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Foreword

MICROEMULSIONS—A VITAL FUNDAMENTAL RESEARCH AREA
MOVING RAPIDLY INTO APPLICATIONS WHILE HAVING

ITS SCIENTIFIC BASIS IN OTHER SURFACTANT

SELF-ASSEMBLY SYSTEMS

This book focuses on the properties and applications of microemulsions and, in
particular, on their interrelationship. Of late, microemulsions have become a pop-
ular subject and applications are emerging rapidly; this further stimulates the fun-
damental studies. Therefore, this book is very timely and I congratulate the editor,
Professor Monzer Fanun, for having prepared a volume with this focus and, in
particular, achieving this so well by assembling an impressive list of contributors;
this list is a good mix of established leading scientists and young colleagues enter-
ing the field recently as they will be the ones who will continue to develop our
research area.

The history of microemulsions has been full of ups and downs and has been
involved in many heated controversies. The name “microemulsions” itself has no
doubt contributed strongly to confusion. Microemulsions are not micro but nano
and are not emulsions. The history of microemulsion research is complex [1] and
needs to be recounted since it provides important lessons. Here I rather wish to
make a few comments from my experience with the evolution of microemulsion,
which have a direct bearing on this book and its relevance.

What is a microemulsion? This question was very much in focus when I first
came in contact with the field by the end of the 1960s and early 1970s. The very
fact that a question like this arises leads to considerable confusion and unneces-
sary work. Thus, had the true nature of microemulsions been understood, a resort
to the basic literature on surfactant self-assembly would have given logical expla-
nations to many observations.

Thirty years ago, when I had just been appointed to the chair of physical
chemistry at Lund University, Professor Ingvar Danielsson from Abo Akademi in
Turku, Finland came for a sabbatical. Abo Akademi was the world-famous institu-
tion for physical chemistry where the founder of the institution, Per Ekwall, along
with pupils such as Ingvar Danielsson, Krister Fontell, and Leo Mandell, had
developed much of our fundamental understanding of surfactant systems, including
micellization, phase behavior, and liquid crystallinity. On his retirement from
Abo, Ekwall moved to Stockholm to found the Laboratory (later Institute) of
Surface Chemistry, while Danielsson took over his chair in Abo. My first contacts
with surfactant science and much of my learning were with this Stockholm-Abo
research community.

XV
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Having been concerned with aspects of surfactant aggregation on the macro-
scopic and aggregate levels, Danielsson took interest in a deeper molecular level
of understanding, using some novel nuclear magnetic resonance (NMR)
approaches, which I had developed along with my colleagues in Lund.

These studies included microemulsions and, discussing the research results
and reading the literature, we became more and more concerned about the fact that
different authors had very different opinions on microemulsions. (It is interesting
that Ekwall and Fontell refused to use this term even though they were behind
some of the pioneering and still central observations on microemulsions. Since
the term referred to thermodynamically stable solutions, they found it a misno-
mer.) Therefore, we found it timely to suggest a definition of microemulsion as
the following: A microemulsion is a system of water, oil, and amphiphile, which
is a single optically isotropic and thermodynamically stable liquid solution [2].
We also gave several examples of what we considered should be included in
microemulsions and what should not.

Looking into the contents of this book, and contemplating Monzer’s invita-
tion to write this foreword, I found it of interest to examine a little the accep-
tance of our definition among colleagues. While having a general impression
that, after a quite long period of questioning, it became more and more accepted,
I found it of interest to examine this further by a citation analysis. Our short note
is certainly not a significant scientific contribution, but it is quite well cited (and
is in fact among my 10 most cited papers). However, the citations show a very
unusual variation over time, the distribution being pronouncedly “bimodal.” In the
first years after publication, there is quite a constant modest citation frequency.
Thereafter, there is a very pronounced peak in 1989, indicating that this is the year
that a more general acceptance was obtained. Afterwards, citations decrease
strongly and one would have expected that the paper would as usual start to
become forgotten. However, a few years ago, citations started to increase in
number again and, from the citations during the first half of 2008, we can guess
that this year will give the largest number of citations so far. Why is that so? Some
clue can be obtained from the field of the journals where the paper is cited. Thus
in 1989, most citations were in journals that focused more on physical and colloid
chemistry. The pattern is very different in 2008. A majority of the citations are in
journals dealing with more applied aspects, in particular, in the pharmaceutical
sciences.

Is there any other evidence that microemulsions are now becoming better
understood in the applied sciences, like pharmaceutics? An indication can be
obtained by considering textbooks. A leading textbook in pharmacy is Physico-
chemical Principles of Pharmacy by A. T. Florence and D. Attwood [3]. Both the
placing of microemulsions in the book and the text devoted to this topic reveal that
even in 1998, when the third edition was published, microemulsions had received
very little attention in the pharmaceutical field and that, furthermore, the nature of
microemulsions was misunderstood. Thus, while there were lengthy multipage
descriptions of surfactant micellization, liquid crystallinity, vesicles, and solubi-
lization, microemulsions were dealt with in a mere seven line paragraph starting
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“Microemulsions, or so-called swollen micellar systems, consist of apparently
homogeneous transparent systems of low viscosity which contain a high percent-
age of both oil and water and high concentrations (15%—-25%) of emulsifier
mixture.” The misconception of microemulsions in the pharmaceutical field is
accentuated by the fact that rather than being placed together with other thermo-
dynamically stable surfactant self-assembly systems, it is considered as a type of
dispersion and placed under the general heading “Emulsions, Suspensions, and
Other Dispersions.” It is indicated from the citation analysis mentioned that if a
corresponding textbook is prepared today, microemulsions would receive much
more attention and would be properly classified and treated in conjunction with
related surfactant systems, like micelles and liquid crystals, as they have indeed
been in textbooks of physical chemistry and colloid chemistry for a long time.

This book contains significant contributions regarding the applications of
microemulsions for pharmaceutical formulations, as well as for other applications,
and will no doubt help considerably to provide an excellent basis for applications
into new fields.

Regarding the long-standing issue of the confusion of treating microemulsions
as one type of emulsion, Chapter 7 by Otto Glatter and coauthors, dealing with
emulsified microemulsions, is particularly enlightening as it clearly hints to this
misconception.

Stig Friberg was certainly the pioneer who demonstrated that microemulsions
are indeed thermodynamically stable solutions and, therefore, should be described
by phase diagrams with respect to their stability. The significance of his work on
the phase behavior of surfactant—oil-water systems for the development of the
microemulsion field cannot be overestimated and it is indeed very appropriate that
he was invited to write the first chapter of this book. I was myself very fortunate to
have early contacts with Stig Friberg. In addition, I was strongly influenced and
helped by the phase diagram work of two other pioneers in the field, Per Ekwall,
already mentioned above, and Kozo Shinoda in Yokohama.

Several of my collaborations with Friberg, Shinoda, and Ekwall concerned
microemulsion microstructure, where they provided enlightening systems for
structural investigation and deep insight into the subject.

I consider my most important contribution to the field of microemulsion as
being the first, together with coworkers, to demonstrate microemulsion bicontinu-
ity. However, this work also nicely demonstrates how important it is in microemul-
sion research to have a broader perspective, in particular considering other surfactant
phases.

My first study dealing with surfactant phase bicontinuity did not thus concern
microemulsions but cubic liquid crystalline phases. In preparing a chapter dealing
with applications of NMR for a book on Liquid Crystals and Plastic Crystals [4],
I became confused when I came to the cubic phases. As we know, cubic phases can
be located in different concentration ranges in a phase diagram, inter alia between
the micellar solutions and the normal hexagonal phase, and between the hexagonal
and the lamellar phases. I soon realized that the surfactant self-diffusion would be
very different for discrete aggregates and for connected structures. This would
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thus be an interesting possibility for solving the problem of the structure of cubic
liquid crystalline phases. A few experiments with a postdoctoral fellow, Tom Bull,
at the new pulsed NMR spectrometer, giving differences in surfactant diffusion by
orders of magnitude between the two cubic phases, could directly prove that one
was built up of discrete micelles while the other was bicontinuous [5]. The cubic
phase, which is more dilute in surfactant, was thus found to be characterized by
very slow surfactant diffusion and thus must consist of (more or less stationary)
discrete aggregates. In the more concentrated cubic phase, surfactant diffusion
was found to be more than one order of magnitude faster. This rather surprising
finding could only be understood if the surfactant molecules could diffuse freely
over macroscopic distances; thus surfactant aggregates are connected.

The distinction between discrete “droplet” structures and bicontinuous ones
became central in the subsequent studies on microemulsions in Lund [6—12]. This
research topic became even more emphasized when Peter Stilbs introduced the
Fourier transform version of the NMR technique [13-16].

That surfactant self-assembly systems, which include liquid crystalline phases
and isotropic solutions, can be divided into those that have discrete self-assembly
aggregates and those where the aggregates are connected in one, two, or three
dimensions was very clear for the pioneers of the microemulsion field mentioned
above. Regarding lamellar phases, the two-dimensional connectivity was already
appreciated at a very early stage. The same holds true for the (“normal” and
“reverse”’) hexagonal phases, although erroneous models of linearly associated
spherical micelles, “pearls-on-a-string,” can be found in the literature; such a
linear association was also, again incorrectly, advanced to explain droplet growth
in microemulsions. The general acceptance of connectivity for these anisotropic
phases stood in sharp contrast to a great difficulty to get an acceptance for bicontinu-
ity for other phases. This is partly related to the fact that contrary to these anisotro-
pic phases, it has been much more difficult to structurally characterize the different
isotropic phases found in simple and complex surfactant systems: cubic liquid
crystals, solutions in binary surfactant-water systems, and microemulsions. The
first verification was due to observations of molecular self-diffusion over macro-
scopic distances. Electrical conductivity offers a partial insight in providing infor-
mation on the extension of aqueous domains. Fluorescence quenching can provide
information on the growth of nonpolar domains, but a probe has to be introduced.
Later cryogenic transmission electron microscopy has developed into a very impor-
tant tool for imaging different surfactant phases.

