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Abstract

Microemulsification of a vegetable oil (eucalyptus) with single and mixed surfactants (AOT and Brij-35), cosurfactant of different
lipophilicities (isomers of butanol), and water were studied at different surfactant and coswrfactant mixing ratios. The phase diagrams of
the quaternary systems were constructed using unfolded and folded tetrahedron, wherein the phase characteristics of different ternary sys-
tems can be underlined. The microemulsion zone was found to be dependent upon the mixing ratios of surfactant and cosurfactant: the
largest microemulsion zone was formed with 101 (wiw) 5:C8. The effects of temperature and additives (NaCl, urea, glucose, and bile salts of
different concentrations) on the phase behavior were examined. The mixed microemulsion system showed temperature insensitivity, whereas
the Brij-35 (single) stabilized system exhibited a smaller microemulsion zone at elevated temperature. NaCl and glucose increased the mi-
croemulsion zone up to a certain concentration, beyond which the microemulsion zones were decreased. These additives decreased the
microemulsion zones as temperature was increased. The effect of urea on microemulsion zone was found to be insignificant even at the
concentration 3.0 moldm =, Little effect on microe mulsion zone was shown by NaC (sodium cholate) at 0.25 and (0.5 mol dm = at different
temperatures, The conductance of the single (AOT) and mixed microemulsion system { AOQT + Brij-35) depends upon the water content and
mixing ratios of the surfactants, and a steep rise in conductance was observed at equal weight percentages of oil and water. Viscosities for
baoth single { AOQT ) and mixed (AOT + Brij-35) surfactant systems passed through maxima at equal oil and water regions showing structural
transition. The viscosities for microemulsion systems increased with increasing Brij-35 content in the 20T + Brij-35 blend. Conductances
and viscosities of different monophasic compositions in the absence and presence of additives (NaCl and NaC) were measured at different
temperatures. The activation energy of conduction {&E:uml} and the activation enthalpy for viscous flow {5H:i:;} were evaloated. It was
found that both AES, ; and A, were afunction of the nature of the dispersion medium. Considering the phase separation point of max-
imum solubility, the free energy of dissolution of water or oil {&Gfl at the microdispersed state in amphiphile medium was estimated and
found to be a function of surfactant composition.
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1. Introduction lar and nonpolar solvents forming a monolayer film between
them. This decreases the interfacial tension o an ultralow

Microemulsions are thermodynamically stable, 1sotropic valve, which results in the solubilization of the otherwise im-

dispersions of otherwise immiscible oil and water stabilized
by surfactants [1]. Owing to their diphilic nature, surfactants
distribute their bead and tail parts to the cormesponding po-

miscible components. Generally, a second surfactant, called
cosurfactant, 1$ added into the microemulsion system with
reference to varous applications in pharmacy and drug de-
livery and, therefore, its mole s well documented [2-8]:
(1) prevent formation of nigid structures such as gels, lig-
uid crystals, precipitates, ete.; (1) lower the viscosity of
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the systemn: (ii1) reduce interfacial wension: (iv) increase the
fluidity of the interface and thereby increasing the entropy
of the system: (v) merease the mobility of the hydrocar-
bon tail and allow greater penetration of the ol into this
region; and (vi) influence the solubility properies of the
agueowns and oleie phases due to its partitioning between the
phases. Several attempts to substitute traditional cosurfac-
tants with other components [9-14], for example, nonionic
surfactants, alkanoic acids, alkanediols, amines, aldehydes,
ketones, butyl lactate, and oleie acid, have been carned out
from the viewpoint of suitable applications of microemul-
sioms. The roles of cosolvents and additives in the prepara-
tion of microemulsions are also reported [15-17]. The strue-
tural characteristics of microemulsions and their dynamics
and transport behaviors with basic understanding of their
formation, state of aggregation, nternal composition, and
stability with reference to their probable uses have been re-
viewed in detail by Moulik and Paul [ 18], Stroctural stodies
of microemulsions stabilized by AOT have been reported by
Eastoe et al. [19].

As a consequence of many potential advantages of mi-
croemulsions (for example, their clarity, high stability and
mnterfacial area, case of preparation) interest has mapidly
grown in the use of microemulsions starting from tertiary
oill recovery o nanoparticle synthesis. A comprehensive
account of the phase equilibria characlenzation, structure,
uses, and applications of the microemulsions has been re-
ported by Paul and Moulik [20], Sjoblom et al. [21], De
and Maitra [22]. Solans and Garcia-Celma [23], Solans
and Kunieda [24], Mittal and Kunieda [25], and Mittal and
Shah [26]. Recently, microemulsions have been employed
as hguid membranes [18,25] to study transport behavior of
both polar and nonpolar species across them, which have im-
portance in biology for understanding the fundamentals of
me mbrane transport and offers the prospect as a method of
separation. In light of the above, several authors have con-
tributed a good number of publications on the formation of
microcmulsions using biocompatible and nontoxic ingredi-
ents (both sufactant and oils) for applications in phammaceu-
tics and drug delivery, cosmetics, food, agrochemical, and
micellar enzymology [27-38]. Of these, the systemaltic in-
vestigations made by Moulik et al. on the formulation and
development of these systems as mentioned above are note
worthy, Moulik et al. [12,27-30] came up with a senes of
studies on the formulation and development of multicompo-
nent systems containing biologically occurring components
{with biocompatibility and nontoxicity) and their stability,
physicochemical propertics. The active ingredients used in
these systems were Tween-20), Tween-60, Bnj-30, Bnj-52,
Brij-92, and sodium oleate as surfactants; ethanol, isopropyl
alcohol, and cinnamic alcohol as cosurfactants; and cuca-
lyptus, coconut, ricebran, clove, isopropyl mynstate, and
saffola as oils. These systems were found to be faidy sta-
ble at 37 °C. The physicochemical properties, viz., viscos-
ity, conductance, compressibility, and specific volumes, of
these systems have been reported. In recent studies [29,30],

hydrodynamic diameter, diffusion coefficient, and polydis-
persity of dispersed droplets of different compositions have
been determined from dynamic light scattering (DLS) exper-
iments. In addition, the energetic parameters (free energy,
enthalpy, and entropy) have been evaluated from calori-
metric measurements o g the understanding of the for-
mation and stability of these systems. An analysis com-
prising all these data has been rationalized and presented.
The activity of enzyme (alkaline phosphatase) [31] and ki-
netics of alkali fading of erystal violet [28b] in biologi-
cal microemulsion media containing vegetable oil (clove
and neebran) and cinnamic alcohol [31] have been pre-
sented, and a sinking difference in the enzymatic process
as well as spectral behavior in microheterogeneous me-
dia with both hydmocarbon and wvegetable oil has been ob-
served.

