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Temperature Dependant Micellization of AOT in Aqueous 
Medium: Effect of the Nature of Counterions 

Amitabha Chakraborty, Subrata Chakraborty, and Swapan K. Saha 
Department of Chemistry, Unil'ersitv (I{ North Bengal, Darjeeling. India 

The lithium, potassium, and ammonium salts of his (2-ethylbexyl) sulphosuccinic acid have 
been prepared from the sodium salt (AOT} by applying ion-exchange technique. The critical 
micellization concentrations (erne) of the surfactants with four different counterions have 
been determined at a temperature range of lO"C to 40"C using surface tension as well as elec
trical conductivity measurements. Observed data have been utilized to evaluate the ionization 
degret> (counter ion association constant),a:, and ~·arious thermodynamic parameters of micel
lization viz, free energy, enthalpy, entropy changes of micelle formation, and also the surface 
parameters (r,m.., Amon) in aqueous media. The value of cmc decreases with hydrated ionic size 
of the counter ion<> fexcept K+) and follows the order NH,t > Na+ > u+ > K+. While large 
negative free energy change (AG!:,) and the positive entropy change (AS!:,) favor the micelliza
tion process thermodynamically, ru:tture of their \•ariation with counterion supports the invol
vement of counterion size factor in miceJii:wtion process via a change in the bydrophilicity of 
surfactant head group. 

Keywords Critical micelle concentmtion, counter ion, thennodynamic pammeters, aerosoi-OT 

1 INTRODUCTION 
Self-aggregation of amphiphiles in water forming micelles 

or bilayers (viz. vesicles) is an important phenomenon in 
view of its relevance in biology and industry. 11 ·21 In recent tech
nological developments, such phenomena as emulsification, 
foaming, detergency. etc. are highly important, and are depen
dent on the stability of the micelles. l31 One of the most import
ant parameters of self-assembly of amphiphiles, the critical 
micellization concentration (cmc), has been determined by 
numerous researchers using different techniques_l.10

-
19

·
21 

•
26' 

A survey of literature shows that the studies of the effect of 
the nature of counterion on self-assembly of cationic smfac
tants in aqueous media are quite heavy, while similar studies 
on anionic surfactants are not large in number. As the surface 
of a micelle possesses an array of charged head groups, for 
example - OS03 groups in AOT, the attraction experienced 
by a single counterion, for example Na +, near this surface is 
greater than that when near an isolated surfactant anion. As a 
result, the degree of dissociation of surfactants is much lower 
in the micelle than for monomers in solution. In cationic 
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surfactants the nature of counterions display dramatic effects 
on various physicochemical properties such as micellar 
growth. viscoelasticity, and shear-thickenings behavior.!4

•
51 

On the other hand, counterion effect is apparently not much 
dramatic in the case of anionic surfactants. There is a little vari
ation in the value of erne of dodecyl sulfate when a counterion 
varies within different alkaline metals viz. from lithium to 
cesium ion. f&J Even when the monovalant alkali metals coun
terion are replaced by divalent ions such as Mg+2 , co+2• 

Cd+2 the effect is not very strong. In these cases the erne 
(expressed in moles per liter) values decreases by a factor 2 
and there is an increase in miceller aggregation number. 17•81 

Therefore, very accurate measurement of erne as a function 
of counterion variation is necessary for quantification of the 
forces involved in the above phenomena. 

The thermodynamic quantities of micellization like the 
Gibbs free energy ilG:;,, the enthalpy .:lH:;, or the entmpy 
~S~ can be derived from either the direct measurement of 
the enthalpy by microcalorimetry116- 191 or from the studies 
of the temperature dependence of critical cmcs_l 6•

10
·
1 

L
201 The 

availability of these parameters at various temperatures can 
give rise to the valuable insight into the principles, which 
govern the formation and stability of micelles. The formation 
of micelles was always found to be connected with a large, 
negative change in ~G~,. which suggests that the aggregation 
process is thermodynamically favored and spon
taneous_iiO.IL211 The major driving forces for micelle 
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formmion are hydrophobic interactions of amphiphiles. Near 
room temperature that lead to a large gain of entropy when 
water molecules in the hydration shells around the hydrophobic 
parts of the monomeri~.: amphiphiles are released during the 
micellization process. At elevated temperature. however, the 
increase in entropy cannot account for the iarge il.G~, 
value.l26

•
28

·
291 For many hydrophobic compounds 6-S~ 

approaches zero at higher temperatures and it becomes 
negative at temperatures above l30°C. 1n this case the ~H~, 
contribute the major portion to uG~,. which should become 
large and negative in order to compensate for the change in 
uS~,. There are a few studies covering a border temperature 
range. which may confirm the idea of enthalpy-emropy com
pensation.!-' l-JSJ 

Aerosol-OTis a well-known and versatile anionic surfactant 
having two hydrophobic tails. The typical molecular structure 
of AOT may be responsible for its ability to form microemul
sion and showing rich phase behavior. We present in this work 
some studies with a series of surfactants derived from AOT 
(the sodium salt of the diester) by varying the counterions. 
Thus a series of alkali metal ions, viz. Lr", Na ", K+, and the 
NHT are investigated. Note that the erne. along with other ther
modynamic parameters related with miceHization of the5e sur
factants, have not yet been reported in the literature. Our aim, 
therefore, is to determine the erne with high accuracy within a 
temperature range of l0°C to 40°C of AOT surfactants having 
different counter cations in aqueous medium and to calculate 
different thermodynamic parameters of micellization. viz. 
changes in standard Gibbs free energy {~G?n), standard 
enthalpy ( ~H~,), standard entropy (6-S~,), maximum surface 
excess concentration (rmax). and the minimum areas per 
molecule (Amin) at the surface in order to examine the effect 
of ionic sizes on the micellization. 

