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Conductance measurement was performed for mixtures of sodium octylsulfate (SOS) with sodium salt of ibuprofen (IBF) at 25 °C both
in absence and presence of sodium chloride. The experimental critical micelle concentration (CMC) values indicate non-ideal behaviour
with synergism. Mutual interaction parameter (Bm) and composition (Xsos) in the mixed micelle were calculated using Rubingh’s model.
The attractive interaction between the components in the mixed micelle decreases with increase in the NaCl concentration. The calculated
micellar mole fraction values indicate predominance of the mixed micelle with SOS. The slope ratio method was used to calculate the
counterion binding constant for both the pure and mixed systems. The Corrin—Harkins equation was found to be inapplicable to the systems
studied. The Gibbs free energy of micellization (AG°mic) was also calculated and the values indicate the formation of stable micelles. The
addition of NaCl was observed to thermodynamically enhance the micellization process.
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INTRODUCTION

Most therapeutic drug molecules are hydrophobic, leading
to poor solubility in agueous media and low bioavailability,
which has driven the search for better solubilization strategies
[1-3]. Surfactants, due to their amphiphilic nature, form micelles
that enhance the solubilization and stability of hydrophobic
drugs, improve their bioavailability and reduce interactions
with inactivating agents. Their ability to self-assemble into
micelles makes them valuable components in drug-delivery
systems [4,5].

Self-assembled structures formed by amphiphilic mole-
cules have been extensively explored as potential drug delivery
systems. For example, Akter et al. [6] investigated the effects
of short-chain alcohols and urea on the aggregation behaviour
of tetradecyltrimethylammonium bromide (TTAB) with the
antidiabetic drug metformin hydrochloride, while Hasan et al.
[7] examined the phase separation and thermodynamics in
metformin—Triton X-100 mixtures in ammonium salt media.
Joy et al. [8] reported the influence of short-chain alcohols and
urea on dodecyltrimethylammonium bromide—cefixime tri-
hydrate systems, whereas Aktar et al. [9] studied the tempera-
ture and salt/alcohol effects on TTAB/Triton X-100 interactions
with moxifloxacin hydrochloride. Khan et al. [10] analyzed

sodium salt effects on the clouding behaviour and thermo-
dynamic nature of Tween-80 in the presence of neomycin
sulfate.

Mixed micellar systems are nanoscale assemblies formed
by combining two or more surfactants, often with lipids, which
enhance the solubility of poorly water-soluble drugs. They
improve drug delivery by increasing stability, bioavailability,
and controlled release, making them widely used in pharma-
ceutical formulations. Cunningham et al. [11] demonstrated that
incorporating lipids as co-surfactants in cholic acid-based
block copolymer micelles enhanced siRNA loading and deli-
very efficiency. Zhang et al. [12] prepared soy phospholipid—
sodium glycocholate mixed micelles and observed improved
solubility, encapsulation efficiency, stability and anticancer
activity of lenvatinib. Uchiyama et al. [13] reported enhanced
solubilization of rebamipide in mixed micelles of transglyco-
sylated stevia with trimethylammonium chlorides of varying
chain lengths. Srivastava et al. [14] showed that mixed mic-
elles of anionic sodium deoxycholate/sodium cholate with
nonionic transglycosylated stevia improved the binding and
solubilization of ethenzamide and ibuprofen.

Further studies have highlighted the potential of drug—
surfactant mixed micelles are self-assembled nanostructures
composed of amphiphilic molecules that encapsulate hydro-

This is an open access journal, and articles are distributed under the terms of the Attribution 4.0 International (CC BY 4.0) License. This
license lets others distribute, remix, tweak, and build upon your work, even commercially, as long as they credit the author for the original
creation. You must give appropriate credit, provide a link to the license, and indicate if changes were made.


https://orcid.org/0009-0007-8264-625X

Vol. 37, No. 12 (2025)

Micellization of Sodium Octylsulfate with Sodium Salt of Ibuprofen in Aqueous Sodium Chloride 3037

phobic drugs within their core. These micellar systems enhance
aqueous solubility, protect labile drugs from degradation and
can modulate pharmacokinetics, thereby offering a versatile
platform for improved drug delivery and therapeutic efficacy.
Srivastava et al. [15] prepared nanosized mixed micelles of
diphenhydramine hydrochloride with sodium deoxycholate
and transglycosylated stevia, observing enhanced solubility
and release of ethenzamide. Weng et al. [16] found that mixed
micelles of sodium dodecyl sarcosine with Tween 20 or Tween
60 significantly improved the solubility of bisdemethoxycur-
cumin, with the SDS—Tween 60 system showing superior per-
formance. Kumar et al. [17] demonstrated that mixed micelles
of chlorpheniramine maleate with SDS or sodium dioctylsulfo-
succinate enhanced encapsulation of poorly soluble ibuprofen.
Lalthlengliani etal. [18] reported solubilization of phenothiazine
drugs in Triton X-100 micelles modified with various cationic
and anionic surfactants. Srivastava et al. [19] further showed that
diphenhydramine hydrochloride and cetirizine hydrochloride
improved the micellization of sodium dodecyl-benzenesul-
fonate and enhanced the solubility of itraconazole. Kumar et al.
[20] used tartrazine—cetyltrimethylammonium bromide mixed
micelles to improve the binding and encapsulation of cetirizine
hydrochloride and chlorpheniramine maleate. Jannu et al. [21]
developed lithocholic-acid-tryptophan conjugate-based mixed
micelles for niclosamide delivery and demonstrated enhanced
anticancer efficacy against prostate cancer.

