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ABSTRACT

In the past twenty five yecars, microcmulsions have been the focus of extensive
research worldwide due to their importance in a varety of technological
applications. These applications include enhanced oil recovery, combustion,
cosmetics, pharmaccuticals, agriculture, metal cutting, lubrication, food, enzymatic
catalysis, organic and bio-organic reactions, chemical synthesis of nanoparticles etc.
The basic purposc of this review is intended to provide the most important features
of microemulsions and their applications. Emphasis is placed on recent works,
however, the reference list is by no means complete. In order to limit the size of the
review, a more or less arbitary selection has been made with respect to examples
chosen from literature.

The review is started with a brief introduction and focussed with definition,
structure, type, formation characteristics, stability, phase behavior and the effect of
additives, pressure, temperature on the phase bchavior of microemulsion. In
addition, the physicochemical propertics, state of water in the micropool, transport
(elcctrical and hydrodynamic) behaviors, thermodynamics of formation,
solubilization parameters, and uses and applications of microcmulsions have been
bricfly presented.
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INTRODUCTION

The ancient concept that water and oil do not mix, has undergone
modification. If some energy is added on a oil / water system in the form of stirring
or other mechanism, a very unstable dispersion of one into the other results, which
quickly reverses to the native state if the system is allowed to relax. The increase in
interfacial area during dispersion is in conformity with the thermodynamic
principle of nonspontancous formation of surface (or interfacc). Addition of a
third component may cither increasc or decrease the mutual solubility of two
partially miscible liquids." If the third component is a surfactant, it reduces the
interfacial tension between the pair of immiscible liquids, enabling them to be
dispersed between each other.? Depending on the proportion of the components,
cither water-in-oil (w/0) or oil-in-water (o/w) dispersions are produced (Fig. 1a).

These macrodispersions (called emulsions having dimension 0.2-10um) are turbid
and may remain stable for a considerable length of  time; they are

thermodynamically unstable but kinctically stabie.” Schulman and Hoar' have
observed that in presence of short chain alkanols (c.g butanol, pentanol,

hexanol, etc), the emulsions transform into solutions having particles of much
smaller dimensions (~10nm). They are called microemulsions® (WE) which do not,
in principle require any mechanical work for their formation, Such

preparations  arc homogeneous, optically isotropic, low  viscous  and
thermodynamically stable dispersions of either oil in water or water in oil (Fig.1b).

The spontancous formation of pE suggests the free energy change to
become negative in accordance with the thermodynamic requirement,
BE= Yy BA mmrreem (1)

where v, is the interfacial tension betwecn oil and water and AA is the change in
surface area duc to emulsification. Since AA is always positive, y_ requires to
be negative. A very small vy, value is also sufficient to form a stable dispersion

with slightest agitation; the kinctic energy of the molecules is sufficient to achicve
the dispersion. Depending on the nature of the oil, surfactant, cosurfactant
and temperature as well as theu' proportion, the mixture can exhibit the following
distinct features proposed and cxperimentally demonstrated by Winsor® (Fig.2).
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Fig : 1 () Structural features and particle size of macroemulsion.

(b) Structural features and particle size of microemulsion.

(1) Two phases, the lower pE phase in equilibrium with the upper excess oil
(Winsor type I).

(2) Two phases, the upper RE phase in equilibrium with the lower excess
water (Winsor type II).

(3) Three phases, middle microemulsion phase in equilibrium with upper

excess oil and lower excess water (Winsor type II).
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Fig : 2 Winsor classification of the system.

(4) Single phase, oil, water and surfactant are homogencously mixed
(Winsor type IV).

In certain conditions, even a four phase (4¢) solution™ with two
microcmulsion phase may arise. The interfaces of the multiphase solutions have

different tcnsional characteristics. Special experimental technique (spinning drop
method)'® is required to determine the low interfacial tensions. Healy et al''. have
used sessile drop technique for such measurements. Depending on the nature of
the components and environmental conditions, isotropic lamellar, liquid crystalline
and viscous phases may also result,'*®

Definition and Structure
There has been much debate on the use of the term
“microcmulsion”(nE). The term “"swollen micelles” and "solublized  micellar

solutions™? have been introduced to describe precisely the same systems as those

called microemulsions(uE) by Hoar and Schulman®. The accepted definition reads,
a uE is defined as a system comprising mixture of water, hydrocarbons and

amphiphilic compounds forming thermodynamically stable, homogeneous
(heterogencous in molecular scale), optically isotropic solutions®**, The term
amphiphiles makes the definition versatile for small chain alkanols (called
cosurfactants) may not be always an essential requirement’; for example, the
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sufactant aerosol orange T (AOT) may form pE in absence of a cosurfactant.
Detergentless pEs are also possible; for example hexane, water and 2-propanol®

or toluene, water and 2-propanol or 2-isobutoxyethanols/water/decane™ may yield
UE in absence of surfactants.

pE may be contrasted with critical solution. In the latter, two partially
miscible liquids conpletely mix at a higher temperature or at two temperatures, onc
higher and the other lower called the critical solution temperature (8). In critical
solution unlike microdispersions as in pE, the mixed solvents are molecularly
dispersed and complex formation between them may take place. There is no
requircment of a third componcnt {normally an amphiphile) for augmenting the
processes.

In excess of oil, the pE is oil continuous and in excees of water it is said to
be water continuous. At equiproportion of water and ocil the pE is known as

"bicontinuous”*. In ail the types, the amphiphile molecules reside in the interfacial
region between the two liquid domains’. On incorporation of macroscopic
amount of surfactant, the system may become anisotropic and liquid crystalline by
the generation of some random globular or tubular structures. The bicontinuous

type is a spongelike random network®’.

Type of Microemulsion

1E can be of different categories. Besides normal type, there can be polar
oil pEs'™*, cr oil pEs*™*, biological and other types of uEs***. The latter
po B

type has been recently reported by Kunieda et al*'** and Moulik et al.*? Phase
behaviors at different temperatures of water/multisurfactant system  (viz
homogencous  polyethylencglycol dodecyl cther, R;; EO, and sucrose fatty acid
csters, a biocompatible surfactant) /heptane have been recently investigated by
Kunicda et al. Chemical and biological compounds can be added to suit a

specific purpose. Since biological membranes confain proteins, carbohydrates,

lipids etc., the addition of such compounds into the pE has the prospect to
develop model biological pE. By the term biological pE, we mean systems where

ingredients are biologically compatible as well as biologically relevant. They are

expected to be used as models for the study of processes of biological relevance.
Biological nEs arc important addition in the normal stream. Their formulations



306 PAUL AND MOULIK

are so far reported by Moulik et al’®. keeping wide scope for further research.
AQT, sodum deoxycholate and TX 100 were used as surfactants, dextran,
gelatin, bovine serum albumin, brine, cholesterol were used as additives and
hydrocarbons, vegetable oils including eucaliptus oil, clove oil and cinnamic alcohol
were used as oils. It is proposed that homogenisation of vegetable oils with
biocompatible amphiphiles may form biclogical uEs having keen relevance to
pharmacy and medicine. Recently Kunieda et al.*"® studied the phase behavior of
polyoxyethylone hydrogenated castor oil (HCO IO, biocomptible and non-toxic
oligomer-type non-ionic surfactant) in the oil/'water system at different temperatures.

Three different oils were used, a polar oil (TEH), hexadecane and n-octane. These
type of puEs find applications in pharmaceuticals, cosmetics, toiletries etc. The
microemulsification of hydrocarbens by biological amphiphile (lecithin-based LE)
was first reported by Shinoda and Kaneko®* in 1988. Later on, the phase behavior,

and cffect of alcohols, temperature and the chloride on it have been reported by

several investigators™.  The microstructure of wE was also investigated from
molecular self-diffusion coefficients measurements. pE stabilized by soybean

lecithin and ethanol has been characterized by Backlund et al.*** with respect to
phase behavior, distribution of ethanol cosolvent, conductivities, viscosities and
volume fraction of different phases in Winsor I systems. They reported that the

reaction yicld at 298.5K for enzymatic conversion of choresterol to chorestenone by

cholesterol oxidase performed in lecithin-based pE was low. The structural
investigation of water/lecithin/cyclohexane pE by FT-IR spectroscory has also been

reported by Cavallaro et at.**®

Quite recently a mumber of nonaqueous pEs have been reported
independantly by different groups replacing water by solvents like glycerol,
cthylene glycol, propylenc glycol, formamide and other amides. For example,
Friberg et al have reported phase diagrams for the systems
glycerol/xylene/tricthanol  ammonium  oleate  and oleic acid®, ethylene
glycol/decane/lecithin®, glycerol/ alcohol/ surfactant/ oil using various surfactants
and oils*®, Fletcher et al®. have reported a system of glycerol/ heptane/ AOT.
Formamide/ butanol/ cyclohexane/CTAB and formamide/ butanoi/isooctane/CTAB
systems have been reported by Rico et al®® and they have also prepared



