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Abstract—Mixed micelle formation behavior of cationic surfactant-cetyltrimethylammonium bromide (CTAB) and
anionic surfactant sodium dodecyl sulfate (SDS) in aqueous as well as in urea medium from 303.15K to 323.15K at
5K interval was carried out by conductometric method. The differences between the experimental values of critical
micelle concentrations (cmc) and ideal critical micelle concentrations (cmc™) illustrate the interaction between the
amphiphiles studied. The values of micellar mole fraction (X{* (Rubingh), X}" (Motomura), X{* (Rodenas) and X;’
(ideal) of surfactant CTAB determined by different proposed models and outcome indicate high involvement of CTAB
in SDS-CTAB mixed micellization, which enhance by means of the augment of mole fraction of CTAB. The negative
value of interaction parameter (f) showed an attractive interaction involving CTAB and SDS. Activity coefficients were
less than unity in all case, which also reveals the presence of interaction between CTAB & SDS. The negative AGY, val-
ues imply the spontaneous mixed micellization phenomenon. The attained values of AH), were positive at inferior tem-
perature, while negative at superior temperature. The negative AHY, values in urea (NH,CONH,) medium illustrate
exothermic micellization process. The magnitudes of AS), were positive in almost all cases. The excess free energy of
mixed micelle formation (AG,,) was found to be negative, which indicates the stability of mixed micelle as compared to
the individual's components micelles.

Keywords: Sodium Dodecyl Sulfate (SDS), Mixed Micelle, Interaction Parameter, Activity Coefficient, Thermodynamic
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INTRODUCTION

A delicate balance between hydrophobic and hydrophilic inter-
action is the prime cause of formation of micellar aggregation of
an amphiphilic molecule in a solvent [1]. In H,O, amphiphilic sub-
stances spontaneously form aggregates of definite structure beyond
a certain concentration, which is termed as critical micelle concen-
tration (cmc) [2,3]. The micelle, micellar aggregates, enhance the
solubility of hydrophobic compounds by changing their microen-
vironment, such as polarity and viscosity [4]. So surfactants are
widely used in many processes of interest in different applied field,
e.g., industrial, commercial and technological applications [5-10].
In these cases mixed surfactant systems are superior to single sur-
factant systems because of their stable electrical structure with better
micellar property [15-17]. In recent years, different types of mixed
micelles formation by the combination of different surfactant for
example cationic-cationic [18,19], cationic-anionic [20], cationic-
nonionic [21,22], anionic-anionic [23,24], anionic-nonionic [25,26],
nonionic-nonionic [27,28] have been studied. Though literature
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Scheme 1. Molecular structure of sodium dodecyl sulfate (SDS).
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Scheme 2. Molecular structure of cetyltrimethylammonium bro-
mide (CTAB).

survey reveals the existence of many investigations on the mixed
micellization, to the best of our understanding the mixed micelli-
zation formation between SDS & CTAB (Scheme 1 and 2) in atten-
dance of aqueous solution of urea at different temperatures has
not been studied yet. As a result, in diverse industrial applications
of surfactants (pharmaceutical, petrochemical, food industry, etc.),
a lesser amount of binary surfactant mixture is needed than the
quantity of the more hydrophobic constituent [18-28].
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The solution possessions of amphiphiles are responsive to the
attendance of additives [2,8]. The values of cmc are obtained to rely
on the kind and environment of additives [8]. To optimize the appli-
ances of amphiphile mixed systems, it is, consequently; significant
to understand the interchange of forces that administer the aggre-
gation phenomena in the occurrence of additives [8]. Urea can
influence the molecular aggregation of surfactants either by direct or
by indirect mechanism [11-13]. In the first case, urea replaces water
in the solvent shell around hydrophobic components by forming
H-bonding with water and enhanced the solubility of the hydro-
phobic components. In the second case, urea enhances the solubil-
ity of hydrophobic components in the bulk solution by disrupting
the three-dimensional network of the water molecules [14]. In most
of the studies moderate to high concentration of urea solution
(1IM-8M) was used as additive. In this study, we performed exper-
iments at lower concentration of urea to investigate the effect of
urea on critical micelle concentration (cmc), degree of counterion
dissociation (g), activity coefficient (£“*/£"/£*" and £“%/£,"/£5%),
micellar mole fraction (X{“/X"/X{*), various thermodynamic
quantities, e.g., change in standard Gibbs free energy change (AG;,),
standard enthalpy change (AH;,) and standard entropy change of
micellizaiton (AS;,) as well as excess free energy of micellization
(AG,,) in absence/presence of different mole fraction of CTAB. The
hypothetically proposed models of Clints, Rubinghs and Rodenass
for micellar mixed systems were used to obtain information about
the mixed micellar behavior of SDS and CTAB. The aggregation phe-
nomenon is considerably influenced by the variation of temperature
in addition to H-bonding ability of present considered systems.

MATERIALS AND METHODS

1. Materials

Every material employed in this system was of analytical grade
and used as procured without further treatment. Sodium dodecyl
sulfate (SDS) having purity 0.98 (mass fraction) and cetyltrimethyl-
ammonium bromide (CTAB) having purity 0.98 (mass fraction) were
purchased from Scharlau Chemie S. A. (E. U) and BDH (England),
respectively. Urea was purchased from Merck (Germany) having
purity 0.99 (mass fraction). The entire compounds were dried in a
vacuum oven, moreover reserved in vacuum desiccators in the oc-
currence of P,Os (since it is an excellent H,O absorbent) for above
two days prior to their use. The H,O content was estimated by the
Karl-Fischer technique and was achieved to be below 100 ppm.
Double-distilled water having specific conductivity 0.8-1.5 uS-cm ™"
(over temperature range 303.15-323.15 K) was used for every task.
2. Solution Preparation and Conductivity Measurements Tech-
nique

