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Abstract

Solubilization of water in mixed reverse micellar systems formed with anionic surfactant (AOT) and nonionic surfactants (Brij-30, Brij-35,
Brij-52, Brij-56, Brij-58, Brij-76, Tween-20, Tween-40, Span-20, Span-40, Span-60, Span-80) in isopropyl myristate (IPM) oils has been
studied. The enhancement in water solubilization (i.e. synergism) has been evidenced by the addition of nonionic surfactants to AOT/IPM
system. The maximum water solubilization capacity (womax) and the mole fraction of nonionic surfactant at which maximization occurs
(Xnonionie;max) 11 these mixed reverse micellar systems has been found to depend on surfactant component (size and nature of polar group
and hydrocarbon moiety of the surfactant). The addition of electrolyte (NaCl) in these systems has been found to enhance the solubilization
capacity (wmax) depending upon the content and their EO chains and type of polar head group of nonionic surfactant used. The maximum
solubilization of electrolyte, wm.x Was obtained at an optimal concentration of it ([NaCl]y.x), which depends on the content and their EO
chains and type of polar heads of the nonionic surfactants. The temperature induced solubilization of water (in absence and presence of
additives) for AOT blended with nonionic surfactants (Brijs, Tweens, Spans) at different compositions has been investigated. The stability of
these systems with respect to temperature has been found to be dependent on the content and nature of the polar head group as well as the
hydrophobic moiety of the nonionics. The energetic parameters (AG°, AH° and AS°) of the desolubilization process of water in the mixed
systems have been estimated from the solubilization capacity—temperature profile. An attempt has been made to shed more insight into the
process of solubilization—desolubilization of water (or aqueous NaCl) in mixed reverse micelles stabilized in IPM oil on the basis of the model
proposed by Shah et al. [M.J. Hou, D.O. Shah, Langmuir 3 (1987) 1086; R. Leung, D.O. Shah, J. Colloid Interf. Sci. 120 (1987) 320, 330]
and thermodynamic approach.
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1. Introduction

The term “solubilization” was first defined by McBain
and Hutchinson [1]. According to them, solubilization is the
increase in the solubility of an insoluble substance in a given
medium. Recently, Nagarajan [2] defined the phenomenon of
solubilization as an increase in the solubility of solvophobic
substances in a solvent medium caused by the presence of
amphiphilic aggregates. Owing to diphilic nature, surfac-
tants are well known to self-assemble in solutions and can
solubilize water in otherwise immiscible organic solvents.

Surfactant molecules form monolayer film between water
and oil phases in order to stabilize the formation and orient
with their polar head groups directed towards the centre
of the micelle and the hydrocarbon tails protruding into
the surrounding medium. Such systems are referred to as a
reverse micelles, which are isotropic and homogeneous on
a macroscopic scale while heterogeneous on a microscopic
scale and can be viewed as nanometer scale droplets of water
suspended in an organic continuum (forming a so-called
water pool) rendered thermodynamically stable by the
surfactant. These reverse micellar aggregates exhibit the re-
markable ability to solubilize large amount of water, resulting
in the formation of water-in-oil (w/0) microemulsions. The
properties of water molecules localized in the interior of the
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reverse micelles are physicochemically different from those
of bulk water, the difference becoming progressively smaller
as the water content in the micellar system increases [3,4].
During the last 50 years there have been many investigations
regarding the factors leading to reverse micelle formation,
and basic properties of reverse micellar solutions with
special references to their structural aspects, state of water,
properties of the interface, thermodynamics of their forma-
tion process, photochemistry, etc. [4-9]. Reverse micellar
systems have now-a-days attracted the attention of research
workers from various fields of science and technology due
to their potential uses in industry and technology [10-17].
The solubilized water in reverse micellar system shows
close similarity to biological membrane and proteins and
hence is treated as model for many biologically important
systems [18—24]. Solubilization of an insoluble molecule in
a surfactant solution is primarily governed by fundamental
properties linked to thermodynamics and structure [25]. The
solubilization capacity of water in reverse micellar system
depends upon factors, such as the rigidity of the interfacial
film, which in turn depends upon the area and nature of the
polar head group and the hydrocarbon chain of the surfactant,
composition, temperature, presence of electrolytes, type of
the solvent, valance of counterion, etc. [10,26,27].

Studies on the extent of water solubilization in reverse
micelle was initiated by Kon-No and Kitahara [26,28,29].
They studied the secondary solubilization (solubilization of
a water-soluble substance into the water that is solubilized in
the reverse micelle) of various electrolytes of different charge
types in different single surfactant systems (dodecyl ammo-
nium carboxylate, polyoxyethylene nonylphenyl ether, AOT)
in organic solvents at different temperatures. They concluded
that the maximum amount of solubilized water was higher
in the presence of electrolyte, and a specific temperature of
maximum solubilization was observed for each type of elec-
trolyte. These results were explained on the basis of Lewis
acid—base theory and Derjaguin—-Landau—Verway—Overbeek
theory. They [30] also investigated on the solubilization be-
havior of AOT reverse micellar systems in paraffin, napthenic,
and aromatic solvents and the effect of the size and alkyl side
chain of the solvent on the solubilization behavior.

Shah and coworkers [31-34] carried out fundamental
work in this field to underline the factors governing sol-
ubilization in reverse micellar systems. The effects of the
molecular structure of interface and the continuous phase on
the solubilization capacity of water in w/o microemulsions
stabilized by AOT in hydrocarbon oils have been reported
from both theoretical considerations and experimental ob-
servations. They explained the maximization in solubiliza-
tion capacity as a competition between two opposing factors,
arising out of the rigidity of the interface (which depends
upon the spontancous radius of curvature, Ry and elasticity
constant k) and the attractive interaction among the droplets
(governed by the critical radius of curvature R). Factors like
molecular volume, chain length and chemical structure of
oil, salinity, chain length of cosurfactants, and area of polar

head group of surfactants are observed to affect £ and R, and
thereby govern the solubilization phenomenon. They also re-
ported on the effect of additives (nonionic surfactants, elec-
trolytes, alcohols, etc.) on the solubilization behavior of such
systems. Bansal et al. [35] studied the solubilization capac-
ity of w/o microemulsions formed with fatty acids soaps and
alcohols as a function of alkyl chain of oil, soap and alco-
hol, and found that the maximum in solubilization was ob-
served when chain length compatibility was reached. Zana
and coworkers [36] carried out systematic work to underline
the solubilization phenomena involving cationic surfactants
in various aromatic solvents. They interpreted their results
in the light of the model developed by Shah and coworkers
[31-33].

Kawai et al. [37,38] reported on the limiting amounts of
water solubilized by anionic surfactant (AOT) in different hy-
drocarbon oils (cyclohexane, heptene, iso-octane, dodecane
and toluene) and cationic surfactant (butyldodecyl dimethyl
ammonium bromide, BDDAB) in chlorobenzene. They
found that the magnitude of solubilization capacity of water
for AOT-based systems in different oils follows the order:
heptane > cyclohexane > iso-octane > dodecane > toluene.
They obtained different states of water as a function of wg
(=[H,0)/[surfactant]) for both these systems using 'NMR,
fluorescence and near infrared spectroscopic techniques.
Very recently, they [39] measured the limiting amounts of
solubilized aqueous NaCl, NaNOjz, MgCl, and AICl3 in
AOT/iso-octane solution as a function of the ionic strength
of the electrolytes. In each system, an optimal ionic strength
was reported and the results were interpreted in terms of
salting-in and salting-out phenomena as well as from the
counteracting effects of attractive intermicellar interaction
and interfacial bending stress.

An important aspect of studies involving reverse micellar
systems is its ability to solubilize a substantial amount of wa-
ter as the dispersed phase into the continuous oil phase. Single
surfactant does not necessarily produce such maximization.
It is well known that mixtures of surfactants often give rise
to enhanced performance over the individual components for
a wide variety of applications [40,41] and thus it is expected
that enhanced solubilization of water in reverse micelles or
water-in-oil (w/0) microemulsion can also be achieved with
surfactant mixtures.

Reports on the solubilization of water and properties
of solubilized water in AOT, DDAB [42,43] and Igepal
CO 520 [44] based reverse micellar systems in hydrocar-
bon oils are available in literature, but such studies with
mixed surfactants (anionic—nonionic, cationic—non-ionic,
nonionic—nonionic) are scarce. Synergism in water solubi-
lization has been reported by Shah and coworkers [45] for
anionic (AOT)-nonionic (Span 20) blends of different pro-
portions in hexadecane oil. Later they extended their study
[46] to examine the solubilization behavior of water in mixed
reverse micellar systems stabilized by nonionic—nonionic sur-
factant blends in cyclohexane oil using different nonylphenyl
ethoxylates (CoPhE,, Igepal series) with different HLB
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values. They found increase in solubilization capacity (syn-
ergism) on mixing surfactants with different HLB values and
suggested two different synergism mechanisms. Ludensten
et al. [47] reported an enhancement in water solubilization
capacity in mixed surfactant water-in-oil (w/0) microemul-
sion systems consisting of anionic surfactant (AOT) and
nonionic (alkyl phenyl ethoxylates with different number
of EO groups) in aromatic oils (benzene, toluene, p-xylene
and mesitylene). They concluded that hydrophobicity of oils
played a role on water solubility in these systems. Seedher
and Manik [48] investigated the solubilization capacity of
blends of cationic (CTAB, CPB) or anionic surfactant (AOT)
with nonionic surfactant (Brij-30, Triton-X-100) mixtures
in hydrocarbon oils (cyclohexane, hexane, octane, benzene)
and showed that the solubilization of water increased
significantly with the incorporation of nonionic surfactant.

