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A potentiometric technique based on surfactant ion selective electrode has been used for various cationic and
anionic surfactants. The data obtained contain m1 (surfactant monomer concentration); m2 (free counterion
concentration) and � (degree of dissociation of micelle) were used for determination of aggregation number at
and above cmc (critical micelle concentration). Data fitting show a relationship between aggregation number
with such parameters. The correlation equation obtained shows that size of ionic micelle vary sharply after
cmc. Also, the equation obtained shows size of micelle growth with increase in counterion concentration.
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INTRODUCTION

It is well known that the surfactants associate at and above the critical micelle concentra-
tion (cmc). This association is one way of avoiding the entropically unfavorable contact
between water and the hydrophobic part of surfactant while retaining the aqueous
hydrophilic part contact. The self-association is strongly cooperative and starts generally
with the formation of roughly spherical micelles around cmc [1–5].
Typically the micelles have a closely spherical shape in a rather wide concentration

range above the cmc. Often there is no great change in shape until the surfactant
solubility limit, where liquid crystalline phases normally separate out.
Micellar aggregation number (Ng) is one of the important characteristics of

surfactant solution at above cmc. This parameter has classically been determined by
several methods: light-scattering [6,7], sedimentation rates in the ultracentrifuge [8,9],
NMR self-diffusion coefficient [10], small-angle neutron scattering (SANS) [11–13],
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freezing point and vapor pressure methods [14] are the most common methods that have
been used to calculate aggregation number. The size and dispersity of micelles are
sensitive to many internal (hydrophobic structure, head group type, etc.) and external
(temperature, pressure, pH, electrolyte content, etc.) factors.
Recently, a potentiometric technique and use of a surfactant ion selective electrode

[15–17] has led to the determination of the monomer concentration of surfactant
(m1) and free counterion concentration (m2). The present authors have been utilizing
this method to investigate the behavior of surfactant in different solutions. We develop
an explicit expression for the aggregation number based on emf data from surfactant
ion selective electrode and predicts effect of factors on aggregation number (Ng), and
then we compare the results with other data reported earlier.

EXPERIMENTS

Dodecyltrimethyl ammonium bromide (DOTAB), tetradecyltrimethyl ammonium
bromide (TTAB) and hexadecyltrimethyl ammonium bromide (HTAB) from Aldrich–
Chemie (stated purity>99%); sodium tetradecyl sulfate (>98%) from Cambrian
Chemicals Ltd.; sodium bromide (>99%) from Merck and were used as received. All
of the solutions were made in double distilled water. The surfactant selective electrodes
are constructed using a method which has been described previously [18,19]. The
monomer surfactant activities and free counterion activities in various solutions can be
obtained from emf measurements according to the following cell:

Surfactant
ion-selective
electrode

Test solution
containing amount

of NaBr

������
������
Electrode reversible
to Na or Br ion

In all experiments the temperature was controlled to within � 0.1�C by circulating
thermostated water through the jacketed glass cell, and the sample solution was
continuously stirred using a magnetic stirrer. The concentration of sodium bromide
as backing electrolyte was kept constant as the concentration of surfactant was
varied during each experiment. The experiments have been repeated under different
conditions, such as different temperatures and different electrolyte concentrations.

RESULTS AND DISCUSSION

Electrode Data

There are different ways in which the data can be used to determine the potential of
the system. At surfactant concentration below the cmc the surfactant was dissociated
completely; therefore, the logarithm of concentration of surfactant against the emf
gives a Nernstian slope obviously the potential of electrode should be measured relative
to the reference electrode. In this system three different electrochemical cells can
be defined. According to Nernst’s equation the following formula can be written for
different electrode potentials:

Esur ¼ E
�
sur þ

RT

F
ln asur ð1Þ
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ENaþ ¼ E �
Naþ þ

RT

F
ln aNaþ ð2Þ

EBr� ¼ E�
Br� �

RT

F
ln aBr� ð3Þ

where asur, aNaþ and aBr� are activities of surfactant ion, Na
þ and Br�, respectively.

