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Abstract

The phase behavior of Brij-56/1-utanol/s-heptane/water is investigated at 30°C with o [weight fraction of oil in (oil + water)] = (1.5,
wherein a 2 — 3 — 2 phase transition occurs with increasing W (weight fraction of 1-butanol in total amphiphile) at low X {(weight
fraction of both the amphiphiles in the mixture) and a2 — 1 — 2 phase transition occurs at higher X, Addition of an ionic surfactant, sodium
dodecylbenzene sulfonate, destroys the three-phase body and decreases the solubilization capacity of the system at different & {(weight fraction
of ionic surfactant in total surfactant). A three-phase body appears at o = (.25, but not at & = (.75 for the single system. No three-phase
body appears with the mixed system at either « value. Increased temperature increases the solubilization capacity of the Brij-56 system: on
the other hand, a negligible effect of temperature on the Brij-56/SDBS mixed system has been observed. Addition of salt (N2Cl) produces
a three-phase body for both single and mixed systems and increases their solubilization capacities. The monomeric solubility of 1-butanol
in oil (5;) and at the interface (5]} has been calculated using the equation hydrophilelipophile balance plane for both singles- and mixed-
surfactant systems. These parameters have been utilized to ex plain the increase in solubilization capacity of these systems in the presence of

Mall.

Kevwards: Phose transitions; Fish-tail dingmm: Mixed surfactants; SDBS: Brij-56; Hydrophi le-lipophile halance

1. Introduction

Substantial amounts of oil and water can be solubilized in
the form of homogeneous, sotropic thermodynamically sta-
ble solutions with the help of surfactants, called microemul-
sioms. Their structures, dynamics, and tansport propertics
have been well reported because of numerous scientific and
technological applications, starting from tertiary oil recovery
to nanoparticle synthesis [1.2]. Owing to their diphilic na-
ture, surfactants can form monolayers between oil and water
and the curvature of the monolayers plays a key mole in de-
termining the microstructure of the dispersion [3]. The cur-
vature of the interfacial film depends upon the nature of the
amphiphile, the composition of the oil and aqueous phases,
and the temperature and additives. Amphiphiles with a small
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hydrmophobic moiety and a large hydrophilic group (gener-
ally single-chuain ionie and hydrophilic nonionic surfactants )
tend o form films curving around the oil, which results in the
formation of surfactant solutions of oil droplets in agueous
phase in equilibnom with excess oil phase (Winsor [ sys-
term ). On the other hand, amphiphiles with large hydropho-
bic moiety and small polar group curve around the agqueous
phase o prodece water droplets in oil medium in equilibrium
with excess water (Winsor I1 system). When the hydrophile—
lipophile balance (HLB) is established, a middle-phase mi-
croemulsion s formed in equilibrivm with excess oil and
water phases [4.5]. The middle-phase microemulsion has a
bicontinuous structure with oil and water microdomains sep-
arated by a micromterface [6]. For nononic surfactants, es-
pecially polyoxyethylene glycol-type nonionic surfactants,
the hydrophile=lipophile balance can be achieved by tun-
ing the wmperature, whereupon a middle-phase microemul-
sion cin be obtained at the HLB temperature [7]. Addition
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of electrolyte is needed to attain a balance in ionic surfac-
tants [B]. For hydrophilic nonione surfactants, additon of
short-chain alcohols (as cosurfactants) 1% needed 1o achieve
the balance [9-12]. Short-chain alcohols distribute between
the bulk oil phase and the interface, thereby tuning the in-
terfacial curvature and attaming the HLB compositon. But,
if the solubility of alcohols is high in the oil phase, the sol-
ubilization capacity of the surfactant + cosurfactant system
decreases [13].

The solubilization capacity of nonionie surfactants can be
improved by blending it with other surfactants. Addition of a
second nonionic surfactant has been reported to enhance the
solubilization capacity of nonionic surfactants [14]. Blend-
mg of nonwonic surfactants with onie surfactant can also
improve their solubilizaton capacity [15-18]. Addition of
wnic surfactant reduced the temperature sensitivity of non-
wnie surfactant [19] and also influenced the phase behav-
wr [20-22]. Mixing of surfactants can often be proved Lo
be advantageous over use of a smgle surfactant, since they
can extract properties superior than the individual ones. But
such studies involving mixed hydrophilic surfactants in the
presence of hipophilic aleohol are rather scarce [23-26].
We report a preliminary study on the investigation of the
phase behavior of nonionic (Brij-36) and mixed surfactants
(Brij-56 and SDBS)/lipophilic cosudfactant (1-butanol ¥r-
heptane/water using fish-tail diagrams. The effect of temper-
ature and salt (NaCl)y on the phase behavior has been studied
in order to understand the relationship between the maxi-
mum solubilization capacity of microemulsions and distnib-
ution of surfactantis) and cosurfactant at the water—oil inter-
face inside the microemulsion.

