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Ahstract

Phase diagrams of pseudo-quaternary systems of cetyltrimethylammonium bromide (CTABYpolyoxvethylene(20 jeetyl ether (Brij-58Nwater/
1-butanol (or 1-pentanol Wa-heptane (or n-decane) at fixed o (= [water |/ [surfactant |} of 55.6 were constructed at different temperatures (293, 303,
313, and 323 K} and different mole fraction compositions of Brij-58 (Xgpj.sg = 0. 0.5, and 1.0 in CTAB + Brij-58 mixture). Pure CTAB stabilized
systems produced larger single-phase domains than pure Brij-58 stabilized systems. Increasing temperature increased the sing le-phase domain in
the Brij-38 stabilized systems, whereas the domain decreased in the CTAB stabilized systems. For mixed surfactant systems (with X grj =0.5)
negligible influence of temperature in the studied range of 293 to 323 K on the phase behavior was observed. Interfacial compositions of the
mixed microemulsion systems at different temperature and different compositions were evaluated by the dilution method. The nl (number of
moles of alcohol at the interface) and nf (number of moles of alcohol in the oil phase) determined from dilution experiments were found o
decrease and increase respectively for CTAB stabilized systems, whereas an opposite trend was witnessed for Brij-58 stabilized systems. The
energetics of transfer of cosurfactants from oil to the interface were found to be exothermic and endothermic for CTAB and Brij-58 stabilized
systems, respectively. At equimolar composition of CTAB and Brij-58, the phase diagrams were temperature insensitive, so that the enthalpy of
the sforesaid transfer process was 7o,
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1. Iniroduction between the coexisting aqueous and oleic phases o control the
bending elasticity of the interfacial layer offering stability o
the dispersion [5-8]. Al a fixed o (molar ratio of water to sur-
factant), a threshold amount of cosurfactant is required for a
stable wio dispersion, and droplet dimension is controlled by
the cosurfactant content. An increased amount of it decreases
droplet size and vice versa. Adsorption of cosurfactant at the
interface essentially depends on its distdbution between the
oleic phase and the inedace. Although direct determination of
cosurfactant distrbution between the interface and oil is dif-
ficult [9], reports are available in literature using technigues,
like conductance, interfacial tension, small angle neutron scat-
tering (SANS), small angle X-ray scattering {SAXS), dynamic
light scattering (DLS), ete. [1.2,10,11]. Romsted [12] has de-

Microemulsions are amphiphile stabilized transparent, 1so-
tropic and thermodynamically stable dispersions of otherwise
immiscible water and oil [1,2]. The microheterogeneity of such
dispersions make them useful in biological and technological
applications [3.4]. Due o their diphilic nature, surfactants get
adsorbed at the oil-water interface to render stability to the
dispersion by preventing coalescence. Short chain hipophilic al-
cohols (called cosurfactants) blended with surfactants partition
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veloped a chemical trapping method for determining the dis-
tribution of medium chain alkanols in cationic microemulsions
with different types of oils. Kunieda et al. [6,13-15] have de-
termined the cosurfactant concentration at the interface and in
the bulk mil phase in three-phase balanced microemulsions us-
mg equal amount of o1l and water applymg the HLB related
equation developed by them [ 16-18]. Other group of workers
[19-21] have also used this equation o determinge the inter-
facial composition of balanced microemulsions stabilized by
nonionic surfactants. We have recently used this method to de-
ermine the intedfacial composition of mixed microemulsions
denved from nomionic [polyoxyethylene 10jcetyl ether (Brij-
56) |-anionic [sodium dodecyl benzene sulfonate (SDBS)] sur-
factants in presence of NaCl [22]. Recently Abuin et al. [23,24]
have estimated the minimum amount of alkanol required o pro-
duce quatemary w/o microemulsion for a sedes of alkanols
istraight chain and branched chain), hydrocarbon solvents of
different size and topology, and surfactants {cationic, anionic,
nonionie, awittenonic, and natural). They concluded that the
critical amount of alkanol at the interface is mainly dependent
on its topology and surfactant type, and 1o a lesser extent on
the alkanol size, @ and the solvent topology. In the above e-
spect, the dilution experiment accomplished by adding oil at a
constant water and surfactant level o destabilize an otherwise
stable wio microemulsion and then restabilizing 1t by adding a
requisite amount of alcohol has been found 1o be simple, elegant
and convenient. The dilution method was vsed by Bwedi [25]
and Simgh et al. [26,27]. Gu et al. [28] wsed a calorimetne
method o estimate the energene and dismbution parumeters
of wio microemulsion system. The dilution method has been
also used by Moulik et al. [29-31] 1o determine the interfacial
composition, and energetics and structural parameters of dif-
ferent w/o microemulsion forming systems stabilized by ionic
surfactants. Bayrak [32] has wsed the method on nonionic sur-
factant stabilized systems. Recently, Palazeo et al. [33,34] have
determined the interfacial compositions of CTAB/n-hexane/1-
pentanol/water w/o microemulsion system vsing the dilution
method and found satsfactory agreement with those obtained
by using the pulsed gradient spin-ccho NMR (PGSE-NMR)
Lechngue.

