ADVANCES IN
COLLOID AND
INTERFACE

Addvances in Colloid and Interface Science SCIENCE
T8 (1998} 99-195

Structure, dynamics and transport properties of
microemulsions

S.P. Moulik®*, B.K. Paul"*

* Centre for Swface Seience, Department of Chemistry, Jadavpur University, Calewtta 700 032,
India
hﬂr.'u.!'ugr.‘.:r! Stwches Unir, fndyen Sweeistical festitare, 203 Barrackpore Trunk Road,
Calcuta 700035, India

Ahbstract

The structure, dynamics and transport behaviors of microemulsions are physicochemically
unique and need exploration for basic understanding of their formation, state of aggrega-
tion, internal interaction, and stability with reference to their probable uses. In this review,
the structural characteristics of microemulsions and their dynamic and transport behaviors
have been presented in detail. The underlying principles of the methodologies used for the
above understanding have been concisely documented and discussed. An attempt has been
made to maintain minimum overlapping of the contents of one section with another. As far
as practicable, an effort has been made to include relevant references of the past and
present works, Our apology to those authors whose works have escaped our notice.
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1. Introduction

Microemulsions [1] are compartmentalized liquids of potential current and
future application prospects. They are dispersions of either ‘water in oil’ or ‘oil in
water’ stabilized by pure or mixed amphiphiles, the latter is required for significant
lowering of the oil-water interfacial tension by way of their interfacial adsorption,
thus to help minimize the related positive free energy change of dispersion
associated with surface formation [2—6]. The resultant microemulsions are isotropic,
normally low viscous and thermodynamically stable solutions (dispersions) having a
prolonged shelf-life [5.7.8]. Their, average particle size may fall in the range of
5-100 nm; they are polydisperse in nature and the polydispersity decreases with
decreasing particle size. The microemulsions are physicochemically contrasted
from macroemulsions (normally called emulsions), in the latter, the particle size is
much larger, transparency is absent, stability is short and handling is restricted.
Occasional homogenization—agitation is required to prevent macroemulksions from
breaking (or phase separation). They are thus Kinetically stable whereas mi-
croemulsions can be formed with expenditure of a very little energy (can be
supplemented by the thermal energy of the system) and are thus thermodynami-
cally stable. A mixture of the right composition of water, amphiphile and oil may
spontaneously homogenize itself forming a microemulsion.

The water—oil microemulsion is topologically similar to reverse micelles [9-11]
(where the polar heads of the amphiphiles are oriented inward and the non-polar
tails orient towards the oil continuum}; their description rests on the availability of
free water in the core called the ‘micro-pool’. The compositions yielding a rigid
interior (or core) by immobilization of the water present, by way of hydration of the
polar (or ionic) heads of the amphiphile and the counterions (when present) are
termed ‘reverse micelles’; compositions having mobile or free water in the core
after satisfying the hydration requirements of the amphiphile head groups and
counterions are called ‘microemulsions’. The size of reverse micelles are thus
normally restricted within 5 nm; a grown size smaller than 5 nm changes the status
to microemulsion. Such a dimension dependent change of status may not hold for
oil-water dispersions where the solvent dependent bound and free oil in the pool is
of least physicochemical significance as in reverse micelles; of course normal
micelles can consume oil and grow in size resulting o /w microemulsion. Pictorial
representations of reverse micelles and microemulsions are given in Fig 1.

It is important to clarify the nature and composition of the amphiphile used in
the formation of microemulsion. A surfactant mixed with a cosurfactant in a
certain proportion is most often convenient, and lower alkanols (like butanol,
pentanol and hexanol), and amines (like butylamine, hexylamine) can be profitably
emploved for this purpose. It is considered that their presence in the interface
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Fig. 1. Pictorial representations of reverse micelles and microem ulsions.

between water and oil imparts flexibility, in addition to lowering the interfacial
tension causing easier surface bending to energetically favored dispersion.

2. Phase manilestation

The ternary mixtures of water—amphiphile—oil or explicitly quaternary mixtures
of water—surfactant—cosurfactant—oil can have different characteristic phase mani-
festations which was elaborately described by Winsor [12]. The concerned mixed
systems may essentially fall into four catepories:

1. dispersion of oil in water (0/w) in contact with essentially oil (Winsor 1;

2. dispersion of water in oil (w/0) in contact with essentially water (Winsor I1);
3. both o/w and w /o dispersions are simultaneously present in the same domain
in mixed state in separate contacts with both oil and water (Winsor I11}; and
4. a homogeneous single phase of dispersion either o/w or w/0 not in contact

with any other phase (Winsor IV).

By adjusting the proportion of constituents, interconversion among the different
classes (types) can be achieved. There are also scanty reports [13-15] of simultane-
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ous presence of two microemulsion phases in contact with each other, and one in
separate contact with water and the other with such a contact with oil. This may be
considered as an extension of Winsor's classification forming the fifth category. A
composite look of the above state of description is depicted in Fig. 2.

The experiences of workers have revealed that the phase forming behaviors
[16—33] of ternary and quaternary microemulsion forming combinations depend on
a number of factors, ie. the types of polar medium (water, glycol, glveerol ete.),
oils, amphiphiles, the presence of additive (especially electrolytes), the tempera-
ture, the pressure, ete. [34]. The extent of the phases and their internal structure
are obviously influenced by the intrinsic and extrinsic factors mentioned earlier
[35.36]. Both spherical and non-spherical forms of the dispersed state may aggre-
gate forming chains, lamellae, mesophases, liquid crystalline states etc. Often gels
of varying consistency are also formed. There higher states of aggrepation are
distinct departures from the genuine state of microemukion. Pioneering works in
this direction have been done by Ekwall and others [37-42]. The mixed
water—amphiphile—oil systems can have complex phase intricacies, their identifica-
tions are painstaking but rewarding. In Fig. 3, phase manifestations on a triangular
and tetrahedral representations are illustrated for two typical mixed systems.

3. Microemulsion structure

The internal structure of microemulsion may be complex and varied [43-49]. It is
physicochemically conceived that on the lower side of water addition, the am-
phiphile requirement to aupment dispersion is low, and on the average, a spherical
dispersion of amphiphile-coated water nanodroplets exist in oil continuum (Winsor
II). The situation is reverse for compositions with a low percentage of oil and a
high percentage of water (Winsor I). The increasing dispersant concentration ends
up with increased droplet dimension together with distortion of the spherical
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Fig. 2. Different phase-forming situations for water—amphiphile—oil mixtures,
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Fig. 3.

shape; at comparable proportions of water and oil, irregular dispersions of both oil
and water may simultaneously exist. This is called the ‘bicontinuous state’ which is
considered to be a sponge-like random network [30] (ef. Fig. 1, Winsor III); its
demonstration by transmission electron microscopy (TEM) has been reported.

In Fig. 4, an outline of the composition dependent internal structures of a
microemukion system is illustrated. The self-diffusion coefficients of the compo-
nents water and amphiphiles in microemulsion have been measured for structural
information. The diffusion coefficients have been observed to increase with in-
creasing amphiphile and water contents. This suggests either a bicontinuous
structure or soft particle interface through which diffusion of species becomes
faster.

The otherwise isolated spherical dispersions may show aggregation or clustering
[51-54] after a threshold dispersant concentration as well as at an elevated
temperature. This s of special importance in percolative preparations. Both
regular and irregular clusters may be formed. Their consideration has importance
in explaining the percolation of conductance and viscosity after a threshold
temperature or droplet concentration for w /0 microemulsions. The phenomenon
will be discussed in detail in the ‘Dynamics of microemulsions’ section.
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Fig. 3 (A) Ternary phase diagram for (a), H.O0-AQT-CHCl,; (b} H.O-CPC-CHCl, (c)
H . O-CTAB-CHCL, and (d} H,O-TXI00-CHCI, systems at 303 K. Ldy, single phase; 2 ¢, two phase;
and 3eh, three phase (Mukheree et al [33]) (B) Terahedral representation of salola—ACT-hexyla-
mine—water al 5,/Cos = 1 (w,/w) at 303 K (Paul and Moulik [33])

The bicontinuous structure and clustering phenomenon may have physical ap-
pearance of ‘fractals’ envisaged in colloidal aggregations [55-59]. Until detailed
structural studies are available, this however, remains one of the various possible
structural manifestations in microemulsions.

A, Strucheral models

Of the several structural models proposed, that of Lagues et al. [6()] considers oil
and water globules which are hard with a relatively sharp transition between them.
Alternative lavers of water, amphiphile and hydrocarbon in the form of a lamellar
structure have been considered by Shinoda et al. [61], whereas Tamlon and Prager
[62] have proposed randomly arranged hard hydrophobic and hydrophilic polyhe-
dra. According to Scriven [63], the internal structure is a complex three-dimen-
sional network with both hydrocarbon and water continuity. A random structure
with varying curvatures has been proposed by Friberg et al. [64]. Lindman et al. [65]
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Fig. 4. A comprehensive ternary phase diagram showing probable interal structures: (a) o/w mi-
croemulsion: (b} w0 microemulsion: (¢} bicontinuous  dispersion; (db isolated and aggregated o/w
dispersion; and (e} isolated and aggregated w /o dispersion.

have proposed a hard and well-defined interface as in lamellar liquid crystals or
micelles. A typical microemulsion has a polydispersity in aggregate size and shape;
the size and shape of the aggregates very rapidly change, and the hydrophilic—hy-
drophobic interface maintains a relatively low order. Other workers [66—68] also
bear similar ideas about the internal structures of microemulsions. The am-
phiphiles at the lower state of concentration reside in the interfacial region
between oil and water domains; on incorporation of macroscopic amount of
surfactant, the system may become anisotropic and liquid crystalline, generating
globular or tubular structures [69].

3.2, Structure determination (technigues used)

The elucidation of the internal structure of microemulsion, although important,
can be very complex, and sophisticated physical techniques are required for this
purpose. Small angle X-ray scattering (SAXS), small angle neutron scattering
{SANS), dynamic (or laser) light scattering (DLS), transmission electron microscopy
(TEM), nuclear magnetic resonance (NMR), time resolved fluorescence quenching
(TRFQ) methods have been in growing use over the last two decades. Other
methods, i.e. conductance, viscosity, ultrasonic interferometry, ultrasonic absorp-
tion, dielectric permittivity, thermal conductivity, transient electrical birefringence,
infrared spectroscopy, calorimetry, etc.. are also in frequent use for the under-
standing of the internal physicochemical states of microemulsions. Noteworthy
works in this direction are: Friberg et al. [64], Scriven [70], Cazabat and Langevin
[71], Brunetti et al. [72], Roux et al [73], Calje et al. [74], Chatenay et al. [75],
Auvray et al. [76], Zana and Lang [77], Fang and Venable [78], and Moulik et al.
[79]. For additional highlighting information, the articles by Bellocg et al. [20],
Hansen [81], Nilsson and Lindman [82], Tabony [83], Lindman and Wennerstrom
[84], Gradzielski and Hoffmann [85], and Bellocq et al. [85] may be consulted.
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Throughout this article, more references of the above workers and others regard-
ing the uses of the aforesaid methods in characterizing microemulsion systems can
be found.

Of all the methods used for structure elucidation of microemulsions, the SANS,
SAXS, DLS, TEM and NMR methods are most important and they can derive
multiple data on microemulsion structure. Their applications are elaborated in
detail compared to other methods.

3.2 SANS and SAXS methods

In scattering techniques, the waves scattered at a given angle by all points in the
sample interfere with each other to produce one point in an interference pattern,
which is then transformed to reconstruct an image of all correlations within the
sample. For structural information, experiments must be designed which can
measure distances on a scale comparable with the dimensions of the aggregates.
For micelles and microemulsions, this can be profitably achieved by the use of
neutron and X-ray radiations (wavelength < 1.0 nm) where measurements at low
angles produce enough interference to derive information about the scattering
species. In small angle scattering method the measured intensity is correlated with
the number density of scatterers, the interparticle form factor, and interparticle
structure factor to derive information on the particle size and structural correla-
tion.

Thus, SANS and SAXS are powerful experimental techniques to study systems,
their static structures, interactions, etc. Given an option, SANS becomes the
method of choice for providing detailed structural information derived from a
constant variation method. Over the whole range of colloidal dimensions (1-100
nm), the method is unique in determining particle size and interaction. The
analysis of SANS data on microemulsions is capable of showing polydispersity of
the droplet size and shape and their fluctuations. For simplified analysis, monodis-
persity and spherical shape are good approximations for the understanding of
structural changes in the microdispersions [86-88]. Information on the correlation
length of density fluctuations and isothermal compressibility can also be obtained
from SANS measurements. Fractal analvsis can also be made [89]. The microemul-
sion structure elucidation by SANS method has been advanced by a number of
workers [90-94]. The morphology of porous glass and microemukion can be
analyzed by a recently developed level-wave model of Berk [95,96]. An alternative
approach for analysis of SANS data is due to Chen et al. [97,98]. The salient
features of the levelled-wave model are presented by Trevino et al. [99]. The
studied triglyceride microemulsion (soybean oil-ethanol-water polyoxyethylene
sorbitol hexaoleates) revealed the nature of the spatial distribution of water and oil
in their low and high proportions. The work had produced convincing structural
distinction of bicontinuous state of microemulsion, and dimensional simulation of
their spatial distribution.

SANS method applied to water—didodecyl dimethyl ammonium bromide
(DDAB)—cyclohexane w /0 microemulsion aggregates at volume fractions of (water
+ amphiphile) less than 0.03 by Eastoe [100] has revealed polymer-like aggregates
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water, phosphocholines (synthetic and natural) from soybean and cyclohexane has
been reported by Eastoe et al. [112] using SANS measurements. For each surfac-
tant and concentration, three different neutron contrasts (core—shell-drop) have
been studied, and these data have been analvzed in terms of Schultz distribution of
core—shell particles. Differences in film thickness and details of aggregating and
dispersing behaviors have been reported.

Kellay et al [113] have studied local properties of AOT monolayer at the
oil-water interface by neutron scattering technique in mixtures of
AQT-alkane—brine at low AOT concentrations and close to the optimal salinity.
For octane and decane the film is lamellar. At the highest salinity it is an oil-brine
bicontinuous phase. The rigidity of the surface film for dichain cationic surfactants
n-alkyl-n-dodecyl dimethylammonium bromides [R,(C,;H,)N(CH,)3 Br |, with
R, n-C,, n-C,,, n-C,, and n-C ., was studied systematically by Eastoe et al. [114]
by SANS method to show that the film bending elasticity model is an appropriate
description of the studied microemulsions. Eastoe et al. [115] have further studied
the surfactant monolayers of o/w microemulsions with cyclohexane as oil and
dichained surfactants of different tails, i.e. synthetic phosphatidylcholines, di-
alkyldimethyl ammonium bromides and AOT to establish that the oil penetration
into the negatively curved monolayers on the whole depends on the surfactant alkyl
chain structure. SANS study of the L,-phase in cyclohexane has been made by
Eastoe et al. [116] to understand the effects of replacing the Na* counterions of
AOT for NH; and (CsHL),N™. At a low volume fraction (0.025-0.075), spherical
micelles are formed with both Na* and NH} counterions whereas (C,H,)] has
produced cylindrical micelles at @ < 10 and preferably spherical type at w > 10,
Interesting SANS studies have been made by Eastoe et al. [117,118], where w /o
microemulsions stabilized by surfactants of the type M**(AOT) , with counterions
Na*, Ca**, Mg?*, Co?*, Ni**, Cu**, Zn'* and Cd** are considered. At low
volume fraction ( < 0.05) of the dispersed phase and at low water content ( @ = 5),
spherical micelles are formed with Na* and Ca®*, while rod-shaped dispersions
arise with CO**, Ni**, Cu** and Zn’*, and intermediate shapes have resulted
with Mg®* and Cd** ions.

Steytler et al. [119] have studied the effects of solidification of oil phase on the
structure of colloidal dispersion in cyclohexane. Reversible liquid to solid transition
of the continnous oil phase has been produced without affecting the colloid
stability by changing the pressure or temperature. SANS results have indicated
coexistence of solid alkane and a fluid cluster domain; at high pressure their
merging can produce a porous spongy bicontinuous structure with respect to the
particle aggrepgate and the solidified oil phase. The structural changes induced
plastic crystal microemulsions as a function of pressure has also been investigated
[120]; highly ordered microemulsion droplets of high concentration has been
observed to coexist with a pure alkane plastic crystal. A high degree of compression
of the surfactant layers also occurs under pressure.

SANS measurements by Eastoe et al. [121] have revealed a liquid-like non-pene-
trable surfactant layer of density 0.80 g cm™ and thickness 1.1-1.2 nm in
water—didodecyldimethyl ammonium bromide (DDDAB)—cvclohexane system. The
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area per head group at the water interface is 0.56-0.61 nm’, at the outer surface
the area for the alkyl chains is 0.90-1.25 nm®. The molecules in the film are tilted
or conformationally disordered. The film rigidity has ako been estimated from
SANS and SLS measurements; SANS measurements on  mixtures of
D,0-CO,—ammonium carboxylate fluoropolyether surfactant as a function of
pressure (192-287 bar) and D,O composition ((L.80—2.0 wt.%) have been taken by
Zielinski et al. [122] to evidence water swollen inverted micelles in CO,. The
reduction in pressure at constant [D, 0] up to the phase boundary level has a little
effect on the microemulsion structure.

The SAXS method has so far only been of limited use. Martino and Kaler [123]
studied non-aqueous microemulsions of glycerol—propylene glycol-hydrocarbon—
alkylpolyglycol ether system by SAXS method and demonstrated the presence of
microstructures in the fluids and also structural similarities between aqueous and
non-aqueous microemulsion systems.

The fluctuations of droplet shapes in microemulsions has been revealed by
SAXS measurements [86,124]. Shioi et al. [125,126] reported cylindrical aggrepates
with polydispersed lengths and monodispersed cross-sectional diameters for oil-rich
microemulsions with sodium bis(2-ethyl hexyl) phosphate by SAXS measurements.
For water—alkane—n-dodecyl pentaethylene glvcol microemulsions, Litcherfield et
al. [127] and Teubner and Strey [128] observed sufficiently large structures by
SAXS methods. The amphiphiles appeared to concentrate in the internal surface
fixing the repeat distance to 50-80 nm. SAXS probing of microstructure of
microemulsions was also done by North et al [129] and Auvray et al. [130]. The
latter workers suggested a “filament’-like microstructure for formamide—CTAB-al-
kane systems. SAXS measurements on water—Triton X100-n-alkanol-CCl, mi-
croemulsions [131] revealed monodisperse anisotropic droplets.

The microstructure in concentrated didodecyl dimethylammonium bromide w /o
microemuksions [volume fraction of (water + amphiphile) = 0.2] was studied by
Barnes et al. [132] using SAXS techniques. The system is bicontinuous at low water
content comprising disordered connected cylinders.

The SAXS method has been applied on water—pentaethylene ghycol dodecyl
ether—decane system containing one, four and six molecules of SDS per 100
molecules of the non-ionic surfactant [133]. With increasing charge density micellar
cubic and hexagonal phases crystallize towards lower volume fractions. At higher
temperature, reverse hexagonal and reverse micellar phases form in the presence
of SDS and not in its absence. The cross-sectional area of the non-ionic surfactant
has been found to be independent of the mixed surfactant composition. SAXS
method applied to the water—octaethylene glyeol mono n-dodecyl ether—n-penta-
nol-dodecane system by Regev et al. [134] has revealed different tyvpes of struc-
tures; spheres, lamellar, liquid crystals, stacks of surfactants, oil and water ran-
domly oriented in space, etc.

The aggregation and structural changes in the L,-phase in the water—sunflower
oil monoglycerides—soyabean oil has been reported by Engstrism [135] using small
angle X-ray diffraction. At a lower percentage of oil the L.-phase is lamellar and
monodisperse, the lamellar units stack to form discs. In a larger proportion of oil,
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Fig. 5 Size distribution of water—AOT-heptane microemulsion system by DLS method. e, 4000
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the size of the lamellar units decreases; at a very large proportion of oil, aggrega-
tion is insignificant. The study is unique in its features.

3.2.2. DLS method

Along with size determination, DLS is a pood method for measuring the
translational diffusion coefficient of microemulsion droplets (i.e. colloidal particles),
and is useful in the investigation of concentrated dispersions [136-139]. When a
coherent beam of light (as in lasers) interacts with colloidal particles with Brownian
motion, the intensity correlation function provides information on the translational
diffusion coefficient of the scattering particles and hence the hyvdrodynamics radius
according to Stokes—Einstein equation. The diffusion coefficient can be related to
a parameter called the ‘correlation length’ in a more general way than the diffusion
coefficient because it can conveniently characterize discrete droplets as well as
clusters, providing a scope for estimating inter-particle interactions. The method of
DLS has thus gained potential importance in analysing particle size and related
physical characteristics of microemulsions (and colloidal dispersions in general). A
typical size distribution of water—AOT-heptane microemukion system obtained by
DLS method is presented in Fig, 5.

DLS measurements on water AOT-isooctane microemulsion by Zulauf and
Eicke [66] and water—AOT alkanes by Clarke and Nicholson [140)] evidenced
hydrodynamic radii comparable with SANS measurements and the values follow a
linear correlation with [water]-[AOT] mole ratio. With added electrolytes, the
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droplet dependence on the chain length of the alkane was studied by Shah et al.
[141]. According to them, increasing alkane chain length increased the droplet size.
The dry reverse micelles of AOT (without water) was studied DLS in supercritical
and near-critical ethane [142,143]. The stability of the system depended on pressure
(solubilization of AOT needed a transition pressure of 2(0) bar) and approach of
this pressure from higher values resulted increase in the ‘correlation length’
consistent with micelle—micelle interaction. The study of Eastoe et al. [144] on near
critical propane and liquid alkanes revealed increase in ‘correlation length’ with
increasing pressure at constant temperature. For higher alkanes, the ‘correlation
length’ was found to be very sensitive to the bulk density at constant [water-[AOT]
mole ratio. Critical-like behavior was also shown by (water + NaBr)-CTAB-n-
butanol-octane o /w microemulsions as revealed by DLS studies [145] Lalanne et
al. [146] reported rigid spherical droplets with weak interaction for water
-AQOT-CCl, system in the whole range of volume fractions. The critical behaviors
of microemulsions formulated with 5DS + pentanol and CTAB + butanol in the
presence of NaBr, were also studied by several workers [147-149]. By changing the
concentration of the dispersed phase, droplet interaction leading to microstructural
variation can be assessed by DLS measurements. The interactions become attrac-
tive with increase in droplet size, decrease in alcohol (cosurfactant) chain length,
change of oil and decrease in salinity [19,150,151]. The model proposed by Lamaire
et al. [152] provides a good degree of agreement with experiments for w/o
microemulsions.