2. Experimental
2 1. Materials

Folyoxyethylene( 10) cetyl ether (Bnj-56), cetyltrimethy-
lammonium bromide (CTAB), and sodium dodecyl sulfate
(SD5) are products of Fluka, Switeerland and E. Merck, Ger-
many respectively. Sodium bis-(2-cthylhexyDsulfosuecinate
(AOT, 99%) and sodium dodecylbenzene sulfonate (SDBS)
are obtained from Sigma, USA and Alcolac, USA (under
the tradename Siponate DS- 100 respectively. n-heplane, 1-
butanol, and sodium chlonde (NaCly are products of SRL,
India and are of extmpure AR grade. SDBS was purified
by suceessive extraction and recrystallization from isopropyl
and methyl aleohols and then doed over vacuum. The pu-
ity was improved o about 99.5% as reported [27]. All other
chemicals were used without further purification. Double
distilled water of conductance less than 2 pS em ™! was used.

2.2, Procedure to determine phase diagrams

Calculated amounts of surfactantis), alcohol, oil, and wa-
er (or agueous NaCly were taken in sealed test tubes and

shuken vigorously in 4 vortex shaker for 5-10 min o en-
sure proper mixing and then kept moa thermostatic waler
bath (£01.17C) at desired temperatures. The samples were
checked after ensunng complete phase separation and the
phase change was detected by direct visual nspection.

3. Resulis and discussion
A1, Construction of phase diagram

In the absence of any external field and at constant pres-
sure, for a five-component System compnsing water (A),
oil (B). nomonic sudactant (C), wonic surfactant (D), and
cosurfactant (E), there can at most be five independent vari-
ables [16,26,28,29], such as temperature (T) and four com-
position variables. To construct the phase diagram in two
dimensions, three out of these five variables need to be
kept constant. In the present study, temperature, weight frac-
tion of the wnic surfactant in the total sudactant (8 = D/
(C 4+ D)), and weight fraction of oil in the mixture of il
and water (o = B /(A 4 B)) are kept constant. The phase di-
agrams are presented in the following way. The weight frac-
tion of both the amphiphiles [sudactant(s) plus cosurfactant]
in the mixture, X = (C+ D+ E){(A+ B+ C+ D4 E) 18
plotted honzontally and the weight fraction of the cosurfac-
tant in the wtal amphiphile, W) = E/(C+ D+ E). s plotted
vertcally at constant e, 8, and T When electrolytes (NaCl)
of different concentrations (£ in muldm_?’}l are used, the
agueous NaCl phase is treated as a pseodo-one-component
system [26.30].

3.2, Phase behavior of Brij-56 (and
SDES)/I-bwanolivater {or agueouws NaCl) system

In order to undedine the solubilization behavior of
I-butanol m agueous medivm in presence of surfactants,
the phase behavior of the ternary system Brij-56 (and
SDBS)/ 1 -butanol/water (or aqueous NaCl) at 30°C has been
studied. The result is depicted in Fig. 1. The lower part
of the phase boundary represents a single-phase region,
whereas the upper part 15 g two-phase region. It is found
that 1-butanol is sparingly soluble in water in absence of
any surfactant, but the presence of a nomonic surfactant
(Brij-56) increases its solubility in water. It can be assumed
that at a concentration of Brij-56 higher than its critical mi-
cellization concentration (cme), 1-butanol 15 solubilized in
the interface andfor the interior of the agqueous Brij-56 mi-
cellar aggregates. All the Braj-56 and 1-butanol molecules
form mixed micelles, since the monomenc solubilities of
both are neghigibly small in the agueous medium. With in-
crease in the content of 1-butanol, the surfactant system
becomes ipophilic and 15 eventually separated from water.
Therefore, it is considered that the phase boundary corme-
sponds o a cloud poinl curve in a binary waler-nonionic
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Fig. 1. Phase behavior of Brij-5605 DB S/ 1-butano lwater (aqueous NaCl) at
31 °C, where X and W) represent weight fraction of amphiphile {surfactam
plus cosurfactant) in the total system and weight frction of 1-butanol in the
total amphiphile, respectively. Hollow symbals represent sing le-surfactant
system (4, mole fraction of onic surfactant in total sufactant mixture =)
and solid symbols epresent mixed-sufactant system (4 = (1) with £ {con-
centration of NaCl in moldm ™1 = 0 {7) and = =0.2 (A1 | and 11 repre-
sents single- and hiphasic systems, respectively.

