Water solubilization capacity of mixed reverse micelles:
Effect of surfactant component, the nature of the oil,
and electrolyte concentration
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Ahstract

Solubilization of water in mixed reverse micellar systems with anionic surfactant (AOT) and nonionic surfactants (Brijs, Spans, Tweens,
lgepal CO 520), cationic surfactant {DDAB)}-nonionic surfactants (Brijs, Spans, Igepal C0O 520), and nonionic (Igepal CO 520)-nonionics
{Brijs, Spans) in oils of different chemical stroctures and physical properties (isopropyl myristate, isobutyl benzene, cyclohexane) has been
studied at 303 K. The enhancement in water solubilization has been evidenced in these systems with some exceptions. The maximum water
solubilization capacity (ex no. ) in mizsed reverse micellar systems oceurred at a certain mole fraction of a nonionic surfactant, which is
indicated a8 X \onionic max- The addition ofelectrolyte (NaCl or NaBr) in these systems tends to enhance their solubilization capacities further
both at a fixed composition of nonionic (X popianics 00 and 8t X onionic max @t 303 K. The maximum in solubilization capacity of electrol yte
(e ) was obtained at an optimal electrolyte concentration {designated as [NaCl|ypgy or [NaBr mg ) All these parameters, oy po, Vis-i-
vis Xponionic,max @d comax vis-&-vis [NaClmax. have been found to be dependent on the surfactant component (content, EQ chains, and
configuration of the polar head group, and the hydrocarbon moiety of the nonionic surfactants) and type of oils. The conductance behavior of
these systems has also been investigated, focusing on the influences of water content (&), content of nonionics { X ponionic ). concentration of
electrolyte ( [NaCl| or [NaBr]), and oil. Percolation of conductance has been observed in some of these systems and explained by considering
the influences of the variables on the rigidity of the oil/water interface and attractive interactions of the swiactant aggregates. Percolation
zones have been depicted in the solubilization capacity vs X popionic 0F [electrolyte] curves in order to correlate with maximum in water or
electrolyte solubilization capacity. The overall results, obtained in these studies, have been interpreted in terms of the model proposed by
Shah and co-workers (Langmuir 3 (1987) 1086: J. Colloid Interface Sci. 120 (1987) 320 and 330) for the solubility of water in water-in-
oil microemulsions, as their model proposed that the two main effects that determine the solubility of these systems are curvature of the
surfactant film separating the oil and water and interactions between water droplets.

Keywards: Solubilization: Mixed reverse micelles: ACQT: DDAB; Brijs: Isopropy | mynstate; Percolation of conductinee

L. Introduction The water molecules solubilized in the imenor of the wa-
ter pool have properies different from those of bulk wa-
ter. This makes reverse micellar systems potentally useful
in industry and technology [1-8] and biologically impor-
tant systems [9-14] Solubilization of waler in reverse mi-
cellar systems has been found to be dependent on vanous
factors such as the nigidity of the mterfacial film, which
in tum depends upon the size of the polar head group
and hydrocarbon mowty of the surfactant, the composi-
tion, the type of oils, the presence of electrolyte, the na-

Reverse micellar systems have attracted the attention of
research workers from vadous fields of science and tech-
nology owing to their unigue ability to solubilize water
in organic solvents in the presence of surfactants [1-14].
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ture and valence of the countenion, the temperature, ele.
[1.15-17].

Kon-No et al [16,18,19] first reported on the solubi-
lizaton behavior of meverse mucellar systems using sur-
factants such as dodecylammonium carboxylate, butyl do-
decyldimethyl ammoniom bromide, polyoxyethylene nonyl
phenyl ether, and sodium bis(2-cthylhexyly sulfosuccinate
(AOT) in organic solvents at different lemperatures in the
absence and in the presence of electrolytes of different
charge types. They also investigated the solubilization be-
havior of AOT-based reverse micellar systems in paraf-
fin and naphthenic and aromatic solvents [20]. Kawai et
al. [21,22] reported the solubilization behavior of anionic,
AQT- and catonic, butyldodecyl dimethylammonium bro-
mide (BDDAB)-based meverse micellar systems in differ-
entoils (cyclobexane, heptane, isooctane, dodecane, toluene,
and chlorobenzene). Recently they [23] investigated the sol-
ubilization behavior and state of water in the water pool of
an AOQT Aisooctane reverse micellar system in the presence of
salts of different charge types. The results were interpreted
in terms of salting-in and salting-out phenomena and coun-
teracting effects of attractive intermicellar interaction and
mterfacial bending stress.

Bansal et al. [24] studied the solubilization capacity of
reverse micelles formed with fatty acid soaps and alcohols
as a function of alkyl chain of oils, soap, and alcohol and
found that the maximum solubilization was observed when
chain length compatibility was reached.

Solubilization of water in ACQT-based reverse micellar
systems in various hydrocarbon oils of different chain length
both in the absence and in the presence of additives (a sec-
ond surfactant, electrolyte, and aleohols) has been camied
out by Shah and co-workers [25-28]. They studied the effect
of chain length of o1l and nature of additives on the solubi-
lizaton behavior of such systems. A comprehensive model
of the mechanism that governs the solubilization process
in reverse micellar'water-in-oil microemulsion syslems was
proposed by them. Zana and co-workers [29.30] made a
systematic imvestigation o determine the water solubility
in reverse micelles made up of cationie surfactants in am-
matic solvents, as a function of the surfactant chain length,
the size of the head group, and the nature of the counterion
for a homologous series of surfactants. The effect of oil was
also investigated by considenng aromatic solvents of differ-
ent physical properties. This study was aimed at checking
the prediction of the model relating the change in water sol-
ubility of water to parameters such as the surfactant chain
length and head group size of the catonic surfactants. Der-
owmche and Tondre [31] studied the solubilization of water
in AQT/decane or dodecane reverse micellar systems in the
presence of different monovalent and divalent salts and cor-
related the waterfelectrolyte maxima with a dramatic change
in conductivity. They explained their results on the basis of a
possible existence of the Debye screening length. Later [32],
they examined the rate of waler uptake by AOT/decane re-
verse micellar systems in the absence and presence of dilfer-

ent additives (NaCl, polyoxyethylene glyeols (POEG), and
n-alkanols) using the stopped-flow technique with turbid-
ity detection and conductivity measurements, and corre lated
the rate constant of the solubilization process with perco-
lating and nonpercolating systems. The solubility of water
in wio microemulsions stabilized by cetylrimethyl ammao-
nium {CTA) has been investigated as a function of the na-
ture of the surfactant counterion (bromide, CTAB/chloride,
CTAC), the composition of the oil (chloroform and chloro-
form/heptane mixtures), the salting of the droplets, and the
nature of the salt employed to modify it [33]. Strong alter-
ations of the solubility of water were found to occur upon
mixing of the surfactants. The results of all these studies
cited above were explamed in terms of the model proposed
by Shah et al. [25-27].

Anionic surfactant, AOQT, is the most widely studied sur-
factantin the field of solubilization m reverse micelles owing
Lo its ability o form reverse micelles in hydrocarbon oils at
different concentrations. On the other hand, cationic surfac-
tant, DDARB [34-37], and nonionic surfactants [gepal [38,39]
have also been reported o form reverse micelles in hydro-
carbon oils. All of these imvestigations cited involve single-
surfactant reverse micelles. Such stodies in reverse micelles
consisting of more than one surfactant are rarely reported.
Formulation of an aleohol-free microemulsion using phar-
maceutically acceptable high-molkecular-weight surfactants
(AQT and Span-20) in mixed proportions, and the effects
of hydrocarbon chain length (C7-Cg) and electrolyles on
water solubilization in these mixed microemulsions have
been reported by Johnson and Shah [40.41]. Huibers and
Shah further reported [42] the solubilization behavior of
noniomc-nonionic mixed surfactant systems vsing the se-
rics of nonylphenyl ethoxylates (Igepal CO family of sur-
factants) in cyclohexane. Two different approaches o sur-
factant selection {from the viewpoint of their HLB num-
bers vis-i-vis high solubility in oil and water) were made
in order o achieve a high level of water solubilization in
w/o microemulsion formulations. Ludensten et al. [43] me-
ported an enhancement of water solubilization in AOT-alkyl
phenyl ethoxylate mixed surfactant reverse micellar systems
in gromatic oils. Seedher and Manmik [44] observed syner-
gism in solubilization capacity for mixed catwonic (CTAB,
CPC)—anionic (AOQT) or nonionic (Brj-30, TX-100) surfac-
tant systems in hydrocarbon oils (eyclohexane, hexane, oc-
tane, benzene). They reported that solubilization increased
with decrease in polanty and merease in chain kength of
solvent. Liu et al. [43] observed a maximum solubilization
capacity of water in the presence of a certain concentration
of NaCl ( Cipgy ) for mixed reverse micellar systems formed
with AOT and nonionie surfactants (Brijs) in hydrocarbon
oils (eyclobexane, hexane, heptane, octane, and isooctane).
Cpax has been reported o depend upon the nature of the
added nomonic surfactant and the molar volume of oil. Li
et al. [46] reported that the presence of optimal content of
bis-(2-cthylhexyDphosphone acid (HDEHP) remarkably en-
hanced the water solubilization capacity of the sodium bis-
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{2-ethylhexyl) phosphate (NaDEHP)Vheptane system, while
it decreased the solubilization capacity of AOT heptane sys-
tem. The addition of a kow concentration of NaClin ACT mi-
croemulsions enhanced 115 solubilization capacity. The con-
ductance behavior of the AOT system has been investigated,
focusing on the influence of the HDEHP content, NaCl con-
centration, and temperature. Eastoe et al. [47] investigated
solubilization of water in mixed catiome (DDAB }-catiomc
(DTAB) or nonionic (C2Es) or anionic (SDS) systems
stabilized in heptane. They observed enhancement i solubi-
lization capacity for both DDAB-DTAB and DDAB-C2E5
blends, whereas solubilization capacity has been meported o
be decreased for DDAB-SDS blends. They obtained a sud-
den increase in conductance for DDAB/DTAB mixed sys-
terms. On the other hand, no such observation was noted
for the other two systems. The structural features of these
mixed reverse micellar systems were explored with the help
of small angle peutron scattering (SANS) and other tech-
niques. They showed that changes in microemulsion phase
behavior and properties are a direct consequence of preferred
film curvature, which can be varied by surfactant mixing in
the interface. Very mecently, they [48] investigated the elec-
trical conductivity of D20-in-n-heptane (or -in- p-xylene)
microcmulsions stabilized by a mixwre of the cationic sur-
factant di-r-didodecyldimethylammonium bromide, DDAB,
and either the GE; nonionie surfactants or the polymenc
nonionic surfactants of the type PEO-PPO-PEQ, Pluronic,
as a function of D20 content and surfactant mixture compo-
siion. They interpreted the results on the basis of the charge
fluctuation model (CFEM).