MICROEMULSIONS 307

perfluorinated pE® using diffcrent perfluorinated alcohols, oils and surfactants.
Bergenstah! et al®. have used various solvents including formamide with an anionic

amphiphile. Wamheim and Sjoberg® have used formamide with a nonionic

amphiphile and Martino and Kaler® havec used mixture of propylenc glycol and
glycerol with nonionic amphiphile. Kahlweit et al. have reported nonaqueous pEs

of formamide with nonionic amphiphiles®*’

and ionic amphililes®. Lindman et
al®. have presented nonaqueous pEs of formamide, alcohol and SDS in both the
presence and absence of an oil, xylene; the alcohols used were 1-butanol;
1-pentanol, 1-hexanol, l1-heptanol and l-octanol. Structureless nonaqueous pEs
using N-methylformamide and N,N-dimethylformamide have also been reported,

Friberg ¢t al.™ reporied pE using ammonia as solvent, decane as oil. Phase
behaviour of nonaqueous pE formed from formamide with ethylene glycol, 1,2-

propylene glycol, 1,3-butylenc glycol, pglycerol with cationic, anionic and
nonionic surfactants using p-xylene as oil and n-pentanol as cosurfactant have
been reported™. Recently Dortler et al.™ have reported a varicty of quaternary and
ternary systems of the type, dodecanc/aliphatic alcohols/SDS/water or a
water-replacing component (viz. formamide, cthylene glycol, propylene giycol,
propylene carbonate, DMSO, acetonitrile), and appertaining phasc diagrams werc
plottcd and compared with those for aqueous systems. Ray and Moulik™ have made

a detailed investigations on phase behaviors, conductance and viscosity of
nonaqucous pE employing formamide, dimethyl formamide, dimethyl acetamide,
ethylene glycol and propylenc glycol as polar media, heptane, octane, isooctane,
xylenc and toluenc as oils and AOT as the amphiphile. uEs with light alkanes
(ethane, propane, butane ctc.) and nonionic ethoxylated surfactant have also been

reported by McFann ct al.™

Formation Characteristics
The characteristics of pE depends on a number of factors:
intra-molecular, intermolecular and environmental, the details of which is only

limitedly understood. The main characteristic features of formation are discussed

below:
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Emulsifier Selection
The Hydrophile-Lipophile Balance (HL.B) Scheme

For uE formation, no amount of work may be required when the
combination or chemistry is correct and the selection of emulsificr is decisive. In
general emulsifier sclection for uEs, an emulsifier is matched by its calculated
HLB number with the requircd HLB of the oil to be emulsified”. HLB is

cssentially an cmpirical property for quantifying the surface activity’™” of a

specics based on its molccular constitution.

The HLB per sc has less importance for pEs than for emulsions, but the
effects by Graciaa et al.™ Shinoda et al.™ and Robbins et al.® to establish the
relationship between surfactant HL.B and pE phase behaviors (Fig. 3) should be

noted.

Theories of Microemulsions Formation and Stability

Theories of WE formation are classified into three main categorics. The
intcrfacial or mixcd film theory has been introduced by Schulman et al.*# and
Prince®. The second theory is the solubilization theory proposed by Shinoda,
Friberg and collaborators™®, The third one is the thermodynamic treatment of

Ruckenstein et al.**®  Overbeek et al.*™ | Israclachivilli et al.*™

Mixed Film Theory

In this theory, the interfacial film is considered as a duplex film having

different propertics on the water side and the oil side, where tension is, ¥ = (Y, ),-
n, where (v, ), is the o/w interfacial tension in presence of alcohol (cosurfactant
hence the subscript a), and 7 is the spreading pressure of the mixed film. n is

attached by the presence amphiphiles and penectration of the oil into the

hydrocarbon part of the interface. With the expansion of the interface, =
increases and 7y, tends to zero favoring dispersion.

Solubilization Theory

In the solubilization concept introduced by Gillberg et al.”’-Shinoda et

al.®® LEs arc considered as swollen micellar systems i.c with oil and water

solubilized in normal or reverse micelles stemmed from the studies of three and
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Fig : 3 The transition form a water- continuous to an oil-continuous
microemulsion; dependence of interfacial curvature on hydrophile
/ liphophile ratio and relationship to phase behavior (Ref. 80).

four component phase diagrams on the one hand™” and the solubilization studies

of water and hydrocarbons by nonionic surfactants on the other.***

Thermodynamic Theory
The theory of Ruckenstein et al.** and of Overbeek® although have the

same ongin but they vary in thc details.  Ruckenstein et al® treatment
considers the free energy of formation of pE, AG_ to consist of 1) AG, an
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interfacial free energy term, 2) AG, an energy of interaction between the
droplets and 3) AG,, an entropy term accounting for the dispersion of the
droplets into the continuous medium, The vanation of AG,, (r) with droplet radius
r, and constant volume fraction ¢ of the droplets i3 given by the relation.

AG () =AG, + AG, - TAS,, ...ccorrrrrrrrsnnnn(2)

and has been found to follow the transition from instability — kinetic stability
—>thermodynamic  stability. Accumulation of surfactant and cosurfactant at the

interface causes significant reduction in the interfacial tension, as well as reduction

of their chemical potential in the bulk. The latier reduction may exceed the
positive frec cnergy caused by the total interfacial tension to make the overall AG
negative. The treatment of Ruckenstein et al® has also highlighted the role of
interfacial tension in the formation of pE. A negative dynamic interfacial tension
may bc possible, bul at equilibrium, o/w ends up with a small positive value,

Overbeck ct al.*” has also subdivided AG_, into three contributions : AG,,
the Gibbs energy of mixing of the constituents; AG,, the frec energy of the
formation of interface andAG,, the free energy of droplets into the continuous
phase. The AG,, has been given by the following cxpression.,

A’KT 4-3¢ Vo
AG, =dA [7m“,,+llpod0+ e In($-1)+¢d "”“""] ------ &)
127 (nV, )} (1) Vi

Where dA is the change in the interfacial arca, ¥, . i8 the interfacial
tension if no double layer is formed and [‘-P,,do is the clectrical contribution to
the interfacial tension as a result of formation of an electrical double layer (¥,
being the surface potential and o the surface charge density). The third term in the
brackets is the osmotic contribution duc to mixing of pE droplets with the
continuous medium with ¢ as the volume fraction of the droplets (treated as hard

sphere) and V,, is their molar volume,

Phase Behaviors

KE systems arc complex for their multicomponent composition. The mixed
system may be isotropic or mesomorphic solutions and display a variety of
complex multiphasc equilibria. The understanding of their phase equilibria
and demarcation of the phase boundaries are essential aspects of study. The
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phase behaviors are recognised by drawing temary or pseudo temary phase
diagrams on triangular coordinates in twe dimensions, where each apex of the
cquilateral triangle represents one or a mixture of two components. In three
dimensions, a four component system may be represented in a tetrahedron, each
of four apexes representing one component. Typical examples of such
representations are presented in (Fig.d). In this representation, the complex nature
of the multicomponent systems is more realistic. For detailed feautures of various
phase diagrams and phase behaviours, the text book of Alexander Findlay is
referred®™ .

In threc component systems, transition from W I to W II can occur through
the appearance of an intermediate three phase. This is designated as W IIT; W III

systems should exhibit a tie triangle within the phase diagram whose apexes
must touch three 1¢ regions. This ideal situation is hardly achicved in practice,
particularty when one of the components is an amphiphile. Pseudo temary phase

diagrams of multicomponent systems may end up with elongated 3¢ region that
only touches two 1¢ regions al the two ends.*>®** This has been demonstrated

and discussed by Bourrel and Schechter.”

The individual phases formed may have different consistencies over a
region; thus therc may appear a wviscous or gel phase with isotropic and
nonisotropic characters. A very careful experimentation is, therefore, required for
mapping them accurately, which also significantty depends on  the

environmental  conditions, viz, temperature, additives, etc. For working
formulations of ME, a detailed phase behavioral study is ecssential, without
which the consistencies and stability of a prepared solutions may become
uncertain.

EfTects of Additives and other Factors on Phase Behaviors

The structure and stability of wEs are greatly influenced by the presence of
additives and thereby affecting their thermodynamics. The complex character of
the interphase becomes further complex with ionic and nonienic additives.

Salts, especially, NaCl, can significantty affect the phasc behaviors and
structural properties of pEs.®*1® Such studies have fundamental importance in
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Fig : 4 (a) Phase diagram of TX100 + n - butanol, n - heptane + cholesteryl
benzoate, water at 303K (Ref. 114a).

{b) Tetrahedral representation of the (cholesteryl benzoate, CB + n - heptane)
/ (TX100 + n - butanol ) / water microemulsion phase at surfactant (S) /
cosurfactant (CS) ratios 1:5, 1:1, 5:1 at 303K { Ref. 114a).
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the use of uEsin tertiary oil recovery,"'® where NaCl of considcrable

strength is commonly encountered. The nawure of pE droplet may vary with
salinity™'% and transition from o/w to w/o may occur with increasing salinity via

a bicontinuous pE al an optimium salinity in many cases. This is a highly specific
and notable effect in the study of pEs.

Bedwell and Gulari™ have observed that the effects of elecirolytes on
w/o uEs are opposite to that on o/w; the clectrolytes decrcase interdroplet
attraction rather than increase and it has becn supported by time average

fluorescence intensity mecaswrmients as well as shear viscosity measurments. The
effects of lyotropic salts (salls which decrease solubility between water and
surfactant, eg. NaCl, KC] etc.) and hydrotropic salts (salts which increase solubility

between water and  surfactant, eg. NaCl0,, C;H,PCl cic.) on the phasc

behaviors  of uEs have been studied in details by Kahlweit et al.®9%1% They
have found that both types of salt can influence nonionic and ionic pE systems.