Liu et al. [49] reported on the solubilization of water and
aqueous NaCl solution in mixed reverse micellar systems
formed with anionic surfactant (AOT) and nonionic sur-
factants (Brij-30, 52, 56 and 58) in cyclohexane, n-hexane,
n-heptane, n-octane and iso-octane oils. They found that
solubilization capacity of water reached a maximum value
(wo,max) in presence of a certain concentration of NaCl
(Crmax), which in turn has been found to depend upon the
content and EO chain length of the nonionic surfactants
and molar volume of the oils. Li et al. [50] investigated
the influence of two typical additives, long chain organic
molecule, bis (2-ethylhexyl) phosphoric acid (HDEHP) and
inorganic electrolyte (NaCl) on the water solubilization
capacity of AOT and NaDEHP in n-heptane solutions. The
effects of the variable (additives, water content and temper-
ature) on the water solubilization capacity and structure of
oil-water interface have also been examined by measuring
the electrical conductivity of these systems. Eastoe and
coworkers [51] have studied the solubilization and structural
aspects of mixed reverse micellar systems solubilized by
cationic surfactant DDAB and its mixture with cationic
DTAB, nonionic C13E5 and anionic SDS in heptane oil. The
cationic—cationic blend increased the solubilization capacity
but is decreased in the case of cationic—anionic mixture.

In this paper, we report the water solubilization behavior
of mixed surfactant reverse micellar systems stabilized by
AOT/nonionic (Brijs, Tweens, Spans) blends in isopropyl
myristate (IPM) oil. IPM oil has widely been used in
biologically relevant microemulsion systems [52-54], but
has never been reported as a media for reverse micellar
systems. This oil is different from hydrocarbon oils in respect
of its structure and polarity. We previously reported that
conductance behavior of AOT/nonionics/IPM/water systems
are different from those stabilized in hydrocarbon systems
[55a]. In continuation of this study, we herein investigated
the solubilization behavior of AOT/nonionics/IPM/water
systems and also report the effect of electrolyte (NaCl) and
other additives (cholesterol and urea) on the solubilization
behavior as well as the stability of these formulations with
respect to temperature. The selection of the additives was not

arbitrary, as justification for using these kind of additives has
been reported in our earlier work [55b]. Energetic parameters
(free energy, enthalpy and entropy) have also been estimated
from the temperature induced solubilization behavior of such
systems. An attempt has been made to explain solubilization
phenomenon in mixed reverse micelles on the basis of the
model proposed by Shah and coworkers [31-33] together
with thermodynamic consideration.

2. Materials and methods

The following surfactants were used without further
purification: sodium bis (2-ethylhexyl) sulfosuccinate
(AOT, 99%), polyoxyethylene(20) sorbitanmonolaurate
(Tween-20), polyoxyethylene(20) sorbitanmonopalmitate
(Tween-40) were purchased from Sigma, USA. Polyoxyethy-
lene(4) lauryl ether (Brij-30), polyoxyethylene(10) lauryl
ether (Brij-35), polyoxyethylene(2) cetyl ether (Brij-52),
polyoxyethylene(10) cetyl ether (Brij-56), polyoxyethy-
lene(20) cetyl ether (Brij-58), polyoxyethylene(10) stearyl
ether (Brij-76), sorbitan monolaurate (Span-20), sorbitan
monopalmitate (Span-40), sorbitan monostearate (Span-
60), sorbitan monooleate (Span-80) are products of Fluka
(Switzerland). Chemical structures of some of the surfactants
are presented in Scheme 1. NaCl and urea are products of
SRL, India, and are of AR and extrapure grade. Isopropyl
myristate (IPM) is a product of Fluka (Switzerland) and its
density and refractive index agreed well with the literature.
Cholesterol was a product of Sigma, USA. Sudan IV and
Eosin Blue are AR grade products of SRL, India.

Double distilled water with conductance less than
3uScm~! was used. Stock solutions of all the surfac-
tants as mentioned above were made in IPM, and mixed
anionic (AOT) in different proportions with nonionic sur-
factants to vary Xponionic, Where X denotes the mole frac-
tion of nonionic surfactant in total surfactant (Xyenionic =
[nonionic]/([nonionic] + [ionic])). The surfactant solution
was fixed at a concentration of 0.1 mol dm 3. These solutions
were taken in sealed test tubes, equilibrated in thermostatic
water bath at specified temperatures and titrated with water
[or aqueous NaCl of different concentrations] using microsy-
ringe of varying capacity with constant stirring in a vortex
shaker. The onset of permanent turbidity at each composition
of surfactant mixture in oil denotes maximum solubilization
of water or aqueous NaCl at the end point of titration. All the
experiments were repeated 2—3 times and mean results were
taken. In order to check the behavior of the phase separation at
the saturation of solubilization (i.e. at equilibrium), we used
two dyes: Eosin Blue (EB), which is selectively soluble in wa-
ter and Sudan IV, which is selectively soluble in oils [33,49].
These systems were allowed at least 1 h time at specified tem-
perature in order to ensure complete phase separation. The
different phases as well as Winsor types have been identified
in accordance with the different colours developed due to the
solubilization of these two dyes (of different characteristics)
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in these mixed systems. The results of these experiments have
been dealt in the subsequent section. To study the effect of
temperature in these systems, solutions with fixed composi-
tion (w) were prepared in sealed test tubes and kept in a ther-
mostatic water bath. Temperature of the bath was increased at
aninterval of 1 °C and at each temperature, the test tubes were
shaken vigorously and then kept in the thermostat to attain
equilibrium. After attainment of equilibrium, phase charac-
teristics were noted at each temperature. The temperature at
which the formulation gets turbid corresponds to the optimum
solubilization temperature (7y).

3. Results and discussion

3.1. Water solubilization capacity of AOT/nonionic/IPM
systems

AOT reverse micelles in IPM with total surfactant
concentration of 0.1 moldm™ can solubilize water upto
wo([water]/[surfactant]) ~ 22. When AOT was blended with
nonionic surfactants (Brijs), the solubilization capacity
increased up to a maximum value (@o max) at a certain mole
fraction of the nonionic surfactant, Xponionic,max beyond
which the solubilization capacity decreased with increasing
Xnonionic- The result of solubilization behavior of these
mixed systems has been presented in Fig. 1 and Table 1. It
can be observed from Fig. 1 and Table 1 that solubilization
maximum was obtained at a low Xponionic,max value (0.05) for

AOT/Brij-35 and AOT/Brij-58 blends, whereas it has higher
values for AOT/Brij-30 and AOT/Brij-52 blends (0.2 and 0.3,
respectively). For the AOT/Brij-56 and AOT/Brij-76 blends,
maximization occurred at Xgy;=0.1 and 0.05, respectively.
It can be noted that Brij-35 and Brij-58 have 23 and 20 POE
chains in their polar head groups, whereas Brij-30, Brij-52
and Brij-56 have 4, 2 and 10 POE chains, respectively, in their
head groups. Thus it can be inferred that solubilization max-

R branch

solubilization capacity
~
wn

: :
05 06 07 08 0.9 1
XBrij

Fig. 1. Solubilization capacity of water in AOT/nonionic/IPM reverse mi-
cellar system at 303 K with total surfactant concentration 0.1 mol dm~=3: (CJ)
AOT/Brij-76; (A) AOT/Brij-30; () AOT/Brij-56; (@) AOT/Brij-52; (A)
AOT/Brij-35; (O) AOT/Brij-58.
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Table 1
Solubilization of water (womax) in mixed reverse micellar system
AOT/nonionics/IPM/water at 303 K?

Nonionic surfactant ©0,max® Xnonionic.max”
Brij-30 32.8 0.2
Brij-35 254 0.05
Brji-52 432 0.3
Brji-56 30.0 0.1
Brji-58 29.0 0.05
Brji-76 35.8 0.05
Tween-20 27.3 0.05
Tween-40 30.0 0.05
Span-20 425 0.4
Span-40 50.0 0.3
Span-60 52.5 0.3
Span-80 55.0 0.3

& @y, represents [water]/[AOT] in IPM at [St]=0.1 mol dm 3 and is equal
to 22.1 at 303 K.

b ®0.max and Xponionic,max represent the maximum solubilization of water
at a particular mole fraction of nonionic surfactant.

imum occurred at a low Xyonionic,max for nonionic surfactants
with larger polar head groups than those having smaller head
groups. The highest womax Was obtained for AOT/Brij-52
blend, whereas that for AOT/Brij-35 was the smallest.