Till now, most of the studies regarding the solubilization
phenomenon i reverse micellar systems stahilized by both
single and mixed surfactant systems have been carmed out
using hydrocarbon oil as solvent. The type of surfactants
and their chemical stroctures as well as oils played a signifi-
cant roke in the solubilization process. Such studies ina polar
oil like sopropyl mynistate (IPM), which possesses different
physical properties and structure as compared o the hydro-
carbon oils, are scarce. In addition, TPM finds application in
hiologically relevant microemulsion systems [49-51]. The
microstructural aspects of these mixed reverse micellar sys-
ems using this type of oil has not been explored. In continu-
aton of our previous studies [52-56] on the phase behavior
as well as the conductance behavior of mixed surfactant mi-
croemulsion/reverse micellar systems stabilized in vanous
types of oils, a systematic investigatnon of the solubilization
behavior of mixed surfactint reverse micellar systems using
amonic (AOT)-nonionic(s) (Brjs, Spans, Tweens, Tgepal),
cationic (DDAB pFnonionic(s) (Brjs, Spans). and nonionic
(Tgepal)—nomionic(s) (Brijs, Spans) in [PM ail both in ab-
sence and presence of celectrolyles has been camied oul.
These results have been compared with other solvents with
different physical properties and chemical structures [al-
wyclic hydrocarbon oil (Cy), aromate oil (IBB), and a
straight-chain hydrocarbon oil (De)]. An attempt has been
tiken toexplain all these results on the basis of the model de-

veloped by Shah and co-workers [25-27] taking into account
the role of nontonic surfactant (is content, configuration of
polar head group and hydrophobic moiety), oils (of differ-
ent physical properties and structure), concentration of the
electrolyte, and water content. In this report, the appearance
of maximum in solubilization capacity has been correlated
with the microstructural variation doe to the occumence of
percolation of conductance both in absence and presence of
the electrolytes. The conductance behaviors have been in-
terpreted by considenng the influence of these varables on
the rigidity and attractive interaction of the surfactant aggre-
sates.

2. Materiak and methods

The following surfactants were used without further pu-
rification, sodivm bis(2-ethylhexyl) sulfosuceinate (AOT,
99%), polyoxyethylene(20) sorbitan monolaurate (Tween-
200, and  polyoxyethylene(20)  sorbitan  monopalmitate
(Tween-400 were purchased from Sigma, USA. Nonylphenyl
ethoxylate (Igepal CO 52 was a product of Aldrich,
USA. Polyoxyethylene(4) lauryl ether (Brij-30), polyoxy-
ethylene(23) lauryl ether (Brij-335), polyoxyethylene(2) cetyl
cther (Brij-532), polyoxyethylene(10) cetyl ether (Brj-56),
polyoxyethylene(20) cetyl ether (Bnj-58), polyoxyethyl-
enel 10y stearyl ether (Brij-76), sorbitan monolaorate (Span-
200, sorbitan monopalmitate (Span-340), sorbitan monostea-
rate (Span-60), sorbitan monooleate (Span-801), and dido-
decyldimethy lammonium bromide (DDAB) were products
of Fuka (Switzerland). Chemical structures of some of
the surfactants are presented m Scheme 1 (see Supplemen-
tary Material). Cyclohexane (Cy). isobutylbenzene (IBB),
2-ethylhexanol, NaBr, and NaCl were AR and extrapure
grade products of SRL, India. Isopropyl mynstae (IPM)
wias g prodoct of Fluka (Switeerand) and its density and
refractive index agreed well with the literawre. Decane (De)
and Eugenal (Eu) were products of Fluka (Switzerland) and
Loba Chemicals (India), respectively, and were used as ne-
ceived. Sudan I'V and Eosin Blue were AR grade products
of SRL, India.

Double-distilled water with conductance kess than 3 pS
em™! was used.

Stock solutions of all the surfactants mentioned above
were made in different oils, and mixed amome (AOT),
cationic {DDAB), and nonionic (Igepal CO 520) in differ-
ent proportions with nomonic surfactants o vary Xponionic»
where X denotes the mole fraction of nonionie surfactant in
total surfactant,

[monionic |

X s — - - - - i
bt [monionic] + [1onic]

The surfactant solution was fixed at a concentration of
0.1 moldm™? if not mentioned otherwise. These solutions
were taken in sealed test tubes, equilibrated in a thermosta-
tic water bath at 303 K, and tirated with water [or agueous
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NaCl (NaBr) at different concentraions] using a microsy-
rnge of varying capacily with constant stiming in a vortex
shaker. The onset of permanent twirbidity at each composition
of surfactant mixture in oil denotes maximum solubilization
of water or aqueous NaCl (NaBr) at the end point of titra-
tion. All the experiments were repeated two or three tmes
and mean results were aken. In order to check the behav-
or of the phase separation at the saturation of solubilization
(i.e., at equilibrivm), we used two dyes: Eosin Blue (EB).
which 15 selectively soluble in water, and Sudan IV, which
15 selectively soluble in oils [25,29,.30,45]. These systems
were allowed at least 1 h tme at 303 K in order o ensure
complete phase separation. The different phases, as well as
Winsor types, have been identified in accordance with the
different colors developed due to the solubilization of these
two dyes (of different characteristics) in these mixed sys-
tems. The results of these expenments have been dealt in the
subsequent section.

Conductivity measurements were made using an auto-
muatic lemperature-compensated conductivity meter, Thermo
Onon, USA (Model 145A plus), at 303 K, with cell constant
1.0 em~'. The uncerainty in measurement was not more
than +1%.

3. Results and discussion

A, Solwbilization of water in mixed weverse micelles in

oifs (IPM, Cv, IBB)

Water solubilization capacity of anionic (AOT ) -nonionics
(Brijs. Tweens, Spans and Igepal), cationic (DDARB )-noni-
omcs (Brajs, Spans) and nonmonie (Igepaly-nonionie (Brjs,
Spans) mixed reverse micelles in three different types of
oils (IPM, IBB and Cy with molar volumes of 317, 157,
and 108 em® mol~!, respectively) and water are presented in
Figs. 1-3 and Table 1.

J 01 Effect of wtal surfactant concentration on
selubilization of water in IPM, Cy, IBB

Fig. 1 depicts the solubilization behavior of AOT/Bnj-
56/l (IPM, IBB, and Cy) meverse micellar systems at
three different surfactant concentrations, vie, (01, 0,175,
and 025 moldm™ at 303 K. The maximum amount of
waler solubilized (ex mgy ) in AOT/Brij-56 mixed systems
has been obtained at X ghjse max = 0.1 (where X ghjse, max
15 the mole fruction of Brij-56. at which maximum solu-
bilization occurmed) for all three oils. The total surfactant
concentration, [St]. has a small effect on oy pe for the
AOT/Bnj-36/IPM (30.0-30.5) and AOT/Bnj-56/Cy (63.0-
6800 systems, whereas for the AOT/Bnj-56/IBB system,
the o gy varmed with [S1] (60.5-T8.0). [thas been eported
that benzene is 4 very good penetrator and can interact with
the ester carbonyls of AOQT and dehydrate the polar groups
at the sufactant—water interface, and thereby increases the

an
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Fig. 1. Effect of surfactant concentration on solubilization of water in
ACYI/Brij-56/oil reverse micellar system at 303 K with Xppjs = 0.1

L. IPM: () 0.1 moldm™F; (41 (.175 moldm™; (H) (.25 moldm™7;
20y {A) 01 moldm™; (=) 0175 moldm™: (&) 025 moldm™
30BB: (200 moldm ™ (#10.175 mol dm ™ ; () 0.25 mal dm .

solubilizaton of water in reverse micelles [57]. But surfac-
tant monomers cannot be aggregated in benzene due 1o the
strong affinity of highly polarizable benzene molecules for
polyoxyethylene chains of nononie surfactants [58]. How-
ever, the addition of a small amount of water can promote
micellization by retracting armmatic hydrocarbons from the
polar chain of surfactant [539.60]. Thus the solubilization of
waler in aromatic-oil-based reverse micellar systems can be
expected w be afunction of the surfactant concentration, as
it has been observed for the IBB stabilieed system. Increased
surfactant concentration can give rise 1o higher micellar den-
sity, and thereby increases the solubilization capacity.