They have also studied'®® the phase behaviors of quintinary mixtures (water, oil, a
nonionic amphiphile, an jonic amphiphile and salt) and their dependence on
temperature, naturc of components, ratio between nonionic and ionic amphiphiles

and brine concentration. Recently, the cffect of mixing surfactants on solubilization
in a pE system has been reported'™® and derived'™  the theoretical equation to
predict the thice phasc equilibria. Kaheweit ¢t al.!®® also presented the results on

the cffect of ionic surfactants on the phase behavior of mixtures of water, oil and
nonionic amphiphiles, with the latter being the majority component in the mixture of
two surfactants.  Nieuwkoop ct al”” have observed a threc phase region in
SDS/n-butanol / water (NaCl)y heptane system and a significant effect of salinity
on the size and shape of the three phase region. The effect of salinity on AOT
derived systems has been investigated by Ghosh and Miller."®  Luisi ct al.!'™

Eicke et al.''"*, Robinson et al.'''*, studied gelatin solubility in the waterpool of w/o
pEs formed by AOT in n-alkancs and pE-based gelatin gels (MBG) were thus
formed. The physical characterization of MBG's has been carricd out using a

varicty of techniques including tracer diffusion, clectrical conductivity, NMR, X-ray
and SANS. According to thc concentrations of surfactant / gelatin and water
content, differcnt models to describe the microstructure of MBG's were proposcd by
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them. However, they merged 1o 2 common observation that the gels exhibited a
high electrical conductivity and suggested that (i) aggregated gelatin molecules in a
nigid network surrounded by water channels stabilized by the surfactant (i) gelatin

network as in (i) cocxisting with water droplets stabilized by the surfactsant, (iii) w/o
uEs or reverse micelles containing water and a part of gelatin. The micelles are
connected by the rest of the gelatin arranged in helical strands. Skurtveit et al!'?

have investigated didodecyldimethyl ammonium bromide (DDAB)/dodecane/water
system with respect to phase behavior and emulsion stability and the effects of
added clectrolytes (eg NaCl, NaBr and Na,S0O,) and have observed the reduction

in stability upon addition of electrolytes.

Moulik et al.***'*'** have investigated the phase behaviors of uEs composed
of different ionic and nonionic amphiphiles (viz. SDS, AOT, T X 100, CTAB,
NaDC/heptane or xylene / butanol / water systems) in presence of additives like
NaCl, HCl, CaCl,, cholesterol, cholesteryl benzoate, dextran, gelatin, BSA,
PEG, wrea and polyacrylamide and have observed a variety of phase

characteristics and mutual solubility of water and oil. They have also observed'*®
that urca can abstract oils in uE phase by trapping them in the urea channels formed
in the aqueous mcdium. The abstraction of one cil in preference to the other from a

mixture by way of microemulsification has a good application prospect.

Little is known about the influence of pressurc on the phase behaviors of
water/oil/surfactant systems cxcept for the work of Fortland'?, Kim et al''®,
Kim and O'connell'”, Kahlweit et al.'® and de Loos et al'® have investigated
independent and combined influence of pressure and the lyotropic electrolyte NaCl
on the phase behavior of water/phenyl alkanes/n-alkyl polyglycol cthers C, E, over
a temperature range of 280-365K. It has been shown that at constant
temperature, phase transition of the type 2-3-2 occurs with increase of pressure

and NaCl. Recently Eastoe et al. have reported phase region for three different
uE systems as a function of temperature and pressure’™  and
pressure-temperature (P/T) space.’® Qils used in this study have been homologs,
propane to n-decanc (C, to n-C,;). The effect of pressure on the phase behavior of
a nonaqueres uE (propylene / water / surfactant) has also been reported.™®  The
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effect of increasing pressure was similar to the effect of reducing temperature or
increasing electrolyte concentration, in agreement with a phcnomenological
model'™ developed for the phasc behavior of amphiphile-water-oil system.
Findenegg et al.'*! have studied the phase behavior of three component systems of
the type water/hydrocarbon ( heptanc / octane ) / poly (oxyethylene) alkyl ether
(CgE and Cy E, ) at lemperaturcs below the phase inversion and a truncated
isotropic channel in the oil-rich region has been established. Shinoda et al'® and
Lindman et al.'® have studied systematically the phasc equilibria of sodium and
calcium (monooxyethylenc) sulphates in two or three component systems
(decane as oil) and the effect of alkyl chain length and the valency of counterions
on the stability of the phases has been evaluated. Abe ct al.'* have reported the
results on synthesis, phase behavior and solubilization parameters for a
branched tail polyoxyethylene sulphonate surfactants with precise numbers of

cthylenc oxide moictics with a view to expand the realm of cosurfactant-free

HEs into more hostile environments viz, high salinity and low temperature. Several
factors that affect transition between different types of pE systems include

temperature, salinity, molecular structure of surfactant, nature of oil, oil-watcr ratio

ete.!*17 A rapid examination of phase behavior of AOT/isooctane or xylene/water

ME has been reported by Schelly et al'®® by flow birefringence techhnique.
Backlund et al.'® determined the partial phase behavior of quintinary pEs

containing water (0.5 M NaCl), SDS, octane and cyclohexane as oil and butanol
or pentanol isomers and benzyl alcohol as cosurfactants. The efficiency of
cosurfactant for forming pEs has also been discussed in terms of either molecular
structure or from its solubilitiecs. The phase behavior and physicochemical
propertics (viz. conductance, viscosity and adibatic compressibility) of different pE
systems have been studied by Rakshit ¢l al.™® The effect of sallinity, temperature

and mixtures of two short chain alcohels (cosurtactants) on the phase diagram of the
pscudoternary systems have also been reported.  Recently, Backlund ct al P have
examined the phase cquilibria of the sysiems hexanoic acid/hexylamine/water.
These studies were of complementary nature and contributed to a better
understanding of the fatty acid-fatty amine complexation in relation to the properties

of cataionic surfactants (an amphiphilic compound which contains both a cationic
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and anionic surfactant in an equimolar ratio). Strey et al.”*! have elucidated the
rolc of medium chain alcohols in bicontinuous structure of pEs stabilized by
nonionic surfactants whereas Kegel and Lekkerkerker et al."™ have studied phase

behavior of cationic emulsions composed of equal volumes of brine and oil and

SDS as a function of cosurfactant chain length. They have also reported an

13Ja

experimental study concerning the pEs-lamellar phase competition'*'* as well as the

measurement  of the interfacial excess concentrations of sufactant (SDS) and
cosurfactants (pentanol  and  hexanol) in  mixed monolayers at  the oil
(cyclohexanol/cosurtactant) - brinc interface from surface tension mcasurments
using Gibbs adsorption cquation.'” La Mesa et al."” studied the phase diagram of
the system water/hexane/AOT and phase properties were obtained by polarising
microscopy, turbidity, ®Na and *H quadrupole splitting, clectrical conductance and
self diffusion, The experimental findings shed light on the molecular organisation
and dynamic properties of the different phases. Earlier Sjoblom and Friberg ct
al.’ have rcporfcd the relation between the structure of the surfactant/cosurfactant
layer adsorbed at the solid surface and that of the layers in the lameliar liquid
crystalline (lc) separated from the solution at enhanced surfactant concentrations.

The model system they have chosen was SDS/water (with NaCl or without

NaClybutanol or benzyl alcohol and «-ALO, as solid adsorbent. Very recently,
Strey"®* has studied symmetric pEs containing equal volume fractions of water /

formamide, n-octane and a sufficient amount of n-alkyl polyglycol ether (C, E; )
for various surfactant chain lengths ranging from C, E, to C,, E, in pure water as

well as for given C, E, with incrcasing relative amounts of formamide in  the
water/formamide mixture. IHe has demonstrated the stability range of pEs with the
help of amphiphilicity of surfactants.  Tokuoka, et aL™® investigated the phase

diagrams of hexadecyl polyoxyethylene ether (C,,POE, Ywater/synthetic purfume
and SDS/water/synthetic purtume ternary systems and the interaction between
surfactants and synthetic purfumes in relation to varations in phase regions

were discussed. The synthetic purfumes act as oil bearing component. Chhatre and
Kulkami'** studicd the phase behavior of pE systems containing an anionic
surfactant (SDS) as well as a nonionic surfactant (TX 100) along with cosurfactant
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(1 - pentanol) and kerosene as an oil phase. The cffect of changes in acid

concentration and temperature on the phase behavior was also reported.

