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Abstract

The conductivity of ACT/APM/water reverse micellar systems as a function of temperature, has been found to be non-percolating at three
different concentrations (100, 175 and 250 mM), while the addition of nonionic surfactants |polyoxvethylene(10) cetyl ether (Brij-56) and
polyoxyethylene(20) cetyl ether (Brij-581] to these systems exhibits temperature-induced percolation in conductance in non-percolating
ACT fisopropyl miyristate (IPMywater system at constant compositions (ie., at fixed total surfactant concentration, « and X pepionic ). The in-
fluence of total surfactant concentration {micellar concentration) on the temperature-induced percolation behaviors of these systems has been
investigated. The effect of Brij-58 is more pronounced than that of Brij-56 in inducing percolation. The threshold percolation temperature,
Ty has been determined for these systems in presence of additives of different molecular structures, physical parameters andior interfacial
properties. The additives have shown both assisting and resisting effects on the percolation threshold. The additives, bile salt{ sodium cholate ),
urea, formamide, cholesteryl acetate, cholesteryl benzoate, toluene, a triblock copolymer [[EQ) 3(PO) 3 EO) 3, Pluronic, PLG4|, polybuta-
diene, sucrose esters (sucrose dodecanoates, L-16935 and sucrose monostearate 5-1670), formamide distinctively fall in the former category,
whereas sodium chloride, cholesteryl palmitate, crown ether, ethylene glycol constitute the latter for both systems. Sucrose dodecanoates
{L-5395) had almost marginal effect on the process. The observed behavior of these additives on the percolation phenomenon has been ex-
plained in terms of critical packing parameter and/or other factors, which influence the texture of the interface and solution properties of the
mixed reverse micellar systems. The activation energy, £p for the percolation process has been evaluated. Ep values for the AOT/Brij-36
systems have been found to be lower than those of AOT/Brij-38 systems. The concentration of additives influence the parameters Tpand Ep
for both systems. A preliminary report for the first time on the percolation phenomenon in mixed reverse micelles in presence of additives
has been suggested on the basis of these parameters (T, and Ep).
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1. Introduction Sometimes they contain solubilized water in excess of cer-
tain amount and known as wio microemulsions [ 1-3]. RMs
or w/o microemulsions find applications stating from ter-
tiary oil recovery to nanoparticle synthesis [1.6-10]. Reverse
micelles possess highly dynamic structures whose compo-
nents rearrange themselves over tme and space through
interactuons or collisions, coalescing and redispersing. The
structure and propertics of reverse micellar systems have
been investgated extensively by numerous methods [2,3,
6-10]. Of these, the measurement of conductivity 1s a use-
* Corresponding authar. ful technique in obtaining information on micellar interae-
Famail address: bidyut@isical.acin (B.K. Poul). tions [6,11,12].

Reverse micelles (RMs) are generully descenibed as nano-
meter-sized water droplets dispersed inoan apolar solvent
with the aid of a sufactant monolayer, forming a thermo-
dynamically stable and optically transparent solution. The
entrapped water 15 heterogeneous in nature and ils properties
gradually change as a function of w (= [H2 0]/ [surfactant]),
and depends on the distance from the polar head layer
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The phenomenon of electrical percolation 1s character-
weed by sudden increase in electrical conductivity when ei-
ther the temperature or the volume fraction of the dispersed
phase reaches a cerain threshold value. The nature and the
basic understanding of the percolation process have been in-
vestgated by a number of mesearch workers [13-17]. The
enhanced conductance has been considered to ke place
by the formaton of infinite clusters/association of dispersed
water droplets (stabilized by the amphiphiles)in the oil con-
tinucus mediom. The easy flow of charges (ons) lakes place
by “hopping”™ [18-21] from droplet o droplet or are tans-
ferred by way of “fusion, mass ransfer and mass exchange”
[22-25]. As a consequence of the 1on tmnsfer, the condue-
tnee can be enhanced by 100 to 1000 folds. The composi-
ton of the system and other environmental conditions such
as the presence of addibves controls the percolation thresh-
old values [26=30].

AQT can form reverse micelles under wide range of con-
ditions (such as, water content, lemperature, solvent, clec-
trolyte type and concentrmations) without the peed of co-
surfactant [31]. Over the past decade a number of stud-
s have been camied out on the effects of various kinds
of additives on the electrical conductivity and other prop-
erties of water/AOT/hydrocarbon oils reverse micelles by
several researchers [25.27,32-43]. The percolation phenom-
cnon has been shown to occur earhier (assistance) or be de-
layed (retardation) in presence of additives; however, many
of them remained totally ineffective. The “tmansient-fusion-
mass transfer-fission” model has been found o be more
applicable over the “hopping™ model in most of the cases
W explain the percolation phenomenon. OF these studies,
the work of Moulik et al. [25.27.32-36], Garcia-Rin et
al. [38-40] are noteworthy. Above meporls concerm mainly
the percolation of conductance m waler/AOT/ hydrocarbon
wio microemulsions. Investigaions on the microstructures
and properties of reverse micelles formed with mixed sur-
factants (e, addition of a second surfactant to water/single
surfactantfoil system) has seldom been carned out o under-
stand the basic mechanism of the phenomenon taking place
mside them. However, reports available on the latter aspect
are due to Alexandradis et al. [28], Nazano et al. [44], Excke
et al. [45.46], Li et al. [47.48], Liu et al. [49,50], Bumajdad
etal. [51].

In our previous studies, the solubilization behavior of
witer in anonic (AOQT) or cationic didodecy dimethylam-
monium bromide (DDAB ) nonionic surfactants (of different
chemical structures and physicochemical properties) mixed
reverse micellar systems stabilized in isopropyl myristate,
wobutyl benzene and cyclohexane at different emperatures
has been meported [12,52]. In a subsequent study [6], the ef-
fects of water content (a), micelle concentrations, content of
nonionic surfactant of different types (Brjs, Spans, Tweens)
on the wemperature-induced percolation of conductance of
ACT-nonionics and DDAB-nonionics [polyoxyethylene(10)
cetyl ether (Brig-56) and polyoxyethylene(20) cetyl ether
(Brij-58) only] mixed reverse micelles in a nontoxic oill IPM,

which is widely wsed in biologically resembling sylems,
pharmaceutical and drug delivery [53] have been reported.