We used the conductometric technique for the evaluation of criti-
cal micelle concentration (cmc) by means of a conductivity meter
(model 4510, Jenway, UK), having a dip cell of cell constant 0.97
cm™ (value of cell constant is supplied by company) following the
procedure reported in the literature [16,17,19,29-31]. Alternating
current (AC) was applied for the conductivity measurements. The
precision of conductance measurements via the multimeter was
about +0.5%. At preferred temperature, a 50 mmol-kg " of SDS solu-
tion prepared in water/constant concentration of CTAB/(constant

November, 2018

concentration of CTAB+urea) was gradually added to 20 mL of H,0
(in case of without additive)/in attendance of constant concentra-
tion of the CTAB/in attendance of (constant concentration of the
CTAB-+urea) through the help of a high performance micropipette
(Glassco, UK). Subsequently, the conductance of the ensuing solu-
tion was evaluated following every addition thoroughly mixed prop-
erly along with permitting time for becoming constant temperature.
The expected temperature of the solution was sustained by means
of RM6 Lauda flowing H,O thermostatted bath of accuracy of
+0.2 K. From the sudden change of the slope in the specific conduc-
tivity versus concentration of the surfactant plot the cmc of surfac-
tant was obtained. Relative standard uncertainties (u,) are u, (C)=
0.02. The relative uncertainty on crc is likely to be around 3%. For
all of the calculations and graphical representation in this current
study, Microsoft Excel and Origin software were used. Combined
expanded uncertainty U, is U,(x)=0.015mS-cm ™" (with 0.95 level
of confidence (k~2)).

RESULTS AND DISCUSSION

1. cmc and cmc”

Conductivity measurement is very simple and well known which
was employed here to investigate the micellization of pure SDS &
CTAB as well as their mixed systems in absence/attendance of
NH,CONH, (300 mmol-kg '/700 mmol-kg ). Herein we devised
our study in different concentration of urea which is present in
human body in order to investigate how these mixtures behave in
aqueous/urea medium as well as to get the additional informa-
tion, e.g., values of thermodynamic quantities for the employed
surfactant-surfactant mixtures. The attained outcomes give addi-
tional information for amphiphile-amphiphile interaction in order
to develop excellent delivery systems in attendance of urea as com-
pared to the aqueous medium. Because, in NH,CONH, medium,
cme of individual amphiphiles and their mixed systems further
enhances along with spontaneity of studied solution reduces. Sur-
factant was also used as drug carrier, and also there are many side
effects of surfactant due to their concentration employed. By using
mixed surfactant as drug carrier we needed at least ten-times less
amount of surfactant for that particular propose. Though, there is
possibility to precipitate due to coulombic interaction when two
oppositely charged surfactants are present at equivalent ratio; for
these types of study usually stable mixed micelles are formed when
one of the surfactant components is used in excess [32]. The rep-
resentative specific conductivity versus concentration of surfactant
plots in aqueous/300 mmolkg ' NH,CONH, at 303.15K are viewed
in Fig. 1 for pure SDS and CTAB. The observed cmic and cmc val-
ues for pure SDS and CTAB and their mixed system in H,0 and
aqueous medium of NH,CONH, are presented in Tables 1-3. The
obtained value of cmc for pure SDS in water was 8.34 mmol-kg '
at 303.15K, and this value is in fine harmony with previous study
[33]. The executed cmc value of SDS by Motin et al. [34] with the
help of viscosity measurement was 8.50 mmol-kg”' at 303.15K.
Again, Niraula et al. [35] reported the cmc value of SDS 9.1 mM
and 8.9 mM at 308.15 K by surface tension and viscosity measure-
ment, respectively. The observed cmc value of SDS in 300 mmol-
kg™ NH,CONH, at 303.15 K was 8.43 mmol-kg ' whereas the re-
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Fig. 1. The representative plots of specific conductivity («) versus concentration of surfactant for (a) SDS in aqueous medium and 300
mmol-kg™' (b) CTAB in aqueous medium and 300 mmol-kg " at 303.15 K.

ported crnic value of SDS by Rub et al. was 10.10 mmol-kg ' at same
condition [33], and reported values by Ruiz [36] were 8.7 mM and
9.6mM in 2 M and 4 M urea, respectively. The achieved cmc value
of pure CTAB in water was 1.31 mmol-kg ' at 303.15K, and this
value is also in good conformity with the values of literature [37-40].
In this study; the obtained cmic values of CTAB-SDS mixed sys-
tem lie between the cmc of the individual amphiphiles (Tables 1-
3), which suggests an attractive interaction between studied surfac-
tants. Fig. 2 and Tables 1-3 show that cimc values of SDS decreased
with increasing the mole fraction of CTAB (¢), indicating that
mixed micellization is favored at higher mole fraction of CTAB.
Here, the standard uncertainty of the mole faction is dependent on
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Fig. 2. Representative plot of critical micelle concentration (cmnc)
versus mole fraction of CTAB of SDS-CTAB mixed systems
in the absence/attendance of urea at 303.15 K.

the purity uncertainty and the mass uncertainty (u(e;)=+0.00001).