Aovast literature as cited above concerns mainly the use
of single 1onic or nonionic surfactants o prepare microemul-
sions using biocompatible and nontoxie ingredients. Such
studies, specially microemulsification of plantvegetable
oils wsing mixed surfactants, have seldom been carned
out, though these oils have several wses in pharmaceu-
tical and industnal preparations [39]. In previous stud-
s [4041]. physicochemical investigations on  the mi-
croemulsification of oils of different types (plant/vegetable,
ester of myristic acid, and hydrocarbon) and water using
mixed surfactants of different charges with other char-
actenstics and cosurfactants (alkanols and butyl lactate)
in the presence and absence of additives have been re-
ported. The phase behaviors of these systems have been
represented by Gibbs riangle and fish-tul diagrams and
have compared the efficiency of different surfactants (sin-
gle and mixed) with respect o the area of monophasic re-
gion formed. The stroctuoral features of these systems have
been investigated using conductivity and viscosily measure-
ments.

The present investigation was taken up to microcmulsify
ecucalyptus o1l and water by mixed surfactants [ AOT, sodium
bis-2iethylhexyl) sulfosuccinate] and nomonic surfactant
[Brij-35, polyoxyethylene(23) lauryl ether] and 1-butanol
as cosurfactant at different mixing matios (wiw) of the sur-
factants as well as at different matios (w/iw) of sufactant
and cosurfactant. The phase behaviors of the pseodoternary
mixed systems were examined to understand the mutual sol-
ubility and topological nature of the multicomponent mix-
tures using Gibbs triangle and tetrhedral (both unfolded
and folded) representations. The effect of mixing mbo of the
surfactants, ratio of surfactant—cosurfactant (S:CS), sodiom
chloride, wrea, glucose, sodium cholate at different con-
centrations, and temperature on the phase behavior of the
microcmulsion systems are presented. IU s expected that
the results of present study will be vseful in phammaceuti-
cal and related applications. Therefore, mformation on the
phase behavior and stability of the studied microemulsion
systems in the presence of additives of biological relevance
and mmportance would be worthwhile. We herein present the



R.K Mitra, BEK. Paul /! Joumal of Calloid and Interface Scence 283 (2005) 565-577 567

structural aspects of these mixed systems at different compao-
siions from conductivity and viscosity measurements. The
activation energy for conduction, the activation enthalpy for
viscous flow, and free energy of solubilization of water-in-
oil and oil-in-water systems at different compositions are
also estimated o underline the ove mll comprehension of the
microemulsification process of a plant oil like eocalyptus
oil.

2. Materials and methods

Sodium bis-2{ethylhexyl) sulfosuccinate (AOT), 99%,
wias obtained from Sigma, USA. Polyoxyethylene(23) lau-
ryl ether (Briy-35) was a product of Fluka. The surfactants
were used without further purification. Eucalyptus oil (EO)
wis obtamed from B.D. Pharmaceatical Works, India. Itisa
volatile, pale yellow hiquid having the charactenstic odor and
taste of punel. Itcontains not less than 705 (w/w ) eucalyptol
{or cineok: ) of chemical name 1,3 3-trimetyl-2-oxabicyclo-
(2,2, 2)-octane [29,39]. [is boiling point, refractive index, and
density agreed nicely with literature values and the mate-
rial was used without further purification [29]. 1-Butanol,
sodium chloride (NaCl), glucose, and urea were products of
SRL. India, and were of AR extrapure grade. Sodium cholate
(NaC, sodium salt of 3o, 7o, 120 -trihydrosy-5 f-cholanoie
acid) was obtaimed from Sigma, USA. All the products
were used without further purification. Double-distilled wa-
ter with conductance less than 3 pSem ™" was used.

To prepare the phase diagrams, a caleulated amount of
surfactant, cosurfactant, and oil was taken in a sealed tube,
shaken vigorously in a vortex mixture, and equilibrated m
a thermostatic bath at the desired temperature. Then water
was added into it with the help of a microsyringe, and the
mixture wis shaken vigorously and then placed in a thermo-
static bath. Reading of different phases was taken by visual
observation, after conformation of attainment of complete
equilibrium. Electrical conductivity of microemulsion sys-
tems was measured as a function of weight percentage of
water with an automatic temperature compensated Thermo
Orion (Model 145 A plus) microprocessor conductivity me-
ter, USA, using Orion cell (of cell constant 1.0 cm™ '}_ Spe-
cially designed cylindrical vessels with a certain amount of
samples were placed inoa refrigerated thermostatic water
bath at desired temperatures. The samples were equilibrated
for at least 10 min to attain the desired temperature before
any conductivity readings were done. All the samples wene
single phase (1) and optically tmnsparent under the condi-
tions of the conductivity measurements reported here. The
uncertainty i measurement is within £1%.

Viscosities of microemulsions were obtained by measur-
ing the flow times in a cabbrated Ostwald viscometer having
1005 efflux time for water at different temperatures. Den-
siies of microemulsions were measured with the help of a
calibrated pycnometer. The errors in viscosily measure ments
were 1%,

Y= B

[1:1]
1A

1-Bu

{B)

Fig. 1. {A) Unfolded phase tetrahedron with ADT + Brij-35 {11, wihw VEOY
water tiangles as the hase and [-butanol on top at 303 K. (B) Tetrahedral
phase representation of the system ACOT + Brij-35 ( 1: 1, whw ¥ [ - butanol/ECY
weter at 303 K. The unshaded regions represent clear monophasic domain,

3. Resulls

.1, Phase behavior

Fig. 1 represents the unfolded phase tetmhedron of the
system ACT + Brig-35 (1:1, whw) (501 -butano/EO water at
303 K. Each triangle in the unfolded tetmbedron represents
the phase diagram of temary systems [38]. The uppermost
triangle represents the 1-butanolVEQYwater system. EQ s im-
miscible in owaler, but fairly miscible in 1-butanol. A thin
monophasic region was formed along the EO-1-butanol
axis. The bottom lefi-hand-side triangle represents the mu-
tual solubility of the S/1-butanol/EQ system. It was found
that all the components are mutually soluble to all extent and
no mutual solubility gap was obtained for this lernary sys-
tem. The bottom right-hand-side triangle represents the 5/
I-butanolwater system. 1-Butanol i partially soluble in wa-
ter [42] and a thin strip of solubility gap was observed along
the water—1-butanol axis. The gap was found to be larger for
the Brij-35 (single) system and smaller for the AOT (sin-
gle) system (figure not shown). For the S/EQfwater ternary
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Fig. 2 Triangular phase diagram of AQT/Brij-351-butanol/EQ¢water at 303 K with 5:05 = 1:1 {w/w) and varying AOT: Brij-35 mtios (wiw), 1:0, 2:0, 121,