Using a similar approach as for cubic phases, it was thus quite straightforward
to address the problem of microemulsion structure. Thus, by measuring oil and
water self-diffusion, it was quite easy to establish whether oil or water or none of
them are confined to discrete domains, “droplets.” In the first work on microemul-
sion structure by self-diffusion, using both tracer techniques and NMR spin-echo
measurements, it was clearly shown that, in addition to droplet microemulsions,
over wide ranges of composition they can be bicontinuous [6]; this is manifested
by both oil and water diffusion being rapid, not much less than the self-diffusion
of the neat liquids.
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The self-diffusion approach to microstructure is not limited to cubic phases or
microemulsions. An early study concerned the demonstration of micellar growth
into worm-like structures for nonionic surfactants [17,18]. Parallel pioneering
studies on phase behavior of nonionic surfactants by Gordon Tiddy [19] also illus-
trated the same feature. Another problem, soon to be tackled, was that of the
microstructure of the “sponge phases,” a “microemulsion analogue,” for binary
surfactant systems, termed L, by Ekwall (and identified by him in a number of
systems). While isotropic solutions in simple surfactant—water mixtures were for
a long time considered synonymous with solutions of discrete surfactant micelles,
there were indications of a more complex situation given by the clouding and phase
separation into two solutions of nonionic surfactants at elevated temperature. Here
self-diffusion was again expected to provide the solution [19,20]. For the sponge
phase, water diffusion was much reduced compared to classical micellar solu-
tions. In fact, it was close to 2/3 of the value of neat water. The surfactant diffusion
was, on the other hand, found to be much more rapid, and close to 2/3 of the dif-
fusion of the neat liquid surfactant, than what was observed for previously studied
micellar solutions. The solutions are thus bicontinuous. These systems are perfect
illustrations of bicontinuity and in many respects useful models of bicontinuous
microemulsions. Both the water and surfactant self-diffusion coefficients are close
to 2/3 of the values of the neat liquids, corresponding to an ideal zero mean curva-
ture bicontinuous structure.

While I have illustrated here, with some examples from our own research,
how progress in our understanding has been dependent on understanding alterna-
tive surfactant phases, this approach is certainly not unique. Several pioneers like
Friberg, Ekwall, Shinoda, Tiddy, Scriven, and Wennerstrom, have provided beau-
tiful examples of such a “holistic” view. It is my firm belief that in the ongoing expan-
sion of the microemulsion field, that the present book emphasizes and supports a
broader look into surfactant self-assembly and a resort to simpler surfactant sys-
tems are mandatory.

Bjorn Lindman
Coimbra University and Lund University
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Preface

Microemulsions are microheterogeneous, thermodynamically stable, sponta-
neously formed mixtures of oil and water under certain conditions by means
of surfactants, with or without the aid of a cosurfactant. The first paper on
microemulsions appeared in 1943 by Hoar et al., but it was Schulman and
coworkers who first proposed the word “microemulsion” in 1959. Since then, the
term “microemulsions” has been used to describe multicomponent systems
comprising nonpolar, aqueous, surfactant, and cosurfactant components. The
application areas of microemulsions have increased dramatically during the
past decades. For example, the major industrial areas are fabricating nanopar-
ticles, oil recovery, pollution control, and food and pharmaceutical industries.
This book is a comprehensive reference that provides a complete and system-
atic assessment of all topics affecting microemulsion performance, discussing
the fundamental characteristics, theories, and applications of these dispersions
that have been developed over the last decade.

The book opens with a chapter that describes a phase diagram approach to
microemulsions by two leading authorities (Friberg and Aikens) who have con-
tributed significantly to the field of microemulsions. In the next three chapters, Moulik
and Rakshit, Mehta and coworkers, and Mejuto and coworkers, respectively,
advance different approaches to describe the percolation phenomenon in microe-
mulsion systems. Theories that predict droplet clustering along with the basic
conditions required for the formation and stability of these reverse micellar systems
and the composition, temperature, and pressure-dependent conductance percolation
and energetics of droplet clustering are reviewed. The influence of different additives
on the conductance percolation of ionic microemulsions is also reviewed.

Significant progress has been made in the formulation and characterization
of new microemulsion systems. Properties of microemulsions with mixed non-
ionic surfactants and different types of oils are reviewed in Chapter 5 by Fanun.
A comprehensive review on the influence of various simple alcohols on the
internal structural organization of microemulsion systems is presented in
Chapter 6 by Tomsic¢ and Jamnik. Chapter 7 by Glatter and coworkers focuses
on the effect of variations in temperature and solubilizing oil on the formation
and the reversible structural transitions of emulsified microemulsions that have
excellent potential in applications such as nanoreactors or host systems for
solubilizing active molecules in cosmetic, pharmaceutical, and food industries.
The interaction of water with room temperature ionic liquids (RTILs) has been
studied in RTIL/surfactant/water-containing ternary microemulsions by solvent
and rotational relaxation of neutral Coumarin probes, namely Coumarin 153
and Coumarin 151, using steady-state and picosecond time-resolved emission
spectroscopy, reviewed by Seth and Sarkar in Chapter 8.

XXi
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Microemulsions accommodate poorly soluble drugs (both hydrophilic and
lipophilic) and protect those that are vulnerable to chemical and enzymatic deg-
radation. They have the potential to increase the solubility of poorly soluble
drugs, enhance the bioavailability of drugs with poor permeability, reduce
patient variability, and offer an alternative for controlled drug release. In Chap-
ter 9, Alany and coworkers review the formulation and characterization of
microemulsions intended for drug delivery applications. Recent investigations
on pharmaceutically applicable microemulsions are described in Chapter 10 by
Gasperlin and BeSter-Rogac. The use of emulsions and microemulsions as a
delivery system for cancer therapy is described in Chapter 11 by Karasulu
and coworkers.

Enzymes when hosted in reverse micelles can catalyze reactions that are
not favored in aqueous media. Products of high-added value can be thus pro-
duced in these media. The potential technical and commercial applications of
enzyme-containing microemulsions as microreactors are mainly linked to
their unique physicochemical properties. The potential biotechnological
applications of microemulsions with immobilized biocatalysts such as
enzymes are described in Chapter 12 by Kunz and coworkers and in Chapter
13 by Xenakis and coworkers.

Great efforts have been made in order to replace established but harmful,
corrosive, and therefore, obsolete decontamination media for chemical warfare
agents and toxic industrial chemicals. Chapter 14 by Hellweg and coworkers
discusses the considerable advantages of microemulsion-based decontamination
systems with respect to practical boundary conditions and fundamental princi-
ples of microemulsion formation. Additionally, the authors illustrate the further
development to versatile, environmentally compatible and nonharmful systems
containing nanoparticles and enzymes as active components.

Several segments of the petroleum industry can be optimized with the use of
microemulsions. Research has been carried out on potential microemulsified for-
mulations for compression-ignition, cycle-diesel engines, which, in spite of bring-
ing about a slight increase in consumption, produce less polluting emissions. In
Chapter 15, Dantas Neto and coworkers summarize recent advances in microe-
mulsions in this type of industry.

Microemulsions can be considered as true nanoreactors, which can be used to
synthesize nanomaterials. The main idea behind this technique is that by appropriate
control of the synthesis parameters one can use these nanoreactors to produce
tailor-made products down to a nanoscale level. Chapter 16 by Tojo and coworkers
describes the use of Monte Carlo simulations to study the influence of the critical
nucleus size and the chemical reaction rate on the formation of nanoparticles in micro-
emulsions. Chapter 17 by Husein and Nassar focuses on exploring ways of maximizing
the concentration of stable colloidal nanoparticles, nanoparticle uptake, in single (w/0)
microemulsions. Chapter 18 by Ghosh describes the photophysical and interfacial
electron transfer behavior of anatase TiO, nanoparticles in microemulsions.

Capillary electrophoresis is a powerful technique with relevant features of
performance such as simplicity, versatility, very high resolution in short time
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of analysis, and low cost of operation. The final chapter by Tripodi and Lucangioli
describes the use of microemulsions in capillary electrophoresis as pseudostationary
phases in the electrokinetic chromatography mode. This method has extensive
applications in different fields of pharmaceutical analysis for the determination
of drugs and their impurities in bulk material and pharmaceutical formulations
for the dosage of drugs in biological fluids.

In quintessence, this book represents the collective knowledge of young and
renowned researchers and engineers in the field of microemulsions. This book
covers recent advances in the characterization of the properties of microemulsions;
it covers new types of materials used for the formulation and stabilization of
microemulsions, and it also covers new applications. An important feature of this
book is that the author of each chapter has been given the freedom to present, as
he/she sees fit, the spectrum of the relevant science, from pure to applied, in his/her
particular topic. Of course this approach inevitably leads to some overlap and
repetition in different chapters, but that does not necessarily matter. Any author
has his/her own views on, and approach to, a specific topic, molded by his/her
own experience. I hope that this book will familiarize the reader with the scientific
and engineering aspects of microemulsions, and provides experienced researchers,
scientists, and engineers in academic and industry communities with the latest
developments in this field.

I would like to thank all those who contributed as chapter authors despite
their busy schedules. In total, 52 individuals from 15 countries contributed to the
work. All of them are recognized and respected experts in the areas they wrote
about. None of them is associated with any errors or omissions that remain. I take full
responsibility. Special thanks are due to the reviewers for their valuable comments as
peer review is a requirement to preserve the highest standard of publication. My
appreciation goes to Barbara Glunn of Taylor & Francis for her genuine interest
in this project.

Monzer Fanun
Associate Professor
Al-Quds University

East Jerusalem, Palestine
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1.1 INTRODUCTION

The phase diagram approach to microemulsions was introduced decades ago by
Gillberg and collaborators [1]. At that time, it was not well received by the
researchers in the area, because it emphasized that microemulsions are in fact
micellar systems and the traditionally simplified thermodynamic treatment was
very much in vogue at that time. Unfortunately, the ensuing arguments about the
“true structure of microemulsions” shrouded the advantage of the approach, and it
was only after the Israelachvili-Ninham analysis of the thermodynamics of such
systems [2] that attention could be directed to the essential features of the phase
diagram approach. A brief history of the development has been given by Lindman
and Friberg [3].

In the following sections, the phase diagram approach will be applied to three
attributes of microemulsions: (a) the importance of ordering versus disordering,
(b) the temperature dependence of the behavior of microemulsions stabilized by
polyethylene glycol adduct surfactants, and (c) the use of phase diagrams to obtain
information on the composition of the vapor leaving microemulsion during its
evaporation.
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1.2 DISCUSSION

1.2.1 ORDERING—DISORDERING

The phase diagrams of microemulsions have traditionally been presented in two
ways. The original one was built on the results of Ekwall on the association
structures of amphiphilic systems [4] and was based on the associations in the
water—surfactant combination. According to this approach, the development of
the microemulsion structures was a result of the structural modifications brought
about by the addition of less hydrophilic amphiphiles such as alcohols. The hydro-
carbons in the microemulsions were considered solubilizates in this methodology
and their effect on the structure was considered to be of secondary importance.
The approach was very successful for W/O microemulsions, providing a simple
tool for their formulation. A generic diagram is given in Figure 1.1.