020 Selubilization of water in IPM -based systems

AOT reverse micellar systems with (1.1 mol dm~ surfac-
tant concentration in IPM have been observed to solubilize
a substantial amount of water, g (=[water ]/ [surfactant] ) ~
22, The addition of nonionic surfactants of different chem-
ical structures (Brijs, Tweens, Spans, Igepal) o AOT/IPM
(at a fixed [St] of (.1 m{}ldm_l]l has been observed o
enhance the maximum solubilization capacity. The solu-
bilization capacities of AOT + nonionic systems are ob-
served o merease with increasing nonionic content in a
mixture of AOT + nonionmel(s), and then decrease after pass-
ing through maxima (g may ). These results are presented
in Fig. 2A. Such synergism in anionic 4+ nonionic mixed
reverse micellar systems has been attributed 1o coulombic,
won-dipole, or hydrogen-bonding intermactions among the po-
lar groups [45]. Bry-35 (HLB, 16.9) is more hydophilic
than Brij-30 (HLB, 9.7), since they contam the same num-
ber of methylene groups (12) in their hydrophobic moiety,
but 23 and 4 ethylene oxide (EQ) chains in their hydrophilic
parts, respectively. It has been observed that g gy occurs
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Fig. 2. {A) Solubilization capaeity of water in AT/ noniomic/TPM reverss
micellar system at 303 K with total surfactant concentration 0.1 maol dm—
(1) ACVTVBr-76: {20 ACT/Brij-30: (<) AQT/Brj-56: (@) AOT/Brij-52;
(&) AOT/Brij-35; (0 AQT/BNj-55. (B) Solubilization capacity of water in
ACT/Spanl PM reverse micellar system at 303 K with total surfactant con-
centration (1.1 moldm™ in oil. (@) Span-20; () Span-40; (A) Span-6i;
{2 Span-80.

al Xprijan, max = 0.2 and Xprij35 max = 0.05 (Fig. 2A); 1e.,
nonionic surfactants with larger polar head group produce
solubilization maximuam at lower X ponionic max vilues, The
same trend 15 obtained for the AOT/Brij-52 [Ca(EQ)R].
Brij-56 [Cs(EOQ)q]. and Brij-58 [Cs(EOQ)y] systems with
the corresponding X ponionic, max = 0.3, 0.1, and 0.05 respec-
tvely. oy me 1% higher for the AOQOT/Bnj-52 system (43.2)
in comparison Lo the other two systems (3000 and 2910, re-
spectively ). Brij-76 contains the same number of ethykene
oxide chains (107 as that of Brij-56 with almost identical
HLE numbers (12.4 and 12,9, respectively ), but it contains
two more methylene groups in the hydophobie part. The

0

B

70

&0 1
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solubilization capacity

20

10 1

9 T T
] 0.2 0.4 0.6 0.8

xn-\:pn'n\:vnnil:

Fig. 3. Solubilization capacity of waterin AT nonionic/| BB reverse micel-
lar system at 303 K with total surfactant concentration (.25 mol dm™ * in ail.
(O ACYTYBrij-5: { 20 AT Bnj-58: (00 ADTB-52 (M) ADTYS pan-40;
(@) AOT/Span-6i,

AOQT/Brij-76 system exhibits a higher ay gy (35.8) com-
pared to AOT/Brij-36 (3000) at Xponicnic max = 0,05, which
15 identical with the AOT/Brij-35 and AOT/Brij-58 systems.

Four different Spans (vie. Span-20, -40, -60, and -80)
(lipophilic nonionic surfactants, sorbitan fatty acid es-
ters) are blended with AOT in IPM at a fixed [S7] of
0.1 moldm~?, and water solubilization behavior has been
studied. The solubilization capacity of water in mixed sys-
tems with mole fraction of Spans is shown in Fig. 2B. The
Spans have identical polar head groups (sorbitan esters), but
they differ in their hydrocarbon chain length. ey g, has
been obtained at X penionic max = 0.4 for the AOT/Span-20
systems, whereas for the other three systems day g, are ob-
tained at X opionic max = 0.3, Unlike other nonionic surfac-
tants, Spans do not contain any POE chain. Span-20) has the
smallest hydrmocarbon tail part (laurie ackd side chain on the
sorbitan nng) and its HLB value 1s 8.6, Span-2) 15 expected
to be the most polar among the studied Span series with
HLB values of 6.7, 4.7, and 4.3, respectively. AOT/Span-
20 blend produces ay may 4t a higher X genionic max than the
other three AOT/Span systems. This resull 15 nol consis-
tent with other nomonie surfactants containing EQ chains.
The interfacial behavior of Spans vanes as a result of dif-
ferences in molecular structure and hydrophobicity. Since
the hydrophilic portion of all the Spans are similar, it may
be reasoned that the interactions between the fatty acid por-
tions of the Spans are the main contaobutors to the differences
in the mterfacial elasticities as a consequence of nterfa-
cial packing [61]. However, gy value increases with
mcreased hydmophobicity of the tail part of the Spans and
follows the order Span-80(535.0) = Span-60 (52.5) = Span-
40 (50.0) = Span-20(42.4). Similar observations have been
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Table 1
Soluhilization of water {axy gy ) in mized reverse micellar systems: (A) anioni c-nonionic: (B cationic—nonionic:; {C) nonionic—-momonic in different oils at
WIK
Surfactant [ [Bpheh CyelohexaneH
I""'J'lih:lr:m.lx'l N}, s O} max
{A) ADTnonionicds Veater; [S¢] = 0.0 maldm = {0.25 maldm— for IBB)
Brij- 3 3280023 = =
Brij-35 254 (005) 357400.0) 333000
Brij-52 43.200.3 N N
Brij-56 30.040.1) 6.5 ({1, 11 with aR0{0.1)
[S7]= 0.1 maldm™
TEO1) with
[57] = 025 mal dm—
Brij-58 29.040.05) 3904000 ELER(IN ]
[$7] =01 moldm—
45.3400.1)
[S7] = 0125 mal dm—F
Brij-76 35,8 (0.05) = =
Tween-20) 27.340.05) 5T.5(0.1) 4 (L05)
Tareen-4) A0.00.05) 570400 TO0{005)
Span-2{1 42.5(0.4) M N
Span-H) S0.040.3) M N
Span-hil 525(0.3) M M
Span-&il 550403 N N
lgepul OO 520 474 (0.2 59.6 (0.6 9E.6(04)
(B1 DDABmonionicis Yoiliwater; [S¢] = 0.1 mol dm™
Brij-52 N N N
Brij-56 3003 N 48.4(0.5)
Brij-58 39.500.1) AR 4.7 {04)
Span-H) N N N
Span-6i) N M M
Igepal OO 520 220408 - 23500.8)
() lgepal OO0 520 nonionic(s Voiltwater: |S¢] = (.1 maol dm—3
Brij-52 N N N
B\Tij-.'iﬁ N 17.8(0.5) 570402
Brij-5% N LLA(0.0) 337 (02)
Span-H) N N N
Span-hil N i M

Nare. M indicates that no maximum in solubilization was observed.

o] = [water]/[AGT] in IFM at [Sp] = 0.1 moldm™ is equal 10 22,13 a0 303 K.

=

[y ], same in IBB at [S] =025 moldm ™ is equal to 199 a1 303 K.

o) same in Cy at [S1] =0.1 moldm ™~ is equal to 20.2 at 303 K.

4 Loyl = [water]/[DDAB] in IPM at [$1] = 0.1 moldm™ is equal to 7.7 at 303 K.
 Jay) = |water] /[ DOAB] in IBB at [St] = 0.1 moldm ™ is equal to G at 303 K

U o] = [weater] /| DDAB] in Cy at [S1] = 0.1 moldm ™ is equal to 15,1 at 303 K.

E ey ] = [water] /[ lgepal OO 520] in IPM at [S1] =01 mal dm™ is equal to 5.5 at 303 K.
B Loy ] = [water] /[ lzepal €O 520] in IBB at [$1]=10.1 mol dm~— is equal w0 4§ a 303 K,
1

[egy] = [water]/[lgepal OO 520] in Cy at [S¢] = 0.1 moldm™ is equal to 250 at 303 K.

L Rr— mepresents the maximum solubilization of water at a particular mole fraction of nonionic surfactant, (X 00006 ) given in the parentheses.

reported by Shah and co-workers [25] for the AOT/Span-20,
Span-4), Span-6Vhexadecans/water system.

Tween-20 and 40 (ethoxylated denvatives of sorbitan
esters) belong o an interesting family of surfactants. The
substitution of the hydroxyl groups on the sorbitan ring with
polyoxyethylene groups increases the hydrophilicity of these
surfactants. The HLB values of both of these Tweens (16.7
and 15.6, respectively) are comparable with those of Brip-35
and Brij-58. The solubilization behaviors of AOQOT/ Tween-20
and AOT/ Tween-40 systems have been found o be almost
identical to those of AOT/Brij-35 and AOQOT/Bnj-58 blended

systems with X fween, max = 0,05 and e g values of 273
and 30.0, respectively (figure not shown).

Solubilization capacity of cationic DDAB in IPM is rel-
atively low (e ~ 8) with 0.1 moldm™— surfactant in oil.
But the blends of DDAB with nonionic surfactants (Brij-
56 and Brj-58) in IPM have shown manyfold enhancement
in eop ma (3020 and 39.5) at X ponicnic max = 0.3 and 0.1, re-
spectively (figure not shown). Both of these systems exhibit
synergism in solubilization of water at a lower mole frac-
tion for more hydrophilic surfactant, Brij-58 as compared o
that of Brij-56. The size of the polar head group of the non-
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wmicls), as indicated by the number of EOQ chains present
in the respectve surfactant, plays a significant ole n the
solubilization process of water in these systems too. DDAB
blended with Span-40, Span-60, and Brij-52 in [FM, how-
ever, does notexhibitany increase in solubilization of water.

The nonionic surfactant [gepal CO 520 (CyPhEs, nonyl-
phenyl ethoxylate) has been reported to solubilize a substan-
tal amount of water in hydmocarbon ails (Cy 4 n-hexane,
1:1, wiv) [38]. In the present study, maximum solubiliza-
ton of water in DDAB/Igepal CO 5AVIPM mixed system
15 rather low (o ma: 2200 at [S1] =001 moldm™" and
i obtained at high content of [gepal ( Xoonionic max = 0.8)
(figure not shown). lgepal CO 320 contains five EO chains
with HLB value of 10,0, The differences in respect of size
of the polar head group and hydrophobic moiety between
two classes of nomionic surfactants (Brijs and Igepal) as well
as the bulkier head group stee of DDAB may be the meason
for obtaiming such values. No synergism in solubilization of
wiler has been observed for [gepal/Bnjs and Igepal/Spans
mixed systems in IPM.