Microemulsion systems formed with mixed surfactants are
known to offer properties superior than the pure components
[35-37]. It is known that ionic and nonionic surfactants physi-
cochemcally behave in opposile manner with change in tem-
perature [38]. The formation of temperature insensitive mi-
croemulsions using ionic—nonionic blended surfactant systems
has been reported [6,39.40]. But sudies on interfacial compo-
sition of mixed surfactant derived microemulsion systems are
rre [15,22.41]. We have recently imtiated systematic physico-
chemical studies on w/o microemulsion systems stabilized by
anionic—nonionic and cationic—nonionic blended surfactants
using oils of different types [22.42-45] In continuation of
such studies, the phase behavior and interfacial compositon of
CTAB + Brip58 derived wio microemulsion systems in pres-
ence of 1-butanol or 1-pentanol as cosurfactant and n-heptane
or n-decane as ol have been studied under the conditions of
varied temperature and mixing ratios of the surfactants. The

distributions of cosurfactants between the interface and the oil
phase at the threshold level of stability, and the tansfer ener-
getics of the process have been evaluated. According o our
knowledge, such a study on mixed surfactant microemulsion
systems was nol done in the past.

2. Materials and methods

2.1, Materials

Cetyltnmethylammonivm bromide (CTAB) and polyoxy-
ethylene( 2 )cetyl ether (Brip-58) were purchased from Merck,
Germany and Sigma Aldrich, USA, respectuvely. The oils,
n-heptane (Hp) and r-decane (De), and the alkanols, 1-butanol
(Bu) and 1-pentanol {Pn) were products of Fluka, Switzerdand.
All these chemicals were used without further purification.
Doubly distilled water of conductivity less than 3 pSem~! was
used in the experiments.

2.2, Methods

2.2 Construction of phase diagram

Caleulated amounts of water and surfactant (at a fixed o =
55.6) with different amounts of oil were taken o sealed est
tubes. The mixtures were then shaken vigoroosly inoa vortex
mixer and kept in a themmostatic water bath (accuracy, 0.1 K)
at the desired temperatre. The cosurfactant alkanol was then
added o the mixtures from a microsynnge. The mitially viscous
mixture produced a biphasic solution afer addition of a certain
amount of alkanol. With gradual addition of alkanol, the upper
phase of the biphasic mixture shrunk and finally disappeared
upon addition of a certain volume of it. This point indicated the
formation of a single-phase solution. The same procedure was
repeated for 2-3 times and an average of these results was taken
for the construction of phase diagrams.

2.2.2. Dilution experiments

We have wsed the method described by Moulik et al. [29]
to perform the dilution experiment. Fixed amounts of surfac-
tant{s) (0.5 mmol), water (27.8 mmol), and ol (140 mmol)
were mixed in g sealed test tobe, shaken vigorously ina vor-
tex mixer for at least 5 min and then kept in a thermostated
water bath (accuracy, £0.1 K) at the desired temperature 1o
attain equilibrivm. The composition of this mixture for the
CTAB/Bu/Hp/water quaternary system 15 denoted by point P;J]-
in the phase diagram (Fig. 1). Alkanol was then added gradu-
ally in small intervals into 1t from a microsyringe untl a clear
single-phase solution appeared (point F‘ﬁ in the phase diagram).
A caleulated small amount of oil was then added into it and the
formulation reverted back o the biphasic form (point P-{ mn the
diagram). This biphasic mixture was again titsted with Bo until
single-phase appeared (point F’F}l. This procedune was repeated
noting the volumes of alkanol necessary at each step for obtain-
g a clear and stable w/o microemulsion. The entire procedure
was followed at 293, 303, 313, and 323 K with Bu and Pn as co-
surfactants and, Hp and De as oils, with varying X pgrij-s4. Each



experiment was repeated twice or thrice and the average values
were used for data processing and analysis.

3. Resulis and discussion
3.1 Phase behavior

Phase diagrams of pseudo-quatemary systems composed of
surfactant(s), cosurfactant, oil and water at a constant lemper-
ature and pressure can be best represented with the help of
three-dimensional Gibbs tetrahedron with four components as
the four apexes. In the present study, the phase diagrams are
constructed in a simple two-dimensional Gibbs tiangles af-
ter cutling the Gibbs tetrahedron along a constant o (= 55.6)
plane. The compositions in the phase diagrams are represented
in weight fraction.

