V2 83-84
nonlinear optical devices V2 85-90
sensors V2 90-91
surface forces V2 392, V2 396, V2 403-404

lanthanum myristate V2 329
lanthanum palmitate V2 329
Laplace equations VI 168, V2 121, V2 252, V2 272, V2

421, V2 422
laser light V2 86-89
laser-focusing techniques VI 165

LASs see linear alkylbenzene sulfonates
lateral interactions VI 236
lateral structure VI 543
latex VI 105-122, V2 8
lattices VI 221, VI 401-402
LB see Langmuir-Blodgett
LC450 tests VI 518-519, VI 524-525, VI 530, VI 532
lead myristate V2 328
legislation VI 512-513
Lial process VI 295
lidocaine VI 7, VI 8
life, origins V2 50
Lifshitz theory V2 390, V2 392, V2 425-426
ligand complexation VI 96
light scattering

see also goniometry; static light scattering
CMC determination V2 242, V2 247
droplet microemulsions V2 349
dynamic V2 242, V2 247, V2 294-296, V2 357, V2

365-369
micelle size/shape V2 281, V2 294-296
microemulsions V2 335
paper VI 129
particle size V2 357-370
small-angle V2 357, V2 362, V2 364-365
thin-liquid films V2 417

light sensitivity VI 101
lignin content VI 125-127
ligninsulfonates VI 292
limited coalescence VI 103-104
limiting association concentration (LAC) V2 165
lindane V2 178-184
line tension approach V2 123-124
linear alkylbenzene sulfonates (LASs) VI 511, VI 513, VI

521, VI 523-526
linearized Poisson-Boltzmann distribution VI 228
lipids VI 12-13, VI 44-46
liposomes VI 9-12, V2 45, V2 49-50
liquid bridges VI 44, VI 50
liquid crystals

agrochemical sprays VI 83
chemical structure VI 465-508
concentration effects VI 436
drug delivery VI 12, VI 20-21
foam stabilization V2 29-30
foodstuffs VI 45
formation VI 256
hydrotropes VI 408-409, VI 411, VI 412-414, VI 415
lamellar VI 411, VI 412-414, VI 418, VI 471, VI

472-473, VI 481
Langmuir-Blodgett films V2 82, V2 91
lyotropic VI 466-467, V2 299-338
nematic VI 475-476, VI 483-484, VI 489, V2 82, V2

299-300
phase behaviour VI 466, VI 472-502
smectics V2 300, V2 307, V2 315
solids/melts V2 299-301
solubilization V2 166-169, V2 173
surfactants VI 66-67, VI 70
vesicle bilayers V2 46-47
vesicles VI 418

liquid magnets V2 7
liquid soaps VI 273
liquid transport VI 162
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liquid/liquid interface VI 65-67
LOEC see lowest observed effect concentration
loops VI 231, VI 377-379
low shear viscosity V2 349-350
lowest observed effect concentration (LOEC) VI 519, VI

527
lyotropic liquid crystals VI 466-467, V2 299-338
lyotropic nematic phases VI 475

MAC see maximum additive concentration
macroemulsions VI 176, VI 177
macromolecules VI 15
magnetic properties

colloids V2 246
Langmuir-Blodgett films V2 84
liquids V2 7

Maltese cross textures VI 473, V2 308
manufacturing processes

amphoterics VI 356-360
anionic surfactants VI 273-279, VI 282-284, VI

286-288, VI 290
betaines VI 352-353, VI 355
block copolymers VI 303
cationic surfactants VI 311-314
Gemini surfactants VI 386
Lial process VI 295
nonionic surfactants VI 294-297, VI 298-300, VI

302-308
OXO process VI 274, VI 295
Shell Higher Olefin Process VI 295
Williamson synthesis VI 275, VI 276
Ziegler process VI 279, VI 294-295

Marangoni flow V2 27-28, V2 146, V2 230
MASIF see measurement and analysis of surface interactions

and forces
mass action models VI 429, V2 163-164
mass-weighted distributions V2 359
matte beads VI 87, VI 103-104
maximum additive concentration (MAC) V2 163, V2 166,

V2 170-171
maximum bubble methods V2 217, V2 223, V2 227-229,

V2 440
Maxwell model V2 194-195
MBAS see methylene blue active substances
MD see molecular dynamics
mean field approximations VI 378
measurement and analysis of surface interactions and forces

(MASIF) V2 384-388, V2 406
mechanical pulping VI 125
melts, liquid crystals V2 299-301
membrane emulsification VI 183
membranes V2 46, V2 49-52, V2 171-173
meniscus formation V2 136-137
meniscus height V2 82-83
meniscus radii V2 421
mercerization VI 337, VI 338, VI 339
mercury porosimetry VI 168-170
mesh mesophases VI 477-478, VI 494, V2 302, V2

305-306, V2 315-316
mesogenic properties VI 490
mesomorphism V2 300, V2 302
mesophases

additives VI 497-502

bicontinuous V2 302, V2 303, V2 306, V2 310-315, V2
316-317

columns V2 308-310
cubic V2 311-314
gels V2 307-308
hexagonal V2 308-309
hydrogen bonding VI 489
lamellar V2 307, V2 308, V2 316
liquid crystals VI 465-508
lyotropic liquid crystals VI 466-467, V2 299-338
meshes VI 477-478, V2 302, V2 305-306, V2 315-316
molten V2 318-319
morphology V2 301-321
polycontinuous V2 316-317
ribbons V2 309-310
ringing gels VI 353, V2 204
smectics V2 300, V2 307, V2 315

metabolites VI 515, VI 519
metals

clusters V2 113-114
foams V2 41-42
ion hydrolysis V2 6-7
nanoparticles V2 83 - 84, V2 113 -114
processing VI 512