Solubilization of water in reverse micellar system depends
upon many factors, for example, type of surfactant (and cosur-
factant/a second surfactant), oil, temperature, and additives,
ctc. [49]. But the main driving force of such solubilization is
the spontaneous curvature and the elasticity (or rigidity) of
the interfacial film formed by the surfactant system [31]. If
the interfacial curvature and the bending elasticity are fixed,
solubilization can be maximized by minimizing the interfa-
cial bending stress of the rigid interface and the attractive
interdroplet interaction [42]. The critical packing parameter
(CPP, given by P=v/al where v and / are the volume and the
length of hydrophobic chain, respectively, and a the area of
polar head group of the surfactant) of the surfactant plays an
important role in water solubilization.

The solubilization phenomenon in reverse micellar sys-
tems stabilized by AOT/hydrocarbons can be explained on
the basis of the model developed by Shah and coworkers
[31-33]. According to them, the growth of microemulsion
droplets during the solubilization process and consequently
the phase separation in such systems is limited by two oppos-
ing factors, namely the radius of spontancous curvature (R)
as the result of curvature effect, and by the critical radius of
droplets (R.), due to the result of attractive interaction among
the droplets. The curvature effect is related to the cohesive
force between the hydrocarbon chains at the interface as well
as to the rigidity of the interface. For such systems, the sol-
ubilization capacity can be increased by any modification of
the molecular structure of either the interface or continuous
phase so that Ry is increased. This model predicts that at a
given surfactant concentration, the maximum solubilization
capacity of the system can be obtained by adjusting the in-
terfacial curvature and elasticity to optimum values at which
the bending stress and the attractive forces of the interface

are both minimized. Hence, one can increase the solubiliza-
tion of a microemulsion with a rigid interface by increasing
its natural radius and fluidity of the interface. On the other
hand, the solubilization of a microemulsion of a fluid inter-
face can be increased by increasing the interfacial rigidity
and decreasing the natural radius.

In the present study, we performed dye solubiliza-
tion experiment [33,49] to estimate the phase separation
phenomenon in single AOT/IPM/water as well as mixed
AOT/nonionics/IPM/water with Xyonionic <Xnonionic,max and
Xnonionic = Xnonionic,max- The results have been depicted
through solubilization capacity versus Xgj profile in
Fig. 1. For the single surfactant system AOT/IPM/water
and mixed system AOT/nonionic/I[PM/water with
Xnonionic <Xnonionic,max» it has been found that after
complete phase separation (upon addition of excess water),
when an oil soluble dye Sudan IV was added into it, the
upper phase became intense red, whereas the lower phase
remained colourless. On the other hand, upon addition of
a water soluble dye, Eosin Blue, the lower phase became
intensely violet and the upper phase faintly violet. This
study points out to the fact that the lower phase is a pure
aqueous phase in equilibrium with an upper microemulsion
phase (Winsor II type). Thus the phase separation can be
assumed to be governed by the curvature effect [33]. On
the other hand, after complete phase separation of systems
AOT/nonionics/IPM/water  with  Xponionic = Xnonionic,max»
addition of Sudan IV made both the phases to turn red,
whereas addition of Eosin Blue turned the lower phase violet
keeping the upper phase colourless. This indicates that the
upper phase is a pure oil phase in equilibrium with the
lower microemulsion phase (Winsor I type). Thus for these
systems phase separation can be assumed to be governed
by the interdroplet interaction phenomenon [33]. Hence
in the solubilization capacity versus Xp,j; profile (Fig. 1),
the ascending curve can be identified as the Ry branch (the
curvature branch), whereas the descending curve as the R,
branch (interdroplet interaction branch). The maximization
in solubilization capacity for these mixed systems can be
explained according to the model proposed by Shah and
coworkers [31-33] in the subsequent section.

For a mixed surfactant reverse micellar system, the ef-
fective packing parameter (Pefr) follows the additive relation
[56]:

Pett = [(xv/al) + (xv/al)g]/(xa + xB) (M

where xa and xg are the mole fractions of surfactant A and B
in the mixture, respectively. Nonionic surfactants have larger
head group area than AOT [57], and thus on mixing Brijs
with AOT, P is decreased owing to the increase in ‘a’,
which in turn increases the natural radius of curvature (R).
Thus AOT/Brij/IPM reveres micelles can accommodate more
water than the AOT/IPM reverse micelles, and with increas-
ing Xponionic, Solubilization capacity of the mixed system in-
creased. But with increasing the droplet size, interdroplet
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interaction also increases, and at a certain droplet radius,
R (the critical radius of curvature) interdroplet interaction
starts governing the solubilization behavior and the fluid in-
terfaces can coalesce in order to break the monophasic system
into two distinct phases. Thus beyond R, addition of non-
ionic surfactant decreased the solubilization capacity. For all
these mixed systems, the ascending curve in the solubiliza-
tion capacity—Xnonionic profile, is governed by the curvature
effect due to the rigidity of the interface and the descending
curve is governed by the interdroplet interaction effect.
Nazario et al. [58] showed that in AOT/C;E; (where i is
the number of carbon atoms in the hydrophobic part and j the
number of EO chains in the hydrophilic moiety of the non-
ionic surfactant) mixed surfactant reverse micellar systems
stabilized in hydrocarbon oils, the added nonionic surfac-
tant resides at the interfacial region, thereby increasing the
droplet radius. In the present systems, the added nonionic
surfactants (Brijs) can also be assumed to be preferentially
adsorbed at the AOT/IPM interface, and according to Eq. (1),
addition of nonionic surfactant decreases Pefr and thereby in-
creases the radius of curvature. Larger is the area of polar
headgroup ‘a’ of nonionic surfactants, lower is the value of
P.gr and hence higher is the value of R at a fixed Xyonionic-
Brij-35 and Brij-58 have 23 and 20 POE chains, respectively,
in their headgroups and thus for AOT/Brij-35 and AOT/Brij-
58 blended systems, R reached the value of R, at a relatively
lower Xponionic (=0.05). On the other hand, Brij-30, Brij-52
and Brij-56 have 4, 2 and 10 POE chains, respectively, in their
polar headgroups and when blended with AOT produced sol-
ubilization maxima at relatively higher Xyonionic (=0.2, 0.3
and 0.1, respectively). Thus the appearance of maximum in
solubilization capacity (Xnonionic,max) can be inferred to be a
function of the area/size of head group of the nonionic surfac-
tants. Brij-76 has equal number of POE chains (10) with that
of Brij-56 but 2 more alkyl chains in its hydrophobic moiety
in comparison to that of Brij-56 (16 alkyl chains). It has been
observed that AOT/Brij-76 blend exhibited a higher solubi-
lization maximum (g max, 35.8) at a lower Xnonionic = 0.05,
whereas that of AOT/Brij-56 blend showed wg max (30.0) at
a higher Xponionic,max 15 0.1. Thus it can be concluded that the
magnitude of both X,onionic,max and @ max does not follow a
very straight forward mechanism, instead it is a complex phe-
nomenon involving many factors (e.g. nature of the nonionic
surfactant, physicochemical characteristics of oil, external
environment, etc.) that modify the interfacial configuration.
We studied the solubilization behavior of AOT/Tween-20
and Tween-40 blended systems in IPM with total surfactant
concentration of 0.1 mol dm ™3, The solubilization maximum
was observed at Xtyeen =0.05 with corresponding @g,max
values of 27.3 and 30.0, respectively (Table 1) (figure not
shown). Tweens are ethoxylated derivatives of sorbitan es-
ters in which the substitution of the hydroxyl groups on the
sorbitan ring with polyoxyethylene groups makes the surfac-
tants hydrophilic with large head group area (HLB values of
Tween-20 and 40 are 16.7 and 15.6 respectively, comparable
to that of Brij-58 and Brij-35 as mentioned earlier). The sol-
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Fig. 2. Solubilization capacity of water in AOT/Span/IPM reverse micellar
system at 303 K with total surfactant concentration 0.1 mol dm =3 in oil: (@)
Span-20; () Span-40; (A) Span-60; (O) Span-80.

ubilization behavior of these systems has also been observed
to be identical to that of the AOT/Bri-35 and AOT/Brij-58
blended systems.