2 EXPERIMENTAl 

2.1 Materials 
The ion exchange technique of Eastoe et al. 1221 and the 

extended work of Temsamani et al.1231 have been applied for 
the preparation of anhydrous AOT having different c:ounlerions 
as described below. 

A 10 gm sample of high purity grade AOT (>99% from 
Fluka, Switzerland) was dissolve in 20 ml of a 1:1 (v jv) 
mixture of water and ethanoL The solution was passed (2-3 
drops) through a column (40 em x 2 sq. em) of a strong ion 
exchanger in the H+ form slowly (Amberlite IR-120, 20-50 
mesh. Loba Cheme, India). The resin was put in the acid 
fom1 by using a large excess of a 0.20 M aqueous hydrochloric 
acid solution and washed with water until the complete 
removal of the excess acid takes place. The free sulphonic 
acid formed on passing the AOT (Na + salt) through the resin 
was immediately neutralized with an aqueous solution of the 
hydroxides of the desired counterion (viz. K+, Li+, NHt). 
All the hydroxides of high purity were procurred from 

Across Chern. Belgium. The solvent water was then removed 
fast by freeze drying and then keeping under vacuum (bath 
temperature 40''C) for several days, and the waxy solid was 
finally dried in vacuum over P20 5 . This material contains 
residual water, which was finally removed by the action of 
P20 5 (from Loba Cheme, India) on a solution of surfactant in 
isooctane (:::99.5% from Merck. India). Ail surfactants were 
obtained as waxy solid. The extent of Na+ /H+ ion exchange 
step was optimized by examining H+ content of the 
AOT-H+ solution by titration with NaOH, and the overall 
yield of cation exchange was found in >99%. 

2.2 Methods 
The erne can be obtained as a break in the plot of the 

surface tension ( y) against the logarithmic value of the surfac
tant concentration C and also (ii) by plotting conductance A 
against the concentration of the surfactanL The surface 
tension experiments were done by measuring the surface 
ten,;ion of different surfactant solutions by platinum ring 
detachment method using a Tensiometer (K9. KRlJSS; 
Gennany), at different temperatures. Temperature w·as rn;:;in
tained circulating autothennostated water through a 
double-wall vessel containing the ~olution. The 
state at the required temperature was checked by raking a 
nnmber of measurements after 15-minute intervals until no sig
nificant change occurred. Similar studies were also done condu
tomellically by using an electrical conductivity bridge (Mettler 
Toledo, Switzerland). Each measurement was repeated several 
times at each temperature in the range of 10 to 40'C. 

3 RESUlTS AND DISCUSSION 

3.1 Critical Micelle Concentration 
Chemical structure of the anionic part of AOT, that is, bis 

(2-ethylhexyl) sulphosuccinate, is shown in Figure l. The 
typical experimental curves are obtained in both cases and 
the cmc values determined by surface tension as well as by 
conductance measurements are in well agreement with one 
another. Figures 2 and 3 illustrate the type of plots obtained 
in surface tension and conductance measurements respectively. 
The results are recorded in Table 1. 

Examination of Table l reveals that for a particular type of 
surfactant at low temperature (below 30"C) the erne values 
follow the order NH1 > Naf > Li 1 > K +. At high 

FIG. I. Molecular structure of his (2-ethylhexyl) sulfosuccinate: Anionic 
part of AOT. 
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FIG. 2. Surface tension, y, of AOT (sodium salt) in aqueous solution as a 
function of the logarithm of the 'urfactant concentration (M) at !S'C. 20'"C, 
2:'-i't:. 

temperature (above 50"C) AOT micelles are rather insensitive 
to temperature variation. It seems apparent that the size of 
hydrated counterion is important; bigger the .size of counterion, 
that is, ]ow is its accessibility toward the head group, greater is 
the chance for micellization at lower concentration. The 
hydration number derived from the corrected ionic radii of 
above four ions are given belowi39l 

H is well known that hydrophobic property of the tail and the 
hydrophilic property of the head group of a .surfactant molecule 
are together responsible in forming micelles in water. lt, 
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FlG. 3. Conductance, A, of AOT lsodium salt) in aqt~eous solution as a 
function of the surfactant concentration (M) at IYC, 20"C. 25"C. 