1.3 Selubilization of water in Cy-based svstems

Solubilization capacity of mixed surfactant reverse mi-
cellar systems (AOT/nonionic) in Cy has been examined
with [S7] of 0.1 moldm ™. It has been observed that sol-
ubilization capacity passes through maximum for AOT/Bnj-
56, AOT/Bnj-58, AOQT/ Tween-20, AOT/Tween-4) systems
with comesponding X ponionic, max = 0.1, 0.1, (005, 0,05 re-
spectively. On the other hand, no maximum in solubilization
capacily has been observed for AOT/Brj-52 and AOQT/Span
systems, instead solubilization of water decreases steadily
with imereasing nonionic content in the blend (figure not
shown). g gy values are observed to be higher than those
obtained with IPM oil, whereas wentical X onionic max vil-
ues have been obtained except for the AOT/Brij-58 sys-
tem. DDAB/Brij-56 and DDAB/Brij-58 mixed systems in
Cy alsoexhibit a maximum solubilizaion capacity with [S1]
of 0.1 moldm™—2. Higher axy gy value (48.4) 15 observed for
DDAB/Bnj-56 system as compared to the DDAB/Bnj-58
system (40.7) and the comesponding X ponionic, max values are
0.5 and 0.4, respectively. Such synergism is not observed for
DDAB/monionic (Brj-52, Spans) systems.

Among the mixed nonionie (lgepal CO 520)-nonionic
(Brijs and Spans) systems in Cy, lgepal/Brij-56 and I[gepal/
Bnj-58 blends are observed to show synergism (g o
570 and 33.7) at Xjopionic.max = 0.2 for both the systems,
whereas for [gepal/Brij-532, Span-40, and Span-60 mixed
systems, solubilization capacity decreases as the content of
the nonionic surfactant increases in the mixre.

14, Selubilization of water in IBB-based svstems
Solubilizatnon of water in single or mixed reverse mi-
cellar systems wsing isobutylbenzene (IBB), an aromabtic
ail, 1% hardly reported. The AOT/IBB reverse micellar sys-
tem i observed to solubilize 2 good amount of water with
0.1 moldm™ sudactant in oil (e~ 18.0). When a non-

tonic surfactant, Brij-56 is blended with AOT in IBB. the
) max vilue increases upto 605 at Xprjjs6 max = 0.1 and
on increasing [St] to 0.25 mol dm_l, a further enhancement
of i max value to 780 15 observed at Xggjs6,max = 0.1,
A similar trend s noticed for the AOQT/Bnj-58 system also,
with relatively smaller e may vtlues of 390 and 45.3 with
total surfactant concentrations of 0.1 and 0.25 muldm_'j',
respectively, but at identical Xpgj 58 max value of 0.1, For
AOT/Brij-52, ACT/Span-40, AOT/Span-60 systems, no such
synergism is obtained. The results are depicted in Fig. 3.
Both AOT Tween-20 and AOT/ Tween-40 systems (with sur-
factant concentration of (.1 muldm_?’}l have shown maxima
in solubilization capacily (o g 375 and 57100, respec-
tively) al Xrweenmax = 0.1, In the DDAB/IBB reverse mi-
cellar system (with surfactant concentration (1.1 m{}l-r.lm_l]l,
the addition of Brij-58 has been found o imcrease o max
value around sevenfold at Xphjss = 0.1 {figure not shown).
But the Brij-536 and Bnj-32 blends fail 1o show any syner-
gism. When Span-40 or Span-60 1% added o the DDAB/IBB
system, o decrease in solubilization of water 15 observed with
increase in the Span content in the mixtune.

lgepal CO 520MBB system (with surfactant concentra-
tion of 0.1 mt}ldm_?’}l exhibits low water solubilizaton
(e, .80, and when Brij-52 s added as the second surfactant,
it decreases further with increasing Xprjsz. But for Igepal
CO 320/Brij-36 and [gepal CO 520/Brij-58 blends in IBB,
oy gy vitloes are obtained as 17.8 and 11.3, mespectively,
with corresponding Xpgrij max 0f (0.5 and (0.1 respectively (fig-
ure not shown).

3.2, Comprehensive analvsis of water solubilization in
mixed reverse micellar systems in three oils (IPM, Cy, IBR)

3201 Effect of nonionic surfactant

A comprehensive data of water solubilization for differ-
ent mixed reverse micellar systems in three oils has been
presented in Table 1. Solubilization of water in reverse mi-
cellar systems depends upon many factors, for example, Lype
of surfactant (and cosurfactantsecond surfactant), odl, tem-
perature, and additives [45]. But the main doving foree of
such solubilization is the spontaneous curvature and the elas-
ticity (or rigidity ) of the interfacial film formed by the surfac-
tant system [26]. IF the interfacial curvature and the bending
elasteity are fixed, solubilization can be maximized by min-
imizing the interfacial bending stress of the rigid interface
and the attractive interdroplet interaction [34.35]. The criti-
cal packing parameter (CPP, given by P = v/al where v and
I ame respectively the volume and length of the hydrophobic
chain and a is the area of the polar head group of the sur-
factant) of the surfactant plays an mmportant role inowaler
solubilization.

In the present study, addition of nonionic surfactants
of different types and chemucal structures (Brjs, Tweens,
Spans, and lgepal) to AOQT/TPM waler reverse micelles pro-
duces synergism in their solubilization capacity. The highest
and lowest iy pgy values are oblained with the AOQT/Brj-
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52 (43.2) and AOT/Bnj-35 (25.4) systems, respectively, at
corresponding X popicnic max values of 0.3 (highest) and (L05
(lowaest). The mixed systems containing Brij-35, Brij-58, and
Bnj-76 exhibit ax ma 2t ow X penionic max = .05, whereas
for Brij-30 and Brij-56 systems, solubilization maxima are
obtained at relatively higher X ponionic,max (= 0.2 and 0.1,
respectively). For AOT/Tween systems, o mg follows the
order Tween-4) = Tween-20 at Xmweens max = 0.05, whereas
for AQT/Spans systems, oy ey follows the order Span-
80 = Span-6 = Span-H) = Span-20 al Xgpope max = 0.3
(excepl for X gpan 00, max = 04). The AOT/Igepal system pro-
duces an oy mae value of 474 at Xppepa)max = 0.2, The
plausible mechanism for the solubilization phenomenon in
mixed reverse micelles s not straightforward, becanse of
the interdependence of both the parmmeters (ay may and
X nonionics,max ) anising out of the hydrophilic-lpophilic bal-
ance (HLB) of the added nomionic surfactant. From close
scrutiny of the size (ie., the number of POE chains) and
configuration of the polar head group, hydrophobic moiety
of the nonionie surfactants of vanous types (Scheme 1 in
Supplementary Material), it can be inferred that the ay may
vialues obtained in these mixed systems 15 pomanly gov-
emed by the number of carbon atoms in the hydrocarbon
moiety of the nonionic surfactant, whereas X ponionic, max 15
a function of the size and composition of the head group
of the added nonmionic(s). A similar trend 15 also obtained
in DDAB monionmic(s) blended systems. The comterbalance
between these two factors plays a decisive role on the strue-
ture of the nterface and continuous phase on solubiliza-
tion of water in mixed reverse micelles. An explanation in
support of these mferences has also been presented in the
subsequent section vsing the model proposed by Shah et
al. [25-27].

.22, Rationalization of solubilization of water in mixed
reverse micelles in IPM

The entical packing parameter CPP of the nonionic sur-
factant decreases with increase in EQ chain kength and s
smaller than that of the amonie surfactant, AOQOT. CPP of a
mixed surfactant system can be given as [62,63],

P=[(xvfal)a + (xv/aDg]/(xa + x8). (1)

where x 18 the mole fracton of the surfactant present at
the interface and the significance of the other parameters
has been mentioned carlier. Eqg. (1) predicts that CPP of the
mixed reverse micellar system decreases with the increase of
nonionic surfactant content and their EQ chain lengths, and
thereby leads to an increase in the droplet radios. This can
affect the natural tendency of AOT to form reverse micelle
and hence also the solubilization behavior The change
the interfacial ngidity due to the addition of certain amount
of monionie surfactant 15 the man driving force for the ob-
served synergism. Our observations are also supported by
the argument of Nazario et al. [64]. They reported that the
main drving foree for water solubilization in mixed surfac-
tant (AOT + C;E; . where § is the number of carbon atoms

in the hydrophobic part and § is the number of EOQ chains in
the hydrophilic part of the nonionie surfactant) reverse mi-
cellar systems 15 the presence of the hydrophilic group of the
noniomce surfactant. On the other hand, the AQOT/Brj-56 sys-
tem produces e e (30.0) at a higher X prjss max (0.1) 10
companson o the AOT/Brj-76 system (358 and 005, re-
spectively), though Brij-56 and Bnj-76 have the same poly-
oxyethylene chains (POE), but the former has a smaller hy-
drophobic chain length (C ) than the later (Cg). So the con-
tribution of hydrophobic moiety can not be neglected while
determining the maximum in solubilization capacity. Higher
oy max values (range between 42,5 and 55.00 are obtained for
ACT/Spans/ IPM/water systems in comparison o AOQT/Bnjs
(except for Brij30 and Brij52) and AOT/Tweens blended
systems. The vanations m both e may and X penionic, max TOT
AOT/Span systems may be explained on the basis of the siee
of the polar head group, which decreases or limits the attrac-
tive mteraction between microemulsion droplets and mdios
of spontancous curvature of the interface [25-27]. Higher
vilues of both ey mae (47.4) and X onionic max = 0.2 for the
AOTAgepal system may be due w the difference in chemical
structure and kesser number of POE chains (five) than with
other nomonic(s ).