In continuation of our previows studies, the present
study 15 aimed to measure the electrical conductivity of the
waler/ AQT/Brij-56 or Brij-38/1PM reverse micellar systems
in presence of additives of various types with different strue-
tures and physical parameters andfor interfacial properties,
as they can alter the texture of the interface. Besides, some of
the additives are frequently used in the study of mass transfer
processes. No study on the effect of addiives on the per-
colation of conductance in mixed reverse micellar systems
has yel been reported. The activation energy for percolation
of conductance of these systems can be interesting and in-
structive o interpret the percolation phenomenon. Hence,
the activation encrgy has been estimated in presence of ad-
ditives.

2. Experimental
2.1, Marerials and methods

The following surfactants were used without further pu-
rification, Sodium bis-(2-cthylhexyl) sulfosuccinate (ACOT,
90%) was purchased from Sigma, USA. Polyoxyethylene
(100 cetyl ether (Bnj-56), polyoxyethylene20) cetyl ether
(Brij-58) are products of Fluka (Switeerdand). Toluene (T,
beneyl akeohol (BA), formamide (FA), ethylene glyeol (EG),
ured, NaCl are off AR and extrapure grade of SRL, India. Iso-
propyl myristate (IPM) is o product of Fluka (Switzerand).
Two types of sucrose dodecanoates, (L- 1695 and HLB, 16.0;
L-5395 and HLB. 5.00) and sucrose monostearate (S5-1670,
HLE, 1500 were gifted by Mitsubishi Chemical Corpora-
tion, Yokohama, Japan. L-1695 (sucrose monolaurate) is the
mixture of §83.6% sucrose monododecanoate, 15.2% dido-
decanoate and 1.2% tmidodecanoate. L-395 (sucrose dilau-
rate) 15 the lipophilic sucrose multi-dodecanoate and the
contents of monoester, diester and triester are 30,0, 393
and 304%, mspectively [54.55]. A polymenc surfactant
[a triblock copolymer (EO) 1 3(PO)(ECQ) 3, Pluronic L4,
MW = 2000], polybuladiene (PBD), dicyclohexano-18-
crown-6 (crown ether, CE) are products of Fluka, Switeer-
land. Cholesterol (Ch) and its derivatives (cholesteryl ac-
etate, CA, palmitate, CP and benzoate, CB) and sodiom
cholate (NaC) are products of Sigma, USA. The chemical
structures of the surfactants and some of the additives are
represented in Scheme 1. Double distilled water was used
with conduc tance less than 3 ps em~L,
2.2, Construction of phase diagram

Tor construet the phase diagram in a Gibbs tnangle, cal-
culated amount of surfactant(s) and ol were taken in sealed
test wbes and equilibrated at 30°C in a thermostabe waler
bath accurate to £0.1°C. Then water was added into it in
small imerement with the help of 4 micro-syringe, shaken
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Scheme | Chemical structures of sufactams and some of the additives.

vigorously and placed in the thermostatic water bath, Read-
ing of different phases was tuken by visual observation, after
conformation of the attainment of complete equilibrium. To
study the effect of temperature on these systems, solutions
at fixed composition, o were prepared in scaled test tubes
and kept at the desired temperature in the thenmostatic wa-
ter bath. Temperature of the bath was increased at an mterval
of 17C and at each temperature, the west wbes were shaken
vigorously and then kept in the thermostat to attain equilib-
rivm. After attainment of equilibrivm, phase chareeristics
were noted at each lemperature,

2.3 Solution (sample) preparation for electrical
conductivity measurements

The reverse micellar systems were prepared using the
blends of AOT and Brijs at specified concentration of the
surfactant(s) in IPM o1l and then adding caleulated amount
of water using a microsyrnnge to oblain the desired ., in
presence of additives (depending upon their solubilities
water and oil) at different concentration levels.

2.4, Measurements of conductivity

Electrical conductivity measurements of samples (in ab-
sence and presence of additives ) were camied out as a fune-
tion of lemperature using an aulomatic lemperatune compen-
sated conductivity meter with Thermo Orion, USA (maodel
145A plus), with cell constant of 1.0 em™! with uncertainty
in measurement within £1%. Dependence of conductivity
on lemperature at fixed o, was investigated by changing the
temperature in the range of (5-60°C) in small intervals ina
thermostatic water bath accurate to 2001 *C under electro-
magnetic stiming o eliminate the temperature difference in
the conductance cell. The samples were equilibrated for at
least 10 min after any temperature change and before any
conductivity reading was done; three readings were made
for each tempermture. All the samples were single phase and
optically transparent under the conditions of the conduoc-
tivity measurements reported here. Differential curve [1e.,
Mg Mo AT) against 7] has been constructed to determine
T, for cach system [21].

3. Results

3.1 Phase behavior of AQT/Brif-56 or Brij-38AFPM/water
system

Since the phase boundary of multicomponent systems
consisting of surfactants), oil and water shifts systemati-
cally upon the addition of additves, phase behavior of the
quaternary system AOT/Brij-56/APM/water in absence and
presence of additives (NaCl and NaC) has been constructed
in g Gibbs ranghe at a fixed mole fraction of Brj-56 in to-
tal surfactant, (X grj-56 = 0.1) with mass fraction of waler,
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Fig. 1. Trigngular phase diagram of the system, AQT/Brj-56/1FMMwater in
dbsence of additives (—; in presence of 40 mM NaC {----) and 25 mM
MaCl (---) at 300 K. The mole fraction of Brij-56 in total surfactam
(X peijsg ) is fixed at 011, 1 and 1l represents single and hiphasic regions, re-
spectively. The shaded region represents viscous phase. The paint P denotes
the composition chosen for the temperature induced conductivity studies.