Collectively, these studies underscore the extensive inte-
rest in the surfactant—drug micellization systems. However,
despite this progress, investigations into the influence of added
electrolytes on the drug—surfactant interactions remain limited.
In this context, the present work examines the effect of NaCl
concentration on the micellization behaviour of sodium octyl
sulfate (SOS) in the presence of sodium ibuprofen (IBF), a
widely used non-steroidal anti-inflammatory drug, using cond-
uctometric analysis.

EXPERIMENTAL

The anionic surfactant, sodium octylsulfate (SOS, purity >
99%) and drug, ibuprofen (IBF, purity > 98%) were purchased
from Sigma-Aldrich, India and used without further purifica-
tion. Sodium chloride (NaCl, purity > 99.9%) was purchased
from Sisco Research Laboratories, India. Double distilled water
with specific conductance less than 3 uS cm was used for
making all the solutions. A binary mixed solution of SOS and
IBF of a particular composition was prepared by mixing
required volumes of SOS and IBF solutions in water/aqueous
NaCl solution depending on the requirement. Small volumes
of these concentrated solutions were progressively added to a
known volume of aqueous NaCl solution taken in a glass vessel.
The conductance of the resultant solution after thorough mix-
ing was measured using a digital conductivity meter (Model
306, Systronics, India) and a dip type conductivity cell with
cell constant of 1.0 cm™. The temperature of the solution in
glass vessel was maintained at 25 °C by using a thermostated
water bath. The CMC was determined from the break point
in the specific conductance versus concentration plot.

RESULTS AND DISCUSSION

The plots of specific conductance (k) values versus total
concentration (C) at different NaCl concentrations for SOS +
IBF binary mixed systems are shown in Fig. 1. CMC values
were determined from the break points of these plots and are
given in Table-1. The CMC values for the pure SOS and IBF
in water was found to be 130.10 and 178.45 mM, respectively
and are comparable to those previously reported works [22,23].
The CMC of both pure and binary mixed systems decreases
with increase of NaCl concentration. The CMC of an ideal
binary mixed surfactant system (Crmix) is related to the bulk com-
position (o)) and CMC of the individual components (C) and
(Cy) by the Clint’s equation [24]:

TABLE-1
VALUES OF CMC, Xsos, fsos, fise, Bc AND AG°mic FOR SOS + IBF MIXED SYSTEMS
0s0s [NaCl] (mM) CMC (mM) Xs0s fsos/fisr Bc (Bavg) AGmic (kd/mol)
0 178.45 0.31 (0.28) -18.21
0 10 157.27 0.29 -18.61
20 137.20 0.29 -19.05
40 115.97 0.24 -19.58
0 137.20 0.362 0.73/0.90 0.33 (0.31) -19.49
0.25 10 125.50 0.352 0.76/0.92 0.32 -19.78
20 112.70 0.349 0.83/0.95 0.30 -20.13
40 100.81 0.331 0.90/0.98 0.28 -20.49
0] 127.95 0.559 0.88/0.81 0.33 (0.31) -19.72
0.50 10 119.60 0.560 0.92/0.87 0.31 -19.94
20 104.89 0.572 0.94/0.89 0.32 -20.36
40 94.81 0.574 0.98/0.96 0.30 -20.69
0 120.59 0.736 0.94/0.64 0.35 (0.33) -20.21
0.75 10 114.26 0.757 0.97/0.75 0.35 -20.39
’ 20 100.58 0.783 0.99/0.84 0.30 -20.81
40 87.71 0.787 0.99/0.89 0.31 -21.26
0 130.10 0.37 (0.35) 2026
1.00 10 116.62 0.36 -20.63
20 97.62 0.35 -21.22
40 84.35 0.32 -21.71
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Fig. 1. Plots of specific conductance (k) values against concentration (C) at different NaCl concentrations for SOS + IBF mixed systems
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For a non-ideal binary mixed surfactant system, the relat-
ionship can be expressed as follows:

B @
Cmix flcl fZCZ
a,C .
f_ — 1 mix 3
R ©

where x;, fiand C;in egn. 3 refer to the micellar mole fraction,
activity coefficient in the mixed micelle and CMC of the it"
component, respectively. When the activity coefficients are

equal to unity (fi = f, =1), eqn. 2 reduces to the Clint’s
equation.