The essential feature of importance for the microemulsion is the fact that the
inverse micellar solution and the aqueous solution of normal micelles are not in
mutual equilibrium except for extremely low-surfactant concentrations. For
higher-surfactant concentrations, the equilibrium is with the liquid crystalline
phase. As a consequence, the transition from the normal micelles to inverse
micelles (Figure 1.2) does not happen directly, but through a lamellar liquid
crystal (Figure 1.3).

W/O microemulsions stabilized by an ionic surfactant also employ a less
hydrophilic amphiphile, which is known as the cosurfactant. The original cosur-
factants were alcohols [5] and Gillberg realized early on [1] that W/O microemul-
sions were obtained simply by adding a hydrocarbon to Ekwall’s inverse micellar
solution (Figure 1.4). Addition of the hydrocarbon does not imply significant

S

FIGURE 1.1 Partial generic phase diagram of a system water (W), surfactant (S), and
medium chain length alcohol (A). (Adapted from Ekwall, P., in Advances in Liquid Crystals,
Brown, G.H. (Ed.), Academic Press, New York, 1975, pp. 1-139. With permission.)
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Inverse micelle

Aqueous micelle

FIGURE 1.2 In the aqueous solution micelle (left), the surfactant polar groups are orga-
nized toward the surrounding water, while the hydrocarbon chains are inside the micelle.
In an inverse micelle (right), the organization is opposite.

FIGURE 1.3 In alamellar liquid crystal, water layers are separated by mirrored bilayers
of surfactant.

A/H

FIGURE 1.4 Addition of hydrocarbon to the inverse micellar solution (solid line)
(Figure 1.1) gives a W/O microemulsion (hatched line).
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C,OH

n

C,OH

A\ S

FIGURE 1.5 Comparison of the inverse micellar liquid areas for systems with pentanol
and decanol.

structure changes [6] and the W/O microemulsions were hence described as
inverse micellar solutions. The approach was initially not received well by
Schulman’s successors [7], and it is remarkable that Schulman’s initial publica-
tion on the concept described these microemulsions as colloid solutions. The term
“microemulsion” was coined much later [8].

The application of Ekwall’s presentation of phase diagrams offers several
advantages. First, it provides an explanation of the fact that when the capacity to
include water in a W/O microemulsion is exceeded, the phase appearing is not an
aqueous liquid, but a lamellar liquid crystal. Secondly, it provides immediate clar-
ification of the role of the cosurfactant. As demonstrated in Figure 1.5, the effec-
tiveness of the cosurfactant depends decisively on its chain length. The difference
in the sizes of the W/O microemulsion regions in Figure 1.5 demonstrates that
decanol is far less useful as a cosurfactant than pentanol (if it is even useful at all).
The explanation for this fact is not, as it may appear at a first glance, the difference
in the stability of the inverse micelles; it rests with the fact that the shorter pentanol
chain destabilizes the lamellar liquid crystal by disordering it, and so as a result,
increasing the area for the inverse micellar solution.

Following this approach, it would be logical to use butanol as a cosurfactant
instead of pentanol, because its isotropic liquid region now expands continuously
to the water corner (Figure 1.6).

This large continuous isotropic liquid region at first appears highly appealing,
but effective utilization of shorter chain length alcohols as cosurfactants is coun-
tered by another factor. Butanol certainly destabilizes the lamellar liquid crystal
efficiently (Figure 1.6), but when the hydrocarbon is added to form the micro-
emulsion, the butanol is too water soluble and does not reach and reside at the oil/
water interface sufficiently. As a result, the system forms two separate phases: a
traditional macroemulsion of oil and water.
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C,OH

Isotropic
liquid

W

FIGURE 1.6 Isotropic liquid area for a system with butanol.

The importance of the disordering action of the cosurfactant is confirmed by
a later publication concerning O/W microemulsions [9]. In this case, the pentanol
per se did not provide sufficient disordering effect as demonstrated by the features
in Figure 1.7.

The insufficient disordering is illustrated by the fact that the decane solubili-
zation is limited and by the solubility gap along the sodium dodecyl sulfate
(SDS)/W-C,OH axis. The latter is caused by the lamellar liquid crystal between
the aqueous and pentanol solution (Figure 1.8).

The addition of a hydrotrope, a more water soluble molecule with disordering
action, supplemented the disordering and the liquid crystal range along the SDS/
W-C,OH axis disappeared (Figure 1.9) resulting in an excellent microemulsion
area [10].

N-Cyo

Bicontinuous
microemulsion

W/O
microemulsion

Oo/w
microemulsion

SDS/W
15/85 n-CsOH

FIGURE 1.7 Isotropic liquid in the partial phase diagram of decane, n-C,), pentanol,
C,OH, and a solution of 15% SDS, in water. The liquid structure passes from an O/W
microemulsion to a W/O one through a bicontinuous structure without a phase separation.



6 Microemulsions: Properties and Applications

C;OH

W/O
microemulsion

Lamellar
liquid
crystal

Bicontinuous
microemulsion

SDS

Oo/wW
microemulsion

FIGURE 1.8 Part of the phase diagram water (W), SDS, and pentanol (CsOH). The areas
named microemulsions in this Figure 1.4 were called micellar solutions in Ekwall’s
terminology (From Ekwall, P., in Advances in Liquid Crystals, Brown, G.H. (Ed.), Academic
Press, New York, 1975, pp. 1-139. With permission.)

The surfactant in this system is ionic, and hence salt has a similar action
[11]. The ultimate extension of this action is amply exemplified in the early
publications from the field of microemulsion-assisted petroleum recovery
[12].

The phase diagram approach to microemulsions following Ekwall [1] is
characterized by a section through the three-dimensional diagram according to
Figure 1.10a. Alternative publications with different sectioning (Figure 1.10b)
have also gained popularity [13]. Both these presentations are useful; the second
one suffers from the disadvantage of not catching the strong variation in the areas
with the surfactant/cosurfactant ratio as accentuated by Figure 1.8.

C10

W/SDS/SXS C;OH

80.9/14.3/4.8

FIGURE 1.9 Microemulsion region in the system water/SDS/sodium xylene sulfonate,
W/SDS/SXS, pentanol, C;OH, and decane, C,,.
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wWoTTT T T S

(a)

FIGURE 1.10 Two main representations of the microemulsion pseudophase diagram.
The left depiction (a) is the Ekwall-Gillberg approach, which treats the hydrocarbon/
cosurfactant liquid as one component, while the right model (b) combines the surfactant
and cosurfactant into one component.

1.2.2  TeMPERATURE DEPENDENCE

It is seen above that the areas for microemulsions stabilized by ionic surfactants are
decisively dependent on the structure of the cosurfactant to cause the necessary
disorder in the system. Microemulsions stabilized by polyethylene glycol adduct
nonionic surfactants, on the other hand, are characterized by the fact that
cosurfactant is not used. Instead, the areas of stability now rely on temperature (Figure
1.11) although the relation with the liquid crystal structure is still the essential
element [14].

The main theme of this dependence is illustrated in Figures 1.12 and 1.13
[15], which show the generic phase diagram for an alkyl ether surfactant with an
aliphatic hydrocarbon of a moderate length (approx. 12 carbons), and a short
polyethylene glycol chain (approx. 4 ethylene glycol units). First, the diagram is
characterized by a complete disparity of the solubility of the surfactant in water

W S

FIGURE 1.11 Phase equilibria for the system water (W), a polyethylene glycolalkyl ether (S)
and an aliphatic hydrocarbon (H). Low-temperature behavior is depicted in the upper
left-hand diagram, high-temperature features are depicted in the lower right-hand diagram.
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A\ H.S.

FIGURE 1.12 Features of the system at the HLB temperature.

and hydrocarbon with a moderate rise in temperature to 75°C. At lower temperature,
the solubility is restricted to water transitioning into an aqueous micellar solution,
followed by a lamellar liquid crystal, and finally an inverse micellar liquid with
increasing surfactant content. At a higher temperature, the surfactant solubility is
restricted entirely to the hydrocarbon, without any ordered structures.

Internal
two-phase

Oo/wW
microemulsion

w
FIGURE 1.13 Three next stages after the state at left in Figure 1.11.



A Phase Diagram Approach to Microemulsions 9

In between these two temperature extremes, lies the hydrophilic—lipophilic
balance (HLB) temperature. Here, the aqueous micellar phase has disappeared or
is severely restricted (Figure 1.13), and a liquid phase is found instead at a water/
hydrocarbon ratio of approximately 1 with a moderate concentration of surfactant.
This liquid is a microemulsion with a bicontinuous structure.

From a phase diagram point of view, the development of the features from
those in the left-hand diagram of Figure 1.11 to those in Figure 1.12 is of interest
because of the rather intricate details of the equilibria. Figure 1.13 presents the
initial changes in greater detail.

The first development from the stage in the left-hand diagram of Figure
1.11 is that the hydrocarbon and the surfactant become mutually soluble and
the lamellar liquid crystal is extended toward high-hydrocarbon content. These
two areas remain approximately constant during the next stages. In the first of
these (top right, Figure 1.13), the micellar region along the water—surfactant
axis is limited with respect to the maximum water content. To reach the water
corner, a certain ratio of hydrocarbon to surfactant is required. The effect is
that a two-phase region is formed extending from the water corner. In the next
step (bottom right, Figure 1.13), the two regions are separated and the one
with highest hydrocarbon to surfactant ratio forms an O/W microemulsion,
which has the specific property of being infinitely dilutable with water. It
should be noted that the O/W microemulsions stabilized by an ionic surfactant
such as the one in Figure 1.9 cannot be diluted with water. Any such attempt
leads to phase separation and a macroemulsion is formed. The fact that there
is no equilibrium between the O/W microemulsion and the remnant of the
micellar solution is a remarkable feature in the diagram. Instead, the two
liquids are in equilibrium with pure water and with the lamellar liquid crystal.
Further progression toward the HLB temperature pattern in Figure 1.12 is
depicted in Figure 1.14.