methyl ester ethoxylates VI 307-308
methylene blue active substances (MBAS) VI 512, VI 513
MHC see minimal hydrotropic concentration
micelles

see also critical micelle concentration; rod-like micelles
agrochemical sprays VI 83
amphoterics VI 362-363
antifoaming agents V2 148
aqueous solutions V2 190-192
cationic surfactants VI 324
computer simulation VI 544-546
concentration effects VI 435-437
coupler dispersions VI 100
cylindrical V2 193-194, V2 199
detergency VI 55-56, VI 59
drug delivery VI 15-16
foam films V2 427-428
Gemini surfactants VI 388-390
hemimicelles VI 236, VI 237, VI 238
inverse solutions VI 411
kinetics VI 433-434
liquid crystals VI 465-466, VI 467-472
mixed VI 100, VI 442, VI 451-452
molecular dynamics VI 544-546
non-aqueous media V2 246-248
nonionic VI 440-442
phase behaviour VI 481
polymeric surfactants VI 376
reversed V2 169-171, V2 174-177, V2 181-184
self-assembly VI 252-254, V2 239-241
self-reproduction V2 50
size/shape measurement V2 281-297
solubilization V2 162-169
solvent effects VI 434
sponge phase VI 439-440
stability V2 148
structure VI 421-423, VI 431-432, VI 437-441, VI

467-472, V2 162
surfactant adsorption VI 236-237
temperature effects VI 440-442
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thermodynamic models VI 428-430
vesicle comparison V2 45

Michael addition reactions VI 359-360
Michelson optics V2 264
microcellular plastic foams V2 40
microdomains V2 173
microemulsions V2 55-77

see also emulsions
agriculture VI 73
antifoaming agents V2 152-153, V2 154
applications V2 73-74
bicontinuous VI 460-462, VI 482, V2 351-352
characterization V2 333-356, V2 364
condensation VI 184-185
definitions V2 56
detergency VI 68-70
Disorder-Open-Connected-Cylinder model V2 181
domain morphology V2 302, V2 317-319
droplet V2 344-352
drugs VI 7, VI 17
emulsion polymerization VI 176
formation VI 253, VI 258-259, V2 56, V2 68-70
hydrotropes VI 412, VI 414
interfacial tensions V2 70, V2 72-73
ionic surfactants V2 64-66
mesophases V2 300
microstructures V2 70-72, V2 342-344
mixed surfactants V2 63-64, V2 66-67
nonionic surfactants V2 57-64, V2 66-67
phase behaviour V2 57-70, V2 178, V2 338-342, V2

344-345
relaxation NMR V2 290
reversed V2 9
scattering techniques V2 293
soft surfactant systems V2 174-181
solubilization V2 169-171, V2 173, V2 174-185
stiff surfactant systems V2 181-185
surfactant-polymer systems VI 460-462

microencapsulation VI 73-74
microinterferometry V2 419-420
microorganisms VI 319-320
microparticle electrophoresis chambers V2 375
micropipets V2 417
microscopic study V2 34-35
microstructures V2 342-344
middle mesophases V2 308-309
Mie theory V2 362-365
migration, films VI 397
mineral flotation VI 246-249, VI 344-347
miniernulsions VI 176, VI 177, VI 195-196
minimal hydrotropic concentration (MHC) VI 409, VI 412
mining VI 344-347, VI 512
mixed films V2 30
mixed micelles VI 100, VI 442, VI 451-452
mixed surfactants VI 498-499
MLVs see multi-lamellar vesicles
mobility VI 543, V2 375-377
modelling, Langmuir-Blodgett films VI 537-550
moist wetting V2 122-123
molal volume V2 244
molecular absorption V2 243-244
molecular dimensions V2 323-332
molecular dynamics (MD) VI 537-550
molecular electronics V2 92-95

molecular recognition VI 244
molten mesophases V2 318 - 319
monodisperse particles V2 6
monolayer-protected clusters (MPC) V2 113-114
monolayers VI 541-544, V2 80-82, V2 99-116, V2 146,

V2 147
monomer emulsions VI 191-196
morphology V2 301-321
motorized syringe methods V2 258
multi-lamellar vesicles (MLVs) V2 45-46
multiple emulsions VI 73
multiple equilibrium model VI 429-430

nanoassembly computers V2 93-95
nanocrystalline dispersions VI 91, VI 100-101
nanoemulsions VI 77
nanoparticles VI 135, V2 83-84, V2 113-114
nanoparticulate semiconductors VI 87
NaPA see sodium polyacrylate
Navier-Stokes equation V2 371-372, V2 374
NBFs see Newton black films
neat mesophases (smectics) V2 300, V2 307, V2 315
necking, ceramics VI 207
nematic liquid crystals VI 475-476, VI 483-484, VI 489,

V2 82, V2 299-300
neutralization flocculation VI 137
neutron scattering see small-angle neutron scattering
Newton black films (NBFs) V2 29, V2 30, V2 426, V2 427
Newtonian liquids V2 190, V2 192-194
nitrogen-containing polymers VI 327
NLO see nonlinear optical
NMR see nuclear magnetic resonance spectroscopy
no observed effect concentration (NOEC) VI 284, VI 519,