Fig. 1 depicts the phase behavior of CTAB/water/Hp/Bu sys-
term at 303 K. Bu is soluble in Hp and hence no solubility gap
appeared along the Bu-Hp axis. Bu is only partially soluble
in water and it formed clear solution in presence of surfac-
tant [22]. A thin miscibility gap appeared in the (CTAB /waler)
rich region of the Bu—(CTAB/water) axis. CTAB itself can-
not solubilize oil and water and no miscibility region appeared
along the (CTAB/water-Hp axis. The formulations along this
axis were viscous, specially in the CTAB/water rich region (de-
noted by a darker shade in Fig. 1). With the addition of alkanol,
the viscosity of the formulation decreased and fluid biphasic
region appeared (denoted by a lighter shade in Fig. 1). When
an oil soluble dye Sudan 1V was added into it, both the phases
turned red (the intensity in the upper phase was more than the
lower), whereas addition of a water-soluble dye, Eosine Blue
turned the lower phase violet keeping the upper phase colorless.
This indicated that the lower phase was a w/o microemulsion
in equilibrium with an upper oleic phase, which might con-
tain Bu solubilized in it. Earlier Palazeo et al. [34] wentified
a hiphasic region at a low cosurfactant content in CTAB/n -hex-
ang/ | -pentanolfwater microemulsion system. Diffusion coeffi-
cient study with the aid of '"H NMR swdies revealed that the
upper phase was the oil phase with trace amount of Pn dissolved
in it and the lower phase was a oil swollen normal micellar so-
lution. The dye solubilization experiment in the present study
corroborated the results. Upon further addition of Bu, the posi-
tive curvature of the interdfacial film reverted and water swollen
reverse micelles were formed, and the biphasic system turned
monophasic (denoted by the clear region in Fig. 1). The clear re-
zion nexl o the biphasic region with all probability did contain
wio droplet structure. This view might not hold in the alkanol
rich region; there other structures might have been developed
as g function of alkanol content in the region. The elucida-
tion of the dewiled structure of the total single-phase region
was beyond the scope of the present work and might be taken
up in a future study. Fig. 2 mepresents the phase diagram of
CTAB and Brij-58 stabilized systems in Hp and De with Bu as
the cosurfactant. 1t was observed that under identical composi-
tions for single-phase microemulsion formation, larger amount
of Bu was required for Brij-38 stabilized systems than CTAB.
On the other hand, De containing system required larger Bu
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Fig. 1. Trangular phase diagram of the quatemary system, CTABfwater
I-butanolin-heptane at fixed o = 55.6 at 303 K. Dark shaded area mpresents
viscous megion, lighter shaded anea represents two-phase region, and clear re-
gion mepresents single-phase microemulsion (1g). The point [-’('r denotes the
start of the dilution experiment. A typical pathway of diltion experiment has
heen presented in the inset {see text).

than Hp stabilized system to form single-phase microemulsion.
Fig. 3 represents the phase diagram of CTAB/Pn/Hp/water un-
der identical compositions at 303 K wherein lesser amount of
alkanol was required to form single-phase microemulsion than
Bu. At higher weight fraction of Pn, a second biphasic region
appeared [denoted by EF (emulsification failure [34]) in the
phase diagram|. Such EF did not occur with Bu in the system.
Higher lipophilicity of Pn than Bu might be the reason for this
difference. For Brij-38 stabilized system in Pn, higher amount
of alkanol was required to form single-phase microemulsion
than CTAB stabilized system (figure not shown). Both single
phase and EF boundary shified toward higher weight fraction
of Pn for De containing systems than those with Hp {also not
exemplified).

The effect of temperature on the phase behavior of CTAB
{or Brij-538)/waler'Hp/Bu systems is depicted in Fig. 4. There,
with temperature change from 293 w 323 K, the single-phase
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Fig. 2. Triangular phase diagram of the gquuernary systems, CTABfwater!
I-butanolin-heptane {(—): Brij-58/water'| -butanol /e-heptane (- —); CTABS
watter! | -butanolie -decane (——); Brj-58water/ I-butanolin-decine (——) at
fixned o = 556 at 303 K. 1¢ indicates single-phase microemulsion. Areas under
the curves are biphasic. Appeamnces of viscous phases along the {surfactant +
witer )-0il axis have not been shown for simplicity.