1:2, and (1 from left to right.

system (middle tmangle), it was found that a considerable
monophasic zone (1¢) was obtained. The monophasic zone
was smaller than that formed by AOT alone. The monopha-
sic zone was once more confined to the oil-surfactant axis
clearly pointing toward a w/o or L; microemulsion for-
mulation. With Brij35 (single) no monophasic region was
obtained. Fig. 1B represents the folded form of the un-
folded tetrahedron described in Fig. 1A, The clear arca
outside the enclosed cage-like biphasic zone represents the
monophasic zone. The largest monophasic zone was found
along the equal surfactant-cosurfactant region (w/w). The 5/
I-butanol/water and 1-butanol/EQYwater faces were bipha-
sic. The 5/1-butanol/EQ and $/1-butanolfwater faces were
mosly monophasic. Such a monophasic zone formed in the
tetrahedron was mostly confined between these two faces.
Fig. 2 represents the phase diagram (containing Gibbs tn-
angles) for the system AOT/Brj-35/1-butanolVEQfwater at
303 K with 5:C8 = 1:1 {w:w). Five different mixing ra-
tins of AOT and B-35 (14, 2:1, 1:1, 12, and 0:1, wiw)
were used. The terminal two tnangles represent systems
stubilieed by the single surfactants AOT and Brij-35, re-
spectively. AOT formed a large monophasic zone (1¢) in
the presence of 1-butanol and the extent of the monopha-
sic (1g0) zone decreased with increasing extent of Brij-35
mnto the surfactant mixture. The biphasic region along the
water-surfactant axis that appeared in the w/o region for
the AOT-stabilized system wias not observed for the rest of
the systems. In the present study, a microemuslion zone for
the mixed surfactant system larger than that for the earier
reported single surfactant systems of Tween 200 1-butanol/
EQ/water, Tween 200cinnamic alcohol/EQdwater [29], and
Brij- 3¥ethanol/EEOMwater [ 30a] was observed.

3.2, Effect of cosurfactant {C5)

Fig. 3A depicts a tetrahedral representation of the phase
behavior of the system AOT 4 Braj-35(1:1 W 1-butanol/EQY
water at three different 5:C5 ratios (wiw): 1:1, 12, and 14,
In this system, the extent of monophasic zone decreased

{B)

Fig. 3. {A) Tetmhedral representation of ACT/Brij-35/ 1-butanol/ECdwater
ot 303 K with 5:C5= 1:1, 12, and 14 padw). The AOT:Brij-35 ratio was
fixed at 1:1 {wfw). The shaded regions represent clear monophasic zone.
(B) Triangular phase dingram of AT + Brij-35 (1:1, wiw WCS/EQywater
with 5:C5 = 1:1 {wiw) at 303 K with four different C5: (1) 1-butanal,
(2} isobutanol, {3) 2-butanol, and (4) r-utanal.
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Fig. 4. Trangular phase diagram of AQTBOj-35/1-butano FEOVNaCl with 5:08 = 11 (whai: AOT:Bri-35 = L1 {adad at 303 K. Concentrution of NaCl:

0,05, 0.2,0.3, 0.4, and 0.5 mol dm

with increasing cosurfactant content. The largest monopha-
sic zone (1¢) was obtained at 5:C5 = 1:1. Single surfac-
tant stabilized systems also followed the same tend (fig-
ure not shown) in accordance with earlier reports of Das el
al. [43]. In Fig. 3B, the effect of the isomers of butanol (viz.,
I-hutanol, 2-butanol, sobutanol, and f-butanol) on the sta-
bility of the microemulsion system AOT 4 Bnj-35(1:1 WCS/
EOMvater at 303 K with 5:C5 = 1:1 (w/w) 15 illusrated.
There, 1-butanol formed the largest monophasic zone fol-
lowed by isobutanol, 2-butanol and t-butancl. A similar or-
der has also been observed for the AOT and Brij-35 (single)
stabilized systems (figures not shown).

3.3, Effect of temperature

The phase behaviors of the system, AOT and Brij-35 at
1:1 {wha), butanol, EO and water, were studied at three tem-
peratures, 303, 313, and 323 K (at fixed S2C8 mtio of 1:1,
wiw). The monophasic ( 1¢v) zones for the systems (figure not
shown) did not vary much in the studied temperture range.
The system with only AOT also exhibited similar lempera-
ture independence. But the Brij-35 stabilized system exhib-
ited a decrease in the 1gh zone with increasing lemperature.

3.4, Effect of NaCl

The phase behavior of the mixed surfactant system 1s
presented m Fig. 4, wherein up to [NaCl] =0.2 mol dm™—?

area of the monophasie zone increased. Funher increase of

[MNaCl] = 0.3 moldm ™2 decreased it in the ofw region un-
til at [MaCl] = 0.5 moldm— only a thin monophasic area
wis observed. A similar observation was noted for the single
surfactant (ACQT ) system, whereas for the Brij-35 stabilized
system, only a little extent of increase of monophasic re-
gion was observed with addition of [NaCl] =0.5 moldm—.
But in the presence of 0.2 mol dm~ NaCl increase of tem-

perature widened the biphasic zones (in the ofw region) of

the mixed system (Fig. 5). For the single surfactant system
with Brij-35, 0.2 mol dm— NaCl at 5:C5 = 1:1 (wiw) the
microemulsion zone increased marginally on inereasing the
temperature from 303 1w 313 K, and considerably from 313
to 323 K. For the AOT stabilieed system at 0.2 mol dm™—?
NaCl the monophasic domain shrunk considerably in the
ofw region with increasing temperature (figure not shown).

5+[5

s6'C

'm:

Fig. 5. Trimngular phase diagram of ACT/Brij-3 51 -butanol/ECYMaCl at
303, 313, and 323 K with 5:C5 = 11 {w'w); ADT:Brij-35 = 1:1 fww;

-3

concentration of NaCl is (.2 moldm

_r'drr
e 20 M)
frluzame

Fig. 6. Trangular phase dingmm of ACT/BAj-35/1-butano VECV lucose
with 5:C5 = L1 (wiw): AQT:Brij-35=1:1 (w/w) at 303 K. Concentrations
of glucose: 140, 2.0, and 30 moldm—.