VI 526-527, VI 530, VI 532
nonaqueous media V2 67, V2 246-248
noninteracting micelles V2 191-192
noninteractive adsorption V2 429
nonionic hydrophiles VI 298-301
nonionic hydrophobes VI 294-297
nonionic micelles VI 440-442
nonionic surfactants VI 293-308

block copolymers VI 491 -493
environmental issues VI 525-529
microemulsions V2 57-64, V2 66-67
phase behaviour VI 480-491
solubilization V2 166-169

nonlinear optical (NLO) devices V2 85-90
non-Newtonian fluids V2 19-20
nonpolar solvents VI 434, V2 67, V2 246-248
nonpolar surfaces V2 396-398
nonwetting surfaces V2 121
nuclear magnetic resonance (NMR) spectroscopy

amphoterics VI 361-362
calibration V2 283-284
hydrotropes VI 412
intermediate mesophases V2 316
micelle shape/size V2 281 -290
micellization VI 430-431
microemulsions V2 334-335, V2 347, V2 349
porosity VI 170
pulsed gradient spin-echo V2 282, V2 284-286, V2

288-289
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nuclear magnetic resonance (NMR) spectroscopy (Continued)
relaxation V2 281-282, V2 289-290, V2 334-335, V2

347
self-diffusion V2 281-289, V2 302, V2 334

nucleation VI 95, V2 5-6, V2 416, V2 431
null ellipsometry V2 443
number-weighted distributions V2 359

o/w see oil-in-water
oblate ellipsoids of revolution V2 322-323
oblate micelles V2 286-287
OECD see Organization for Economic Co-operation and

Development
oil ganglia VI 259, VI 261
oil industry see petroleum industry
oil-continuous dispersions VI 39
oil-in-water (o/w) microemulsions V2 55-74, V2 177-181,

V2 184-185
oil-swollen lamellar phases V2 185
oils VI 499-500, V2 145, V2 147, V2 148-149, V2

151-154
oily streaks VI 473
oligoethylene oxide surfactants V2 337-338
oligopeptides VI 4 -5
open-cell structures V2 41
optical density VI 409-410
optical fibre probes V2 35, V2 38
optical storage devices V2 87
optical textures VI 472-473, VI 474
oral care VI 369
oral drug administration VI 8-9, VI 13, VI 18, VI 28
ordered phases V2 307-317
organic monolayers V2 79-98, V2 99-116
Organization for Economic Co-operation and Development

(OECD) tests VI 513, VI 518, VI 520, VI 523, VI
527-528, VI 533-534

organoclays VI 343-344
origins of life V2 50
ortho esters VI 394-395
orthokinetic coagulation V2 18-19
oscillating jet method V2 229-230
oscillatory force profiles V2 399-400
osmometry V2 244, V2 247
osmosis VI 211-212, V2 349, V2 417
Ostwald ripening

dynamic swelling VI 191
emulsion concentrates VI 77-78, VI 79
emulsions VI 185-188, VI 191
foams VI 41
photography VI 95-96

overcoating VI 87
oversize fraction V2 359
OXO process VI 274, VI 295
oxyethylene surfactants VI 440-442

7r-stacking VI 467
packing density VI 211
paints VI 105-122, VI 397, VI 403-404
palisade layer V2 162
paper VI 123-173

absorbency VI 154-158, VI 159-162
cationic surfactants VI 331-332

environmental issues VI 512
foam breaking V2 143, V2 145
formation VI 128-138
internal sizing VI 138-145
polymer adsorption VI 132-136
porosity VI 167-171
surface properties VI 155-156, VI 158-159, VI

162-166
surface treatment VI 146-154
wettability VI 154-159

parachute morphology V2 49
paraphenylenediamines VI 89, VI 90, VI 93
parenteral drug administration VI 9-10, VI 19-20
Parker-Print-Surf (PPS) test VI 165
partial molal volume V2 244
partial wetting V2 121
particle size VI 239, V2 357-370
particle suspension layer stability V2 271-272
particulates VI 48-51, VI 91-92, VI 94-99, V2 150-152,

V2 153
Pascalian liquids V2 190
patch flocculation VI 136, VI 137
patterned self-assembling monolayers V2 109-113
PB see Poisson-Boltzman theory
PCS see photon correlation spectroscopy
pearl-necklace model VI 447-448
PEC see predicted environmental concentrations
PEGs see poly(ethylene glycol)s
pendant drop method V2 217, V2 221-222, V2 233
penetration

capillary VI 160-162, V2 120, V2 136-140
drug delivery VI 11
molecular dynamics VI 544, VI 545
surfactant aggregates V2 166-168

PEO see poly(ethylene oxide)
PEO-PPO-PEO block copolymers VI 11, VI 13, VI

15-16, VI 21-25, V2 168, V2 204-205
peptization VI 334, VI 336-337, V2 3
Percus-Yevick approximation V2 205
perfluorocarbon fluids VI 179
peristaltic forces V2 426
Perrin black films see Newton black films
personal care VI 327-330, VI 344, VI 354, VI 364-369
petrol sulfonates VI 278
petroleum industry VI 251-267, VI 295-296, VI

337-341, VI 343-344, VI 512
Peyer's patches VI 28
PGSE NMR see pulsed gradient spin-echo nuclear magnetic

resonance
pH effects

amphoterics VI 350
betaine esters VI 396
ceramics VI 204-205, VI 215
dispersions VI 240
drug delivery VI 25-26
effects on sizing VI 141-142
electrokinetics V2 372, V2 376-377, V2 380
fatty acid vesicles V2 49
particle mobility V2 376-377
selective flocculation VI 245
surface charge VI 221 -222
thickener stability VI 323-324
zeta potential VI 225-226, VI 248-249, V2 380-381
zwitterions VI 350, VI 352-353
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pharmacy VI 3-38, VI 369, VI 418-419, VI 511
phase behaviour

amphiphilic drugs VI 7, VI 8
computer simulations VI 547-550
foam stabilization V2 31
hydrotropes VI 412-414, VI 500
in situ-forming carrier systems VI 20
inversion VI 44, VI 186, VI 189-190, VI 258, V2 61,

V2 338
ionic surfactants VI 493-497
liquid crystals VI 466, VI 472-502
micelles VI 481
microemulsions V2 57-70, V2 178, V2 338-342, V2

