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INTRODUCTION

Surface-active agents usually known as surfactants are
found used in various fields. The wide range applicability of
surfactants is attributed to their amphiphilic property. It is well
known that mixtures of surfactants perform better than single
surfactant systems. Therefore, many formulations developed
for application in various fields consist of surfactant mixtures.
Considering the importance of mixed surfactants systems,
many researchers have done investigations on micellization
properties of surfactant mixtures [1-18]. Recently, various
possible combinations of surfactants are being studied [ 19-22].
However, systematic studies on the effect of temperature on
micellization properties of mixed surfactants have been
neglected, though there are many reported works [23-35] with
regard to temperature effect on the micellization properties of
single surfactant systems. Further, amongst the different types
of surfactants studied, sodium alkylsulphate surfactants have
been most extensively investigated. In view of these conside-
rations, three homologues of sodium alkylsulphate viz. sodium
decylsulphate (SDeS), sodium dodecylsulphate (SDS) and
sodium tetradecylsulphate (STS) were chosen and studied the
thermodynamic and micellization properties of the binary
mixtures of STS with SDeS and SDS in water medium. Conduc-
tance measurements were made at four different temperatures
ranging from 298 to 313 K at 5 K intervals to determine the
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Critical micelle concentration (CMC) values of binary mixtures of sodium tetradecylsulphate (STS) with sodium decylsulphate (SDeS) |
and sodium dodecylsulphate (SDS) in water have been determined using conductance measurement method at four different temperatures |
ranging from 298 to 313 K at 5 K intervals. The variation in CMC and counterion binding constant as a function of temperature have been
investigated. Mixed micelle composition, activity coefficient of the components and mutual interaction between the components in the |
mixed micelle in terms of interaction parameter have been estimated using Rubingh’s model. Variation of these mixed micellization |
parameters with temperature has been studied. The surfactant mixtures show attractive interaction between the components, which increases |
with increase in temperature. Thermodynamic parameters of mixed micellization have also been calculated and observed a linear correlation |
between the entropy change (AS°y;i.) and enthalpy change (AH® ). |
|
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critical micelle concentration (CMC) values at each temperature
both for pure and binary mixed systems. Rubingh’s model
[36,37] has been used to estimate mixed micelle composition,
activity coefficient of the components and mutual interaction
between the components in the mixed micelle. In this paper,
effect of temperature on the mixed micellization properties
and thermodynamic parameters of mixed micellization of the
binary mixed surfactants systems studied are presented.

EXPERIMENTAL

The anionic surfactants, SDeS, SDS and STS were pur-
chased from Sigma-Aldrich Co. Ltd. and were used as received.
All solutions were prepared in double distilled water (specific
conductance, K was less than 2 pS cm™ at 298 K). A binary
mixed surfactants solution of a particular composition was
prepared by weighing required amounts of the two surfactants
and dissolving them together. Small amounts of concentrated
surfactant solution were progressively added to a known
quantity of double distilled water using an Eppendorf pipette.
Conductance measurements were made after each addition of
the concentrated surfactant solution using Digital Conductivity
TDS Meter (Model 308, Systronics) with a dip type conduc-
tivity cell (cell constant = 1 cm™) under controlled temperature
conditions using a water bath thermostat. The measurement of
weights were performed by using a SHIMADZU Balance
(Model ATX224).
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RESULTS AND DISCUSSION

Critical micelle concentration (CMC): Representative
plots of experimental values of specific conductance (K) versus
total surfactant concentration (C) at different temperatures for
equimolar mixtures of; (a) STS + SDeS and (b) STS + SDS
mixed systems are shown in Fig. 1. Similar plots (not shown)
were obtained for other compositions also. From these plots,
CMC values have been determined from the point of inter-
section of the two straight lines in the pre-micellar and post-
micellar regions. The CMC values determined in this manner
both for STS + SDeS and STS + SDS mixed systems are listed
in Table-1. At a particular temperature, for the pure aqueous
surfactant solutions, CMC values are in the order: SDeS >
SDS > STS. The observed CMC values for the pure aqueous
surfactant solutions in the temperature range studied are com-
parable with previously reported [31]. The CMC values for
both pure and binary mixed systems increase with increase in
temperature in the investigated temperature range except for
SDeS with a minimum at 303 K. Such a minimum has been
reported earlier for sodium alkylsulphate systems [30].
Generally, for both ionic and non-ionic surfactants, there exist
aminimum in the CMC-temperature curve and the temperature
of minimum CMC increases with decrease in hydrophobicity
of surfactants [32]. This may be the reason for SDS and STS
not showing a minimum CMC in the temperature range
studied.