The structural study of water—sodium bis(2-ethylhexyl) phosphate—benzene by
Feng and Schelly [153] by DLS technique has revealed that the aggregates formed
are rod shaped at w < 3; the dipolar crystallites successively dissolve with increas-
ing water content, and at w > 3, non-dipolar, reverse micelles prevail.

DLS technique has been employed [154] to study droplet dimension of perfluo-
ropolyether microemulsions [water-ammonium salts of carboxylic acid
(surfactant)-perfluoropolyether (oil)]. The droplet formation has been augmented
by the number of water molecules per polar head. A similar study by light
scattering (DLS and SLS) has established aggregate attraction and water entrap-
ment in a continuous network. The size of the aggregate increases with increasing
water—surfactant ratio and molecular weight of the oil, whereas low water—surfac-
tant ratio and high oil molecular weight induce stronger aggregate attraction.

3.2.3. TEM method

TEM technique has been limitedly but potentially used in the understanding of
the microstructure of microemulsions under varied conditions of dispersant compo-
sition and concentration [48,155-158]. In the TEM technique, a direct imaging
method was successfully employed for the first time for glass forming microemul-
sions [159]. The freeze-fracture electron microscopy (FFEM) employed by Jahn
and Strey [160] can be of special mention in which the fracturing was done in vacuo
and shadowing was made with Ta-W wvapour. For water—n-octane—n-dodecyl
pentaethylene glycol, the structure varied systematically with the water-to-oil ratio;
at comparable water and oil content, a bicontinuous interwoven water and oil-rich
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domains were demonstrated which can be considered as the first direct demonstra-
tion of bicontinuous structure. The FFEM applied to D,O-n-decane—AOT system
produced images in agreement with suggestion of water-in-oil droplets by others on
the basis of SANS experiments [93] For water—n-decane—n-hexanol-potassium
oleate systems, water-in-oil droplet structures were also evidenced by the FFEM
studies of Jahn and Strey [160]. Bicontinuous structures of water—n-octane—n-
dodecyl pentacthylene glycol system was also reported by Kahlweit et al. [33]. The
L ,-phase (microemulsion) in a ternary system (water—monoglyceride—triglyceride)
studied by freeze-fracture technique [157] revealed oriented stacks of small smooth
lamellae. By the FFEM technique, Fleischer et al. [161] have shown formation of
dispersion of water in n-heptane continuum, bicontinuous as well as lamellar
structure formation in water—Igepal CA-520—n-heptane system depending on com-
position.

Recently Pileni et al. [162] reported various structural transitions for
water—copper (II) bis(2-ethyl hexyl) sulfosuccinate, CulAOT),~isooctane system
with an increasing amount of water, and were characterized by transmission
electron microscopy (TEM) and electron diffraction (ED). At a low water content,
spherical and cylindrical reverse micelles are formed. By increasing the water
content, a bicontinuous system appears. Further addition of water leads to the
formation of planar and spherulite type lamellae. As more water is added only
spherulite remain in tile phase. Still further addition of water leads to a reappear-
ance of an interconnected network and then reverse micelles. They have also
shown that the size and the shape of metallic copper particles can be partially
controlled by the shape of the colloidal assemblies used as template.

3.24. NMR method

NMR spectroscopy based on physical properties of molecular spin is a very
powerful method to study surfactant and self-organizing systems in solution. It
provides a route to study molecular degrees of freedom. The method has been
applied to determine micellar characteristics (i.e. critical micellar concentration
(CMC), aggregation number, counterion binding, apgregate, shape, size and hydra-
tion, solution structure, solubilization equilibria, etc.).

The reverse micelles and microemulsions can be understood by the possibilities
of determination of the self-diffusion coefficients of the constituting species; water,
oil and amphiphile. The advantage of NMR method is that two- or three-phase
characteristics can be monitored with single-phase domains on the micrometer
scale. It also helps in finding out the degree of anisotropy and the presence of
long-range discontinuities or continuities.

Using high resolution 'H, *H and “C NMR techniques, intermolecular interac-
tion and structural rearrangement of non-ionic and anionic amphiphile-aided
microemulsions have been investigated [163-165]. The technique can directly
reveal the nature of mono- and polydispersity, as well as particle anisotropy [107].

For microemulsion systems, self-diffusion studies of components by FT-NMR
method have been extensively used [166], where the macroscopic self-diffusion of
the constituents confined to droplets will be that of the droplets and will be low.
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The self-diffusion characteristics (diffusion constant, D) can have the following
distinctions:

L. wa"llg S}"S[Em: 'D'Auh_': = D-:u'] and Dmn]:- o 'D'Auh_': e Dﬂlm]ﬂul;
2. G,-'Jw S}"S['E-'m: 'D-:sij = Dwah_'r and 'Da:ln]:- = 'D-:MJ = d.r-:!]:nh_'l;

3. bicontinuous state: D ., and D, are both higher but D

il mp 15 low because they
exist in large appregates.

The nature of the composition dependent self-diffusion coefficients of the
constituents of saline water SDS-butanol-toluene determined by Guering and
Lindman [167] is presented below in Fig. 6.

The bicontinuous structure of glycol, glyveerol and propylene glyeol, straight
chain alkanes and pentaethylene glycol mono-n-ether microemukion systems were
studied by NMR method by Martino and Kaler [168]. The formulations dilute in oil
showed microstructures. The existence of spherical aggregates in concentrated
microemukions of styrene—dodecy] trimethylammonium bromide—brine was also
reported [169].

Jonstromer et al. [170] made NMR studies of three different surfactant—oil-polar
solvent systems; the surfactants used were AQT, DDAB (didodecyldimethyl am-
monium bromide and C, E, (tetracthylene glycol dodecyl ether). At lower temper-
atures, closed isolated reverse micelles agpregated; at a higher temperature,
structural changes towards a bicontinuous state occurred. The aggrepate formation
was not observed for DDAB and C, E, systems. According to Das et al. [171,172]
NMR probing revealed glyvcerol-5D5-hexanol system to be structureless.

The microstructure of four component microemulsions (water—octyldiglucoside—
pentanol-decane) was studied by Parker et al. [173] using NMR technique. It has
been realized that at 25% oil, increase in cosurfactant content causes a decrease in
the mean curvature of the amphiphile film toward oil. The microstructure changes
from o /w to w /0 via a bicontinuous state. The diffusion of water is much less than

water
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Fig. 6. Self diffusion characterstics in a microemulsion of water (NaCl=-5D8—n-butanol-toluene system
(trend as in Guering and Lindman [167], drawn on an arbilary sale)
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the octyldiglucoside in the w /0 domain. The variable structure of water—octaethy-
lene mono-n-dodecylether—n-pentanol—n-dodecane w /o microemukion system was
studied by the NMR method over and above the SANS method already discussed
[134]. The L,-phase (microemulsion) compound of water—sunflower oil monoglyc-
eride—soybean oil triglyceride was studied by Gulik-Drzywicki and Larsson [157].

A number of other NMR probed microemulsion structure elucidation have
appeared in recent literature. Jonstromer et al. [174] have used microemulsions
with aqueous N-methylformamide or ammonium chloride as polar solvents, AOT,
DDAB and tetraethylene glveol dodecyl ether as surfactants and isooctane as oil
and have reported closed-isolated-reversed-micellar appregates with AOT that
changes to bicontinuous network at higher temperature. No dominating aggregate
diffusion has been observed with DDAB and the non-ionic ether. The diffusion
coefficients in water—5D5-pentanol and ammonium hydroxide—5SD5-pentanol mi-
croemulsion systems studied by Olsson et al. [175] have established that replace-
ment of water by ammonium hydroxide destabilizes the liquid crystalline phase and
reduces the size of the colloidal association structures in the isotropic liquid part.
The non-ionic microemulsions composed of heavy water (D,O), pentaethylene
glycol dodecyl ether and decane have evidenced [176] discrete oil-swollen micelles;
the microemulsion fluid is in agreement with hard sphere model. By NMR self
diffusion measurements in water—octylglucoside—pentanol—decane microemulsion
system, Parker et al. [173] have reported a progressive decrease in the mean
curvature of the surfactant film with addition of water at a constant oil content.
The microstructure has been concluded to change from o/w to w/0 via a
bicontinuous microemulsion. According to Leaver et al. [177] prior to bicontinuous
state limited growth from sphere to prolate (oil swollen) micelles occur in the
water—pentaethylene glycol dodecyl ether—decane microemukion studied by way of
self diffusion measurements. Hendrikx et al. [178] studied the local properties of
AOT monolaver for brine—AOT-n-alkane systems by NMR measurements and
observed lamellar phase for alkanes with carbon numbers < 11 and bicontinuous
or lamellar for longer chains depending on the salinity. The chains of the lower
alkanes penetrate in the AOT monolayers, for higher alkanes the matter remains
inconclusive.

The microemulsion, water—octaethylene glvcol mono n-dodecyl ether—1-penta-
nol-n-dodecane, is considered a model for a fire-resistant hydraunlic fluid and has
been studied by the 'H NMR method by Waysbort et al. [179]. From the study of
the chemical shift data and inversion from w/0 to 0/w microemulsion has been
found to occur with water in the range of 55-600 wt.% which agrees with the
microviscosity obtained from T, (relaxation data) data. The T, data have also
shown composition dependent distinction between the aggregated and free water
in the formulations.

Microemulsion prepared with water, pentaethylene glycol dodecyl ether and
mixed oil (cvclohexane + hexadecane 1:1 w/w) has been studied by Fourier
transform pulsed gradient spin echo '"H NMR technique by Olsson et al. [180]. The
results suggest rapid fusion—fission of micellar aggregate at low oil content and at
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low temperature, o /w microemulsion dominates in the system; a slight increase in
temperature causes a significant growth in the micellar size.

Fleischer et al. [161] have studied the self-diffusion coefficients of water Igepal
CA-520-n-heptane w0 microemulsion system with pulsed field gradient NMR to
elucidate internal structure. At a composition of 40% water, 40% heptane and
20%% (all wt. /wt.} Igepal, the structure is bicontinuous; two Igepal fractions, one in
the surfactant layers and the other in the n-heptane, have been observed. At
higher water content, the transition of the microemulsion phase into lamellar
phase was noticed. The existence of bicontinuous isotropic and lamellar phases
have also been evidenced. The microstructure of the water in the aqueous pool of
the droplets has been ako examined by NMR self-diffusion studies; this is subse-
quently treated in a separate section.

3.2.5. Other methods

In addition to the methods described earlier, other methods, i.e. viscosity,
conductance, thermal conductivity, dielectric permittivity, electrophoretic birefrin-
gence, ultrasonic interferometry, ultrasonic absorption, etc. although primarily
emploved for studyving dynamics of microemulsions (to be discussed in a separate
section) can also shed light in favor of internal microstructure. Such reports are
fairly frequent in the literature.

Koper et al. [49] used dielectric permittivity, low shear viscosity and elec-
trophoretic birefringence methods for understanding the aggrepating behaviors of
oil continuous water—AOT-isooctane microemulsions. At lower dispersion concen-
tration, they observed the droplets to form chain like aggregates and the binding
enthalpy was linearly dependent on droplet size. In the low droplet volume fraction
region, the aggregation phenomenon strongly depends on temperature. Structural
studies by dielectric permittivity and viscosity were also done in the past [181-184].
The viscosity and thermal conductivity studies of Lalanne et al. [146] on dilute w /o
microemulsions of water—AOT-CCI, revealed rigid weakly interacting spherical
droplets to exist. The dielectric permittivity method was ako employed by San-
thanalakshmi and Parameswari [131] to elucidate the microstructure of
water—TX1(W—n-alkanol-CCl; microemulsion systems to be essentially monodis-
perse anisotropic droplets.

Lenz and Hoffmann [185] made structural investigations of ternary microemul-
sions composed of water—didodecyldimethyl ammonium bromide—dodecane system
using flow and electric birefringence methods as well as with pressure jump-—re-
laxation techniques and conductivity measurements. In the area of low water
content, the system consisted very long interconnected channek and was bicontinu-
ous. With increasing water content, after a critical stage, the system abruptly
changed into the form of spherical aggregates vielding low viscosity and conduc-
tance. The behaviors fit into the model called ‘disorder-open-connected-model’ of
Chen et al. [186]. Ellipsoidal shape of water-droplets for the studied microemulsion
reasonably fitted the results. The lifetimes of both the globules and the channels
were revealed to be short.

The laser-induced transient electric birefringence {optical Kerr effect) were
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measured on w /0 microemulsion (water—AQT-CCl,) by Chen and Schelly [187] to
decipher clustering behavior of the droplets. The laser electric fields jump was
associated with two relaxations; the first is attributed to the collapse of the
anisotropic structure and the second to the disintegration of the clusters. The
disintegration of clusters was investigated as a function of AOT concentration,
water content and temperature.

Das et al. [27] determined adiabatic compressibilities (by way of ultrasound
velocity measurements) of saline water—xvlene (or heptane) cholesteryl benzoate
microemulsions by the ultrasonic interferometric method. The formation of struc-
ture upon mixing was observed, the heptane system evidenced a structural transi-
tion after 20% (w,/w) of water addition. In comparison, the internal degree of
flexibility was more for AOT-based microemulsion than TX10-based microemul-
sion with alkane as oil as understood from the excess compressibility measure-
ments [29]. The structural implications of microemulsions in the presence of
macromolecules in the aqueous phase was also examined by Das et al. [188] in the
light of adiabatic compressibility. For structural understanding of the systems
brine—Brij 35-n-propanol-heptane or nonane, water—Brij 35 + 5DS or Brij 35 +
Tween 20-heptane and water—SDS—n-propanol + nr-hexanol-cyclohexane,
Rakshit et al. [189-192] have also used adiabatic compressibility technique. The
method of conductance has been successfully applied to estimate droplet dimen-
sion and density as well as their solvation (particularly for o/w systems) [78-80];
this will be elaborated in the ‘Dynamics of microemulsion’ section to be presented
subsequently.

Positron annihilation spectroscopy (PAS) has emerged as a powerful technique
for investigating structural changes, phase transitions and microenvironmental
transformations in microemulsion systems as revealed from the works of Jain et al.
[193]. They have carried out research using PAS technique in water—CTAB-
hexanol, water—(TTAB + pentanol)-n-octane and water-AOT-isooctane mi-
croemulsion systems. Their measurements have helped to distinguish the boundary
between the droplet like and bicontinuous structures in a well defined isotropic
L,-phase and the results have been supported by electrical conductivity measure-
ments [194,195] They have also suggested the existence of rotational somerism in
water—AOT-kooctane microemulsion system due to sudden change in the positron
annihilation parameters, 7,, 7, and I, on [waterHAOT] i.e. @ for a fixed
concentration of AOT [196] and these results have been supported by other
conformational studies of AOT by Maitra et al. [197]. Recently, PAS has been
applied to study the molecular association of TX100 in the non-aqueous medium of
butanol-n-heptane [198].

In a water—surfactant—alkanol ternary system, an sotropic, low viscous L-phase
appears covering the water-to-oil corner. The L-phase depending on the composi-
tion may contain lamellar liquid crystalline, cubic, hexagonal, etc., tyvpe of struc-
tures. With CTAB and SDS as surfactants and n-butanol, benzyl alcohol, r-hexanol,
pol{propylene glycol), etc., as oils, the structures of the L-phases have been
elucidated by the polarizing microscopic technique essentially by Rodenas et al.
[199-201].
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Diglectric time domain spectroscopy (TD5) has also been successfully applied to
reversed micellar and microemulsion systems by several authors [202-205]. It has
been shown that static permittivity is sensitive to geometrical changes of the
aggregates and the dielectric relaxation is an indicator on interfacial polarization,
counterion movements in the aggregates and spatial changes in the domain sizes.
Finally, the conductivity which is also obtained from the dielectric spectroscopy
experiment will give additional information about the mobility of the ions in the
system. Recently, Sjoblom et al. [206] investigated the microemulsion system water
(electrolyte)-DDAB-dodecane by means of TDS. The L.-phase gradually de-
creases upon electrolyte addition until only a narrow channel exists. The original
microemulsions are built up by closed aggregates and bicontinuous structures
depending on the location of the L,-phase. Dielectric parameters indicate that the
electrolyte gradually changes the shape of the aggregates from elongated structures
to spherical ones until the one-phase region vanishes and bicontinuous structures
exist at a very low concentration of electrolyte.

The structure of water—AOT—-ethane microemulsion under supercritical condi-
tion has been studied by Ikushima et al. [207] using high pressure FT-IR spectros-
copy. The system has been found to maintain a single phase depending on pressure
(P), temperature (T) and w. The number of water molecules solubilized by AOT
molecules can be 2.5 times more than that possible in ordinary organic liquids,

3.3. Polvdispersity of panicles

Although the consideration of linearly monomeric nanodroplets simplifies analy-
sis and physicochemical characteristics of microemulsions, in reality, the systems
are dimensionally polydisperse. The polydispersity narrows down with decreasing
particle size (or increasing surfactant content for a fixed (not very high) amount of
the dispersed phase: it widens with the increase in droplet size consequent upon
higher proportion of the dispersed phase and/or lower proportion of the am-
phiphile [208]. The polydispersity of o /w microemulsions stabilized by non-aqueous
amphiphiles (n-alkyl polyoxyethylene glyeol ether) was studied by TRFQ and DLS
methods [209]. The polydispersity was observed to increase with increasing temper-
ature and decrease with increase in overall amphiphile chain length. In establishing
the structural information, the TRFQ method is more accurate than DLS for small
droplets, the former is more sensitive to the aggrepate polydispersity than the
latter. The polydispersity studies of microemulsions, particularly of o /w type, are
infrequent [210]. The size and polydispersity of water—n-octane-—AOT and
water—dodecane—AOT microemulsions were studied by Almgren et al [211] by
TRFQ method. Ricka et al. [124] unambiguously demonstrated shape fluctuations
and polydispersity in w /0 microemulsions by SANS method.

The w0 microemulsion system studied by the DLS method in the authors’
laboratory, and presented in Fig. 5, is typical example of a polydisperse system.
Factors like, system composition, temperature, nature of amphiphile, presence of
additives can have a reasonable effect on polydispersity. Elaborate studies in this
direction have been undertaken.
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The polydispersity of w /0 microemukion containing water—didodecyl dimethyl
ammonium bromide—dodecane was alko reported by Lenz and Hoffmann [185]
using the method of electrical birefringence. With the advent of fourier transform
pulsed-gradient spin-echo 'H NMR technique, Olsson et al. [180] have studied
water—pentaethylene glveol dodecyl ether—1:1 {(w /w) mixture of cyclohexane and
hexadecane system and have observed significant polydispersity in the micellar
aggregates at low oil content.

3.4. Role of additives

The microstructural state of a microemulsion may be affected by the presence of
additives. Full and Kaler [139] studied the polymerizable microemulsions contain-
ing styrene, dodecyl trimethyl ammonium bromide and brine by SANS and DLS
methods, and observed swelling of microemulsion droplets with the addition of
styrene. The self-diffusion coefficient of the droplets decreased with added styrene
and the addition of salt did not affect the particle size but minimized interdroplet
interactions. Such studies are important in the understanding of the polymerization
kinetics and latex characteristics in microemulsion media [212,213]. The effect of
additives (proteins and enzymes) on the waterpool size has been indicated by Pileni
[214]. The structural effect of urea in water—AOT-n-hexane reverse micelles at
w = 10 has been investigated by Amaral et al. [215] using light scattering (LS) and
SAXS techniques as a function of ¢ for 3 and 5 mol dm™" urea. LS results have
indicated that the attractive intermicellar interaction becomes larger as urea
concentration increases. They have further observed from Guinier’s and Porod's
analysis of X-ray data that AOT-n-hexane-water (urea) systems have maintained
their structure and micellar dimension up to ¢ = .32, Their results have indicated
that the percolative transition has not occurred due to transition of spherical
droplet state to a bicontinuous state, but from clustering of droplets at & > 0.06
due to interdroplet attractive interactions. The size of nanoparticles formed in w /o
microemulsion has also been observed by Moulik et al. (unpublished results) to be
larger than the droplet size without encapsulation of additives, i.e. BaSO, and
Cus[Fe(CN), |. The observations of De and Maitra [36] and Maitra et al. [216] were
also of similar Kind. Growth of silica particles in microemulsion systems consisting
of CTAB, sodium salicylate (NaSal), tetraethylorthosilicate (TEOS), and water has
been investigated by Kurumada et al. [217] using static and dynamic light scattering
(S5LS and DLS), and the effect of micellar network structure has also been
discussed. The diagram of composition has been given to show the region wherein
a transient network-like structure has formed from CTAB micellar aggregates with
cylindrical geometry. The 5LS measurements have given smaller values of the
structural correlation length while the silica particles have formed in the network
medium than in a dispersed medium. The structural relaxation behavior obtained
from the DLS measurements have shown a slowly decaying mode for the network-
like medium, suggesting the retardation effect by the network-like structure of
CTAB molecules. The network-like structure has effectively prevented the in-
terminable growth of the silica particles by blocking their free motions.
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Suarez et al [218] used TRFQ method to study the effects of the nature,
molecular weight and concentration of polymer on the droplet dimension, the
interdroplet attractive interaction, and the rate of exchange of materials among the
droplets in w/0 microemukions. The additive affected state of dispersion of
microemukions may influence their overall stability through interfacial interaction;
the behaviors in bicontinuous dispersions may have interesting features and quality
for future exploration. Similar to colloids, microemulsion droplets may be stabilized
by interaction with polymer additives; aggregation is checked if the polymer
molecules are adsorbed at the interface by way of attraction [219]. The polymers
can also increase the inter-particle interaction leading to aggregation and ulti-
mately to phase separation [220] The modifications of w/0 microemulsions by the
addition of water soluble unchanged polymers was studied by Lianos et al. [221].
Joshi and Rakshit [222] have reported bicontinuous structure for water—CTAB-n-
propanol-cyclohexane microemulsion in the presence of a water soluble polymer,
PEG 400 in a wide range of temperatures. Nagarajan [223,224] has made elaborate
studies on the transitions among the W1, WII and WIIl microemukions by the
presence of non-ionic polymers which associate with the aggregates in microemul-
sions. The addition of polymers can then have potential possibility to manipulate
microemulsion structures. A thermodynamic theory on non-ionic polymer-micro-
emulsion has been also proposed [225].