General Physicochemical Propeities

Microcmulsions coxhibit special physical properties such as stability,
nature of aggregation, internal structure, droplet size, inter-droplet interaction,
dynamics, cic. Depending on the system, pE may be moderately or highly stable
with respect to temperature, time, salt environment { normally NaCl destabilises
uEs ) as well as other additives (polar and nonpolar). Preparations fairly immune
to the above cnvironmental effects are, therefore, preferred for their uses in
enhanced oil recovery process. A varicty of techniques, both direct (static and
dynamic light scaltering, small angle neutron scattering (SANS), small angle x-ray
scattering  (SAXS), ultracentrifugation, transmission electron microscopy (TEM),
pulsec radiolysis, eclectron spin resonance (ESR) and indirect (self diffusion,
fluorcscence spectroscopy, NMR, viscosity, conductance, interfacial tensions etc.)
are often used to characterize the microstructure of pE, a field of much current
research activity. 714

A great deal of scif diffusion studies™**'* have been made to find out

the naturc and dimension of the microdroplets of ecither oil or water. The
existence of a characteristic zone with isotropic uE domain in a continuum has been
evidenced by the sclf diffusion and conductivity studics.'” The changes in
microstructure of pEs (both aqueous and nonaqueous) as a function of
temperature,  salinity, cosurfactant, additives and mixturc of oils has been
investigated by the Fouricr transform pulsed gradient spin echo NMR
method."****! Light scattcring study"****® of ionic and nonionic pEs has revealed
that droplets fit into the hard sphere model amenable to interparticle interactions. It
has been revealed that AOT stabilized pEs having spherical'”'* and
nonspherical'® droplets containing equal volumes of water and ol may not
cssentially be Dbicontinuous. The microstructure of cationic PEs stabilised by
CTAB with or without additives has been investigated by Lang et al.'* and Shah
ct al."® by dynamic light scattering method. Electrochemical techniques viz. cyclic

voltametry and rotating disc voltametry, have been successfully applied to
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characterize o/w JEs and results have been compared with those obtained from
quasi-clastic  light scattering (QELS) measurements by Qutubuddin et al'®
Structurc and propertics of a pE gystem stabiliscd by zwilterionic surfactant C,,
DMAO, mixture of C,, DMAO and cationic trimcthyl tetradecyl ammonium
bromide, TTABr and mixture of C,, DMAQ and anionic sodium dodecyl sulphatc,
SDS and sodium tetradecyl sulphate STDS have been investigated by means of
light scattering, small angle neutron scatiering, clectrical conductance, viscosity
and interfacial measurements,'™  Diclectric  measurements have also been
successfully applied to reversed micellar and pHE systems to shown that the
static permittivity is sensitive to gcomelrical changes of the aggregates and the
diclectric relaxation is an indicator on interfacial polarisation, counterion movements
in thc aggregates and special changes in the domain sizes.'*'® Dijk ct al.'™ have

measured the low-frequency permittivity of AOT/water/i-Oc pE at the temperature
range 10°-45°C and as a function of the concentration of water droplets, The

results indicate that the droplet shapes are temperature independent, while

individual droplets form dimers. Bose et al.'™ have found three different dielectric
processes for SDS/toluene or dodecanc/butanol or pentanol/water uEs depending
upon the frequency used and concluded that the higher frequency process should

be atiributed to the relaxation of pure water. Sjoblom ct al.'™ have investigated the
structural changes in the pE system, didodecyldimethyl ammonium bromide

(DDAB)/water/dodecane  in presence of Nal3r and Na,SO, by mecans of dielcetric
time domain spectroscopy (TDS). Lundsten ct al.'™ investigated the solubility of
water in mixtures of aromatic oils (viz. benzene, methylbenzene, mesitylene and
p-xylenc) and surfactants of alkyl phenyl polvethoxylene types (viz. Berol 02, 268,
223) and mixed with AOT. They clucidated that the different structures were
formed (by the addition of water) in the isotropic - oil - surfactant rich phase by
means of conductivily, viscosity and light scattering mecasurcments.  Recently,
Cazabat'™ has observed a negative clectric birefringence (negative Kerr offeet) for
water/benzylhexyl dimethyl ammonium chioride (BHDC)/benzene pEs which he
has cxplained in terms of Maycr's model.'™ However, Koper et al.'™ have

presented an  alternative  interpretation  of the results based on  scparate

investigations.””'™ Lianos ot al'™!'™* have siudicd the interaction of
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polyoxyethylene glycol (molecular wt. 6000) and a-hydro-w-hydroxypoly (oxy-1,
2-cthanediyel) with SDS/cyclohexane /pentanol or toluenc pE by dynamic light
scattering and luminescence probing technique. Kabalnov et al.'™ studied the effect

of water soluble polymers (viz. dextran of different molecular weights) on the
equilibrium of bicontinuous pE, oil and water phases on H,0-C,E,-C, ) H,, system.
Eicke has presented valuable informations on dynamic (exchange kinetic) and
static (solubilization) properties of w/o pEs (AOT / water / i-Oc) by using ESR
spectroscopy'™ and water uptake and its dependance on temperature by small
angle lascr light scattering technique.”™ Small angle ncutron scaticring (SANS)
and dynamic light scattering tcchniques have been used by Eastoc ot al'® for
understanding the structure and dynamics of w/o pE.

High resolution 'H, *H, "C NMR technique has been'™'™ used to

investigate the intermolecular interaction and rearrangement in the structure of

nonionic and anionic puEs. Wade ct al.'® investigated the effect of clectrolyte on
the structure of cosurfactantless pE by dynamic light scattering and fluorescence

polarisation techmique. Martino and Kaler® studied qualititatively the microstructure
of nonaqueous pEs formed with propylene glycol, glycerol, three different alkanes
and a nonionic surfactant, CE, probed with NMR sclf-diffusion measurements
and small angle neutron scattering (SANS). The structure of polymerizable pEs
containing styrene, dodecyltrimethyl ammonium bromide (DTAB) and brine was
investigated by Full and Kaler'®* with SANS and quasielastric light scattering (QLS)
techniques. They suggestcd that thesc pEs consist of a unimodal population of
swollen micelles that swell uniformly with the addition of styrene, Chemical
polymerization of anilinc in an inverse w/o uE medium has been reported by Chan
et al'® A number of techniques viz., x-ray photoelectron spectroscopy, (XPS),

thermogravimetry (TG) and cyclic voltametry have been employed for

characterization of these very small spherical conducting polyaniline particles. The
microscopic structurc of triglyceride LE (soyabean oil / water-cthanol, 80-20 wt%
and polyoxyethylene (40) sorbitol hexaoleates has been studied by Trevino et al,'®

as a function of concentration and temperature. The results were consistent with a
bicontinuous phase in cases of largest aqueous content. In the low aqueous
concentration samples, a substantal correlation was found in the spatial distribution

of this minority phase.
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Almgren et al'™ have measured the size and  polydispersity of
water/AOT/octane and dodecanc pEs by time resolved fluorescence quenching
(TRFQ). Lang et al'® have investigated the effect of nature, molecular weight

and concentration of the polymer on the droplet size, interdroplet attractive
interactions and rate of exchange of matcrial between droplets by TRFQ., Lang et

al.'™ have made a systematic study of various paramcters [viz. molar concentration
ratios w = [water)/[surfactant] and z = [cosurfactant] /[surfaclant], nature and
length of alkyl chain of the oil, surfactant and cosurfactant, teraperature and the
nature and concentration of the clectrolyte solubilized in the water droplets] on the

droplet size, ratc constant for exchange materials between colliding droplets and

attractive interactions between droplets in w/o pEs. Similar studies using various
modern techniques on  varicty of pEs have been reported.’  Jain et al.'™

investigated the conformational, structural and microenvironmental transformations
in LE systcms by positron annihilation spectroscopy.

Schelly et al."? have investigated the microenvironment in TX 100 reverse
micelles or w/o puEs in cyclohexane or in the mixed solvents of benzene and
n-hexane by the usc of methyl orange (M0) and 1-methyl-8-oxyquinolinium betaine
{QB) as absorption probe by dynamic light scattering and turbidity measurements.
The effects of temperature, waler content, presence of salts on the aggregation
number, surfactant concentration, size and shape of aggregates have been
explored by them by controlled partial pressure - vapour pressure osmometry and
QELS." A systematic study on the formation, structure, droplet size, inter~droplet
exchange rates and the stabilitics of w/o pE stabilized by different nonionic
surfactants in pure and mixed alkanes has been made by Fletcher et al.’®*'™ Abe
ct al."™ have reported the changes in the pE microstructure, phase transition
mechanism duc to changing salinity and quantitative cstimation of surfactant in
multiphasc'®™ sodium octyl sulfate  (SOS)/n-hexanol /n-decanc/water (brine) uE
using dynamic light scaltering, interfacial {cnsion, electrical conductivity,

fluorcscence probe and extraction spectrophotometry techniques. Very recently,

Abe ct al.*™ reported the pH-dcpendence on the zeta-potential and surface charege
density of the o/w type pE formed by an amphoteric surfactant, NN, -
dimethyl-N-lauroyllysine (DMLL) in presence of NaCl. They®™™ have also

determined the binding constants of sodium and chloride ions and aggregation

numbers of the same system by applying a novel numerical analysis,
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The interfacial stoichiometric composition of surfactant and
cosurfactant in water / SDS / l-pentanolhexadecane uE system has been
investigated by Rosano et al.'™® and the results have been verified by  differential

scanning calorimetry (DSC). Findencgg et al. have measured the interfacial
tensions in nonionic y.Es near threc phase region'® and near phase inversion™* by
capillary wave spectroscopy. Chen ct al*™® systematically studied the phase

behavior, wetting and nonwetting behaviors as well as the wetting transtitions of the
system water/n-alkancs/C.E, the nonioinc surfactant (dicthylene glycol monohexyl
cther) from the measurements of interfacial tension and direct contact angle

measurements, The effects of NaCl, temperature and chain length of oil on the
above behaviors were discussed. Microstructure and dynamics of w/o pEs stabilised
by TX 100 in CCl, has been determined from small angle X-ray scattering

(SAXS) and transmission electron microscopy (TEM) confirming the oblate
spheroidal shapc water droplets.”