Plots of experimental CMC values along with the ideal
CMC values calculated using eqgn. 1 for SOS + IBF binary
mixed systems are shown in Fig. 2. The experimental CMC
values of the studied binary mixtures are found to be less than
the ideal CMC values indicating synergism. However, on
increasing NaCl concentration the experimental CMC values
become closer and closer to the ideal CMC values indicating
decrease in the degree of synergism.

Mixed micelle composition from Rubingh’s method:
The non-ideality in the mixed micelle due to the mutual inter-
action of surfactant components has been described theoretic-
cally by Rubingh [25,26]. The relation between the mutual
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Fig. 2. Plots of experimental and ideal CMC values against the mole fraction of SOS in the bulk solution for SOS + IBF mixed systems

interaction parameter (Bm) in the mixed micelle responsible
for non-ideality and the activity coefficient is given by:

B, = Inf, _Inf,
v (1_ X; )2 X12

Substituting for the activity coefficients in egn. 4, we get
the expression:

(4)

2y %4Cmix _
X1 |n =1=mix _
1¥1
For a particular bulk composition of the mixture, o,
value of mixed micelle composition x; was computed from

2 n (1_ OLl)Cmix

A=) e,

®)

eqn. 5 by using an iterative method. The ideal mixed micelle
composition has been calculated using egn. 6:

a,C,

id _
o,C, +a,C,

X (6)

The x; and x;'¥ values so obtained at different NaCl
concentrations are shown as Xsos and Xsos in Fig. 3. It is
observed that the mixed micelle is enriched with SOS, the
component with lower CMC value and this enrichment with
SOS increases with increase in NaCl concentration for the
mixtures with bulk composition asos = 0.5 and 0.75. Thus
added NaCl pushes more and more SOS surfactant compo-
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nent into the mixed micelle. However, for the mixture with
asos = 0.25 the enrichment with SOS decreases with increase
in NaCl concentration. The values of the activity coefficient
f; at different NaCl concentrations were calculated using egn. 3
after substituting x; values which were computed employing
eqn. 5. The fi values so obtained are listed in Table-1 as fsos
and fige. Activity coefficient is a measure of the effect and
contribution of an individual surfactant component in the
mixed micelle. In the mixed systems studied, the activity
coefficient of the components increases with increase of the
NaCl concentration.

The values of the mutual interaction parameter By were
calculated using eqgn. 4 and are presented in Fig. 4. A positive
Bm value indicates repulsive interaction between the compo-
nents, while a negative Bw indicates attraction. In water, the
Bwm values are negative indicating attractive interaction between
the components. On increasing NaCl concentration, it is obser-
ved that the Bwm value increases indicating that the attractive
interaction between the components decreases which is an
opposite trend to that observed for sodium dodecylsulfate
(SDS) + sodium dioctylsulfosuccinate (AOT) mixed systems
[27].

Counterion binding constant: Counterion binding con-
stant values of both pure and mixed surfactant systems can be
determined using the slope ratio method and Corrin-Harkins
(CH) equation [28]. In the slope ratio method, the counterion
binding constant, Bc, is calculated using the relation:

S
=1-=2 7
e =1 ™
where S;and S are the slopes in the pre and post micellar
regions in the plots of the specific conductance (k) vs. total

function of the NaCl concentration for SOS + IBF mixed systems

surfactant concentration (C). The B¢ values (Table-1) for the
mixed micelles are comparable to those of the pure micelles
indicating that the surface charge density in the mixed mice-
lles is comparable to that of the pure micelles. In general, the
Bc values decrease with increase in NaCl concentration.

The Corrin—Harkins (CH) equation can be written as:

INCMC = A, — B, INCMC +C,) (8)

where Ce is the added NaCl concentration; Bcw is the counter-
ion binding constant; A; is a constant related to the standard
free energy of micellization.

The CH plots using egn. 8 for SOS + IBF binary mixed
systems are shown in Fig. 5. The CH plot is a linear plot with
negative slope and the slope corresponds to the counterion
binding constant. However, in the present SOS + IBF binary
mixed systems linearity with negative slope is not observed
in the CH plots. Therefore, CH equation is not applicable in the
present binary mixed system and counterion binding constant
value could not be determined. The non-applicability of CH
equation is due to very high value of CMC compared to that
of Ce. Similar observations were made in micellizaton of
sodium dioctylsulfosuccinate (AOT) as well as sodium
dodecylsulfate (SDS) in water + ethylene glycol mixtures
[29,30].

Gibbs free energy of micellization: The standard Gibbs
free energy of micellization per mole of surfactant, AG®nic,
for ionic surfactant systems is given by the relation [31]:

AG,, = (L+B)RTINX e ©)

mic
where, R is the gas constant (8.314 J K-* mol ), T is absolute
temperature, Xcmc is the CMC in the mole fraction unit and
B is the counterion binding constant. Using the experimental
CMC and average value of counterion binding constant (B avg),
the AG%ic values for the studied pure and binary mixed systems
were calculated using egn. 9. The calculated AG°nyic values
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Fig. 5. Corrin-Harkins (CH) plots for SOS + IBF mixed systems
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