The cmc values of pure SDS, CTAB and mixtures were observed
to be higher in attendance of 300 and 700 mmol-kg' NH,CONH,
solution (Fig. 2 and Tables 1-3). Urea decreases the hydrophobic
interaction among the amphiphiles and boosts considerably to be
soluble in the hydrocarbon chain in presence of urea and thus tends
to enhance the cmc value. Again, urea can interact with the hydro-
phobic part of the surfactant and reduces the hydrophobicity of
the surfactant as well as enhances the value of cmic [42]. It is also
reported that urea breaks up the three-dimensional network of the
water, and thus enhances the cmc values [41]. The values of cmc
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Fig. 3. Variation of cmc of SDS+ CTAB with temperature at o=
3.60x10~° of CTAB in (a) H,O (b) 300 mmol-kg " urea (c)
700 mmol-kg ' urea & ;=8.99x10~" of CTAB in (d) H,O (e)
300 mmol-kg ' urea (f) 700 mmol-kg ' urea.
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for distinct surfactants and their mixture having various mole frac-
tions (¢y) of CTAB at temperature range of 303.15-323.15 K in H,0
and aqueous solution NH,CONH, are listed in Tables 1-3. Nor-
mally; the cmc of ionic surfactant is reduced at lower temperature
and rises at higher temperature [43], and the cmc of nonionic sur-
factant decreases with the rise of temperature [44]. In this current
study the cmc of pure SDS and SDS-CTAB mixed system in water
decreases with the augment of the temperature up to certain level
and rises with the further enhancement of temperature (Fig. 3),

Md. A. Hoque et al.

which is in good harmony with the literature [43]. But we observed
that the value of c¢mc of pure surfactants along with their mixtures
increases by means of the increase of the temperature in urea (Fig.
3 and Tables 1-3), and such result was also observed in the previ-
ous studies [45-47]. The outcome of temperature on the values of
cmc can be explained through the different modes of hydration
surrounding the monomeric amphiphiles as well as pure micelles
of amphiphile as well as their mixed micelles. At inferior amphi-
phile concentration, ie., at monomeric form of surfactant both

Table 1. The physico-chemical parameters such as critical micelle concentration (cmc), ideal values of critical micelle concentration (cmd™),
degree of dissociation (g), interaction parameter (/3), and activity coefficients (f; and f,) for (SDS+CTAB) mixed systems in aqueous
solution at various temperatures and concentrations and pressure p=0.1 MPa“

id

cmce cmce

oy (CTAB) — g B flRub /flM /flROd fZRub / sz / f2R"d
(mmol-kg™)

T=303.15K
0 8.34" 0.45
0.90x10° 8.12 8.34 0.49 —-6.25 0.0026/0.0046/0.0042 0.9966/0.9862/0.9875
3.60x107° 7.77 8.33 0.46 —6.06 0.0043/0.0042/0.0040 0.9833/0.9840/0.9871
8.99x107° 7.05 8.32 0.44 —6.48 0.0052/0.0035/0.0037 0.9382/0.9918/0.9834
12.59x10°° 6.80 8.31 0.50 —6.48 0.0061/0.0032/0.0035 0.9197/0.9998/0.9995
1.0 1.23 0.31
T=308.15K
0 8.09 047
0.90x10° 7.56 8.08 0.55 —-7.51 0.0011/0.0046/0.0042 0.9822/0.9451/0.9461
3.60x107° 7.19 8.07 0.54 —-6.95 0.0026/0.0042/0.0040 0.9611/0.9331/0.9348
8.99x107° 6.80 8.06 0.53 —6.64 0.0046/0.0037/0.0038 0.9347/0.9612/0.9583
12.59x10°° 6.39 8.06 0.56 —6.89 0.0049/0.0033/0.0036 0.9006/0.9717/0.9541
1.0 1.31 0.32
T=313.15K
0 8.16 0.46
0.90x107° 7.26 8.15 0.52 —-8.51 0.0007/0.0034/0.0031 0.9578/0.9019/0.9032
3.60x107° 6.83 8.15 0.51 -7.78 0.0018/0.0030/0.0029 0.9278/0.8882/0.8903
8.99x10° 6.14 8.14 0.51 -7.79 0.0029/0.0024/0.0026 0.8689/0.8961/0.8848
12.59%10°° 6.01 8.13 0.53 —7.58 0.0038/0.0023/0.0025 0.8581/0.9555/0.9318
1.0 141 0.34
T=318.15K
0 8.63 0.45
0.90x10”° 7.66 8.62 0.54 —8.54 0.0006/0.0033/0.0033 0.9564/0.9002/0.9001
3.60x107° 7.20 8.61 0.52 -7.82 0.0018/0.0029/0.0031 0.9259/0.8871/0.8833
8.99x10° 5.97 8.60 0.50 —8.47 0.0023/0.0020/0.0026 0.8175/0.8431/0.8032
12.59%10°° 5.81 8.60 0.51 —8.28 0.0031/0.0019/0.0025 0.8035/0.9076/0.8356
1.0 1.49 0.36
T=323.15K
0 8.97 0.45
0.90x10°° 7.83 8.96 0.55 —8.83 0.0006/0.0053/0.0051 0.9471/0.8801/0.8804
3.60x107° 7.51 8.95 0.53 —7.83 0.0017/0.0049/0.0049 0.9276/0.8665/0.8668
8.99x107° 7.21 8.95 0.52 —-7.24 0.0035/0.0045/0.0047 0.9082/0.8812/0.8787
12.59%10°° 7.02 8.95 0.54 -7.11 0.0043/0.0043/0.0046 0.8941/0.8958/0.8887
1 1.62 0.37

“Standard uncertainties (u) are u(T)=0.10K, and u(p)=10kPa (level of confidence=0.68). Relative standard uncertainties (u,) are u,(cmc/
cmc)=+3%, u,(g)=3%, u(B)=£3%, u(f""/E"/f")=+4% and u,(5""/£"/5")=+4%

PReference [33]

November, 2018



Experimental and theoretical investigation of micellization behavior of SDS with CTAB in aqueous/urea solution at various temperatures 2273

hydrophobic and hydrophilic hydrations are feasible, whereas only
hydrophilic hydration is probable in case of assembled surfactant.
These types of hydrations are expected to be decreased by way of
enhancing of temperature. The reducing behavior of hydrophilic hy-
dration tends to enhance the aggregation process, whereas lessen
hydrophobic hydration through rise of temperature disservices the
aggregation of surfactant [4,15]. Thus, the magnitude of both hydra-
tion phenomena may decide whether the cmc values enhance or
reduce at a certain temperature range. In this study the second fac-
tor plays a dominating role over the first one within the tempera-

ture range studied.