Working on water—AOT-isooctane microemulsion in the presence of macro-
molecules (gelatin and block copolymer), Eicke et al. [226] have reported produc-
tion of soft condensed microemulsion mediated polymer networks that can mani-
fest fluidity displaving viscous flow. The formation of viscoelastic networks & also
an important feature of such systems; dramatic influence of polymers on mi-
croemulsion stability and structure may alo arise. This has been comprehensively
presented in a recent short review by Kabalnov et al. [227] wherein important
current references can be found. The structure and dynamic properties of ABA
triblock copolymers in water—AOT-isooctane w/0 microemulsions have been
recently studied [228]. The investigated systems have evidenced transient network
formation; DLS measurements have detected three diffusive processes for water
molecules. The transient networks by ABA triblock copolymer [poly(oxyethylene)-
b-polyisoprene-b-(polyoxyethylene)] has also been studied by Qdenwald [229] by
oscillatory shear measurements. Such systems are prone to viscoelastic behaviors.
The adsorption of a polymer to a surfactant interface increases the interfacial
elastic modulus that directly influences the temperature-induced droplet cluster
formation in w0 microemulsion. Polymer molecules larger than droplet dimen-
sion can be dissolved in microemulsion solution causing polymer affected droplet
clustering [230]. The w0 microemulsion system (water—AQT—-isooctane) contain-
ing water soluble polymer, polyloxyethylene) in the water droplets may cause an
increase in the monolayer rigidity by the attractive interaction between the po-
lymer and the surfactant leading to the polymer adsorption at the interface. This
has been shown by Meier [231] from Kerr effect measurements.

The o/w (decane—pentaethyleneglycol mono dodecyl ether—water) microemul-
sion droplets have been used as a matrix by Meier [232] to form a new amphiphilic
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polymer network structure. Meier et al. [233] have very recently worked on the
formation of microemulsion elastomers by covalently cross-linking ABA triblock
copolymers containing polymerizable methylacrylate end groups in the droplet
phases of w/0 and o /w microemulsions. The formed microemulsion elastomers
having solid state properties such as elasticity or stability in shape have been
investigated by dynamic, mechanical and DLS methods. In Fig. 7, probable polymer
containing /polymer linked microemulsion states are depicted. This field of po-
lymer-contained microemulsion states seems to have future application prospects.
The solubilization ability of water—CHCl, and water—heptane mixtures stabilized
by cetyltrimethylammonium ion with bromide and chloride counterions has been
studied by Abuin et al. [234] The effect of electrolyte on the structure of
cosurfactant less microemulsion was also studied by Brun and Wade [235] by DLS
and fluorescence polarization methods. The crystalline phase as well as liquid to
solid transition behaviors of the AOT—cyclohexane phase as a function of tempera-
ture and pressure has been reported [69,236]. The study can be attended under the
changing conditions of counterions for a better understanding of the intrinsic
nature of microemulsion structure selected to variable environmental conditions.

4. Structure of micro waterpool

The structures of the interfacial water of both o/w and w /0 microemulsion
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Fig. 7. Covalently cross-linked polymer network: (A) in w /o microemulsions: and (B} in o/w mi-
croemulsions [232 233,

systems are different from bulk water. In the micro-encapsulated domain of the
latter, the presence of amphiphile head groups and the counterions (when present)
may significantly affect the water mobility. According to reports [237-242] by
various physical and thermodynamic methods, the amphiphile like AOT can attach
six water molecules per 805 group; the counter Na™ ion also acquires its share. A
similar physical state may also arise with sodium dodecyl sulfate (SDS) as the
amphiphile. The interior water environment may become appreciably rigid or
immobile. This is prominently manifested in [water]-[AOT] mole ratio of up to
w = @ thereafter, a graded structure of diminishing rigidity arises up to w = 15
bevond which bulk properties prevail. Three states of water have been demon-
strated in w/0 microemukion system of water—AQOT-isooctane by Zulauf and
Eicke [66]. Two to six molecules per 505 of AOT microemulsion have been
reported from thermochemical measurements [243]. From calorimetric investiga-
tions it has been inferred that six water molecules are strongly bound to the 507
group; NMR [237] ESR [237] and light-scattering [66] have also shown that up to
100-15 water molecules are structurally perturbed. Maitra [244] has proposed
several regions of bound water in AOT reverse micelles. In a recent study, Moulik
et al. [245] have reported the TX100 stabilized w /0 microemulsion system in terms
of free and bound water by calorimetric measurements. The knowledge of hydra-
tion and the environmental aqueous fluidity in the water droplets in w/0 mi-



8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193 123

croemulsions is essential in understanding the dynamics of the physicochemical
processes studied in them. The structure of various water species in ADT reverse
micelles on replacement of Na* by Ca®* and Zn** ions at very low water contents
has been studied by FT-IR spectroscopy by Aliotta et al. [246] The results have
been explained on the basis of a two state model one “tightly bound” to surfactant
ions and one ‘loosely bound’ like bulk water in the micellar pool. The percentage
of bound water during growth of micelles has been also estimated. The states of
water in water—AOT—oil systems have been also examined by Boned et al. [247]
using differential scanning calorimetry. Gu et al. [248] have pointed out that both
the two-state and the three-state models have some problems. In order to elucidate
these problems, they reported calorimetric measurements on sodium dodecylben-
zenesulfonate (NaDBS)-based system with n-pentanol and n-heptane as a mixed
apolar solvent and found that their thermal behavior is quite different from that of
AOT-based systems.

There are only scanty reports on the states of water in w/0 microemulsions
using cationic surfactants. By proton-NMR, fluorescence and IR spectroscopic
techniques [249] and SANS method [250,251], the behaviors with butyldodecyl
dimethyl ammonium bromide in chlorobenzene and didodecyldimethyl ammonium
bromide in cyclohexane have been examined at different o values at various
amphiphile concentrations. The existence of three types of water (bound, aggre-
gated and free) in various proportions has been realized. Three states of water
have also been supported from the high pressure FT-IR spectroscopic studies by
Ikushima et al. [207] for a water—AQT—ethane microemulsion system under
supercritical conditions. The relative extents of the states depend on w, pressure
and temperature. The solubilization of water and rotational isomerism of AOT are
significantly influenced by the addition of salts.

The state of water has been also investigated by estimating microviscosity in the
water pool of AOT stabilized microemulsion system by steady-state [252-255] and
transient fluorescence depolarization [243,256] The water pool at low w has been
understood to be highly viscous and the viscosity decreases with increasing w up to
10, after which the decrease is gradual. The total fluorescence and fluorescence
anisotropy study by Wittouck et al. [257] of AOT microemulsions in n-heptane and
n-dodecane has also realized decreasing viscosity of the water pool with increasing
w. The polarity of water in the aqueous micropool also changes by the AOT
environment leading to its higher basicity [258]. Using the viscosity sensitive
fluorescence probe auramino, Hasegawa et al. [259.260)] have reported rapid
increase in waterpool microviscosity with decreasing size; even at higher range of
w, the pool viscosity has been found out to be greater than bulk viscosity.

Very recently, the state of water in the waterpool of reverse micelles (w/0
microemulsions) has been elaborately investigated by a fluorescence probe tech-
nique by Hasegawa et al. [261] for water—AOT-n-alkanes (C,—C,,). cyclohexane,
isooctane, carbon tetrachloride, dichloromethane and chloroform using a viscosity
sensitive fluorescence probe, auramine O and xanthene dyes for steady-state
depolarization measurements. Up to w = 10, the microviscosity at the vicinity of
AQOT anionic head falls abruptly and then gradually decreases until the upper limit
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of water tolerance. The heterogeneity of the waterpool has also been demonstrated
by the fluorescence depolarization of xanthane dyes. The effects of temperature,
surfactant concentration, solvent and counterion on the state of water in terms of
microviscosity have also been explored. In addition, clustering of the reverse
micelles has been supported from the fluorescence data which has been dealt with
in the section, ‘Dynamics of Microemulsion”. Silber et al. [262] reported that there
are at least two types of water (structured and bulk) in the reverse micelles from
the study of solvatochromic behavior of 1-methyl-8-solvatochromic betaine (QB)
and Ep(30) in AOT-n-hexane system.

From time- and space-resolved studies, Cho et al. [263] have investigated the
ability of ‘probe’ molecules to undergo a fast non-radiative process that depends on
a reorientational relaxation time of the water solvent which may become orders of
magnitude slower for water near a surface. A direct dynamic competition between
diffusion of the probe and non-radiative event can be understood by this spectros-
copic method. In the studied reverse micelles of AOT, perturbation on the
orientation of the solvent, as measured from fluorescent life times of the probe
(anthracene sulfonate), has been found within a distance of 1.0~1.5 nm, beyond
which water in the pool behaves as normal. Recently, Sarkar et al. [264] have
studied picosecond time-resolved stoke’s shift of the laser dve. coumarin 48((1) in
water—AOT-heptane microemubion medium to show that the relaxation of water
in the waterpool & several orders of magnitude slower than ordinary water. The
fluorescence decay becomes faster with increase in w, which suggests that the
water in the small pools 5 much structured and the mobility of the water molecules
increases in the waterpool with an increase in w. From the deuterium isotope
effect on 4-amino phthalimide in neat water and reverse micelles Das et al. [265]
have recently studied the state of water in the waterpool of water—AOT-n-heptane
microemukion. In the neat water, they have found that the solvation dynamics are
too fast to be detected. But D,O slows down appreciably and the initial component
of the solvation dynamics in the case of D,0 & 1.5 times slower than in the case of
H,0. Thus a clear distinction between the states of residence of H,0 and D,O in
the waterpool of microemulsion is indicated.

Recently, the association of water with the amphiphiles has been studied by
Friberg et al. [266] by performing evaporation measurements of water—AOT-
cyclohexanone microemulsion. Seventy percent evaporation of the original weight
takes place with an approximately constant water—oil ratio in the vapor and is
independent of original water—oil ratio. At a low percentage of water in the
sample, the oil-water ratio strongly increases in the vapor phase. Colloidal associa-
tion and strong binding of the water molecules to the surfactant (AQT) at low
water content is envisaged.

5. Effects of protein solubilization on the structure of w / 0 microemulsion

The w /0 microemulsions (or reverse micelles) of amphiphilic compounds in
organic solvents are able to solubilize large amounts of water and the state of the
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water in the microcompartments has been dealt with in a preceeding section in
detail. The w/0 microemulsions afford the unique possibility for the enzymes and
proteins to localize in a intracellular conformation required to maintain their
activities. There are a number of papers on the investigation of proteins—enzymes
in reverse micellar solutions using surfactants of different charge types (in which
AOT comprises a sizeable numbers). References on this aspect can be available in
recent review articles of De and Maitra [36] and Paul and Moulik [35]. But many
fundamental questions for the complete understanding of the protein solubilization
process in w,/0 microemulsion remain unanswered. For example, the nature of the
protein—reversed micelle complex, in particular protein localization and size—shape
perturbations induced in the reverse micelles by the insertion of protein is only
poorly understood. However, a number of important papers by several groups, i.e.
Luisi et al. [267-270], Chatenay et al. [271,272], Pileni et al. [273-277], Fletcher et
al. [278]. Levashov et al. [279], Hatton et al. [280-282], Bratko et al. [283,284], Hirai
et al. [285] have appeared on solubilization of different proteins in AOT—oil
(isooctane, heptane, octane, etc.) reverse micellar systems using different tech-
niques, for example, ultracentrifugation, SANS, SAXS, DLS, fluorescence recovery
after fringe photobleaching, pulse radiolysis, synchrotron X-ray scattering, etc.
These studies have revealed that it is possible to utilize the degree of hydration,
surfactant concentration and the protein concentration as effective variables for
the optimization of enzyme activity in several micelles. Several review articles
[286-289] in this are also available in the literature.

Based on the experimental observations, different models have been put forward
for the structure of protein containing reverse micelles. Luisi and coworkers [268]
have proposed a model called the “water-shell’ model in which the micellar volume
with protein is the sum of the volumes of the empty micelle and that of the protein.
But it has been demonstrated that the protein filled microemulsion droplet grows
at the expense of the unfilled droplets. On the average, the size of protein free
droplet is smaller, and protein contained droplet is larger than their size prior to
protein addition. The size difference between filled and unfilled droplets vary with
the protein, but is of the order of 2:1.

In an alternative to the ‘water-shell’ model, Levashov et al. [279] have proposed
that if the micellar size exceeds that of the protein, there would be no alteration of
the droplet radius (fixed size model); if the size of the protein molecule exceeds
that of the micelle, the latter grows to accommodate the protein (induced-fit
model). This model suffers from criticism as it violates the area and volume
constraints imposed on the system by the predetermined water, protein, surfactant
concentrations. The results of Levashov and coworkers could be due to artifacts in
the analysis procedure [268,281,282]. A "C NMR study conducted on the chy-
motrypsin solubilization in the reverse micelle of AOT in isooctane [290] has
demonstrated no change in micellar size upon protein solubilization.

The ‘water-shell model', picturing the enzyme molecule residing in the interior
of the droplet surrounded on all sides by water, should only apply to hydrophilic
proteins which do not contain large hydrophobic domains. Many enzymes, includ-
ing lipases, are surface active and interact strongly with o/w interfaces. Such
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of water insoluble substrates is that of microemulsion-based organo-gels (MBG). It
has been observed that under certain conditions, it is possible to transform
reversed micellar solutions into rigid, optically transparent gel-like structures of
extremely high viscosity. These gels serve to entrap proteins and enzymes with the
advantage over conventional reverse micelles in that they facilitate enzyme reuse
and easy product separation. The two distinct kinds of MBGs that have been
reported are gelatin gels and lecithin gels.

The biotechnological potential of gel formation in microemulsions has sparked
great interest in MBGs and in-depth studies have been conducted to elucidate the
microstructure of the systems. Quellet et al. [301,302] and Luisi et al. [303-307]
have proposed the first structural model of this system from extensive conductivity
measurements, differential scanning calorimetry, light scattering, X-ray scattering,
circular dichromism and pulsed-NMR studies. They have proposed the generation
of nanogel structures in the waterpool of the microemulsions as an initial nucle-
ation step in the gelation process. As soon as the nucleation is terminated,
percolation of the nanophase forming infinite fractal clusters in the water droplets
occurs. Gelatin is intimately involved in the percolation process in which its
polypeptide segments form helices extending into the organic phase. Percolation is
accompanied by a drastic change in the microstructure and a dramatic increase in
the electrical conductivity. The final sol—gel transition step involves the formation
of a three-dimensional network of nanogels interconnected by cross-linked bridges
composed of gelatin helices. A conflicting structural model has been proposed by
Atkinson and coworkers [308] based on SANS data in conjunction with tracer-diffu-
sion studies, NMR and conductivity measurements of the organogels. Their model
proposes the formation of an extensive network of rods containing gelatin and
water which coexist with a surfactant shell of AOT in equilibrium with microemul-
sion droplets,

Recently, Atay-Guneyman et al. [309] have reported the transport of a divalent
metal ion through the microemulsion-based ligand (murexide), and a metal-ion
ligand complexation reaction has been observed.

7. Lecithin gels

The microemulsification of hydrocarbons by biological amphiphile (lecithin-based
microemulsion) was first reported by Shinoda and Kaneka in 1988 [310] using
sovabean lecithin as the amphiphile and hexadecane as oil. Scartazzini and Luisi
[311] demonstrated that addition of small amounts of water to soybean—lecithin
organic solvent reverse micelles causes a dramatic increase in viscosity and the
formation of a rigid, optically transparent gel matrix. Solutions of lecithin in up to
50 different solvents are amenable to gelation upon the addition of small amounts
of water which causes an increase in viscosity by a factor of 10° Since lecithin
solutions do not contain any polymeric material, the formation of such highly
viscoelastic solutions is intrigning. Recent studies have been aimed at elucidating
the microstructure of lecithin-based microemulsions [312-315] and organogels
[307] from extensive rheological, light scattering [307], conductivity and FT-IR
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spectroscopic studies. Rheological studies have shown that the elastic-modulus of
the gels is related to the lecithin volume fraction by a power law relation where the
exponent is very similar to that in semidilute polymer solutions leading to “poly-
mer-like reverse micelles’. Viscosity and light scattering data suggest that the
gelation process occurs in the system resulting from self association of lecithin
molecules into a cylindrical reverse micelle. Since the viscosity increases upon the
addition of water, the aggrepation of lecithin molecules i water-induced. Recently,
different authors [316-318] have reported that either discrete droplets or bicontin-
uous microemulbsions are formed in the water—lecithin—alcohol-hexadecane system
from viscosity and conductivity measurements. Aliotta et al. [319] presented some
results from Brillouin scattering measurements on water—lecithin—cyclohexane
reverse micellar system as a function of [water]-{lecithin] and temperature, and
suggested a polvmer-like network.

7.2, Interfacial water sinucture in lecithin—oil-water reverse micelles

The study of water organization at the lecithin—water interface i important in
the understanding of the various activities and structures of biomembranes [320].
Recently, Maitra et al. [321] have investigated the water structures in lecithin
reverse micelles using benzene, cyclohexane, n-octane and n-dodecane as oils by
NMR and FT-IR techniques, and have found that water remains in three different
states; water hydrated to monomeric lecithin, water bound to lecithin polar groups
at the lecithin—water interface in the apgrepates, and free water or weakly hydrated
water in the aqueous core of the aggregates. The composition of each of the
various states of water depends on the amount of water solubilized in the micelles,
It has been estimated that the maximum amount of water bound per lecithin
molecule is between 4 and 5 in the aggrepated system. The effect of cholesterol (an
important constituent of biological membranes) on the interfacial water structure
at the lecithin—water interface has also been examined.

8. Dynamic processes in microemulsions

The formation of micelles and microemulsions are dyvnamic self-organizing
phenomena where aggregating—deaggregating processes operate in conjunction. In
their process dynamics, exchange of matters between different phases continuously
occur resulting in an overall equilibrium. In the study of dynamics of microemul-
sions, the intrinsic operative phenomena need identification and quantification, a
task of importance requiring the serious attention of research. Their flow under
stress and the transport of ions and molecules through them are also of potential
importance in the study of microemulsion dynamics. A comprehensive presentation
of the intrinsic and derived processes in microemulsion systems are presented in
the following text. Of the various processes to be discussed, the self-diffusion of the
components (species) of microemulsion has been presented with a fair degree of
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elaboration in the previous section in connection with the discussion of microemul-
sion structure by NMR technique. This phenomenon is not presented in this
section.

8.1 Motion of the amphiphile chain in microemulsion

Both in the three component (water—surfactant—oil) and four component
(water—surfactant —cosurfactant—oil) w /o0 microemulsion systems, the head group
of the surfactant is the least mobile and the motion increases down the chain and
maximum at its end as revealed from NMR measurements. This feature is common
to both ionic and non-ionic surfactants; the terminal methyl group can freely orient
in the oil phase [21,81.252]. AOT in reverse micelles in chloroform and benzene
also extends similar behavior [322]. The addition of water on the other hand results
in an increase in the motion of the carbon atoms particularly those close to the
head groups, at a lower water content (where the water core is vet to form) the
increase in mobility reaches its maximum [240,252,323] This conspicuous behavior
needs an explanation. As regards the motion of the cosurfactant molecule (nor-
mally lower alkanols), NMR spectra has not recorded equal symptoms, like the
surfactants; a very fast exchange of the cosurfactant between the existing environ-
ments is anticipated. Experimental detection of the actual state of affairs remains
to be explored.

The motion of the surfactant in the o/w microemulsion system by NMR
relaxation measurements has been inferred to be restricted by the formation of the
interfacial layer between oil and water and anchoring of the ionic head group at
the interface. The behavior of the cosurfactant is again inconclusive due to its fast
exchange between various environments [85,324]

8.2, Exchange of components between the exdsting environmenis

The processes comprise: (1) the exchange of water between the bound and free
state; (2) the exchange of counterions between the ionic head groups of the
surfactant and core water; (3) the exchange of cosurfactants among the interfacial
film, the continuous phase and the dispersed phase (if soluble in the phase); and
(4) the exchange of surfactants between the interfacial film and the aqueous phase.
The investigations on these aspects are not exhaustive but sufficient for a general
understanding of the overall dynamic behavior.

The exchange time (< 10™* s) between the ‘bound’ and ‘free’ water on NMR
time scale is rapid [21,81.240] on the micelle surface, water has a nanosecond
residence time. The water exchange behaviors of micelles and microemulsions are
not of significant difference. The resident time of water in microemulsion (107 s)
[325] is comparable with its residence time in the hydration shell of the counterions
Na*, K*, etc. A water-separated ion pair and a contact ion-pair at low water
content {w < 4) with a time in the range 10”'-10"" s for the above process has
been observed by ultrasonic absorption of AOT solution in decane [326].

The dynamic behavior of water exchange between the free and bound forms
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suggests dynamicity in the counterion association—dissociation in micelles and
microemulsions [240]. Fast exchange (107" s) of Na* in the interfacial layer inw /o
microemulsion has been evidenced from study of the temperature dependence of
“'Na line width in NMR spectra. On a competitive basis, the residence time of 1~
in cetyl pyridinium iodide micelle in the stern layer has been reported to be 1077 5.

The exchange of cosurfactants between various existing phases has been re-
ported to be fast on NMR time scale, it is well below 10~ s [21,81,85324,327,328].
The alcohol exchange has been found to be slowed down in the presence of brine
[327]. The relaxation time for the alcohol exchange in a number of microemulsions
(both w/0 and o /w types) has been found to be < 107 s[329,330], which does
not decrease with increasing alcohol chain length as expected [331-333). The
cosurfactant exchange relaxation time has shown dependence on its ratio with the
surfactant to oil content, as well as its ratio with variable content of water [329],
these phenomena need explanation.

The surfactant exchange between the interfacial film and the dispersed phase in
o,/w microemulion has been explored by ultrasonic absorption study [329.330f the
relaxation time of the order of 107" s has been found for water-SDS-1-
butanol-toluene system. The exchange of surfactants has not been clearly under-
stood. The possibility of self-association of the cosurfactant (alcohol) in the oil
phase having a relaxation time of the order of 107*-10"" s can not be ruled out.
The investigations by NMR [81.324] have suggested restricted residence of surfac-
tants at the interface whereas ultrasonic absorption indicates rapid exchange. This
difference may originate from the population difference required between the two
studies; in NMR the states must be well populated by the surfactants whereas the
ultrasonic absorption method can probe when the levels are thinly populated (the
latter method is thereby much more sensitive than NMR).