surfactant system [12]. When SDBS 15 blended with Bnj-
56 (4 = 0.1), the 1-butanol solubility in the agueous phase
15 increased. Addinon of SDBS increases the hydrophilie-
ity of the mixed surfactant system, which in turn makes
the phase separation to occur at a higher W, Addition of
0.2 mol dm~* NaCl lowers the mixing fraction of 1-butanol
in both Brij-56 and mixed Brij-56/5DBS (6 =0.1) systems.
It has been reported carlier that the clowd point lemperature
of nonionie surfactant 15 affected by the addition of elec-
trolyte. Small and srongly polanzable anon (C17 ) tends o
promaote the water structure and dehydrate the ether oxygen
of polyloxyethylene)-type nonmonic surfactant. This conse-
quently decreases the cloud point temperature by making
the surfactant less hydmophilic (salung-out effect) [31.32] 1t
can be observed from Fig. 1 that solubility of 1-butanol is
further lowered in the Brij-36/SDBS system as compared o
the Brij-56 system in presence of NaCl, Addition of elec-
trolyte shields the head group of the anionic surfactant and
thus makes the system less hydrophilic. No phase separa-
tion is noticed in Braj-56/1-butanol/n -heptane system both
in absence and presence of SDBS.

3.3, Phase behavior of Brij-56/1-butanol/n-heptane/water
system

The phase behavior of Brij-56/1-butanol/n-heplanefwater
at 30°C with @ =105 15 represented in Fig. 2. Single (1)-,
two (ID-, and three (1-phase regions appear in the phase
diagram and are duly noted in the figure. Appearance of vis-
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Fig. 2. Phase behavior of Brj-56/1-butanolfz-heptaeiaater at 30 °C with
@ {weight fraction oil in oil and water mixture) = (1.5, where X md W
represent weight fraction of amphiphile (surfactant plus cosurfactant) in the
total system and weight fraction of 1-butanol in the total amphiphile, re-
spectively. W I, W IL W LIL and W IV reprsents ofw micmoemulsion in
equilibrium with excess oil (Winsor 1), w/o microemulsion in equilibrium
with excess water {Winsor [, and tiphasic {(Winsor 1) and monophasic
{(Winsar IV), systems mespectively. The dotted line along the three-phase
body has been used to caleulate interfacial parameters {Eq. (111

cous and gel phases in the high-X and low- W, region has
not been shown in the figure. The ofw type microemulsion
phase coexists with the excess oil phase (Winsor L denoted
as 2) at low Wy, whereas the w/o type microemulsion phase
coexists with the excess water phase (Winsor 11, denoted
as 2) at higher Wi, A 2 — 3 — 2 transition occurs with in-
creasing Wyatlow X and a2 — 1 — 2 transition occurs
at higher X, where 3 and 1 represent three-phase (Winsor
Iy and single-phase (Winsor ['V) systems respectively. Al
low Wy, the hydrophilic amphiphile monolayer bends iself
around oil in order to produce ofw droplets (Winsor T sys-
tem). With increasing W, the radios of curvature increases
and droplet nature of the microemulsion i converted into
a bicontinuous one and & Winsor 1T system is formed. On
further increase of Wy, the high hpophilicity of the am-
phiphile mixtre tunes the monolayer to bend around water
in order to produce w/o droplets in oil continuous medium
(Winsor I system). Single-phase microemulsion forms upon
the addition of sufficient guantity of amphiphiles (surfac-
tant plus alcohol). The point at which the three-phase body
meets the one-phase body (denoted by b i the figure) cor-
responds to the maximum solubilization capacity of the sys-
tem, and the corresponding amphiphile concentration 15 de-
noted by Xy and that of alcobol 1% denoted by W (Fig. 2.
Xp mdicates the minimum concentration of amphiphile re-
quired for the formation of single-phase microemulsion with
equal amount of water and heptane. The lower the value of
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Fig. 3. Phase behavior of Brij-5&fionic surfactant/|-tanolie-heptane!
water at 30 7C with o = (1.5 {weight fraction ail in oil-and-water mixture),
where X and W represent weight fraction of amphiphile (surfactant plus
oosurfactant) in the total system and weight fraction of -buntanol in the -
tal amphiphile respectively. The ionic surfactants used are (@) SDBS: (&)
CTAB: (L) SD5; (&) AOT.