Four different Spans (viz. Span-20, Span-40, Span-60 and
Span-80) (lipophilic nonionic surfactants, sorbitan fatty acid
esters) were blended with AOT in IPM with total surfactant
concentration fixed at 0.1 mol dm—3 and ®o,max Were deter-
mined [Fig. 2]. The Spans have identical polar head group
(sorbitan esters) but they differ only in the hydrophobic moi-
ety i.e. in terms of their hydrocarbon chain length. o max wWas
obtained at Xponionic,max =0.4 for the AOT/Span-20 blend,
whereas for the other three blends wg max Were obtained at
Xnonionic,max = 0.3. Unlike other nonionic surfactants, Spans
do not contain any POE chain. Span-20 has the smallest hy-
drocarbon tail part (lauric acid side chain on the sorbitan
ring) and its HLB value is 8.6. Span-20 is expected to be
the most polar compared to Span-40, Span-60 and Span-
80, whose HLB values are 6.7, 4.7 and 4.3, respectively.
So for the AOT/Span-20 blend producing wo max at a higher
Xnonionic,max than the other three blends is not consistent with
other nonionic surfactants containing EO chains. Since the
hydrophilic portion of all the surfactants are similar, the in-
teractions between the fatty acid portions may be the main
contributor to the difference in the interfacial elasticities as a
consequence of interfacial packing [59]. However, the w,max
value increased with increasing hydrophobicity of the tail
part of the Spans. The order of wo max values for the Span
series is as follows: Span-80 (55.0) > Span-60 (52.5) > Span-
40 (50.0)> Span-20 (42.4). Similar observations have been
reported by Hou and Shah [33] for AOT/Span-20, Span-40,
Span-60/hexadecane/water system.

3.2. Effect of NaCl

The maximum in solubilization capacity of water in re-
verse micelle is observed as a result of compromise between
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two effects (on the curvature of the interface and the attraction
among the droplets). As salinity in w/o microemulsions is re-
ported to affect the attractive interaction among the droplets
by making the interfacial layer more rigid due to the close
packing of polar groups, hence the effect of [NaCl] on the sol-
ubilization behavior in mixed reverse micellar systems would
be worth while.

3.3. AOT/nonionics/IPM/NaCl (aqueous) at
Xnonionic = 0.1

The AOT/IPM/water (aqueous NaCl) system was ob-
served to show a little increase in the wmax [molar ratio
of water (aqueous NaCl) to surfactant(s), 26.5] compared
to the aqueous system (wo=22) at a NaCl concentration
of 0.02moldm™>. The solubilization capacity of aqueous
NaCl in mixed reverse micellar systems, AOT/nonionic(s)
in IPM with total surfactant concentration of 0.1 mol dm~3
in oil and at Xjenionic =0.1 at 303 K has been represented
in Fig. 3A (for Brij series) and B (for Spans and Tweens).
For all the AOT/Brijs, Tweens, Spans blended systems at the
studied composition, solubilization capacity passed through
a maximum at a threshold NaCl concentration, [NaCl]pax.
It was further observed that wmax shifted towards a higher
concentration of NaCl with the increase in hydrophilicity of
the nonionic surfactant depending upon the type and head
group configuration of the nonionic surfactants. The maxi-
mum solubilization capacity of water (wo,max), NaCl (wmax)
and the corresponding [NaCl]pax in IPM based systems are
presented in Table 2. From Table 2 it has also been evidenced
that for the AOT/nonionic blends with larger polar head
(viz. AOT/Brij-35, AOT/Brij-56, AOT/Brij-58, AOT/Brij-76,
AOT/Tweens), wmax value increased many fold in compar-
ison to water, whereas for blends with smaller or differ-
ent configuration of polar head group (viz. AOT/Brij-52,
AOT/Brij-30, AOT/Spans), the increase was marginal. Fur-
thermore, lower [NaCl]yax were obtained for mixed systems
comprising of nonionic surfactants with smaller head group
arca/configuration. This result is consistent with earlier works
[49] for mixed reverse micellar systems containing Brijs
(Brij-30, Brij-52, Brij-56, Brij-58) blends with AOT in hy-

Table 2

Solubilization of NaCl (wmax) in mixed reverse micellar systems stabilized
by AOT and different nonionic surfactants in IPM with [St]=0.1 mol dm~3
and Xyonionic = 0.1 at 303 K

Nonionic surfactant @0, max [NaCl]max Wmax
Brij-30 27.5 0.075 36.5
Brij-35 16.0 0.4 82.0
Brij-52 25.0 0.0625 31.0
Brij-56 30.0 0.1 70.0
Brij-58 21.0 0.4 50.0
Brij-76 27.7 0.125 106.0
Tween-20 25.0 0.15 55.0
Tween-40 25.5 0.15 84.0
Span-20 24.0 0.0625 29.0
Span-80 23.0 0.0625 29.0
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Fig. 3. Solubilization of aqueous NaCl in AOT/nonionic/IPM reverse micel-
lar system at 303 K with surfactant concentration of 0.1 mol dm—3 in oil and
Xnonionic = 0.1. The nonionic surfactants used: (A)—(®) Brij-30; (O) Brij-
35; (M) Brij-52; (A) Brij-56; (A) Brij-58; () Brij-76; (B)—(H) Tween-20;
(O) Tween-40; (O) Span-20; (@) Span-80.

drocarbon oils (cyclohexane, n-hexane, n-heptane, n-octane
and iso-octane).

In order to gain more insight to the understanding of the
solubilization phenomenon in presence of NaCl, composition
of the systems (i.e. Xponionic) Were varied in mixed reverse
micelles and the results are presented in subsequent section.

3.4. AOT/nonionics/NaCl (aqueous) in IPM at different
compositions of the nonionics

The effect of NaCl on the solubilization capacity of
AOT/Brijs blended systems in IPM (AOT/Brij-52, Brij-
56 and Brij-58) with total surfactant concentration of
0.1 moldm~3 and at different Xyonjonic values, which also
includes the Xponionic,max has been studied. A representa-
tive Fig. 4 is depicted for AOT/Brij58 blended system. It
was observed that solubilization capacity passed through
a maximum (wmax, 70.0) at [NaCl]yax =0.15mol dm™3 at
Xhnonionic,max = 0.05. Further increase in Xponionic (=0.1), de-
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Fig.4. Solubilization of aqueous NaClin AOT/Brij-58/IPM reverse micellar
system at 303 K with surfactant concentration of 0.1 moldm™3 in oil with
Xprij-58 =0 (@); 0.05 (A); 0.1 (O); 0.3 (0). X represents mole fraction of
the respective nonionic surfactant.

creased wmax (50.0) in presence of NaCl, and the cor-
responding [NaCl]pmax was found to be 0.4moldm™3. At
Xnonionic =0.3 (>Xnonionic,max), solubilization was observed
to be very low (@wmax ~ 6.0). For the blend AOT/Brij-56, at
Xhnonionic,max = 0.1, the solubilization capacity passed through
a maximum (wmay, 70.0) at [NaCl]pax=0.1 moldm~3,
whereas for the composition Xyonjonic =0.3, solubilization
was poorly dependent on [NaCl], and remained almost un-
changed with increasing [NaCl] (figure not shown). An
interesting point may be noted that the effect of [NaCl]
on both these systems at Xponionic =0.3 was so insignifi-
cant that the curves lied below the AOT/IPM/NaCl (aq.)
system. For AOT/Brij-52 blended system, at Xyonionjc =0.1
(<Xnonionic,max), solubilization capacity passed through a
maximum (wmax, 34.0) at [NaCl]max =0.04 moldm™3. At
Xnonionic,max = 0.3, a similar trend was observed, with corre-
sponding wmax, 64 and [NaCl]pax of 0.02 moldm 3 (figure
not shown). For all these mixed systems, wpax has been ob-
tained at the corresponding Xponionic,max 1.€. further enhance-
ment in solubilization of NaCl (aq.) was observed at this
composition. wmyax values are comparable for these mixed re-
verse micelles, but [NaCl]nax depends on the content of POE
chains in the nonionic surfactant. Smaller the POE chain,
lower [NaCl]ux Was required to attain wmgx-

Solubilization capacity of AOT/Span (20, 40, 60,
80)/IPM/aq. NaCl systems with total surfactant concentration
0.1 moldm~3 at Xnonionic,max has been presented in Fig. 5. It
showed maximum in the solubilization capacity-[NaCl] pro-
file for all these systems. For the AOT/Span-80 system, wmax
(72.0) was obtained at [NaCl]pax =0.02 mol dm 3, whereas
for the other three systems (Span-20, Span-40 and Span-60),
[NaCl]max Were obtained at 0.03 mol dm™3 with Wmax val-
ues (65, 77.4 and 82.5 for Span-20, 40, 60, respectively). It
may be noted that the interfacial behavior of these surfac-
tants varied as a result of difference in molecular structure

100
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Fig. 5. Solubilization of aqueous NaCl in AOT/Span/IPM reverse micellar
system at 303 K with surfactant concentration of 0.1 mol dm~3 in oil: (@)
Span-20 (X=0.4); (1) Span-40 (X=0.3); (A) Span-60 (X=0.3); (O) Span-
80 (X=0.3).

and hydrophobicity. All these aspects are expected to vary in
presence of NaCl. It has been reported earlier that interfacial
elasticity of Span-20/hydrocarbon oil/water system increases
with increasing [NaCl] and then decreases with further in-
crease in [NaCl] [59]. The initial increase in elasticity may
be attributed to the salting out of the polar head group of Span-
20 from the aqueous phase, resulting in enhanced interfacial
packing which in turn results in an increased solubilization.
The reduced partitioning of Span molecules from the oil to
the aqueous phase may also attribute to this phenomenon.
The reduced interaction of the polar hydrophilic head group
with the aqueous phase at a higher [NaCl] may induce the
decrease of solubilization beyond the maximum. The same
argument holds good for the other AOT/Span mixed surfac-
tant systems. It may also be noted that Span-80 is the least
polar surfactant among the studied Spans, and hence least
amount of NaCl was required to salt out the polar head group
and bring about the solubilization maximum.