3.2.3. Effect aof oils

The solubilization phenomenon in reverse micellar sys-
tems stabilized by AOT/hydrocarbons was explamed on
the basis of the model developed by Shah and co-workers
[25-27]. According to them, the growth of microemulsion
droplets during the solubilization process and consequently
the phase separmtion in such systems 1s limited by two op-
posing factors, namely the radios of spontaneous curvature
(R as the result of curvature effect and the critical radius of
droplets { . ) due to the result of attractive interaction among
the droplets. The curvature effect 15 related o the cohesive
foree between the hydmocarbon chains at the interface as well
as 1o the ngidity 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 contin-
uos phase so that Ry is increased. Starting from a short-
chain alkane, increasing the oil chain length would gradually
reduce the cohesive interaction between the hydrocarbon
chains of the interface and decrease the nterfacial ngidity
due to decreasing oil penetration. The solubilization for such
systems thus inereases doe to the decrease in packing pa-
rameter (F) and consequent increase in natural mdius. On
the other hand, for systems with greater chain length alka-
nes, the interdroplet interaction govems the solubilization
process. Consequently one would expect a decrease in solu-
bilization in microemulsion with further increase nooil chain
length. At the point of oil chain length compatibility, both of
these interactions are minimized; hence a maximum solubi-
lization results. They showed that in an AOT alkane/water
system, solubilization capacily mereases with increase in
the oil chain kength from benzene o heptane and then de-
creased on further increase of chain length upto hexadecane.
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They concluded that the ascending pant of this solubilization
maximum 15 due o the corvature effect (with oils of short
chain length) and the descending part s due w the inter-
droplet interaction effect (with oils of higher chain length).
This model predicts that at a given surfactant concentration,
the maximum solubilization capacity of the system can be
obtained by adjusting the interfacial curvature and elasticity
o optimum values at which the bending stress and the at-
ractive forces of the interface are both minimized. Henee,
one can increase the solubilization of a microemulsion with
a rgid mterface by increasing its natural radivs and fAuid-
ity of the interface. On the other hand, the solubilization of
a microemulsion of a fluid interface can be increased by in-
creasing the mterfacial rigidity and decreasing the natural
radius.

In the present study, phase separation upon the addition of
excess water in AOT/oil/water reverse micellar systems has
been examined with the help of dye solubilization process
for these three oils. It was found that for all these systems,
a small volume of lower phase coexisted with a larger vol-
ume of upper phase after complete phase separation. When
an oil-soluble dye, Sudan IV, was added mto these systems,
the lower phase remained colorless, whereas the upper phase
became intensely red. On the other hand, on addition of
a water-soluble dye, Eosin Blue, the upper phase became
faintly violet, whereas the lower phase tumed intensely vi-
olet. These observations strongly support the fact that the
lower phase 15 a pure agueous phase in equilibrium with
an upper microemulsion phase (Winsor 11 system). Such
a phase separation indicates that the curvature effect gov-
ems the solubilization phenomenon in these studied systems.
Such type of phase separation 1s likely to be observed
AOT reverse micelar systems stabilized in hydrocarbon oils
with low molar volume { <150 cc mol ™! 3[25]. In the present
study, for AOT/Cy/water and AOT/IBB/water systems, such
phase separmtion s quite hkely to oceur, but for IPM oil
(consisting of large hydmocarbon tail and hydrophilic ester
group) with high molar volume (317 cc mol 1), this type of
phase separation s quite unusual. For hydmocarbon oils with
high molar volume (=150 cc mol 1), interdroplel interac-
ton plays the governing role in solubilization phenomenon
and a Winsor [ type phase separation (in which a lower mi-
croemulsion phase remains in equilibrivm with an excess
upper oil phase) is ikely w be observed. The anomalous be-
havior of AOT/IPM/water system supports the fact that not
only the molar volume of oils, but other factors like polar-
ity, viscosity, molecular structure, ete., of oils may also play
key roles in solubilization behavior of AOT/ oil'water reverse
micellar systems [25,26,29,30].

AOQT/Bnj-56 blend exhibits maximum in solubilization
capacity in all the three oils at X ponionic max = 0.1, Phase
sepambion has also been studied for the systems AOTY
Bnj-56/Cy, IBB, IPMdwater al X nopionic = (L2, It has been
observed that after complete phase separation, when an oil-
soluble dye, Sudan IV, was added mto it, both the phases
(lower and upper) became red. On the other hand, the ad-

dition of a water-soluble dye Eosin Bloe tumed the lower
phase intensely violet, whereas the upper phase remained
colordess which cleardy indicates that an equilibriom be-
tween a lower microemulsion phase with an excess oil phase
(Winsor I system) is established. These observations point
out that interdroplet nteraction plays the governing factorin
determining the phase separation in these systems [25]. As
evidenced carlier, curvature factor governs the phase sepa-
ration of AOQT reverse micellar systems in these three oils.
So any factor that increases the rigndity of the interface and
hence the natural radivs of curvature (R ), mereases the sol-
ubilization capacity significantly. Incorporation of a second
nonionic surfactant with large polar head group decreases
the effective packing parameter { Pe) (Eq. (1)) by increasing
a (area of polar head group), thereby increasing K. But such
an increase in K oimcreases the interdroplet mteraction, and
at a certain value of R ~ R, (cntical radius of curvature),
the interdroplel interaction starts o govern the solubiliza-
ton process and limits the solubilization capacity. Hence,
for all these mixed systems, the ascending curve of the sol-
ubilization capacity 1% the curvature branch (Rg), whereas
the descending curve is the interdroplet interaction branch
(F:). In the AOT/Brij-56/oil/water system, the oy gy (ol
lows the tend Cy = IBB = IPM, which suppons the fact
that the smaller the molar volume of the oil, the larger is the
effect of increasing radivs of curvature, and hence higher is
the solubilization capacity [65.66].

It is evident from Table 1 that AOQT/Brijs (Bnj-35, Brij-
56, Brij-38) systems in Cy and IBB exhibit a solubilization
maximum, whereas the nonionic surfactants (Brij-52, Spans)
with poor hydrophilicity fail to exhibit any such maximum.
AQT/Brij-56 systems in these oils produce higher g max
values in comparison o AOQT/Brij-58 systems. Addition of
nonionic surfactant with large polar head group increases
the ngidity of the interface and hence increases the radios
of curvature. Bul those with smaller polar head groups do
not increase the radins of curvature significantly and hence
no such synergistic effect was observed. Since Bnj-58 has
larger head group incompanson o Brij-56, the AOT/Bnj-58
blended system reaches the eritical radios of curvature (Re)
at a lower o in comparison o AQT/Bnj-56 blended sys-
tem, and hence ay gy valoes are observed to be higher for
AQT/Brij-56 blends than for AOT/Brij-58 blends.

We have studied the solubilization behavior of AOT/non-
ionic (Brj-56, Brij-58, Span-60) blends in decane (De) ail
(molar volume 195 ccmol™!). The solubilization capacily
of AOT/Defwater system 15 governed by imterdroplet inter-
action [23-25]. So any factor that imcreases the rigidity of
the interface and decreases the interdroplet interaction will
increase the solubilization, whereas factors that make the in-
terface more fluid would decrease it In the present study,
AOQT/Brij-56 and AOT/Bry-58 blends have not shown any
synergism, whereas AOT/Span-60 blend produced a solubi-
lization maximum at Xpenionic,max = 0.3 (figure not shown).
Incorporation of nonionic surfactant with large head group
(Brij-56, Brij-538) into the interface mereases the fluidity of
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the interface and thereby decreases the solubilization. On
the other hand, Span-60 having no POE chain increases the
interfacial rigidity and thereby increases the solubilization
capacity. This observation s consistent with that of Shah et
al. [25] wherein incorporation of Spans increased the solu-
bilization capacity of AOQOT/hexadecane/water system.

Solubilization behavior and appearance of solubilization
maxima in AQT/Brijs (Brij-35, Bnj-56. Brij-58)Cy, 1BB.
and ACQT/Span-60De systems follow the proposed model
for solubilization [25-27]. But the solubilization behavior
in IPM is unusual in this manner. AOQOT/IPM system exhibits
phase separation due to the curvature effect, and an enhance-
ment of solubilization capacity has been observed for both
large head group nonionie surfactants (as m the case of Cy,
IBB -based systems) and small head group nonionic surfac-
tants (a% in the case of De-stabilized system) blends. It has
been reported earlier [27.29.30] that oils with high polar-
ity can behave in a manner different from hydrocarbon oils.
Zang and co-workers [29,30] showed that interdroplet in-
teraction among the droplets 15 reduced for oils with high
polarity which in turn can affect the solubilization process.
In the present study, IPM has a higher dielectric constant
(3.65) than those of Cy (2.02) and IBB (2.32). Thus the
ambiguous solubilization behavior for systems stabilized in
IPM may be doe to its different chemical structure and com-
paratively higher polanty. In order o ascertain the mole of
molar volume of oil in the solubilization process, the solubi-
lizaton behavior of AQT/Brj-56 mixed systems in two oils,
2-ethylhexanol (Eh) and cugenol (Eu), was studied. These
two oils possess the same molar volume (156 cemol™!) as
IBB (157 cc mul_l]l, but differ in chemical structures and
polarity. It has been observed that maximum in solubiliza-
tion capacity does not occur i these two oils (Eu and Eh)
and at Xprj = (1.1, even the solubilization capacities are oo
lowa (9.3 and 11.2, respectively) as compared to that of IBB
(69.4), It 1s evident that the molar volume of an oil s not the
only key factor to influence the solubilization phenomenon
in reverse micellar systems.

As salinity in w/o microemulsions s reported o affect
the attractive interaction among the droplets by making the
interfacial layer more ngid due o the close packing of po-
lar groups, hence the effect of [NaCl] on the solubilization
behavior in mixed reverse micellar systems would be worth
while.