Xy, the higher 15 the solubilizaton capacity of the surfac-
tant system. For the present system, the obtained values of
Xp and W are obtained at 0248 and 0.593, respectively.
However, these values are higher than those obtained for
Cr2EOg/hexanol/heptane/water system ( Xy, 00113 and Wop,
0.505) by Kunieda et al. [33]. It may be due to the lower
lipophilicity of both Brij-56 (HLB. 12.9) and 1-butanol used
i the present study compared to the amphiphiles wsed by
them.

4. Effect af ionic surfactant

Effect of the addition of 1onic surfactant (SDBS, S5DS,
ACQT, and CTAB) on the phase behavior of Bnj-56/1-
butanoln-heptane/water has been shown in Figo 3.0 4 1s
fied at 0.1 for all the mixed systems. It is observed that
a three-phase body does not appear for any of the stud-
wed mixed systems; instead a wide channel of single-phase
region appears in each mixed system. Addition of small
amount of wnic surfactant destroys the hydrophile—lipophile
balance of the Brij-56 system and hence no three-phase
body is formed. The effect of the extent of wonie surfactant
on the phase behavior of mixed Brij-56/SDBS/1-butanol/
n-heptanefwater system al three different weight fractions
of SDBS (6 =0.05, 0.1, and 0.2) at 30 °C has been exem-
plified in Fig. 4. It has been found that no three-phase body
15 formed for any of these three compositions, and almost
wentical large single-phase regions are obtained for 4 = 0.1
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Fig. 4. Phase behavior of Brij-56/50BS5/1-butanolie-heptnetwater at
30°C, where X md Wy represent weight fraction of amphiphile {surfac-
tant plus cosurfactant) in the total system and wei ght fraction of 1-butanol
in the total amphiphile, respectively, with @ (weight fraction oil in oil and
water mixture) = (1.5 and 4 {maole fraction of 1ome sufactant in total sur-
factant mixture) = 0 (20 (W05 (A0 0.1 (@), and (.2 {C0).

and 0.2. No | — 2 transition occurs at these compositions,
except at high X for the § =0.05 system.

In the present study, it has been observed that addibon
of SDBS increases the solubilization of Brij-56/1-butanol
in water (Fig. 1). The effect may be due to the electrieal
repulsion among the Brij56/SDBS mixed micelles in ague-
ous mediom, which lowers their tendency W phase sepa-
rate with mereasing 1-butanol weight fraction. The solubility
of the anmonic surfactant SDBS in the Brij-56/n-he plane/
I-butanol mixture s neghgibly small. Thus it increases the
stability of the Braj-56/1-butanolwater system, but leaves
that of the oil continuous system unaliered. The disappear-
ance of the three-phase body may be attnbuted o this ef-
fect. The present observation on the destuction of three-
phase body upon the addition of ome surfactant 15 sim-
itlar to that meported by Kahlweit et al. [34]. They ob-
tained three-phase body in CgEz/octane/water system in the
amphiphile concentration vs temperature profile, but when
CaEz was mixed with an anionic surfactant, sodiom decyl
sulfate (NaCpS50y ), the three-phase body disappeared inor-
der to form a wide single channel. It was argued that the
addition of 1onic amphiphile mises the upper boop in the
binary water-CgEz mixture as it makes the nonionic sur-
factant more hydrophobic. Kunieda and co-workers [19.21]
also reported earlier that no three-phase microemulsion was
produced in SDS/C 12 EOx/decanefwater/NaCl system due Lo
the large hydrophilicity of SDS. On the other hand, a single-
phase microemulsion was formed along with a hguid crys-
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Ltalline phase for the system. In the present study destruction
of the hydrophile-lipophile balance of the Brj-56 system
upon the addition of a small guantity of 1onke surfactant
(SDBS) establishes the pronounced effect of the hydrophili
ionic surfactant on the hydrophile-lipophile balance of the
mixed surfactant system. It can also be observed from Fig. 3
that the 2 — 1 transition 15 not significanty affected in Brj-
S6fionic mixed systems incompanson to the Braj-56 system,
but no 1 — 2 transition is obtained within the experimental
range forany of the studicd mixed sufactant systems. Addi-
tion of ionic surfactant makes the mixed system hydrophilic
and thus the agueous phase does not separate out even at
high 1-butanol weight fraction.