3.5, Effect of glucose, wrea, and sodivm cholate

Fig. 6 mepresents the phase diagram of the mixed sur-
factant system in the presence of glucose al concentr-
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Fig. 7. Triangular phase dingmm of ACUVBrij-35/1-butanol/ECVE lucose
with 5:C5 = 1:1 fwdw) and AOT:Brij-35 = 21, L1, and 1:2 {w/w) at 303

and 323 K. Concentration of glucose is 1.0 mol dm—3

tions 1.0, 2.0, and 310 moldm™? at 303 K. Al [glucose] =
1.0 moldm™, the monophasic area increased in com-
parison with the agueous system. On further increase 1o
2.0 moldm—?, the monophasic area dramatically decreased.
Only a thin stop of monophasic zone was observed al
3.0 moldm™ glucose. Both the single surfactant stabilized
systems produced similar behaviors with glucose. The effect
of temperature on the phase behavior of the mixed surfac-
tant system with 1.0 mol dm™ glucose at a S:CSratioof 1:1
(wiw) and three different AOT:Bnj-35 mixing ratios, 2:1,
1:1, and 1:2 (wi'w), was studied at 303 and 323 K (Fg. 7.
The monophasic zone decreased for all three cases when
temperature was raised w 323 K. The biphasic zone in the
ofw region was found to be the least for the 121 mixing ratio
compared to 1:2 and 2:1.

The effect of urea up to a concentration of 3.0 moldm =
on the phase behavior of the mixed surfactant system (not
exemplified) was observed W be only mild. A similar ef-
fect of urea was observed for both amonme (AOT) and non-
wnic (Brij-35) single surfactant stabilized microcmulsion
systems.

The effect of sodiom cholate (NaC, a bile salt) at
025 moldm™ on the phase behavior of the mixed sur-
factant system at a4 5:C5 ratio of 11 (w/w) demonstrated
a margingal decrease of the monophasic zone. The incnease
in temperature from 303 o 323 K nsignificantly changed
the monophasic zone in the phase diagram. Similar insignif-
icant effect was also demonstrated for the addition of [NaC)

up to 0.5 mol dm .

1.0, Conductance measurements

Fig. & depicts the conductance results of the mixed sur-
factant system at 303 K at a S5 + CS weight percent of 440
and a 5:C8 mtio of 1:1 (w/w). Four different mixing ratios
of AOT and Brij-35, vie, 1:0, 2:1, 1:1, and 12 (wiw) were
chosen for measurements. For all the four mixing ratios the
conductivity was imtially very low in the oil-rich region,
which increased with increasing weight percentage of wa-
ter. For the AOQT system, a sharp increase of conductance
with increasing water percentage was observed. Alter ~30%
walter, 4 sharp merease in conductance resembling percola-
tion indicated a structural transition. Such transibon for the

5000

aooof

2000

o (15 em ')

Wil % waler

Fig. §. Conductance of the system AOT/Brij-35/1-butanol/EQVwater vs wi
water and AOT:Brij-35 weight ratios {1:0, 2:1, 1:1, and 1:2) with total
54 C5 = 40% at 303 K.

other mixed (AOT + Brij-35) surfactant systems at different
mixing ratos (2:1, 1:1, and 12 whe) was mild. The effect
of temperature (298 to 323 K) on conductance for the sys-
tem AOT + Brij-35/1-butanol/ EOMwater with varying ratios
of AOT:Bnj-35 (w/w) (1:0, 2:1, 1:1, 1:2) at three different
weight percentage of water (10, 32,5, and 55%) was also
studied. For all the studied systems, conductance mereased
with imcreasing lemperature, but no abrupt change in con-
ductance at a particular temperature (lemperature-induced
percolation phenomenon) wias observed. For the ofw system
(55% wiw water), the AOQT stabilized system was observed
Lo have the highest conductance values at all the studied tem-
peratures, and the valoes decreased with increasing weight
ratic of Brij-35 in the mixed surfactant. But for the other
two compaositions (10 and 32.5% water), AOT stabilized sys-
tems were observed to have conductance values kwer than
those of the mixed (AOT 4+ Brij-35) surfacant stabilized sys-
Lems.

The conductance of the mixed surfactant systems al
different wemperatures in the presence of additives NaC
(025 moldm™) and NaCl (02 moldm™) (results not
shown) was also studied. Systems contaiming NaC with com-
position (5 + CSVO/MW = 35/10/55, 35/32.5/32.5, 35/55/10)
produced higher conductance compared to the agueous sys-
tems; the increase for the first two compositions wis consid-
erable whereas that for the third was marginal. Three compo-
siions for the NaCl systems were chosen as (5 +CSVO/MW =
25065010, 25/55/20, 2537.5/37.5. For all the systems con-
ductance increased with lemperature, but conductance val-
ues were found to be lower than those of the comesponding
AQUEenUs Syslems.

The energetics of conduction ow in microemulsion sys-
tems were caleulated wsing an Arrhenious type of equation
{see Refs. [12] and [27b]),

o = Aexp(AEY, ,/RT), (1)
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Fig. 9. Conductance vs tempemtune profile of ACT/Brij-35/1-butmal/ BEOY
water in the presence of additives (.25 moldm ™ NaC and 0.2 mol dm =
MaCl) at different compositions {5 + CS/OVW )L (D) NaC (35 10-55);
() water {35-10-55); (1) NaC {35-37.5-37 5); (W) water {35-37.5-37.5);
(&) NaC (35-55-100; (&) water {35-55-10); {x) NaCl (25-37.5-37.5;
(=) NaCl {25-55-200% (#) NaCl (25-65-100: (3) water (25-65-10) at
ACIT:Brj-35 weight ratio of 1:1.

Table 1
Activation energy of conduction{ A £ 1 Bow of {AQT 4+ Brij-35)/1-buta-
nol! BOVwater® at different mixing mtios { 8) of AT and Brij-35 {wiw)

Composition AR maol !

S+CHOW (whwl AT R=21 R=11 R=12
5155 18.3 1E.4 188 161
I5/325/325 8 174 I8 1.4
35455010 15.9 187 173 16.1

505 = 1:1 {whw).

b The emor limit of AE* s +6%.
(S|

where o is the conductance, A 15 a preexponential con-
. ‘ ; * = PR Y " . .
stant, and AET is the activation energy of conduction.
The plots between Ing and T—! were obtained for these sys-
tems which produced good linear fits (Fig. 9). AEY . values
were caleulated from the slopes and are presented in Tables |
and 2.