8.3, Dynamicity of the intedfacial film

The interfacial film between oil and water plays a key role towards the forma-
tion, stability and discreteness of the droplets of the microemulsions or its continu-
ous state [334,335]. It is the features of the exchange of surfactants and cosurfac-
tants that decide the interfacial flexibility. The fluidity of the film has been
assessed from spin lattice relaxation time of the alkanol in quaternary microemul-
sion systems with SDS and potassium oleate [324.336-338]. The flexibility of the
film decreases with the increasing chain length of the alcohol; the interfacial
fluidity has a reasonable influence on the dielectric constant, conductivity and
scattering properties of the microemulsion systems. The alkanols introduce more
disorder in the interfacial film as their chain lengths increasingly differ from the
surfactant [337,339]. The exchange of the alkanols between the film and the oil and
water phases makes the film porous and hence more fluid [340]. The interfacial
film spontaneously fluctuates, the molecules diffuse laterally [338]. but this property
does not essentially guide the flexibility features of the film only; slower diffusion
may have a link with pgreater affinity of the alkanols for the interface and
consequently offers a controlling factor on the dynamics of the film behavior,
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8.4, Dyvnamics of droplet fusion and related behaviors

The dispersed droplets in a microemulsion are in constant motion and can
collide and even transiently fuse and dissociate, as well as form clusters of variable
size and shape. The above phenomena depend on droplet concentration and type,
and also on environmental conditions. For w0 systems, such dynamics conspicu-
ously manifest on the conductance behavior. The fusion process can be conve-
niently monitored by the TRF(Q method. The conductance behavior of w /0
microemulsions, essentially formed with fonic amphiphiles depending on composi-
tion and temperature, may show a significant increase of 100- to 1000-fold and the
phenomenon is called ‘percolation’. It will be seen in the subsequent section that
viscosity of microemulsion may also exhibit a percolation type of behavior, but it is
relatively less frequent than conductance percolation. In the following discussion
the dynamics of droplet fusion and conductance percolation will be elaborated. It is
to be understood that the phenomenon of fusion of droplets in o/w systems is
effectively restricted by the repulsive interaction of the ionic amphiphiles (as the
stabilizers); on a general basis, the droplets can come closer but remain separated,
the fission—fusion process is least probable.

844 Dyvnamics of droplet fusion in w /o microemudsion

Experiments reveal that mass-exchange, mass transfer and chemical reactions
can occur through interdroplet fusion in w /o0 microemulsions. For example two
microemulsion solutions, one containing BaCl, and the other Na,50,, on mixing
immediately produce BaS0O,: the solution remains clear or turbid depending on w
and overall concentration of BaS0,. Faintly or vanishingly colored CuS0O, contain-
ing w/0 microemukion when mixed with colorless solution of K [Fe(CN), ] in the
same microemulsion medium immediately produces a stable chocolate brown color
solution of dispersed Cu,[Fe(CN),]. This reaction and other similar reactions
performed in w/0 microemulsion media have clearly advocated fusion of droplets
and their subsequent fission operative under dynamic conditions, enabling ex-
change and transfer of mass among the droplets. Otherwise, due to solubility
restriction, water soluble materials can not cross the non-polar (oily) barrier
(continuum) existing between the droplets to produce products by the process of
mass exchange and mass transfer.

According to experimental evidences, the redistribution of components among
droplets in microemulsions is fairly rapid which has been attributed to two distinct
tvpe of processes (Fig. 8

A, Droplets collide, temporarily merge (fuse) into larger droplets and then break
(fission) into smaller droplets. This dynamic process leads to reaction by way of
mass exchange and transfer,

B. Droplets break with loss of fragments which subsequently associate or coagulate
with other droplets. This dynamic process also helps in chemical reaction and
mass distribution.

The rapid exchange of the content of the droplet has been experimentally
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Fig. 8. (A) Collision, fusion and [ission with mass transfer; and (B) fragmentation followed by
coagulation crusing mass transfer.

understood from the work of Menger et al. [341] who observed rapid hydrolysis
upon the mixing of an ester taken from one microemulsion and the base in
another. The authors suggested Scheme 1 as depicted in Fig. 8. Droplet collision
and temporary merging phenomena were supported by the complexation study
between Th** and hydrophenyl acetic acid, which manifests large fluorescence
enhancement [342]. Compared with micelles, the studied droplets have a much
longer lifetime [343-345]

The rapid exchange of materials in the droplets has been supported by other
studies in w /0 microemulsions; behaviors of fluorescence probes, complex forma-
tion between water soluble reagents and the rate of dissolution of water in the
water—SDS-1-pentanol-dodecane system were investigated [252.346,347]. For the
chemical reaction to occur the following rate determining paths have been pro-
posed as shown in Fig. 9.

The time for single fission in the above studies was estimated to be approx. 10°°
s and the rate constant for collision with merging approx. 10% ms, but quantitative
accounting of the rate constant could not be ascertained. In a model, Eicke et al.
[348] proposed a transient dimer formation during collision between two droplets
with opening of a water channel whereby exchange of materials occur by way of
diffusion during the collision time.

Evaluation of the bimolecular exchange rate constant (k) has been attempted in
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Fig. 9. Maodes of reaction between X and Y forming the produoct P. (1) Droplet merging and splitting
process (reaction slow) (2) Droplet merging and simultaneous reasction controlled process (reacion
[ast).
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recent vears, by a number of workers, using fast kinetics (stop-flow method),
fluorescence and phosphorescence quenching and luminescence studies [349-352].
Of the several processes that occur, i.e. collision between two droplets, the opening
of a water channel, the diffusion of reagents and their reaction and the dimer
breakdown, the second step s considered to be rate-determining. &, has been
found to be of the order of 10" M~' s~! at 25°C, i.e. approximately one collision
per thousand becomes fruitful in the transient merging of colloidal droplets
forming a channel for reaction to occur. The process ends up with large entropy of
activation required for the release of the amphiphile AOT from the interface and
the required life time of the transient dimer is in microseconds. It has been
anticipated that the splitting of the dimer may result in polydispersity of droplet
size.

The bimolecular exchange rate constant &k, has been found to be extremely
sensitive to the presence of additives. Thus benzyl alcohol (a cosurfactant) has
been shown to increase k. approx. 20-fold [353]. &, is also very sensitive to the
alkanol chain length. It has been presumed that the difference in the conductivities
of w /0 microemulsion systems with different alkanols essentially originates from
the differences in their &, values.

The effects of different parameters on the dynamics of w/0 microemulsions
have been systematically studied in recent years [354-358]. A comprehensive
discussion of the results has been made by Lang et al. [359]. The droplet size and
interdroplet interaction in w /0 microemulsions have been elaborately assessed (by
DLS and TRFQ methods, etc.) in terms of the type of oil, surfactant, alkanol chain
length (and concentration), and temperature. The interdroplet attractive interac-
tion (leading to fusion and mass exchange) and droplet size increase with increase
in the alkane (oil) chain length and temperature, as well as with a decrease in
surfactant and alkanol chain length and concentration. The rate constant, k.
associated with the exchange of material between droplets upon collision with
transient merging (Scheme 4) has been found tobe = (1-2) x 10" M~ s~1, Such
high values of &k, have also been obtained by others [360-362] which suggest that
the rate limiting step is not by the opening of the interfacial film but by the droplet
diffusion (Fig. 10).

8.4.2. Time-resolved fluorescence quenching (TRFQ) method
The versatility and advantage of the method of TRFQ in the study of micellar
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Fig. 10, Collision, transient merging, mass transfer and fssion processes in w0 microemulsions. The
overall rate constant of material exchange is k.
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size and the Kinetic process occuring in them have been elaborately discussed by
Lang [363]. Extensive reviews on the results obtained with the TRFQ method also
appear in the literature [364-366]. Bakale and Warman [367] have reported fast
changes in the droplet size in the fusion—fission processes in water—AOT—isooc-
tane systems by time-resolved microwave conductivity.

The fusion—fission processes are not favored in o/w microemulsions because of
strong electrostatic repulsion to prevent droplet collision. Coagulation fragmenta-
tion (Fig. 8, Scheme B) does not contribute to the formation—dissolution of the
droplet [368]. The absence of fusion—fission processes in o,/w microemulsions has
been also supported by stopped-flow study by Tondre and Zana [230] from the
observation that the dissolution of oil in a dilute o /w emulsion is very slow. The
injected oil absorbs the surfactants initially present in the system followed by
electrostatic repulsion reducing the rate of collisions between injected oil droplets
and the microemulsion droplets. The coagulation—fragmentation process in w /o
microemulsion has also been probed with pyrene by the TRFQ method [366]. In
mixed alcohol + surfactant solutions, rapid micellar exchange of micelle-solubi-
lized pyrene has been observed by coagulation—fragmentation with a rate constant
of the order of 10°-10% s~'. The addition of oil has increasingly decreased the
interdroplet exchange of pyrene which stops at high oil content. In agreement with
the chemical relaxation studies [368], fragmentation processes are less and less
contributive to the dynamics of the o /w microemukion as the dimension of the oil
core builds up.

8.4.3. Principle of TRFQ method and results

In a homogeneous continuous medium the fluorescence of a probe compound is
uniformly quenched by a quencher. The fluorescence decay of the probe with the
quencher is enhanced and both of them follow linear correlations with time. In
microheterogenous—compartmentalized environments (i.e. micelles, microemul-
sions, etc), the probe and quencher molecules may reside either together or
separately in the compartments, some of the compartments may also remain
vacant, i.e. without the probe or the quencher. It is obvious that the compartmen-
talized probe with the quencher should exhibit rapid decay in the fluorescence by
efficient quenching, and that containing only the probe should exhibit slow and
normal decay. Thus the fluorescence decay pattern with time is initially rapid and
slows after a time. This initial difference in fluorescence decay observed in
compartmentalized liquids when analyzed in a rationalized way can help in obtain-
ing information on the micellar aggregation number, size and bimolecular collision
dependent mass exchange rate constant between the microemulsion droplets.

The fluorescence decay curves obey the following equations [369,370]:

I(t) = I(0) exp [=A,t — A{1 —exp (=A4,),}]. (1)
where 1(0) and I(¢) are the fluorescence intensities at time ¢ = 0 and ¢, respec-

tively following excitations, and A,, 4, and A4, are time-independent parameters
obtained with f(0) using a non-linear weighted least-squares fitting procedure.
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Tahle 1
The TRFQ results of the mass-exchange (transfer) rate constant by collision of w0 microemulsion
droplets

Syslem Probe fquencher k% 10 ‘i" Ref.
M s
H,0/AOT /P Rbﬂnp;.r};* /FelON),*™ < 10 [359]
H. 0/ ACT /Hp Rhlfl:npy]',, t RO < 10 [354]
H,0/AOT /Hp Rbibipy),** /FelCN),* 14 [353]
H, 0/ ADT /-0 Mg-teraphenyl }'mrphynn,fmr thyl viologen (MW"} 19 [372)
H,0/AOT /D¢ Rhbibiby), " /FelCN k 0 [359]
H,0/AOT /Dode Rbibiby),** fr‘-:{f‘h}b 200 [359]
H,0/5DS /1-hexanol /T Ribbiby), ,fru(a\]k, 25 [353]
H,0 /5D /1-hexanol /Hxde Rh{'lnh;.rh“ SFe( (N L %, [346)
H,0/SDS/1-hesanol /Hde  Rbibibyl® " /FelaN),~ 1.1 [346]
H,0/CTAB / I-hexanol / Dode  Rbibiby),** /Fe(CN )~ L4 [353)
H,0/CTAB/ I-hexanol /Hx  1-methyl napthalene /KI 0.1 [353]
H,0/DAP /cyelohexane 1-methyl napthalene /K 13 [347)
H,0/DBDAC feyclohesxane Rh{p;.r};* /methyl viologen(MV" ") 52 [359]
H,0/TDBDAC /cyclohexane  Rbipy),” " /methyl viologen(MV" ") 7 [359]
H,0/HDBDAC /eyclohexane  Rbipy)y " /methyl viologen(MV* ") 2 [359]

Pn, pentane; Hp, heptaneg; -Oc, isooctane; De, decane; Dode, dodecne: T1, wluene; Hyde, hexadecane;
Hx hexane; DAP, dodecylammonium propionate; DBDAC, dodecyl benzyldimethyl ammonium chlo-
ride; TDBDAC, tetradecylbenayl dimethyl ammoniom chloride; HDBDAC, hexadecy]l benzyl dimethyl
ammaonium chloride.

With inter-droplet exchange of quencher (on the fluorescence time scale) which
is our present interest,

As=ky + k .k [QI!{AM

, = Uk, /4)10)/ (M),
A=k, +k[M],

and

[c1 I[c]

2 2
[M} [QI(A g Ay A, =k, ¥ fA,4%,
where k, is the fluorescence decay rate constant, &k, is the mass exchange rate
constant by collision (defined earlier), k, is the pseudo-first order rate constant
for interdroplet fluorescence quenching, [Q] is the quencher concentration, [M] is
the micellar concentration, [C] is the total surfactant concentration and N is the
aggregation number.

By mathematical manipulation procedure,

[ky] =A;A3/1 A3 A, + A5 = Ky, (2)
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Table 2
A list of wypical probes (P} and quenchers (01 used in TRFOQ studies of micellar and microemulsion
syslerms

Surfaclants MNormal micelles and o /w microemulsions

Anionic Pyrene (P}
Dorlecyl pyridinium chloride (0
Tetradecy] pyridinium chloride (Q)
Hexadecyl pyridinivin chloride (0}
Rufbipy),”" (P}
Rufbipy)," " (Cy); (P)
[1-methyl-1-letradecyl 44" bipyridinium]” " (P}
Anthracens sulphonate (P}

Cationic Pyrene (P)
Hexadecyl pyridinum chloride (00,
Monionic Pyrene (P)

Hexadecyl pyridinium chloride (0
Reverse micelles and w /o microemulsions

Anionic Rulbipy)," " (P)
FACN),' ™ (Q)
M g-tetraphenylporphyrin (F)
Calionic Ruibipy),” " (P)
Methylviologen™ ™ ()
L-methy] napthalens (P)

and
[k,]=A,4, - k(,lf(kq[QIJ. (3

From the knowledge of N and necessary physical constants, the size of the
microemulbsion droplets can be estimated [366,371].

Further details of the principle and data manipulation method of TRFO is
beyond the scope of the present article, a comprehensive presentation of results
would be quite revealing which is given in Table 1.

The probe (P) and quencher () molecules employed for studying anionic,
cationic and non-ionic micelles are to be wisely selected. In Table 2, the P and O
molecules used in micellar and microemulsion studies are listed.

8.4.4. Usefulness of the TRFQ method

The TRFQ method is versatile in understanding the dynamics of micellar as well
as their other physicochemical characteristics, i.e. aggregation number, polydisper-
sity, particle size, as well as the shape (spheres, ellipsoids, discs, etc.) [372-381].
The TRFQ method has been used for diffusion data on reactants in cylindrical
micellar systems [382-384]. This is the only method that helps determination of the
kinetics of micellar exchange of reactants and micellar frapmentation; dissociation
and association of a member from a micelle and to a micelle can also be
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determined. The method can give information on the distribution of the micellar
size but such studies are only limited. The analysis of polydispersity and the
exchange process in terms of fluorescence decay is rather difficult and has not
been applied to real systems.

The TRFQ method is advantageous over other methods (i.e. dynamic light
scattering, DLS) where dilute solutions are used to keep micellar interaction at a
low level; in TRFQ, concentrated solutions can be uwsed since the fluorescence
decay of the probe i independent of the interactions between micelles.

In structural and dynamical studies of micelles and microemulsions, the TRFQ
method is indeed versatile [18,19,385-390]. In this connection, the time-resolved
phosphorescence and triplet absorption quenching measurements of Johnsson and
Almgren [391] to monitor the cluster-structure of L.-phase of water—-AOT-n-oc-
tane or n-decane microemukion systems can be referred. The frequency and
activation energy of the droplet fusion have been measured at different droplet
sizes; the fusion rate has decreased and the activation energy has increased with
increased droplet size. But the magnitude of the two parameters have been found
to be independent of the alkane chain length.

8.5, Conductance of microemulsion

The ionic conductance in o/w, w/0 and bicontinuous microemulkions can be
dramatically different. It is almost like a normal aqueous medium in o/w mi-
croemulsion, very low in w /o microemulsion and significantly high in a bicontinu-
ous condition. In the second, the water content, as well as the temperature, are the
controlling factors for the magnitude of conductance; the phenomenon of percola-
tion (as discussed in the subsequent section) may arise. The conductance behavior
of bicontinuous microemulsion is comparable with the percolation feature. In fact
during percolation, the microemulsion system is viewed to pass through a bicontin-
uous-like stage.

The ternary systems of water—surfactant—alkanol or benzyl alcohol or poly(pro-
pylene glycol), ete., can produce isotropic, low viscous solutions ranging from water
to the oil corner in the ternary phase diagram, called the L-phase. This phase
exhibits distinct structural, viscous and conductivity behaviors. The area has been
recently thoroughly explored by Rodenas and coworkers. The water—CTAB-benzyl
alcohol [201] has produced an L-phase where at constant [CTAB] the specific
conductance increases and passes through a maximum with increasing benzyl
alcohol concentration, and the maximum shifts towards a higher alcohol concentra-
tion. Again, at different [CTAB]{Benzyl alcohol] ratios, the specific conductivity
virtually produces maxima at ~ 50% (w/w) water addition. The increase and
decrease in the conductivity have been attributed to the increased ionization of
CTAB by alcohol incorporation in the micelle and the formation of mixed reverse
micelles. The changed shape of the aggregates has also contributed to the transport
property. The conductance study of water—CPC-n-butanol [200] has produced
similar results in the L-phase region. The regions of maxima are also comparable
with the L-phase of water—CTAB-benzyl alcohol system. In a separate work,



138 8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193

Sierra and Rodenas [199] have studied the system, water-SDS-poly(propylene
glycol). The physical nature of the L-phase formed is comparable with the L-phases
produced by n-butanol and benzyl alcohol mentioned above., At constant amount
of the surfactant, the conductivity initially increases with the polymer concentra-
tion until 5% (w,/w), thereafter, it progressively decreases to very low values.
Identical conductance behaviors have been observed for water—CTAB-poly(pro-
pylene glycol) system [392,393] and water—CT AB-n-butanol system [394]. Other
comparable studies with the alkanols are also from the laboratory of Rodenas
[395-397]. The initial rise in conductance in the studied cases has been again
ascribed to increased ionization of the surfactant by polymer incorporation; the
subsequent decline in conductance has been adduced to the mixed reverse micelle
formation.

The low conductance of w /0 microemulsion systems at lower volume fraction of
water or at a state much below the percolation threshold has been explained on the
basis of migration of statistically charged droplets and the quantitative charge
fluctuation model [50,398-400]. The reasoning for percolation and its mechanism
have been subsequently presented. In this context, the conductance behaviors of
perfluoropolyether microemulsions may be a noteworthy addition. Chittofrati et al.
[401] have made an elaborate investigation on the water—ammonium salt of
perfluoropolyether carboxylic acid—perfluoropolyether microemulsion system with
a comparable size surfactant and oil. The conductance of the system as a function
of water content at different oil to surfactant mass ratio has shown a well-shaped
maximum in the curve which shifts towards higher water content with an increasing
o /s ratio. The conductivity as a function of water content at constant mass ratio of
water to surfactant has exhibited a sharp rise and a tendency to level off. The
observed conductance increase cannot be accounted for either by the charpe
fluctuation model or the percolation model. It has been proposed by Chittofrati et
al. [401] that the initially added water solvates the polar heads, and the increase in
conductance results from the increased dissociation of the counterions from the
head groups. At the conductance maximum, water droplet formation starts and
further addition produces closed ensembles, i.e. reverse micelles where the con-
ducting ions are confined in the interior. The onset of droplet formation has been
corroborated by the light scattering measurements. A working model for the above
water dependent conductance profile has been performed by the authors and a
quantitative analysis has been attempted; the parameters, ie. molar and ionic
conductances at infinite dilution, fraction of water in the droplet, etc., have been
evaluated. The work qualifies a distinction, and has added insight to the mecha-
nism of conductance in an off-the-trend microemulsion system.

In recent literature [402,403], there are reports of unexpected conductance
behaviors of microemulkions. Ajith et al [402,403] have studied water—Brij-35-n-
propanol-alkane and water—SD5—n-propanol-cyclohexane microemulsions in the
presence of NaCl, and have observed that for lower w the conductance decreases
with increasing temperature; a rare phenomenon in solution. The difficulty for ions
to hop from droplet-to-droplet with increasing temperature has been suggested for
the conductance decline at lower w. At higher w, formation of clusters at higher
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temperatures has produced increase in conductance after an initial decrease. The
conductance study of water—SD5-mixed alkanol-cyclohexane has alko been made
by John and Rakshit [192] to reveal that the binary mixtures of lower alkanols
(cosurfactants) behave like alkanols of carbon chain lengths intermediate between
the two individual components. The systems have exhibited a fair degree of
percolation trend. They have also reported non-percolating microemulsion systems
of brine—Brij 35-n-propanol-n-heptane or nonane and water—CTAB-n-
propanol-cyclohexane [189].

Mixed surfactant (anionic—nonionic, cationic—nonionic and cationic—anionic)
have been also used in microemulsion preparation by Seedher and Manik [404] and
Li et al. [405406] for structural and conductivity studies. For AOT-TX1(0 and
acetylpyridinium bromide (CPB)-TX100 mixtures, the former authors have
observed that the threshold volume fraction for percolation depends on the mixing
ratio when heptane is the oil; it increases with an increased proportion of the ionic
component. Li et al. [405,406] have used AOT-TX100, CTAB-TX100 and Na-
oleate—CTAB combinations along with lower alkanols (n-butanol, n-pentanol and
r-hexanol) and observed bicontinuous and birefringent phases using diesel oil and
heptane. The conductance of these systems have exhibited conspicuous trends (not
of the percolation type) with the variation of the surfactant weight percent which
can act as a marker for the identification of different phase transitions that may
occur in the system. Eicke and Meier [407] have studied the interfacial charge
transport in w/0 microemulsions with mixed surfactants (AOT + pentaethylene
monododecyl ether) and n-octane, and have observed unusual conductance, pro-
ducing a percolation type pattern in the conductance vs. temperature course. The
diffuse double layer at the water—oil interface of the droplets has been considered
to be highly compressed which accounts for reduced mobility and surface conduc-
tivity.