344-345
nonionic surfactants VI 480-491
separation VI 43, VI 186, VI 429, V2 40
surfactant-polymer systems VI 452-463
surfactants VI 67-71, VI 480-497
transition temperature V2 46-47, V2 50-52
zwitterions VI 493

phase prisms V2 339-342
phase rule VI 466, VI 467
phosphated alcohols VI 285-287
phosphobetaines VI 354-355
phospholipid bilayers V2 45, V2 46-47, V2 49-52
phosphoric acid esters VI 285-289
photochromism V2 91 -92
photography VI 85-104, VI 176, VI 192-193
photolability VI 397
photomicroscopy V2 275-276
photon correlation spectroscopy (PCS) VI 381
photonic devices V2 85-90
physico-chemical processes VI 421-443, VI 515, VI

517-518
Pickering stabilizers VI 192-193
picture framing VI 121
pigments VI 108-109, VI 113-119, VI 147
plasma polymerization V2 380-381
plasticity VI 208
plastics VI 91, VI 512, V2 37-38, V2 40-41
plate methods V2 236-237
PNEC see predicted no-effect concentrations
point of zero charge (PZC) V2 9-10
Poiseuille approximation V2 227
Poisson-Boltzmann (PB) theory VI 205, VI 226-228, V2

12-13, V2 202-203, V2 373-374, V2 393-396, V2
424

polar interactions V2 129
polar layer V2 162
polar solvents VI 434
polar surfaces V2 394-396, V2 398-399
polarization (optical) V2 86, V2 367
polarized attenuated total reflection infrared spectroscopy

V2 101, V2 102
polarizing microscopy VI 75, VI 472
polyamines VI 333
polycarboxylates VI 64-65
polycontinuous mesophases V2 316-317
polydimethylsiloxanes V2 145
polydispersity V2 18, V2 199-202
polydispersity index VI 19, V2 359, V2 363-364
polyederschaum, foaming V2 24-25
polyelectrolytes VI 116-119, VI 132-136, VI 147-148,

V2 402-404, V2 429

polyethylene glycol)s (PEGs) V2 106-107, V2 381-382
polyethylene oxide) (PEO) VI 5-6
polyglucoside surfactants VI 489-491
polyhydroxy surfactants VI 489
polyhydroxybenzenes VI 412
polymerization

binder-emulsion preparation VI 107-110
emulsions VI 107-110, VI 175-200, VI 288, VI

290-291, VI 400-402
inverse VI 180
plasma V2 380-381
radical VI 176, VI 196-198
surfactants VI 107-110, VI 397-405
suspensions VI 103-104, VI 176, VI 192-193
vesicles V2 49

polymers
adsorption VI 132-136, VI 229-232, VI 241
bridging mechanism VI 136-137
drug delivery VI 13-14, VI 23, VI 27-29
electronically conducting VI 87
foam stabilization V2 26
latex dispersions V2 8
microemulsion additives V2 67-68, V2 69
nitrogen-containing VI 327
particle interactions VI 43, VI 205-206
patterned self-assembling monolayers V2 111
plastic foams V2 37-38, V2 40-41, V2 42
surfactant-polymer systems VI 445-463
surfactants VI 373-384
wetting V2 126-127

polyoxyethylene surfactants VI 287-288, VI 486-487, VI
502

polyphosphated alcohols VI 285-287
polysaccharides VI 44, VI 46-48
polyurethane foam V2 38, V2 41, V2 42
porosimetry, mercury VI 168-170
porosity VI 167-171, V2 120, V2 136-140, V2 269-277
porous disc holders V2 418
post-emulsified binders VI 111-113
potash, flotation VI 347
potentiometry V2 438
powders VI 50-51, VI 202-203, V2 136, V2 138-140,

V2 269-277
PPS see Parker-Print-Surf test
prebiological phases V2 50
precursor films V2 135
predicted environmental concentrations (PEC) VI 512-513,

VI 535
predicted no-effect concentrations (PNEC) VI 513, VI 519,

VI 535
pressure drop technique V2 35-36
pressure effects V2 62, V2 68, V2 69, V2 246
pressure filtration VI 203
pressure methods V2 217, V2 223, V2 227-229, V2

234-236
probing aggregation V2 368-369
profile axisymmetric drop shape analysis (ADSA-P) see

axisymmetric drop shape analysis
prolate ellipsoids of revolution V2 322-323
prolate micelles V2 286-287
proline VI 417
propionates VI 359-360
propylene oxide VI 300, VI 303-304
protein crystals VI 467
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proteins VI 5, VI 46, V2 106-109, V2 401
protolysis V2 9-10
protrusion V2 397, V2 427
pseudo-binary phase diagrams V2 178-179
pseudo-emulsions V2 30-31, V2 152-154
pseudo-phase model V2 163, V2 173
pulping VI 125
pulsed gradient spin-echo nuclear magnetic resonance (PGSE

NMR) V2 282, V2 284-286, V2 288-289
puncture defects V2 319
pyrolysis VI 217
PZC see point of zero charge

quasi-equilibrium V2 400
quasi-lattice model VI 378
quaternary ammonium salts

agricultural adjuvants VI 341-342
biocides VI 318-321
cleavable surfactants VI 395-397
cosmetics VI 316-317, VI 329-330
detergency VI 314-318, VI 327
environmental issues VI 530-532
manufacture VI 311 -314
mineral flotation VI 345, VI 347
oilfields VI 338-340
organoclays VI 343-344
paper VI 331
thickeners VI 323

Quemada function V2 349, V2 351
quinonediimines VI 89, VI 93-94

radical polymerization VI 176, VI 196-198
radius of gyration V2 295
Raman spectroscopy VI 163
Rayleigh limit V2 349, V2 361-362
Rayleigh-Debye-Gans (RDG) approximation V2 362, V2