CTAB + water

Fig. 3. Triasngular phase diagram of the gquaternary system, CTABSwater!
I-pentanolin-heptane ot @ = 55.6 ot 303 K. The clear region represents sin-
gle-phase microemulsion {1g). The light and dark shaded regions along the
surfactant—oil axis represent viscous and biphasic regions, respectively. The
shaded region in the pentanol corner is the emulsification Failure (EF) region.

domain decreased and increased for CTAB and Brij-58 sia-
bilized systems, respectively. The hydrophibicity of wonie sur-
factants mcreases at elevated temperature due o increased
head group dissociation [40], whereas nonionic surfactants be-
come lipophilic due to dehydration of the oxyethylene head
groups [ 14]. Thus, for CTAB stabilized systems, the require-
ment of lipophilic cosurfactant (herein Bu) would be more
w mantain the required hydrophile-lipophile balance (HLB)
[16.46]. The requirement would be opposite for systems with
Brij-58.

Equimolar {CTAB + Brij-38) blended systems produced
monophasic regions that were more or less average of the single
components (not exemplified). We have earlier reported such
averaging of microemulsion regions in (anionic + nonionic)
blended systems [43,45]. The effect of temperature on the be-
havior of these equimolar mixed systems was herein examined.

A representative diagram for (CTAB + Brij-58 )V water/De/Bu
and (CTAB + Brij-58)/water/Hp/Bu systems is shown in Fig. 5.
1t was observed that increase in lemperature from 293 10 323 K
had negligible effect on the phase behavior of all the mixed sys-
tems in agreement with eadier studies on ionic—-nonionic mixed
microemulsion systems [43.45].

3.2, Interfacial composition and thermodynamics of the
PrOCEess

Alkanol molecules in quaternary water/surfactant/alkanolfoil
w/o microcmulsion systems essentally remain distnbuted be-
tween the oleic phase and the interface. A small amount may
remain solubilized in the agueous phase depending on ats
lipophilicity. Bu has small and Pn has neghgible agueous solu-
bality. In order to stabilize a water-in-oil dispersion, a threshold
amount of cosurfactant (alkanol) is required in the oil and at the
interface. The distribution of cosurfactant between the inter-
facial region (consisting of surfactant molecules) and the oleic
phase is governed by a distribution constant, which is a function
of temperature. With increase in oil content, the equilibrium of
a stable w/o mucroemulsion gets disrupted and the system splits
up mto two distinet phases. This destabilization may be com-
pensated for by the addition of a threshold amount of alkanol
to restore the prevailing equilibrium. This process is repeatedly
followed in a dilution method.

To estimate the concentrations of alkanol at the interface and
in bulk oil to get the distnbution constant (Kg) by the dilution
method, the physicochemical rationale elaborated by Moulik et
al. [29-31] and Bayrak [32] was considered. Thus,

Ky=XL1%% (1)

where X} and X2 are the mole fractions of alkanol at the inter-
face and in the oleic phase, respectively.

Al the eritical condition of stability under a nonvariable en-
vironment, the alkanol content of the oil is given by a constant &
as shown below.

Thus

k= .I'i:]:'I,-'n,;:h (23

where 1 and n,, are the number of moles of alkanol in oil and
the total number of moles of oil, respectively.
The total number of moles of alkanol f.l'!L}l can be wrillen as

nl=n¥+ n_i:, + nj, (3)

where n? and n! are the number of moles of alcohal in the
aqueous phase and at the interface, respectively. By Egs. (2)
and (3) we may wrile

nl=n"*+nl + kn,. i)

a

For changing concentration of surfactant (n,) the equation
can be normalized as

nLI.-’n_‘: {n'.:" +::_E,}|I.-’ns+h:.;,,.-‘ns. (33

From the linear plot between nl/n, and ng/n., 12 can be
P a a
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Fig. 4. Triangular phase diagmms of the quaternary systems, CTAB (or Brij-58 Vwater/ ] -butanolfn -heptane at o= 556 at 203 K (—) and 323 K - -). 1¢ indicates
single-phase microemulsion system. Appeamnce of viscous region along the (surfactant + water)—oil axis has not been shown for simplicity.
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Fig. 5. Phase diagmm of CTAB/Brij-58Mwater/ 1-butanolfoil systems at 203 K
{solid line) and 323 K (broken line) at e = 55.6, and Xpyj-55 = 0.5; (1) with
Hp, and {21 with De. 1g indicates single-phase micmoemulsion system. Appear-
ance of viscous region along the (surfactant 4 wateri—oil axis has not been
shown for simplicity.

obtained from the slope () and n! can be obtained from the
intercept (1) with the knowledge of 1Y at that temperature.
Equation (1) can be then writlen as
Ka=X/ X0 = {n/(n} +n) }/{nS/(nS + no) }
= {::L{n.;, +n§:]|fn::{n_!l +.l'!_\}}

= {J!L{l + ::i:l.-'n.;,}l}f{nf.:{n_!j +n_\}|l.-'n‘,}. (6)
On simplification, Eq. (6) reduces to
Kq=la(14+ 5} /{50 +a)}. (M

where o = (I —n¥/ng)=nl/ng.
For Pn, ) =} and Eq. (7) takes the form

Ka=1{1+ 85)/85(14+1). (%)

For a given surfactantfalkanol w/o microemulsion system,
the threshold amount of alkanol required for stabilization de-
pends on the nl/n, and v /n, mtos. The evaluation of Ky

leads 1o the understanding of the thermodynamics of the
PIOCESS.