8.5.1. Percolation of conduciance

The phenomenon of percolation of conductance has been Known to occur in
binary inclusions containing conductor and insulator. It has been found that after a
threshold volume fraction (&) of spherical particles of the conductors (¢ = (0L17),
the conductance increases sharply and then levels off. This phenomenon is known
as ‘static percolation’ and has been critically studied and analyzed [53.408-415].

The phenomenon of conductance percolation in colloidal solution, ie. w/0
microemulsion, is equally interesting if not more so [416-422]. The droplets
containing surfactant ions come to a threshold distance wherein transfer of charge
between them occurs efficiently; they are physicochemically dynamic and can
approach their neighbours by diffusion to transfer charge [423]. This i how
‘dynamic percolation’ arises after a threshold volume fraction (¢,) at a constant
thermal condition or temperature. The phenomenon can be augmented by the
increase of temperature at a fixed droplet concentration. The w0 microemulsions
formed with non-ionic amphiphiles containing soluble salts in the aqueous core can
exhibit conductance percolation as well [424]

The w0 microemukion systems exhibit well-formed percolation behaviors and
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thorough studies in this field can be found in Refs [69,425-428]. The origin, nature
and mechanistic behaviors of the different percolating systems, as well as quantifi-
cation of results can be found in these works. It has been observed that the
[water]-[amphiphile] mole ratio, & plays an important role in the percolation
process; the threshold volume fraction of the disperse phase (&,) corresponds to a
particular value of w below which conductance-increase with volume fraction of
the disperse phase (¢) is but minimum.

Of course for temperature percolation lower values of w than required for
volume percolation may be effective, it is the threshold temperature that essen-
tially determines the phenomenon. The w, ie. size dependent percolation are
clearly found in the works of Mukhopadhyay et al. [429] and Alexandridis et al.
[430].

8.5.2. Mechanism of percolation

It has been considered that for the transfer of charges between them, the
droplets need to come close and the amphiphile chain length is an important
guiding factor for the process. Both the amphiphile shell length and the volume
fraction of the disperse phase determine the value of ¢,. For zero shell length and
no interparticle attractive interaction, the randomly packed hard sphere model
proposes oy, = (165, For overlapping spheres with large values of shell volume,
¢, = 11.35. Strong attractive interaction radically decreases ¢ it can drop to 0.10
from (0.65. The largest effect occurs at the critical point near which the concentra-
tion fluctuations are maximum [431]. But for large shell length strong interaction
may increase ¢, the topology becomes randomly close-packed.

As regards transfer of charges there are two distinct schools of thought; one in
favor of transfer by the hopping of surfactant from one droplet to another
[419,432-435] and the other by the mechanism of fusion, interfacial layer opening
and ion-transfer [355.356.436]. From self-diffusion coefficient measurements by
NMER, Maitra et al. [437] are in favor of the hopping mechanism, whereas Jada et
al. [355.356] have suggested transient channel formation leading to counterion
transport during droplet clustering by the TRFO method. According to Feldman et
al. [438], the conductivity and dielectric polarization below the percolation thresh-
old arise from the motion of counterions through water-channels, and are not as a
result of the hopping of ions; above the threshold, the same mechanism still
dominates. Mukhopadhyay et al. [429] are also in favor of the transient fusion
model. The formation of bicontinuous state by droplet association has also been
suggested to augment percolation [75). The concentrated microemulsions produced
by the ternary water—AOT-oil system have evidenced a globular form of droplets
by DLS, only to vouch against bicontinuity as an explanation for conductance
percolation [93] The scattering studies have also revealed maintenance of droplet
structure beyond percolation threshold [90.93,439] and hardly any change in shape
and size near the phase separation stage [440]. Monte Carlo simulations with
strong interactions in the short range have been shown to produce percolation
transition for spherical particles [420,432,435,441].

The study on the percolation of water—AOT-alkane (ie. hexane, isooctane,
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decane, and dodecane) systems by Alexandridis et al. [430] is thorough with regard
to [water]-[AOT] mole ratio (w), and [oil]-JAOT] ratio (§) and temperature.
Effective percolation has been observed at w > 15; the percolation temperature
decreases with increasing « and decreasing §. The increasing molar mass of the
alkane has shifted the percolation threshold to a lower temperamure. Similar
w-dependent percolation behaviors have also been reported by Mukhopadhyay et
al. [429] for water—AOT-decane w/0 microemulsion systems. The percolation
phenomenon in this system appears to be distinct at @ = 12, a value of 15 has been
reported by Alexandridis et al. [430]. A schematic representation of the models of
charge transfer is shown in Figs. 11A and 13.

8.5.3. Theory of percolation

The phenomenon of percolation is, on the whole, guided by scaling law
[279.442-444]. At a constant temperature and in the percolation range, the
conductance of conductor—insulator mixtures as in water droplets (with ionic
amphiphiles or added electrolyte in the case of non-ionic amphiphiles) dispersed in
oil in w /0 microemulsions follows the relation,
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o= k(e - ¢,)",

or

Inoe=Ihi+pln(d— ) (4)
where o i the conductance of the microemulsion system, and & and p are
constants of which & i related to the conductance of the dispersed phase. The
exponent p should be 1.9 for both static and dynamic percolation according to
recent work [445].

At a constant composition (fixed ), the scaling law for the temperature
percolation [446—448] in w /0 microemulsion is,

a=Po-8)",

or

Inoc=ImP+nln(d-48) (5)
where # is the temperature corresponding to the conductance o, #, i the
threshold temperature for transition and » is an exponent. Both ¢, and #,
required in Eqs. (4) and (5) are obtained from the plots between o and ¢, and o
and #, respectively, as depicted in Fig. 12,

Like p. the expected value of n is also 1.9 [445.446]. The values of p and n
realized from experiments in most cases are at odds with the expected value of 1.9,
A pragmatic discussion on the values of the exponents p and n will be made in a
subsequent section on the ‘effects of additives on percolation’.

8.5.4. Conductance theories of binany inclusions and their applications fo percolation
The conductance of binary mixtures can be quantified by the effective medium
theory (EMT) [278,279,410,415,449]. The EMT theory has been shown to be
inadequate for microheterogenous dispersions of metals and metal oxides in a
medium. Grangvist et al. [450] have recommended consideration of dipole—dipole

Imo
Sl

Fig. 12. Typical volume and temperature percolation diagrams. The procedure for getting dy and & are
indicated by arrow heads in the diagrams.



8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193 143

interaction among the dispersed entities naming EMT as EMTDD (DD stands for
dipole—dipole interactions). The dipolar interactions may give rise to the formation
of chains and clusters of spherical droplets. Bernasconi and Wiesmann [451] have
also proposed a percolation equation of the conductance for microheterogenous
dispersions of solids in suitable media.

Owing to Bittcher, the EMT equations, under practicable conditions, can
assume the scaling equation,

a0y — i,

=

i y [
Jer ﬂ'd-i-zad} (6}

where o, o, and o are the conductivities of the solution, the continuous medium
and the disperse phase of spherical entities, respectively, and & is the volume
fraction of the dispersed phase.

When a =10, ie. the continuous medium (oil, in case of microemulsion) is
highly resistive, Eq. (7) takes the scaling form with exponent p = 1:

k—jk 1 7
Ll 0

For non-spherical dispersions the threshold volume fraction ¢, < 1,/3, this can be
conveniently explained on the basis of EMTDD.

The experimental determination of ¢ is difficult and by mass balance it takes
the form [325]

d} — E [H(i(]' + 'rM.-_-m'JM.-\.} + H{"HJ + W'A':E" (EJ

Py

where p, and p,, are the densities of the dispersed phase and the solution, and W,
W," and W, are the weight fractions of surfactant, cosurfactant (in the agqueous
phase) and water, respectively, and M,, and M_ are the molar mass of the
surfactant and cosurfactant, respectively, in the system, and r is the structural ratio
ie. No /N, where N, and N, represent the number of molecules of cosurfactant
and surfactant in the interphase.

The radius of water droplets of the disperse phase (R_ ) can be obtained by the
relation [78]

3[M, + M+ (W, + W, )/ WIM ]
- Npfla, +m_)

; (9)

W

where the new terms a,, o and N represent the cross-sectional areas of surfac-
tant, cosurfactant and Avogadro number, respectively.

The effective radius, R, of the droplet (water core plus interphase) can be
obtained by considering appropriate length of the surfactant or by the appropriate
relation,
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IV awRD AM, A M\
R, =|— - - (10

4 3 aN PN .

where the fresh terms A4, and A, represent the aggregation number of the
surfactant and the cosurfactant molecules per droplet, and p, and p_, stand for the
densities of the surfactant and cosurfactant, respectively. For the basis and detailed
procedure of the above relations (Eqs. (4)-(10)) the works of Venable and Fang
[78] and Bisal et al. [79.80] may be consulted. These reports uniquely show the
power of the conductance method for the basic structural understanding of w /o
microemulsions. The results of such an analysis for typical classes of microemulsion
are presented in Table 3 (taken from Bisal et al. [79]).

The above results suggest that conductance—percolation can be a fruitful method
of characterizing the water droplets in microemulsion systems. The role of the
surfactant type in influencing the droplet size and amphiphile aggregation is
apparent.

The EMTDD theory introduced by Grangvist and Hunderi [450] with dipole—di-
pole interaction and depolarizing factors leads to the equations,

1
Ed:—a-t—(l - o — gl /o +2a) =10, (11}

where

1
o= {o— n'd}j[ﬁd + E(n’- ﬂ'd}]

o is related with the polarizability (the depolarization factor for sphere is 1/3); o,

Table 3
Dimensional characterstics of w0 microemulsions al o = 050 and at constant weight fraction of water,
W, =02a293 K

System &, (nm} R, nm) A, A
CTAB /Hp /Bu 4.52 534 257 030
SDS /Hp/Bu 6.9 T8RS 1360 ai2
AOT /Hp/Bu 5.80 aal 523 340
CTAB /D¢y Bu 4.45 526 241 630
AOT,/De/Bu 5.68 H.44 493 357
SDS /Xy /Bu .75 BA4 474 270
CTAB /D¢ /HA 535 027 477 475
SDS /De /HA 6.3 7.25 1057 517
AOT/De/HA 5.5 038 474 270

Although AQT forms microemulsion without cosurfactants, they were used with AOQT for a comparison
with SD5 and CTAB.
Hp, heplane: D, decane; Xy, sylene; Bu, butanol: HA, hexylamine.
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oy and e, are the conductances of the continuous medium, the dispersed phase
and the mixture, respectively.
The general formula for randomly oriented ellipsoid is

o- g

oy + Lo — o) ] ()

1 3
== 3
3é—l

where L, stands for the triplet depolarization factor dictated by the axial ratios
[450].

The apggregation of droplets in microemulsion can produce spheroidal geometry
to which the EMTDD theory can be applied. The dipole—dipole interaction should
result in a shift of the percolation threshold towards lower concentration; for
a, = 0, the ¢ ™" is equal to 0.271 for chains and 0.156 for clusters. For isolated
spheres, the equivalent depolarization factors L, L, and L; are each equal to
1,/3, which for single-stranded chains are (1,133, 0.435 and 0.435, respectively, and
for a closed packed lattice the values are (L0865, 0.0865 and (L.827, respectively.
With . = 0 and using L-values in Eq. (12) and inserting the results in Eq. (11) we
get the following relations. For isolated spheres,

3 1
o=z als-3)

or the Bottcher equation. For chains,

o= —0.1519[0.15664 + 1721647 — 0.72947 |d,. (13)
For a cluster,

o = — 00984, + [0.5394 + 0.5679° 1. (14)

Bernasconi and Wiesmann [451] have proposed an explanation of the EMT
theory considering the clustering of droplets,

o= 105 (¢ — 0.157). (15)

The threshold value, ¢, =0.157, is in exact agreement with the &™'™" for
clusters when o, = (} as mentioned earlier. Eq. (15) i valid up to ¢ =< 3 /4. For
greater values of ¢, the equation transforms into the form of EMT.

The application of the EMT and all the forms of EMTDD equation have been
tested in detail by Paul et al. [80] considering the literature data of works by
different authors [78,79.442,452,453]. Altogether 29 systems have been treated and
for details the original paper [80] may be consulted. Table 4 is a concise presenta-
tion of the results.

The results in Table 4 support the invalidity of the EMTDD (cluster) and the
Bernasconi—Wiesmann equation (Eq. (15)) on the systems considered. A pood
fraction of the systems have supported both EMT and EMTDD (chain} formula-
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Table 4
Testing of the validity of percolation theories on different microem ulsion systems

Mo System (wl. ratio) r Walidity

1. CTAB /Bu,/Hp (20:60: 20} 4.88(4.89) EMT and EMT DDy {chain}
2 CTAB /Bu/Hp (26.67:53.33:20) 248(L78) EMT and EMT DD {chain}
k8 CTAB /Bu/De(26.67:53.33:20) 2.64(L77) EMT and EMT DD {chain}
4. SD8,/Buy/Hp(20:60:200 22040.97) EMT and EMTDD chain )
5 AOT /Bu/Hp(20:60:20) 378(2.98) EMT and EMT DD {chain}
. CTAB /HA /De(26.67:53.33:20) LOO(0.13) EMT and EMTDD {(chain}
7. CTAB /HA /Hp(26.67:53.33:20) LO3(0.10) EMT and EMTDD {chain}
. SDS/HA (33.33:60.67) 20 (0.72) EMT and EMTDD (chain}
9. SDS/HA /Hp(20:60:20}) L40100.74) EMT and EMT DD {chain}
1. SDS/HA /Hp(15:63.75:21.25) 35 (2100 EMT and EMTDD {(chain}
11. SDS /HA S Hp(20:50:30) L70(0.61) EMT and EMTDD (chain}
12, SDS /HA S Hp (20:40:40) LEO(0.47) EMT and EMT DDy {chain}
13 CTAB /Bu/Hp 26.67:53.33:20) 255(1.93) EMT and EMT DD {chain}
14, CTAB /HA /Hp(26.67:53.33:20) L1E(0.32) EMT and EMT DD {chain}
15. AQT/HA Hp (26.67:53 35:20) L14{0.11) EMT and EMTDDy (chain}
i6. AOT /Bu/Hp(26.67:53.33:20) 114 (0.59) EMT and EMT DDy {chain}

Systems 1-7 al 293 K, §-12 at 298 K and 13-16 at 303 K.

Mon-parenthesized and parenthesized values in column 3 are acoording o EMT and EMTDD (chain),
respectively. Mo, 8 is a termary mixture of SD5 Swater /HA (as oil).

Bu, butanol; Hp, heptane; De, decane: HA, hexylamine.

tions. In Table 5, the essential results by the EMT and EMTDD (chain) theories
are presented for comparison.

A correlative exercise between the EMT and EMTDD (chain) with respect to
the r and o values has also been attempted by Paul et al. [80]. The following least
squares correlations have been reported,

remr = 1.1 + 084rgynp (chain), (16)
oy (EMT) = 0.22 + 0.7500y(EMTDD - chain}. (17

It has been interestingly noted that the microemulsion systems that satisfy both
EMT and EMTDD (chain) have rgy, = 1, while those that do not satisfy them
have rgye = 1. A probable mechanistic explanation of the phenomenon has been
given by Paul et al. [80]. Their work has supported fitting of the conductance data
of water-induced percolation phenomenon with EMT and EMTDD (chain) when
microemukion systems are formed with cosurfactants; without cosurfactants the
resulis may fit to the EMTDD (cluster) as well as the BW theories identified by
Paul et al. [80] for two systems only [452.453].

8.5.5. Effect of additives on conductance percolation

Like a normal solution, the ion-transport in w/0 microemulsion is expected to
be influenced by the presence of additives. In practice this has been demonstrated
and the threshold concentration and temperature for percolation have been
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Table 5
Comparison of results of EMT and EMTDD (chain } theories

Syslem ay (Sm) £, (nm} £, (nm} A, Ay
L L14 (1.02) 405(4.13) 4.81(4.89) 139 (145) 679 (708)
2 161 (1.69) 452(501) 534(587) 257 (3a7) 636 (653)
3 114 (1.52) 445(503) 526(589) 241 (3a9) 636 (655)
4. L&9 (1.95) 525(6a.80) a.06(7.76) 430 (1084} a5 (1054)
5. 065 (066} 455(493) 529(5.68) 182 (239) 686 (713)
. 246 (2.92) 535(6.69) 6.27(7.69) 477 (1045) 475 (136}
7. 267 (3.23) 5300(674) 6.10(7.75) 463 (1078} 476 (108)
A. L72 (210 499(6.78) 582(7.92) 1010 (358) T84 (716)
9. LE1(224) 56306.74) 6.73(7.68) 568 (1067} 795 (789)
1. 142 (1.76) 457(559) 538(6.45) 214 (449) 749 (942)
11. 228(2.74) 5270704) 6.1307.99) 450012411 765 (757)
12. 256 (341) 517(743) 6.03(8.40) 420 (1488) 756 (892)
13 146 (1.53) 448({4.91) S30(58T) 1249 (340) 635 (656)
14. 2.86 (331) 513(637) 6.04(7.35) 414 (871) 487 279)
15. 083 (0.99) 505(6.24) 5.8607.08) 333 (694) 380 (76)
16. 076 (0.76) 532(593) 6.11(6.77) 3493 (555) 448 (327)

System no.: as in Table 4.
Resulls in parentheses are according to EMTDD ichain).

observed to be conspicuously affected by certain types of additives. The works
reported in this area are limited but they demonstrate the phenomenon well.

It has been demonstrated that butanol softens the interphase formed by the
amphiphile + oil between water and oil [417], whereas cholesterol and its deriva-
tives rigidify the interphase [454] Toluene has been reported to block the passage
of transfer of the charge carriers, thus to suppress the conductance enhancement
[437]. The first detailed demonstration of the effects of additives on temperature
percolation on water—AOT-decane microemulsion system has been due to
Mukhopadhyay et al. [429]. Alkanok, cholesterol, esters of cholesterol, benzyl
aleohol and a crown ether have been used as additives. Except benzyl aleohol and
crown ether, the other additives have increased the percolation threshold (8, ). The
additives have also lowered the activation energy for percolation. The #, has been
observed to increase with the chain length of the alkanol. The authors have
supported the interdroplet exchange of charge carriers by “transient fusion fol-
lowed by fission’” mechanism suggested by the TRFQ method discussed earlier. The
rate constant for fruitful bimolecular collision in the absence of an additive has
been shown to be 0.7 = 10" M~! s~! at 303 K; the result obtained by Jada et al.
[355.356] has been 1-2 = 10" M~' s~ 1

The combined effects of butanol and cholesterol on the percolation pheno-
menon of the water—AOT-xylene microemulsion system has also been reported
[455]. Dutkiewicz et al. [437] have also reported the blocking effect of xylene, like
toluene, for charge transport during conductance. In absence of butanol and
cholesterol, the conductance increase is nominal; addition of cholesterol 14%



148 8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193

(w,/w) suppresses the conductance. By increasing the proportion of butanol and
decreasing the proportion of cholesterol, the conductance increases and the
percolation tendency becomes prominent at 308 K. The conversion of non-perco-
lating system to a percolating one by the presence of an alkanol (butanol) has been
a unique demonstration of reduction of the self-blocking effect by the aromatic
compound (xylene) like toluene.

In a subsequent study, Ray et al. [456] have investigated the effects of 29
additives (electrolytes, surfactants, and non-electrolytes) on the temperature as
well as the volume percolation of conductance of the water—AOT-heptane mi-
croemulsion system in detail. The bile salts, sodium cholate (NaC) and sodium
deoxycholate (NaDC) have evidenced diminution of both ¢ and # values,
whereas the other additives have shown no or mild enhancement of the threshold
values. Eq. (4) has been tested and the exponent, g has been evaluated. The #
values are all greater than 0.333 (required for Bottcher equation) and falling in the
range of 0.357-0.477; the lower limit has been shown by bile salts NaC and NaDC.
The values of the exponent { w) have been observed to be = 1.0, and less than the
expected value of 1.9 [456]. The unique assisting effect of the bile salts has been
explained on the basis of a special droplet fusion model by Ray et al. [447] and they
have further extended the additive effects on the microemulsion system. In this
study a demonstration of the unique effect of NaC to convert a non-percolating
water—AOT-xylene system into a percolating one has been presented. The scaling
laws of both volume and temperature percolation have been tested along with the
activation energy for percolation (E ). In Fig. 13, the effects of the bile salts NaC,
NaDC and NaDHC (sodium dehydrocholate) and other additives on the tempera-
ture percolation have been presented for a ready understanding. The additive
influenced parameters of the percolation process are presented in the Tables 6 and
7.

The sets of results presented above have again demonstrated that n- and p
values are rarely equal to the expected value of 1.9 In the presence of bile salts, p
values are on the lower side, ie. < 1.9; it &5 equal to 1.9 only in the presence of
TEAI (0.10 mol dm~), which is 1.8 without the additive, the rest are all above 1.9,

The proposed ‘fusion—fission models™ as influenced by the bile salts and aro-
matic compounds are presented in Fig. 14, Further works in this direction are
required to establish the models on a firm basis.

The temperature induced conductance—percolation of H,0-AOT-isooctane
system has been studied by Eicke et al. [457] in the presence of triblock copolymer
ABA (b-POE-b-PI-b-POE) as an additive. A thermodynamic model has been
suggested to derive the variation of the percolation temperature as a function of
the concentration ratio of copolymer and nanodroplets. The conductance—percola-
tion study has been ako presented by Meier [230] wherein the water—-AOT-isooc-
tane and water—pentaethylene glycol monododecyl ether—n-octane systems have
been employed with polyoxyethylenes of varied molecular weights. Like Eicke et al.
[457], Meier has also observed shift of the percolation threshold towards higher
temperature with increasing polymer concentration. The influence of the polymer
on the percolation phenomenon depends on polymer—surfactant interaction.