Now the O/W microemulsion area is separated from the water corner, but forms
an unconnected phase in the water-rich part of the system. The ensuing phase
equilibria are depicted in the enlarged partial diagram on the left-hand side of
Figure 1.14. The complexity of the equilibrium conditions are well illustrated by the

W A\ S

FIGURE 1.14 Subsequent step to the configurations in Figure 1.13.
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H H H
A A A
W HS. W HS. W H.S.
H H
A A
W HS. W H.S.

FIGURE 1.15 Subsequent patterns between that of the HLB temperature in Figure 1.12 and
the final appearance to the right in Figure 1.11. (Reproduced from Shinoda, K. and Friberg,
S.E., Emulsions and Solubilization, John Wiley & Sons, New York, 1986.)

number of phases (MS, aqueous micellar solution; O/W, O/W microemulsion; LC,
liquid crystal; O, hydrocarbon—surfactant liquid) found when adding hydrocarbon
to an aqueous solution of surfactant less concentrated than the separated phase. The
sequenceisW+MS - W+MS+LC—->W+LC—>W+LC+0O/W —->W+0O/W —
W+ O/W + O— W + O; an extraordinary number of seven combinations for surfactant
concentration less than that of any association structure phase.

The bicontinuous microemulsion region coalesces with the hydrocarbon—sur-
factant liquid area forming a W/O microemulsion region reaching toward greater
fractions of water. The surfactant-hydrocarbon ratio for maximum water solubiliza-
tion depends on the maximum solubilization of the hydrocarbon into the lamellar
liquid crystal. With increasing temperature, the solubilization capacity is reduced
and the maximum for water solubilization into the W/O microemulsion is shifted to
greater surfactant—hydrocarbon ratios. The final result of this trend is the system of
the hydrocarbon—surfactant liquid in equilibrium with water, in accordance with the
right part of Figure 1.11 (Figure 1.15E).

1.2.3 VAPOR COMPOSITION FROM MICROEMULSIONS

The recently introduced algebraic method to extract information from phase
diagrams [16] has been used to quantify evaporation from microemulsions [17].
The approach as such does not provide additional information to the experimentally
determined phase diagram, but introduces a system to illustrate the influence of
the relative humidity (RH) on the direction and volume of the evaporation and its
path that is not immediately available otherwise.
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The method basically relates the changes in the composition of the liquid
phase to the composition of the released vapor. This information would not be of
practical value if the evaporation took place in completely dry air or in vacuum;
the difference in the composition of the liquid phase obviously equals the compo-
sition of the escaping vapor. In addition, if the evaporation were to take place
under conditions close to equilibrium, the partial vapor pressures could be utilized
to calculate the activities of the components in the liquid phase. Evaporation how-
ever, usually takes place into an atmosphere at a certain level of humidity and this
fact affects the interaction between the liquid phase and its vapor. This influence
is conveniently attended to using the algebraic approach as illustrated by an example
[17]. The system to be discussed consists of water (W), cosurfactant (C), and
surfactant (S) and is depicted in Figure 1.16.

The composition of the discharged vapor from a weight fraction composition
(W,, C,, and S)) is obtained from the tangent to the experimentally determined
evaporation path, which is given a function C(S).

C =C,+(S—-S8,)dC,/dS, (1.1)

Setting S = 0, the composition of the released vapor (W,, Cy, and 0) is found.

C, =C,-S,(dC,/dS)) (1.2)
and
W, =1-C, +S§,(dC,/dS,) (1.3)
C

Evaporation
composition
(W, Cpyand S))

Composition of
released vapor

(W,,0,and S,) \

W S

FIGURE 1.16  System used is the W/O microemulsion base in which the cosurfactant is a
volatile compound, illustrating the behavior of a hydrocarbon.
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This is the composition of the released vapor as obtained from experimental
results. These are inherently affected by the RH of the receiving atmosphere with
the actual vapor phase including the indigenous atmospheric water (Wyy,).

Wy =1-C, +5,(dC,/dS)) + Wy (1.4)

Realizing that the contribution from the released microemulsion vapor to the total
water in the vapor is proportional to its evaporation rate and assuming ideal
behavior of the vapor, the weight fractions of the two volatile compounds in the
released vapor become

C, =P.M./P-M.+M{P,(LEm)—-0.01RHP, (0)}] (1.5)
and

W, = My, {P,, (WEm)— P,,(0)}/[P-M + M, {P, (LEm)—0.01RHP, (0)}] (1.6)

where
P is pressure
M is molecular weight

As a contrast the equilibrium values for the receiving atmosphere are
C, =P.M.INP-M.+MyP, (UEm)] 1.7
and
W, = My, Py (WEm)/[P-M . + M, Py, (WEm)] (1.8)

The combination of these equations with the phase diagram offers a great deal of
insight on the evaporation [17]. A few salient points will be examined here. At
first, the indigenous vapor pressure of water in the atmosphere will exceed the
vapor pressure from the microemulsion for sufficiently high values of RH. As a
consequence, the evaporation of water is now reversed; it is absorbed into the
microemulsion liquid, as quantified by the general relation of the ratio between
evaporating water and volatile organic compound, a first-order linear equation:

R =[P.M, + My,{P,,(W.Em)— 0.01RHP, (0)}|/P-M_. (1.9)

The reversal of direction happens when the RH exceeds the value obtained in
Equation 1.10:

RH > P, (WEm)/0.01P,, (0) (1.10)

Figure 1.17 illustrates this change of course in the phase diagram (negative Cy).
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C

(W1, Cp, S1)

Water evaporating
.- -

Composition of
released vapor

_ . No water evaporation
(W, 0,and S,) =

Water absorbed

FIGURE 1.17 Phase diagram illustrating the change in water evaporation direction
(arrows from the evaporation composition, W;, C,, and S,) with increased RH. The evapo-

ration changes from water evaporating to water being absorbed into the liquid from the
atmosphere.

With realistic values of the vapor pressures and the molecular weights,
such as

P.=0.1

Py (0)=20

Py (LEm) = 10
My, =18

M. =150

Equation 1.9 becomes

WIC =12-0.24RH (1.11)
and the reversal takes place at an RH of 50%. The RH has another critical point
representing the value at which the reduction in the entire weight of the microe-
mulsion with evaporation is reversed. The general expression is

RH = (M, P,,(WEm) + P.M_)/0.01M, P, (0) (1.12)

This represents a slightly greater value than that for the reversal of the water
transport direction in Equation 1.10 with a numerical value of the RH in this case



14 Microemulsions: Properties and Applications

being 54%. In what may be considered an oddity, this value is also the one at
which the value of C, for the released vapor instantaneously goes from positive to
negative infinity with increased RH.

1.3 CONCLUSION

Phase diagrams are shown to provide valuable information on the role that struc-
ture of the surfactant, cosurfactant, and oil plays in determining the properties of
the system at any composition. In addition, it is demonstrated that degree of order/
disorder of lamellar liquid crystalline phases within a system stabilized by an
ionic surfactant is determined by the chemical structure of the components and
this in turn influences the magnitude, the nature (O/W, bicontinuous, W/O), and
the location of the microemulsion phases. When nonionic polyethylene glycol
ether surfactants are used instead of ionic ones, the temperature of the system is
the crucial determining factor, with optimum properties at the HLB temperature
of the surfactant. Finally, it is shown that straightforward algebraic analysis can
be used to determine the composition of the evaporating gas from the microemulsion
under practical use conditions by taking into account the atmospheric RH, utilizing
the vapor pressures of the volatile components, molecular weights, and extrapolations
from the phase diagram.

SYMBOLS AND TERMINOLOGIES

w water

(0] oil

C cosurfactant

H hydrocarbon

A alcohol

UWEm  microemulsion
RH relative humidity
P pressure

M molecular weight
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2 Physicochemistry
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2.1 INTRODUCTION

Microemulsions are microheterogeneous, thermodynamically stable mixtures of
oil and water. Here, the term “oil” means any water insoluble organic liquid.
Macroscopically, they are homogeneous systems. Such oil/water disperse sys-
tems were known for a long time as there were some commercial floor cleaning
products available in the American market at the turn of the twentieth century.

17
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It was Schulman and his group at the Columbia University who first scientifically
described microemulsion in 1943 [1] though the concept was there in the patent
literature in mid-1930s [2,3]. The term “microemulsion’ was first coined in 1959
by Schulman and his group [4]. Prior to that, different, terms like transparent
emulsion, swollen micelle, micellar solution, and solubilized oil were used for
such systems. Winsor [5] also separately developed such thermodynamically
stable systems. Microemulsions are generally of low viscosity containing oil,
water, and an amphiphile that brings down the water/oil interfacial tension (IFT), ¥,
to a very low value. Originally, it was thought that there exists a negative IFT
which imparts stability to microemulsion [6]. Now, it is accepted that the
IFT between oil and water is reduced to a very low value by the presence of an
amphiphile. But there are many instances though, where the amphiphiles do not
bring the IFT down to the required very low value and some short chain alcohols
or amines need to be added to obtain the required IFT for the formation of a
stable microemulsion. This means that in most cases the microemulsions are four
component systems. These are water, oil, surfactant, and a short chain substance
called a cosurfactant. Aerosol OT (AOT) is an interesting double chain surfac-
tant, which can conveniently form a three component microemulsion system
without a cosurfactant [7].

Microemulsions show a variety of structures. These are globular, bicontinu-
ous (noodle like), cubic, or lamellar. The basic difference between emulsion and
microemulsion is the fact that in the former the droplet size is in the region of
micrometer whereas in the latter it is much smaller (<100 nm). There can be some
systems where the droplet sizes lie in between, and such systems are called mini-
emulsions. Both miniemulsions and emulsions are not thermodynamically stable
but they are kinetically stable. This means that the stability of a microemulsion
formed under a given condition of temperature and pressure is time independent
whereas the stability of a formed emulsion or miniemulsion under a given condi-
tion is a function of time. In such a case, the rate of coalescence of the droplets
may be slow but is of finite magnitude and certainly is not negligible. However,
there is a confusion in the literature as to the nature of microemulsion vis-a-vis
emulsion, miniemulsion, nanoemulsion, submicron emulsion, etc. Broadly speak-
ing, miniemulsion, nanoemulsion, and submicron emulsion are three names for
the same system. All of them are kinetically stable. They are better stable than
emulsions with less creaming as the droplet sizes are much smaller. Further, for
the formation of emulsion, the requirement of surfactant is low (about 1%—-2%)
whereas for microemulsion the surfactant required is around 20% or more. The
formation of microemulsion is a spontaneous process, requiring no energy or a
very small amount of energy, whereas for emulsion and miniemulsion the energy
requirement is appreciable. It should be noted that there may arise a confusion
regarding the difference between microemulsion and a solution. Cosolvents like
short chain alcohols, which are miscible with water, do not form microemulsion.
There, the water and alcohol remain molecularly dispersed. In the microemulsion,
the dispersed droplet has a definite boundary (the oil/water interface) where the
amphiphile remains adsorbed to impart stability. Scattering methods like x-ray,
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SANS, DLS, etc. can distinguish a microemulsion from a solution. The molecularly
dispersed solutions do not have microstructure, but microemulsions have. Emul-
sions, on the other hand, are nontransparent.