363, V2 368
rayon VI 337, VI 338, VI 339
reaction rates, vesicles V2 50
receding contact angles V2 129-130, V2 150
rectangular electrophoresis chambers V2 377-378
reflected-light interferometry V2 419
reflected-light video microscopy V2 419
refractive index VI 114, V2 242, V2 420, V2 437
rejection (particle behaviour) V2 275
relaxation, NMR V2 281-282, V2 289-290, V2 334-335,

V2 347
repulsion forces V2 429
RES see reticuloendothelial system
responsive drug delivery VI 24-26
restricted equilibrium V2 400
retention, paper VI 129-130, VI 141-142
reticuloendothelial system (RES) VI 9
reverse flotation VI 345
reversed phases

liquid crystals VI 472-473, VI 480, VI 499
micelles V2 169-171, V2 174-177, V2 181-184
microemulsions V2 9

Rhebinder effect VI 79
rheology

associative thickeners VI 449
ceramics VI 208-212

colloidal dispersions V2 19-20
dilational V2 237
dispersions VI 239-240
elongational VI 153
foams VI 254
foodstuffs VI 41
liquid crystals VI 466
mesophases VI 503
modifiers VI 148-149, VI 343
paper coatings VI 149-152
surfactants VI 338-340, VI 389-390, V2 189-214

rheopexy VI 209, V2 190, V2 206
rhombohedral mesh phases VI 477-478, VI 494
ribbon phases VI 477-478, VI 495, V2 309-310
ring methods V2 236-237
ringing gels VI 353, V2 204
rinse-added softeners VI 317
risk assessment VI 534-535
road construction VI 334-337
robust beer foams V2 416
rod-like micelles

birefringence V2 195, V2 206
cationic surfactants VI 324
concentration VI 437
domain morphology V2 304, V2 306, V2 308-310
flexibility VI 438
rheology V2 193-199
shear behaviour V2 206-210

rolling-up mechanism VI 59, VI 65-67
rosins VI 140-142
Ross-Miles pour test V2 34
rotator phase VI 477
rotor mixers V2 34, V2 35
rough surfaces V2 129 -130
rupture, films V2 431

Saccharomyces cerevisiae (yeast) V2 112
SALS see small-angle light scattering
salting-in VI 407, VI 409-410, VI 500
salts, microemulsions V2 62, V2 64-66, V2 69
SAMs see self-assembling monolayers
SANS see small-angle neutron scattering
SAXS see small-angle X-ray scattering
scanning electron microscopy (SEM) VI 127, VI 170-171
Scheludko cells V2 418
schlieren nematic texture VI 475
Schulze-Hardy rule V2 17
SDS see sodium dodecyl sulfate
secondary black films see Newton black films
secondary ion mass spectrometry (SIMS) VI 163
secondary surfactants VI 365, VI 367
sedimentation VI 186, V2 358, V2 365
sedimentation potential VI 225, V2 371, V2 379
sedimentation volume V2 269-271, V2 273
seed particles VI 194
segregative phase separation VI 453, VI 456-458
selective flocculation VI 243-245
self-assembling monolayers (SAMs) V2 99-116
self-diffusion

cubic phases V2 353-355
droplet microemulsions V2 350-351
microemulsions V2 342-344, V2 346-347
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NMR V2 281-289, V2 302, V2 334
sponge phases V2 352-355

self-emulsifiable oils VI 73
self-reproduction V2 50-52
SEM see scanning electron microscopy
semiconductors V2 83-84, V2 93-95
sensitization (paper) VI 97-98, VI 137
sensors, Langmuir-Blodgett films V2 90—91
separation VI 59, VI 416-417
sequestration VI 288-289, VI 291
serum replacement method V2 440-442
sessile drop methods V2 217, V2 221-222, V2 253-254,

V2 257-258
sewage treatment see waste-water treatment
SFA see surface force apparatus
SFF see solid freeform fabrication
shape methods V2 217, V2 221 -223, V2 232-234
shape parameters, mesophases V2 331, V2 332
shear behaviour VI 149-152, VI 208-210, V2 205-214,

V2 349-350
shear moduli V2 202-204
shear planes V2 374-375
Shell Higher Olefin Process (SHOP) VI 295
Shinoda-cuts, phase prisms V2 340
SHOP see Shell Higher Olefin Process
short-chain sulfonates VI 291
short-oil alkyds VI 113
Siegert relation V2 295, V2 365
silica, colloidal V2 7-8
silicates, flotation VI 345
silicone surfactants VI 122, VI 291-292
silver halides VI 87-88, VI 90-92, VI 94-99
SIMS see secondary ion mass spectrometry
single-lamellar vesicles (SLVs) V2 45-46
single-particle counting V2 358
single-phase fluids V2 159
sizing VI 125, VI 138-145, VI 152-153
skin care

amphoterics VI 364-365, VI 366-367, VI 368
betaines VI 354
cationic surfactants VI 327-328, VI 344
organoclays VI 344

slide hopper coating VI 88
slip casting, ceramics VI 203, VI 212
'slip-stick' patterns V2 260-261
SLNs see solid lipid nanoparticles
SLS see static light scattering
slurries VI 176
SLVs see single-lamellar vesicles
small-angle light scattering (SALS) V2 357, V2 362, V2

364-365
small-angle neutron scattering (SANS)

mesophases V2 301, V2 316
micelles V2 281, V2 292-294
microemulsions V2 71-72, V2 335, V2 347-349, V2 358
rheology V2 205, V2 206, V2 211 -212

small-angle X-ray scattering (SAXS)
mesophases V2 301, V2 316
micelles V2 281, V2 292-294
microemulsions V2 335, V2 358
rheology V2 211