8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193 144

Table &
Effect of additives on the wemperature-induced percolation parameters for w0 microgmulsion sysiem®

Additive i H, In n

{mol dm ™) (°C) (kJ mol ")

System: water—-AOT-Hp
] 33 35 200 180 1480
NalCl0.1) LE] a0 L7 250 1451
MNaC{(L08) + 002 TEAI RE] 14 (.43 3 882
TEAIL(Q.1) LE] 430 210 1.90 379
MNaC{(L08) + TEAI {0.02) 15 19.5 -23 2738 25
TEAL(Q.10) 15 355 =575 el n2
SDS(020) LE] 335 =170 345 608
NaDHC (010} LE] 340 1.20 257 1028
Ky 1% w /win Hp LE] 430 T = 0
Xy 1% w /win Hp + NaC (010} 33 17.5 = == 867
THI1.23% w /w in Hp RE] 405 — = 532
Bi 11.37% w /w in Hp 33 405 — = 532
MNp 12.1% w/win Hp LE] 510 T = 538

System: water—AOT-Xy
MaC (050} 15 Al —353 256 147
MaC(050) + Ch (10% w fwlhin Xy 15 2000 —6.90 ERE 103
MaC(050) + Ch (14% w fw)in Xy 15 335 —4.70 am 119

*Taken from Ref. [447).
MaC, sodium cholate; Ch, cholesterol: MaDHC, sodium dehydrocholate; TEAL tetraethylammonium
indide: Xy, sylene: SDS, sodivm dodecyl sulfate; T1, toluene: Be, benzene: Np, napthalene.

Recently, Nazario et al. [458] have studied the temperature—percolation of the
water—AOT-sooctane system in the presence of linear chained alkyl aleohols and
poloxyethylene) alkyl ethers. In presence of alcohoks, a shift in percolation to a
higher temperature has been observed. The polfloxyethylene) alkyl ethers have
shown an opposite effect. The results have been interpreted in the light of a
decrease in the fluidity of the interfacial laver.

Electrolytes, i.e. salts, HCL, NaOH, guanidinium chloride, etc have been found to

Table 7
Effects of hile salts on the volume percolation parameters of waler—-AQT-heptane microemulsion
system al e = 33 and at 303 K

Additive (mol dm ™) In & u

NADC (0.18) 921 1.10
NADC (0.35) 1247 1.9
NaC (0,10} 11.76 1.83
NaC (0.18) 10.86 1.7
NaC (0.20) 10.52 1.3
NaC (0,35} 979 1.22

MaC (0.70) 1109 1.23




150 8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193

A RS S—— JE—Y
Ek_ﬂﬁfffﬁw; -'g
T
|
G-

T g

(]

.q\' (3ol

=

E 3 &
2 //.f
I v‘u/l ’#M

| R
G 0 il 30 a0 a0 G

T
Fig. 13,

retard percolation of w /0 microemulion systems; they have been observed to
decrease viscosity and capacity of water solubilization [459]. The additives like urea,
thioureas, formamide and ethvlene glycol have been observed to favor electrical
percolation phenomenon even at low temperatures with a moderate concentration
of additives. It has been suppested that the effect s related to the interfacial
association of the additives with the AOT head groups. Binding of the additives at
the interfacial layer has reduced the droplet surface curvature and helped in
promoting attractive interdroplet attraction. Amaral et al. [215] have studied
aqueous urea (3 and 5 M)-AOT-n-hexane microemulsion systems by LS and
SAXS techniques to realize preservation of particle discreteness in the region of
percolation. Preferential solubilization of urea at the interfacial region decreases
its stiffness, consequently penerating attractive interaction without formation of a
bicontinuous phase. Conductance percolation thereby occurs by virtue of clustering
of water microdroplets. Similar observations of preferential solvation of the surfac-
tant head group in water—-AOT-oil (hexane, isooctane, CCl,) by urea inducing
degree of dissociation of the head group leading to large conductance increment by
way of droplet aggregation has been subsequently reported by Florenzano and
Politi [460].

The solubilized macromolecules can even induce temperature percolation fol-
lowed by a phase separation [214] favoring extraction of the products of reactions
catalyzed by enzymes in w,/0 microemulsions, as has been reported by Pa-
padimitriou et al. [294]. The enzymes chymotrypsin and trypsin have been used in
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Fig. 13 (A} Effects of additives (NaC, NaDHC, 5D5, and TMAI on the temperature induced
percolation of H,0-AOT-heplane microemulsion at [H,0MAOT] = 33, Concentrations in mol dm ™
are given in parentheses: 1 — NaC (020 2 — NaCi0. 15k 3 — NaC (0.10); 4 — NaDHC (0.10), 5 —
SDS (020 and 6 — TMATD.10) [47). (B} Inflluence of NaC and cholesterol (Ch) on a non-percolative
system H,O-AOT-xylene al [H,OF[AOT] = 15, Concentrations in mol dm™ are given in parenthe-
sest 1 — without additive; 2 — MaClHU005)k 3 — NaC (0200 4 — 10% w /w Ch. in Xy in the presence
of MaC{050% 5 — 20% w/w Chin Xy in the presence of NaC (0.50% and & — NaC {(050) [447].

water—AQOT-kooctane and water—CT AB-butanol-isooctane w0 microemulsions,
and the percolation threshold has been observed to increase with increasing
enzyme content. The electrical charge carriers are considered immobilized in the
micro waterpool by the macromolecules to increase the threshold [461). The
bridging among the waterpools by the macromolecules can be another reasoning
for the increased percolation threshold [462-465].

8.5.0. Pressure induced percolation of conductance

In volume percolation of conductance, at a constant amphiphile—oil level, the
droplet size increases with addition of water which by the process of diffusion
results in association and fusion, creating wider channels for efficient transfer of
charges. An efficient percolating system then shows a rapid rise in conductance
within a narrow width of ¢ A similar explanation s alko tenable for viscosity
percolation. Effectively it is the association tendency of the droplets that initiates
the percolation process causing changes in physical properties, ie. conductance,
viscosity and permittivity. At a constant composition (i.e. a fixed number of
droplets) this dyvnamic percolation i augmented by the increased droplet motion
leading to fusion if the droplet density is appropriate.
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Fig. 14, Dynamics of events in percolation: fusion-fission process for mass wransfer. (A) Without
additive; (B) in the presence of bile salt (NaC), favored mass transfer or percolation: and (C) in the
presence of an aromalic compound, ele, unfavored mass ransler o pereolation [456].

At a constant composition, besides thermal energization at constant pressure,
P =1 bar that creates chances for droplet association, the process can also be
initiated by changing pressure at a constant composition and at constant tempera-
ture. The droplet density required for pressure percolation can be different
(normally lower) than that required for temperature percolation.

The effect of pressure on bicontinuous microemulsion formed with dode-
cyldimethyl ammonium bromide (DD AB)—water—super critical propane have shown
conspicuous phase behavior due to pressure [466] At pressures between 80-400
bar an ‘antipercolation® behavior, i.e. decrease in conductance of three orders of
magnitude has been observed; inter connecting channels in the bicontinuous
microemulsion has been anticipated to breakdown into dispersed droplets. Compa-
rable temperature and pressure effects on microemulsion has been witnessed;
pairwise droplet attraction increases without affecting the droplet dimension [467].
The droplet size invariability has also been supported by other studies [468]. The
SANS measurements of particle dimension as a function of pressure for the
water—AOT—oil system have revealed strong interparticle interaction producing
aggregates with almost unchanged particle size [469,470].

The work of Boned et al. [471] on the percolation of conductance and viscosity of
water—-AOT—-undecane and glycerol-AOT-isooctane is of fundamental impor-
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tance. They have varied pressure up to 1000 bar. The curves  vs. P and o vs. P
at constant « and T, respectively, as well as n vs. ¢ and o vs. ¢ at constant P and
T, respectively, have been analyzed in the light of percolation theory. For the
water—AOT-undecane system, the percolation threshold, ¢, has decreased with P
which suggests increasing attractive interparticle interaction. For the
glycerol-AOT-isooctane system, ¢, has varied insignificantly with P. The expo-
nents of the scaling equations are 2 and — 1.2 above and below ¢, irrespective of
P. The forms of scaling equations considered are:

o=C(Pa(PAKPHP, - P)" forP> P, + &

; 18
a=C(Pa(PIK(PWP-P) "for P<P, - &' ol

In Eq. (18), €, and C, are prefactors, o, and o, are conductances of the
dispersed phase, F, is the threshold pressure, K is the pressure derivative of &,
and (&P + &'FP) is the ‘cross-over regime’ or the transitional interval which is of
the order of (o, /o, )'/'***. The other terms have their usual significance. Similar
forms of Eq. (18) are also obeyed by viscosity, w of microemukion. It is a
noteworthy point that the analysis of variations of o as stated above is simple if K
is independent of P, and if oy, o, €, and C, are also independent of P which is
generally not so. If independent or the effects are negligible, then Ino = f(Iln|P -
2.

The effect of pressure on the percolation phenomenon studied by Boned et al.
[471] is not simple and further research is required. There has been limited study in
this field and it obviously demands thorough and elaborate investigations for a
number of systems of varied compositions and types.

To complete the discussion on the conductance of microemulsions, the behaviors
of o/w systems need to be mentioned. This area has been little explored [472,473].
There is only one detailed study made by Bisal et al. [79] on 16 quaternary
microemukion systems using Tween 20 and TX 100 as surfactants; butanol, hexanol
and hexylamine as cosurfactants and hexane, heptane, decane, xvlene and toluene
as oils. The conductance behavior has been analyzed in the light of the EMT
equations of Bruggeman [411], Bittcher [449] and Maxwell [474]. The Bruggeman
equation provides the best fit. The hydration extent of the surfactant coated oil
droplets has been estimated and found to depend on the types of surfactant and
cosurfactant used. Since o /w microemulsion systems do not manifest percolation,
it is beyond the scope of this review to make an elaborate presentation of their
non-percolating conductance behaviors,

8.5.7. Thermodynamics of droplet clustering during percolation

It is considered that dispersed water droplets cluster during percolation by
attractive interaction. In the clusters the droplets may even Keep individual
identities, in fact formation of bicontinuous structure may also result. The droplet
clustering without coalescence has been established for AOT derived w/0 mi-
croemulsions, and study of the energetics of the droplet clustering in them should
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be worthwhile. Three important studies in this direction have recently appeared in
literature [431.456,475]. Ray et al. [456] and Moulik et al. [475] have studied the
water—AOT-heptane microemulsion system at different w values for the tempera-
ture induced percolation process. They have considered the clustered state of
droplets to be in a different phase (a pseudophase like surfactant micelles). The
study of Gibbs free energy of cluster formation (AGY) has been obtained by the
relation,

AGY = RT In X, (19)

where X is the mole fraction of the microdroplets corresponding to ¢, at constant
w. The enthalpy of clustering ( AH() has followed from the relation,

d(AGY) - AHY

- 2 ] Eﬂj
dT T :
and the entropy of clustering has been obtained by the Gibbs formulation,
ASY = (AHS — AG)/T. (21)

The thermodynamic parameters are in their standard states with ideal mixing of
their components.

In the experimental design, dependence of the conductance of the microemul-
sion on ¢ (volume fraction of the dispersed phase) at a constant w and tempera-
ture has been measured, and the experiment has been done at several tempera-
tures. The estimation of ¢, has given AG) /T, and the slope of the AG) vs. T plot
has produced AH). The thermodynamic parameters for droplet clustering are
presented in Table 8.

The results reveal that clustering is favored with increasing temperature; the
process is also more spontaneous with increasing w.

The AH) values are all positive and also the AS) values; both of them increase
with increasing w. The removal of the oil barrier surrounding the droplets and
association of droplets are the two major processes in the percolation phenomenon
of which the first is endothermic and contributes significantly compared with the
second, making the overall process endothermic. The resultant, entropy is again
positive owing to the major contribution of the former process associated with
disorder. AH} and AS] compensate each other with a compensation temperature
of 347 K vis a vis the experimental temperature of 303 K. AH obtained
calorimetrically (the only report so far) are presented in parenthesis in column 4 of
Table 8. They are comparable with those obtained by the application of
Gibbs—Helmholtz equation at lower w-values. The former AH) (calorimetric)
values are more accurate than the latter; the wide divergence at higher w-values is
noteworthy.

NaC and Na(l have made the clustering process (at @ = 40) more spontaneous;
enthalpy and entropy wise they are different without an additive (also at w = 40).
Alexandridis et al. [431] have made a similar thermodynamic study in detail on
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Tahle 8
a-Dependent energetic parameters of clustering of waler droplets in water— AQT-heplane microemul-
sion system al different lemperatures”

w T —-aG," amt As)
(K) (k) mol ") k] mol™ ") kI mol” ")

10 I 13.6
308 14.0 163 (5407 a8
313 14.6

20 3 16.0
308 17.6 20470 191
313 18.0

30 1K) 17.8
308 19.6 770 (74P 36
313 210

40 R1IL) 19.3
308 20.6 Q33 (1174 1
33 211

4f 308 271 36 (12337 204
3z 20,1

4 308 21.8 818 (155.2)" 336
313 238

"Results ken from Rel. [475].

"WValues in parentheses are by calorimelric measurements.,
SAL DS mol dm™* NaC.

SALDOT mol dm~* NACI,

water—AOT-alkane systems with respect to droplet size and concentration. AG),
AHY and AS!} values obtained are of the same order and magnitude as obtained
by Ray et al. [456] and Moulik and Ray [475]. The deformation of the surfactant
monolayers upon droplet clustering, and the barrier of the activation energy for ion
transport and for water through the interface and the apolar continuum are
considered reasons for the observed unfavorable clustering enthalpy. The free
volume dissimilarity between the surfactant, taill or oil has been considered to
manifest positive entropy. Similar to micellization, interdroplet interaction is con-
sidered to be entropic in origin. Endothermic and entropically driven clustering
processes of the water—-AOT-isooctane microemulsion system has been ako re-
ported by Nazario et al. [458].

Alexandridis et al. [431] have also comprehensively presented the other ap-
proaches in realizing the energy parameters for droplet clustering. Interfacial
deformation, fusion and mass exchange models have been considered by different
workers to rationalize the results. The concept of the activation barrier for the
jump or exchange of charge carriers has been analyzed in the light of an Arrhenius
type equation [430,454].

Activation energy has also been estimated by van Dijk et al. [476] from dielectric
permittivity measurements. The clustering energetics have been again estimated
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from viscosity and SAXS measurements [477-479] All these results are of compa-
rable order although based on specific but different assumptions.

The thermodynamics of clustering and the pseudophase existence of the aggre-
gates envisioned by Ray et al. [456], Moulik and Ray [475] and Alexandridis et al.
[430] is a more general framework to interpret the dynamic percolation pheno-
menon. By using the TRFQ method Johannson et al. [391] have estimated the
activation energy for droplet fusion at different w. Fletcher et al [480] have
derived the activation energy for droplet coalescence and solubilizate exchange by
the stop-flow technique for a quaternary microemulsion system. The energy
parameters have suggested the ternary AOT microemulsions to be more ordered.
Further studies in this direction are needed for generalization of the thermody-
namics of the percolation phenomenon.

8.6, Viscosity of microemudsions

In Section 3, viscosity derived structural information of microemulsions were
briefly presented. An overall elaboration will be made in this section.

Among the fundamental physicochemical studies on colloidal dispersions, mea-
surements of viscosity is of significant importance. It can provide first hand
information on the internal consistency of the colloidal dispersions, as well as
furnish knowledge on the overall geometry of the particles of the dispersed phase.
The reported results from our laboratory and by others on the viscous behaviors of
microemulsions have revealed variable features; both a rise and fall, as well as a
viscosity maximum have been observed depending on the composition and environ-
mental variations [26,27,29,33,481-488].

Since this transport property is a broad base, a comprehensive discussion in
relation to other physical studies is presented.

8.6.4. Viscosity and microemulsion structure

Ekwall et al [37] have made a fairly detailed investigation on binary
({AOT-xvlene) and ternary (water—-AOT-xvlene) svstems adopting viscosity and
other physical methods. The size and shape of micelles of reversed type have been
found to depend on the amount of solubilized water, as evidenced from the
measurements of intrinsic viscosity. The structure and properties of charped o /w
microemulsions made up from a zwitterionic surfactant and hydrocarbon (which
becomes charged upon the addition of either cationic or anionic surfactant) has
been studied by Gradzielski and Hoffmann [85] The systems have been character-
ized by means of light scattering, SANS, interfacial tension, conductivity and
viscosity measurements. The light scattering results were corroborated by viscosity
measurements as a function of concentration as opposed to the volume fraction of
the ‘dry’ microemulsion aggregates. The microemulsions were shown to be com-
posed of spherical aggregates consisting anisotropic particles and this observation
was found to be in good agreement with the theoretical predictions for the viscosity
of systems composed of spherical particles [489] The difference in the values of
relative viscosity, 7, (between cationic and anionic systems) has been explained on
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the basis of a higher effective volume fraction for an anionic system, ie. a
significantly larger effective hydration shell of the particles. As a result, the
scattering properties of the anionic microemulsions were different from that of the
cationic microemulsions. It has been found for the AOT-decane system that
addition of NaCl decreases the relative viscosity of the solutions inducing a
spherical peometrical form to the micelles [490). The aggregation and shape of
AOT micelles in n-hydrocarbons, benzene, toluene, carbon tetrachloride, dibro-
moethylene, feri-amyl alcohol and methanol were studied by ultracentrifugation,
light scattering and viscometric techniques [491]. No micelle formation was ob-
tained in methanol; the smallest micelle formation was observed in feri-amyl
alcohol (micellar weight 2500). The AOT micelles essentially appeared to be
monodisperse and slightly asymmetric in shape. The electrolvtes, ie. salts, HCI,
NaOH, guanidium chloride, decreased both viscosity and water solubilization
capacity of microemulsions. The cations associated at the water—oil interface,
increased the natural negative curvature of the surfactant and hindered the
exchange of materials between droplets by way of increasing the interfacial rigidity
and decreasing mutual droplet interaction energy.

Rakshit et al. [402403] studied the viscosity of the water—SDS-propanol-
cyclohexane microemulsion system in the presence of NaCl along the single phase
region at constant weight percent of the amphiphile. The rise in the viscosity with
water addition has been ascribed to the increasing diameter of water filled conduits
in the bicontinuous structure. The peak point in the viscosity—[water] profile
denotes transition point of the w/o system to the o/w type. They have also
reported that the viscosity of water—Brij 35-heptane or nonane microemulsion
systems increases with the introduction of salinity. The heptane containing system
has witnessed a larger increase as compared with the nonane system at all
compositions, which means that the hydrophobicity of the system controls the
functioning of NaCl. A similar effect has been observed in the cloud point studies;
the same concentration of NaCl lowers the cloud point of a nonane derived
microemukion to a much lesser extent than a heptane system. The existence of the
antagonistic effect of salinity and alkane chain length of the hydrocarbons has been
envisaged. Similar conclusions were arrived at by Shah et al. [492]. Further reports
on the viscosity of mixed alkane (heptane + nonane) microemulsions were due to
Ajith et al. [189] indicating that the systems retain their bicontinuous structure as
in pure alkane systems. Recently Joshi et al. [222] reported that the viscosity of the
PEG 400 containing microemulsion system (water—CT AB-1-propanol-cyclohe-
xane) is higher than those without PEG, and computed the activation enthalpy of
the viscous flow using the Frenkel-Erying equation. The microemukions exhibiting
Newtonian viscosity behaviors and normal trends with component composition
have also been reported from the laboratory of Rakshit [190.191]. According to
Santhanalakshmi and Paramesari [158], a gradual increase of viscosity, conductivity
and surface tension in the range of 0—-20% (w/w) water content suggest that the
dispersed phase, in all probability, is present in the form of droplets in
water—TX100-n-alkanol-CCl, microemulsion systems. They have interpreted their
results considering clustering of water droplets (with TX100 as the non-ionic
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surfactant) by the formation of a mixed monomolecular layer of surfactant—cosur-
factant couple.

The structure and properties of cationic surfactant derived microemulsions are
little reported. Chen et al. [186] have reported partial phase diagram, conductivity
and viscosity behaviors of cationic microemulsions formed from didodecyldimethyl
ammonium bromide (DDAB) in different alkanes (ie. C,;, C; C, C; and C,)
with water. In the single phase region, the microemulsions were conducting at low
water content and exhibited increased conductivity with increasing presence of
water. A parallel viscosity behavior was also observed. At very high water content,
the monophasic system becomes a rigid gel. A high and systematic degree of oil
specificity was observed. The results were found to be consistent with simple
pictures of microemulsion structure based on geometrical considerations. Langevin
et al. [483] made a structural study of Winsor microemulsions formed with cationic
surfactants (DDAB and CTARB) in comparison with earlier studies with anionic
surfactants (SDS), and sodium hexedecyl benzene sulfonate (SHBS). They have
explored the systems by way of composition analysis, structural analysis from
viscosity measurements and quantitative structural characterization from SAXS
experiments. It has been shown that the viscosity behaviors of the Winsor mi-
croemulsions can be correlated in terms of the Krieger formula [493], where a
packing volume fraction has been taken into consideration. Inference on the
bicontinuous microemulsion structure can be achieved by this approach. Bennett et
al. [494] have observed two peaks in viscosity with increasing salinity, implying the
existence of at least three microstructural regions: one before, one after and the
other in between two peaks. According to them the maxima are indicative of the
transition from a mono- to a bicontinuous structure. If the microstructure is
observed as in liquid crystals, or is relatively difficult to break, as in gels, then the
viscosity is expected to increase with increasing bicontinuity. The understanding of
structural consistences in microemulsions has also been attempted from viscosity
measurements by others [436,495496]. The regular solution behavior has been
observed for some systems, and some have shown specific behaviors.

The methods of steady state [252-255,497] and transient fluorescence depolar-
ization [256,498] have been used to probe the microviscosity of reverse micelles,
especially with AOT as the amphiphile. Very recently, Hasegawa et al. [259,260,499]
have reported estimation of the microviscosity of the waterpool in the AOT reverse
micelles as a function of w(= [H,0]/[AOT]) by using a viscosity sensitive fluores-
cence probe (Auramino O, AuQ). They have found that the waterpool is highly
viscous in lower region of @ below 10, and then gradually decreases until the
micellar solution becomes turbid above @ = 50. But in the higher w region, the
microviscosity is considerably higher than the viscosity of ordinary (bulk) water.
This has indicated that the solubilized water molecules are highly bound to the
polar head groups of AOT. These results corroborate the results obtained with
fluorescence depolarization studies with a cationic dve, rhodamine B. The fluores-
cence depolarization of xanthene dyes with different ionic characters demonstrates
the heterogeneous nature of the waterpool. To obtain a more detailed picture of
the static structure of AOT reverse micelles, the effects of temperature, am-
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phiphile concentration, solvent and counterion on the micro-waterpool viscosity
have been also examined. The dynamic fluctuation occuring near the vicinity of the
phase separation in the cooling process of the microemulsion has been demon-
strated by fluorescence depolarization measurements.