It can be inferred from these results that both EO chain
length (or size/configuration of the polar group) and hy-
drophobic moiety in nonionic surfactants and their contents
(Xnonionic) play significant roles to determine both wpmax and
[NaCl]max-

The solubilization maximum obtained in NaCl solution
can be explained on the basis of salting in and salting out
process [33,34,50,60]. Addition of electrolyte (NaCl) can
expel part of the AOT molecules from the aqueous phase to
the organic phase to form reverse micelle and hence increases
solubilization. Addition of eclectrolyte decreases the inter-
action among the droplets by making the interfacial layer
more rigid. This in turn increases solubilization. At a higher
concentration of NaCl a different phenomenon overcomes
this effect. Addition of NaCl decreases the thickness of the
electrical double layer of the charged interfacial film and the
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effective polar area of the surfactant also decreases. This in
turn increases the tendency of the surfactant to form natural
negative curvature, which decreases the solubilization.
For blends containing nonionic surfactants with larger
polar group, the effective polar area of the surfactant at
the interface is larger and hence higher concentration of
NaCl is required to decrease the effective polar area of
the surfactant at the interface. Hence [NaCl]nax was high
for blends containing nonionic surfactants with large polar
head groups. In an AOT based system, the optimum NaCl
concentration can be viewed as the concentration of salt
just necessary so that the range of electrostatic interaction
becomes such that neighboring AOT polar head groups
totally ignore each other [61]. It was proposed that the
Debye screening length (K~!) would become smaller than
the average inter-charge distance between AOT molecules in
the surfactant film at optimum salinity. When K~! would be
larger than the inter-charge distance, electrostatic repulsion
between AOT polar heads would give enough flexibility
in the surfactant film for the droplets to be attractive. It is
known that K is inversely proportional to e !, where ¢ is the
dielectric constant of water [62]. For small droplet sizes, ¢ of
water decreases considerably in the vicinity of the charged
surface [63]. It has been observed earlier that NaCl affects
very weakly the solubilization behavior of AOT/Brij-56 and
AQOT/Brij-58 blends with Xp,jj=0.3. It can be noted that
with Xp,j;= 0.3, the droplet sizes are very small (due to the
small value of w) and thus the water present in the droplet is
in the vicinity of the charged surface, thus has a considerably
small e value, which in turn reduces the effect of NaCl.

3.5. Effect of temperature on solubilization

It is reported that temperature plays a significant role
on solubilization behavior of microemulsion systems with
special reference to the systems stabilized by nonionic
surfactants [64]. The hydrophile-lipophile balance of
nonionic surfactant changes dramatically with increasing
temperature due to the conformational change in the
hydrophilic moiety. Due to dehydration of the oxyethylene
group, nonionic surfactants become more lipophilic with
increasing temperature [65]. On the other hand, for ionic
surfactants, with increasing temperature, the dissociation of
ionic group increases and ionic surfactants become more
hydrophilic at an elevated temperature [66].

The effect of temperature on the solubilization capacity in
anionic, cationic and nonionic microemulsions (in absence
and presence of additives) are sparse. Kandori et al. [67]
found that the extent of solubilization by AOT is affected
markedly with temperature, but hardly affected by Ca and
Ba salts of AOT. Kon-No and Kitahara [28] reported that
the optimum solubilization temperature (the temperature at
which maximum water uptake occurs) became larger upon
increasing the alkyl chain length of dodecylammonium
carboxylates in benzene solutions. Kon-No and Kitahara [29]
and Kizling and Stenius [68] reported that the solubilization
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Fig. 6. Temperature induced water solubilization curves for the systems: (O)
AOT; (¢) AOT/Brij-35 (X=0.1); (*) AOT/Brij-58 (X=0.05); (A) AOT/Brij-
58 (X=0.1); (o) AOT/Brij-56 (X=0.1); (x) AOT/Brij-76 (X=0.05); (W)
AOT/Brij-30 (X=0.2); () AOT/Brij-52 (X=0.3); (@) AOT/Tween-40
(X=0.1) in IPM with total surfactant concentration of 0.1 mol dm~3. X rep-
resents mole fraction of the respective nonionic surfactant.

parameters depend exponentially on temperature, electrolyte
concentration and EO content of nonionic surfactants for
a series of polyoxyethylene ethers (where EO chains were
varied from 5 to 10) in tetrachloro ethylene solutions. Kon-
No and Kitahara [26,28] further reported that the shifting of
solubilization region towards higher or lower temperature in
temperature versus [water]/[surfactant] profile, depends on
the type of cations or anions of the additives (electrolytes,
acids and bases) and also on the charge types of the surfac-
tants used (i.e. dodecylammonium propionate in benzene and
AOT in cyclohexane). These results were explained on the
basis of DLVO theory, Lewis’ acid—base theory as applicable
for these systems. Kon-No and Kitahara [26] reported that
the solubilization of water changed markedly by mixing
two kinds of surfactants, the effect of anionic surfactant
(AOT) was found to depend on the structure and type of
the nonionic surfactant. For polyoxyethylene (4,6,8,10)
nonylphenyl ethers, AOT increased the optimum solubiliza-
tion temperature of water and broadened the solubilization
region. Similar increase in water uptake was observed for the
monooleate esters, accompanied by a noticeable decrease in
the optimum solubilization temperature.

In the present investigation, @ has been plotted against
temperature for AOT/nonionic blended systems stabilized in
IPM (in absence and presence of additives) at different com-
positions in order to underline the stability of the formulations
with respect to temperature and can be extended to compare
the solubilization capacity of these systems at any particular
temperature. The results have been depicted in Figs. 6-10.
For the AOT/IPM/water system (with w < 22), the systems
were found to be hazy at lower temperatures (up to 13 °C)
and as the temperature was increased, the systems became
clear. This temperature is referred to as the mixing temper-
ature (temperature at which the components mix together in
order to form a clear solution) [69,70]. Thus up to =22, a
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Fig. 7. Temperature induced water solubilization curves for the systems:
AOT/Spans/IPM/water with total surfactant concentration of 0.1 mol dm—3:
(O) Span-20 (X=0.4); (A) Span-40 (X=0.3); (¢) Span-60 (X=0.3); (O)
Span-80 (X=0.3). X represents mole fraction of the respective nonionic
surfactant.

lower solubility curve was obtained for the AOT/IPM/water
system (Fig. 6). Each point on this curve indicates the temper-
ature at which a system with fixed w gets clear. With w>22,
no clear monophasic region was obtained for this system.
However, the systems with @ <22, exhibited strong temper-
ature resistance and the formulations did not get turbid up
to 60 °C. It has been observed earlier that water solubiliza-
tion in AOT/IPM system is governed by the curvature effect.
Thus the AOT coated water droplets in IPM can be viewed as
hard spheres which do not interact with each other. Hence in-
crease in temperature can hardly make the droplets to interact
and thus the system exhibited high temperature stability. The
lower solubility curve corresponded to the mixing tempera-
ture and was governed by the water penetration across the
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Fig. 8. Temperature induced water solubilization curves for the systems:
AOT/Brijs/IPM/water (or aqueous NaCl) with total surfactant concentration
of 0.1 moldm~3 and Xpyij =0.1. The open symbols represent AOT/Brij-56
systems and the filled symbols represent AOT/Bri-58 systems. (O)) Water;
() 0.05 mol dm—3 NaCl; (A) 0.1 mol dm—3 NaCl.
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Fig. 9. Temperature induced water solubilization curves for the sys-
tems: AOT/Spans/IPM/aqueous NaCl with total surfactant concentra-
tion of 0.1 moldm™3: () Span-20 (X=0.4, [NaCl]=0.03 moldm3);
(A) Span-40 (X=0.3, [NaCl]=0.03moldm3); (¢) Span-60 (X=0.3,
[NaCI]=0.03 moldm~3); () Span-80 (X=0.3, [NaCl]=0.02 mol dm—3).
X represents mole fraction of the respective nonionic surfactant.