3.5, Effect of o

The effect of @ on the phase behaviors of Braj-36 (and
SDBS)/1-butanol/n-hepane/water systems at two different
a values, 0.25 and .75, at 30°C has been depicted in
Figs. 5A and 5B along with o = (1.5 (in dotted lines). It
has been found that with o = 0.25, the three-phase body s
formed for the single-surfactant system at a relatively lower
XNp (0.174) but shightly higher W value (0.627) in compar-
ison with the same system at @ = 0.5 with Xy (0.253) and
Wip (0.593) (Fig. 5A). The mixed-surfactant system, how-
ever, produces wide single-phase channel formation similar
to that obtained with o =0.5. Fig. 5B depicts the phase dia-
gram of the same systems at o =075, It has been found that
both the single- and mixed-surfactant systems exhibit ide nti-
cal trends to form wide single-phase channels at this compo-
sition. No three-phase body 1s formed for the Brj-56 system.
It 15 evidenced from Figs. 5A and 5B that Brij-56/1 -butanol
15 an efficient solubilizer of n-heptane/water at a lower
weight fraction of the ol (o = 0.25). At a higher weight
fraction of the oil (o =10.75), the hydrophile-lipophike bal-
ance of this system gets distwurbed and the solubilization
capacily 1% reduced significantly. Brij-561s a hydrophilic sur-
factant (HLB = 12.9) at the experimental wemperature and
thus can act as a good solubilizer at a higher weight fraction
of water. However, the extent of oil weight fraction («) has
a negligibly small effect on the phase behavior of the Bnj-
56/5DBS mixed system as shown in Figs, 5A and 5B, which
indicates the hydrophilic nature of the mixed system.

3.6, Effect aof temperature

The phase diagrams of Brij-56 (and SDBS Y1 -butanolin-
heptane/water have been constructed at four different tem-
peratures, 20, 30, 40, and 50°C at o = 0.5 (fixed). o
underline the effect of temperature on the phase behav-
wrs of these systems (at § =0 and 0.1 for single and
mixed systems, respectively). The results are represented
in Figs. 6A and 6B. It has been found that no three-phase
body 15 formed at 20°C for the single-surfactant system;
instead a single-phase channel 15 oblained (Fig. 6A). How-
ever, three-phase bodies are formed at elevated temperatures
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Fig. 5. Phase behaviorof Brij-56/5 DB 5/ 1-butanolin-heptanefwater at 30°C
with {A) & {weight fraction oil in oil-and-water mixture) = 025 and (B)
o =175, where X and W represent weight fraction of amphiphile {surfac-
tant plus cosurfactant) in the total system and weight fraction of 1-huanal
in the total amphiphile, respectively. Hollow and solid circles represent sin-
gle (4, mole fmetion of ionic surfactant in total surfactant mixture = (0)
and mixed (4 = (0. 1) surfactnt systems, respectively. The dotted phase diz
grams are of the respective systems with & =015,

(40 and 50 °C) and both Xy (0.22 and 0.175, respectively)
and Wp (003347 and (L4221, respectively) decreases with
increased temperature. It has been reported earlier that non-
wonic surfactants become lipophilic at elevated temperatures
due to the dehydration of the oxyethylene group [33.35].
Therefore, Brij-56 can be assumed o be substantally hy-
drophilic at 20°C, and no hydmophile -lipophile balance is
produced at this wemperature within the expenmental mnge
and hence no three-phase body 15 formed. On the other
hand, with mereasing emperature up to 40 and 50°C, the
Brij-56/1-butanol system reaches the hydmophile-lipophile
balance at a lower amphiphile weight fraction and the ca-
pacity to solubilize equal amounts of oil and water increases
with mncrease m temperature. However, Kunieda et al. [10],
reported that Xy increased with increase in lemperature
with a subsequent decrease in W for sucrose monolaurate
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Fig. 6. Phase behavior of Brij-36/50DB5/1- butinol! e-heptane/water, whemn
X and W represent weight fraction of amphiphile (sufactint plus cosur-
factant) in the total system and weight frmction of 1 -butanol in the total am-
phi phile, respectively, with @ {weight fraction oil in oil-and-water mixture)
= (1.5 and & {maole fraction of fomc surfactant in total surfactant mixtune) =
00A) and § = 0.1 {B) at 20 (@], 30030, 40 {20, and 50 °C ().