IPM and surfactant(s) as the three apexes at 30 °C (Fig. 1).
It can be observed from the figure that the phase behavior 1s
characterized by the presence of a considerable single-phase
region along the surfactant-1PM axis and & viscous region
along the water-surfactant axis. The simgle-phase region 1s
an o1l continuous microemulsion (reverse micellar system)
consisting of dispersion of surfactant coated water droplets.
A wide biphasic region exists along the IPM-water axis. Ad-
ditive like 25 mM NaCl has been observed to increase the
area of the single-phase region, whereas addition of 40 mM
MNaC decreases it An wdentical observation has also been ob-
tined with the ADT/Brij-58 blend (figure not shown). It has
been reported that the phase separation i a w/o microemul-
siom 1% 8 direct consequence of the inleraction among the
droplets and the elastcity of the surfactant monolayer, which
can be affected by the presence of additives and tempera-
ture [52,56]. To understand the combined effect of these two
factors, temperature induced phase behavior of the quater-
nary system AOQT/Bri-56/IPM/waler has been studied both
in absence and presence of additives. The surfactant coneen-
tration in oil and the mole fraction of Brij-56 in the total
surfactant mixture has been fixed at 175 mM and 0.1, re-
spectively. The water solubilization capacity () has been
plotted against temperature () and the results are presented
in Fig. 2. The phase boundary separates a lower monopha-
sic system (1) from an upper biphasic one (11). The reverse
micellar system splhits into two distinet phases on reaching a
critical temperature, called the “optimum solubilization tem-
perature (7707 [532]. It can be observed that Ty decreases
with increasing o for the system without additive. Addition
of 40 mM NaC and 200 mM urea decreases Ty compared
o the system without additives, whereas addibon of 25 mM
NaCCl and 13 mM Ch inereases 1t It can be argued that the
former two additives increases the interdroplel interaction as
will as the fluidity of the mixed surfactant interface, whereas
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Fig. 2. Temperaure dependence of the meverse micellar system ACT/S
Brij-56/IPMbarater in absence mnd presence of additives. The initial surfac-
tant concentration in oil has been fixed at 175 mM and the mole frction of
Brij-56 in total surfactant (X g s ) is fixed at).1. Land Il represents single
and hiphasic systems, respectively.
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Fig. 3. Temperature dependent phase behavior of the everse micellar sys-
tem, AQT/Brij-56/ PMwater with the initial surfactant concentrution in oil
has been fixed at 175 mM and the male fraction of Brij-36 in total surfactant
{ XBrij-56) is fxed at 0.1 Hollow symbols represent percolation threshold
temperature { Tp), closed symbols represent optimum solubilization temper-
ature (71 ) and the shaded region represents “percolating region.” | and 11
represents single and hiphasic systems, respeactively.

the latter two decreases it and thereby makes the formula-
tion more stable towards temperature. Since percolation in
conductance n w/o microemulsions (or reverse micelles) 1s
a manifestation of the nature of the inter-droplet interction
or the fluidity of the interdface, temperature indoced condue-
tance study has been carned out for the reverse micellar
system AOT/Brip-56/APM/ water at a fix surfactant concen-
tration of 175 mM at different @’s. The system has been
observed to exhibit percolation in conductance (not exem-
plified) and the threshold percolation lemperature (T3) lies
in the vicinity of Ty as shown in Fig. 3. The shaded region
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Fig. 4. {a) Conductivity as a function of temperature for AOT/Brj-56 for
Brij-58)11PMfaater mixed meverse micellar systems at different surfactant
{micelle) concentrutions with o= 20 and Xpgj =01 Open symbals repre-
sent Brij-56 systems and closed symbol represent Brij-58 systems. {b) Dif-
ferential plot tor determination of percolation tempemturne.

in the figure indicates the percolation region, below which
the formulation behaves like a non-percolating hard-sphere
Lype system. As il has been observed that additives affects
the thermal stability of reverse micellar systems (Fig.o 2,
temperature-induced conductance studies have been camied
oul with the reverse micellar system, AOQT/Brij-56 (or Brj-
SEVIPMYwater’addinve(s) at fixed imitial concentration of
surfactant in oil (175 mM), Xgrj; = (L1 and fixed water con-
tent (e = 200, The location of the point of stwudy has been
demarcated by pomt Pin Fig. 1. The mesults of conductivity
studies are summanzed in the following sections.

3.2, Effect of temperature on the conductivity of AOT +
Brij-36 or Brij-38 reverse micellar system stabilized in IPM
and water

The conductivity of AOT/IPM/water system as a func-
ton of temperature has been measured at three different

S =
1 ®  noadditive
a5 Y & 200 mh urea
.: Tigw & v L0k NaG
| va ¥ * 5k Wadl
= 200 mia FA

TrC

Fig. 5 Conductivity a5 a function of temperature for AQT/BAj-56 (or
Brj-580IPMAwater mixed mverse micellar systems in presence of addi-
tives {urea, NaC, MaCland FA) with total surfactant concentration 1 75 mM,
w o= 2 and X Brij = (L1, Open symbols mpresent Brij-56 systems and
closed symbol represent Brij-58 systems.

surfactant concentrations (250, 175 and 100 mM). It is ob-
served that the systern is low conducting and does not exhibit
any significant increase in condoctivity with lwemperature
(figure not shown). However, the addition of a second sur-
factant (Brij-56 or Brij-38) w the AOT/IPMwater system
with the total (AOT + nomonic) surfactant concentration
([S1]) as mentioned above and at a fixed X onionie = 0.1 and
o = 200, a dramatic increase in conductanc e behavior (except
for AOT/Bnrj-56 system with 100 mM surfactant concentra-
tion) is observed as a function of temperature. The results are
depicted in Fig. d4a. The differential plot for determination
of threshold percolation temperature T, for both systems is
represented in Fig, 4b. The threshold percolation tempera-
ture T 15 exhibited at 23.3, 34.5°C for AOT/Brij-56 system,
whereas for the AOT/Bnj-58 system, T 1s observed at 12,7,
174 and 26.8°C al the corresponding composiions.