The CMC of a binary mixed surfactants (C),) is related to
the bulk composition (o) and CMC'’s of components (C,) and
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Fig. 1. Representative plots of specific conductance (k) against total

surfactant concentration (C) at different temperatures for equimolar
mixtures of (a) STS + SDeS and (b) STS + SDS mixed systems

In eqn. 2, x; and f; refer to mole fraction and activity coeffi-
cient of the i" component (i = 1 for STS and i = 2 for SDeS or
SDS) in the mixed micelle, respectively. For an ideal mixed
micelle (f;=f,= 1), eqn. 1 reduces to the Clint’s equation [38]:

(C) by the relation [36,37]: A% o
C, C C 3)
1 — (x] (XZ 12 1 2
C, - fC, f,C, M From Table-1, it is observed that the experimental CMC
e values of the binary mixtures are less than the ideal CMC
f=—"= ) values, which were obtained using eqn. 3, thereby indicating
xC, synergism in the studied temperature range.
TABLE-1
VALUES OF CMC, B AND x"g;s FOR STS + SDeS AND STS + SDS MIXED SYSTEMS IN WATER AT DIFFERENT TEMPERATURES
STS + SDeS STS + SDS
Olsts T (K) 3 5 3 g
CMC (mmol kg™) Be X s1s CMC (mmol kg™) Be X s1s
298 33.0 0.54 - 8.0 0.60 -
0 303 32.8 0.53 - 8.1 0.59 -
308 33.0 0.53 - 8.3 0.58 -
313 334 0.52 — 8.6 0.57 =
208 5.00 (6.86%) 0.22 0.844 4.12 (4.61%) 0.38 0.568
025 303 5.07 (7.05) 0.22 0.839 4.18 (4.72) 0.37 0.562
’ 308 5.15 (7.28) 0.21 0.835 4.30 (4.88) 0.36 0.559
313 5.28 (7.62) 0.21 0.829 4.47 (5.10) 0.35 0.555
298 3.06 (3.82) 0.39 0.942 2.84 (3.24) 0.42 0.798
0.50 303 3.10 (3.95) 0.37 0.940 2.90 (3.33) 0.41 0.794
’ 308 3.18 (4.09) 0.36 0.938 2.97 (3.45) 0.40 0.792
313 3.32 (4.30) 0.35 0.936 3.10 (3.63) 0.39 0.789
298 2.52 (2.65) 0.50 0.980 2.40 (2.50) 0.53 0.922
075 303 2.54 (2.74) 0.48 0.979 2.45 (2.58) 0.53 0.920
308 2.60 (2.84) 0.47 0.978 2.50 (2.67) 0.52 0.919
313 2.70 (3.00) 0.46 0.978 2.59 (2.82) 0.51 0.918
298 2.03 0.65 - 2.03 0.65 -
1.00 303 2.10 0.64 - 2.10 0.64 -
308 2.18 0.63 - 2.18 0.63 -
313 2.30 0.62 — 2.30 0.62 —

*CMC value obtained from Clint’s equation
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Mixed micelle composition: Rubingh’s model employed
the regular solution approximation to describe the non-ideality
in the mixed micelle [36,37]. According to this approximation,
non-ideality in the mixed micelle is described in terms of the
interaction parameter (B,,) and is related to the activity coeffi-
cient by the relation:

Inf, Inf

Bo=—"T5="7F" 4
1-x,° x @
On substituting for the activity coefficients in eqn. 4, we
get the expression:

X12 In O‘1C12 (1_0‘1)C12 )
x,C, (1-x)C,

At aparticular bulk composition o, values of mole fraction
of component 1 in the mixed micelle x, at different tempera-
tures were computed from eqn. 5 by using an iterative method.
The x, values obtained in this manner are shown in Fig. 2 as a
variation of x§}s with temperature. Under the condition of
ideality (f;=f,= 1), x, takes the form:
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Fig. 2. Values of mole fraction of STS in the mixed micelle (x%}s) as a

function of temperature for (a) STS + SDeS and (b) STS + SDS
mixed systems. (‘) Olsts = 025, (D) Olsts = 050, (A) Olsts = 0.75

The ideal values of x; calculated employing eqn. 6 are
given in Table-1 as Xsrs. It may be mentioned that both in STS
+ SDeS and STS + SDS mixed systems x%s is slightly less
than xsrs. Further, it observed that in both the mixed systems
studied, the mixed micelle is enriched with the surfactant
component with lower CMC value (higher homologue).
Similar observation of enrichment of the mixed micelle with
the surfactant component with lower CMC was made in SDS
+ SDeS system studied earlier [39]. It is also evident from
Fig. 2 that the degree of enrichment of the mixed micelle by

STS is more in STS + SDeS system than that in STS + SDS
system. This is because the CMC of SDeS is about 16 times
the CMC of STS whereas the CMC of SDS is only about 4
times the CMC of STS. In general, the enrichment of the mixed
micelle by STS in the present study show appreciable decrease
with increase in temperature.