Surfactants, particularly nonionic surfactants, can form reverse micelles in
organic media. But the organic media must not be completely dry. If the medium
is completely dry, then reverse micelles do not form. The reverse micelle is some
what like water-in-oil (w/0) microemulsion. There, amount of water present is
significantly low that satisfies the hydration of the hydrophilic head group. This
water is not free, and its properties are different from normal water. If the amount
of water present exceeds to that required for hydration of the hydrophilic head
group of the amphiphile, then there will be both free and bound water in the water
pool of the microemulsion. By NMR and calorimetric methods, presence of three
types of water has been envisaged [8,9]. Such a system is considered to be micro-
emulsion and not reverse micelles. The distinction between reverse micelle and
w/o microemulsion is not sharp (Figure 2.1). A parameter @, which is the mole
ratio between water and surfactant, has been defined. Some workers suggest that
systems with @ <10 are reverse micelles, microemulsions require to have @ > 10.
There are others who consider the threshold value of w to be 15 [10].

Microemulsions, in general, exist in equilibrium with either excess oil or
excess water or both. Winsor [5] has classified these different types of systems.
When oil-in-water (o/w) microemulsion is in equilibrium with excess oil, it is

Oil

Free water
Core
containing L £ rigidl
rigidly held water a)},glsdc;]:ii Y
molecules to the
amphiphile head groups
(A) Reverse micelle (B) W/O microemulsion

| O""" Surfactant @~~~ Cosurfactant v~~~ Qil
Water
Hydration
layer
Oil in core

(©) Normal micelle (D) O/W microemulsion

FIGURE 2.1 Pictorial representation of microemulsion and reverse micelles.
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FIGURE 2.2 Different forms of Winsor structures. (From Moulik, S.P. and Rakshit,
A K., J. Surf. Sci. Technol., 22, 159, 2006. With permission.)

known as Winsor I. The w/o microemulsion in equilibrium with excess water is
called Winsor II. A microemulsion maintaining equilibria with both oil and
water is called Winsor III. This is also termed as bicontinuous middle phase
microemulsion in which both w/o and o/w dispersions remain simultaneously
present. It is possible to get a microemulsion system which is not in equilibrium
with either oil or water. This is known as Winsor IV system. All these four systems
are illustrated in Figure 2.2. The bicontinuous structure is an extensive mutually
intertwined one. There is not much of a curvature revealed from freeze—fracture
electron microscopic studies (Figure 2.3) [11,12].

FIGURE 2.3 Freeze—fracture transmission electron micrographs of a biocontinuous
microemulsion consisting of (A) 37.2% n-octane, 55.8% water, and surfactant pentathylene
glycol dodecyl ether (From Vinson, P.K., Sheehan, J.G., Miller, W.G., Scriven, L.E., and
Davis, HT., J. Phys. Chem., 95, 2546, 1991. With permission.) (B) 43.05% n-dodecane,
43.05% water and 13.9% didodecyl-methylammonium bromide. (From Jahn, W. and Strey, R
J. Phys. Chem., 92,2294, 1988. With permission.) In both cases 1 cm = 2000 A.
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Aromatic oils are quite often used in the microemulsion preparation. Organic
liquids like benzene, toluene, hexane, cyclohexane, etc. have been used [13-17].
Such preparations are useful in chemical and agrochemical industries. In the field
of pharmaceutical industries, such oils are not usable. The oils useful in pharma-
ceutical industries are generally of higher molecular weights and molar volumes,
and they are also polar. Such properties make microemulsion formation more dif-
ficult [18]. But there have been attempts to overcome such problems [19], and
a good number of reports on biocompatible microemulsions can be found in
literature [20-22].

In the formation of microemulsions, both ionic and nonionic surfactants are
used. Cosurfactants are alcohols or amines [1,5,6,13,14]. It has been shown [23]
that straight chain amines are quite different from their corresponding alkanols as
cosurfactant. For example, butylamine is a more effective one on mass basis than
triethylene glycol monobutyl ether. It is because the primary amine head group is
more hydrophilic than alcohol, nitrile, carboxylic acid, ketone, and aldehyde head
groups. In the case of amine cosurfactants, the addition of acid makes the cosur-
factant more hydrophilic whereas the addition of base makes it less hydrophilic.
The relative degree of hydrophilicity at the oil/water interface determines the
volume of microemulsion formation. Microemulsions represent complex phase
behavior, and the chemical structure of the cosurfactant has a pivotal role to play
on their phase behaviors.

2.2 BASICS OF FORMATION

The otherwise immiscible oil and water are made to mix by the action of
amphiphiles, and this scientific process is as well an art. The immiscibility arises
due to very high IFT between water and oil. From thermodynamic consider-
ation, at a constant pressure and temperature, the IFT, y= (6G/JA)T,P. Since
Y is positive, the Gibbs free energy change is also positive, and hence the
mixing fails. Therefore to make the free energy change negative, the IFT or y
requires to be reduced to a very low value. Addition of surfactant and cosurfac-
tant helps achieve this goal. The associated work process is given by the follow-
ing energetic relation,

AG = AH —TAS +yAA 2.1)

where AG, AH, AS, T, and AA are the Gibbs free energy change, enthalpy change,
entropy change, temperature in Kelvin, and change in interfacial area, respectively.
The enthalpy change when immiscible oil and water are mixed is negligible. Now,
as the droplet size decreases, there is a positive change in entropy (TAS> yAA)
causing negative AG for the system. Thus, the dispersion o/w or w/o becomes
spontaneous and stable. It was thought earlier that the IFT becomes zero or even
negative for the spontaneous formation of microemulsion [6]. This concept has
been later changed [24]. By the action of surfactant, a constant but moderate IFT
corresponds to a monolayer formation at the oil/water interface results. The addition
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of a cosurfactant brings down the IFT further to a very low value. For a multicom-
ponent system, the change in IFT () can be expressed by the relation

dy=-» T dy, ==Y T,RTdInC, (2.2)

where ¥, U, and C; are the Gibbs surface excess, chemical potential, and the con-
centration of the ith component, respectively, and R and T have their usual
significance.

The integrated form of Equation 2.2 for a two component system is then
[25,26]

for c,
y-7,=-RT[ [ T,dinG,-[ mamc, | 23)
0 0

where I'; and T, are the surface excesses of the component 1 and 2, respectively
at their concentrations C, and C,, and 7, is the IFT between oil and water in
absence of surfactant and cosurfactant.

We have seen earlier that the microemulsion formation is a spontaneous pro-
cess which is controlled by the nature of amphiphile, oil, and temperature. The
mechanical agitation, heating, or even the order of component addition may affect
microemulsification. The complex structured fluid may contain various aggrega-
tion patterns and morphologies known as microstructures. Methods like NMR,
DLS, dielectric relaxation, SANS, TEM, time-resolved fluorescence quenching
(TRFQ), viscosity, ultrasound, conductance, etc. have been used to elucidate the
microstructure of microemulsions [25,26].

2.3 STABILITY OF MICROEMULSION

The thermodynamics of microemulsion discussed in the beginning of the chapter
has accounted for the basic conditions required for the formation and stability of
reverse micellar systems. The energetics of formation in terms of Gibbs free
energy, enthalpy, and entropy need to be quantified with reference to the system
composition and the droplet structures. For the formation of w/o system, a simple
method called “dilution method” can extract energetic information for many com-
binations along with the understanding of their structural features. The method
has been amply studied and presented in literature [4,27-32]. We, herein, intro-
duce and present the method with basic theory and examples.

2.3.1 METHOD

For obtaining the information about microemulsion structure, the knowledge of
concentration of surfactant and cosurfactant in oil and at the interface is a require-
ment. Various techniques like SAXS, SANS, IFT, DLS, conductance, viscosity
etc. have been used to study the microstructure of microemulsion. The dilution
experiments have been found to be very useful and convenient [13,28,33,34]. It is
generally considered that the surfactants remain present at the interface between
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the dispersed droplets and the liquid continuum. However, the cosurfactants (gen-
erally short chain alcohols or amines) remain distributed between water, oil, and
interface depending on their solubility in these regions. When surfactant and water
concentrations are fixed, a threshold concentration of cosurfactant is needed for
the formation of a stable microemulsion. The size of the microemulsion droplets
becomes a function of the cosurfactant amount. The more the cosurfactant, the
lower is the droplet size. There is always a bending stress associated with droplet
formation. Short chain surface active cosurfactant molecules can easily snuggle
themselves among the surfactant molecules at the droplet/liquid interface whereby
releasing the bending stress. The cosurfactant, as we mentioned earlier, gets dis-
tributed between oil and the interface, and this distribution coefficient is quite
difficult to obtain directly though it is an essentially physicochemical component
for the formation and stability of a microemulsion. The dilution method has been
developed and used to determine the composition of the interphase in a w/o micro-
emulsion system, i.e., the concentrations of surfactant and cosurfactant therein.

In this method, fixed quantities of surfactant and water are taken in a con-
tainer to which a known amount of oil is added. The contents are then mixed well
and titrated with a cosurfactant until a single phase solution is obtained indicated
by the total system clarity. The amount of cosurfactant added is then noted. The
system is then destabilized by adding oil into it, and restabilized by tritation of it
with cosurfactant for the second time and noting its amount again. This proce-
dure of destabilization by adding oil and restabilization by titrating with cosur-
factant is repeated for several times with noting their amounts at each protocol
step. The whole process is performed at a constant temperature. At the point of
clarity, the total number of moles (n) of the cosurfactant (an alkanol) in the
system is given by

n, =n+n'+n 2.4)

where the superscripts i, w, and o represent the interphase, water, and oil phases,
respectively. In terms of the experimental protocol, the ratio between the number
of moles of oil and that of the cosurfactant is fixed. The droplet dimensions remain
the same, only they get diluted in each step. We can then write

k=njn 2.5)

a o

where n¢, n,, and k are the number of moles of alkanol in oil, the total number
of moles of oil and a constant, respectively.
From Equations 2.4 and 2.5 we get
n, =n+n+kn, (2.6)

Dividing all through by n, (normalization), the equation becomes

n/n. = (n. +n*)n, +k(n/n,) (2.7)
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FIGURE 2.4 Plot of ni/n, versus n/n, for w/o microemulsion systems with 27.8 mmol of
water and 7.4 mmol of IPM stabilized by butan-1-ol and CPC, SDS, and CTAB at 305 K.
(From Hait, S.K. and Moulik, S.P., Langmuir, 18, 6736, 2002. With permission.)