3.3 Influence of third component (additives ) on the
percolation of conductance in AQT/Brij(s) mixed reverse
micelles at fived w and X penicnic

The results of the effect of additives on the percolation
of conductance in AOT/Brij-56 or Brij-58 mixed reverse mi-
celles n IPM at o = 20 and X ponjonic = 0.1 a8 a function
of emperature are presented in Figs, 5-7 and Table | and
summanzed as follows, Additon of NaC (2000 mM), urea
(100 mM) and formamide (200 mM) reduces T, (15.1, 155
and 15.5 *C, respectively, for AOT/Brij-58 system, and 32000,
32.1 and 28.0°C, mespectively, for AOT/Brij-36 system),
whereas addition of NaCl (250 mM) increases TF' (20.1 and
40.0°C for AOT/Brij-58 and AOT/Brij-56 systems mespec-
tvely) (Fig. 5 and Table 1). The effect has been found o
be more pronounced at higher concentrations of additives.
NaC (400 mM) and urea (200 mM) reduce Ty, (12.5 and
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Table 1
Percol ation threshold temperature (T, 1 far sy stem water! ACT/Brij- 58 ( Brij-
50)/IPM in the absence and presence of additives at e = 20°

Additive [Add itive] Ty (°C)
{mmoldm™ ) ACT/Brij-58  ACT/Brij-56
Mo additive - 17.4 345
Ma-cholate 200 15.1 320
{MaC) 4.0 125 25.0
Unea 1K) 15.5 321
el 1] 14.01 249.0

Nl 25.0 20,1 40100

S0.0 225 4490
Chalesterol 13.0 20.1 40.5
{Ch) 26.0 20.5 44.5
Chaolesteryl 254 1601 I8
acetate (CA)
Chaolesteryl 2.4 16.7 334
benzoate {CB)
Chalesteryl 1600 18.5 374
palmitate (CF)
Pluronic 6.9 17.0 -
{PLA4) [EF.1 16.4 4.4

X6 138 28.0
Poly butadien: 11.2 14.0 277
{PBL}

24 11.2 220
Crown ether 449 0.2 424
{CE) 18.9 229 480
Toluene (T1) 11K 16.6 330
Beney | alcohol 160 166 50
(BA)
Formamide { FA) 200 155 28.0
Ethylene glycol 200 1.0 350
(ELG)
Sucrose dodeca- 25 16.4 325
noates” {L- 1695)
Sucrose dodeca- 25 17.0 345
noates” (L-505)
Sucrose meono- 25 16.7 315

steamte {5- 1670

* Total surfactant concentration [S1] = 0.175 mol dm—; Kpmj =01

b Concentration in wifvol.

25.0°C for AOT/Brij-58 and AOQT/Brij-56 systems, respec-
tvely) (Fig. 5).

Fig. 6 depicts the influence of cholesterol and its deniv-
atives (Ch, CA, CB, CFP) on T}, for both AOQT/Brij-56 and
ACT/Brij-538 systems at the composiions mentioned cardier.
Addition of Ch (13.0 mM) inereases T (2001 and 405 °C,
respectvely) for both these systems. A further increase in
the concentration of Ch (260 mM). increases the Ty, for
ACT/Brij-56 system ( Ty, 44.5 % C) considerably, whereas for
the other system, effect was observed (T}, 20.5°C) o be
kess significant. On the other hand, CA (234 mM) and
CB 204 mbM) decrease T, for both systems (16.0 and
16.7 °C, mespectively, for AOT/Brij-58 system and 31.8 and
33.52C, mespectively, for AOT/Brij-56 system). However,
CP (16.0 mM) increases T, (18.5 and 37.4°C, respectively)
for both the systems in comparison o that without additive.

The effect of CE, a polymerie surfactant (triblock poly-
mer [(EO ) 1(POYap(EO) 1, Pluronic, PL64) and polybutadi-

e
v, & noadditive
25 4 e & 130mMGCh
LA IR o v EEd M A
Lo * Z04mhCB
2 ™ m.a ® 150 mMCP
-y
o o
L
L

20
T!'C

Fig. 6. Conductivity as a function of temperaure for AOT/BOj-5 {or
Brij-58 ¥ IPMAwater mixed reverse micellar systems in presence of additives
{Ch, CA, CB and CP) with total surfactant concentration 175 mM, o = 20
and x,hﬂ = {11, Open symbols represent Brij-56 systems and closed sym-
bol represent Brij-38 systems.

50
e addilive
2 : & 153 mMCE
F ¥* 158 mk Pl 54
. - + 117 mM PRD
ry

TI°C

Fig. 7. Conductivity as a function of tempermure for AQT/BAj-50 (or
Brij-58 ¥ IPMAwater mixed reverse micellar systems in presence of additives
(PBD, PLA4 and CE) with total surfaictant concentration 175 mM, o = 2
and Xpgi = (1.1, Open symbals represent Brij-56 systems and closed sym-
hal represent Brij-58 systems.

ene (PBD) (an oil soluble polymer) on T, are exemplified
in Fig. 7. CE (49 and 189 mM) hinders percolation as
reflected through increase in T (20.2 and 22.9°C, respec-
tively, for AOT/Brij-58 system, and 42.4 and 48.0 °C, ne-
spectvely, for AQT/Brij-56 system ). However, a small effect
on Ty, has been observed by the addition of PL64 (6.9 mM)
to both systems. Bul increasing the concentrations of PLA64
(13.8 and 27.6 mM) promotes percolation and T, decreases
for both the systems and T, s decreased 1o 13,8 and 28.0°C
for AOT/Bnj-58 and AOT/Bnj-56 systems respectively at
27.6 mM concentration. PBD (at concentrations of 11.2 and
224 mM) also promotes percolation and hence decreases



il BE. Pawl, RE Mitra ! Journal of Colloid and Interface Scence 295 {2006 | 2 30-242

D.ns
i 1
0.03
0.0 T .