'Smart' surfaces V2 91-92
smectics V2 300, V2 307, V2 315
smectites, organoclays VI 343-344

soaps VI 272-273, VI 280, V2 440
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) V2 65-67,

V2 248, V2 364, V2 366-367
sodium chloride V2 62, V2 64-66
sodium dodecyl sulfate (SDS) VI 494, V2 241, V2 426, V2

427
sodium polyacrylate (NaPA) VI 147-149
soft surfactant systems V2 174-181
sol, definition V2 4
solid dispersions

aggregation processes V2 15-19
electrical properties V2 9-13
rheology V2 19-20
stability V2 5, V2 9, V2 13, V2 15
synthesis V2 4-9

solid formulations, agriculture VI 73-74
solid freeform fabrication (SFF) VI 216
solid lipid nanoparticles (SLNs) VI 12-13
solid loading, ceramics VI 210-211
solid/liquid interfaces VI 58-61
solidification fronts V2 274-277
'solloids' V2 397
solubility VI 46, VI 178, VI 375-376
solubilization

antifoaming agents V2 147-148
binary solutions V2 160, V2 162-173
capacity VI 69
definition V2 159
hydrotropes VI 409-412, VI 415, VI 418-419
Jonsson model V2 165-166
limit V2 345
micelles VI 431, VI 432, V2 162-165
organic compounds V2 246
soft surfactant systems V2 174-181
steric effects V2 166-169
stiff surfactant systems V2 181 -184
surfactant-polymer systems VI 447
ternary systems V2 173-184
water-in-oil microemulsions V2 169-171, V2 174-177,

V2 181-184
solutions, spreading behaviour V2 136
solvation shells VI 545
solvents

diffusion V2 288
exchange model V2 172
foodstuffs VI 43
micellization VI 434
multicomponent systems VI 501-502
paints VI 119
surface forces V2 404-407

space partitioners V2 316-317
Sparge tube technique V2 32-33
spatial fluctuations V2 431-432
speciality surfactants VI 121-122, VI 385-405
specific surface area V2 360
spin finishing VI 337, VI 338, VI 339
spinning drop method V2 217, V2 222-223
spinodal decomposition V2 416, V2 431
sponge phases

block copolymers VI 492-493
characterization V2 352-355
domain morphology V2 302, V2 305-306, V2 316, V2

317-319
liquid crystals VI 482, V2 300
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sponge phases (Continued)
micelles VI 439-440
phase prisms V2 340-342

spontaneous curvature V2 70-72, V2 160-161, V2 169
spontaneous emulsirication VI 74-76, VI 185
SPR see surface plasmon resonance
sprays, agriculture VI 80-83
spreading V2 124-126, V2 134-136, V2 146, V2 149-150
spring deflection V2 385-387
SSFQ see steady-state fluorescence quenching
stabilization

aggregation VI 188
common black films V2 431-433
coupler dispersions VI 99-100
dispersions VI 381-384
electrostatic VI 108
foams VI 306, V2 25-37
foodstuffs VI 40-42
micelles V2 148
microemulsions VI 412, VI 414
Ostwald ripening VI 186-187
paper manufacture VI 130
steric VI 9, VI 205, VI 377, VI 381-384
suspension polymerization VI 192-193
suspensions VI 209-210, VI 212, VI 213
thin-liquid films V2 416-417, V2 426, V2 430

stalagmometers V2 230-231
starches, co-binders VI 149
static cling VI 317
static light scattering (SLS)

CMC determination V2 242, V2 247
micelle shape/size V2 294-296
microemulsions V2 349
particle size V2 357, V2 360-365, V2 368-369

steady shear VI 149-152
steady-state fluorescence quenching (SSFQ) V2 281, V2

290-292
stereolithography VI 216
steric effects

forces V2 397, V2 405, V2 424, V2 426-427
solubilization V2 166-169
stabilization VI 9, VI 205, VI 377, VI 381-384

Stern plane VI 224-225, VI 235
Stern-Graham model VI 223
'sticky' contacts V2 208, V2 210
stiff gels, ceramics VI 215
stiff surfactant systems V2 181-185
Stokes-Einstein equation VI 377, V2 230-231, V2 347,

V2 366
stratification V2 29, V2 30
streaming potential VI 224-225, V2 371-372, V2 379
stress-craze inhibitors VI 333-334
stretching (antifoaming agents) V2 146, V2 149
strontium myristate V2 325
structural inversion V2 342-344
structural viscous liquids V2 190

see also shear behaviour
stylus contact method VI 165
subbing layers VI 85
sugars V2 171-172
sulfobetaines VI 354-355
sulfochlorination VI 282-284
sulfosuccinates VI 289-291, VI 524-525
sulfoxidation VI 284

supercritical fluids V2 68
superlattices V2 83
supersaturation VI 184
superspreaders V2 149-150
support base, photography VI 85
suprafluid liquids V2 190
supramolecular forces V2 427-430
supramolecular structuring V2 424
surface charge

aqueous media VI 220-229
electrokinetics V2 371-382
flotation VI 246-249
molecular dynamics VI 545
selective flocculation VI 243-244

surface force apparatus (SFA) V2 384-385, V2 390-391,
V2 415, V2 428

surface plasmon resonance (SPR) V2 102, V2 103
surface tension

agrochemical sprays VI 80-83
betaines VI 363-364
CMC determination V2 241-242
component approach V2 128-129
contaminant detection V2 163
definition V2 121
detergency VI 54-58
dynamic V2 225-238
equilibrium V2 217-224
film flotation V2 269
Gemini surfactants VI 388
gradients V2 150
measurement V2 217-224, V2 225-238, V2 438-442
paints VI 120-121
perfluorocarbon fluids VI 179
polymers VI 178
sedimentation volume V2 273
solidification fronts V2 274-277
surfactant-polymer systems VI 445-446
wetting V2 126-127