The surfactant sodium bis (2-ethylhexyl) phosphate (NaDHEP) in benzene and
n-heptane can form crystallites, which with addition of water transform into reverse
micelles [S00]. This behavior has been corroborated by viscosity, DLS and other
measurements. The crystallite formation takes place at w < 3. The study has
shown that for this surfactant NaDHEP, a certain amount of water is required for
reverse micelle formation otherwise crystalline rods are formed.

8.6.2. Non-Newtonian flow behaviors of microemulsions

Normally, the Winsor I and 11 microemulsion systems are low viscosity, Newto-
nian fluids. The Winsor III or the bicontinuous formulations may frequently
exhibit non-Newtonian flow behavior and plasticity. Their flow under low and high
shears may show distinct and specific features. Like all other fluids, rheology of
non-Newtonian systems is complex and the microemulsions in this regard are no
exceptions.

It has been reported that the problem of rheological behavior is a complex one
and depending on the systems and experimental conditions, both Newtonian and
non-Newtonian behaviors may arise. For example, Papaioannou et al. [501] observ-
ing variations of viscosity of quaternary systems as a function of their salt content,
have reported a non-Newtonian behavior in favorable conditions. The same obser-
vation has been also made by Davis et al [502] for microemukions with equal
water and oil contents. Recently, Hackett and Miller [503] have observed
Newtonian behavior.

Chen and Warr [504] have investigated the flow of ternary microemulsions
composed of water-DDAB-dodecane under shear in both cuvette and capillary
viscometers, with an aim to study the relationship between structure and flow
compositions and found it to be Newtonian up to very high shear rates (~ 3000
57!} although some indirect evidence for elasticity has been inferred from capillary
viscometry. The densities and viscosities of AOT in heptane containing light and
heavy water, as a function of the molar ratio (@ = [H,0]/[AOT] or [D, 0l /[AOT])
have been measured at different temperatures (0, 5, 25 and 40°C) by D’Aprano et
al. [505) The difference in apparent molar volumes and viscosities have been
explained in terms of the strength of the hydrogen bonding of H,O and D,0O, and
the intermicellar interactions mainly governed by the hydration of the head groups
of AOT.

Recently, Berg et al. [506] have investigated the effects of droplet clustering on
the shear viscosity by comparing the apparent viscosity of water—AOT-decane
microemulsions flowing through thin membrane filters with well-defined pore sizes,
with the viscosity measured in standard glass capillary viscometers. The apparent
viscosity of microemulsions in pores differed from the viscosity measured in the
capillary viscometer by less than 8—-40% depending on the diameter of the pores.
These differences are estimates of two effects: adsorption of droplets on the pore
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wall and enhanced flow of suspensions near the wall. The absence of larger
finite-size effects implies that clustering of droplets on the length scales of (.1 pm
or larger does not contribute substantially to the microemulsion viscosity.

Very recently, Mitra et al. [507] have observed that cinnamic alcohol can be a
good cosurfactant and can itself behave like an oil, forming stable microemulsions
with AQOT. The vegetable oils, i.e. saffola, ricebran, sesame have been emploved for
the microemulsion preparation and their phase behaviors and flow properties have
been studied. The shear viscosity method was used for overall understanding of the
internal structure of microemukions falling preferentially on the water side in the
ternary phase diagrams. The viscosity has been observed to decrease with increas-
ing shear rate (D) and levelled off at D = 1620 s=! for sesame and saffola,
whereas for ricebran oil, increases in viscosity with shear rate have been observed
which also levelled off at D = 1620 s~!. The deformation of the dispersed entities
under the shearing force has been envisaged. Later Ray and Moulik [508] have
extended this study by using alkanols with carbon numbers 5-10 as oils and AOT
as the amphiphile to generate microemulsions, and investigated their viscosity,
conductance and thermodynamic behaviors. A fairly large region of the ternary
phase diagrams, towards the higher amphiphile level, has been found to be quite
viscous and obviously non-Newtonian in behavior. It has been reported that the
viscosity increase with shear rate is more or less monotonic for w/0 type (Winsor
IT), whereas it reaches a plateau for the bicontinuous type (Winsor 1II), as shown in
Fig. 15.

The increase in viscosity with shear rate has supported the deformation of
particle peometry and/or entanglement of the labile portions of the dispersed

-— T —a Mg 5y
R o S,
— ; \Oq_‘\h T T A5
gvoo-he _hﬁ——--—uu—a 15
i \g\sx e—HAg 5y
: ] ﬁ-—_._&
L=} | _'—--G—hssz
a I T = oAy
T L} .
= @ B A5y
c —& = e ——t—hy 53
-3 -0 g - o ety by Sa |
_1 AT,
Al I ) : ]
1000 2000 GO0
D/ Sec”

Fig. 15 Dependence of the viscosity of microemulsions with rate of shear at 303 K. Alkanol numbers
are shown in tile curve, wi% composilions of waler—AOT—alkanol: 8, 5:15:80; and §,, 30:3535 [508].
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entities in the solution. The effect has intensified in the presence of a greater
proportion of AOT in the preparation. The tails of AOT molecules present in the
droplets of the reverse micelles have undergone mutual penetration forming linked
microentities, and helped to maximize the viscosity making it independent of shear
afterward. The element of particle deformation has operated in conjunction with
the interparticle interaction effect. The samples studied have behaved like
Bingham liquids, the property exhibited by many colloidal systems [509]. Those
with a greater proportion of water have manifested less plasticity than the bicontin-
uous preparations. Kotlarchyk et al. [510] have investigated SAXS, dielectric
relaxation, shear viscosity and DLS of dense water—AOT-decane microemulsions
in order to substantiate the observed phase transitions, and further understanding
of the structural and dynamic properties of an isotropic Li-phase at a low
temperature consisting of randomly connected lamellar sheets. They have wit-
nessed the L;-phase to exhibit Newtonian behavior up to a shear rate of 790 s~ in
contradiction to previous theoretical conclusions. The AOT-heptane—aqueous
solution of polymers (i.e. polyethylene glyecol, carboxymethyl cellulose, gelatin,
starch, polyacrylamide) containing systems, studied by Kar and Moulik [30], have
been found to be considerably viscous and non-Newtonian towards the higher
amphiphile region. Application of shear has caused both thinning and thickening.
In the viscous dispersion, the dispersed particles remain associated with the
solvent, application of shear may desolvate them causing a thickening effect.
Breakdown of chain tvpe aggregates and orientation of stick like entities along the
direction of shear may also cause a reduction in viscosity in pseudoplastic prepara-
tions. The systems studied by Kar and Moulik [30] were to some extent pseudoplas-
tic. The increased viscosity with shear has suggested forced apgregation, deforma-
tion, as well as network formation in the system. John and Rakshit [192], from
viscosity measurements of water—5SDS-mixed alkanols (binary mixture ), have high-
lighted the non-ideal behavior of mixing.

Sierra and Rodenas [199] have studied the rheology of the L-phase of the ternary
system of water—SDS—poly(propylene glycol). At a shear stress > 20-60 s™', the
samples have shown Newtonian behavior. Under this condition, the viscosity has
increased with polymer concentration similar to the water—CTAB-PPG system
[392]. The viscosity relative to the polymer solution at constant [SDS] has shown a
decreasing trend with increasing polymer content which for the water—CTAB-PPG
system has remained constant.

The first report on the rheological properties of inverse microlattices prepared
by polymerization in non-ionic microemulsions was due to Candau et al [511]
These microlattices consisted of sterically stabilized particles (diameter < 130 nm)
of polvacrylamide and polymethylacrylate of trimethylaminoethyl chloride, swollen
by high water contents ( = 50% water + 50% polymer) and dispersed in organic
medium. The rheological behaviors of these materials followed quite closely that
expected for hard-sphere suspensions, The data for the dependence of the high and
low-shear limiting viscosities on volume fraction fitted the Krieger—Dougherty
equation well [512]. But the dependence of the viscosity vs. the shear stress
inferred that the microlattices are Newtonian in behavior extending up to a volume
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fraction of approx. 50% in contrast to the limit of approx. 25% reported for
conventional lattices. This difference has been accounted for by the partition of the
disperse phase into polymer particles and small surfactant micelles.

8.6.3. Viscosity in relation to percolation of microemulsions

The phenomenon of percolation in microemulsion essentially involves droplet
association (ie. clustering) and fusion. It must, therefore, have a direct influence
on the internal structure and hence viscosity.

A number of elaborate studies on the viscosity of both aqueous and non-aqueous
(i.e. glvcerol) microemulsions have been made in connection with the phenomenon
of phase transition using AOT as the amphiphile, and isooctane, dodecane,
undecane and cyclohexane as oils [220.436,495496,513,514]. The influences of the
volume fraction, ¢, of the dispersed matter, the water (or glycerol)-amphiphile
molar ratio, e, temperature, salt content in the water and the nature of oil on the
viscosity have been thoroughly examined. It has been concluded from the results
that it is essential at first to identify the percolating and non-percolating nature of
the studied systems. For a percolating system, the position of the maximum or the
minimum (that may appear on the experimental curve) needs to be identified in
relation to the *percolation threshold’. If this has not been identified it is then
essential to perform the measurements at a constant interaction level; otherwise
false conclusions on the nature of structural changes will be drawn [513]. Eicke et
al. [515] for the first time observed a pronounced similarity in the behavior of the
self-diffusion coefficient, specific conductivity and viscosity of water—-AOT-isooc-
tane microemulsions. The results from dynamic and static experiments are consis-
tent with a network structure model of microphases in the percolation range in
which the droplets retain their discrete character. The temperature dependence of
viscosity (increase of viscosity with temperature) is attributed to the increase in
clustering of the droplets and subsequent network assembly supported by the
electrooptic Kerr effect and DLS measurements [516] They have further investi-
gated [69] the structural inversion of the w/0 microemulion to the o/w type
without any phase separation from the study of conductivity, viscosity and elec-
trooptical Kerr effect, and confirmed the presence of two percolation processes for
the water—-AOT-decane system. The structural inversion takes place in two stages;
with increasing oil content, the water-continuous microemulsion transforms into
the bicontinuous form at roughly 20% (w/w) of oil (oil percolation threshold), and
then at roughly 80% (w /w) of oil (water percolation threshold) the bicontinuous
form transforms into the oil-continuous structure.

Like conductance, viscosity may also follow scaling type equations [513,514].

n=Ald~- )" ifd>d + 8/ (22)
n=Bld. - )" ifd< . + 8 (23)

where ¢ is the volume fraction of the dispersed matter (water and amphiphile), ¢_,
is the percolation threshold, A and B are prefactors (cf. Eq. (18)), and g’ and s’
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are scaling exponents. By stepwise elimination of the experimental point closest to
.. until two straight lines are obtained in the two regimes (¢ < ¢, and & > &)
for the log,, n= fllog,, |d — &.]) curve, the crossover regime &, and &, is
obtained [514]. The width of crossover regime increases, when w decreases.
WVariation of viscosity with volume fraction (¢) at constant w, and with @ at
constant ¢ at constant temperature for the percolating system are depicted in Fig
16A.B.

The average values of p' and s are 2.0 and 1.20, respectively; these values are
fairly near to the p and s values 194 and 1.20, respectively [514], obtained for
conductivity percolation. The s value corresponds to the dynamic value of 0.7
obtained for static percolation. The scaling equations are much more favorable in
waterless (i.e. with glycerol) microemuksions because n,, == n,, ... For example
with isooctane, My, .cane/ Melycerl = 3 % 10~" at 25°C and is even smaller at lower
temperatures. The water—AOT—oil and glycerol-AOT—oil microemulsions behave
in a broadly similar way provided that the conditions of application of dynamic
percolation laws are satisfied. The percolation of conductivity is more clearly
observed for the conductivity of water = the conductivity of oil, but as ., is
not sufficiently different from =, parallel manifestation of percolation of viscosity
like conductance does not occur. Microemulsions produced by the dispersion of
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polar and viscous non-aqueous solvents like glycerol and the low molecular weight
polvethylene glycols, have the ability to show percolation of viscosity.

According to Chen and Huang [517], droplets of AOT dispersions exhibit an
isothermal liquid glass transition at volume fraction, ¢, = 0.65; the droplets are
thus a randomly packed but close hard-sphere system [SISI The viscosity of such
dispersions (for example D,0-AOT-decane) can be fitted to a scaling type
equation,

n=nll-d/d¢,) ", (24)

where n, is the viscosity of the continuous medium (ie. oil) and o is a constant
= 2. This & in accordance with the mode-mode coupling theory of density
fluctuations [519].

The increase in microemulsion viscosity with temperature, essentially for AOT
derived systems, has been attributed to the phenomenon of percolation [495], but
this needs further justification although droplet aggregation (clustering in random
as well as a regular manner) may significantly add to the increase in viscosity of
microemulsions.

Very recently, D’Aprano et al. [520] have compared the viscosity and the
electrical conductance as a function of & and have indicated that the process of
momentum and charge transfer (even if related to the droplet cluster formation)
are different. They have given evidence in favor of a viscoelastic phenomenon
[521].

The dependence of the viscosities of waterless microemulsions (ie.
formamide-AOT-kooctane, ethylene glyveol-AOT-isooctane and dimethyl for-
mamide AQT-isooctane) on w, ratio of [AOT] and [water] in the percolation range
of conductance is presented in Fig. 17 [522].

The results suggest that clustering induced viscosity increase occurs for the
systems (as mentioned earlier) at low w. In terms of conductance, the phenomenon
occurs at higher threshold volume fraction (&)) this cannot be induced by
temperature. Although the low ¢; in the viscosity profile and high &; in the
conductance profile are non-corroborative, the results have suggested the possibil-
ity of structure formation in a waterless microemulsion.

Mukhopadhyay et al. [484] have studied the viscosity of w/0 microemulsion
(water—AOT-decane) as a function of temperature in the percolation range in the
presence of a pood number of additives. A maximum in viscosity at a temperature
of 40°C was observed in absence of the additives, which shifted towards a higher
temperature in the presence of additives. A similar viscosity phenomenon was also
reported by Borkovec et al. [69] They suggested the rise in viscosity in the first step
was as a result of percolation; but the decrease in viscosity in the second stage
occurred as a result of the change in the overall droplet shape. The non-linear
course of log 5 vs. T°' plot has suggested progressive change in the activation
energy for the viscous flow. The cluster formation and the change of its shape with
temperature have contributed to the viscosity changes of the system.
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Fig. 17. The viscosity elficient (g} va ¢ profiles for three microemuolsion forming systems at 303 K:
(1 FA-AQT—-0cal w = 144 (2} EG-AOQT—-0Oc at w = 1.85; and (3 DMF-AOQT—-0Oc al w = 2.03
[522].

8.0.4. Viscosity—conductance interdependence

In terms of normal understanding, the conductance of a well defined and less
complex system shows inverse dependence on viscosity. For electrolyte solutions in
media of variable viscosity this has been found to be so, and the rule of Walden
{(Walden product, i.e. An = constant, where A is the equivalent conductance of the
electrolyte solution) has been observed to be more or less valid.

In a microemulsion medium this rule has been found to be very often violated,
especially at the stage of percolation. Although conductance of microemulsion
systems increases slowly or very rapidly either by increasing the volume fraction of
the polar dispersed solvent (essentially water) at a constant temperature or the
temperature at a constant composition, the corresponding viscosity may increase or
decrease and it can pass through both maximum and minimum [26,27,29,
33,69,186,484]. It has also been reported that the maximum in viscosity, with
respect to the volume fraction of the dispersed phase., may be independent of the
type of alkanes used as oil, and it can depend on the temperature at the time of
measurement [220]. The mean radius of the dispersed droplets may have a
reasonable infuence in this regard, but it is difficult to explain the appearance of a
sharp peak in the viscosity—volume fraction curve.

The formation of aggregates or infinite clusters of dispersed droplets providing
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channels for enhanced ion conductance by either “hopping’ or a ‘transient fusion
and mass exchange’ mechanism manifesting percolation, should result in increased
viscosity (i.e. viscosity percolation). Paul and Moulik [33] have elaborately studied
viscosity and conductance of biological microemulsions consisting of
water—AOT-hexylene—saffola and have shown serious invalidity of the Walden
product, An = constant as mentioned earlier. This observation advocates complex-
ity in the internal structural state of the studied w /o microemulsions. At a
constant composition, increased temperature results in increased collision among
the droplets providing greater scope for mass exchange Le. temperature percola-
tion of conductance; the process may not produce an onward increase in viscosity
of the system (in fact increased temperature normally has a declining effect on
solution viscosity). This finding may suggest weak dependence of membrane
conductance on membrane viscosity; it is the channels that carry charges (ions)
across it which are important. A porous dispersed body can favorably allow
transport of ions (matter) through its water-filled pores. The increased viscosity
imparted in the solution by the presence of the porous body may thus have an
insignificant influence on the ion conductance in the solution. A word of caution is
relevant at this point regarding the thermodynamic validity of the Walden product.
According to the Curie-Pregogine principle of irreversible thermodynamics [523],
forces and fluxes of different elements of symmetry should not couple. This
seriously restricts coupling of A with n, the product is thus essentially extrathermo-
dynamic.

8.6.5. Testing viscosity equations

A good number of attempts to rationalize viscosity—concentration dependence of
solutions in terms of empirical and semiempirical equations exist; for dilute
non-interacting dispersions exact equations exist. Microemulsions are complex in
nature, processing of viscosity data in the light of an unique approach is not
expected. The reports in this direction are scanty. A brief discussion on the
usefulness of viscosity relations for dilute and concentrated dispersions is, there-
fore, worthwhile. Since the rheological problems of microemulions are by no
means simple, attempts have been made to treat the experimental results using
different fitting procedures with the help of adjustable interaction parameters.
Baker et al. [524] and Tadros [525] have used the Mooney equation on the
microemulsion system of water—NaDBS—-hexanol-xvlene,

ag
T?:=EKP"1_k$s (25)

where 7, is the relative viscosity, ¢ is the volume fraction of water, and a and &
are constants (a, is related to intrinsic viscosity of the dispersion and & is the
so-called ‘crowding factor” which takes into account interparticle interactions
recommended for colloidal dispersions).

The measured viscosity results have shown the behavior normally encountered
with concentrated dispersions, n, increasing exponentially with ¢y , and [NaDBS];
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the hydrodynamic volume of the dispersed droplets has thus continuously in-
creased. This has been attributed to the increase in the ratio of the surfactant layer
thickness to the droplet core radius with increased [NaDBS] in the system suggest-
ing increased solvation of the microemulsion droplets.

The Mooney equation is of the same form as the equation of Vand [526],

v
In n, - 0d° (26)
where » is the particle shape factor and @ is the interparticle interaction
parameter. An equation of the same form differing only so far as in setting the
interaction parameter Q in terms of two adjustable constants § and K' (0 = SK')
has been used by Robinson [527] for colloidal dispersions.

The viscosity of Winsor microemulsions prepared with cationic surfactants
(CTAB and DTAB) and anionic surfactant (SDS), cosurfactant (butanol) and
dodecane as the oil when tested as a function of salinity has been observed to pass
through a broad maximum [483]. The viscosity can be related to their structural
evolution by the Krieger formula [493,512]

d} -172
-lma=] 27
n, [ d}] (27

™

where ¢, is the packing volume fraction and other terms have their usual
significance. The value of ¢, = 0.75 for compact cubic arrangements of spheres
and = (.65 for a random arrangement of spheres. For the bicontinuous structure
the following relation has been used.

T = mq d}aq + T‘crrg d}mg!‘ (23}

where n,, and n,,, are the viscosities of the excess phases.

The packing fraction ¢ has been revealed from viscosity measurements to pass
trough a maximum with wt.% of NaCl (or salinity) [483], the onset of droplet
coalescence (¢, = 1) has been observed. For Winsor I and 11, peaks in viscosity are
not observed due to non-aggregation of the droplets by poor attractive interaction
among the droplets. A pood reason for coalescence, i.e. attractive interaction (the
van der Waals force) increases with droplet sizes [528,529] in the Winsor 111 region.

Recently, Ajith et al. [191] have reported the use of Frenkel-Erying viscosity
equation to calculate activation enthalpy of viscous flow for mixed surfactant
microemulsion systems (Brij 35 + SDS)-1-propanol-heptane—water and (Brij 35
+ Tween 20)-1-propanol-heptanol-water and the values are higher for the more
viscous o/w systems. The free energy of solubilization of oil in water has been
found to be a function of surfactant composition and the enthalpy is more or less
independent of composition.

Detailed viscometric investigations on aqueous and waterless microemulsions
using hexane, heptane, octane, isooctane, decane, cyclohexane, xylene and toluene
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as oils and AOT as an amphiphile have been made by Ray and Moulik [522] and
Ray et al. [530]. For the preparation of waterless microemulsions the polar
solvents, i.e. formamide (FA), ethylene glycol (EG), propylene glycol (PG), dimethyl
formamide (DAIF) and dimethyl acetamide (DMA) were used. The overall geome-
try and solvation of the droplets have been assessed; the dispersed water droplets
have been observed to be close to spheres and their solvation by the oil is
insignificant. In this evaluation Eiler’s [531] semiempirical voluminosity equation
has been considered,

1 — 0.1V, \°
“f_[1—1351/¢d]’ Lo

where 17 is the voluminosity defined as the ratio of the hydrated to anhydrous
volumes of the droplets, and &, is the volume fraction of the anhydrous droplets.
Ekwall et al. [37] have used this equation for AOT-xylene reverse micellar systems.

The viscosity of microemulsion systems referred to above and investigated by
Ray and Moulik [522] and Ray et al. [530] have been examined in the light of the
equations of Vand (Eq. (26)) [526], Thomas (Eq. (30)) [532] and Moulik (Eq. (32))
[533].