0.0 - r a¥

é-ﬁu"lﬁnn

001
oo Nat

-0.01 4 = 4 NaCl
_ Ch
-1 A & EE

=1

o -

T T T
o 10 20 F A4 =l L1

[addithve]f mM
{a)

=000

~D0E =

-0ib=

B R

AB,8,

4

-0 16— S Ured

R LE o

I T T T

0 20 45 i [ LA+ | R -+ R | V1 I 1 -+ o 1
[additiva] f mi
23]

Fig. 8. Belative change in percolmtion threshold {see text) for ACFTY
Brij{s VIPMfwater mixed reverse micellar systems in presence of additives
with surfactant concentration of 175 mM, a = 20 and Xy, =0.1. Open
symbals represent Brij-56 systems and closed sy mbol represent Brij-58 sys-
tems. The additives used, {a) NaC, NaCl, Ch and CE; (b) urea

Ty (140 and 112°C for AOT/Bnj-58 system and 27.7
and 22.0°C for AOT/Bnj-56 system). Sugar-based surfac-
tants [sucrose dodecanoates, L-1695, sucrose dodecanoates,
L-395 and sucrose monostearate, S-1670] at concentration
of 2 wiBe/volume assist percolation marginally. The come-
sponding T, values are 164, 170 and 16.7 *C for AOT/Bnj-
58 system and 32.5, 34.5 and 31.5°C for AOT/Brij-56 sys-
tem (figure not shown).

Two aromatic additives (in absence and presence of hy-
droxyl group in ther structures) wluene (T1) and beneyl al-
cohol (BA) (both at OO mM) are observed 1o promote perco-
laton, e, decreases T (16,6 °C) for both systems, whereas
Tl decreases Ty, (33.0°C) and BA increases T, (35.0°C)
margmally for AOT/ Brij-56 system. Nonagueous polar sol-
vent, EG (200 mM) increases T, (180 and 35.0°C) mar-
gmally for AOT/Bnj-58 and AOQT/Bnj-56 system, respec-
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Fig. 9. Plot of Ing vs 17T o evaluate activation energy for percolation
of the system ACFT/Brij-58/IPM water with total surfactant concentration
175 mM, e = 20 and X g =10.1

tively. It is interesting to note that T, values for AOT/Bnj-536
systems are almost doubled than that of AOT/Bnrj-58 sys-
tems in most of the cases.

Figs. Ba and 8b depicts the relative change in percolation
threshold { A8y /6, where, Afy, = HI:-' — &, and &, 15 the perco-
lation threshold (in absolute scale) without additive and 8 1s
that in presence of additive) in presence of urea, NaC, NaCl,
Ch, CE. It can be observed from the figures that the relative
change is higher for the AOT/Bnj-56 system as compared Lo
the AOQT/Brij-58 systems for the all the additives presented
herein and it can be inferred that the additives can perturb
the former interface more effectively than the latier. It may
be due to the larger polar head group size of Brij-58 in com-
parison to that of Brij-56.

3.4 Activation energy for percolation
The activation encrgy, Ep for pereolation of conductance

in mixed reverse micelles has been estimated on the basis of
an Arrhens form of relation [25.32-36],

g = Aexp(—Ey/RT) (1
or
Ingc =lnA — E/RT, (2)

where A 15 a constant and o 15 the conductance and R and T
have their usual significance. Ej value can be obtained from
the slope of Ing against it plot. The results (in absence
and in presence of additives) have been presented in Fig. 9
and Table 2.

From Table 2 it 15 evident that the activation cnergies,
Ep for percolation of conductance in absence of additives
for AOT/Brij-58 and AOT/Brij-56 blended systems are 397
and 176 kImol=!_ respectively. It has been found that E, in-
creases considerably in presence of the additives, NaC and
urea as compared 1o the systems m absence of additives



Table 2

Activation energy for pereolation { £p) for system waterd ACT/Brij-58 { Brij-56 VIPM in the absence and presence of additives at w= 2(F
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Additive | Additive] m]'."ﬂrij-.'ﬂi M)']'."H\Tij-."&ﬁ
{mmaol dm™) Ey (kdmal™ Iy Carr. coeff. Ey (Kl mal™ Iy Corr. coeft.
Mo additive - o7 194913 176 09932
Na-cholate { NaC) 2010 517 0.9937 255 0.9921
41,100 464 09915 271 11,9960
Unea 1K) 539 (.9897 224 {1.9851
200 494 .9904 252 0.9923
MaC’l %0 410 (0.9915 144 0.90 3%
S0 09 .9941 134 01,9948
Chaolesteral {Ch) 13.0 B il 09910 186 . 9886
Chaolesteryl acetate (CA) 2610 07 0.9926 134 11,5594
234 502 0.9946 238 0.9975
Cholesteryl benzoate (CB) M4 445 09877 25 {19965
Chaolesteryl '|'.I.|.|]mi1.i11.c CF) 160 474 094911 199 09882
Pluronic {PLA4) 6.9 Bk (1.9956 - -
13.8 03 0.9942 168 01,9948
7.6 287 0.9947 201 0.9955
Poly butadiens { PBL}) 11.2 457 0.9929 a3 09967
2.4 T40 0.9947 4491 01,9044
Crown ether (CE) 449 a0 (0.9905 1x 0.9947
18.9 250 09913 g7 0.9928
Toluene {T1) 1)) 416 01.9939 237 0.9964
Benzyl alcohol (BA) 1K1 393 .99 5 170 .94905
Formamide {FA) 200 354 09921 247 01,9960
Ethylene _g|}'-:.'u| (EG) 2 101 0.9934 eli) 09019
Sucross dodecanoates” {L-1695) 2% 432 01.9954 192 0.9927
Sucrase dodecanoates” {L-595) 25 411 09873 175 (0.4 14
Sucrose monastearate” (S- 16701 25 416 (9915 199 (1.90947