surfaces
see also surface charge; surface tension
activity VI 4-6, VI 44-48, VI 73, VI 105
conduction V2 11-13
depletion V2 429
genus concept V2 304-306, V2 314
geometry V2 387-388
modification VI 403-404
morphology VI 125
reactions VI 247-249
roughness VI 155-156, VI 158-159, VI 163-166
separation measurement V2 385-387
surface-surface interactions V2 383-414
treatment VI 125, VI 138-145, VI 146-154, VI 245
viscosity V2 27, V2 147

surfactant affinity difference VI 258
surfactant films V2 336, V2 354
surfactant monolayer model V2 173
surfactant number see critical packing parameter
surfactant systems, drug effects VI 6-8
surfactant-polymer flooding VI 259-262
surfactant-polymer systems VI 445-463
surfactants

see also zwitterionic surfactants
adsorption VI 232-238, VI 240-241, V2 436-444
agriculture VI 73
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amphipathic structure VI 232-233, VI 376
amphoteric VI 294, VI 323, VI 349-350, VI 351, VI

355-372, VI 532-534
anionic VI 271-292, VI 520-525, V2 147
antifoaming agents VI 71-72, V2 147, V2 149
aqueous solutions V2 190-191
cationic VI 309-348, VI 529-532
cleavable VI 291, VI 390-397
commercial VI 484, VI 492, V2 63-64
computer simulation VI 537-550
concentration measurement V2 436-444
corrosion inhibition VI 263-264
cosurfactants VI 497-498, V2 63, V2 64, V2 65-66
detergency VI 54-55, VI 58-61, VI 65-71
dispersions VI 240-241
droplet size VI 111-113
emulsions V2 55
environmental issues VI 509-536
ethoxylated VI 107
experimental techniques VI 237
foams VI 254-256
Gemini VI 314, VI 354, VI 385-390, VI 469, VI

496-497
hydrophilic-lipophilic balance VI 180, VI 275, VI 310
hydrotropes VI 500
ionic VI 493-497, V2 64-66
liquid crystals VI 465-508
microemulsions V2 55-74
mixed VI 498-499
molecular dynamics VI 537-550
nonionic VI 293-308, VI 480-493, VI 525-529, V2

57-64, V2 66-67, V2 166-169
oil spill clean-up VI 264-265
paints VI 105-110
petroleum industry VI 252-256, VI 259-265
phase behaviour VI 67-71, VI 480-493
physico-chemical properties VI 421-443
polymeric VI 373-384
polymerizable VI 107-110, VI 397-405
rheology V2 189-214
secondary VI 365, VI 367
self-assembly VI 252-254
shear behaviour V2 205-214
solubilization V2 159-186
speciality VI 121-122, VI 385-405
structure V2 245
surface forces V2 397-404
surfactant-polymer systems VI 445-463
swelling VI 190
thin-liquid films V2 415 -417
usage trends VI 510-511
UV-curable VI 403-404
vesicles V2 45, V2 48

surfmers (polymerizable surfactants) VI 107-110, VI
397-405

suspension layer stability V2 271-272
suspension polymerization VI 103-104, VI 176, VI

192-193
suspensions

agriculture VI 78-80
ceramics VI 203, VI 205, VI 208-212
consolidation VI 212-216
definition V2 4
foodstuffs VI 41

suspoemulsions VI 73
swelling

agents VI 184
domain morphology V2 319-321, V2 323
drug delivery systems VI 25
emulsions VI 190-191
exponents V2 331
heterophase polymerizations VI 190
radical polymerization VI 197
surfactant aggregates V2 166-168
surfactant-polymer systems VI 462-463

syneresis V2 3
synergistic effects V2 151-152, V2 429
syntheses see manufacturing processes
synthetic sizing agents VI 140

tails VI 231, VI 377-379
Tanford's formulae V2 303
Tanner's law V2 134
targeted drug administration VI 10-11
temperature effects

contact angle V2 269, V2 276-277
critical micelle concentration V2 246
drug delivery VI 24-25
liquid crystals V2 300
micelles VI 425-428, VI 437, VI 440-442
microemulsions V2 60-70, V2 71-72
nuclear magnetic resonance V2 284
oxyethylene surfactants VI 440-442
vesicle phase transition V2 46-47, V2 50-52

tensiometry V2 217-224, V2 225-238
ternary systems V2 160-161, V2 173 -185
tetrapropylenebenzene sulfonate (TPS) VI 279
textiles VI 511-512
TFB see thin-film balance
thermodynamics

drug delivery VI 15-23
emulsions VI 176-179
micellization VI 428-430
microemulsions V2 56
polymer adsorption VI 229-230
polymeric surfactants VI 374-375
vesicles V2 48-49
wetting V2 120, V2 121-134

thermoplastic foams V2 40
thermoporosimetry VI 169-170
thermotropic liquid crystals VI 466, V2 300
thickening VI 148-149, VI 323-325
thin-film balance (TFB) method V2 36, V2 39, V2 417-424
thin-liquid films V2 415-430, V2 431-433
thixotropy VI 209, VI 210, V2 190
three-phase contact lines V2 259-260, V2 265-266
threshold effect VI 64, VI 288
tilt angles VI 538, VI 542
time-resolved fluorescence quenching (TRFQ) V2 281, V2

290-292
titania (titanium dioxide) VI 114
titration, soaps V2 440
toothpastes VI 369
topical drug administration VI 11, VI 18-19
topography, paper VI 163-166
topology V2 301, V2 314, V2 316-321
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toxicology
amphoterics VI 364-365
aquatic VI 518-519, VI 524-525, VI 529, VI