3.7, Viscosity measuremenis

The viscosity of the AOT/Bnj-35/1-butanol/EQfwater
system at different compositions was studied. Newtonian be-
havior of the fQuids was assumed since the systems were
found to be low viscous under the swdied conditions.
Previous studies with micmoemulsion systems using bio-
compatible oils hke EQ, coconul, IPM, and (ricebran +
IPM ) stabilized by nonionic surfactants (Brij-30, Tween-20,
Bnj-52 and Bnj-92) were found to be non-Newlonian m
nature [29.30]. Fig. 10 represents the viscosity values (in
cp) of different AOT 4 Brij-35 mixed surfactant systems at
303 K. The total weight percentage of 5 4+ CS was fixed at
40% (w/w). The viscosity curves were all bell-shaped; with

Table 2

Activation energy of conduction™ (AL 1 and activation enthalpy of vis-
cous How (AHS ) of (AT 4 Brij-35 V1 -utanol/ECWwater™ in the presence
of additives™

Compaosition AL U mol T Ly AHY k] mal = ¥
S+ CHOMW (wiw) NaCl NaC NaCl NaC
2M6N10 6.3 & 220 =
255520 4210 = 279 =
2537.537.5 60 2 1849 =
35155 - I7.1 . i1
35325325 = 14.6 - .z
ISSH10 = 8.2 = .6

# Activation energy for conductance is considered eguivalent 1o the en-
thalpy of activation as used in the calculmion of thermodynamics of the
process given in the table.

B Mixing mtio of ACT and Brij-35 = 1:1 twiw): 5:08 = 11 (wiw).

¢ [MaCl] = 0.2 moldm ™~ [NaC] = (.25 mol dm .

4 The ermor limit of ALY g s E4%

© Theermor limit of AHF, is 6%

s

AT Badp-
33w

W
waler

Fig. 0. Viscosity of AQTBj-35/1- butano l/ECYwater against wi% of water
atdifferent AOT:Brij-35 weight mtios: (A) 1:0,(B1 2:1,0C) 111, and (D) 1:2,
with total § + C5 = 405 at 303 K.

increasing weight percentage of water, viscosity of all the
systems increased and passed through maxima. The viscosi-
ties of the systems at different mixing ratios of individual
surfactants (at § 4+ CS = 353%., wiw) were carned out at dif-
ferent temperatures W gel the energetics of the viscous flow.
Fig. 11 depicts the viscosity behavior of the mixed surfactant
systems at different temperatures (298 1o 323 K) with three
different wi% of water (10, 32.5, and 353% ). Ofw microemul-
siom systems have shown viscosities higher than those of the
w/o microemulsion systems at all tempermtures. However,
maximum values of viscosity were obtained for systems
contaiming an equal weight percentage of oil and water at
all temperatures and surfactant mixtunes.

The viscosity of the mixed surfactant systems with
0.25 moldm ™ NaC produced slightly lower viscosity than
that of the system without NaC, except the system with
55 wi% of water (of/w system), in which the NaC-containing
system possessed higher viscosity.
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114
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1 fer)
-]

10 21

W ' water g0 &0
Fig. 11. Viscosity of AT/Bj-35/1-butano VEOMwater at different temper-

atures with varying wi% of water with total 5 + C5 = 35%. (/) Brij-35;
(2 AOT + Brij-35 (L1, wihw), (@) AOT.

The activation enthalpy AH?  (which can be equated

with the energy of activation for viscous flow, AEY ) was
obtained from the equaton [29.30)]
n={(Nh/V)exp(AHS [RT)exp(—ASE /R). (2)

where f1 15 the Plank constant, N 15 the Avogadro number, V
is the molar volume, and ASY. is the entropy of activation
for the viscous flow; other erms have their vsual signifi-
cinee.

It follows from the eguation that
Iny :[In{h"h;’l’} —:lﬁ':-hlr'ﬁ‘] + AH /RT. (3)
Assuming AS"  be independent of temperature, a straight
line plot between Iny and T~ is expected from the slope of
which AHY_ can be caleulated. Herein all the studied sys-
tems produced good linear fit for Ing vs T—! (Fig. 12). This
observation was in contrast o the reports made by Acharya
et al. [30] for microemulsion formulations using EOQ and
other vegetable oils where non-Newionian flow were ob-
served.

The Gibbs free energy of activation {AG?,_) and the en-
tropy of activation (A5 ) were obtained from the relations

AGL, = RT In(gV /AN (4)
and
AS5, = (AHG. — AGL)/T. ®

The activation parameters for the viscous low for differ-
ent mixed systems at 303 K are given in Table 3.
4. Discussion
4.1, Phase behavior

Addinon of wnic AOT to nononic Brij-35 increased the
monophasic domain of the 5/1-butanol/EQYwater system at

28

Imm

1.5

o5

b

3 05 a4 315 x2 125 x3 3 4

IS T N
{A4)

Inm

15

54

LT x 107 (K"
{B)

Fig. 12.{A) Plot of Ing vs 1T for different microemulsion systems stabi-
lized by AT, S+ CSAOW, () 3510055 () 350325032 5, (0 355510
ACT + Brij-35 (201, wiw), (3] 35/10055; (A) ANI250325: (@) 355510,
ACT + Brij-35 {11, whw, (0] 350055 (C) 35/32.5/32.5; (&) 355510,
{B) Plot of Ing vs 1 /T for different microsmulsion systems stabi lized by
AQT + Brij-35 (1:2, wiw). 5 + CSAOW, (0 3510055, (T 35032 5032 5,
(40 3S5510; Brij-235, (&) 35/7.557.5; (@) 355510,

303 K (Fig. 2). AOQT formed a considemable Lz zone m
the mixed temary system (Fig. 1), whereas in its absence
the Brij-35 only formed emulsion. Among the isomers of
butanol, 1-butanol formed the largest monophasic region
(Fiz. 3B). These results agreed with our previous work [41]
on microemulsion forming systems with anionic (AOQT),
cationic (CPC), and nontonic (Brij-35) surfactants using the
isomers of butanol as cosurfactant. The solubility of these
aleohols in water falls in the order (-butanol = 2-butanol =
wobutanol = 1-butanol [42]. Duoe to its higher water solubil-
iy, t-butanol molecules moved form the interface to the bulk
phases, which i turn caused modification of the interfacial
curvature effecting phase separation. Alkeohols are reported
Lo be located between the sudactant molecules near the head
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Table 3