2 Total surfactant concentration [St] = 0.175 mol dm —3; Xpgj =01

" Cancentration in wi;val.

for both AOT/Brij-56 and AOT/Brij-58 systems. However,
E, has also been observed to decrease with increasing con-
centration of both additives in AOT/Bnj-58 system; whereas
Ep increased with increase in concentration of both additives
for ADT/Brij-56 system. The same trend, in respect of the ef-
fects on Ep due to the presence of the additives, viz., NaCl,
cholesterol, cholesteryl denvatives at different concentra-
tions, has also been observed for both systems. E, values
of PL64 are not straightforward. A significant increase in Ep
has been observed in presence of a polymer, PBD at concen-
rations of 11.2 and 22.4 mM, respectively, for both systems.
Tl increases E, for both systems, whereas BA has mar-
ginal effect on £y, values for these mixed systems. Ej values
for both formamide and ethylene glycol have been lowered
for AOT/Bnj-58 systems, whereas £y values were higher
for AOT/Bnj-56 systems. Ej has been decreased by crown
cther (CE) for both systems, It has been observed that Ep
decreased with mnereasing crown ether concentration. How-
ever, crown ether at 189 mM shows the lowest Ep value
for both systems among all the additives. Sucrose esters (L-
1695, L-395 and 5-1670) are observed to increase Ej for
both systems, except L-395 in AOT/Bnj-56 system, where
the effect on Ep was marginal.

The relative change of activation energy, AEL/Ep,
(where AE, = E[’, — Ep, and Ej 1s the activalion energy
without additive and EI:' 15 that with additive) has been plot-

ted against concentration of additives and the results are
presented in Figs. 10a and 10b. It can be observed that
the magnitude of the relative change of activation energy
is higher for the ACT/Brij-56 stabilized system as compared
to the AOQT/Bnj-58 system except for urea and Ch at 1040
and 13.0 mM concentrations, respectively. This observa-
tion supports the earlier inference drmwn from the relative
change in T, (Figs. 8a and 8b), wherein AOT/Brij-56 inter-
face has been inferred to be more perturbed by the additives
in comparison to that of the AOT/Brij-58 intedace. The
lower relative £y values of AOQT/Bnj-58 system can be ac-
counted for the larger head group size of Brij-58, which may
perhaps ease the droplet fission in presence of additives.

4. Discussion

The percolation of conductance in reverse micellar sys-
tems can be assumed to be a transition from a wio droplet
like structure to a bicontinuous or connected clusters of
droplet ke microstructure. Owing to its wedge shape, AOT
tends to bend around water in ol continuous phase forming
an interfacial film of negative curvature at the oil-water in-
terface. Electrical conductivity in an ACQT-based microemul-
sion is due to the passage of cations through the transient
channels formed between colliding droplets [39]. This pas-
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Fig. 10 Relative change in activation energy for peroolation {see text) for
AOT/BOj s)IPMAwater mixed reverse micellar systems in presence of ad-
ditives with surfactant concentration of 175 mM, w = 20 and X g, = 0.1
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Brij-58 systems. The additives used: {a) NaC, NaCl, Ch and CE: (b) unza.

sage 15 facilitated by the formation of the certain local region
of positive curvature in AOQT surfactant film [57]. The rigid-
ity of the interface and the attractive interactions among the
aggregates are the most important factors that determing the
exchange rate of the wns and water molecules during the fu-
sion processes [47.48]. The AOT/IPM reverse micellar sys-
tem can be assumed to be so nigid that it cannot form any
such fused droplet network o facilitate percolation. Since
IPM possesses high molar volume as well as high viscos-
ity, penctmbon of this oil into the interface s relatively
small [56], which in tum fails to modify the interface less
effectively and thus AOT/APM system has been observed 1o
be non-percolating. According to Lio et al. [50], for solvents
with high viscosity, it is difficult for the droplets to collide
and aggregate into clusters, which makes the AOT/IPM sys-
tem non-percolating.

It has been observed that the T decreases with increase
in total surfactant concentration [St] for both the systems.
High surfactant concentraion causes an increase in the num-
ber density of the droplets in reverse micellar systems. This
increases interaction between the droplets facilitating per-
colation by increasing interdroplet collisions and lowering
the barrier to electnical conductivity [43.50]. It can further
be observed that AOT/Brij-58 system exhibits percolation
in conductance at a lower T, than the AOT/Brij-36 systems
for a4 comparable compositon. It can be inferred that Brij-
58, because of its larger polar head group (polyoxyethylene
chains 20 than Bnj-56 (polyoxyethylene chains 10, has a
stronger effect on perturbing the mterface. Itis well known
that the droplet size of reverse micellar system depends upon
the flexibility of the interface, which in tum 1s related o
the surfactant packing parameter () [58]. For a mixed sur-
factant system, the effective packing parameter Foy can be
expressed according to the following relabon as modified by
Evans and Ninham [59]

Peit = [(xv/al)a + (xv/alc)a ]/ (xa + xB). (3)

where va and xp are the mole fractions of AOT and Brij
present at the inlerface respectively, and a, v and [, are the
area of the head group, volume and chain length of the sur-
factant. Henee, nonionic surfactant with larger polar head
group 1% expected o modify the interface of AQT/Bnjs)
mixed reverse micellar systems more efficiently and 1o per-
colate at a lower temperature. Qur observation may further
be supported by the work of Nazano et al. [44.60] who
showed that addition of nonionie surfactant, GE; (poly-
oxyethylene alkyl ethers) resides at the interfacial region of
AOTICE; mixed interface either immersing its polar head
group in the water pool or the polar head group lies in the
vicinity of the head group region of the surfactant. Both of
these configurations supported the increase in droplet size
with increasing head group of the nonionie surfactant as
evidenced from DLS measurements, and this i turn as-
sisted percolation. Increase in the mdius of droplet with
the addition of nonionie surfactants (Brijs type) mto the
AOT/ heptane/water system has also been reported by Liu et
al. [49] from DLS measurements. The droplet size was de-
pendent on the content of the nonionie surfactant and their
EO chain length.