The potential of each electrode depends upon the logarithm of the activity of the
species. In this way cells without liquid junction were constructed which can respond
to three ionic species namely the surfactant monomer ion (m1), free counterion (m2)
and third ion (co-ion) which comes from the backing electrolyte.
I. The first type of electrochemical cell can be considered between surfactant elec-

trode and the sodium electrode for cationic or the bromide electrode for anionic
surfactants as a reference electrode (Fig. 1). The activity coefficient for an ionic
species measures the deviation from the ideal behavior resulting mainly from
interionic interaction of an electrostatic nature. Because of this it is reasonable
assume that two ions of the same sign and magnitude of charge will have nearly activity
coefficients [20]. If this is true, then

�Naþ ¼ �surþ or �Br� ¼ �sur� ð4Þ

and with this assumption the monomer concentration of surfactant ion can be
determined below and above the cmc using the Eqs. (5)–(7):

ECellðIÞ ¼ Esur � Eco-ion ð5Þ

ECellðIÞ ¼ E
�
sur=co-ion þ

2:303RT

F
log

m1� sur
mco-ion�co-ion

� �
ð6Þ

ECellðIÞ ¼ E
�
sur=co-ion þ

2:303RT

F
log

m1

mco-ion

� �
ð7Þ

At a constant co-ion concentration, which applies for this experiment, this assumption
leads immediately to:

EcellðIÞ ¼ E
�
sur=co-ion þ ð2:303RT=F Þ logm1 ð8Þ

II. A least-mean square method was used for determination of the slope 2.303RT/F
and intercept E�

sur/co-ion for each set of data. The potential of the second cell would be
the relative potential between counterion electrode and the membrane electrode
(see Fig. 2):

EcellðIIÞ ¼ Esur � Ecounterion ð9Þ

EcellðIIÞ ¼ E
�
sur=counterion þ ð2:303RT=F Þ logðasuracounterionÞ ð10Þ
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Again in Eq. (10) the assumption is made that the cancelled activity coefficient is used,
(when the concentration is increased because of electrostatic force between ions this
assumption cannot be valid) so that Eq. (10) becomes

EcellðIIÞ ¼ E
�
sur=counterion þ ð2:303RT=F Þ logð�2�m1m2Þ ð11Þ

FIGURE 1 Plot of emf(I) versus log(Ct) typically for (a) HTAB (b) STS; in aqueous solution and 303K.

230 A.A. RAFATI et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
9
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



Since the surfactant is dissociated completely into ions below the cmc [21], the plot of
the emf(II) against logð�2�m1m2Þ obeys Nernstian behavior and the slope of the line is
equal to (þ2.303RT/F) and the intercept is E �

sur=counterion.The estimation of surfactant
monomer ion concentration, m1, and free counterion concentration, m2 requires
knowledge of the activity coefficient of surfactant ion and counterion in the presence

FIGURE 2 Plot of emf(II) versus 1/2log(m1m2) typically for (a) HTAB (b) STS; in aqueous solution
and 303K.
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of multivalent micellar ions. Free concentration (m2) is calculated from Eq. (11). Since
m1 is known from cell(I), Eq. (8), m2 can first be calculated from the above mentioned
equation by assuming that log �� ¼ 0, then:

EcellðIIÞ ¼ E
�
sur=counterion þ ð2:303RT=F Þ logðm1m2Þ ð12Þ

Now the calculated m2 is used to estimate I and

I ¼ 1=2ðm1 þm2 þ CSÞ ð13Þ

where I is ionic strength and CS is salt concentration.
In the present work the mean activity coefficient, ��, was estimated using Debye–

Hückel theory. Once log �� is determined, then it is replaced in Eq. (11). From this
m2 is repeated until the values of log �� and m2 are constant.

Aggregation Number

For a series of ionic surfactant with identical head group and different alkyl chain
length, the following empirical relation between cmc and Nh (the number of carbon
in hydrocarbon chain) was obeyed:

log cmc ¼ A� BNh ð14Þ

where A and B are constants. On the other hand, the aggregation number, Ng, of
surfactant related to Nh by the following equation [22]:

logNg ¼ A
0 � B0Nh ð15Þ

where A0 and B0 are constants. Combining Eq. (14) with (15) yields Huisman’s equation
[23] in terms of the molecular weight, MW, of the surfactant monomer as follows:

logNg ¼ a� b logðcmcÞ � logðMWÞ ð16Þ

where a and b are constants. Fitting data at a fixed temperature for a homologous series
of alkyltrimethyl ammonium bromide (CnTAB) yields a¼ 3.74 and b¼ 0.262. Similarly
for a series of n-alkyl sodium sulfates (CnSO4Na) these constants are 3.41 and 0.387,
respectively. Also, it has been known that the cmc is related to the counterion concen-
tration by Corrin’s equation [24] (see Fig. 3):