Thomas equation:

m=1+25¢+ A%, (300

where A is the third virial coefficient.
A virial equation of the form,

m=1+254+ 10054% + 4’ exp (Bo), (31)

where A4' and B are constants, has been also used by Thomas [532,534] for
concentrated dispersions.
Moulik equation:

n =1+ Md?, (32)

where I and M are empirical constants (1.5 < J > 1.0 and M is large).
A striking validity of all three equations has been observed for the studied
system at constant w. A combined unified viscosity equation of the form [533],

172

(/)1 — n/rd)" = (125 — m/v)"? = (12.5m/v)' " O, (33)

where the new terms r= M/25 and m = A /(25), have fairly correlated the
viscosity results. A representation of the validity of Eq. (33) is shown in Fig. 18.
The relation has been observed to be valid for & > (L05. Except for octane and
decane at w = 7, the slopes at lower ¢ are positive which have been also realized
for electrolytes and carbohydrates [335].
Egs. (29)-33) have shown good validity at constant e, but have failed to
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Fig. 18, w, A1 — u /e )% va b profiles for w /0 microemulsions al a constanl e al 303 K. Curves
1-9, Hp (w = 15k Hx (w= 15} Delw = 15k +0c{w = 15k De{w = 7% Oc(w =Tk Hi{w= Tk Hp
(ew = 7) and i-O¢ (w = 7) [530].

corroborate results at variable . The correlation of the parameters (Q, M and A)
of different equations with both the carbon number and the molar masses of the
open chain hydrocarbon oils has been attempted. The results are exemplified in
Fig. 19.

The effects of added salt (sodium cholate, NaC and NaCl) on the viscosity
behavior of isooctane based microemulsions have also been reported; a distinct
difference between the behaviors of microdispersions in open chain and cyclic
hydrocarbon continuum has been observed.

The droplet geometry and solvation of w /0 microemulsions has been understood
with the help of the following equation [79,536]

[n]= vig, + 85,), (34)

where [n] is the intrinsic viscosity of the microemulsion, and T, and T are the
partial specific volumes of the dispersed phase and dispersion medium (here oil),
respectively, and 8 is the gm /pm oil bound to the dispersed phase. The shape
factor is » = 2.5 for spheres and is greater than 2.5 for spheroids.

Ray et al. [530] have observed negligible solvation of the water droplets by oil
(viscosity is a dynamic way of probing, there may be solvation under static
conditions). On the basis of § = (, the calculated shape factor (5) and axial ratio
for spheroids (a /b, ratio of the major to the minor axis) are presented at different
w at a temperature of 303 K in Table 9.
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Fig. 19. M, @ and A va w plos for w S0 microemulsions at 303 K Curves, 1, 2-4, 5, 6 are De, Hp, Hx

and Cy, respectively [530],

The w-values are only moderately higher than 2.5 (this s the maximum possible
value for sphere) which suggests the droplet geometry to be minorily spheroidal.

Tahle 9

The shape [actor () and the axial ratio (a/b) of diferent AOT derived w /0 microemulsions in
different oils at four different e values al 303 K

7
15
25
30

v,a/b
Hx

2M, 1.3
258, L12

295, L.67

Hp'
275,143
263,121
281,147

-0

263, 1.0
2.9a6,1.78

31,19

232 —

Cy Xy
21,14 266, 122
2.86,1.58 —
279,147 —

For Hp al w =15, in (.05 mol dm™ NaC v=278 and a /b = 147, and in 005 mol dm ™ NACI,
p= 288 and 1.58. For Hp at w =33 v =2%and a /b = 166
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The dispersed droplets of FA, EG and DMF in waterless microemulsions
(FA-AOT-i-Oc¢, EG-AOT—-Oc¢ and DMF-AQT-i-Oc¢) studied by Ray and
Moulik [522] are also spheroidal in shape with low intrinsic viscosity and negligible
solvation. The -values fall in the range of 2.8-4.9 (the values are comparatively
higher than the tabulated values). The waterless microemulsions of the above type
have also obeved the viscosity equations of Eiler, Vand, Thomas and Moulik.
Similar detailed report on viscosity of waterless microemukions are rare in litera-
ture.

9. Interfacial transport in microemulsions

In recent years, increasing attention has been given to the development of novel
surfactant mediated separation processes [537.538] Among the various new meth-
ods, the application of microemulsions for the separation, concentration and
purification of proteins, for the extraction of metals, as drug-delivery systems, etc.
seems to be one of the most exciting and promising techniques [538.539]. The
fundamental basis of extraction and separation with the help of microemulsion is
interfacial solubilization and mass transfer. The processes are dynamic in nature
across the oil-water interface. The trends of work in literature in the area can be
broadly divided into two categories: (1) mass transport in relation to extraction by
solubilization; and (2) mass transport with reference to a microemulsion acting as a
liguid membrane.

9.1, Mass iransport in relation to extraction by solubilization

In spite of a good number of publications about the extractional equilibria and
the separation possibilities, the detailed mechanisms of the interfacial solubiliza-
tion in the liquid-liquid system is not clear to date [538.539]. However, the basic
principle of the equilibrivm behavior of microemulkion as an extractant has been
worked out. The interactions between enzymes and emulsion components are
indeed complex and the reported results in this direction are not unambiguous.
From this point of view, the amino acids, with their much simpler structure and
properties, are promising solubilizates to investigate the partitioning of different
substrates in the Winsor 11 system. The advantages of using amino acids as model
compounds to investigate the mechanism of solubilization in w/0 microemulsion
systems have been comprehensively presented by Leodidis and Hatton [540].
Several authors, for example, Lifisi and coworkers [541], Furusaki et al. [542],
Adachi et al. [543], Leodidis et al. [544], Fendler et al. [545], Dossena et al. [546]
have investigated the solubilization of amino acids in the liquid-liquid system
[541-544], as well as in the organic phase [545,546] and have stated that the
electrostatic interaction is the main driving force for the solubilization and extrac-
tion of amino acids. The hydrophobic interaction has been considered as the other
important factor by Leodidis and Hatton [540], Luisi et al. [541] and Adachi et al.
[543]. They have also proposed the free energy of transfer (between water and



172 8P Mowkk, BE. Paul /Adv. Colloid Tnierface Sci, 78 (1998) 99— 193

surfactant shell) of different amino acids as a new hydrophobicity scale similar to
the Hansch parameter [547], or the Nozaki-Tanford [548] and Bull-Breese [549]
scale. Generally, the hydrophilic amino acids are solubilized in the core of the
water droplet while the hydrophobic representatives shelter mostly in the surfac-
tant shell [540,543,544]. According to Fletcher et al. [550] as well as Leodidis and
Hatton [551], the droplet curvature or size plays an important role in the partition-
ing of the solubilizate in the surfactant shell. The amino acids that preferentially
solubilize in the shell of the reverse micelles are expelled from the interface with
increasing curvature i.e. with decreasing droplet size. The process can de done by
changing ionic strength, solvent type, etc.

Dynamics of transfer of amino acid (phenylalanine), metal ions, as well as
enzymes from an aqueous phase towards the reverse micellar one in a stirred cell,
have been reported by Nitsch and Plucinski [552-556] to understand that the
solubilization of different species is an interfacial process, and the experimental
results are explained on the basis of the three-step ‘bud’ mechanism [555]. In the
first step, a w/0 microemulsion drop from the bulk of the organic solution attaches
itself to the macroscopic liquid-liquid interface and a so-called sticky collision
[355] occurs. During the residence time of the micelle (bud) at the interface, in the
second step, mass transfer (Le. the incorporation of phenylalanine molecules into
the AOT shell layer) occurs, and after a successful fusion of the surfactant
monolayers in the neck of the bud. In the third step, the reverse micelles with the
solubilizate diffuse towards the bulk of the organic phase [555]. The kinetics results
also demonstrated the important role of the possible reorganization of the AOT
molecules at the liquid-liquid micellar interface during the incorporation of
phenylalanine molecules into the bud [555]. A general influence of the interfacial
tension on the solubilization rate was found, i.e. a lower interfacial tension
promoted the solubilization rate [555], possibly via increased thermal fluctuations
of the bud.

All these works concerning amino acid solubilization have been performed with
a pure water—AQOT—oil system without cosurfactants. It is known that the addition
of aleohols has strong influence on the elasticity and spontaneous curvature of the
surfactant shell [334,557], which is also very important in the solubilization of
amino acids [551]. In addition, the presence of alcohols decreases the aggregation
number of the surfactant molecules and the diameter of the reverse micelles
[558,559]; the changes depend on the alcohol hydrophobicity [558-560]. The
literature regarding the influence of cosurfactants on the mass transfer between
the aqueous and reverse micellar phases (i.e. in the Winsor 11 system) is, however,
limited.

Recently Plucinski et al. [561] have reported that the addition of akohols
(C,OH, where n = 5-12) to the micellar phase has no influence on phenylalanine
partitioning between the micellar and aqueous phases in the water—-AOT—-isooc-
tane system. The distribution coefficient of phenylalanine i independent of the
alcohol type and concentration, and dependent on pH, showing the importance of
electrostatic interactions in phenylalanine solubilization. Unlike the results of
Leodidis et al. [551] and Fetcher [550], the change in the micellar droplet
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curvature (i.e. the change of size) caused by the addition of alcohols or the change
in the solvent type has no influence on the phenylalanine partitioning. It is
concluded that the added alkanol molecules do strongly influence the hydrophobic
lateral interaction during the solubilization of phenylalanine.

The kinetics results of phenylalanine solubilization have shown the importance
of the structure of the interfacial surfactant layer on the dynamics of interfacial
solubilization and has been discussed in the light of the three-step bud mechanism
presented above [550]. The incorporation of the alkohols (cosurfactants) into the
palisade AOT layer has a catalytic effect, i.e. it changes the dyvnamics of the
solubilization without changing the equilibrium state. The short chain alkanols
{pentanol, hexanol) accelerate the mass transfer and easy reorganization of AOT
molecules during the phenylalanine incorporation, while the long chain alkanols
(n = 9) retard the mass transfer from the aqueous to the micellar phase. These
effects seem to be connected with the mechanical state ie. fluidity of the surfac-
tant—cosurfactant interfacial layer.

9.2 Dynamics of protein extraction

In biotechnology (genetic engineering for example) large-scale production of
proteins adopting new techniques is much wanted. Selective protein extraction
from fermenter liquids by reverse micelles (w0 microemulsions) is a new prospec-
tive recovery technique. The biopolymers (proteins and enzymes) have been shown
to maintain their normal activities extracted by the liquid-liquid mass-transfer
process. The literature on this topic is rapidly growing [562-601].

Salient important transfer phenomenon of typical biopolymer-extraction works
are presented herein. Recently Dekker et al. [5T0] investigated the rate of mass
transfer in the extraction of the enzyme, c-amylase between an aqueous phase and
a reverse micellar (w/0 microemulsion) phase in trioctyl methyl ammonium
chloride (TOMAC)-isooctane, and have measured the mass transfer rate con-
stants. The forward transfer (aqueous — non-aqueous for solubilization in the
reverse micelles) has been found to be controlled by the diffusion of the enzyme in
the aqueous phase boundary. The back (reverse) transfer (non-aqueous — aqueous
for recovery after extraction) is the release of the enzyme from the micelles instead
of boundary layer diffusion. The same mechanism is operative for the extraction
and release of the enzyme ribonuclease with the anionic surfactant AOT. A
detailed study of the extraction dynamics with a number of proteins, surfactants
(TOMAC and Revopal HS), cosurfactant (octanol) and oil (isooctane) in relation to
size, isoelectric condition and pH has been made by Wolbert et al. [571]. The
maximal extraction has been mathematically correlated with the isoelectric point.
Luisi and coworkers [563.581.582] have demonstrated that salt and buffer types are
determinant factors in controlling the transfer across the organic phase; different
salts impart different transfer efficiency. The said transfer process has been tested
under varied environmental conditions using a great number of surfactants for the
extraction of a-amylase [572]; only didodecyldimethyl, ammonium chloride and
TOMAC are found to be effective. The extraction of the proteins, RNAase A and
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also proposed [615-619]. The dependence of water uptake on electrolyte concen-
tration in the external aqueous phase in Winsor Il reverse micellar condition is
now considered to be due to the changes in the electrostatic free energy of the
double layer inside the waterpool of the reverse micelles.

9.4, Transport across a microemudsion functioning as a liguid membrane

Two immiscible liquid phases, one placed on both sides of another (taken in the
middle) can form a liquid membrane system. Such a liquid membrane (middle
phase) can act alone or with a porous support (supported liquid membrane)
[620-622]. Transport is effected by way of either complexation or entrapment with
suitable agents, thus the solute is transferred from one side called the ‘source
phase’ (5) to the other called the ‘receiving phase’ (R). Microemulsions of Winsor I
{o,/w) and Winsor II (w/0) types can be considered as dispersed liquid membranes
that can facilitate transfer of solutes (oil soluble compounds by Winsor 1 and water
soluble compounds by Winsor II) across it by trapping them in the microdroplets
for convenient uptake and subsequent release. Winsor I and 11 microemulsions are
called *bulk liquid membranes’.

The vse of liqguid membrane for separation is an established field and have
importance in biology [623-631] as well as for developing practical separation
processes [632-634]

The microemulsion or *bulk liquid membrane’ is a recent addition in the field of
separation science and technology, and the bulk works for its introduction and
prospect in the practical field have been advanced by Tondre and co-workers
[635-646]. The fundamentals of the process have been worked out based on the
transport studies of alkali metal picrates across w0 microemulsions [637-640]. It
has been then extended towards the separation of metal ions, ie. Ni’*, Co’* and
Cu** [642-647]. A recent work demonstrates the separation of acetic acid from
water by w /0 microemulsion liquid membrane using non-ionic surfactant [648].

The investigations from the laboratory of Tondre have been elaborate and
extensive in respect of cell design, solute choice, amphiphile (surfactant or surfac-
tant + cosurfactant) selection, additive effects and data analysis with a pragmatic
transport mechanism. They are also pioneers in the use of o/w microemulsions as
a liquid membrane; the transport of lipophilic compounds, i.e. pyrene, perylene and
anthracene across o/w liquid membrane, has been studied [637,638].

Q.41 Experimental set-up and mechanism of transport

The experimental set-up to study separation by microemulsion as a liquid
membrane can attain sophistication [646]. The basic design is described in the work
of Derouiche and Tondre [642]. A schematic representative diagram is presented in
Fig. 20A below.

The results of the transport of picrate ions using a Winsor 11 water-AOT-de-
cane microemulsion by Derouiche and Tondre [642] are presented in arbitrary
scale in Fig. 20B.

The formation of cluster, viscosity change, on-concentration, etc. essentially
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Fig. 20, (A) Schematic representation of the experimental set-up for transport experiment with w/o
microemulsion (adapted from Derouiche and Tondre [642]). §, source of aqueous phase; R, receiving
aquenus phase; wf, w/o microemulsion phase; 5, stirver: [, first interface: 1., seoond interface: T,
testing device; Py, pumping device for dreulation of the source phase; Py, pumping device for circulation
of the receiving phase. Note: for separation using the o /w micoemulsion, the cell position is inverted.
The 5 and R phase will be up and the pf phase will be down. (B) Dependence of picrate ion transporl
and conductance of the receiving (R} phase on % water in the Winsor II microemulsion (as trends
shown in Derouiche and Tondre [642), drawn on an arbilary scale)

guide the transport process of the dynamic separating system. The droplet mobility
can appreciably decrease in the post-percolation (clustering) stage. The analysis of
the results may not be on the whole straightforward.
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Table 10
Associated co-ion dependent transfer of Ni*™ by water—tetraethylene glycol dodecylether—hexanol —de-
cane syslem

Anion Transfer rale 10" Flux
{ppm min "} {molem ™ min~ ")
o, 0.347 301.0
NO, 0.0895 7.6
- 0.0741 24
Acetate 0.0341 2.6
50,5 010080 .54

Taken from Derouiche and Tondre [642).

The separation of ions Ni**, Co®* and Cu®* [642-647], as well as the non-ionic
compounds pyrene, perylene and anthracene [637.638] sharply increases with time.
The separation of acetic acid from water [648] has also been observed to be sharp.
Typical results of Ni** transport by w0 Winsor II liquid membrane are presented
in Table 110

Tondre and coworkers have proposed mechanisms for the transfer of hydrophilic
and lipophilic substances by the microemulsion liquid membranes [638,642] An
outline of the suggested mechanisms is presented below.

A, Steps involved for transfer of salt:

1. The ions from S phase either cross [, and taken by the w0 pE droplet as an
ion-pair or they are taken by the pE droplet by opening itself right at [,

2. The droplet with the ion-pair traverses through the aqueous membrane contin-
uum to 1.

3. The ion-pair is either released from the pFE droplet near [, to cross it and
dissociate in R phase, or the pE droplet releases the ion-pair by opening itself
at [, to enter into R phase as dissociated.

B. Steps involved for transfer of lipophilic solute:

[y

The solute in 5 phase crosses [, and is taken up by the o/w pE droplet.

2. The lipophile contained pFE droplet traverses through the aqueous membrane
continuum and is released near [,.

3. The lipophile then crosses I, and enters into the R phase.

The picrate transport has been explained on the basis of facilitated diffusion
model developed by Xenakis et al. [638] and Tondre and Xenakis [639]. The flux of
transported solute (F) is given by the general equation,

DKC,, [5]5
F= ‘"[ i ] (35)

L 1 + k[S]ss

which applies to a neutral solute S (in this case n = 1), as well as to that of
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uni—univalent electrolyte like alkali metal picrate (in this case n = 2). The sub-
script ‘55 stands for the operating concentration that exists in the source phase at
steady state conditions. Cp;, D) and L are the carrier concentration (here droplet
concentration), diffusion coefficient of the droplets and the cumulative thickness of
the diffusion layers, respectively. K is either the extraction constant or the product
of a partition constant times the equilibrium constant for solubilization inside the
droplets.

The use of the above equation under varied experimental conditions has been
tested and relevant mechanisms of transfer, as presented in Schemes A and B,
have been invoked [646]. The flux measurements when compared with those
reported from classical experiments involving direct contact have suggested that
the presence of a membrane of pore diameter of the order of 2.4 nm, does not
significantly affect the interfacial transfer mechanisms that occur in the mi-
croemulsion system.

For the transport of lyophilic materials through the o/w microemulsion, the
following relation based on the reasonings of Ward [649] and Cussler [650] has
been used by Xenakis and Tondre [638]

DERC, Coo
= = [ L ] ; (36)

L |1+kKC,

where D) is the diffusion coefficient of the microemulsion droplet, K is the
equilibrium constant of binding of the solute with the droplet (this K is different
from the K of Eq. (35)), k is the partition coefficient of solute between the oil
phase and the continuous phase in microemulsion, C, is the total droplet concen-
tration, L is the thickness of the diffusion layers and C» is the concentration of
the solute outside the membrane.

C,v can be obtained from the partition coefficient of solute, &, by the relation,

1
Cp = Cy|1/1 + —Wau/Vs + V), (37

"

where C; is the solute concentration in the compartment 5 and V., V¥ and V), are
the volumes of membrane, 5 and R compartments, respectively.

Apart from verification of the above relation, the transport of lipophilic com-
pounds have given insight to the structural organization and percolation of oil
droplets in a continuous aqueous phase. Besides, information on the thermody-
namics of the solubilization—desolubilization processes of the solutes in a mi-
croemulsion droplet have also been obtained.

In the case of transition metal Ni2+ separation, Tondre and coworkers [643.646]
have used 8-hydroxyquinoline and an industrial extractant Kelex 100 using
water—5D5—butanol or pentanol-dodecane w/0 microemulsion systems. The ki-
netics and mechanistic aspects of reaction occuring in the extraction of the metal
ion have been thoroughly worked out. In a separate study [642] they have employed
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microemulsion and crown ether or Kelex 100 to understand the coupled transport
phenomenon. Synergistic effects for metal ion transport have been found in some
cases but not in others; the results have been explored on the basis of diffusion of
the carriers in the stagnant layers. Their works have also realized different
mechanisms for non-ionic and ionic surfactant supported microemulsions discussed
earlier [642]. The overall efficacy of microemulsion-based extraction of heavy
metals (particularly mercury) from contaminated water involving oleic acid has
been reported by Wiencek et al [651] and successfully modeled [652] using
experimentally determined equilibrium extraction, stripping, and the initial reac-
tion kinetics. This model accurately predicts both the initial extraction kinetics and
the final mercury extraction equilibrium. The good agreement between theory and
experiment on the mechanism of extraction using microemulsion to that of coarse
emulsions has been found. Furthermore, electrostatic coalescence and butanol
addition have been evaluated as potential demulsification techniques for recovery
of the components of mercury-rich microemulsions [653].

Recently, Hebrant et al [654] have investigated the transport of amino acids
( p-iodophenylalanine and tryptophan) by AOT-isooctane reverse micelles as lig-
uid membranes. The rates of transport of the amino acids have been compared and
discussed in relation to their partition coefficients between the water and AOT
palisade layer. Different behaviors of the two amino acids have been shown. They
have also investigated the rate of water uptake by the AOT reverse micelles, as
well as the influence of the ionization state of amino acids on it. They have further
attempted to perform enantioselective transports using chiral AOT. However, they
have not succeeded in producing enantiomeric enrichments from these experi-
ments and have suggested that the rigidity of the surfactant film has not been
sufficient to permit chiral recognition in that case. Very recently, Tondre et al.
[655] have reported the two ways of extracting copper ions in micellar particles: (1)
association through ion exchange (anionic SDS micelles); and (2) complexation
with micelle-solubilized hvdrophobic extractants such as (CTAB-butanol-
water—Kelex 100 microemulions). They have compared for the first time the
electrochemical behavior of copper ions whether they are simply bound to the
micelle surface or more deeply embedded in the core of a microemulsion as a
hydrophobic complex. However, they have concluded that the stability of
Cu**—Kelex complexes is too high to recover copper metal by electrolysis from
CTAB-butanol-water microemulsions.

9.4.2. Advantages of microemulsions as liguid membranes and their limitations

The microemulsions have several advantages over other types of membranes,
Their low interfacial tension leads to easy formulation of smaller droplets, aug-
menting faster rates of transfer by way of increased surface area per unit volume.
Their thermodynamic stability &5 a fundamental advantage over macroemulsions.
Their easy emulsification and demulsification (such as with a change of tempera-
ture) helps favorably in transfer and recovery compared with complexing agents
used in organic phases for facilitated transport. The rates of transfer by microemul-
sions are faster.
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