A3 Influence of (NaCl{ on solubilization behavior of water
in mixed surfactant reverse micelles in IPM, Cy, and IBB

31 AOTinonionics'NaCl (agueons ) in oils at a fived
compasition of the nonionic(s)

The AOQT/IPM/agqueous NaCl system has been observed
to show a small inerease in the wgg, [molar ratio of agque-
ous NaCl o surfactant(s), 26.5] compared to that of water
(e = 220 at a NaCl concentration of (0,02 moldm—2. Sol-
ubilization capacity of agqueous NaCl in mixed reverse mi-
cellar systems, AOT noniomce(sWIPM. with total surfactant
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Fig. 4. Salubilization of agqueous NaCl in A0 T nonionic/IPM reverse mi-

cellar system at 303 K with surfactant concentration of (.1 maldm™ in

oil and Xomiene = 0.1, The nonionic surfactants wsed: (A) (@) Brj-30;
(2 Brij-35; (M) Brij-52; (&) Brij-56:; (&) Brij-58; ({C) Brij-76: (B) (W)
Tween-30; {C0) Tween-4i {2 Span-20; (@) Span-§i.

concentration of 0.1 mol dm~? in oil and at Xnonicnic = 0.1
at 303 K has been represented in Figs. 4A (for Brj senes)
and 4B (for Spans and Tweens). For all these mixed sys-
tems, solubilization capacity passes through a maximum at
a threshold NaCl concentration, [NaCl|y.. It has been fur-
ther observed that solubilization maximum shifted towards a
higher [NaCllygy with increasing hydrophilicity of the non-
wmic surfactant depending vpon the type and head group
configuration of the nonionic surfactants. The maximum
solubilizaton capacity of waler (axy max ). NaCl (eog g ) and
the corresponding [NaCl g, in IPM-based systems are pre-
senled in Table 2. From Table 2 1t has also been evident that
for the AOT/monionic blends with larger polar head group
(viz. AOT/Bnj-35. ADT/Bnj-56, AOQT/Brij-58. AOT/Brij-
76, AOQT/Tweens), aaygg, value increased manyfold in com-
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Table 2

Solubilization of NaCl {ayge) in mized meverse micellar systems stabilized by AOT and different nonionic sufactants in different oils with [S¢] =

0.1 mol dm ™ and X pgmiomc = 0.1 at 303 K

IFM IBB Cy

N, ran [MaC g e N, mraan [MaCl ]y Ehay N} man [MaC] e LT R
Brij-30 75 (.075 .5 - - - - - -
Brij-35 16.0 .4 820 - - - - -
Brij-52 25.0 (0.0625 310 2.0 N M 19.0 M
Brij-56 0.0 L1 T0.0 .0 N M 680 (1025 M.
Brij-58 2.0 .4 5.0 o 0.0625 9495 4 0.1 125.0
Brij-76 77 0.125 10K - - - - - -
Tween-2() 250 1L15 55.0 51.5 (L.025 7.0 [ (1.025 B30
Taeen-4) 255 .15 0 58.0 0.025 520 .4 0.025 110.0
Span-2i1 24.0 (0.0625 2.0 0.7 N N 232 M N
Span-&il bL ] 0.0625 X - - - - - -

Nare, Mindicates that gradual decrease in solubilization of water with addition of NaC|.

parison o water, whereas for blends with smaller polar
head group (vie. AOT/Brij-52, AOT/Bnj-30, AOQT/Spans).
the inerease 1 marginal. This result 1s consistent with ear-
lier works [45] for mixed reverse micellar syslems contain-
ing Brij-30, Brij-532, Brij-56, Brij-58 blends in AOT using
hydrocarbon oils (Cy, r-hexane, n-heptane, n-octane, and
ooctane).

Solubilization capacity of some selected AOT/nonionic
blended systems in Cy and IBB in presence of NaCl has been
studied for companson with [PM and the results are pre-
sented in Table 2. Among the AOT/Brijs (Bnj-52, Brij-56,
Brij-58) blended systems, AOT/Brij-532 and AOT/Bnj-56
systems in IBB, and AOT/Brij-532 in Cy have not shown any
synergism, whereas the other blends exhibit solubilization
maximi. For AOT/Bnj-58 blend in these oils, g may fol-
lows the sequence Cy (125.0) = IBB (99.5) = IPM (50.0),
whereas the order of [NaCl gy 15 as follows: IPM ((0.4) =
Cy (0.1) = IBB (0.0625). Among the Tween-based systems,
Tween-40 has been found to be more mfluenced by NaCl as
compared W the Tween-20 based system, but with identical
[MNaCl] g . AOT/Spans systems stabilized in IBB and Cy do
not exhibit any maximum in solubilization capacity of NaCl.

In order to gain mome insight to the understanding of the
solubilization phenomenon in the presence of NaCl, com-
position of the systems (1.e., Xpopionic) and combination of
different charge types of surfactants (i.e., anionic-nonionic,
cationic—nonionic, and nonionic—nonionic) are vaned in
mixed reverse micelles and the results are presented in the
subsequent section.

3.3.2. AOT/nonionic(s ¥NaCl (agueous ) in oils at different
compositions of the nonionics

The effect of NaCl on the solubilization capacity of
ACOT/Brijs blended systems in IPM (AOT/Bry-52, Bnj-
56, and Brij-58) with total surfactant concentration of
0.1 moldm™? and at different Xponicnic values, which
also includes Xponionic max. bas been studied. A represen-
tative Fig. 5A s depicted for the AOT/Brij-58 blended
system. It has been observed that solubilieation capac-
ity passes through a maximum at X penionic, me = 0.05

for the AOT/Brij-58/IPM system. The [NaCl]yg, s found
o be 0.15 moldm™ with gy = 0L On the other
hand, at X onionic = 0.3 (= Xonionic max L solubilization has
been observed to be very low (~7.0) (even far below the
AOQT/IPM system) and then decreases steadily. Thus the
effect of NaCl is more pronounced at X ionic may than
other compositions, 1.e., beyond Xponionic, max- For the blend
AQT/Brij-56, the solubilization capacity also passes through
A mAaximum (e, 70000 at [NaCl] e, = 001 moldm™— at
X nonionic ma = L1, whereas for the composition Xyonionic =
0.3, solubilization is poorly dependent on [NaCl], and re-
mains almost unchanged with increasmg [NaCl] (fgure not
shown). For AOT/Brij-52 blended system, at Xponionic = 0.1
(< Xnenionic, max ). S0lubilization capacity passes through a
MAXTmUMm (g . 3400 at [NaCl] e = 0.04 moldm—>. At
X nonicnic max = 0.3, a similar trend has been observed, and
the corresponding apg (6400 15 found o be highest at
the lowest [NaCl )y, of 0.02 mol dm=? ifigure not shown).
For all these mixed systems, further enhancement in sol-
ubilization has been observed in presence of NaCl at the
corresponding X ponionic, max - ®max values are comparable for
these mixed systems, but [NaCl] ., depends on the content
of POE chains i the nomonic surfactant. The smaller the
FOE chamn, the lower [NaCl g 15 required to atlaim gy .
In order to explain the attainment of the maximum in
solubilization capacity—{NaCl] profile m mixed reverse mi-
cellar systems, we have studied the solubilization capacity of
AQT/Cy, AOT/IBB. and AOT/IPM in the presence of NaCl
The solubilization capacity decreases with increasing [NaCl)
for Cy and IBB-based systems, whereas for the IPM-based
system solubilization capacity passes through a maximum.
Zana and co-workers [29.30] previously reported that for
cattonic sufactants in aromatic oils, solubihzation of water
in presence of NaCl was enhanced for systems lying in the
R branch; whereas for those lyving inthe By branch, no such
synergism was observed. In the present study, all these three
systems have been recognized as By branch systems from
dye solubilization experiments. Thuos decrease in solubiliza-
tion with [NaCl] for AOT/Cy and AOT/IBB is consistent
with the findings of Zana and co-workers [29.30], whereas
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the mesults obtained for AOT/IPM system are unusoal. At
X nonionic max. the systems can be assumed to be governed by
the interdroplet interaction mechanism, and the addition of
NaCl into such systems can decrease such interdroplet inter-
action, thereby increasing solubilization. So the ascending
curve of the AOQT /nonionic/TPM/NaCl(ag) solubiliation ca-
pacity vs [NaCl] profile has been found to be the B branch,
whereas the descending curve as the Ry branch. Similar re-
sults have been reported by Zana and co-workers [29.30] for
cationic surfactants/aromatic als/NaCl (ag) systems. Our re-
sults are also consistent with the findings of Derouiche and
Tondre [31] for AOT/decane or dodecane/NaCl (aq) sys-
Lems.

Solubilization capacity of agqueous NaCl in AOT/Span-
(200, 40,60, B0/ TPM systems with total surfactant concen-

tration 0.1 moldm ™= at X onionic, max has been presented in
Fig. 5B. A maximum in solubilization capacity has been ob-
served in the solubilization capacity—[NaCl] profile for all
these systems. For the AOT/Span-80 system, g, (72.00
15 obtained at [NaCl] g, = 002 moldm ™3, whereas for
the other three systems (Span-20, Span-4), and Span-60),
[NaCl |y 18 obtained at 0.03 moldm™? with the corre-
sponding ey values of 65, 77.4, and 82.5, respectively.
It has been meported earlier that interfacial elasticity of
Spun-20¢hydrocarbon oil/water system imereases with in-
creasing [NaCl] and then decreases with further increase m
[MNaCl] [61], which may result in the observed solubilization
maximum for the AOT/Span mixed systems. IL may also be
noted that Span-80 1s the least polar surfactant among the
studied Spans, and the least [NaCl] is required to bning about
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the solubilization maximum among the stodied AOT/Span
Syslems.

Effect of NaCl on the solubilization capacity for AOQT/
Bnjfeyelohexane/water mixed surfactant systems, was stud-
ied with 0.1 moldm™* sufactant concentration and at
Xoenionic, max = 0.1, It has been observed that for AOT/Bnj-
56 and AOT/Brij-58 blends, ooy, values are obtained at
[NaCl g = 0,025 and 0.1 muldm_l, respectively (figure
not shown), AOT/Brij-58 blend produces a higher gy
(=125} as compared to the AQT/Brij-56 blend (g = 84).
However, no maximum in solubilization capacity is ob-
served for AOT/Brij-52 blended system, the curve steadily
decreases with increasing [ NaCll.