The standard Gibbs free energy of transfer (AGY) of aleohol
from ol to the imterface can be obtained from

AG? = —RTh Ky

The standard enthalpy of the said tansfer process (AHT)
can be evaluated from equation:

[3(aGe/T)/001/T)] = AHS. (9

The use of Gibbs—Helmholte equation keads to the calcula-
tion of the corresponding entropy change (AS7). Thus,

AS? = (AH? — AGY)/T. (10)

The standard state herein considered 15 the hy pothetical weal
state of unit mole fraction.

The method of dilution was used for CTAB/Brij-38 mixed
surfactant systems (with Xggj.sq at 0, 0.2, 0.4, 0.6, (0.8, and 1.0)
in Hp and De at constant « = 55.6 at four different tempera-
tures 293, 303, 313, and 323 K. Bu and Pn were used as cosur-
factants in these systems. From the data collected, graphs wene
constructed by plotting n /ns vs ng/n. acconding to Eq. (5).
Representative illustrations are shown in Figs, 6A and 6B. The
calculated values of .l'!_i].. ::L’, Kg. and AGT are presented m Ta-
bles 1 and 2. It is evident from the tables that for both Bu and
Fn, ”L mcreased with inerease in chain length of alkane from
Hp to De for both CTAB and Bnj-58 stabilized systems. This
observation was consistent with that reported by Moulik et al.
[29] for CPC and Bayrak [32] for TX-100 stabilized systems.
The values of n! did not follow any straightforward trend as a
function of X pgrj-sx lor any of these systems. For Bu, n_i] values
were higher for Brij-58 derived systems than CTAB for both
the oils. On the other hand, for Pn these values were higher for
CTAB containing systems. The distribution of alkanol was thus
found to be both o1l and surfactant dependent.

It was also found from the wables that with increase in tem-
perature, o) increased and decreased for Brij-58 and CTAB sta-
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Fig. f. (A) Plotaf n) /fns vs no/ns according to Bg. (5) for mixed surfactams (CTAB + Brij-58) wio microemulsion systems comprising 0.5 mmol surfactant,
X7 8 mmaol water and 14.0 mmol n-decane stabilized by 1-pentanol at 303 K with varying Xpggi-s5 of 0, 0.2, 0.4, 0.6, 08 and 1.0 {B) Plot of al s vs no fns
according to Eq. (5) for CTAB wio microemulsion systems comprising (1.5 mmol sufactant, 27.8 mmol water and 14 mmol #-decane stahilized by 1-pentanol at

tempenitures 2493, 303, 313, and 323 K.

bilized systems, respectively. Atelevated wmperature, the nter-
face accommodated lesser amount of lipophilic alkanol mole-
cules, whereas an opposite trend was followed for noniomic sur-
factant. Further, the ::L’ vilues mereased with increasing Xprij-s55
from O w (L8, and then decreased for pure Brij-38 system at a
constant temperature. The values with Bnj-538 were higher than
CTAB stabilized systems. It was also evidenced from Tables 1
and 2 that with increase in temperature, n) increased and de-
creased for CTAB and Brij-38 derived systems, respectively. It
corroborated well with the opposite rends observed in the tem-
perature dependent phase behavior of CTAB and Brij-38 con-
tming systems (Fig. 4). When CTAB and Brij-58 were mixed
in nearly comparable proportions ( X grj-ss = 0.4 and 0.6), the
changes in both r) and Y were less than pure surfactant sys-
ems. It has comobomted well with the wmperature msensitive
phase behavior using mixed sufactants (Fig. 5).

The AGT values (Tables 1 and 2} indicated thermodynami-
cally favorable wransfer of alkanol from oil to the interface. The
values evidenced a regular trend of decrease with increasing
Xprij-58 up 0 Xpghj = 0.8, where after it increased. The AGY
values did not follow a hinear course (not illustrated) with
Xerij-55 except for the Hp/Bu system at higher temperature.
A comparable nonlinear behavior of mixed surfactant micel-
lar systems was reported carher [47]. The free energy values
wiere more negative in Hp continuum than in De continuum in-
dicating the process to be more favorable for the former than
the latter. Consequently, lower volume of alcohol was required
o form a stable dispersion in Hp as evidenced in the phase dia-
grams (Fig. 2).