The ideal and non-ideal behavior of the mixture of the amphi-

philes can be clarified by pseudo-phase separation model. The ideal

cmc value (cmc™) of the binary mixture of the amphiphiles can be

evaluated by using Clints equation from the known value of cmc

of the individual amphiphiles [48]. Clints equation is as follows:
1 a 623

—= +
b b
cme f%me £5%me,

In Eq. (1), o and o, express the mole fraction of CTAB and SDS,

)

Table 2. The physico-chemical parameters such as critical micelle concentration (cmc), ideal values of critical micelle concentration (emd™),
degree of dissociation (g), interaction parameter (), and activity coefficients (f, and f,) for (SDS+CTAB) mixed systems in aqueous
solution of 300 mmol-kg ' urea at various temperatures and concentrations and pressure p=0.1 MPa*

cmce

cmc

a, (CTAB) — g B i i
(mmol-kg )

T=303.15K

0 8.43 049

0.90x10°° 8.21 8.42 0.52 —-6.03 0.0032/0.0068/0.0059 0.9968/0.9843/0.9859

3.60x10°° 7.85 8.42 0.54 —5.87 0.0052/0.0063/0.0056 0.9834/0.9737/0.9789

8.99x10°° 7.28 8.41 0.53 —-6.01 0.0069/0.0056/0.0052 0.9506/0.9747/0.9833

12.59%107° 7.01 8.41 0.51 —6.06 0.0081/0.0051/0.0051 0.9318/0.9985/0.9985

1 1.02 0.27

T=308.15K

0 8.54 048

0.90x10°° 8.33 8.53 0.52 ~6.02 0.0031/0.0064/0.0059 0.9971/0.9861/0.9868

3.60x10°° 7.98 8.52 0.55 -5.85 0.0051/0.0058/0.0056 0.9847/0.9784/0.9799

8.99x10°° 7.44 8.52 0.54 -5.97 0.0069/0.0051/0.0052 0.9549/0.9904/0.9856

12.59x10°° 7.16 8.51 0.51 ~6.04 0.0079/0.0047/0.0051 0.936/0.9986/0.9987

1 1.09 0.27

T=313.15K

0 8.82 0.49

0.90x10°° 8.45 8.81 0.52 -6.71 0.0019/0.0063/0.0058 0.9921/0.9681/0.9689

3.60x107° 8.15 8.81 0.59 —-6.10 0.0044/0.0058/0.0056 0.9801/0.9659/0.9675

8.99x10°° 7.57 8.80 0.57 —6.17 0.0063/0.0051/0.0053 0.9471/0.9715/0.9668

12.59x10°° 7.32 8.80 0.49 -6.17 0.0074/0.0047/0.0051 0.9303/0.9985/0.9848

1 1.15 0.28

T=318.15K

0 9.25 0.50

0.90x10°° 8.72 9.24 0.56 ~7.14 0.0014/0.0058/0.0057 0.9861/0.9531/0.9535

3.60x10° 8.27 9.23 0.60 -6.63 0.0033/0.0053/0.0054 0.9647/0.9375/0.9365

8.99x10°° 7.75 9.22 0.59 —6.44 0.0055/0.0046/0.0051 0.9337/0.9559/0.9449

12.59%107° 7.56 9.22 0.50 -6.32 0.0069/0.0044/0.0049 0.9217/0.9935/0.9715

1 1.21 0.29

T=323.15K

0 9.61 0.52

0.90x10°° 8.98 9.60 0.56 —-7.35 0.0012/0.0057/0.0057 0.9824/0.9447/0.9448

3.60x10°° 8.55 9.59 0.61 ~6.72 0.0031/0.0052/0.0054 0.9622/0.9323/0.9304

8.99x10°° 7.96 9.59 0.58 -6.58 0.0052/0.0045/0.0051 0.9273/0.9441/0.9301

12.59x10°° 7.75 9.58 0.54 -6.51 0.0063/0.0043/0.0049 0.9111/0.9793/0.9525

1 1.28 0.29

“Standard uncertainties (u) are u(T)=0.10 K, u(urea)=2 mmol-kg_1 and u(p)=10 kPa (level of confidence=0.68). Relative standard uncertain-

ties (u,) are u,(cmc/cmc®)=+3%, u,(g)=+3%, u,(f)=%3%, u,(f*/f"/f*)=+4% and u,(£**/," /£ =+4%
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respectively, in the mixed system. Again, £’ and £, are the activ-
ity coefficients of CTAB & SDS in the mixed micelles.