For the AOT/Brijis)/IBB systems with total surfactant
concentration of 0.1 moldm ™= and at Xponicnic = 0.1, 1t has
been observed that ey, (=99.5) s obtained at [NaCl] s =
00625 moldm™? for the AOT/Brij-58 blended system,
while for the other two mixed systems, vie. AOT/Bnj-56
and AOQT/Brij-52, solubilization of agqueous NaCl decreases
steadily with increase i [NaCl] (figure not shown). Hence,
the maximum solubilization capacity of NaCl (aygy) at
Xoonionic, max 1M AQT nonionic reverse micellar systems sta-
bilized in three oils follows the same order, Cy = IBB =
IPM. as in the case of solubilization of water in these mixed
Syslems.

It can be inferred from these results that both ECQ chain
kength (or size of the polar group) and hydrophobic moiety
in nonionic surfactants and their contents (i.e., composition
of the surfactants in the mixture) play significant roles in
determining both gy and [NaClya .

The solubilizaton maximum obtained m NaCl solution
can be explained on the basis of saling-in and salting-out
processes [19.25.27 28,55]. Addition of electrolyte (NaCl)
canexpel part of the AOT molecules from the aqueous phase
o the organke phase to form reverse micelle and hence solu-
bilization increases. Addition of electrolyte decreases the in-
teraction among the droplets by making the interfacial layer
more rigid, which in turn also increases solubilization. At a
higher concentration of NaCl a different phenomenon over-
comes this effect. Addition of NaCl decreases the thickness
of the electrical double layer of the charged interfacial film
and the effective polar area of the surfactant also decreases.
This in turn increases the endency of the surfactant to form
natural negative curvature, which decreases the solubiliza-
tion. For blends containing nonionic surfactants with larger
polar head group, the effective polar area of the surfactant at
the interface 15 larger and hence high concentration of NaCl
is required to decrease the effective polar area of the surfac-
tant at the interface. Hence [NaCl]y,, is high for blends con-
tuning noniomc surfactants with larger polar head groups.
In an AQT-based system, the optimum NaCl concentration
can be viewed as the concentration of sall just necessary
so that the mnge of electrostatic interaction becomes such
that neighboring AOT polar head groups totally ignore cach
other [31]. It was proposed that the Debye sereening length
(K ') would become smaller than the average inlercharge

distance between AOT molecules in the surfactant flm 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 o !, where £ is the dielectric constant of
water [67]. For small droplet sizes, £ of water decreases con-
siderably in the vicinity of the charged surface [68]. This ex-
plains the indifferent effect of NaCl on solubilization behav-
ior of ACOT/Brij-56 and AOQT/Brij-58 blends at Xpgg; = 0.3,
where the droplet sizes can be assumed to be small.

3.3.3. DDABmonionics/NaBr {agueous) in IPM at different
compositions of the nonionics

Nosignificant effect of NaBr onthe solubilizaton behay-
wor of the DDAB/APM/ water system has been observed. The
effect of NaBron the solubilization capacily has been exam-
mned for the mixed systems DDAB/Brij-52, Brij-56, Brnj-58/
IPM with total surfactant concentration 0.1 mol dm = and at
different Xponionic. and the results are depicted in Fig. 5C.
For DDAB/Brij-56 blended system gy (900 15 obtained
at Xgrjs6,max = 0.3 and the corresponding [NaBr]py,, s
0.05 moldm 2. gy (~31.0) s obtained at Xpgjsg max =
0.1 for DDAB/Bnj-58 system, with the comesponding
[MNaBr] g, of 0.0125 moldm™. Al Xprijss = 0.3, [NaBr]
shows a negligible effect on solubilization, and solubi-
lization capacity memains almost constant (~22.00 up o
[MaBr] = 0.3 moldm™. The enhancement of solubiliza-
tion capacity of DDAB/Bnj systems at their comesponding
XBrijmax can also be explained on the basis of salting-
in and salting-out mechanisms as has been discossed for
the ACQT/Brijs blends i the previous section. On the other
hand, solubilization 15 very poor (even remaining below the
DDAB/AFM system) for DDAB/Bnj-52 blend at Xpggjs2 =
0.3, In this system, the droplet sizes might be assumed o be
small at relatively smaller solubilization capacity (o) values
and thus the efficiency of NaBr to affect the solubilization
behavior can be assumed o be poor as discussed in the pre-
VIOUS Section.

A nonionic-nonionic blend, Igepal CO 520/Brij-56/1PM
has shown almost no effect with increasing NaCl concentra-
tion (figure not shown).

Fd. Conductometric sudies

In this section, an attempt has been taken up to cormelate
the maximum water/electrolyle solubilization with percola-
tion of conductance in mixed reverse micelles. Percolaton
of conductance study extracts information about the nature
of mteraction among the droplets in microemulsion/reverse
micellar systems. If the droplets are of noninteracting hard
sphere type. no significant increase in conductance oceurs
with increasing waler conlent at constant lemperature or
with increase in temperature at fixed water content. Butif the
interfaces of the droplets are fluid enough to coalesce dunng
these collisions followed by material exchange and fusion,
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a sharp nse in conductance 15 evidenced. This phenom-
enon is called percolation of conductance [69]. Percolation
significs the increase in droplet size, attractive interaction
among droplets and exchange rate of maternials between the
droplets [T0-72]. In the present investigation, conductance
studies have been camied out for mixed surfactant reverse
micellar systems wherein solubilization maxima (o may OF
iy ) are observed. The samples from both sides of the cor-
responding maxima, e, from the ascending branches and
the descending branches are chosen,

4.1 Waterdmixed surfactants/oil(s)

It is evident from Tablke 1 that the solubilization maxi-
e ey, ) FOr the AQT/Brij-56 and Brj-58 blends in Cy
15 obtained at X popionic, max = 0.1, The conductivity remaimns
lowe and almost unchanged with increasing water content
upto phase separation in all these systems. No percolation
15 evidenced on increasing [S1] from 0.1 o 0.25 mol dm—
(figure not shown). AOT/Cy/waler system has carlier been
reported to be nonpercolating [73]. Cy has a low molar vol-
ume and hence can penctrate deep into the interfacial layer
to make the interface rigid and hard sphere type. This makes
the system nonpercolating. Incorporation of a second non-
wonie surfactant into AOQT/Cy/water also fails o make the
system Lo percolate.

AOQT/Brij-56, Brnj-58/1BBfwater systems exhibit solubi-
lezation maxima 4t X ponionic max = 0.1 (Tablke 1). The con-
ductivity of AOQOT/Brij-56 mixed systems at different Xpgjses
as i function of s depicted in Fig. 6A. The shaded regions
in the solubilization capacity v$ Xponionic profile represent
the percolation mange for both the systems (Fig. 68B). No
percolation s observed in the ascending branch of the sol-
ubilization maximum. The system behaves as hard sphere
droplets. On the other hand, samples chosen from the de-
scending branch exhibit e-induced percolation in condue-
tance. From these observations it is suggested that the de-
scending branch s composed of droplets with fluid inter-
faces, and the mterdroplet interac bon, which governs the sol-
ubilization phenomenon as discussed in the earier sections,
15 confirmed. It has also been found that the percolation
threshold (wp) decreases with increased Xgrjo Addition of
Bnjs increases the droplet radius by decreasing the packing
parmmeter, which m turn facilitates the droplet coalescence
that limits the solubilization capacity. It can be noted that
Brij-58 has a greater influence on decreasing gy, than that of
Bnj-56 and may be due to the larger siee of the polar head
group [55].

The blends of AOT/Brij-52, Brij-56, and Brij-58 in IPM
and water exhibit solubilizaton maxima at X pionicm.mas =
005, 0.1, and 0.3, mespectvely (Table 1. Fg. 7A depicts
the conductivity of AOT/Brij-32 mixed systems at differ-
enl Xprj.s2 as a function of . The shaded regions in the
solubilization capacity v$ Xponionic profike represent the per-
colaion range for all the mixed systems (Fig. 7TB). It has
been found that conductivity remains low and prctically
unchanged for systems chosen from the ascending branch,
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Fig. 6. {A) Conductance study and percolation region of the sys-
tem ACT/Brij-56/IB Blaater at 303 K with sufactant concentration
0.25 moldm = (D) X =0.1; (&) X =015 (<) X =02 (@) X =02,
{41 X =03 {B) The shaded portion represents the percolation region.
{80 AOTYBrij-58; (O AOT/Brij-56. &y indicates the curvature branch and
Re indicates the imterdrop let imeraction bmnch.

which confirms their hard-sphere type droplet nature. Perco-
lation of conductance has been observed for all the mixed
systems, which lie along the descending branch. A sim-
tlar rend 15 also observed for the blends, AOT/Brij-76,
AOT Tween-40, AOQT Agepal CO 520, and AQT/Span-60 51a-
bilized in IPM (not exemplified). In AQT/nonionic(s)/IPM
systems, ey decreases with increasing Xponionie a$ in the
case of AOT/BrijIBB systems. DDAB/MBRj-56 and DDAB/
Brij-58 blends in IPM also exhibit similar results with the
ascending curve as the non-percolating one and the descend-
ing curve as the percolating one. Conductivity of DDAB/
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Brj-56/IPM/water system at different X ggj as a function of

e, and the corresponding percolaton regions in the solubi-
lization capacity v$ X ponignic profile are depicled in Figs. 8A
and BB. All these observations confinm our earlier findings
that the solubilization phenomenon in the ascending branch
s govemed by the curvature effect (Rq), whereas that
the descending branches 1s governed by the interdroplet in-
teraction effect ( R.) for AOT /momionic and DDAB inonionic
blends in IPM. Such a phenomenon 1s unusual for the IPM
oil-based system so far as s high molar volume 15 con-
cemed. Some other physicochemical charactenistics of this
oil may influence the solubilization process.
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Fig. &, Conductance study and percolation megion of the system
DOAB/BrijflPMwater at 303 K with total surfactamt  concentration
0.0 moldm—3. (A) Brij-56: (@) X =02 () X =03 X =0.3;
{A) X =0.4: (B) The shaded portion mpresents the peroolation region.
(&) ADT/BA-58; () ADT/Brij-56. Ky indicates the curvature branch and
He indicates the interdroplet intemction branch.