The (n,/n) is thus linearly related with (n/n,) with slope and intercept k£ and
(n} + nY), respectively. The value of ni can be computed from the intercept (/) if
nY is known at a given temperature or determined by a separate experiment. The
constant k is system specific. The nature of validity of Equation 2.7 is illustrated
in Figure 2.4. In literature, such nice linear correlations are found for various sys-
tems with a single or mixed surfactants [32,35-41].

The distribution coefficient of the alkanol (cosurfactant) between oil and
interphase in the case of w/o microemulsion in terms of mole fractions of the
components can be written [36] as

K, = X\/X? =[n /(n +n))/[n/(n +n,)] (2.8)

=[n (1+k)V/K[(A+ Dn, —n"] (2.9)
the terms above have been defined earlier. The n¥ may be taken to be zero since
the solubility of alkanols in water is very small, particularly for the representatives
with more than four carbon atoms. For lower alkanol, such as butanol, its aqueous
solubility reported in literature can be used. Under the above conditions, Equation
2.9 takes the form

K, = I0+k)/k(1+1) (2.10)
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The k and I being known, the value of K can be readily obtained. As the number
of moles of surfactant in the system, n,, the number of moles of oil in the system,
n,, and the number of moles of alcohol in oil, n? are all experimentally and inde-
pendently obtainable, the number of moles of alcohol at the interphase and hence
the composition of the interphase can be estimated.

Digout et al. [42] have used the above procedure in determining the interfacial
composition and distribution coefficient for w/o microemulsion system compris-
ing cetylpyridinium chloride (CPC), alkanols, water, and alkanes. Some results
are presented in Table 2.1.

It is obvious from Table 2.1 that the number of moles of alcohol in the oil phase
and at the interphase depends upon the temperature as well as the chain length of
the alkanol. In the pentane/CPC/BuOH/water system, ni decreased with increase in
temperature, and n? increased under the same condition. However, when BuOH

TABLE 2.1
Interfacial Composition and Distribution Coefficient of Several
Microemulsion Systems at Different Temperatures

103 ni 10% n? AH? AS?
System Temperature (K) (mol) (mol) Ky (k) mol-")  (J mol-" K-")

Pentane/CPC/Alkanol/Water

BuOH 283 452 11.10 72 -15.8 -40.0
288 3.98 11.54 6.6 -17.9 -46.0
298 3.37 12.59 5.4 =222 -60.0

PenOH 283 3.70 6.88 114 9.1 52
288 3.79 7.07 11.1 -6.5 -2
298 4.23 9.53 75 -38.8 -113

HexOH 283 3.32 6.12 16.5 —63.3 =200
288 2.75 5.14 12.2 -29.5 -82
298 3.37 6.79 14.1 40.0 157

Heptane/CPC/Alkanol/Water

BuOH 298 10.85 13.18 6.3 -26.3 =73
308 8.72 12.30 5.1 =5.7 -5
318 9.87 15.44 5.4 15.6 63
PenOH 298 8.28 18.48 7.6 18.0 71
HexOH 308 7.50 12.37 8.6 19.5 81
318 8.6 14.08 9.8 21.1 85
298 7.59 10.85 10.1 -28.8 =71
308 6.51 10.18 8.7 —-12.1 -21
318 7.12 11.64 9.4 5.1 34

Source: Adapted from Digout, L.G., Bren, K., Palepu R., and Moulik, S.P., Colloid Polym. Sci.,
279, 655, 2001.
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was replaced by PenOH then both ri and n¢ increased with temperature. Neverthe-
less, in both the cases the K, values decreased with increase in temperature. This
meant that at least in these two systems the mole fraction of alcohol in the interphase
declined with increasing temperature in the narrow studied range.

It is interesting to note that by replacing octane for pentane both ni and n?
produced minimum at 308 K when alkanols were butanol, pentanol, and hexanol
(data not shown). The K, value on the other hand exhibited minimum at 308 K for
both butanol and hexanol; in the case of pentanol, there was a regular increase in K.
Digout et al. [42] also studied microemulsion forming systems with nonane and
decane (data not shown) as oil, and observed almost similar types of behavior as
found for systems with pentane and octane. This simply indicated that chain length
of alkanols and hydrocarbon oils have a large say on the overall microemulsion
formation and their structures.

Moulik et al. [35] have made a detailed study on the compositions and energetics
of formation of several w/o microemulsion-forming systems with isopropyl
myristate (IPM) as oil, butanol as cosurfactant and CPC, cetyltrimethyl ammonium
bromide (CTAB), and sodium dodecyl sulfate (SDS) as surfactants. The study has
shown that variations of nl, n?, and K, were independent of the nature (i.e., whether
cationic or anionic) of the surfactant. They have also shown that by keeping surfactant
concentration constant and by changing the water amount, the variation of n}
and n? with moles of water were similar though there were some differences in their
absolute magnitudes except at higher @. Such results are depicted in Figure 2.5.

From the Equation 2.6, as explained earlier, one can obtain the intercept and
the slope, and can compute the ratio 8. Thus

B = intercept/slope = (n. +n))/(n.k) = (n. +n)n, [(n.n’) (2.1D

The B values did vary fairly linearly with temperature for the above-referred
studied systems. But both the intercepts and slopes have shown exponential
dependence on the concentration of surfactants. The authors have suggested that
the “dependence of § with temperature is a measure of the relative adjustment
between the surfactant and cosurfactant molecules at the interface and in the
continuous oil phase for the sake of stability” [35].

From the knowledge of K, it is possible to get the standard Gibbs free energy
of transfer of alkanol from the organic phase to the interphase. The K is essentially
an equilibrium constant, and, therefore, the free energy of transfer of alkanol from
oil to the interphase (AG?) is

AG® = - RTInK, (2.12)

By determining K| at different temperatures, it is possible to compute the entropy
of transfer, AS?, and hence the enthalpy of transfer AH? by the following ener-
getic relations.

—-TAS! =—RTInK, - RT*dIn K, /dT (2.13)
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FIGURE 2.5 Plot of ni/n, versus @ for w/o microemulsion systems comprising 7.4 mmol
of IPM stabilized by butan-1-ol and CPC, SDS, and CTAB at 305 K. (From Hait, S.K. and
Moulik, S.P., Langmuir 18, 6736, 2002. With permission.)

and
AH? = RT*dIn K /dT (2.14)

It has been observed that the AH? and AS? values obtained have shown striking
compensation [31] correlations (Figure 2.6). The negative free energy values have
suggested that the alkanol was spontaneously transferred from the oil phase to the
interphase.

Since the AG? values were reasonably low, it has been considered that the
mutual interaction between the surfactant and the cosurfactant was not strong at
the interphase. For a large number of alkanol/surfactant systems, such small values
of AG? have also been observed by Bansal et al. [43]. Moreover, for the C, alkanol
(butanol), the transfer process was least spontaneous; higher the alkanol chain
length favorable was their transfer to the interphase although the process was only
marginal.

Although the dilution experiments have been reported on mixtures of a
single surfactant and a cosurfactant, reports on mixed surfactants in presence of
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TABLE 2.2

Thermodynamic Parameters for the Transfer of Pentanol from
Oil to the Droplet Interface at 303 K for Water/Bj58 +
CTAB + Pentanol/Heptane (Decane) Systems

AG? (k) mol-) AH? (k) mol-") AS? (JK-" mol-)

X,,is8 Heptane (Decane) Heptane (Decane) Heptane (Decane)
0.0 -6.76 (-5.21) -25.8 (-14.4) -62.7 (-30.2)
0.2 -4.89 (-3.73) -19.5 (-7.94) -48.2 (-13.9)
0.4 -3.66 (-2.34) —6.94 (=3.04) -10.8 (-2.31)
0.6 -2.68 (-2.13) 4.23 (1.42) 22.8 (11.7)

0.8 -1.82 (-1.63) 15.1 (14.4) 55.7 (53.0)

1.0 -2.61 (-2.43) 16.1 (15.9) 61.8 (60.4)

Source: Adapted from Mitra, R.K., Pal, B.K., and Moulik, S.P., J. Colloid Interf.
Sci., 300, 755, 2006.
Note: Errors in AG?, AH?, and AS? are 3%, £5%, and £8%, respectively.

cosurfactants are very rare. In a recent report, Mitra et al. [38] have shown the
use of mixed surfactants Brij-58 (Bj58) and CTAB in presence of two cosurfac-
tants, butanol, and pentanol at different proportions of the two surfactants in the
heptane and decane continuum. The analyses of the results have been made as
per above theoretical rationale. A comprehensive presentation of their results is
given in Tables 2.2 and 2.3. The mole fraction of Bj58 in the mixture was varied
between 0 and 1.0 at different temperatures and the interfacial compositions and
energetic parameters have been evaluated. The transfer of pentanol from oil to

TABLE 2.3
The ni, n?, and K, Values for the Water/Bj58 + CTAB +
(Butanol/Pentanol)/Heptane System at 303 K

Xgss 104 ni/mol (Bu/Pn) 10° n¢/mol (Bu/Pn) K, (Bu/Pn)

0.0 2.36/8.16 2.52/0.68 3.32/19.3
0.2 2.56/6.03 3.38/1.70 1.83/6.95
0.4 2.56/7.32 4.18/3.22 1.95/4.27
0.6 4.52/6.21 6.22/4.72 2.00/2.90
0.8 3.59/4.14 6.86/5.62 1.63/2.06
1.0 5.59/6.53 6.04/5.01 2.27/2.82

Source: Adapted from Mitra, R.K., Pal, B.K., and Moulik, S.P., J. Colloid
Interf. Sci., 300, 755, 2006.
Note: Bu and Pn are butanol and pentanol, respectively. Error in K is £5%.
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the interphase has been observed to be more favorable than butanol, and the
process declined with increasing proportion of Bj58 in the surfactant mixture.
The Gibbs free energy of transfer was more spontaneous in heptane continuum
than decane, and the spontaneity decreased with increasing proportion of the
nonionic surfactant in the mixture. The process enthalpies were exothermic up
to Xp;s5 = 0.5, thereafter the enthalpy was endothermic. Its reflection on entropy
yielded negative entropy of transfer up to Xp;s3 = 0.5, which was afterwards
positive. The magnitudes of these values were appreciably higher when heptane
was the oil. The droplet surroundings’ order/disorder depended on the type of
the oil present in the system as well as the composition of the surfactant mix-
ture. The difference between the oil was maximum in the absence of Bj58,
which declined with increasing proportion of the nonionic surfactant, and in the
absence of CTAB the differences of the energetic parameters between the two
oil surroundings were minimal. Further elaborate studies are required to shed
light on the significant influence of ionic surfactants in the process of w/o micro-
emulsion formation in presence of nonionic surfactants. This appears to be a
good area of further research in the understanding of basics of w/o microemul-
sion formation.