During ideal mixing, ie., in case of no net interaction, f;*=
£R=1, Clints equation takes the form as follows [49]:

a o
LA, % @)
emc® cmey cmc,

Any deviation of the experimentally determined cmic values of the
mixtures from the ideal cmc (cmc™) indicates the mutual interac-
tion between the surfactants. When the deviation is positive, cmc’<

cme, interaction is of antagonistic nature and negative variance,
cmc“>cm, revealing the synergistic interaction. In this study; the
experimental values of cic were obtained to be lower than crmc*
(Tables 1-3), which indicates synergistic interactions between the
studied amphiphile. The significant reduction in cmc is due to en-
hanced hydrophobicity (interaction between the amphiphiles, SDS
and CTAB). The increased electrostatic stabilization of the mixed
micelle reduces hydrophilicity. Both combined effects mentioned
above reduce HLB (hydrophile-lipophile balance) value signifi-
cantly for amphiphile mixture. The magnificence of cmc of the

Table 3. The physico-chemical parameters such as critical micelle concentration (cmc), ideal values of critical micelle concentration (cmd™),
degree of dissociation (g), interaction parameter (), and activity coefficients (f; and f,) for (SDS+CTAB) mixed systems in aqueous
solution of 700 mmol-kg ' urea at various temperatures and concentrations and pressure p=0.1 MPa*

cmce

cmc®

o, (CTAB) — g Yij fRubygM jgRod fRubygM jghod
(mmol-kg™)

T=303.15K

0 8.60 0.51

0.90x107° 8.37 8.59 0.55 -6.01 0.0032/0.0071/0.0068 0.9966/0.9837/0.9842

3.60x107° 7.98 8.59 0.56 -5.88 0.0052/0.0066/0.0065 0.9821/0.9705/0.9712

8.99x10°° 7.42 8.58 0.51 ~5.97 0.0073/0.0058/0.0061 0.9504/0.9749/0.9709

12.59%107° 721 8.57 0.49 -5.92 0.0087/0.0052/0.0058 0.9366/0.9983/0.9933

1 0.99 028

T=308.15K

0 8.84 0.52

0.90x10°° 8.52 8.83 0.56 —-6.42 0.0023/0.0067/0.0062 0.9941/0.9743/0.9752

3.60x107° 8.16 8.82 0.58 —-6.01 0.0048/0.0061/0.0059 0.9799/0.9671/0.9685

8.99x10°° 7.58 8.81 0.55 —-6.08 0.0068/0.0053/0.0055 0.9469/0.9767/0.9714

12.59x10°° 7.32 8.81 0.53 —-6.08 0.0081/0.0049/0.0053 0.9296/0.9825/0.9908

1 1.05 0.29

T=313.15K

0 8.96 0.52

0.90x107° 8.70 8.95 0.55 -6.19 0.0027/0.0069/0.0064 0.9961/0.9809/0.9816

3.60x107° 8.28 8.94 0.61 -6.03 0.0046/0.0062/0.0061 0.9803/0.9653/0.9661

8.99x107° 7.87 8.93 0.55 -5.83 0.0075/0.0056/0.0058 0.9592/0.9894/0.9853

12.59x10°° 7.56 8.93 0.54 —-5.93 0.0083/0.0052/0.0056 0.9396/0.9834/0.9951

1 1.11 0.29

T=318.15K

0 945 0.52

0.90x10° 8.98 9.44 0.56 —6.88 0.0017/0.0068/0.0064 0.9893/0.9599/0.9606

3.60x10°° 8.55 943 0.62 —-6.41 0.0038/0.0062/0.0061 0.9706/0.9447/0.9454

8.99x10°° 8.11 9.42 0.58 -6.12 0.0066/0.0055/0.0057 0.9471/0.9659/0.9616

12.59%107° 7.82 9.41 0.56 -6.14 0.0076/0.0051/0.0055 0.9291/0.9874/0.9742

1 117 0.30

T=323.15K

0 9.77 0.53

0.90x107° 931 9.76 0.57 -6.84 0.0017/0.0076/0.0072 0.9902/0.9613/0.9619

3.60x107° 8.95 9.75 0.62 -6.23 0.0041/0.0071/0.0068 0.9764/0.9508/0.9517

8.99x10°° 8.53 9.75 0.59 -5.95 0.0071/0.0063/0.0065 0.9558/0.9655/0.9631

12.59x10°° 8.21 9.74 0.57 —-6.01 0.0079/0.0059/0.0063 0.9373/0.9764/0.9671

1 1.25 0.31

“Standard uncertainties (u) are u(T)=0.10 K, u(urea)=2 mmol-kg ' and u(p)=10 kPa (level of confidence=0.68). Relative standard uncertain-

ties (u,) are u,(cmc/cmc®)=+3%, u,(g)=+3%, u,(f)==3%, u (ERC/EMERN = +49% and u (ER4/EMER) =+ 4%
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mixed systems is higher in NH,CONH, medium, which further
increases with the increase of the concentration of urea.
2. Degree of Counterion Dissociation (g)

Changes of slopes were observed in the specific conductivity
versus concentration of surfactant plots for pure and mixed amphi-
philic systems. The degree of counterion dissociation (g) was eval-
uated utilizing the relationship g=S,/S,, where S, and S, are the
slopes in pre-micellar and post-micellar regions, respectively [40,
50,51]. Tables 1-3 show the values of degree of counterion dissoci-
ation (g) for individual surfactants as well as their mixture in H,0
and NH,CONH, medium at different temperatures. Literature sur-
veys revealed the quantitative estimation of g value conductomet-
rically, e.g., Buckingham and co-workers [52] which were well
assured by Kale et al. [53] and also by Bandhopadhyay and Mou-
lik [54] who determined g value utilizing ion-selective membrane
electrode. Therefore, alike crmc, value of counterion dissociation (g)
also depends on experimental condition [55]. The value of g is a
significant factor in micelles stability [56] and also in the evolu-
tion and synergism of spherical- to rod-like micelle structures [57].
Tables 1-3 illustrate that degree of counterion dissociation (g) en-
hances with the increment of the temperature in almost all cases,
and so micellar growth decreases, which is in good agreement with
the literature [58,59]. In the current study, we observed that the
value of g decreased up to a certain concentration of CTAB and
then increased again in aqueous medium, while value of g in-
creased to a certain concentration of CTAB and then decreased
again in the presence of urea (Tables 1-3). In presence of urea the
value of g increases which confirms that the urea molecules replace
water molecules from hydrated polar head portions (Tables 2-3).
The mass of NH,CONH, molecules is larger compared to H,0
molecules, so the presence of urea decreases the electrostatic attrac-
tion of the counterions at the surface of the micelles. So counter-
ion binding at the surface of the micelles is reduced.