Investigations on the effect of counterions on the structure and properties of
w/o pEs are scanty. Eastoe et al?™ have measured viscosity, electrical
conductivity, SANS for w/o KE stabilised by surfactants of the type M™ (AOT),,
where M™ stands for Na*, Ca*, Mg", Co™%, Ni?, Cu™, Zn' and Cd* and have
observed structural changes depending upon w(=[Water)/[Surfactant]), charge as
well as r , (radius of the counterion). They”* have further investigated the cffects

of replacing the Na -counterion of AOT for NH,' and [(C, H,); N]" on the
structure and properties of the L, phase in cyclohexane. Rabie and Vera®™®
developed a theoretical model which accurately represented the distribution of
cations between a reverse micellar solution of AOT in iscoctanc and an excess
aqucous phase, and ir which the specific character of cach exchangeable counterion
(viz., hydrated size, free cnergy of hydration and clectronic propertics) was
introduced through a single equilibrium constant. The prediction of the model were
in excellent aggrement with experimental results. Abuin and Lissi’™ have reported
the effects of changing the surfactant counterion (bromide/chloride), the nature

as well as composition of the oit (CHCI, and CHCI, /heptane mixture), salinity of
droplets, nature of salt on the solubilization ability of w/o uEs stabilised by CTAB.
The structural changes (cg.plastic crystalline phase or liquid to solid transition) of
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AOT / cyclohexane continuous phase as a function of pressurc and temperature has
been investigated by Eastoe et al.?®* using SANS technique. The surfactant, sodium
bis (2-cthythexyl) phosphate, (NADEHP) is structurally related to the classical AOT
and has drawn particular attention for its ability to form reverse micelles in nonpolar
solyents,™® which is beleived 1o be a key for its utility in metal extraction.” Feng
and Schelly?*? investigated the effect of the difference in head group on aggregation
and also on the propertics of reverse micclles formed (NAHDEP/benzene/water) by
quasiclastic light scattering, confrolled partial pressure-vapour pressure osmomelry
(CPP-VPQ), conductance and viscosity measurements. The role of water in the

formation of rcverse micelles was discussed.  Recently, Kurumda ct al?™™*
investigated  the  microstructure  of  oil-rich  pEs  composed of
NADEHP/water/n-hexane/sodium chloride in the dilute and concentrated regions by
small angle x-ray scattering (SAXS), osmolic compressibility, viscosity and
electrical conductivity experimenis and compared the results with those abtained for
AOT/water/n-hexane/NaCl system. Khoshkbarchi and Vera™' studied three dialkyl
sodium phosphinate surfactants to determine the conditions under which they can
form w/o pEs. They have shown that under well-defined condition, these
surfactants have the ability to solubilizc a considerable amount of water in the
isooctane in the form of w/o pEs. The comparative study duc to difference in
structure of surfactants gave insight into the effect of the surfactant head group on
the water uptake of w/o LEs systems.

State of Water in the Micropool
The solubilization states of water in reverse micelles and w/o pEs of AOT
in apolar solvents (Mz cyclohexane, heptane, iscoctane, dodecane, toluene) have

been systematically investigated by several authors™*'° using NMR, ESR, FT-1R,
Raman, fluorescence, near-infrared spectorscopic and light scattering techniques.
Among the tcchniques utilized in this study, "H NMR has been found to be a
convenient tool to distinguish the type of solubilized water. They have proposed
two or three states of water i.e water bound to the ionic head group of AOT and
water bound to the hydrated ionic groups or bulk like water. Liveri et al.*** have
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investigated the structure of the various water species present in reversed micelles
of AOT where the Na‘-countcrions have been replaced by Ca'? and Zn*™ at very

low water content by FT-1R spectroscopy. Halle ct al.*" have investigated the
state of water in aqueous pE droplets in the system AOT/D,O/isooctane by nuclear
spin relaxation study. Thermochemical studics™?'** have been made on the

dissolution state of water in AOT/isooctane or heptane solutions. The heal

capacity and the enthalpy of dilution of uEs have been measured as a function of
the [water)/[AOT)] molar ratio, R and of thc weight fraction, ¢ of water plus AOT

with a flow type microcalorimcter. Boned et al.*'™ characterized the state of water
in water/AOT/o1l pEs by using ditferential scanning calorimeicr (DSC). Moran et
al.? presented a combined Raman and infrarcd spectroscopic study of the

hydration of AOT reverse micelle in two solvents (isooctanc and cyclohexanc) and
discussed the motecular processes involved in hydration number of the surfactant
head group and compared with findings of carlier investigations using different
techniques by other authors. Haandrikman et al.*"? suggested that the solubilization
of water in anionic alkylamesulfonate-based surfactant systems, can be discribed in
terms of three steps, Recently, Gu ct al.™ have pointed out that both the hwo-state
model and the three-state modcel have somme problenmis.  In order to clucidate thesc
problems, they  reported  calorimetric  measurements  on  sodium
dodecylbenzencsulfonate (NADBS)-based system with n-pentanol and n-heptanc as
a mixed apolar solvent and found that their thermal behavior is quite different from
that of AQT-based systems.

In contrast to AOT as anionic surfactants, information on the solubilized
states of water by cationic swfactants is still scarce, probably because of its limited
solubility in water. Using 'H NMR, fluorescence,and near-infrarcd spectroscopic
techniques™ and small anglc neutron scattering (SANS) technique?*, the
solubilized states of water for butyldodccyldimethyl ammonium bromide (BDDAB)

in chlorobenzenc™ and didodecyl dimethyl ammonium bromide (DDAB) in
cyclohexane w/o WE systems™™, have been cxamined as a function of molar ratios
of [water])/[surfactant],R, at various concentrations of surfactant. Three types of

water exist in varying proportions in the interior of reverscd micelles.
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Hasegawa et al.?®* have measured the microviscosity in the waterpool of
AOT reversed micelle as a function of R, with the help of viscosity-sensitive

fluorescence probe, auramino and have reported that waterpool is highly viscous
in the lower R-region; with increasing R, 1, rapidly decreases below R=10 and
then gradually decreases until the micellar solution became turbid above R=50.
At higher R region, the values of n, arc considerably higher than the viscosity of
the ordinary bulk water, indicating that the solubilizing water molecules arc tightly

bound fo the polar head groups of AOT. In continuation of carlier works on the
investigation of the microenvironment of the polar core of reverse micelles by using
ditferent kinds of absorption and fluorescence probes, Silber et al.'® confirmed that
there arc at least two types of water (structured and bulk) in the reverse micelles
from the study of solvatochromic behavior of 1 - methyl - 8 - oxyquinolinium
betaine (QB) and E,(30) in AOT / n-hexane system.

Transport Behaviors

The pEs may cxhibit intercsting electrical and hydrodynamic properties
and for example, the electrical conductivity of phE can be significantly different

for differcnt structurcs. An oil continuous type is very resistant to ion migration,

whereas 2 walter-continuous type conducts well; a bicontinuous pE  has fair
conductance. Increascd volume fraction of water in w/o pE system may show a

conspicuous effect on conductance, the electrical conductivity suddenly increases
(by scveral orders of magnitude) in a narrow range of addition of water;™*2 this
is known as “percolation’™ This corresponds to the formation of the first
infinite cluster of droplets; thc number of such clusters increases very rapidly
above the “percolation threshold ', giving risc to the observed and other changes
of properties (eg. conductivity, permittivity, viscosity etc.). The increase of electrical
conductivity above the percolation threshold' of volume fraction or
temperature™ 3 has been attributed to either "hopping” of surfactant ions from
droplet to droplet within droplet clusters™**® or transfer of counterions from one
droplet to another through water channels®*** opening between droplets during
‘sticky' collisions or through transient merging of droplets.”’?® 1t has been found
that cholesterol and cholestcrol derivatives (esters) put hindrance to percolation by
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rigiditying the interface between water and oil. Such compounds are also known to
make the membrane of the lving cells rigid.™** Compunds like alkanols,
benzyl alcohol, toluene, crown ether, bile salts etc. have been shown to assist
percolation.?”##*® The mechanisiic details of these effects have not been worked
out and therefore, requires atiention.

For liquid crystals, gels or even high viscosity non-Newtonian fluids, the
clectrical conductivity may exhibit both maxima and/or minima, reflecting the
change in the ion mobility caused by variations in viscosity. Winsor™ has studied a
system in which the gel phase has shown maximum and minimum associated with
large viscosity. Claussc et al.™! have observed similar complex behavior of
clectrical conductivities with increasing water-content. In  addition to corrclating
the results with solution viscosity, they have observed a  relationship with the
typc of phase behavior cxhibited by micellar solutions. A ternary system
conlaining water (10 mM NaCl), tolucne and TX 100 (40 : 40 : 20 wi%), with
inversion from a water continupus phase to an oil continuous phase has shown a
very drastic change in eclectrical conductivity, where a marked fluctuation is

expected as a sign of dynamics occuring at the boundary.>?