logðcmcÞ ¼ a0 � b0 logm2 ð17Þ

where a0 and b0 are constants. In the other hand, Hall [25] has shown that above the
cmc, the following relation is valid:

logðcmcÞ ¼ a0 � � logm2 ð18Þ
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FIGURE 3 Plot of Corrin’s equation (Eq. (17)) for (a) STS; (b) DOTAB; (c) TTAB; (d) HTAB at 303K.
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with b0 identified as the degree of counterion attachment to micelle, �. This equation
is written with assumption that above the cmc, the free monomer concentration, m1 is
constant and equal to cmc.
In the electrochemical studies, it has been show that m1 above the cmc decreases with

increasing total concentration of surfactant (see Fig. 4) [26–28]. By replacing cmc with

FIGURE 3 Continued.
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the free monomer concentration, m1, one finds

logðm1Þ ¼ a
0 � b0 logm2 ð19Þ

Based on mass balance equation, the concentration of free counterion may be written as:

m2 ¼ m1 þ �ðCt �m1Þ þ CS ð20Þ

where � is the degree of dissociation of counterion. Substituting this equation into
Eq. (19), yields:

logm1 ¼ a
0 � b0 log½m1 þ �ðCt �m1Þ þ CS
 ð21Þ

Combining Eqs. (16) and (21) (replacing cmc with m1 at concentration above cmc)
gives:

logðNgÞ ¼ a� bfa
0 � b0 log½m1 þ �ðCt �m1Þ þ CS
g � logðMWÞ ð22Þ

or

Ng ¼ �ð�Ct þ �m1 þ CSÞ
�

ð23Þ

where

� ¼ ð1=MWÞ10ða�a
0bÞ ð24Þ

and

� ¼ bb0 ð25Þ

FIGURE 4 Variation of free surfactant concentration (m1) with total surfactant concentration (Ct) after
cmc, typically for HTAB at 303K.
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From data fitting for a series of n-alkyltrimethyl ammonium bromides and sodium
tetradecyl sulfate, the values of � and � have been evaluated and are listed in Table I.
Figure 5 shows a plot of Ng versus total concentration of surfactant above cmc.

These graph represent that micelles growth with increasing of surfactant concentra-
tion and this assumption cannot be true that micelles have a fixed size. In the
other hand, aggregation number of ionic surfactant extremely depends to ionic
strength, i.e. concentration of counterion. Figure 6 shows the variation of logNg
with logm2 for DOTAB at T¼ 303K, typically. The above equations provide a
description of the size of micelles and correlate the aggregation number (Ng) to
different parameters such as total concentration of surfactant, concentration of coun-
terion and alkyl chain length of surfactant. Since m1 can be measured after cmc in
potentiometric technique, such measurements are accurate and free of any assumption
and approximation.
By determination of aggregation number of surfactant in different conditions, we will

be able to determine some thermodynamic parameters of micellization such as �G�,
�H� and �S�.

FIGURE 5 Plot of aggregation number calculated from Eq. (23) versus total surfactant concentration (Ct)
after cmc, (g) DOTAB (f) TTAB (m) HTAB (^) STS; at 303K.

TABLE I Fitting parameters of aggregation number for a series of cationic and an anionic
surfactant

Constant a b a0 b0 � �

Surfactant
DOTAB 3.74 0.262 � 3.4572 0.8989 0.2355 143.46
TTAB 3.74 0.262 � 3.7302 0.7522 0.1971 155.04
HTAB 3.74 0.262 � 4.0993 0.3535 0.0926 178.8
STS 3.41 0.387 � 3.7002 0.3807 0.1473 241.08
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FIGURE 6 Plot of log (Ng) calculated from Eq. (23) versus logarithm of free counterion concentration after
cmc; typically for DOTAB at 303K.

FIGURE 5 Continued.
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CONCLUSION

Semiempircal equation (Eq. (23)) describe that ionic surfactants with a single long alkyl
chain show aggregation numbers of less than 100 in aqueous solutions containing low
or moderate concentration of electrolyte. At high electrolyte concentration, Ng increase
sharply with surfactant concentration. In the other hand, micellar aggregation numbers
of ionic surfactant should increase with increase in the counterion concentration,
presumably because of compression of the electrical double layer surrounding
the ionic heads. The resulting reduction of their mutual replusion in the micelle permits
closer packing of the head groups, with a consequent increase in Ng. In agreement
with the geometric considerations, aggregation numbers in aqueous solution increase
with increase in the binding of the counterions to the micelle.
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