3. Micellar Mole Fraction of the Mixtures Water/Urea Medium

Clints model neglects the interaction amid the constituents pres-
ent in the mixed micelle. According to this model, the compo-
nents are non-interacting and do not influence the micellization of
other components. Taking all of the points under consideration,
Holland and Rubingh proposed a model for non-ideal mixed sys-
tems [60]. Micellar composition of the mixtures can be estimated
by solving the subsequent equation iteratively:

XN In[( e emel X cme,)]

(l—X}f“b)zln[( 1- al)cmc/(l—XIf“h)cmcz]

=1 3)

where X is the micellar mole fraction of CTAB in the mixed
system, and cmc,, cmc, & cmc are the experimentally determined
values of crmc of CTAB, SDS and their mixed system, respectively.
The values of X} were further utilized to get the value of interac-
tion parameter (/) from the following equation:

Rub
_In(cmeay/eme X )
Rub\2

(I_Xl )

@)

The non-ideal behavior of the mixed micelle can be estimated from
the value of interaction parameter, . Negative values of £ indicate
synergistic interaction, whereas positive values indicate antagonis-

tic interaction. When the value of interaction parameter £ becomes
zero, then there is no interaction between the components that
means ideal mixing of the amphiphiles. To compare the value ob-
tained from the Rubingh method, the earlier result was further
treated by Motomuras theory [61]. Motomura considers the disso-
ciation of the component and micellization takes place under ther-
modynamic view of point. According to this model, micellar mole
fraction can be calculated from the following equation:

v (@alme)(0Tmel0w),
1

X

= 5

: 1 Vi Vaa ®
Vi, V2t Vy g0

where 1/, indicates that component 1 (CTAB) dissociates into a-

ions plus c-ions and 1 ; implies component 2 (SDS) dissociate into

b-ions plus d-ions (where ¢ in addition to d-ions represent the

counterparts of the corresponding constituent). Where

cme=(v,aq+ v,a,)cmc, and ©6)

— Vi .

o=—— (i=1,2) @)
Vot v,a,

Here «; and v; stand for the bulk mole fraction and amount of the
ions produced by i constituent respectively. & is the Kronecker
delta having magnitude 1 (for similar counterions) and 0 (for unlike
counterions).

The results were then additionally studied utilizing a different
model suggested by Rodenas [62], which is derived from Langes
model [63]. The micellar mole fraction of amphiphiles can be cal-
culated from the known value of cmc of the mixture at different
stoichiometric mole fraction by utilizing the following reaction:

dIncmc

Rod
X, =—(1-o)
1 1 1 dal

+a ®

The micellar mole fraction in ideal state (X*%) of CTAB in the mixed
systems can be executed utilizing the subsequent Eq. (9):

id_ oy cme,

X ©)

' ayeme, + apeme,

The values of micellar mole fraction of CTAB, XX, X X®? and
X were estimated by all proposed model mentioned above. X,
XM XF and X are noticeably more than respective ¢, of CTAB
in all cases studied (Table 4). Herein, the values of X, X, XFed
and X’ of CTAB-SDS mixed systems increase with the increase of
CTAB (Table 4). The values of X always increase with the rise of
@, of CTAB in water as well as in urea (Table 4). The value of X
is always less than X XM and X which indicates the attractive
interaction between the amphiphiles in the mixed micelle. These
values (X XM and X do not show any regular trend with
temperature (Table 4). The addition of urea in a solution of CTAB
and SDS mixture, the X, XM as well as X' values were found
to be low comparative to aqueous solution. The reason for the
wake of this behavior is owing to the growth in the repulsions
among the surfactant (CTAB)-surfactant (SDS) head groups. As a
result, interaction amid constituents reduces in presence of urea
and is accountable for the increase in the cmic as well as reducing
the X XM as well as X values (Table 4).

Korean J. Chem. Eng.(Vol. 35, No. 11)
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4. Interaction Parameter (f)

The type and measure of interaction between the surfactants
existing in the mixed system is determined by means of interac-
tion parameter (/). The negative magnificence of £ reveals the syn-
ergistic interaction amid the components, while a positive value of
f indicates repulsive interaction. Higher the magnitude of the A
higher is the interaction between the components. For ideal mix-
ing of the components the value of £ becomes zero. More nega-
tive value of f means higher potency of the interaction [50]. The
value of £ is negative for cationic-anionic surfactant systems as a
result of (i) attractive interaction amid the oppositely charged head
groups of ionic surfactants, (i) hydrophobic interaction amid the
tail of the surfactants. The £ is more negative in absence of urea
than that in presence of urea (Tables 1-3), which indicates stron-
ger attractive interaction between the amphiphiles in aqueous me-
dium. With the addition of NH,CONH, the electrostatic attraction
amid the oppositely charged head groups reduces as NH,CONH,
interacts in the hydrophobic moiety and decrease hydrophobic
interaction. Thus the value of cmc increases in urea and the fvalue
decreases. In this study, the f values are always negative at all o,
profiled in Tables 1-3, suggesting that the formation of mixed
micelle is owing to the synergistic interaction between both con-
stituents. These values are in fine harmony with the literatures
accounted by Molla et al. [50]. Synergism in the mixed micelliza-
tion attains if cmc of the mixed systems is less than that of individ-
ual surfactants along with it is validated by subsequent two con-
ditions [8]: (a) 3 found to be negative and (b) |5|>|In(cmc,/cmc,)|.
In our study, the first condition mentioned above is satisfied. Thus,
it is suitable to say the term “attraction interaction” in spite of “syn-
ergism” for the entire studied systems.