The percolation behaviour in pE has been cxploited to explore the structural
propertics of w/o pEs. From electrochemical measurements and by the application

of cffective medium theory (EMT), conductometric evaluation of the structural
propertics has been possible.'”2  The results are comparable with other
sophisticated methods vizz. NMR, x-ray, neutron scattering, electron microscopy

clc. Very recently, the conductance method has been successfully applied by

Moulik et al.?*** 1o derive microstructural informations on both w/o and o/w uEs
and evaluated the hydration™* of o/w nEs. The effect of different additives on the

percolation behavior in conductance with regard to probable mechanism of
conductance has been studied by several workers.”*?%27™ Scaling laws are found to
obey by some authors 2212333 Allexandridis et al.¥™ and Koper et al.?™ reported

different themodynamic models capable of describing as well as quantification of the
temperature dependent clustering phenomena occuring in droplet - phase pEs and
compared the results with other authors'®!PASANAIIDDT Decently refractive
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index measurements on H,O / AOT / heptane pEs have been performed by Liveri
et al.”® and they have suggested that no structural change is involved during the
percolation transitions and in percolated pEs the reversed micelles retain their
closed structure. Very recently, Hoffmann et al™* have shown from

conductance measurements along with flow and electric birefringence methods
and pressure jump relaxation techniques that the isotropic L,-phase of DDAB /
water / dodecane system can be subdivided into an area with interconnected water
channels. They have also reported that for a constant /S ratio and increasing

watcr content, the uEs show a transition in the conductivity from high to low
conducting state. This is an arca where imagination, concept and mathematical

model have ample scope for deriving profitable informations about the structure

and dynamics of pEs. The effcct of pressure on the percolation phenomenon in the
ternary pEs (water / AOT / undecane and glycerol / AOT isocctane) has been

reported by Boned et al®® Very recently, Eicke ct al.™* have further confirmed
the nanodroplet model for w/o (LEs formed by nonionic and ionic surfactants. They
have also shown that the charge transport mechanisms between the clustered
nanodroplets is different for ionic and nonicnic surfactants.

Similar to conductivity and permittivity, viscosity of pE can also indicate
the phenomena of  percolation, 2ARA4HTHOML - qithough  a quantitative  theory
and cxplanations arc vet to be proposed. Like conductance, viscosity and
permittivity may also follow scaling type cquations. There may be a change from
w/o to o/w with increase of volume fraction of water. The change in structural
organisation during the course of water addition may affect viscosity, which has

been supported from the measurement of compressibility and specific volume of

14 A viscous solution is expected to be less compressible

different uE systems.
than a non-viscous one and this may be due to the interparticle association

(clustering) in nE. Very recently, D'Aprano and Liveri et al.** have compared the
viscosity and the electrical conductance with ¢ (volume fraction of the dispersed

phase) for AOT/heptane/H,O system and have indicated that the processes for
momentum and charge transfer, (even if related to the droplet clusters
formation) are different. They have further given evidence for viscoelastic
phenomena.*  Bennett et al.**’ have observed two peaks in viscosity with

increasing salinity implying the existence of at least three microstructural regions;
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one before, one after and the other in between the two peaks. The coincidence of
the start of onec viscosity maximum with the conductivity percolation threshold
supports that the maxima are indicative of the transiion from mono- to
bicontinuous structure. If the microstructure is ordered, as in liquid crystal or
relatively difficult to break, as in a gel; then the viscosity is expected to increase with
increasing bicontinuity. The understanding of the structural consistency in pLEs has
been attempted from viscosity measurements.”>*! Behaviors like regular solutions
have been observed for some systems and some have shown special behavior.

However, in most occasions the viscosity influenced conductance behavior of

w/o pEs have been observed 1o be opposite of expectations.®®*  This
phenomenon has been atiributed to the unusual mechanism of conductance in BE.

Recently Berg ct al** have investigated the effects of droplet clustering on

the shear viscosity by comparing the apparent viscosity of AOT / decane / water
uEs flowing through thin membrane filters with well-defined pore sizes with the
viscosity measured in standard glass capillary viscometers. The apparent viscosity of
KEs in pores differed from the viscosity measured in the capillary viscometer by less
than 8%-40% dcpending upon the diameter of the pore. Chen and Warr have
investigated the flow of temary pli composed of DDAB / dodecane / water under
shear in both couctte and capillary viscometer with an aim to study the relationship

between structure and flow behavior. They have studied at different compositions
and found to be Newtonian up to very high shear rates (~3000 S™), although some

indirect evidence for eclasticity has been inferred from capillary viscometry.
Densities and viscosities of AOT in heptane system containing light and heavy
water, as a function of the molar ratio, R (R=[H,0] or [D,0}¥{AQT])) have been
measured at different temperatures (0°C-40°C). The difference in apparent molar
volumes and viscosities have been cxplained in terms of intermiccllar interactions
mainly governed by hydration of the head groups of AOT.*?

Although viscosity has been used as a probe in the understanding of the
internal structure of JEs at different compositions, quantification of the property
in the light of the hydrodynamic equations has been rarely done. The scanty

literature may refer to the works of Baker et al.**® and others. Very recently Ray et

al.™ has made a detailed study on the validities of diffcrent viscosity equations on
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w/o UEs using various aliphatic and aromatic oils and AOT. Comparison of the
established viscosity equations on the basis of the evaluated parameters with

references to the nature of the oil has been presented. An aticmpt on the testing
of different viscosity equations on nonaqucous pEs has also been made by Ray and

Moulik.” Such comprehensive studies arc rarely found in litcrature.

Thermodynamics of Microemulsion Formation

Although this is a very important field of investigation, it is cxtremely
complex for uE comprises a number of constituents. Theories based on statistical
thermodynamics have becn proposed™ but the treatment arc far limited. The
proposcd thcories have been  shown to be uscful to cvaluate the frce cnergy and

entropy of formation on the basis of droplct dimension and their naturc.”®' Their
limitations have also been indicated. Howcever, atiempts for their verification and
modification arc only scanty, keeping a wide scope for further study in this
potential field, and knowledge on which is cssential for understanding of the
stability and physicochcemical functioning of the preparations.

As to the dircet determination of enthalpy of microcmulsification,
calorimetric method has  been  successfully employed. Kertes et al.?* have
pioncered in this venture and aticmpted to develop the topic systematically.
Subsequently Stenius ¢t al.**’ and others™ have also made important contributions
by measuring the enthalpy (both partial molar and integral) of solution of various
components in binary and ternary compositions. Detailed theorctical analysis have
also been made. Very recently, Das and Moulik™*® have calorimetrically determined
the enthalpy of solution of water, into binary and ternary mixtures of heptane +

TX 100 and heptane + TX 100 + butanol respectively and the heat capacities of
the resultant pEs. Quantitative analysis of the results have also been attempted.
Enthalpy of micromulsification of water in AOT / heptane medium has also been

studicd by Ray et al.”**® The thermodynamics of clustering of microdroplets during
percolation has also been studied by Ray and Moulik,**® Alexandridis ¢t al.*™ The
calorimetric studics of Liveri et al.**, Goto et al.***, Boned et al*®* and Gu et
al.®* in understanding of the differcnt states of water in the micro waterpool has

already been referred in the previous section.
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The thermodynamic treatment of the discipline of pE has an inhercnt
difficulty with regard to the packing restrictions of the particles. Differences in the

types of packing of particles of variable shape and size should have unequal say on
the measured and derived cnergetic parameters which is not a problem in regular

solution including the cases of critical solution.

Solubilization Parameter
The volumes of hydrocarbon and water dissolved in pE arc quantitics
of considerable practical intcrest since the oil and  water to form a single

thermodynamically stable phasc is ofien uscful in pharmacy and industry.
Denoting v, and v, as the volume of water and oil dissolved per unit volume of
amphiphile, the "solubilization parameters” Sp, and Sp, has been defined »7 for
oil and waler respectively as, Sp = j2and Sp = %, where v is the volume of
surfactant contained in the interphase, normally calculated excluding alcohol or
other cosolvents whenever they are present. A typical variation of solubilization

paramcters as a function of increasing clectrolyte concentration (which promotes
the classical I - III — II transformations) has been shown by Miller et al.'’® The
Sp, and Sp,, curves intersect inside the three phase domain, At that point the

micellar phase contains cqual volumes of water and oil and the corresponding
solubilization is known as "optimal solubilization" (Sp* ). It is a parameter that
characterizes the solubilizing power of the surfactant. According to this definition,
water-oil ratio (WOR)=1, when Sp, = Sp,, = Sp.* These paramcters decrcasc with
increasing hydrocarbon chain length. From the plot of solubilization parameters
versus water-oil-ratio (WOR) (at a fixed surfaclant concentration); it has been

shown that a continuous change in composition occurs with increasing WOR,
including inversion from an oil continuous to a water continuous uE at a fixed
WOR. The solubilization parameters are dependent on temperature.™® The

variation of the carbon number of a homologous seres of oils at a given
temperature  for a given amphiphile produces a maximum of solubilization
parameter at a certain carbon number. For nonionic amphiphiles, this maximum