(L-1695) tetraethylene glycol ether (R 2 EQy Vhe ptane/water
system. It was argued that the increased oil solubility of
R 2EQy with merease in lemperature 1% responsible this ob-
servation. In the present swudy, Bnj-56 becomes less hy-
drophilic with rise m temperature and hence kess amount of
lipophilic 1-butanol is required o form the balance. This in
wrn increases the solubilization capacity of the surfactant
system.

Fig. 6B depicts the phase behavior of the mixed system
Bnj-56/SDB 5/1-butanol/r-heptane/water at different tem-
peratures (20, 30, 40, and 50°C) at @ = 05 (lixed) with § =
(1. It has been observed that no three-phase body 1s formed
atthe studied temperature range. However, at higher temper-

atures (40 and 50°C) 1 — 2 transition is registered at higher
X values. The phenomenon can be explained as follows. The
effect of wmperature on the solubility and hydration of ionic
surfactant s opposite to that of nonionic surfactant. With
rising temperature, dissociation of the wonie head group in-
creases and the wonic surfactant bec omes more hydmophilic at
higher temperatures [36.37]. Itwas further reported that tem-
perature has a negligible effect on the hydmophile-lipophile
balance of SDS [19]. In the present study, SDBS can also
be assumed to be highly hydrophilic and its hydrophile-
lipophile balance 1s almost unchanged at higher tempera-
tures. As o result, the increased lipophilicity of Brij-56 at
elevated temperatures s suppressed and no three-phase body
15 formed even at 50°C.

a7, Effect of salt {NaCl)

The phase behavior of Brj-56/1-butanol/n -heptane/water
system has been studied at 30°C with @ = 0.5 as a fune-
tion of NaCl of different concentrations (g = (L025, (L0535,
0075, 0,125, and 0.2 mol dm_?'}l. Some representative phase
diagrams are shown in Fig. 7A. It has been found that three-
phase body appears in all these systems, and their solubi-
lization capacities increase with increasing #. It i evident
from this figure that the point of HLB composition (the
point of maximum solubility) moves toward lower values
of Xp and Wi with increasing NaCl concentrtion. A sim-
tlar trend was reported earlier by Kunieda et al. [12] that
addition of NaCl shifted the three-phase body 1o lower cosur-
factant mixing ratios for o water/octacthylene glycol dodecyl
ether (Cp EOQg Whexanol/decane system at 25°C. However,
it has been observed earlier in Fig. 1 that the addition of
NaCl decreases the hydrophilicity of Bri-36, and hence a
lower weight fraction of 1-butanol 1s required to establish
the hydrophile-lipophile balance. The Xy and Wip values
obtained from Fig. 7A are presented in Table 1. It s found
that with mcreasing salinity, the Bnj-56/1-butanol system
becomes more efficient in solubilizing equal amounts of il
and water (wiw).

Fig. 7B depicts the phase behavior of mixed Bnoj-56/
SDBS/ 1-butanol/r-heptane/water system at different NaCl
concentrations (as mentioned earlier) with § = 0.1 (fixed)
and oo = 0.5 (fixed). It has been observed that no three-phase
body appears at £ = 0025 However, both 2 — | and | — 2
transiions are observed under this experimental condition.
On further increase of salinity to & = 0,05, a three-phase
body appears, but the values of Xy (0.228) and Wiy (0.621)
are relatively higher than that of the Brnj-56 stabilieed system
(Table 1) It has been reported earlier that three-phase body
appears for ionie surfactants only upon the addition of elec-
trolytes [38]. Additon of electrolyle suppresses the dissocia-
tion of SDBS headgroups [39]. This makes the SDBS mole-
cules less hydrophilic and a smaller amount of 1-butanol 1s
required to form a three-phase micrmoemulsion o keep the
same hydrophile-lipophile property of mixed surfactant at
the interface. The apparent increase in the solubilizing power
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Xp, Win, 51, 51, Cp, and Cz values for the system Brij-568DBS/1-butanol/heptanetwater at 30 7C in the presence of NaCl of different concentrations
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Fig. 7. Phase behavior of Brij-56/5 DB 5/ 1-butano lir-heptanedwater, where
X and Wy mepresent weight fraction of amphiphile {surfactam plus cosur-
factant) in the total system and weight frmction of [-butanol in the total am-
phiphile, respectively, with & (weight fraction oil in oil and water mixture)
= (1.5 and 4 {maole frction of ionic sufactant in total surfactant mixture) =
0 {A) and § =0.1 (B) at 30°C in presence of NaCl of varying concentra-
tions (&, moal dm™ 30 (0, 0025 T (005 (A0 0.2 (@),