We have previously reported [55] that AOQT/IPMAwater
15 nonpercolating and can be made percolating by the addi-
tion of nonionic(s) to this system. The percolation behavior
of AOT/nonmonic/IPMSwaler system is different from those
of AQT/nomonichydrocarbon oilswater systems [55]. It has
been meported that the process of coalescence of droplets
followed by exchange of matenals is accompanied by oil re-
moval from the mnterface, and the interfacial fuidity may in-
crease with increasing ease of oil removal [74]. The absorp-
tion of oil molecules into the mterface increases significantly
for oils with smaller cham length than that of the surfactant,
which in turn hinders the droplet coalescence process. On
the other hand, for oils with larger chain length (or higher
molar volumes), penctration o the interface 15 reduced and
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hence removal of o1l molecules from the interface during
collision s cased. So the percolation phenomenon is facil-
itated for hydmocarbon oils with higher molar volumes. In
omder W investigate the percolating nature of a4 mixed sur-
factant system stabilized o a hydrocarbon oil with higher
molar volume (De) than that of Cy and IBB, we studied
the conductance behavior of AQT/Span-60/De/water system
which exhibited solubilization maximum in AOQT/Span-60)
blended system. The conductivity of this system at different
Xgpanso a5 a function of « and the comresponding percola-
tion region in the solubilization capacity v$ X ponionic profile
are presented in Figs, 9A and 9B. It s interesting o nole
that AOT/Defwater system has been found o be percolat-
ing, which indicates the strong attrac ive interaction between
the droplets and the fuid mature of the interface [25-27].

Addition of Span-60 decreases the fluidity of the interface
and the attractive interaction among the droplets, which ne-
sults in a solubilization maximum. The result is also sup-
ported by the fact that ey increases for Xspgpen = (0.1 com-
pared 0 Xgpapep = 0 and no percolation is observed for
Xspmeno = 0.2, This observation confirms the discussion
made in the previous section (3.2.3) that the long-chain hy-
drocarbon with higher molar volume (Do) obeys the model
proposed by Shah and co-workers [25-27], but this model
fails to interpret the results for systems stabilized by a non-
hydrocarbon type of oil, IPM. On the other hand, percolation
behavior somewhat resembles that of oils of low molar vol-
ume (Cy and IBB). It can be noted that the chemical struc-
ture and polarity due to the presence of ester group of IPM
differs from those of hydrmocarbon oils. Hence it can be in-
ferred from all these investgations that IPM may influence
the molecular structure of the interface, which governs the
solubilizaton behavior in reverse micellar systems, in g way
different from that of the stodied hydrocarbon oils [25.29,
30.75]. The present paper 15 the first report of solubiliza-
tion behavior in mixed reverse micellar systems using oils
with different charactenstces. Further study in this direction
15 needed. But the main focus must be on how the chemical
structure of the oils alters the interfacial composition and its
geometry in order to exhibil such behaviors.

I.4.2. NaCl {agVmixed surfactants/oil

Conductance studies are camied out for the systems
AOT nomonic(sVIPM /g, NaCl (of different concentra-
tions including [NaCl]pg ) at 303 K at the comesponding
X ponionic, mae - Brij-56, Brij-58, Span-20, and Span-80 are
used as the nononic(s) m these sdies, OF these studies,
the conductivity of AOQT/Brij-56/IPM/ag. NaCl system at
Xgrij-s6,max = (L1 as a function of [NaCl] and ., and per-
colation zones in the solubilization capacity-[NaCl] pro-
file of AOQT/Bnj-56 and Bnrj-58 systems are presented in
Figs., 10A and 10B. It is found that percolation occurs at
[NaCl] = [NaCllpgy. As [NaCl] increases, the percolation
threshold (e} increases. On the other hand, it is also in-
dicated that the presence of NaCl shifts the percolation
threshold (ep ) towand higher @ with respeet Lo water at com-
parable composiion. Similar results has been observed for
DDAB/MBnj-56/IPM/aq. NaBr at Xgrjj s6max = 0.3 (figure
not shown).

It reveals from the dye solubilization study for the sys-
tern AOT/Brij-56 or Brij-38/IPM/NaCl (aq) at X penionic.max
that the ascending curve is the interdroplet interaction branch
(R:) and the descending curve is the curvature branch (Rq)
in the solubilization capacity vs [NaCl] profile. This ob-
servation s well supported from the conductivity measure-
ments, wherein percolation of conductance has been exhib-
ited by the samples chosen from the ascending curve (indi-
cating droplets with fluid interfaces). On the other hand, the
samples chosen from the descendimg branch have been found
to be low-conducting and a noninterncting hard sphere type
droplet structure can be assumed. It has been mentioned ear-
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lier that the solubilization behavior of AQT/Bnjs/IPM/water
systems al Xponionic, max 15 govemed by the interdroplet inter-
action and addition of elec rolyte enhances the solubilization
capacity. It can be argued that any factor that makes this
mteraction less feasible would increase the solubilization ca-
pacity. It 1s known that the addition of electrolyte diminishes
the effective polar head area of the surfactants by screening
the electrostatic repulsion, which makes surfactant mem-
branes more ngid and decreases the attractive interactions
among the droplets [25,27,28,46,76]. In presence of NaCl,

large activation energies are necded to create positive curva-
ture of local regions and thus percolation 1s hindered. This
in turn increases the solubilization capacity. Thus e for
water (Le. in the absence of NaCl) remains minimum and
then increases with increase in [NaCl] (Fg. 10A). But at a
certain NaCl concentration, [NaCl] gy, the droplets become
very rigid and starts behaving like hard sphere type, wherein
no percolation has been observed and solubilization capac-
ity decreases with increasing [NaCl]. Hence the descending
curve can be attnbuted due o the curvature effect as evi-
denced from the conductivity measurements.

4. Conclusions

The addition of Brij-3), Brij-35, Brij-32, Brij-56, Brij-58,
Brij-76, Tween-20, Tween-40, Span-2), Span-4, Span-60),
Span-80, and Igzepal CO 520 in AOT/IPM reverse micel-
lar systems induces synergism in solubilization capacity
of water. The addition of Bnj-56, Brij-58 in DDAB/IPM,
DDARB/Cy, and DDAB/ABE systems also induces synergism
in water solubilization, whereas declining trend in solubi-
lization 15 observed for Bnj-36 in DDAB/ABB system. For
AQT/Cy and AOT/IBB reverse micellar systems, the addi-
tion of Brij-35, Briy-56, Brij-38, Tween-20, and Tween-4)
induces enhancement of water solubilization, whereas Brij-
52 and Spans fail to do so. No synergism has been observed
for Igepal CO 520 and Bnjs, Spans blended systems in IPM,
whereas the addition of Brij-56 and Brij-58 in lgepal CO520)
stabilized in Cy and IBB exhibits synergism.

The maximum in solubilization capacity of water (o ma )
oceurs in most of these systems at a certain mole fraction of
the nonionic surfactant, Xponionic max. depending upon EQ
chain and configuration of the polar head group and hydro-
carbon moiety of the nonionic surfactants and on the ype of
oil.

The addition of electrolyte (NaCl or NaBr) enhances or
diminishes the solubilization of water in these mixed ne-
verse micellar systems depending upon the composition of
the nomomic surfactant (X apionic ) used. Solubilization ca-
pacity 15 further enhanced, and maximum in solubilization
[tomay ) 18 Obtained at an optimum electrolyle concentration
([NaCl gy or [NaBryng, ) for mixed surfactant systems al
the respective X onionic mao 40 also at X vionic = 0.1, The
extent of this enhancement in iy, depends on content, EQ
chains and configuration of polar head group of nonionic
surfactants, as well as on the concentration of NaCl. It has
been found that [NaCl] gy 15 higher for the nonmonic surfac-
tants with larger polar head group. The oils play a significant
roke in the solubilization of water and agueous NaCl in the
mixed systems doe W their difference in chemical structure
and physical properties.

The maximum in solubilization in mixed reverse micelles
stabilized in Cy, IBB and De oils can be interpreted with
the help of the model developed by Shah and co-workers
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[23=25]. but it fails o account for the same observed for
mixed blended systems stabilized in IPM il

No percolation in conductance can be observed for AOT-
stabilized systems in [IPM and IBB. w-induced percolation
in conductance is obtained for AOT/nonionics/ IPM/water
and AOT/nonionics/IBB fwater reverse micellar systems at
Xnonionic = Xnonionic, max. Which indicates that the ascending
curve in the solubilization capacily—X popionic profile as the
curvature branch due to the ngidity of the mterface (Rg) and
the descending curve 15 the interdroplet interaction branch
(R} in these mixed systems. On the other hand, AOT/Span-
6D systems percolate with Xoonionic £ Xnonionic,max. The
results obtained with IBB and De oils fit well with the Shah
model, whereas those obtained with IPM oil do not fit with
the model.

No percolation 1s observed for both AOT and AOT/mon-
ionics stabilized in Cy.

Both AOT and DDAB blended systems stabilized in
IPM and electrolyte exhibit percolation at Xponionic, max
at [electrolyte] = [electrolyte |y, wherein reversal of the
curvature branch (K and interdroplet nteraction branch
(R:) with respect to the aqueous systems in solubilization
capacity—[electrolyte] profile is observed.

Appearance of solubilization maxima in these mixed sur-
factant systems (in absence and presence of electrolyles) can
be correlated with the occurrence of percolation of conduc-
tance in such systems.
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