The AGY, AHT, and AST values at 303 K are presented in
Tables 3 and 4. The magnitude of AGY, was found to decline
with increasing proportion of Brij-38; the transfer of alkanols

from the interface o oil became less spontaneous by the pres-
ence of Brij-38. Although the Pn containing systems were more
thermodynamically favored than Bu denived ones, the decline
in spontaneity therein by the effect of Brij-38 was not promi-
nentl. In comparison, the tmnsfer process in Hp was o some
extent more favorable than in De. The process was exothermic
in CTAB rich combinations (X ggj-sx = 0, 0.2, and 0.4), and
was endothermic in Brij-38 rich combinations (X grij-s5 = (0.0,
0.8, and 1.0). The desolvation of the head group of Brij-38
during the transfer in the oil was ended up with absomption of
heat. Higher AHT values were obtaimed with Pn than with Bu.
The Hp delivered systems yielded much higher A H7 than Do
delivered systems. Graphical plotting of AHY against X grj-s5x
with Bu and Pn produced AHT =0 al around equimolar mix-
ture of CTAB and Brij-38 (Fig. 7). Thus, for nearly equimolar
mixure of CTAB and Brij-38 the process of transfer became
athermal. Mixed jonic-nonionic surfactant dedved athermal
microemulsion fomulations were reported in litemure [43,45].
A model calealation of AH T based on amphiphile composition
ineglecting their mutual interaction) in emms of the relation,
AHY =[{AH] Brj-58 1 Xgrij-sg) + [{AH ] Jetap (] — Xerij-ss)
was performed. To yield AHP =0, the requirement of X grj-ss
were 0073 and 062 for Bu and Pn containing systems, re-
spectively, when Hp was the oil. Similar caleulaton produced
Xprij-s8 = (0L74 and 048 to produce AH? =0 for Bu and Pn
containing systems in De. The Bu denved values disagreed
more than Pn derved values with respect to the atainment of
the athermal condition. The enthalpies of tansfer of alkanols in
the mixed surfactant systems were nol guided by the above-
considered ideal additivity formula. The phenomenon needs
attention through further studies. The change over of AHT
from exothermicity o endothermicity was similarly reflected



Table 1

The tempemture, cosurfactant, and surfactamt composition dependent physicochemical parameters 2}, #f, and &y for the formation of wio micmoemulsion in

hcmnc”""

T (K 1080, (mol) 1 fmal) Ky —AGY (klmal ™1

Bu {Pn) Bu {Pn) Bu {Pn) Bu {Pn)
Krij-sg =1

203 297 (8.95) 252 (068 R ) 293 (721

s 236 (8.10) 320 (0.88) 2R (14.0) 208 (6.70)

313 213(7.70 362 (1.28) 1.94 (10.1) 173 (0.02)

£ LAl h.51) 4,12 ( 1.68) 142 (7.32) 1.95 (5.4
Xpeijsg =02

2403 2ol (6.98) 31ai1.52) 208 (820 LEL(5.13)

303 256 (6.03) 3R (LT 1B} (6.95) 153 (4,80

313 258 (518 350 (202 1.5 (5.51) L.16 (4.44)

an ZAE (4.2 3E2(270 1.32 (3.86) 075 (3.a3)
X Brij-5% = 4

293 2al (B.16) 4,10 (2.98) 20N (478 171 (3.81)

E11E] 256 (7.32) 418 (3.22) 1.95 (4.27) 1649 (3.60)

k] 258 (7.00) 4.30 (348 189 (3.94) 1.67 (3.57)

i 248 (6.91) 4.40(3.76) 1.8} (3.66) Lad (3.4
X Brij-s5 =106

203 402 (6.9 0.28 (5400 1.86 (274 152 (2.40]

303 4.5210(6.21) 022 (472 2.00 290 1.75 (2.68)

313 513580 f.14 (4.32) 215 (304 1.99 (2.89)

an 542542 008 (384 2.23 (3.23) 215(3.15)
Xpipss =08

203 302 (3.50) T.24 (6360 1.41 (1.73) (.85 (1.32)

303 359 4.4 080 (562 1.63 (2.06) 1.24 (1.82)

313 431 (4.57) f.48 (501 1.89 (2.39) L6 (2.20]

an 487 (5.3 000 (3.98) 212 (3123 202 (3.05)
Xprijs5= 110

293 517597 f.44 (585 208 (240 1.79 (2.13)

IIE] 559(6.53) 0. (501 2,27 (287 207 (2.61)

313 607 (681 5.68 (3.960) 248 (349 236(3.25)

32 f.45 (7.060) 4.90 (304 TED (443 20 (4.0

A n¥ valves of 051, 0477, 0442, and 0427 mmaol for Bu per 27.8 mmaol water at 293, 303, 313, and 323 K, respectively, wen taken in the calculation.