shifts toward higher carbon numbers  with rise in temperature and vice versa,
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Barakat et a1, have correlated the optimal solubilization (Sp*) to the width of the

three phase region defined as the range of alkane carbon number (ACN) over
which Winsor III systems are observed as follows. Sp*. AACN = d, where dis a
constant charactistic of the class of surfactant under consideration. Values of d are
5.5, 24.7 and 40.3 for alkyl benzenc sulphonates, a-olefin sulphonates and
ethoxylated oleyl sulphonates respectively. In case of ethoxylated alkylphenols,

the optimal solubilization parameter (Sp*) has been found to correlate with the
reciprocal of the range of surfactant HLB. The solubilization of water into organic
phase, cyclohexane by the nonionic surfactant TX 100 is poor, bul it is enhanced
by the addition of alcohols viz, pentanol, hexanol and octanol.® Schelly et al.*®
have investigated the dynamics of the solubilization of picric acid in AOT in
benzene reverse micelles by vapour pressurc osmometry and spectrophotometric
studics. Recently Liver et al™ have calorimetrically investigated the mechanism of
solubilization, degree of hydrophilicity of the solubilizates, their size, structure and
steric hindrance, size of the host microrcgions of some biological compounds (viz.
cholesterol, retinol, retinal) and polar compounds in AOT/heptane reversed
miccllcs.  Garti et al*® investigated systematically BSO equation (Bansal, Shah
and O'Connell) for several systems composed of ethoxylated alcohols (viz., Brij 97
and Bnj 76) / C, - C; n-alkanes / C, - C,; n-aliphatic alcohols / water and
significance of this simple equation has been explained interms of chain length
compatibility and natural curvature as well as critical radius of the interface.

Uses and Applications

Becausc of their wversatilc of nature, pEs have wide practical
applications, Mouth wash, mens' shaving lotion, (transparent oil-in-water pE) and
dry cleaning fluid ( w/o type pE ) can be a few representative examples. puEs find
application in paint industry, precious metal recovery, coating technology, advance

fuel technology, cosmetics®, photochemical and polymerization reactions™®%,
drug dclivery and biomedical applications®’. They are also prospectively used in
agricultural purposc, in pharmaceulical preparations (for uniform dispersion of

the active principles, eg. vitamins) as well as in food industry for beverage
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preparation.  Alcohol free pwEs find important applications in pharmaceutical
preparations and photochemical studics. **  The ultralow interfacial tension of uEs

is responsible for their potential uses in the cnhanced oil recovery™ 7
where capillary forces in the underground rocks prevent smooth flow of flooding
fluid of high surface tension. These novel liquids also have uses in the production
of chemical energy from water clcavage 2™, metal recovering from liquid - liquid
extraction ™7 and development of potential blood substituents ™ . Recently

prospective attempts have been made to use both o/w and w/o type pEs as liquid
membrane for the transport of different solutes (viz. long chain fatty acids,

metabolites, drugs etc.) either mediated through a carrier or without carrier. ™!
Liphophilic materials can be transported and separated employing o/w pEs 2™,
whercas w/o type can transport hydrophilic substances. %' Very recently, a

successful application has been in the removal of acetic acid and copper ion

from aqueous feed phase (both buffered and unbuffered) respectively 425,
Compared with conventional solvents pEs possess novel solvent
propertics owing to partiioning of the reagents between the different

microcnvironments available within the pE 2% and also because of changes in
the molecular environment of the reagents. ***® Water dispersed in uE is

known to show reduced activity **, reduced polarity *** and reduced translational
diffusion * in comparison with bulk water.

The chemical reactions may take place at the oil/water interface of
microdroplets as well as in the interior of the droplets. Typical examples can be
dephosphorylation at high pH, with the nucleophile being an alkoxide ion from the
alcohol or an ethylene oxide derived surfactant ¥, Mackay et al*™ have

investigated the effect of triphenylphosphine on the incorporation of Cu (II) by
tetraphenylporphirine in benzene - in - water uE containing cyclohexanol and
sodium cetyl sulfatc as surfactant. The reaction rate of n-hexylamine with

2,4-dinitro chlorobenzene (DNC) is faster in pEs of n-octane, n-hexylamine and
CTAB than in water.The ratc enhancement in the uE is largely due to an increased
concentration of reactants in the droplets.”®* The cffect of uEs on the

hydrolysis of bis (4-nitrophenyl) carbonate has been dependent on the water
activity in oiw pE droplets, whereas rate constants of decarboxylation of
6-nitrobenzisoxazole-3-carboxylate have no direct dependence on water activity
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because of its location at the surface of the droplet.”® The rate constant for
basc hydrolysis of ethyl benzoate in oil-in-water (o/w) uE of CTAB / heptane /
butanol/ water has been found to be slower thanin the corresponding aqueous
and acctone-water systems and the rate inhibiting characteristics of the pE are the
consequence of the location of the substrate within the microdroplet.®®
Nucleophilic aromatic substitution’ and deacylation® have also been investigated
in uE media. Photochemical conversion of diphenyl stilbene from trans-to- cis form
in a uE medium composed of SDS, 2-methyl-2-butanol, benzene and water has also
been studied.’® Schomacker et al.>® have studied the kinetics of alkylation of
2-alkylindan-1, 3-diones and 2-benzyl 1,3-indandiones by benzylbromide in
Igepal/heptane/ water WEs and polar organic solvents. In pEs the reaction proceeds
at the microscopic water/oil intcrface. Static fluorescence quenching experiments *°
in the ionic AOT and nonionic Igcpal w/o pEs, have shown that
compartmentalization occurs in Igepal/cyclohexane system like AOT system but not
in water rich Igepal/n-hexane puEs. Pressure jump relaxation method has shown
that the rate limiting step of ligand is its binding with surfactant in AOT system,
but it is absent in Igepal LE system. Moulik et al.’"! studied the acid-catalyzed
inversion of canc-sugar in water/TX  100/1-butanol/  (chloresteryl benzoate +
n-heptane) tE medium at constant surfactant / cosurfactant ratio and at different

oil / water ratio. The ratc of inversion has increcased with increasc in o/w ratio,
brine (2% w/v) and dextran (0.5% w/v) have moderately retarded it; whercas urea
has retarded it markedly. The results have been analysed in the light of the

polasity of the medium as well as the effective concentration of the catatyst ( H,0" )

in the uE. Sanchez ct al.**? have investigated the kinetics of the oxidation of iodide
by persulphate in puEs and reverse micelles stabilized by AOT using a number of
oils. The rate of reaction has been found to be greater in BE and micellar system

than in conventional aqueous medium and depends on the surfactant
concentration,the molar ratio R, [H,0)/[AQOT] as well as on the nature of the
organic phase prescnt. Reaction kinetics for the formation of sodium decyl
sulfonate in WEs based on nonionic surfactant were investigated by Oh et al.*"® and
comparcd with those in oil-water two phasc systems. An equation describing
reaction kinctics in the uE system has been derived based on psuedophase model.
The use of nonicnic surfactant is of more interest from a practical point of view,

since they can be casily removed from the product by heating or cooling. Burgess et
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al* have studied the rate constants for the dissociation of pyridinc derivatives
from pentacyanoferrates (II), [Fe(CN,) (XPy)]” in micellar and in reverse micellar
(cationic, anionic, nonionic) media. The reactivity pattern  in reversed micclles
differs from that of normal micelles.

Synthesis of ulfrafine particles using reactions in pEs was first reported by

Ji5a

Boutonnet et al.’*** when they obtained monodispersed metal panticles (in the size

range 3 - 5 nm) of Pt, Pd, Rh and Ir by reducing corresponding salts in waterpools

of w/o pEs with hydrazinc or hydrogen gas. Since then, there have been several
reports”® in literature wherc pEs have been uscd for the synthesis of a varicty of

nanoparticles (viz. metal, alloy, oxides ctc.) covering a wide range of applications
which includes catalysts, biological staincrs, condensers for clectron storage in
artificial photosynthesis, semiconductors ctc. Their structure and propettics have
also been described. The fundamental charactenistics of microcmulsion
electrokinetic chromatography (MEEKC) have been studied in comparison with

micellar electrokinetic chromatography (MEKC) by Terabe et al.’® using
heptanc/SDS/butanol/buffer (pH 7.0) system. The pE has shown a stronger aftinity
to non-polar compounds than the SDS micelle. Numerous nvesligations on

the  acid base behavior  and self  association of dyes (viz

sulphonepthalein,azo,azine derivatives indicalors ctc) in compartmentalized liquids
viz, micelles, pEs etc, has been made by El Scoud et al®'? Mackay et al*'®,

Drummond ¢t al.*°, Robinson ct al.’®, Fletcher et al. ™™, Guo et al.’!, Luisi et al.*?,
Moulik et al.’®  According to them, the property of a dye depends on its location
or the place of residence cither at the interface or in the bulk or partitioned between
both. Other important reports on the acid-basc behaviors may be found in the
references cited above.