Thermodynamic parameters for viscous flow of the system ACT/Brij-35/1-butanol/EQvwater® at different mixing ratios {£) of AOT and Brij-35 {wiw) ot

K

Composition
15+ CSW0OIW (wiw)

— 14k
AHE (K mal™ )"

AGE (klmal 1 F

g | — 1l
A8 (KT mal™ )

AOT
35-55-10 2410
15325325 26.9
35-10-55 284
AOT + Brij-35 (R = 2:1)

35-55-10 242
15325325 27.3
35-10-55 27.0
AOT + Brij-35 (R = 1:1)

35-55-10 253
15325325 274
15-10-55 26.8
AOT + Brij-35 (R = 1:2)

35-55-10 26.6
15325325 28.1
35-10-55 284
Brij-35

35-55-10 368
35-75-515 344

1.1 423
1.8 498
1.3 597
12.0 4013
(] 50.8
10.1 55.6
12.3 4310
12.0 50.6
1.4 54.3
12.6 46,0
12.6 504
10.9 580
13.7 GE.4
1.7 B30

505 = L1 fwhar).
" The erar limit of AGY, is £4%.
“ The emor limit of &H:” Is 6%,

4 The emror limit of ASY is £E%.

groups. But for branched chain aleohols, this configuration
15 less feasible due to sterie difficulty [44]. This might also
contribute to the observed result.

4.2, Effect of temperature

According Lo reports, temperature plays a significant role
in solubilization behavior of microemulsion forming sys-
tems with special reference to the systems stabilized by non-
ionic surfactants [45.46]. The hydmophile-lipophile balance
of nonionic surfactant changes dramatically with increas-
ing temperature doe to the dehydration of the oxyethylene
group, which makes nonionic surfactants more lipophilic
with increasing temperature. On the other hand, for onic
surfactants, the effect of temperature 1s less pronounced, and
with increasing wemperature, the dissociation of ionic group
mereases and wonic surfactants become more hydrophilic at
elevated temperature [47]. In the present study, the Brnj-35
stabilized system has been observed to be highly temper-
ature dependent, whereas the AOT and muxed (AOT 4
Bnj-35) stubilized systems were found to be mther in-
sensitive toward temperature. This result highlighted the
dominance of onic surfactant over the nontonie surfactant
in the mixed system. Temperture-insensitive microemul-
sioms stabilized by mixed 1onie (AOT)-nomonic (dode-
cylpentaoxyethylene glycol ether, C2Es) [48] and AOT or
SDSC2EQy (where n = 2,3, 6)/bnine [49] in hydrocarbon
oils have been reported earlier.

4.3, Effect of additives

Inorganic salts are reported to have stong effects on
solution behavior of systems stabilized by ionic surfac-
tant [50)]. The additon of salt suppresses the dissociation
of the ionic hydrophilic group of surfactant and thus makes
the surfactant less hydrophilic. Thus, inorganic salts pro-
mole cosurfactant penetmtion into the palisade layer of the
surfactant in a water—oil system and the monomeric solubil-
ity of cosurfactant tends to decrease [31]. Such effects for
nonionic surfactants are less pronounced. The Brij-35 stabi-
lized system was observed 1o be indifferent wward salinity
of the system as expected. For both ionic and mixed sys-
tems, the monophasic zones were quenched with increasing
[MNaCl], specially in the ofw region (Fig. 4). The increasing
lipophilicity of the ionic surfactant with increasing elec-
trolyte concentration decreased the water solubility of AOT
and hence a biphasic zone was formed in the ofw region
In an o'w microemulsion, the mteraction among droplets 1s
generally long-range coulombic repulsion. Increase in elec-
trolyte concentration results in reduction of forces between
droplets by shielding polanty of the head group of the sur-
factant. This may augment a coagulation of droplets and
corresponding phase separation [32]. In the present study,
the appearance of a biphasic zone m the ofw region for the
mixed surfactant system, upon the addition of salt, could
be due to the presence of wonie surfactant i the mixture.
Henee the dominant role of aniomie surfactant in a mixure
of (anionic 4+ nonionic, w/w) surfactant was operative. Since
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NaCl shields the polar head group of an ofw microemul-
sion droplet, the cohesive interaction among the droplets
icreases. With increasing temperature the averge kinetic
energy of the droplets increases, which in tum may increase
the rate of collision among the droplets at an elevated tem-
perature. This may resulted in a phase separation in the ofw
region at a higher wmperature (Fig. 5). Glucose molecules
are polyols and thereby capable of forming strong hydrogen
bonds with polyoxyethylene chains of Baj-35, and hence in-
creased the hydmophilicity of the system. Thus, a reduction
inthe microemulsion area in the presence of glucose (Fig. 6)
wis observed. According to Frnberget al. [53] moderale con-
centrations (<19 muldm_?"jl of wrea can hardly affect the
microemulsion zone for waterletrmethyleneglycol dodecyl
ether/Ca- DBS/hexanol-decanol/decane and hexadecane sys-
tem. But at higher concentrations (6.0 and 8.0 mol dn—)
urea forms a channel compound with hydrocarbons (hexane,
heptane, octane) in microcmulsion systems stabilized by
TX1Mybutanolheptane and can disrupt the waler stroc-
ture rmesulting in a hindrance in micelle formation, and
hence can facilitate monophasic formation [54]. Such an
mcrease in monophasic zone has not been observed in the
present case. Majhi and Moulik [29] have meported that,
at 6.0 moldm ™, urea marginally increased the monopha-
sic region of the system Tween 2001 -butanolVEQdwater and
marginally decreased the monophasic area of the system
Tween 200cinnamic alcohol/EQMwater at 303 K. Reports are
also available which suggest that urea can also decrease
the extent of monophasic zone i the microcmulsion $ys-
tem TX1Obutanol/saffola’water [12]. Mitra et al. [28a]
reported that 6.0 moldm ™ urea increased the microemul-
siom zone of the system Na-oleatefethanolfclove oil/water.
The effect of NaC was quite dissimilar as compared with
that of NaCl. This observation supports our earlier stud-
1es [40], in which incorpomtion of NaC w Brij-56/1-butanol/
heptane/water was observed o break the hydrophile-lipo-
phile balance by acting as a second anionic surfactant. In
agueowns media, bile salts behave in many respects similar
Lo common tonic surfactants due to their amphiphilic natare
rather than a common salt hike NaCl [35]. On the other hand,
there are important differences, such as the pronounced pref-
erence of many bile salts o form solution phases rather
than Iyotropic liquid erystalline phases. This property origi-
nates most hkely from the molecular architecture of the bile
salts, which have a rigid steroid skeleton with a polar surface
and an apolar surface instead of the typical “head-and-tail™
structure of traditional surfactants. Bile acids do not show a
proper CMC but rather a gradual association of low cooper-
ativity [36]. So the phase behavior in the presence of NaC s
not similar to that of an electrolyte like NaCl.