5. Activity Coefficients

The activity coefficients ((f* (CTAB) and £ (SDS)) of the
mixed micelle systems can evaluated using the value of X{*” and
by means of Egs. (10) and (11):

£’ =exp{B(1-X{")’} (10)
£ =exp{ BX{)} 63))

Motomura and Rodenas models were also utilized to compute the
activity coefficients (f; and f,) [64]:

fi=(aycmc)/ X{emc,) (12)
£,=(1— &y)emc/(1— X )cmc, (13)

X% is XM for Motomura and X for Rodenas model.

The values of activity coefficients give an idea about degree of
involvement of each component in the solution mixture. The exe-
cuted values of £, £ and £* for component 1, CTAB and £
£ and £ for component 2, SDS for the SDS+CTAB mixed sys-
tems are viewed in Tables 1-3. The values of f; and f, were attained
to be below 1 (Tables 1-3), which indicates the attractive interac-
tion amid the components. The adding of activity coefficient val-
ues (f; (CTAB) and £, (SDS)) was found to be less than unity, which
reveals the existence of attractive interaction among the studied
constituents in absence/presence of NH,CONH,. The activity
coefficients of CTAB (f;) are much less than that of SDS (f,). The
lesser values of activity coefficient (f;) for CTAB indicate that

CTAB is far away from its standard state in the mixed micelles.
Whereas the high values of activity coefficients for SDS signifies
that SDS in the mixed micelles are very close to their standard
state (Tables 1-3). This behavior is well accounted by Joshi et al.
[65]. The values of activity coefficient (%, £ and £*%) in aque-
ous medium are comparatively lower than in the attendance of
urea, which signifies that non-ideal behavior of CTAB is reduced
in urea.
6. Thermodynamic Parameters of Micellization

The thermodynamic parameters of pure SDS, CTAB and their
mixtures in absence/attendance of urea were obtained according
to mas action model [50,66,67]. The Gibbs energy of micellization
(AG,,), can be evaluated utilizing the following equation:

AG=(2-g) RTIn(X,,,) (14)

where X, R, g and T are the mole fractional of cic, molar gas
constant, degree of counter ion dissociation and temperature in
Kelvin, respectively. The phenomenon of micellization is one of
the main significant features of amphiphile system from theoreti-
cal as well as practical purposes, and therefore it is important to be
aware of their mechanism (the dynamic force for formation of
micelle). An obvious perspective of the phenomena of micelliza-
tion is essential for rational justification of the outcomes of struc-
tural as well as environmental issues on the cric value, furthermore
for forecasting the outcomes on it of new structural and environ-
mental deviations. The evaluation of thermodynamic parameters
of micellization such as Gibbs energy, enthalpy, and entropy has
played a significant role in developing such a perspective. The
thermodynamics process to explain the micellization phenomena
was earliest suggested by Tanford [68]. Tanford stated that the sum
of the Gibbs energies of reactants (surfactant monomers) should
be equivalent to the sum of the Gibbs energies of product (micelles).
They describe the micellization phenomenon merely based on
information concerning the molecular features of materials and
circumstances, for instance, temperature, amphiphile concentra-
tion, as well as ionic strength.

The standard enthalpy (AH,) as well as standard entropy (AS;,)
was estimated by utilizing the following relations:

dInX
AHquf(zfg)RTZI: - "”“]

T (15)

AS’ =(AH? —AGY)/T (16)

In our current study, the executed values of Gibbs energy of
micellization (AG),) were found to be negative both for pure and
mixed surfactant systems in absence/presence of urea (Table 5),
implying that both pure and mixed micellization processes are
spontaneous at all temperatures. The value of AG;, is more nega-
tive at high concentration of CTAB, which indicates that mixed
micellization process is more spontaneous at higher ¢; of CTAB.
No significant impact of temperature on the value of AG,, for
SDS-CTAB mixed systems in absence/presence of urea was ob-
served (Table 5). The values of AG,, in case of pure SDS and CTAB
are in fine conformity with literature [38,39,69]. The negative value
of AG), for pure SDS is reduced in urea solution compared to the
aqueous medium, which further decreased with the rise of con-

Korean J. Chem. Eng.(Vol. 35, No. 11)
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centration of urea and that means the micellization of SDS in urea
solution is less spontaneous (Table 5). The negative value of AG),
for pure CTAB is higher in urea solution, which indicates the
micellization of CTAB in urea is more spontaneous than aqueous
medium. In almost all cases, for SDS-CTAB mixed systems the
negative value of AG,, is reduced in urea at all o; of CTAB mean-
ing less spontaneity of micellization.

For pure SDS, the AH), values in aqueous medium were found
to be positive at lower temperature (endothermic up to tempera-
ture 308.15K) and the sign of AHj, values changed from positive
to negative on increasing temperatures from 308.15K to 313.5K
(exothermic at 313.15K and above), which increased with the
increase of temperature. On the other hand, the values of AHY, for
pure CTAB were found to be negative at all temperatures studied
and enhanced with the rise of the temperature, suggesting the
micellization process is more exothermic at higher temperatures,
and a similar result was reported by Molla et al. [50]. The AH,
values for SDS-CTAB mixed system were found to be positive at
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lower temperatures and then negative at higher temperatures (Table
5). The negative AHj, values signify considerable London-Disper-
sion forces during micellization process [70], whereas positive val-
ues reveal the rupturing iceberg structure of waters in the hydro-
phobic moiety of the amphiphile molecules.

Again the AHj, values for pure SDS, CTAB and their mixed
system in urea solution are negative and enhanced with the rise of
temperature, which suggests that micellization for pure and mixed
systems was exothermic and the exothermic behavior was domi-
nant, which is good agreement with the literature [50].