" The avemge errors in K, and AGT were within £5 and £3%, respectively.

on ASY, which became positive from negative at X ghj-55 = (L6,
Their magnitudes in Hp delivered systems were higher than D
delivered systems. The interface and is suroundings thus be-
came labile (less organized) in presence of larger proportion of
Brij-58. The difference in entropic behavior between Hp and
D¢ continuums was due o the chain length difference between
the two oleic phases; the latier became less deorganized than
the former

Micellar and microemulsion sysiems often obey an ex-
tra thermodynamic linear comelation between the enthalpy
and entropy changes [29.31 43 48-50]. Such a feature was
also observed for the presently studied microemulsion systems
(Fig. 8). A compensation temperature Toomp = 316 K was found
from the plot vis-i-vis the experimental temperature of 303 K.
Such a deviation of the compensation temperature from the ex-
perimental thermal state is not uncommon in literature [29,43,
48-50]. The linear correlaton suggested mutwal adjustment be-
tween the total enthalpy and its nonuseful part (i.e., the entropy)
during the alkanol transfer process. However, it must be taken
mnto account that when entropy 15 plotted against enthalpy, at
any expedmental lemperature, the true functional dependence,

if any, is usually masked by a dominant statistical compensa-
tion pattem that arses solely from experimental errors. That
is, the high linear correlation between these two pammelers
is due to the propagation of experimental error than to chem-
ical variation. The usual source of error emanates from the fact
that these thermmodynamic parmeters are usually derived overa
very short range of 1/ T, which are far from the origin, and thus
the compensation temperature usually comes oul o be in close
proximity of the harmonic mean { Ty = {1/ 7371 of the exper-
imental lemperatures (77), and the estimated correlation coeffi-
cients have values near unity. Krug et al. [51-53] proposed that
such regression should be of enthalpy estimates on free energy
estimates evaluated at Ty, instead of enthalpy—entropy estima-
tion, since AG-AH estimates at Ty, are the only estimates
that are statistically independent. We have plotted AG) against
AHY at Tyn (= 37.6 K) (Fig. 51 can be found in Supplemen-
tary material) and found that the plot lacks in linear comrelation
to a fair extent, and the data are largely scattiered. It has been
reported that linear compensation is rather unlikely for equilib-
rum processes, whereas common for chemical reactions [52].
In the present system, the enthalpy valves vared over a wide
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Table 2

The temperature, cosurfactant and surfactant composition dependent physicochemical parameters o, 2, md Ky for the formation of w/o microemulsion in

decanc®

T(K) L nd fmal) L (mal) Ky —AGY (kImal ™!

Bu {Pnj Bu {Pn) Bu {Pn) Bu (Pn)

Xinj-s5 =0

203 M50 5750103 2RT (9.68) 257 (553

03 3.9 (9.38) 0.15(1.25) 272(7.91) 2.52(5.21)

33 29men 60.90 (1.58) 250 (6.500 IR (48T

23 21,1 (8.33) 7.39(1.75) 234 (5.05) 2HE 465
xl:h':ﬂ-.ﬂi =112

203 M20070 B.75(2.28) 216 (4.78) 1.8 (3.81)

3 4.5 (9.407) 944 (2.42) 20T (4400 1LE3 (373

33 23090 9.82 (2.7 2000 (3.88) 181 (3.53)

n3 X1.E(8.95) 0.1 (3.1 193 (3.55) 176 (340
Kprij-58 = 0.4

203 350678 10.7 (3.96) 201 (2.62) 1.69 (2.35)

a3 X965 1.1 (4.06) 194 (2.53) 167 (2.34)

313 2R8.5(6.23) IL.504.14 189 (2.45) 1.a6 (2.32)

n3 25.5(5.82) 11.9(4.21) 1LE3(2.33) 1.62 (2.27)
Krij-54 =00

203 327 (7.80 12.5(5.15) 184 (2.28) 1449 (2.00

03 BITEn 12.4 (5.01) 186 (2.33) 1L.56(2.13)

3 HMA7.75 12.2 (4.89) 1B (2.30) 165 (2.23)

n3 IS B(T.ET) 12.0 (4.8 140 (2400 1.73(2.27)
XH\TH-JH =8

203 34497 138 (041 LT3 (1.6 LM (114

03 333 (a0 13.4 (597 179 (1.91) L6 (1.63)

Tk} 3n B 9.1 129(5.16) L84 (2.41) 1.59 (2.29)

23 0.0 (104 124473 190 (2.72) 1.72 (2.69)
Kprij-58 = 1.0

203 45.1 (7.43) 10.9 (6.06) 206 (1.98) 1.76 (1.67)

03 46.6 (9.81) 10.7 (4.75) 209 (2.42) 186 (2.43)

313 497111 0.2 04,1100 216 (3.05) 200 (290

23 51.2(12.5) 993 (3.37) 2200370 212 (3.51)

* il valves of 051, 0.477, 0,442, and 0427 mmaol for Bu per 278 mmaol water at 293, 303, 313, and 323 K, respectively, were taken in the calculation.