interface of the droplets [69,70]. Since the droplets are very
rigid such penetration across the droplets is very difficult and
hence the lower solubility curve appeared. When nonionic
surfactants (Brij-30, Brij-35, Brij-52, Brij-56, Brij-58, Brij-
76, Tween-40 and Spans) were blended with AOT in IPM
with Xnonionic = Xnonionic,max, the systems exhibited strong de-
pendence on temperature. The lower solubility curve disap-
peared, instead upper solubilization curve appeared for the
AOT/Brijs and AOT/Tween mixed systems (Fig. 6). The up-
per solubilization curves correspond to the stability of the
mixed reverse micellar systems with respect to temperature.
It has been identified earlier that the solubilization behav-
ior of AOT/Brijs blends in IPM at Xyonionic = Xnonionic,max
is governed by the interdroplet interaction effect using dye
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Fig. 10. Temperature induced water solubilization curves for the systems:
AOT/Brijs/IPM/water in presence of 0.2 mol dm ™~ urea and 1% cholesterol
with total surfactant concentration of 0.1 moldm™ at Kpiij =0.1. The open
symbols represent AOT/Brij-56 systems and the filled symbols represent
AOT/Bri-58 systems. () No additive; () urea; (A) cholesterol.
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solubilization method. The droplets at these compositions
are fluid and can easily interact with each other, coalesce
and can exchange materials. However, increasing tempera-
ture makes the droplets to interact more rapidly and phase
separation occurred due to the coalescence of the droplets.
Each point on the solubilization curve denotes the temper-
ature at a fixed w, the mixed reverse micellar system gets
destabilized and phase separation occurred. The disappear-
ance of the lower solubility curve can be correlated with the
enhanced solubilization of water into the droplet cores owing
to the fluid interface, which in turn reduced the mixing tem-
perature below the experimental range. It can be observed
from the solubilization—temperature profile that as w was in-
creased, the phase separation temperature decreased. This can
be argued as follows; as w increases, radius of the droplets
increases linearly [33] and larger is the droplet size greater is
the interaction among them. Hence, higher is the probability
of'the droplets to coalesce followed by phase separation. Thus
with increasing w, phase separation occurred at lower temper-
atures. It can also be noted that the AOT/Brij-58 curves lie be-
low the AOT/Brij-56 curves at a comparable mole fraction of
nonionic surfactant, Xpyjj. This observation can be attributed
due to the larger head group size of Brij-58 in comparison to
Brij-56, and is supported from the report of Liu et al. [57].
They have shown with the help of DLS measurements that the
droplet size increased with increasing polar head group size
of the nonionic surfactants for an AOT/Brij/heptane mixed
reverse micellar system. Also it follows from Eq. (1) that the
decrease in ‘a’ decreases P, which in turn increases droplet
radius. Hence, larger droplet size enhances the possibility of
greater interaction of droplets and the system becomes more
prone to temperature induced phase separation. Further in-
crease in Xpyjj made the formulations less stable. Actually,
size of the droplets in AOT/Brij blended systems in IPM is
increased further due to the increased content of the non-
ionic surfactant (Xgyij) [55,57], which in turn decreased their
thermal stability.

To study the effect of temperature on the solubilization
behavior of systems lying in the Ry branch of the solubi-
lization profile, temperature dependent solubilization capac-
ity of AOT/Brij-52 and Span-40 systems with Xjgnionic =01
(<Xhonionic,max) Was studied. It was found that for both these
systems, lower solubility curve was present, whereas no up-
per solubilization curve was obtained within the experimental
range (figure not shown). At this nonionic content both the
systems have rigid interfaces, which in turn made them re-
sistant towards temperature.

Temperature induced solubilization curves were obtained
for the systems AOT/Spans/IPM/water with four different
Spans (Span-20, 40, 60, 80) at Xnonionic,max (=0.4 for Span-20
and X=0.3 for Span-40, 60 and 80). Both lower solubility
curves and upper solubilization curves were observed for
all these systems (Fig. 7). In the lower solubility curve,
the AOT/Span-40 system was found to be at the bottom,
whereas AOT/Span-80 system at the top. The AOT/Span-20
and AOT/Span-60 curves were closely placed. For the upper

solubilization curves, it was found that the AOT/Span-
20/TPM/water curve was the lowest lying curve, whereas the
AOT/Span-80/IPM/water curve was the highest lying curve.
The other two curves lied in between these two curves. The
temperature stability at the same w decreased in the order,
AOT/Span-80 > AOT/Span-60 > AOT/Span-40 > AOT/Span-
20. Span-20 possesses the smallest hydrophobic tail among
the studied Spans, and therefore oil can penetrate more into
the interface making the interface more fluid and hence
reduces the thermal stability.

Temperature dependence on the solubilization behavior
of the system AOT/nonionic (Brij-56 and Brij-58)/IPM at
fixed Xponionic =0-05, 0.1, respectively, in presence of NaCl
with varying concentrations (0.05, 0.1, 0.15moldm™)
was examined and is depicted in Fig. 8. It can be noted
that for AOT/Brij-58 and AOT/Brij-56 blended systems
solubilization maximum were obtained at Xgjj=0.05 and
0.1, respectively, and at these compositions solubilization
behavior is governed by the interdroplet interaction for both
these systems. For both the mixed surfactant systems, the sol-
ubilization curves were shifted towards higher temperature
with respect to the aqueous systems. As mentioned earlier,
NaCl makes the interface more rigid by shielding the charged
headgroup and thereby decreased the interaction among
the droplets and makes the formulations less susceptible
towards temperature. Effect of NaCl on temperature induced
solubilization behavior of AOT/Spans/IPM reverse micellar
systems were also carried out with four different Spans at
corresponding Xponionic,max and [NaCl]max. It was found that
for all these systems the lower solubility curves were shifted
towards higher temperature in comparison to the aqueous
systems, indicating an increase of mixing temperature in
presence of NaCl (Fig. 9). However, the upper solubilization
curve did not shift considerably in comparison to the aqueous
systems. The AOT/Span-20 solubilization curve lied at the
bottom as was observed in the aqueous system, and the
sequence of the thermal stability for other AOT/Spans
followed the same order (as in the case of aqueous systems)
with exception for AOT/Span-80 blended system.

Temperature induced solubilization behavior of AOT/Brij-
56 and Brij-58 blended systems in IPM oil (with total sur-
factant concentration of 0.1 moldm™ at Xprij=0.1) has
been carried out in presence of 0.2 moldm™3 urea and 1%
cholesterol, and the solubilization curves are represented in
Fig. 10. It was observed that at a fixed w, urea decreased
the thermal stability of the system as compared to the sys-
tem without additive, whereas cholesterol increased it. It can
also be observed that at any particular temperature, choles-
terol increased the solubilization capacity, whereas urea de-
creased it with respect to the system without additive for both
the blended systems. However, the solubilization curves of
AOT/Brij-58 blended systems lie below that of the AOT/Brij-
56 blended systems for both the additives. Cholesterol is
known to form hydrogen bond with the hydrophilic part of the
surfactant and make the droplets more rigid [69,71,72]. Water
photon NMR relaxation measurements has established that
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the intermolecular hydrogen bonding between the 33-OH
group of cholesterol and the carbonyl ester of AOT is re-
sponsible for the decrease in hydrophilicity of the surfactant
molecule in presence of cholesterol [73]. Thus in the pres-
ence of cholesterol, the surfactant monolayer of the droplets
become more rigid. This fact has also been supported by
the work of Mukhopadhay et al. [71] by fluorescence de-
polarization measurements. In addition, such type of bond-
ing between nonionics and cholesterol cannot be ruled out.
All these factors may shift the solubilization curve towards
a higher temperature. On the other hand urea is known to
interact with the head group of surfactant present at the inter-
face and can also act as a structure breaker. It is reported that
preferential solubilization of urea at the micellar interface
increases the interfacial flexibility and enhances the attrac-
tive potential among micelles [74]. Potential solvation of the
surfactant headgroups by urea results in an increase in the
monomer i.e. degree of dissociation, which leads to an in-
crease in the area per headgroup of the system [75]. This
in turn increases droplet size of reverse micellar systems in
presence of urea. It has been shown by Farnando and Politi
et al. [75] that incorporation of urea in AOT/hexane/water
reverse micellar system increased droplet size. This explains
the present increased fluidity of the interface constituted by
AOT/Brijs in IPM in presence of urea and consequently sol-
ubilization curve was shifted to a lower temperature.

3.6. Thermodynamics of desolubilization of water in
mixed reverse micellar systems

The mechanism of solubilization of water was inferred
from the measurements of the differential heat of solu-
bilization (AH) for AOT in various nonpolar solvents
(cyclohexane, n-heptane, tetrachloro ethylene and benzene)
using the Clapeyron—Clausius equation from the temperature
dependence of the vapour pressure of solubilized water by
Kon-No and Kitahara [30]. The value of AH; decreases
rapidly up to the molar ratio ([water|/[surfactant]) of unity
and subsequently approaches the heat of condensation of
water (10.8kcalmol™"). These results indicated that the
water molecules solubilized initially interact strongly with
the ionic part of the surfactant by ion—dipole interaction, and
the water molecules solubilized later interact with water itself
by hydrogen bonding (similar to the condensation of water)
that exists as free water in the micelle. The poorer were the
solvents, larger were the AH; values at the initial stage of
solubilization. This behavior of solubilized water has been
ascertained by the density measurements of water [76]. They
further reported [77] that the change in AH; as a function of
the molar ratios of water to polyoxyethylene (average num-
ber of EO units: 2.5, 4.1, 5.7, 6.3) 2-(1,3-dihexaoxypropyl)
ethers in benzene. The undulating nature of AHg was charac-
terized by an increase in the molar ratio of water and with the
increase in the oxyethylene chain length of surfactants. How-
ever, systematic trend (i.e. a minimum in AH was observed)
at n=6.3. The results indicated that the interaction between

the water molecules and ether oxygens of the oxyethylene
chain of the surfactant to be of hydrogen bonding type.