at higher salinity 15 mainly attabuted to the decrease in sol-
ubility of the cosurfactant in the microoil domain [ 30].

I8 Calewlation of interfacial composition inside the
Bicontinnous microemulsion

The three-phase region s a nonvariant region as all the
intensive vanables (T, P, o, and 4) are fixed for the five-
component system. The composition and structure of the
microemulsion phase along the midst curve in the three-
phase body (as shown in Fig. 2 by the dotted line) 1s also
fixed and is equal tothe single-phase at the three-phase point
[6.9,10,26,33]. The three-phase region consists of microoil
and microwater domains separated by a microoil-water in-
terface [6]. The sudfactant molecules are adsorbed at the
microoil-water interface and form an interfacial layer. The
Brij-56 and SDBS molecules can be assumed to be solubi-
lized in the microoil and microwater domains Lo a neghgible
extent. Also, the monomeric solubility of 1-butanol is very
small in water and can be neglected.

Since the whole phase behavior of the five-component
system can be represented by a composition tetrahedron at
constant T, P, and 4, the hydrophile-lipophile balance plane
[4] (the HLB balance plane i1s defined as the condition of
equial mass fractions of oil and water solubilized in the same
surfactant phase, called the optimum middle phase) must
include the particular three-phase te-tnangle including the
microemulsion in the middlke curve of the Winsor I region
[26.39-41]. The HLB plane equation can be expressed as [4,
6,10,33,40]

wi =57 [81 (1= s)as[1 - spasx -]}, (1)

where §] represents the 1-butanol solubility in the total am-
phiphilic mixture (C 4+ D + E) at the water—oil interface
mside the microemulsion phase. 5 15 the monomeric solu-
bility of 1-butanol in the microoil domain and 15 equal to the
I-butanol fraction in the excess ol phase. ':TI‘ 15 obtained as
the intercept of the linear plot of (1/X — 1) against Wy, and
&1 can be caleulated from the slope of the strught line.
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Fig. & Plot of 1/X — | against Wy {frction of |-bwtanol in total am-
phiphile) for the system Brij-536/50BS/ 1 -butanol/n -heptane/water with o
{weight fraction oil in oil-and-water mixture) = (1.5 and § (mole fraction
of tonic surfactant in total sufactant mixture) = O (A) and § = 0.1 (B) at
37 in presence of NaCl of varying concentrations {=, mol dm ™ 1, 0 {0}
(U125 (AL 0L05 (00 0075 (000 0,025 (&) 02 (5.

The surfactant and cosurfactant concentration at the mi-
crointerface can be obtained as[12.26.30.33]

r:l=xhw,h—|[a{1—xh;5|];u—5|;]. (2)

C2 = Xpll — Wi, (3

where O and Cr are the weight fructions of lipophilic 1-
butanol and hydrophilic Bgi-56 in the system at the water-
oil interface within the single microemulsion phase at point
b. The total surfactant concentration in the oill-water inter-
face inside the microemulsion (O 4+ Cz) can be compared
with the total surfactant concentration (C + D + E).
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Fig. 9. Variation of Xy (20 and Wy, (A) a5 a function of salimty
(£, concentration of NaCl in moldm ™) for the system Brij-5&/S DBS/
I -butanalin-heptanewater at & (mole fmction of ionic surfactant in total
surfactamt mixture) = 0 {hollow symbaols) and § = 0.1 {solid symbal s).