531-532, VI 534
surfactants VI 515

TPS see tetrapropylenebenzene sulfonate
train formation VI 231, VI 377-379
transition (particle behaviour) V2 275-276
transport of liquids VI 162
transurfs VI 401
transverse diffusion (flip-flop) V2 47, V2 50
TRFQ see time-resolved fluorescence quenching
triglycerides VI 41, VI 296, VI 297
Triton X-n solutions V2 228
turbulent flow V2 18-19
twin surfactants see Gemini surfactants

Ultra Turrax system VI 183
ultracentrifugation V2 367
ultrasound VI 182-183, V2 155-156, V2 244
ultraviolet (UV) curable surfactants VI 403-404
ultraviolet (UV) spectroscopy V2 437-438
undersize fractions V2 359
undulation forces V2 426
unilamellar vesicles see single-lamellar vesicles

vaccination, oral VI 28
van der Waals interactions

ceramics VI 203-204, VI 205, VI 207
colloidal dispersions V2 13-15, V2 16-17
DLVO theory VI 131-132
emulsion concentrates VI 76
liquids VI 42-43
measurement V2 392
molecular dynamics VI 539-540
pigment dispersion VI 115
powder systems VI 50
sedimentation V2 269, V2 272
thin-liquid films V2 424
wetting thermodynamics V2 127, V2 128

vapour phase methods V2 9
vapour pressure osmometry V2 244, V2 247
vapour transport VI 161
vesicles

antifoaming agents V2 149-150
autopoiesis V2 50-52
bilayer solubilization V2 171-173
fatty acids V2 49-50
formation V2 47-49
hydrotropes VI 418
phase structure/transition V2 46-47
polymerization V2 49
rheology V2 200-204, V2 211-213

viscoelasticity
ceramics VI 210
measurement V2 388-389
paper coatings VI 151-152
rheology V2 190, V2 193-198
thickeners VI 325

viscose VI 337, VI 338, VI 339
viscosity

see also thickening

amphoteric surfactants VI 365, VI 366-368
antifoaming agents V2 147
ceramics VI 209-211
CMC determination V2 244
colloidal dispersions V2 19-20
dilational V2 235
dispersions VI 240
foam stabilization V2 26, V2 27
Gemini surfactants VI 390
micelle concentration VI 436
microemulsions V2 335
rheology V2 192-199
shear behaviour V2 206-207, V2 211
surfactant-polymer systems VI 449, VI 452

visible spectroscopy V2 437-438
volatility of liquids V2 122-123
volume fraction V2 345-346, V2 349-350
volume restriction interaction VI 382-383

w/o see water-in-oil
Washburn equation VI 159-161, V2 138-139, V2 272
washing see detergency
waste-water treatment VI 510, VI 515, VI 517, VI 520,

VI 529
water

see also aqueous systems
bridges VI 50
flooding VI 261
hardness VI 61-65, VI 272-273, VI 288, VI 314
solubilization V2 169-171

water-borne paints VI 116-119
water-continuous phases VI 479-480
water-in-oil (w/o) microemulsions V2 169-171, V2

174-177, V2 181-184
waveguide format V2 88, V2 89
Weaver-Bertucci equation V2 143-144
wedge model V2 180-181
Wenzel's equation VI 155
wet strength, paper VI 145-146
wetting V2 119-142

agriculture VI 73, VI 78-79, VI 81-83
amphoterics VI 365
anionic surfactants VI 285, VI 288
capillary penetration V2 136-140
cationic surfactants VI 325-326
counterions VI 274
crude oil VI 254, VI 255
detergency VI 54-58
foodstuffs VI 48-49
imperfect solid surfaces V2 129-134
Langmuir-Blodgett films V2 82-83, V2 91-92
paints VI 119-121
paper VI 127-128, VI 142, VI 144, VI 154-159
pigment dispersion VI 114
porous surfaces V2 138-140
solid surfaces V2 126-129
spreading V2 124-126, V2 134-136
sulfosuccinates VI 289, VI 290
tension V2 126
thermodynamics V2 120, V2 121-134
thin-liquid films V2 431

wicking VI 161, V2 120, V2 132
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Wilhelmy plate method V2 217-218, V2 219-220, V2
267-269

Williamson synthesis VI 275, VI 276
Winsor equilibria, emulsification failure V2 161, V2 178,

V2 351-352
Winsor's R ratio VI 258
wood preservatives VI 318, VI 320-321

X-ray photoelectron spectroscopy (XPS) VI 144-145, VI
162-163, V2 105-106

X-ray reflectivity V2 427
X-ray scattering see small-angle X-ray scattering
xanthogenation VI 337, VI 338, VI 339
XPS see X-ray photoelectron spectroscopy

yeast (Saccharomyces cerevisiae) V2 112
Young equation

agriculture VI 78-79
background V2 120, V2 133-134, V2 252
detergents VI 56
modification V2 122-131
petroleum VI 254
porous solids V2 74, V2 138-139

Young-Laplace equation V2 219, V2 222-223

zeolites VI 61-65
zeta potential

electrokinetics V2 374, V2 380-381
experimental techniques VI 237-238
flotation VI 248-249
manipulation VI 225-226
measurement VI 224-225
surfactant adsorption VI 235, VI 237-238

Ziegler process VI 279, VI 294-295
Zimm plots V2 295
zirconium myristate V2 327
Zisman plots VI 120-121
zwitterionic surfactants

characterization VI 361-372
chemistry VI 349-355
critical micelle concentration V2 245
emulsions VI 257
paints VI 118
phase behaviour VI 493
rheology V2 196-199, V2 201-202, V2 208-210, V2

213
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