In the present study, it has been observed that the up-
per solubilization curve appeared in the w versus 7 pro-
file for AOT/nonionics/IPM/water systems lying in the R,
branch (i.e. at Xnonionic = Xnonionic,max), Whereas such curve
was absent for systems lying in the Ry branch (i.c. at
Xnonionic <Xnonionic,max)- Appearance of the upper solubiliza-
tion curve indicates the coalescence of w/o droplets owing
to their increased thermal motion upon increasing temper-
ature. Any point at the upper solubilization curve denotes
the optimum solubilization temperature (77y) (represented as
phase separation temperature earlier) of a certain composition
of surfactant(s)/oil/water system. If temperature is increased
further, the clear composition separates out into two dis-
tinct phases. Dye solubilization study indicates that the lower
phase is an o/w microemulsion phase in equilibrium with an
excess oil phase. Increased temperature induces increased
thermal motion of the surfactant coated water droplets im-
mersed in oil continuum, and fusion of droplets gives rise to
instability of the formulation, which follows the formation
of a microemulsion phase with oil droplets immersed in wa-
ter continuum and a subsequent expulsion of the excess oil
as a distinct phase (Winsor I system). If the water present
in the microemulsion phase can be assumed to be equiva-
lent to bulk water, then at the phase separation temperature
(herein upper solubilization temperature, 7y) an equilibrium
exists between the bulk water and the entrapped water of the
droplets. The equilibrium attains the form:

Watergroplet = Waterpyik(at 7y) 2)

The corresponding condition for equilibrium can be written
as:

pw(droplet) = juy (bulk) )

where ., (droplet) is the chemical potential of water en-
trapped in w/o droplets and ., (bulk) the chemical potential
of water in bulk. If bulk water can be assumed to be in its
standard state (i.e. in pure state), then Eq. (1) can be written
in the form;

ul (droplet) + RTy In Xy, = 1% (bulk) 4)

where ,u?,,(droplet) is the chemical potential of water en-
trapped in droplets in its standard state, u?,,(bulk) is that of
bulk water, X, the mole fraction of water in the droplets (as-
suming equal to the activity of water) and R the universal gas
constant. Eq. (3) takes up the form:

,ugv(bulk) - ;L(V]V(droplet) = RTyIn Xy,

AG° = RTyln Xy, %)

where AG® is the standard molar Gibbs free energy change
associated with the desolubilization process. _

The corresponding standard enthalpy change (AH®) of
the process can be determined using the Gibbs Helmoltz



R.K. Mitra, B.K. Paul / Colloids and Surfaces A: Physicochem. Eng. Aspects 255 (2005) 165—180 177

35

-A GYT (J K" mol")

%/

3.1 3.'2 3:3 3:4 3'.5 3.6
(A) UT x10° (K

1.8 4
1.6 A
14 4

1.2 4

0.8 1

0.6 A

-A GUT (JK ' mol")

W

0.4 4

0.2 4

3.1 3.2 3:3 3:4 3.5 3.6
(B) T x10° (K™

Fig. 11. (A) —AG® /T against 1/T plot for the system AOT/nonionic/
[PM/water with overall surfactant concentration of 0.1 moldm™ in oil:
(O) AOT/Brij-58 (X=0.2); () AOT/Bri-58 (X=0.1); (A) AOT/Brij-58
(X=0.05); (@) AOT/Brij-56 (X=0.1); (o) AOT/Brij-52 (X=0.3); (0)
AOT/Span-40 (X=0.3). (B) —AG®°/T against 1/T plot for the system
AOT/Brijs/IPM/water (or aqueous NaCl) with overall surfactant concen-
tration of 0.1 moldm™3 in oil. Filled symbols represent AOT/Brij-58 sys-
tems and open symbols represent AOT/Brij-56 systems. (O) water; ([J)
0.05 mol dm—3 NaCl; (A) 0.1 moldm~3 NaCl.

equation;
[8(AG®/T)/8(1/T)] = AH® (6)

The standard entropy of the desolubilization process can be
obtained from the relation:

AS° = (AH® — AG®)/ Ty (7

In the present study, we measured the 7y of mixed systems
having different compositions (X, ) and calculated AG® from
Eq. (5). Straight lines with good linear fits were obtained
when —AG°/ T were plotted against 1/7 for different mixed
systems (in absence and presence of additives) (Fig. 11)
and the AH® values were obtained from the corresponding
slopes. The A H° and AS° values were presented in Table 3.

The present model can be viewed as a very simplified
picture of a complex phenomenon of phase separation. As
mentioned earlier, it involves various factors like the type,
content and configuration of the nonionic surfactant, different
physical and chemical properties of the oil (e.g. molar vol-
ume, molecular structure, viscosity, polarity, etc.), presence
of additives etc. Hou and Shah [33] developed an equation
for the estimation of free energy of mixing of water droplets
(assuming them to be of hard sphere type) in oil continuum.
This equation involved certain parameters, which are very
difficult to estimate experimentally. It has been mentioned
carlier that our model is based on the results obtained from
dye solubilization method that the upper phase contains no
water and the lower phase is a water continuous microemul-
sion, wherein the water present has a close resemblance with
that of the bulk water. In actual system, the upper phase (oleic
phase) may contain certain amount of surfactant dissolved in
it, and hence the possibility of existence of trace amount of
water in this phase cannot be ignored (though no colour was
developed in this phase upon addition of Eosin Blue). Be-
sides, there are more than one states of water present in the
water pool of reverse micelles as evidenced from different ex-
periments [78—81] and there exists equilibrium between the
different states of water within the waterpool. In our model,
we did not also consider the above mentioned equilibrium
while formulating Eq. (2). Furthermore, the water present in
the lower phase may contain dispersed surfactant monomers.
However, the thermodynamic parameters (free energy, en-
thalpy and entropy) derived on the basis of this model can
account for the solubilization behavior in mixed surfactant
systems with these limitations. _

It can be observed that all the AH® values are positive,
which indicates an endothermic desolubilization process i.e.
heat is to be supplied from outside in order to induce phase
separation. All the AS® values were also found to be posi-
tive which denotes an entropically favorable desolubilization
process. The entrapped water inside the AOT/nonionic film
can be assumed to be strongly hydrogen bonded with the po-
lar head groups of both the sulphonic headgroup of AOT and
ether oxygen of POE chains of nonionic surfactants. Expul-
sion of water from the droplet core as bulk water is associated
with the breaking of these hydrogen bonds, which makes the
associated entropy change positive. _

It is evident from Table 3 that both the AH® (in the
range of 1580-1273Tmol~!) and AS° (in the range of
5.7-4.8TK ' mol™!) for AOT/Brijs and Tweens blends
in IPM are comparable at their corresponding compo-
sition of [ST]=0.1mol dm~3 and at Xrnonionic,max €Xcept
for the AOT/Brij-30 blend. Similarly such parameters
for AOT/Spans blended systems at same composition,
Xnonionic,max are also comparable, but the value of these pa-
rameters (A H® in the range of 10731250 Jmol~! and A S°
in the range of 4.3-4.7 JK~! mol~!) are somewhat smaller
than the previous mixed reverse micelles. These small differ-
ences in both these parameters may be attributed due to the
basic differences in the configuration of the polar head group
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Table 3

Thermodynamic parameters of desolubilization process (AH® and AS®) for different mixed reverse micellar systems with total surfactant concentration of

0.1 mol dm™3

System AH® (Jmol™ 1) AS° (JK~ ' mol™1) Corr. coeff.