4.4, Conductance study
Conductance for the 8/ 1-butanol/EQfwater system (whene

S mepresents AOT or mixed surfactant) was observed W in-
crease with mereasing water content (Fig. 8). For the AOT

system, a sharp increase of conductance with increasing
wiater percentage was observed at about 30% water and
30% oil. which resembled percolation-like phenomenon in-
dicating a structural ransition in the bicontinuous form.
AL higher water percentages, =30% (ofw microemulsion),
conductance decreased in the order AQT = AOT 4 Bnj-35
(2:1) = AOT 4+ Bnj-35 (1:1) = AOT + Bnj-35 (1:2). The
addition of nonwnie surfactant Brij-35 in the ofw system
decreased the [AOT] (the charge carier) at a fixed S+ C8
concentration and hence conductance decreased. In the re-
gion with <30% water (w/o microemulsion), mixed systems
(AQT 4 Brij-35) produced higher conduc tance than the AOT
stabilized system. The conductance of w/o microemulsion
system 15 mainly driven by the exchange of countenons
(or charge camiers) between droplets in close proximity.
Incorporation of Brij-56 and Bnj-58 inwo a nonpercolating
AOT/IPMAwater reverse micellar system made it percolat-
ing [57]. This was cansed by the increased interfacial Quidity
caused by the adsorption of the nonwonic surfactants into the
interface, which in tum increased the droplet mdios, a prop-
erty guided by the natwre and head group area of the added
nonionic surfactant. The Bri-35, with a 23 EO chain n
the head group, present in the mixed surfactant microemul-
ston systems herein studied made the interface more Auid
and thereby facilitated efficient passage of counterion dur-
ing interdroplet collision. But with higher water content, the
system predominantly became ofw type with charge carriers
exposed to the continuous water phase so that the AOT sta-
bilized preparation showed enbanced conductivity than the
mixed systems. Also the increased average kinetic energy of
the droplets with increasing temperature increased the mate of
collision among the droplets resulting in an increase in con-
ductance. In the present study, for the ofw system (55% inan
wiw water), the AOQT stabilized system was observed o have
the highest conductance at all the studied temperatures and
the values decreased with increasing weight mto of Brij-35
in the mixed surfactant. For other two compositions (10 and
32.5% water), AOT stabilized systems were found to have
lower conductance than the mixed (AOT 4 Brij-35) surfac-
tant stahilized systems. The compositions containmg 10 and
32.5% water were of w/o and bicontinuous Lypes, respec-
tively, and that with 535% was of ofw type. The conductance
results were comoborated by these structural states of the
microcmulsion syslems.

For the systems with equal weight of oil and water
[(5 4+ CS)/OW = 35/32.5/32.5], the AE] ,; values were
lowwer than those of the other two systems (w/fo, 35/55/10;
and ofw, 35/10/55) except for that stabilized by AOT, which
produced a higher AEY . value for the 35/32.5/32.5 system
than the other two systems (Table 1) The AEF , values
were found o decrease with imcreasing Bnj-35 content for
all the three studied composiions (w/o, ofw, and bicontinu-
ous). The system with NaC produced higher AEY . (except
for (5 + CSOW = 35/10/55 composition) than the ague-
ous systems (Table 23, At all compositions NaCl-containing
representatives yielded :lE;m vilues higher than those of
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the agueous systems (though of not comparable composi-
tions and concentrations ), which evidenced lesser availabil-
ity of Na™ in reverse micellar environment.

4.5 Viscosity study

The viscosity of the AOT/Brij-35 mixed surfactant sys-
tem passed through o maximum with inereasing water con-
tent (Fig. 100 This indicated that the w/o system was con-
verted to the ofw system through a bicontinuouws state. Such a
behavior was reported earier for polyoxyethylene [ 10] oleyl
akeohol (Brij-97 ybutanol/dodecane fwater [58]; SDS/propa-
nolfeyclohexane/waler [539]; and CTAB/]-prmopanoleyclo-
hexane/water [60] systems. Ofw systems have been observed
to have viscosity values higher than those of the wio sys-
tems. Viscosity values for a particular weight percentage of
water were increased with inereasing Brij-35 content in the
mixed surfactant. Ajith and Rakshit [61] have also reported
that for a4 mixed SDS 4+ Brij-35/ 1-propanol/he plane/water
system viscosity inereased with increasing mole fraction of
Brij-35 in the wtal surfactant content at a fixed microemul-
sion composition and temperature. The increase in viscosity
in oil-rich microcmulsions was denved from an increase in
dispersed droplet size and enhanced attractive interaction be-
tween the droplets [62]. The maxima in viscosity for the
studied systems occurred at ~30% water content (Fig. 100
which was well supported by conductance results (Fig. 8),
where a structurd transition appeared in the 30% water re-
gion. Structural transibons from w/o via bicontinuows phase
to ofw have been reported by Yaghmur et al. [36¢] for Winsor
IV food grade microcmulsions studied by pulsed gradient
spm-ccho NME, conductivity, and viscosily measurements.
The maximum in viscosity was obtained for systems con-
taining equal weight percentages of oil and water at all tem-
peratures and surfactant mixtures where bicontinuous struc-
ture prevailed with radivs of curvatre ending o mfinity
resulting in high viscosity.

The AGY, values steadily decreased with increasing tem-
perature for all the studied systems indicating thinning by
the influence of temperature. The positive A5 values (Ta-
ble 3) mereased with increasing Brij-35 content in the mixed
surfactant for all the compositions, indicating crowding of
bulky polar head of Brij-35 at the interface. The AHY,
values of the ofw systems were higher than those of the
w/o systems. This observation was guite similar to that of
Ajith and Rakshit [61] for Tween 20 4 Brij-35/propanol/
heptane/water system. AH*  values increased with in-
creasing Brip35 content for all the three herein studied
compositions (5 4+ CSYOMNW = 35/55/10, 35/32.5/32.5, and
35/10¢/55). For mixed surfactant micmoemuoshion systems,
AHY passed through a maximum at equal oil-water (w/w)
composition. Addition of Na—cholate did not significantly
affect the AHY  values of the 35/32.5/32.5 system, but that
of the 35/10V55 and 35/55/10 systems were shightly higher
and lower, mespectively, than those of the comesponding
AQUEOUS Syslems.
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Fig. 13, Plot of AHS vs A5 for different microemulsion systems,
(4] AOT (D ADT + Brij-35(2: 1;00) ADT + Brij-35 (1 1:{ &) ADT +
Brij-35 (1:2); (@) Brij-35. A compensation temperature of ~3(8 K wasob-
tarimed.