The activity coefficient f; (i =1 for STS and i = 2 for SDeS
or SDS) values at different temperatures were calculated using
eqn. 2 and by employing the x, values which were computed
using eqn. 5. The calculated values of fsrs, fspes and fsps are
shown as function of temperature in Fig. 3. Activity coefficient
represents the effect and contribution of an individual compo-
nent in the mixed micelle. In both the mixed systems studied,
the fsrs values are high, indicating that the STS component in
the mixed micelle is close to its standard state. In general, the
activity coefficient of the components decreases with increase
in temperature.
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Fig. 3. Values of activity coefficient (f) of the components as a function of
temperature for (a) STS + SDeS and (b) STS + SDS mixed systems.
(0) asts=0.25; (A) asrs= 0.50; (O) osts = 0.75

The values of the interaction parameter 3, determined
using eqn. 4 at different temperatures are shown as function of
temperature in Fig. 4. In both STS + SDeS and STS + SDS mixed
systems, B values are negative indicating attractive interaction
between the anionic surfactant components. It is observed that
more negative values of B, (stronger attractive interaction)
are found in STS + SDeS system than that in STS + SDS
system. Stronger attractive interaction is expected in binary
mixed systems of homologous surfactants with greater diffe-
rence in the hydrocarbon chain between the components. It is
evident from Fig. 4 that in both the mixed systems, strongest
attractive interaction between the components exists in the
equimolar mixtures. Further, the dependence of B, on tempe-
rature is found to be strongest in both the mixed systems when
the mixtures have bulk composition, 0sts = 0.75. In general,
the attractive interaction between the components in both
the mixed systems is found to increase with increase in tempe-
rature.
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Fig. 4. Values of interaction parameter in the mixed micelle (B.) as a
function of temperature for (a) STS + SDeS and (b) STS + SDS
mixed systems. (.) Olsts = 025, (A) OlsTts = 050, (O) Olsts = 0.75

Counter ion binding constant: The slope ratio method
has been used to evaluate the counterion binding constant ()
values of both pure and mixed surfactants systems. In this
method, PBc is calculated using the relation:

S

Bo=1- s_? (7)
where, S;and S, are the slopes of the specific conductance (k)
versus surfactant concentration (C) plots in the pre and post
micellar regions, respectively. The calculated e values are given
in Table-1. At a particular temperature, for the pure aqueous
surfactant solutions, B¢ values are in the order: STS > SDS >
SDeS. It may be mentioned that the B¢ values for pure SDeS and
SDS in the temperature range studied are not very far from the
values reported earlier using conductivity method at similar
temperatures [23]. The B value decreases slightly with increase
in temperature which may be due to decrease in the aggregation
number of the micelle [40]. However, Bc has a weak dependence
on temperature. It may also be pointed out that ¢ values of the
mixed micelles are lower than those of pure micelles. The low
Bc values for mixed micelles means that the effective surface
charge density is less in the mixed micelles than that in the pure
micelles. Similar observation of low B¢ values for mixed micelles
has been reported for equimolar; CTAB + TTAB, CTAB + DTAB
and TTAB + DTAB mixed systems [2].

Thermodynamic parameters of micellization: The stan-
dard Gibbs free energy of micellization per mole of surfactant,
(AG*Hi) of the studied surfactant systems has been obtained
using the relation [32,41]:

AG?

0 =(1+B)RTInX e ®)
where, R is the gas constant (8.314 JK™' mol™), T is absolute
temperature and Xcuc is the CMC in mole fraction unit. The

corresponding enthalpy change of micellization, AH,, is:

given in Tables 2 and 3. It is observed that both for pure and
mixed surfactants systems, AGH,. becomes more negative with
increase in temperature. It is also evident that the enthalpy of
micellization becomes more negative and the associated
London-dispersion interaction plays a more predominant role
as the temperature increases. The entropic contribution of
micelle formation (TASS,.) has positive values and it decreases
with rise in temperature. This shows that micellization process
is entropy controlled at lower temperatures while at higher
temperatures, it is enthalpy controlled.

The phenomenon of enthalpy-entropy compensation has
been observed in a variety of processes, including the micelle
formation of surfactants [32,33,42,43]. This phenomenon is
reflected by a linear relationship between the enthalpy change
and the entropy change and can be expressed by:

AH?

mic

=AH, —T.AS; 12)