The AS;, values for micellization of pure SDS and SDS-CTAB
mixture both in absence and presence of urea were positive at all
mole fractions of CTAB and temperatures (Table 5), except that
the AS), values for micellization of CTAB were negative in 300
mmol-kg ' urea solution (Table 5). The AS), values for pure SDS
and SDS-CTAB mixed systems decreased in almost all cases with
the rise of temperature. The magnitude of AS;, did not follow any
specific trend with mole fraction of ¢; (CTAB). The AH), and AS),
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values revealed that the micellization of pure SDS in water was
totally entropy directed at inferior temperatures, while that becomes
together enthalpy and entropy directed at upper temperatures. The
micellization of pure CTAB in water was both enthalpy and entropy
subjugated phenomenon over the range of temperature studied.
For the SDS-CTAB mixtures, same behavior was obtained as in
the case of pure SDS. For pure SDS and SDS-CTAB mixtures in
presence of urea (both 300 and 700 mmol-kg ") as well as pure CTAB
in 700 mmol-kg ' urea, the micellization was totally enthalpy con-
trolled over the range of temperatures studied. Thus the interac-
tions between pure amphiphiles and their mixtures were hydro-
phobic in addition to exothermic. In some cases the exothermic
contribution was dominant in presence of urea. The large positive
value was due to the staving of iceberg structure of water around
the hydrophobic moiety of amphiphilic monomer followed by the
enhanced randomness in the micelles core [71].

There are different probable interactions among the existing
components in the solution; thus complete execution of thermo-
dynamic parameters associated with micellization was not possi-
ble as different factors, e.g., charges, polarity, hydrophobicity etc.,
were associated with them, which is the cause of large uncertainty
in the values. Because the technique used (conductivity) in the pres-
ent study, it was not possible to consider the effect of different fac-
tors e.g., polarity, charges, hydrophobicity etc. associated with them
to evaluate thermodynamic parameters. From this method we
could not evaluate the exact value of various thermodynamic param-
eters, hence, evaluating the value of the current system is not com-
parable with values determined by other techniques such as the
calorimetric method. Although Ren et al. [72-74] evaluated the
thermodynamic parameters by new model, our thermodynamic
results are not comparable with models applied by Ren et al. [72-
74] probably due to above stated reason.

7. Excess Free Energy

Excess free energy of micellization (AG,,) was used to measure
the non-ideal behavior of the mixed micelle due to interaction
among the studied amphiphiles [50,75-78]. The magnificence of
AG,, was estimated envisaging different employed models (Rub-
ingh's (AGR*), Motomuras (AG2), as well as Rodenass (AG™) for
SDS-CTAB mixed systems in absence/presence of NH,CONH,
are presented in Fig. 4. The executed values of AG,, on the basis of
different proposed model were negative, which enhanced with
augment of ¢y of CTAB, which indicates that mixed micelles
formed were extra stable than the stability of micelle of distinct
surfactant, and stability of the mixed micelle was enhanced with
the increase of the mole fraction of CTAB. In this current study,
the negative value of AG,, was lower in urea solution compared to
urea free solution, which suggests that the mixed micelle forma-
tion is more stable in aqueous medium compared to in presence
of urea (Fig. 4).

CONCLUSION
We investigated the mixed micellization behavior between anionic
surfactant SDS and cationic surfactant CTAB conductometrically
in absence and presence of different concentrations of urea from

303.15K-323.15K. The obtained result provides the subsequent
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facts:

o The obtained crmc values for (SDS+CTAB) mixed micelle sys-
tems are smaller than ideal cmc (cmc™) and the values of cmc
increases in presence of urea.

« Micellar mole fraction (X, X}, and X**) values of CTAB
are noticeably higher than stoichiometric mole fraction (¢), sug-
gesting strong participation of CTAB in the mixed micelles. Again,
all X,>X suggest the non-ideality of the mixed systems.

o Negative value of the interaction parameter (/) of the real
binary mixture is a strong indication of attractive interaction be-
tween the studied amphiphilic components, SDS and CTAB.

o Activity coefficients for both components (f; (component 1,
CTAB) and £, (component 2, SDS)) were less than unity, which
signifies the attractive interaction between the involved constitu-
ents.

« The negative magnitudes of AG), illustrate that the micelliza-
tion is a spontaneous phenomenon, while the negative values of
excess free energy (AG,,) suggest the high stability of mixed micelle
formed as compared to individual ones.

o In case of all mixed systems, the values of standard entropy
change (AS),) are positive with high magnitude demonstrating the
all systems are entropy dominated. Again, both positive and nega-
tive values of (AH),) in the absence/presence of urea indicate the
both hydrophobic and electrostatic interactions among the com-
ponents present in the mixture.
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LIST OF ABBREVIATIONS

Abbreviation
SDS :sodium dodecyl sulfate
CTAB:: cetyltrimethylammonium bromide
cmc  :critical micelle concentration
cmc :ideal critical micelle concentrations
: degree of counterion dissociation
X : micellar mole fraction according to Rubingh model
X" :micellar mole fraction according to Motomura model
X : micellar mole fraction according to Rodenas model
X :ideal micellar mole fraction
f  :interaction parameter
AG), :standard free energy change of micellization
AH), :standard enthalpy change of micellization
AS,, :standard entropy change of micellization
AG,, :excess free energy of micellization

R activity coefficient of the component according to Rubingh
model

' :activity coefficient of the component according to Motomura
model

%7 activity coefficient of the component according to Rodenas
model
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X : micellar mole fraction of CTAB according to Rubingh model

X{"  :micellar mole fraction of CTAB according to Motomura
model

X : micellar mole fraction of CTAB according to Rodenas model

oy :mole fractions of CTAB
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