The enthalpy—entropy compensation lemperalure 15 an
tmportant parameter of microemulsion systems. The lineardy
correlated ASY. and AHY_ (with a correlation coefficient
of 0.9887) for various studied systems at different compo-
sitions (mentioned earlier) vielded a compensation tempera-
ture of around 309 K (Fig. 13). It refers to an overall temper-
ature that fits the AH, . and ASY; . dataintoa linear correla-
tion. In the present case, the value was close wo the average of
the expenmental temperatures, e., 313 K. Earlier Acharya
et al. [30] obtained compensation lemperatures of 298 and
312 K against the average expenmental temperatures of 294
and 308 K for viscous flow of Brij-30ethanol/EQ/water and
Brij-52/cthanol or isopropanolfcoconul oilfwater syslems,
respectively. Such isokinete effects are very often observed
in the dynamics of chemieal processes [30,63]. The observed
identical compensation temperature for the studied systems
revedled interplay of similar internal physical processes.

4.6, Thermodynamics of dissolution

Dissolution of either water in amphiphile/oil medium or
oil in amphiphilefwater medium up o the phase sepamton
point leading to the formation of w/o or ofw microemulsion
can be considered to be the limit of maximum solubility of
the dispersing phase. The comresponding free energy of dis-
solution f:lﬂi]}l ataconstant temperature T can be obtained
from the relation [29.30)]

AGY = —RTIn Xy, (6)

where X g 15 the mole fraction of the dispersed phase (cither
oil or water) and R 1s the gas constant. Since the dispersed
phase existed in the form of amphiphile-coated droplets, it
would be more appropriate o consider Xy as the mole frace-
tion of the dispersed droplets. A knowledge of the droplet
st was required w esumate Xy, This could not be achieved
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Tahle 4
AGY values for the system AQT + Brij-35/1-butano/EOMwater® at different
mixing mtios (/) of AOT and Brij-35 (adw) at 303 K

Table 5
AGY values for the system AQT + Brij-35/1 -butanol/EQvwater® in presence
ofadditives™ a1 303 K

5405 wt%  AGY kI mol™!)

AT R=21 =11 R=1:2 Hrij-.f'ﬁn

(W systems

15 9.43 1.4 11.8 12.5 14.49
20 - Q48 1.5 11.1 129
25 - - 7.6 B.E2 11.3
WO systems

15 - 1.39 2.0 340 547
Al - (186 1.449 22X 398

25 - - 1.0 1.4 341
3 8:.C5=1:1 (whw.

at present for want of the necessary facility. The estima-
tion of AGY herein reported was done on the basis of mole
fraction of dispersed water or oil. The apparent ;lﬂ'_i] vilues
reported herein were good enough o exhibil a comparative
trend of results obtained under different experimental condi-
Lios.

The free encrgy of dissolution f:i".fi'i.]]l for both ofw and
wio systems were caleulated at three different weight per-
centage of § 4+ C8 (15, 20, and 25%) and the values are
given in Table 4. It was found that the AGY values were
positive with magnitudes comparable with those reported
earlier [29,30]. The o/w systems yielded AGY values higher
than those of the w/o systems similar to values obtained by
Majhi and Moulik [29] and Acharya et al. [30u]. The ﬁﬂf;]
vilues depended on the mixing ratio of the surfactants. They
increased with increasing Brij-35 content in the ACQT/Brij-35
mixed system and decreased with increasing wi% of § +C5.
Ajith and Rakshit [61] calculated the free energy of dissolu-
tion at three weight percents of 5 4+ C5 (44, 50, and 60%)
for mixed surfactant microemulsion systems stabilized by
(SDS + Brij-35) and (Tween 20 4 Brij-35). They also found
the Gibbs free energy values o merease with increasing
Brij-35 content in the mixed surfactant system. The positive
AGY values increased with increasing amount of Brij-35 in
the AOT + Bnj-35 combination. The phase diagram in Fig. 2
also exhibited a decreased monophasie zone with increas-
ing Brj-35. The :lﬂ'_i] values observed in presence of the
additives (0.2, 0.25, and 1.0 mol dm™ NaCl, NaC, and glu-
cose, respectively ) were also according to their effect on the
temary phase diagrams (Table 5).

5. Conclusions

Large monophasic microemulsion zones were oblained
with EQ using mixed surfactants AOT + Bnj-35 in the pres-
ence of 1-butanol. Mixed surfactant systems showed strong
resistance toward temperature. The addition of NaCl and
glucose caused considemble effect on the phase behavior,
whereas that of urea and Na cholate was not significant. Con-
ductance values for AOT-stabilized systems were found to be

5405wt%  AGY (K mel™h)

Nal® MaC'l Gilucose

O WO O WO W WO
15 11.9 24100 1.1 .99 1.5 1.59
. | 1.5 201 1.37 0146 5.8 .40
25 T1.05 1.15 - - - -

F ADT:Brij-35 = L1 {wiw); 5:C8 = 1:1 {wiw).
B MaC] = 025 moldm™Y; [NaCl] = 0.2 moldm—;
L0 mol dm ™

|glucose] =

less than that for systems containing mixed (AOT 4 Brij-35)
surfactants in the wio region, whereas in the ofw region
the AOT-stabilized system showed the highest conductance.
With the addition of waler in the mixed systems, a tran-
siion from w/o o ofw microstructure was envisaged. The
viscosities of both single (AOT) and mixed { AOT + Brij-35)
surfactant microcmulsion systems passed through maxima
at equal oil and water composition showing structural tran-
siion. The viscosities of microemulsion systems increased
with increasing Brij-35 content i the AQT 4 Brij-35 blend
and decreased with increasing temperature for all the studied
systems. The activation energy of conductance (AEY ) and
the activation enthalpy for viscous flow (AHY ) were found
to be composition dependent. The ﬂﬂi] of either waler or
EOQ in the sufactant-oil or sufactant-water combination
wis also composition dependent, and the Gibbs free energy
of solution of il was more positive than the solution of wa-
ter in the mixed surfactant—dispersant systems.
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