In order to analyze this possibility, the plots of AH%,i. versus
AS%i i.e. the so-called compensation plot have been consi-
dered. According to the conceptual scheme of compensation
phenomenon proposed by Lumry and Rajender [43], micelle
formation process can be divided into (i) desolvation part and
(i1) chemical part. The slope of the compensation plot (Tc)
known as the compensation temperature, provides a measure
of the desolvation part of micellization. The intercept (AH?,)
gives information of the solute-solute interaction and reflects
the effectiveness of the chemical part of the micelle formation.
The compensation plots for STS + SDeS and STS + SDS mixed
systems are shown in Fig. 5. A linear correlation between the
enthalpy and entropy of micellization has been observed for
all the surfactant systems studied. The values of AH’, and Tc
both for pure and mixed surfactants obtained from the compen-
sation plots are given in Tables 2 and 3. In both the mixed
systems, AH’, becomes less negative on initial addition of STS
but on further addition it becomes more negative. It has been
reported that AH’, decreases (becomes more negative) with
an increase in the alkyl chain length of surfactants in a homo-
logous series and a more negative value of AH,, means greater
stability of the structure of the micelle [32]. Therefore, it may



Vol. 29, No. 12 (2017)

Effect of Temperature on Micellization Properties of Binary Mixtures of Surfactants 2609

TABLE-2
THERMODYNAMIC PARAMETERS OF MICELLIZATION FOR STS + SDeS SYSTEM IN WATER AT DIFFERENT TEMPERATURES
Olgrs T (K) AG®,;. (kJ mol™) AHP;. (kJ mol™) TAS®,,,. (kJ mol'™") AH',, (kJ mol™) T (K)
298 -28.35 2.13 30.48
303 -28.66 0.07 28.73
0 308 -29.11 2.11 27.00 275 290
313 -29.34 -4.41 24.93
298 -28.16 -1.74 26.42
303 -28.59 2.82 25.76
0.25 308 -28.77 -3.95 24.82 267 282
313 -29.16 -5.16 24.00
298 -33.77 -0.91 32.86
303 -33.80 -4.07 29.73
0.50 308 -34.02 -7.40 26.61 315 278
313 -34.16 -10.90 23.27
298 -37.17 -0.14 37.02
303 -37.26 3.52 33.74
0.75 308 -37.53 -7.07 30.46 -34.8 280
313 -37.73 -10.80 26.94
298 -41.77 -6.44 35.33
303 -42.07 -9.08 32.99
1.00 308 -42.35 -11.85 30.49 e 280
313 -42.54 -14.76 27.78
TABLE-3
THERMODYNAMIC PARAMETERS OF MICELLIZATION FOR STS + SDS SYSTEM IN WATER AT DIFFERENT TEMPERATURES
Olgrs T (K) AG®,;. (kJ mol™) AHP;. (kJ mol™) TAS®,,;. (kJ mol™) AH',, (kJ mol™) T (K)
298 -35.06 -1.61 33.46
303 -35.38 -4.45 30.93
0 308 -35.64 -7.45 28.19 335 284
313 -35.84 -10.59 25.25
298 -32.51 -1.84 30.67
303 -32.77 -4.43 28.34
0.25 308 -32.97 -7.15 25.81 -307 281
313 -33.12 -10.01 23.11
298 -34.76 -2.56 32.20
303 -35.02 -4.99 30.03
0.30 308 -35.26 -7.54 27.72 -326 278
313 -35.42 -10.22 25.21
298 -38.10 3.12 34.97
303 -38.66 -4.95 33.71
0.75 308 -38.96 -6.85 32.11 359 279
313 -39.19 -8.84 30.35
298 -41.77 -6.44 35.33
303 -42.07 -9.08 32.99
AL 308 -42.35 -11.85 30.49 e 2l
313 -42.54 -14.76 27.78

be inferred that addition of higher homologue (STS) to either
SDeS or SDS results in a more stable micelle by enhancing
the effect of chemical part of micellization.

The desolvation part of micellization process has been
reported to be independent of the alkyl chain length of surfac-
tants in a homologous series [32]. In the present STS + SDeS
and STS + SDS mixed systems, the Tc values are found to be
282 + 4 K and 280 £ 2 K, respectively and are within the
suggested range of 270-294 K for the water system [33].

Conclusion

Conductance measurement method has been used to
determine the CMC and counterion binding constant values
for STS + SDeS and STS + SDS mixed systems at four different

temperatures ranging from 298 to 313 K at 5 K intervals. These
data were used to derive some of the parameters of micelli-
zation. In the investigated temperature range, CMC increases
whereas counterion binding constant decreases slightly with
increase in temperature. In both the mixed systems the mixed
micelles are enriched with the surfactant component having
lower CMC (STS) and the attractive interaction between the
components increases with increase in temperature. Micelli-
zation, either in pure or in mixed state, is found to be entropy
driven at low temperatures while at high temperatures it is
enthalpy driven. The enthalpy and entropy terms of micelli-
zation compensate each other, resulting in moderate decrease
in the Gibbs energy.
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Fig. 5. Enthalpy—entropy compensation plots for (a) STS + SDeS and (b)

STS + SDS mixed systems. (H) 0ists = 0; (O) Oists = 0.25; (A) Olsts
=0.50; (@) Osrs =0.75; (A) Osts = 1
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