The observed effect of additives on the percolation phe-
nomenon in mixed surfactant reverse micelles can be ex-
plained by extending the “channel-formation followed by
material transfer” mechanism put forward by several work-
ers [224044.61]. A schematic diagram of the mechanism
has been presented in Scheme 2. According o this model,
il 1% necessary o have an effective collision between two
waler droplets of the microemulsion/reverse micelle, caus-
ing the droplets to fuse together. Subsequently, an exchange
of matter between the water droplets would take place (al-
lowing the charge conduction), which would produce their
separation by means of a process of fission. The presence of
additives of course, affect the phenomenological process of
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Scheme 2. Proposed schemes for “fusion-mass transfer-fission™ in presence of additives.

percolation in conductance as a whole in these systems, be-
cause of their different structures and difference in degree
of ther mterfacial and physicochemical properties that in-
fluence the curvature.

Fercolation of conductance in reverse micellar system is
associated with the opening-up of the interface in order w
produce a local positive curvature followed by the transfer
of matenials. The formation of the local positive curvature
depends upon the fluidity of the interface, which in turn is as-
sociated with the effective packing parameter, Fei (Eq. (3)).
It has been discussed earlier that addition of Brij-56 and
Brij-58 modifies the packing parameter of AOQOT/IPM system
and made this non-percolating system to percolate. The ad-
ditives further modify the effective packing parameter { Pegy)
fixed by the composition of the mixed surfactant system and
thereby assist or hinder the percolation process.

NuC contains steroid nng and hydrosyl groups, which
may enable them to form channels between adjacent droplets
by adbering to the water/oil interface, as constituted by both
AOT and nonionic surfactants (Brjs). Thus NaC acts as a
percolation-assisting additive as evidenced from Fig. 5 and
Table 1. Due to the presence of NaC molecules at the inter-
face, the effectuve packing parameter of the mixed surfactant
monolayer { Pepr) 18 decreased due to the increased area of
head group of surfactant, which i tum decreases the per-
colation threshold (T). On the other hand, the addition of
Ch and its ester (CP) has a decreasing effect on the intrin-
sic conductance of the microemulsion, whereas CA and CB
have an increasing effect for both the mixed systems. Ch
15 a small but ngid molecule. In the interface, its hydroxyl
group remains attached o the sudace of the micro-water
droplet and interface becomes stiffer due to the formation of
hydrogen bond with the carbonyl ester of AOT [25,37,62].
Thus in the presence of cholesterol, the monolayer of the
droplets become more ngid and consequently increases the
Ferr value of the mixed interface, which in wrn increases T,
Although closer approach of droplets 1s feasible, the ngid-
ity of the interface restricts ransfer of ons between droplets.
Howewver, the esters of Ch(CA, CB and CP)impan some de-
gree of hydrophobicity due to the presence of alkyl group of
different size. Thus a varation in effectiveness of suppress-
mg the transfer of 1wons between droplets ansing out of the
structural features of the cholesterol esters 15 exhibited. The
degree of hydrmophobicity imparted by the replacement of the

hydrmoxyl hydrogen of Ch by acetate and benzoate groups
perhaps perturbs the hydrogen bond formaton, which results
in an increased fuidity of the interface and 8 consequence
decrease of FPoy and T, But, esterification by palmitate can
only partly perturb the hydrogen bond formation and thus
CF exhibits a Tj, value in between those of system contain-
ing Ch and no additive.

Urea has been found to assist the percolation process for
both the mixed systems. Urea s considered to lessen the in-
terfacial rigidity by its propenty of reducing the amphiphile
association, resulting in easier fusion of droplets at lower
temperature. In addition, urea is known o interact with the
head group of surfactant present at the merface and also acts
as a structure breaker. In the present study, it can be assumed
that preferential solvation of the surfactant headgroups by
urea results inoan inerease in the monomer dissociation de-
gree, which leads W an increase in the area per headgroup,
and this in wrn increases the droplet size of reverse micellar
systems in presence of urea, and hence assists percolation.
This argument 15 well supported by Politt et al. for the in-
corporation of urea in AOQT hexane/water reverse micellar
system [63.64].

Addition of NaCl to both these systems resists the per-
colation process as manifested from the increase of T, (Ta-
ble 1) and Ty, increases with increasing NaCl concentration.
It 1 known that addition of salt (NaCl) reduces the size
of the polar head groups of the jonic surfactant due 1o the
screening effect of the salt on the electmstatic repulsion be-
tween the head groups. The presence of salt reduces the
effective head group area and thereby increases the “sponta-
neous negative curvature” of the surfactant and its tendency
to form reverse micelles. Thos the curvature pammeter of
droplets is increased and decreases the attractive interactions
among them. As a result T, is increased. This observation
15 consistent with that meported by Mejuto et al. [38] for
AOQT isooclane/waler syslem.

CE mcreases Ty, for both the mixed systems and T, has
been observed to increase with imcreasing concentration of
crown ether (4.9 o 18.9 mM). Mejuto et al. [3940] car-
lier reported that incorporation of crown ether at low con-
centration o AOQT/isooctane/waler reverse micellar system
mereased percolation threshold, whereas at high concentra-
tion of crown ether, percolation threshold decreased. Similar
observations were eported by Mukhopadhyay et al. [32].
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Crown ethers are characterized by their capacity to capture
cation. In reverse micellar systems contuining AOQT, Na™
acts as the counterion and crown ether can capture them.
This screens the electrostatic charges of the headgroups and
decreases the electrostatic repulsion. This in turn decreases
the effective head group area of AQT, which correspondingly
increases P oand thus the natural wendency of AOT w form
negative curvature is increased mesulting in g decrease in
mean droplet size in microemulsions [65] and consequently
percolation is retarded.