In the present study, 1/X — 1 has been plotted against W
for Brij-56 (and SDBSV]1-butanol/n -heptane/aqueons NaCl
system al different £, The results are shown in Figs, 8A
and 8B and a good hincar fit is obtained. The correspond-
ing 5. §. Cy, and Oy values are calculated utilizing
Eqgs. (1)—(3) and are presented in Table 1. It s evident from
Table 1 that the monomeric solubility of 1-butanol in the
microoil domain (5 ) decreases and the weight fraction of
I-butanol in the microinterface f.':?'l‘]l increases with mereas-
ing salinity, which in wrn increases the net solubilizing
power of both single- and mixed-surfactant systems. The
decreased hydrophilicity of both the nonionie and anionic
surfactant perhaps decreases the monomeric solubility of
I-butanol in the oil phase. A similar observation was re-
ported by Li et al. [26], wherein the monomeric solubility
of hexanol in oil phase decreased with increasing NaBr con-
centration for mixed microemulsion system, CTAB/SDS/1-
hexanoldodecane/agqueous NaBrwith a consequent increase
of §). (C1 + Cz2) values do not change appreciably for the
Brij-56 system, whereas that of the Brij-56/SDBS mixed
system has been found o increase monotonically (Table 1).
§) wvalues obtained from Eq. (1) should be equal to the
C A0 4+ C2) values obtained from Egs. (2) and (3). In this
report, these values are in good agreement within the exper-
imental errors.

The Xy or Wy values and 87 or & values for the Brij-
56 and mixed Bry-56/SDBS systems have been plotted as a
function of salinity, £, and the results are depicted in Fig. 9
and 10, respectively. It has been found that the Xy values are
comparable for both the systems and decreases marginally
with imcreasing salinity, whereas W decreases apprecia-
bly with increasing salinity for both the systems. Wip has
a higher value for the mixed system m companson o the
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Fig. 10 Varation of §7 {1-butanol solubility in the total amphi phi lic mix-
ture at the water—oil interface inside the microemulsion phase) (20 and
5 {monomeric solubility of I-butanol in the micmooil domain) (&) as a
function of salinity (=, concentrtion of NaCl in mol dm =) for the system
Brij-56/508 5/1-butanol /n-heptane/water with & {maole frction of ionic sur-
factant in total surfactant mixture) = O {hollow symbaols ) and § = 0.1 {=solid
symbols).

Brij-56 system at lower £ values, but becomes lower at a
higher & value (0.2) (Fig. 9). Ithas been further observed that
&) decreases appreciably for the mixed system at £ =02,
whereas §] increases than the corresponding Brij-56 sys-
tem (Fig. 10). It has been observed earlier that the miscibil-
ity gap of Bnj-56/1-butanol/water increased with addition
of SDBS (as evidenced from Fig. 1), which cormborates
the increased §7 and decreased §) of the mixed system at
£ =02, As mentioned earlier, addition of NaCl suppresses
the dissociation of SDBS headgroups and makes the surfac-
tant lipophilic. With increasing £ o 0.2, the hipophilicity of
the Brij-36/5DBS system exceeds that of the Brj-56 system,
which in turn decreases the oil solubility (%)) and increases
the interfacial concentration f.':??}l of I-butanol for the mixed
system in respect o the single Brj-56 system. This makes
the formaton of three-phase body to occur at a lower Wiy
value for the mixed system than the Brij-56 sysiem.

4. Summary

Brij-56/1-butanol/r-heptane fwater system forms usual
fish-tail diagram at 30°C with o = (1.5, Addition of ionic
surfactants (SDBS, 5D5, CTAB, AOT) disturbs the hydmo-
phile=lipophile balance of the system. No three-phase body
15 formed for Bnj-560onke surfactant(s)/1-butanol/n-hep-
Lanefwater system; instead a wide channel of single-phase
region 15 formed. Increasing lemperature increases the sol-
ubilization capacity of the Bnj-56 system, whereas it has

negligible effect on the Brip56/SDBS mixed system. Addi-
tion of salt (NaCl) induces three-phase body formation in
the Brij-56/5DBS system, and the solubilization capacity of
both single and mixed surfactant systems imereases with ad-
dition of NaCl. The monomeric solubility of 1-butanol in oil
phase (51 18 decreased, whereas the interfacial concentra-
tion of 1-butanol fﬁ"l‘}l increases with the addition of NaCl,
which in turn increases the solubilization capacity of these
SySLemS.
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