¥ The average emoms in K and AG were within £5 and £3%, mspectively.

Tahle 3
The thermodynamic parameters for the transter of alkanols {Bu and Pn) from
heptane to the interface at vared X5 o 303 K3

Tuhle 4
The thermodynamic parameters for the transter of alkanols (Bu and Pn) from
decune to the interface at varied Xppj-55 at 303 K¥

Mpjss  AGkImol™h) AH? kImal™h AST UK mel™h Xpgies AGYKMmel™h AHT (Mmelmh AS7 KT mol™!)
Bu (Pn) Bu (Pn) Bu (Pn) Bu (Pn) Bu (Pn) Bu (Pn)

0 —2.08 (—6.76) ~21.3 (-25.8) —63.4 (—62.7) 0 —2.52 (—5.21) —5.39 (—14.4) —0.46(—302)

0.z —L53 (—4.89) —12.2 (-19.5) —35.2(—482) 0.2 —1.E} (-3.93) =299 (-7.94) —3E0(—139)

04 —1.69 (—3.66) —2.42 (—6.94) —2.41(—10.8) 0.4 —1.67 (-2.34) —2.34 (-3.04) —2.21(-2.31)

.6 —L.76 (—2.68) 483 (4.23) 21.7(22.8) .6 —1.56 (-2.13) 009 (1.42) EI1LCILT)

08 —1.24 (—1.82) 107 (15.1) 3557 0.8 —1.46 {—1.63) 244 (14.4) 12.9(53.0)

L0 —2.07 (-2.61) 7RG (16.1) I2E(61.8) 10 —1.86 (—2.43) 1.E6 (15.9) 12,3 (60.4)

# The ermor limits in AGY, AHY, and A8 ane £3%, £5%, and £8%, re-
spectively.

range, whereas such variation in free energy was rather small
(between —1 to —3 kJmol ). This might be one of the reasons
for the observed nonlinearity. On the other hand, because of the
small range of free energy variation a good correlation between
the enthalpy and entropy changes was observed. Also, the com-
pensation temperature (3159 K) was found 1o be reasonably
close wo the average (308 K) of the experimental lemperatures.
It can also be noted that it is not possible o formulate mi-

# The error limits in AGY, AHY, and AS] are £3%, £5%, and £8%, m-
spectively.

croemulsions over a wide range of temperature and thus the
range of 1/ 7T ought to be small.

4. Conclusions
The findings of the study lead o the following conclusions.

1. Both CTAB and Brij-58 {pure or mixed) could form sta-
ble wio microemulsions with both Bu and Pn either in Hp



30
Hp
204
I |
.-‘"J!
0y il -4
=]
E 1 .A/I‘
20 P
%" | .-",:‘ #
<104 i
ol
1 e
.-"/ 4
203 _.J”‘i
ﬂDT T - T = - T =
00 02 0.4 06 08 1.0
Koy
{A)

AH? 1 kJ mol™!

m 4
15 e o
E --‘-I'-_d.-"I
104 .,
P
1 i’
5- i
// T §
04 — e =
a4
-5 ;IR . _‘_.-"/
L
10 ,,-*’f
R
20 T T r T
o0 0.2 04 0.8 0.3 1.0
Xars
B)

Fig. 7. Plot of AHT vs Xy sq for CTAB/Brij-58/water’ I-butanal (or I-pentanol)in-heptane (A) and CTAB/Brij-58/water/l -butanal {or I-pentanal)/n-decane
(B wio microemulsion systems comprising (.5 mmol surfactant, 278 mmaol water and 14 mmol oil. Trangles indicate |-butanol and circles indicate 1-pentanal

stuhilized systems. The approximate equimolar eegion of the mixed surfactant system has been designated with a shaded vertical column.

orin De. At comparable conditions, CTAB produced larger
monophasic zones than Brj-58. The microemulsion zong
wias medoced and increased with temperature for CTAB
and Bnj-538 stabilized systems, respectively. AL equimo-
lar CTAB and Brij-38, the temperatre effect was negligi-
ble.

2. The dilution method helped assessing the interfacial com-
positions of single (CTAB or Brij-58) and mixed (CTAB +
Brij-58) surfactant microemulsion systems.

3. The transfer of both Bu and Pn from oil to the inter-
face was spontaneous but the enthalpy of the process
was exothermic at lower proportion of Brij-38 in the sys-
tem and at higher proportion of Brij-38 it was endother-
mic.

4. The mterface and its surroundings became labile and less
organized with increasing proportion of Brij-538 in the
mixed combinations with CTAB. Similar to many self-
organizing systems, the AHY and ASY values faidy com-
pensated ecach other.
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