AOT/nonionic/IPM/water systems
AOT/Brij-58/IPM/water, Xpyij = 0.05 (XBrij-58,max) 1374 5.5 0.9920
AOT/Brij-58/IPM/water, Xpij =0.1 2003 8.1 0.9778
AOT/Brij-58/IPM/water, Xpyij = 0.2 2563 11.1 0.9915
AOT/Brij-56/IPM/water, Xgyij = 0.05 623 29 0.9955
AOT/Brij-56/IPM/water, Xgyij = 0.1 (XBrij-56,max) 1275 5.2 0.9928
AOT/Brij-52/IPM/water, Xpij=0.3 (XBrij-52,max) 1351 5.2 0.9936
AOT/Brij-76/IPM/water, Xyij = 0.05 (XBij-76,max) 1237 4.8 0.9976
AOT/Brij-30/IPM/water, Xgyij = 0.2 (XBrij-30,max) 467 2.5 0.9938
AOT/Brij-35/IPM/water, Xpij-35 = 0.05 (XBrij-35,max) 1580 5.7 0.9913
AOT/Brij-35/IPM/water, Xpyij.35 = 0.1 3177 12.1 0.9933
AOT/Tween-40/IPM/water, Xtween-40 = 0.05 (Xtween-40,max) 1402 5.6 0.9928
AOT/Tween-40/IPM/water, Xtyween-40 =0.1 2133 8.2 0.9951
AOT/Span-20/TPM/water, Xspan = 0.4 (XSpan-20,max) 1073 4.3 0.9833
AOT/Span-40/IPM/water, Xspan = 0.3 (Xspan-40,max) 1116 4.4 0.9915
AOT/Span-60/TPM/water, Xspan = 0.3 (XSpan-60,max) 1201 4.6 0.9951
AOT/Span-80/TPM/water, Xspan = 0.3 (XSpan-80,max) 1250 4.7 0.9820

In presence of additives
AOT/Brij-58/IPM/NaCl, Xgyjj.sg = 0.05; [NaCl]=0.05 mol dm™3 1651 6.3 0.9958
AOT/Brij-58/IPM/NaCl, Xpyjjss = 0.05; [NaCl] = 0.1 mol dm™3 1789 6.5 0.9944
AOT/Brij-58/TIPM/NaCl, Xgyjj.sg = 0.05; [NaCl]=0.15 mol dm™3 2142 7.3 0.9903
AOT/Brij-56/IPM/NaCl, Xpij =0.1; [NaCl] = 0.05 mol dm™3 1365 5.3 0.9943
AOT/Brij-56/IPM/NaCl, Xpjj =0.1; [NaCl] =0.1 mol dm3 1594 5.5 0.9943
AOT/Span-20/TPM/water, Xgpan = 0.4; [NaCl] = 0.03 mol dm=3 1535 5.5 0.9865
AOT/Span-40/IPM/water, Xspan = 0.3; [NaCl] = 0.03 mol dm™3 1415 5.0 0.9981
AOT/Span-60/IPM/water, Xgpan = 0.3; [NaCl] = 0.03 mol dm™3 948 3.5 0.9984
AOT/Span-80/IPM/water, Xspan = 0.3; [NaCl] = 0.02 mol dm—3 1598 5.7 0.9953
AOT/Brij-56/IPM/aq. urea, Xpij-s6 = 0.1; [urea] = 0.2 mol dm—3 1097 4.7 0.9975
AOT/Brij-56/IPM/cholesterol/water Xpyij.56 = 0.1; [cholesterol] = 1% in oil (w/v) 1155 4.6 0.9878
AOT/Brij-58/IPM/aq. urea, Xpijsg =0.1; [urea] = 0.2 mol dm3 1905 8.0 0.9982
AOT/Brij-58/IPM/cholesterol/water, Cs = 0.1; Xpyjjss = 0.1; [cholesterol] = 1% in oil (w/v) 1850 7.5 0.9934

and hydrophobic moiety of the nonionics. On the whole,
both of these parameters (A H° and AS°) are well within the
comparable range for AOT/nonionic blends in IPM. It has
been mentioned earlier that the solubilization capacity of a
mixed system reaches its maximum at Xponionic,max and can
accommodate maximum amount of the aqueous phase. From
these energetic parameters for desolubilization of water,
which was obtained at the maximization of the process, it
can be inferred that the existence of an optimum hydrogen
bonded network structure of water molecules with the polar
head group of the nonionics inside the droplet core. Hence
a comparable energy is required to impart disorder into the
systems. Thus the energetic parameters corroborates well to
the maximization phenomenon of water solubilization ca-
pacity in mixed systems as discussed in the previous section.
In addition, several factors (for example, the content and
configuration of the polar head group of nonionic surfactants,
their hydrophobic moiety etc. for a particular oil) determine
the value of wg mayx for these mixed systems. It can be inferred
that at the solubilization maximum, contributions of all these
factors are optimized in order to attain wgmax as revealed
from the thermodynamic point of view. It can be also be noted
from Table 3 that AOT/Brij-35, Brij-58, Tween-40 blends in
IPM have higher A H° values compared to the AOT/Brij-56

blend at the comparable composition of [St]=0.1 mol dm™3
and Xyonionic =0.1. The A H® values can be correlated with
the size of the polar head group of nonionic surfactants
in such a way that larger the polar head group, higher is
the A H® values. It can be argued that nonionic surfactants
with large head groups contain more ether oxygen in their
head groups, which form stronger hydrogen bond with the
entrapped water and hence the desolubilization process
would be more endothermic. The same argument holds
good for the observed higher AS° values for systems with
larger head groups, since they form stronger hydrogen bond
with water and produces high positive entropy change upon
disruption. It has also been observed that both A H® and A S°
increased with increase in Xyonionic (beyond Xnonionic,max) for
AOT/Brij-35, Brij-56, Brij-58 and Tween-40 blends in IPM.
The increase in Xpyonionic 18 associated with an increased
number of nonionic surfactants at the interfacial film with
polar groups orienting towards the water pool. As a result
stronger hydrogen bonding between the polar head groups of
the nonionic surfactants and entrapped water which results in
higher A H° and A S° values during desolubilization process.

It can be observed from Table 3 that both the ener-
getic parameters (AH® and AS°) increased with the in-
crease in [NaCl] at the respective fixed compositions (i.e.
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with total surfactant concentration of 0.1 moldm™ and
at Xprij-58,max = 0.05 and XBrij-56,max = 0.1) for AOT/Brijj
blended systems in IPM. The highest values of these pa-
rameters were observed at the respective [NaCl]nax (i-e. at
0.15 and 0.1 moldm—3 NaCl where wpax was obtained for
AOT/Brij-58 and AOT/Brij-56 respectively). It can further
be noted that both of these parameters have been found to be
higher as compared to the corresponding aqueous systems,
and the values of AOT/Brij-58 systems are larger than that
of AOT/Brij-56 systems. For the AOT/Spans blended sys-
tem, the AH® and AS° values increased in comparison to
the aqueous systems at the corresponding [NaCl]y,x (except
for the AOT/Span-60 system). From these thermodynamic re-
sults, it can be inferred that the presence of NaCl influences
the interfacial rigidity and vis-a-vis the interaction among the
droplets in these systems. On the other hand, the content, size
and configuration of polar head group, hydrophobic moiety
of nonionic surfactants played a significant role under this
changed environment. As mentioned earlier, incorporation
of NaCl makes the interfacial film less flexible by shielding
the charge of AOT headgroups and thereby reducing the head
group repulsion. This perhaps also makes possibility of the
formation of the hydrogen bond between water inside the
droplets and the polar interface more feasible, which in turn
made the desolubilization process more endothermic. These
views corroborate the further maximization of the solubiliza-
tion capacity of mixed systems in presence of NaCl at their
corresponding Xnonionic,max as discussed in previous section.
Both urea and cholesterol also increased the A H® values for
AOQOT/Brij-58 blended systems in comparison to the aqueous
system, which can be substantiated due to the ability of these
additives to form hydrogen bonds with polar head groups
of surfactants and water within the droplets. However, for
AOT/Brij-56 blend, these additives decreased A H® values.
In order to underline these unusual behaviors of these addi-
tives in thermodynamic study, a more comprehensive study
on the solubilization of water in presence of additives, which
makes the interface either rigid or flexible, at different tem-
peratures needs to be explored.

4. Conclusions

e Addition of nonionic surfactants (Brijs, Tweens, Spans)
into AOT/IPM reverse micellar system enhances the
solubilization capacity (womax) at certain Xponionic,max
depending upon the polar head group and the hydrophobic
moiety of the added nonionic surfactants. The ascending
curve in the solubilization capacity-Xnenionic profile is the
Ry branch (the curvature branch), whereas the descending
branch is the R, (interdroplet interaction branch).

e Addition of electrolyte (NaCl) to these mixed systems
at Xnonionic = 0.1 and at Xyonionic,max 1ncreases the solubi-
lization capacity at a maximum (wpax) at a certain NaCl
concentration ([NaCl]mnax). The magnitude of [NaCl]yax
depends upon the type of the nonionic surfactant.

e AOT/IPM system is strongly temperature insensitive,
whereas AOT/nonionic blends in IPM at Xpyonionic >
Xnonionic,max are temperature sensitive. For these systems,
increase in temperature destabilizes the formulations into
two phases, an oil phase in equilibrium with a microemul-
sion phase. The optimum solubilization temperature (7y)
(i.e. the temperature at which the phase separation takes
place) depends upon the type and content of the added
nonionic surfactant. Addition of NaCl and cholesterol
increases the thermal stability of these systems, whereas
addition of urea decreases it at a comparable w.

e The process of desolubilization of water (or aqueous
NaCl) in these mixed reverse micelles stabilized in IPM
has been found to be endothermic with positive entropy
change. Both AH® and AS° values have been found
to be higher for nonionic surfactants with larger polar
head groups. The content and configuration of the polar
head groups of the nonionic surfactants influence both
these parameters in absence and presence of additives.
Addition of NaCl increases the AH®° values, whereas
the contributions of cholesterol and urea upon the AH®
values are not straightforward.
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