Both PL64 and PBD assist percolation. The additive PBD
15 soluble in the continuous ol medium, which induces less
oil penetration in the interfacial film of the droplets, and
hence it increases the interdroplet interaction and the ease
of droplet fusion among the droplets resulting in a decrease
in T,. On the other hand PL64 being a hydrophilic polymer,
15 expected to reside primanly at the oil'water interface and
occupy a large surface area on the droplet through polymer—
AQT interactions. This increases the area of head group of
the surfactant and promotes exchange of Na™ between the
droplets, which ends up in a lower threshold in the electrical
percolation behavior,

Sucrose surfactants [sucrose dodecanoates, L-1695 and
L-595 and sucrose monostearate, 5-1670] also assist per-
colaion marginally. Because of three factors vie, reduction
of the interfacial area per molecule when these are intro-
duced into a AOQT plus polyoxyethylene type mixed surfac-
tant layer, low monomenc solubility in oil doue to the strong
hy drophilicity of its sucrose unit and formation of strong hy-
drogen bonds between the hydrosyl groups of the sucrse
group and water molecules of these additives, counter bal-
ances the effect on the intedace o be significant to modify
the interface and hence marginal effect in the percolation
wis observed [66,67].

Nonagueous polar solvent, formmamide (FA) (200 mM so-
lution in waler) assists percolation, whereas another non-
aqueous polar solvent, ethylene glyeol (EG) 15 observed 1o
have only marginal effect on percolation phenomenon with
identical concentmtion. In comparison Lo waler, nonagqueous
polar compounds are reported o have enhanced molecu-
lar interaction with the hydrophobic compounds [68]. This
difference leads o higher penetration of nonagueous polar
molecules in the hydrocarbon part of the surfactant. The high
penetration induces an increase in cross-sectional area of the
surfactant, i.e. the surfactants are closely packed in the in-
terface, surfactant head group area, a 1% increased and P s
decreased, and thus percolation 1s facilitated. Two aromatic
additives, toluene (T1) and beneyl alcobol (BA) were ob-
served to decrease Ty, for the AOT/Bnj-58 system, whereas
in AOT/Bnj-36 system, Tl decreased T and BA increased
T, marginally. Earlier repont [24] suggests that Tl increased
T, whereas BA decreased T, when added in a small amount
(100 and 50 mM, respectively) o AOT/dodecane/water re-
verse micellar system owing o the mteraction of T1 with
the AOT hydrophobic moiety (“blocking effect™) and in-
terfacial adsorption of BA (due to the presence polar ~OH

group in BA). In the present study, however, both the ad-
ditives have been observed o assist percolation, except for
AOT/Brij-56 system where BA marginally retarded the per-
colation process.

Ey values have been observed to be affected upon the
addition of additives for both the mixed systems stabilized
by AOT/Bnj-36 and Brij-538 in IPM. E; values have been
shown to be higher for AOT/Bnj-58 than AOT/Bnrj-56 sys-
termns, and are almost doubled for AOTY Brij-58 systems (ex-
cept in some cases) than that of AOT/Bnj-536. In most of
the cases, Ep values have been found to increase signifi-
cantly as compared to the systems without additives, ome-
spective of whether the additive assists or resists percolation
of conductance in mixed reverse micellar systems. It has
been found that the percolaton-assisting additives provide
higher E, values than the percolation-resisting additives for
both systems. A plavsible explanation for these results may
be put forward as argued by Moulik et al. [36] for the sys-
tems AOT/hydrocarbon oilfwater in presence of aromatic
methoxy hydrotwpes. They considered that fission of the
fused droplets 1s the rate-determining step for the dynamie
percolation process [69] The magnitude of £, i essen-
tially controlled by the separability of the droplets from the
“fused” to the “free state”™. The contributions of steric and
interactng factors of the additives, and also their interaction
with nonionic surfactants (whatever small amount present in
these systems) in the process of fission and fusion need o
be explored for augmenting the percolation phenomenon in
mixed reverse micelles. An elaborate and planned study
this direction 15 thus wanted.

5. Conclusions

l. The non-percolating system waler/ AQOT/APM in the tem-
perature range 560 “C can be made percolating by the
addition of nonionic surfactants (Brij-56 and Brij-538) to
the system, and the threshold percolation temperature,
T, depends on the concentration of the surfactant mix-
wres, and the polar head group siee and content of the
added nonionic surfactant.

2. The threshold percolation temperature, T, of the stud-
wd mixed reverse micelles stabilized by AOT/Bnj-56
and Brij-58 in IPM and water in absence and presence
of additives of different molecular structures, physico-
chemical parmmeters and/or interfacial properties, can
be obtained from o =T plot vis-i-vis the differential plot.

3. The additves NaC, urea, cholesteryl acetate, cholesteryl
bemeoate, toluene, pluronic, polybutadiene, sucrose es-
ers (sucrose dodecanoates, L-1695 and sucrose mono-
stearate, 5-1070), formamide, decrease T, whereas
NaCl, cholesteryl palmitate, crown ether, ethylene gly-
col increase it for both the mixed systems. The el-
fect of sucrose dodecanocates (L-395) on T, 1 not that
much significant. Beneyl aleohol assists the pereolation
process for AOT/Bnj-58 system, whereas it resists per-
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colation process marginally for AOT/Bnj-56 system.
The relative change of percolation threshold has been
found to be higher for the ACOT/Brij-56 systems in com-
parison o that of the AOT/Brij-58 systems.

4. The observed behavior of these additives on the percola-
tion phenomenon has been explained in terms of critical
packing parameter and/or other factors, which influence
the texture of the interface and solution properties of the
mixed reverse micellar sysiems.

5. Activation energy (Ep) for percolation in absence and
presence of additives for both mixed reverse micellar
systems has been evaluated. Both T, and Ep depends
on the type of the nonionic surfactant blend (Le. size of
the polar head group) in mixed reverse micelles and also
on the type of additives and their concentrations.

6. A plausible mechanism for the percolation phenomenon
in mixed reverse micelles has been discussed.
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