In addition to the understanding of droplet interfacial properties, the dilution
method can as well shed light on the structural aspects of the system viz, droplets
dimension, their population, amphiphile compositions at the interface, etc. Such
information has been found to corroborate with results of DLS, SANS, SAXS,
NMR, and other sophisticated techniques [25,26,44 and references therein]. The
rationale behind such analysis along with typical results is presented in what
follows.

The distribution of the amphilies at the w/o interface can lead to the determi-
nation of various structural parameters using a simplified but elegant structural
model [35,37,42,45].

The w/o microemulsion droplets are assumed spherical and mono disperse
with a surface monolayer (called the interphase) comprising closely arranged sur-
factant and cosurfactant molecules determined by the composition, temperature,
and the system type. The total droplet volume V, and their surface area A, are then
given by the relations

V,=(4/3)nR’N, (2.15)

A, =47R.N, (2.16)

The R, and N, are effective droplet radius and the total number of droplets per
milliliter of solution; V, is related to the volume of water (V,,), volumes of
surfactant (V,), and cosurfactant (Vi) at the interface. The V, then can be
represented as

V,=V, 4V +V! (2.17)
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The knowledge of ni gathered from the above discussed dilution protocol can be
used to get Vi from the relation

V. =nM/p, (2.18)
where M, and p, are the molar mass and the density of the cosurfactant (alkanol),
respectively.

An equivalent relation like Equation 2.16 can be used to evaluate V.. The
Equation 2.16 can also be written as
Ay =[n, (A +1A)IN (2.19)
where A, and A, are the cross-sectional areas of the surfactant and the cosurfactant
head groups, respectively, and N is the Avogadro number.
The R, and N, evaluation can be performed from the following relations:
R.=3V/A, (2.20)
N,=3V/4nR’ (2.21)

The number of surfactant (V,) and cosurfactant molecules (N,) at the droplet
interface is consequently related by the equations

N_=nNIN, (2.22)
and
N, =mNIN, (2.23)

The effective droplet radius (R,) (R, = R,, + L [the thickness of the interfacial
monomolecular amphiphile film]) is related with R, by the relation

R, =[(V, +V"+V)IV,]”R, (2.24)

The head group volumes of the surfactant and cosurfactant V. and Vb, respec-
tively follow the relations

V= (43n")A?N, (2.25)
and
Vﬂh: (4/3”1/2)A3/2Na (2.26)

The structural parameters R, R., Ny, N,, and N for water/CTAB-alkanol/IPM and
water/SDS-alkanol/IPM systems at 305 K are presented in Table 2.4. The results
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TABLE 2.4
Structural Parameters for 1/1/4 SDS/H,O/IPM and CTAB/H,0O/
IPM Microemulsion Systems at 305 K

Alkanol R.(R) (nm) 108 Ny (mL) N,(N,) Droplet N, /N
SDS System
Butanol 4.32 (5.61) 1.48 742 (707) 0.95
Pentanol 3.49 (4.84) 2.11 365 (833) 2.3
Hexanol 3.16 (4.70) 2.30 278 (900) 32
Heptanol 2.87 (4.62) 242 203 (988) 4.9
Octanol 2.89 (4.85) 2.09 212 (1107) 5.2
Nonanol 2.79 (5.03) 1.88 190 (1257) 6.6

CTAB System

Butanol 3.86(5.19) 1.24 683 (399) 0.58
Pentanol 4.19 (5.60) 1.36 511 (682) 1.3
Hexanol 3.80 (5.30) 1.60 370 (831) 22
Heptanol 3.64 (5.27) 1.63 367 (802) 2.7
Octanol 4.07 (5.75) 1.26 469 (891) 1.9
Nonanol 3.89 (5.73) 1.27 421 (1000) 2.4

Source:  Adapted from Mohareb, M.M., Palepu, R.M., and Moulik, S.P.,, J. Disp. Sci.
Technol., 27, 1209, 2006; for butanol from Hait, S.K. and Moulik, S.P., Langmuir,
18, 6736, 2002.

have evidenced that the droplet size decreases with increasing alkanol chain length
because of their increasing surface activity. The N, values for SDS derived sys-
tems were larger than CTAB-derived ones for the latter imparted better surface
activity than the former. The N,/N, ratios were consequently more for the SDS
systems than the CTAB formulations. On a comparative basis, more alkanol mole-
cules have populated the droplet surface with their increasing size as evidenced
from the results of N, and N,. Such structural properties for several other micro-
emulsion systems have been presented in Table 2.5.

2.3.2  DroprLET DIMENSIONS

The composition-dependent conductance percolation of w/o microemulsion
system (called volume percolation) has also been effectively studied to generate
information on the internal structure of the system. Fang and Venable [46] have
shown that the radius of the assumed spherical droplets of water (R,) in w/o
microemulsion can be calculated from the percolation results by the following
relation.
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TABLE 2.5

Structural Properties of Several W/O Microemulsion

Systems at 0.2 Weight Fraction Water at 293 K

System

H,0/CTAB-Bu/Dc
H,0/CTAB-Bu/Hp
H,O/CTAB-HA/Dc
H,0/AOT-Bu/Dc
H,0/AOT-HA/Dc
H,0/AOT-Bu/Hp
H,0/SDS-HA/Dc
H,0/SDS-Bu/Hp
H,0/SDS-Bu/Dc

R.(R;) (nm)

4.45 (5.26)
4.52 (5.34)
5.35(6.27)
5.68 (6.49)
5.56 (6.38)
5.80 (6.61)
6.30 (7.25)
6.90 (7.85)
7.48 (8.47)

NN

241 (636)
257 (636)
477 (475)
493 (357)
474 (270)
523 (340)
1057 (517)
1360 (612)
1781 (401)

Ng/N

0.38
0.40
1.00
1.38
1.76
1.54
2.04
222
4.44

Source: Adapted from Bisal, S.R., Bhattacharya, PK., and Moulik, S.P., J. Phys.
Chem., 94, 350, 1990.
Note: Bu, butanol; HA, hexyl amine; Hp, heptane; Dc, decane.

R, =3[M +rM_+{(W, +W)IWIM /{Np,(A +rA,)}

where
M stands for molar mass
W is the weight fraction

subscripts s and cs stand for surfactant and cosurfactant, respectively
py and N are density of the dispersed phase, cross-sectional area, and
Avogadro number, respectively
r(= N_/N,) is called structural ratio (ratio between the number of molecules
of s and cs at the droplet interface)
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(2.27)

In addition, the effective radius of the water droplet (R,), i.e., radius of the water

core and interface can be computed from the following relation:

R = (3/4m)"” (4nR. 13+ NM Jp.N+ N M /p.N)"

(2.28)

where N, N p,, and p are aggregation number of surfactant per droplet, aggre-
gation number of cosurfactant per droplet, densities of surfactant, and cosurfactant,
respectively. Moulik et al. [45,47] have used the above relations to compute various
quantities for w/o microemulsions. Cross-sectional areas of surfactants and
cosurfactants, i.e., of CTAB and SDS. AOT, 1-butanol, and n-hexylamine required
to be used are 0.505, 0.35, 0.678, 0.20, and 0.25 nm?, respectively [45].
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2.3.3 ENERGETICS OF DROPLET CLUSTERING

It is considered that the dispersed water droplets with amphiphile-coates in a w/o
microemulsion come closer at a specific temperature or a specific composition
and associate or cluster to augment easier transport (or transfer) of ions for the
manifestation of the process of percolation. In the percolation stage, this process
efficiently occurs. The underlying droplet clustering process must be controlled
by the laws of energetics, whose evaluation is an important task from fundamental
as well as application points of view. Considering the starting of droplet clustering
as a change in phase, the standard Gibbs free energy (AGY) of the process can be
written as

AG’ = RTInX, (2.29)

where X, is the mole fraction of the microdroplets corresponding to 6, at a con-
stant @. The X, value can be found from the relation

X,=n/(n,+n,)= AR ,MJ[AR M +3V, pN] (2.30)

where
ny and n, are the number of moles of droplet and oil, respectively
A, is the total cross-sectional area of the amphiphiles
R, is the water pool radius
V,, P, and M, are the volume, density, and molar mass of the oil, respectively
N is the Avogadro number
R,, can be obtained from Equation 2.27

In the absence of a cosurfactant, Equation 2.27 changes to
R, =3[M + W, /W)]/Np,a, (2.31)

All the terms in Equation 2.31 are already defined. The enthalpy of clustering
(AHJY) can be obtained from the Gibbs—Helmholtz equation. Thus

d(AG;/6,)/d(1/6,) = AH (2.32)
The entropy change for the process (ASY) is then evaluated from the relation
AS; = (AH; — AGY)/6, (2.33)

The above energetic rationale for clustering of microemulsion droplets has been
amply exploited by workers in this discipline [48-54]. To estimate AHS, micro-
emulsion at a fixed @ was diluted with several portions of oil, and the 6, for all the
diluted preparations were determined from conductance measurements. The AG§

values were calculated from the system compositions. The rest was graphical and
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analytical manipulations of the data. Moulik and Ray [54] have also measured the
enthalpy of clustering directly by calorimetry, and have discussed the differences
between these values and those evaluated by the method of percolation by con-
ductometry working on water/AOT/heptane system. We reiterate that in the above-
described rationale, it has been considered that the droplets in the clustered state
retain their individual identity but exist in a different phase (a pseudophase-like
micelles). The individual identities of the droplets during percolation has been
supported by DLS measurements on samples before, at and above the percolation
threshold [48,49,55]. In Table 2.6, energetic parameters for clustering for different
systems in different environments have been presented to have a ready under-
standing of the basic physicochemical control over the phenomenon. For several
studied systems AHJg has been found to have a sigmoidal dependence on ®.
For water/AOT/heptane system in presence of sodium cholate (NaC) and sodium
salicylate (NaSl), transitions at 35 > @ < 40 were observed [48,49,51].