Rico ct al’? studicd amidation of the olefin by gamma-radiolysis in the
bicontinuous phase of a non-aqucous pE in 2  formamide containing
1,1,2-trihydroperflucro-1-decene  as  oil, potassium 2,23, 3-tetrahydroperfluoro
hexanol as cosurfactant, Candau ot al.’** have also studicd reaction in bicontinuous
phase of aqueous pE.

Due to unique propertics. reverse micelles or water-in-oil pEs play an

188,1316-319
?

important role in chemical and biochemical reactions reverse micellar
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enzymology finds applications in  such diverse ficlds as  biomimetic

chemistry®™ ¥  cryocnzymolozy™,  synthesis  of water  insoluble

133.338

compounds®™** piotechnology , alternate cnergy sources™ and analytical

chemistry™®,  Rescarchers have been engaged in the study of enzymatic reactions in
reverse micellar (w/o WEs) media under various conditions using AOT, SDS,
CTAB, TX 100 as surfactants and n - heptanc, isooctane, cyclohexane, n -
octane  as oils. a~chymotrypsin  ¥3327340340  inage334 liver  alcohol
dehydrogenase™*>4 alkaline  phosphatase®®®,  lysozyme™, lipoxyg -
peroxidase®”, trypsin®'?* acid phosphatase®®®, ribonucleasc™, cholesterol
oxidase’® have been used as biopolymers (cg enzymes and proteins). Luisi et al.?”’
have found that the rate of formation of water pools of reverse micelles or w/o pEs
(AOT/ water / isooctanc) is accelerated by the presence of proteins and nucleic
acids. Thermodynamic stability of globular proteins (ribonuclease, cytochrome C,
lysozyme) in AOT/water/isooctane pE has been also studied by Luisi et al?®
Milyake et al.**** have measured the rates of catalytic hydrolysis of both hydrophilic,
acetylsalicyclic acid (AA) and hydrophobic (2-napthyl acetate , NA) substrate both

in aqueous solution and w/o pEs formed from AOT in heptane using the
enzymes lipasc and a-chymotrypsin, and imidazole has been used as an

acid-base catalyst for comparison. He also proposed ** reaction model for
enzymatic reaction in uEs. Very recently, the hydrolytic splitting of p-nitrophemnyt
phosphate by alkaline phosphatase has been elaborately studied by Gupta ct al.* in
water/AOT/decane pE. The role of pH, [water] / [amphiphile] mole ratio and
polarity of the waterpool have been analysed. Ruckenstein et al>*' have made
theoretical advancement in the field of micellar enzymolozy and the theoretical
results have been found to agree, both qualitatively and quantitatively, with the
experimental results available in literature. An extensive study of the interfacial
solubilization of zwitterionic amino acids and proteins in AOT reverse micelles / LEs
in a Winsor II system has recently been reported by Hatton et al>*®2% The effect
of pH*® on amino acid solubilization has been reported. Very recently Hatton
et.al’®, Dekker™® and Nitsch®®* have quantified the kinetic behavior associated with
protein partitioning in reversed micellar systems, The influcnce of cosurfactants (a
series of alkanols) on the solubilizaion of amino acid (phenylalanine) in a w/o pE as
well as on the kinetics of amino acid mass transfer from an aqueous phase to a
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micellar phase was systematically studied by Plucinski et al.*® The experimental
results were discussed from the view point of the threc-step bud mechnism.
Eartier they have also investigatcd the kinctics of interfacial solubilization ** of
phenylalanine as well as metal ions’®? in liquid / iquid uE system (Winsor IT) and
proposed an alternative mechanism to the model of spontaneous aggregation at the

interface. Very recently, Adachi ¢t al.’® elucidated the mechanism for protein
solubilization in a AOT w/o pE, using the two-phase transfer method. In this
model, the effect of adsorption of surfactant molecules on the protcin has been

taken into consideration and it was related with time-dependent solubilization
processes. Other group of authors, Hithorst et al.’*' investigated various aspects on
the extraction of proteins, enzymes using reversed micelles. Different models were
proposed. Several fields of applications have been suggested by them for protein
containing reversed micelles. Conformational changes of some proteins in micellar
and reversed micellar solutions of different charge types have been reported by
Takeda et al.*®* . The reactivity of different anthracene derivatives toward singlet
oxygen has been studied in AOT reverse micelles in heptane as a function of the

AOT concentration and [Water)/[AOT] molar ratio *’. Candau ct al**®* have
prepared stable and clear microlattices of uniform size ( diameter 5 x 10%um )
through polymerization of acrylamide in AQOT/water/toluenc and a blend of
sequiolcatc sorbitan and polyoxycthene sorbitol hexaolcate / water / isoparaffinic
oi, isopar M pEs. They have also investigated®® the influence of various
clectrolytes (NaAc, NaCl, NaNO, , LiNO, , LiCl, LiAc, ZnAc, KNO,, sodium
butyrate and sodium formate) on the stability and conditions of formation of u
Es prior to and after polymerization. Candaw*™ in his review article discussed
the formulation and various structurcs of polymerizable pEs. Kinetics and
mechanism as well as the physical processes which occur in these systems have been
analyzed and compared to the conventional polymerization. Some applications viz.
adsorbents for proteins, immobilization of antibodics, drug microcncapsulation etc.
were proposed.  Nevertheless, with diagnostic applications in view, the
immobilization of alkaline phosphatase by physical gel entrapment within cofloidal
particles produced by inverse pE polymerization has been reported by Daubresse et
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al*® The catalytic activity of the immobilized enzyme has been compared to the
enzyme propertics in solution.

Gracia Rio et al.”™" studied the kinctics of the transfer of the nitroso-group
from MNTS (N- methyl-N-nitroso-p-tolucnesulfonamide) to several amines using
wide variety of water /AOT / isooctanc uEs as reaction media. The diverse Kinctic
behavior of the various amines was cxplained quantitatively on the basis of

pseudophase model. Later, the same model was used to study the Kinetics of

solvolysis ™ of diphenylmethyl chloride, 4- nitropheny! chloroformate, benzol
chloride, p- amisoyl chioride in the same pE. The rate constants varied widely with
[ water ]/ [ surfactant ] mol ratio (R), which was surprising in the light of previous

results. A different mechanism was proposed considering the changes in the
structuredness of the interphase of AOT pEs with [ water } / [ surfactant ] mol ratio,
(R). Tajima et al.”™ clucidated the reactivity of. reverse miceller AOT with

solubilized aminc compounds (viz. cthylenediamine and propylene diamine ) in
isooctane. A mechanism of aminolysis by diamines was proposed and explained by
the concept of intramolecular amine catalysis.

Kulkami et al.’” reported a number of works viz. nitration of pheno! to
o-nitrophenol,  Beckmann  rearrangement, cyclization and  enhanced
decarbamoylation of D (-) N-carbomoyl phenyl glycine, and enhanced recovery of

nicotine from tobacco waste in a suitably prepared pE media,
Rodenas et al.’™ have studied the basic hydrotysis of crystal violet in CTAB

/1-hexanol/ water reverse micelles and CTAB/1-butanol or 1-pentanol/cyclohexane
w/o uE systems. The reaction rate is mainly related to the amount of water in
the system and from the rate constants, the apparent dielectric constants of the

waler phase has been determined. The cyclohexane incorporation in the system
has produced a decrease in the cffcctive diclectric constant of the water phase and

also in the specific conductivity.
The use of pEs within the food technology is very limited. However, some
attempts (viz. their phase behaviors and structures) in this direction has been

reported Y777, where different edible oils contain mono-and triglycerides with long
hydrophobic hydrocarbon chains mainly C,,, C,, and C,, were used as oils.
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Several research groups have investigated the synthesis of mono-, di-, and
triglycerides from glycerol and fatty acids as well as enzymatic hydrolysis of
triglycerides in pEs. Of these, the contributions of Holmberg ct al ** arc
noteworthy. The majority of work reported in the literature is primarily concerned
with lipases, since it retains a high intrinsic activity in these high ordered nonpolar
solutions ( w/o uEs ). Palm oil was the source of triglyceride. The effect of charge
types of surfactant, solvent ( aqucous / nonaqueous ) on enzymatic hydrolysis of
palm oil in pE has been reported in detail.

An intercsting extension of the use of pEs for synthesis is to use pE-based
gels (MBGs ) as reaction media. Rees ct. al.*”* and Backlund et al.*™® reported that
lipase-containing MBGs have been used to synthesis on a preparative scale, a variety
of different esters under mild conditions and both regio- and stercoselectivity have
also been demonstrated . The yields and the enantiomeric excesses are slighty
higher using an AOT pE-based gelatin gel than using lecithin pnE-based gelatin gel.
Atay - Guneyman et al.’” reported the transport of divalent metal ion through the
pE-based organo-gel network into a coexisting WE contained a ligand ( murexide )
and a metal ion / ligand complexation reaction was observed.

296,304,378-383

Recently, several contdbutions propose the wus¢ of

compartmentalized liquids (such as micclles, reverse micelles, monolayers,
liposomes and pEs) as models for biomimetic systems, photostorage assemblics and
photosynthesis and for obtaining highly conducting thin films .

The above presentation clearly evidences versatilities of yuEs and their
application potentials. The recent review articles in this arca by Kon-No et al ?®,

Abe et al®® Luis™ Pilen”™, Maitra et al>® and Moulik et al.*' are worthy
addition in pE literature.
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