TABLE 2.6
Energetic Parameters for the Clustering of W/O Microemulsions
at 308K

System: H,O/AOT/Hp

) -AG? (k) mol-")  AH? (k) mol-7) 2, (J mol-' K-")
10 14.0 16.3 [5.40] 98
20 17.0 42.0 [47.0] 191
30 19.6 77.9 [71.4] 316
40 20.6 93.3[117.4] 391

System: H,0/AOT/Dc; @ = 25 in Presence of Additives

Additive 6/K AGY, (k) mol-) AH?, (k) mol-") °,(J mol-* K-")

0 303.0 22.5 10.3 108
Urea (18) 299.4 222 132 118
NaC (10) 283.9 19.6 23.1 150
NasSl (10) 300.0 20.6 22.0 143
Rs (18) 291.8 21.7 14.3 123
Hq (20) 285.0 19.7 17.4 130
Pg (20) 288.7 20.0 23.1 150

Source:  Adapted from Paul, B.K., Mitra, R.K., and Moulik, S.P,, in Encyclopedia of Surface and
Colloid Science, Somasundaran, P. (ed.), Taylor & Francis, Boca Raton, FL, 2006; Hait, S.K.,
Moulik, S.P., Rogers, M.P., Burke, S.E., and Palepu, R., J. Phys. Chem. B., 105, 7145,
2001; Moulik, S.P. and Ray, S., Pure Appl. Chem., 66, 521, 1994.
Note: Hgq, hydroquinone; Rs, resorcinol; Pg, pyrogallol; NaSl, sodium salicylate; NaC, sodium
cholate. Parentheted concentrations of additives for H,O/AOT/Dc system were in mM. The
AH{ values for H,O/AOT/Hp system in third brackets were from calorimetry.
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2.3.4 DyNAMics OF DiSPERSED DROPLETS

The nanodimensional droplets in microemulsion are in kinetic motion with a
certain distribution of energy depending on the composition, and environmental
conditions viz, temperature and pressure. By the TRFQ method, it has been
demonstrated [56,57] that the droplets continuously associate and dissociate in
a preparation. In such a sate, transfer or transport of materials may take place
among the droplets. Mechanisms for such transfer process have also been pro-
posed. This important phenomenon has been studied in detail and elabo-
rated with theory and demonstrated by transport experiments like conductance
and viscosity [58]. It may be mentioned here that the effects of temperature and
water soluble polyacrylamide on the monophasic area of the pseudoternary
phase diagram of the system cyclohexane/SDS/n-propanol/water have been
studied. It has been observed that there exists a critical temperature below which
the microemulsion zone increases with increase in temperature though at higher
temperature the zone area decreases. Polyacrylamide also seems to have similar
type of effect [59]. Herein, we describe and discuss at length the conductance
method detailing with the microemulsion behavior and its consequences. The
composition-dependent viscosity and pressure-induced conductance of microe-
mulsions are briefly described. For their details, we refer to the literature cita-
tions [47,60].

2.3.5 CONDUCTANCE OF MICROEMULSIONS

Investigations on transport of ions in microemulsions can provide information on
its internal dynamics. For o/w system, the continuum is aqueous and the conduc-
tance is fairly large, and very nominally depends on oil concentration. This is
quite opposite for w/o systems, where conductance is appreciably dependent on
over all composition or @. Two mechanisms are under active consideration for
such ion transport in w/o microemulsion systems. In the first (hopping mecha-
nism), the droplets associate, and materials (essentially surfactant ions) hop from
droplet to droplet manifesting large increase in conductance. In the second (fusion
of droplets followed by their fission), droplets coalesce or fuse and transfer of ions
takes place followed by fission of associated droplets [61,62]. Both the models are
supported by experimental results but the second is considered more appropriate
and useful. The aggregation and clustering of droplets in w/o microemulsion have
been supported from conductivity changes with variation in both composition and
temperature [47].

According to Winsor’s classification, we have four types of microemulsion
systems: Winsor I (WI), Winsor II (WII), Winsor III (WIII), and Winsor IV
(WIV). The ion conductance of WI (o/w system) is reasonably high just like
aqueous solution, where water is the dispersion medium whereas the con-
ductance in WII (w/o system) is very low, where the dispersion medium is oil.
In WIII systems, where both o/w and w/o dispersions are simultaneously present
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(the bicontinuous system) the conductance is reasonably large. It has been
observed that conductance sharply rises after a threshold concentration of water
in the system at a constant temperature or after a threshold temperature at a given
concentration of water in the system. This phenomenon is known as “percola-
tion.” The concentration or temperature at which such a dramatic change occurs
is called the “percolation threshold.” Obviously, for w/o microemulsion system,
there may be two percolation thresholds: one with respect to composition, and
the other with respect to temperature. A pictorial presentation of the process is
illustrated in Figure 2.7, wherein ¢, and 6, are the composition- and temperature-
related thresholds, respectively. Differentiation of the plots may locate the transi-
tion or threshold points in terms of peaks. Hait et al. [63] have proposed the use
of Sigmoidal-Boltzmann equation for the estimation of the threshold values
mathematically by way of computer fitting of the data points to the equation
(Equation 2.34). The procedure is also equally applicable to get critical micellar
concentration of surfactants, where the plots of physical properties of surfactant
solutions are of Sigmoidal nature [47]

logo = (logo, —logo, )/[1+exp(0 —06,)/d0]+logo, (2.34)

where o and 0 represent conductance and temperature, respectively, and the
subscripts i, f, and t stand for initial, final and percolation state, respectively.

The conductance percolation phenomenon can be explained assuming a
regular “lattice model.” This lattice will have sites and edges, i.e., they will
have vertices and bonds. One can randomly fill up the sites and edges and a
point can arise in the system where a long range connectivity between various
sites develops and a random network is formed. This point where suddenly the
long range connectivity forms is known as the “percolation threshold.” Both

Conductance (k)

bt 6,

[~V

Volume fraction (¢) or temperature (0)

FIGURE 2.7 Nature of volume and temperature percolation of conductance. Scale: arbitrary.
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the temperature and composition of the system can augment this long range
connectivity and hence the “percolation threshold.” The phenomenon of perco-
lation is said to be of two types: (1) “static percolation” and (2) “dynamic
percolation.” By static percolation, we mean percolation in a system which is a
mixture of insulators and solid conductors where the conductance is almost
zero below the threshold condition (or connectivity). In the dynamic percola-
tion (as in w/o microemulsion), the droplets are in motion with chances of col-
lision which is very high at the threshold condition. To start with, therefore,
conductance very slowly increases and shots up sharply at the threshold where
the droplets efficiently associate or cluster. This clustering results in “fusion”
followed by “mass transfer” and “fission.” In a simplified model for w/o micro-
emulsion, two droplets containing conducting ions are considered to fuse to
form a dumbbell-shaped bigger drop. The conducting ion then can easily move
from one partner into the other under the influence of the applied electric field.
Subsequently, the bigger drop breaks into two individual droplets. These pheno-
mena happen in a combined and concerted manner and hence the conductance
efficiently rises as the conducting ions are getting a pathway for easier move-
ment as has been depicted in Figure 2.8. The transfer of ions can also occur by
hopping mechanism mentioned earlier [64]. But the “fusion-mass-transfer-
fission” model (Figure 2.8) in a general way fits better to the dynamic percolation
process [52,65]. During percolation, transient complex structures are formed.
The single droplets relax with associated spatial rearrangement of clusters and
charge carriers get transported along the clusters. A detailed analysis of these
processes for ionic microemulsions of water/AOT/decane at @ = 26.3 has been
dealt with by Feldman et al. [66,67]. Uses of scaling equations for percolation,
assessments of activation energy, and energetics of percolation have been stud-
ied by different workers. Also, the droplets’ dimension, their polydispersity,
and diffusion coefficients at the percolation stage have been determined by the
light-scattering method. The results have been analyzed and rationalized in the
light of physicochemistry.

Fusion Fission ;; ;
?+ = =+

FIGURE 2.8 Dynamics of droplets in w/o microemulsion fusion, mass exchange,
and fission leading to mass transfer and transport.



Physicochemistry of W/O Microemulsions 39

2.3.6  UseruL PErRcOLATION EQUATIONS

The temperature-induced percolation process has been found to obey a scaling
equation of the following form

o=pO-6,) (2.35)

where
o is the conductance of the system at temperature
0, and 0, is the threshold temperature
p and n are two-scaling constants

Equation 2.35 can be linearized in the form
Inc=Inp+nin(6-06,) (2.36)

Hence, n and p values can be obtained from the linear plot of In o versus In(8— 6,).
The value of n is 1.9 for static percolation, which is expected also to hold for
dynamic percolation [66,68]. However, it should be clearly noted that this value
of 1.9 has been seldom found in practice.

The scaling law relating conductance and microemulsion composition at constant
temperature is also similar to Equation 2.35. Thus

o =K(p—9)" (2.37)

where ¢ and ¢, are volume fraction of the dispersed phase and that at the percola-
tion threshold, respectively. The exponent t is a constant as is K.

Interestingly, the value of u has been suggested [66] to be the same as n, i.e.,
1.9. Here too the experimental values rarely correspond to 1.9. In Table 2.7, the
observed n and u values obtained for different systems are recorded for a ready
reference wherein much lower values than 1.9 may be found. Interestingly, the n
and u values obtained were seldom greater than the expected value. This was also
found by Dogra et al. [69] where the n values were always lower than 1.9 (Table
2.8). In our opinion, microemulsions are soft systems, and inelasticity of droplet
collision has a bearing on the lower values of the scaling exponents.

It may be mentioned here that the conductance of w/o microemulsions also
becomes a function of the pressure. Boned et al. [70,71] have studied the effect of
pressure up to 1000 bar on the conductance and viscosity of two microemulsion
systems (a) water—AOT—-undecane, and (b) glycerol-AOT—isooctane. The first
system was an aqueous microemulsion, and the second was a nonaqueous one.
The systems were also studied as a function of volume fraction, ¢ in the dispersion
(¢ = water plus AOT or glycerol plus AOT). In both systems, the percolation
thr