TABLE l 
Temperature dependence of cmc, maximum surface excess 

concentration <Cnax), and minimum areas per molecule (Am1n) 

of different AOT surfactants 

Counter 
ions of 
different 
AOT 
surfactants 

Na" 

NHi 

Temp/ 
''C 

lO 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
15 
40 
lO 
15 
20 
25 
30 
35 
40 

cmc" mol 
dm-~ x 103 

::us (3,40) 
2,98 (3.15) 
2.82 (2.90) 
2.66 {2.63) 
2.40 (2.37) 
2.24 (2,]9) 
2.39 (2.23) 
3.55 (3.53) 
3.16 (3.20) 
2.88 (2.77) 
2.63 (2.40) 
2.24 (2.20) 
2.37(2.26) 
2.80 (2.69) 
2.97 (3.1!) 
2.90 (3.01) 
2.82 (2.90) 
2.70 (2.62) 
2.44 (2.35) 
2.42(232) 

3.87 (3.85) 
331 (3.20) 
3.09 (3.!2) 
2.70 (2.65) 
2.59 (2.52) 
2.65 (2.60) 
2.82 (2.75) 

r maxfmol 
cm-2 x 108 

1.63 
1.60 
1.59 
\.59 
1.56 
1.61 
1.60 
1.42 
1.45 
1.49 
!.57 
1.76 
1.70 
1.71 
1.84 
2.01 
2.22 
2.25 
2.30 
2.44 

1.56 
1.58 
1.45 
1.55 
1.80 
1.72 
1.76 

Am in/ 
nm2 x 102 

1.02 
1.04 
L04 
1.44 
1.06 
!.03 
\.05 
il7 
l.l4 
.ll 

106 
0,94 
0,98 
0.97 
0.90 
0.83 
0.75 
0.74 
0.72 
0.68 

1.06 
!.05 
1.14 
1.07 
0.92 
0.96 
0.94 

"The values in the parenthesis represent nne determined by conduc
tivity method. 

therefore. is not surpnsmg that as the hydrocarbon chain 
length is increased, micelles are formed at lower concen
trations due to increased hydrophobicity of the hydrocarbon 
tail.!M.)I Similarly it is quite obvious that as the hydrated ionic 
size is increased from NH;t to Na +, erne value is decreased 
due to increasing hydrophilicity. The K+, however, give anom
alous result due to its strong tendency for ion pair fotmation. 
The erne of surfactants shows a characteristic temperature 
dependence with a shallow minimum around 25-35"C as 
shown in Figure 4. In case of K-AOT the erne can not be deter
mined at 40''C due to the ve•-y low solubility of the particular 
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FIG. 4. Variation of erne with temperature of AOT having dilferem counter 
cation (\iz. Na+. Li+ K+, NH;t;. 

surfactant at that temperature, which may be hardly sufficient 
to make micelle. The decrease in the erne with temperature 
at. lower temperatures is possibly due to the hydration of the 
monomers. while. further temperature increase causes a disrup
tion of the structured water around the hydrophobic groups that 
opposes micellizalion. The temperature and cmc curve can be 
expressed according to the polynomial equation: 

ln cmc(T) =a- bT2 + cT3
- dT4 +...... [l] 

Our results also follow the temperature dependency, given 
by La Mesa, in his empirical equation of cmc: 1371 

(cmc- cmc*)jcmc* = I(T- T*)/T*\"~, [2J 

where erne* is the minimal value of erne and T* the temperature 
at the minimum withy= L74 ± 0.03. The exponent y has no 
obvious physical meaning. The position of the minimum has 
thermodynamic significance also. The minimum in cmc rep
resents minimum in free energy of micellization (Table 3). 

3.2 Thermodynamic Parameters 
The temperature dependence of the erne of AOT smiactants 

having different counterion have been investigated to obtain 
the corresponding thermodynamic parameters of micellization. 
On the basis of the mass action or phase separation model,1361 

the standard free energy of micelle formation per mole of 
monomer of nonionic surfactants is simply: 

[3J 

where Xcmc is the value of cmc expressed in mole fraction. But 
in case of ionic surfactant the situation is somehow different 
due to the counterion dissociation and nG:;, should nopt be 

TABLE 2 
Hydration number of ions derived from cmTected 

ionic radii 

Ion 

NH;i 
K+ 
Na+ 
Li+ 

Hydration number 

4.6 
c 1 
J.J 

6.5 
7.4 

equivalent only to D.G!;,. The Standard Gibbs free energy of 
micellization (.lG~,) then may be expressed by the re!ation: 161 

D.G~ = (2- a)RTlnXcmc 

The ionization degree or counterionic association constant 
a= p/n. of the micelle. where p and n are the effective 
charge and the aggregation number of the mice He respectively, 
can be determined from the ratio of the slope of the two liner 
fragments of conductivity concentration curve above and 
below cmc. 161 The values of .lG:;. calculated for each surfactant 
in different temperatures are used to calculate the entropy of 
the same system. Similar arguments allow the standard 
enthalpy (.lH:~) and entropy (ns:~) of micellization to be 
obtained from simple equations: 

~H~, = -(2-a)RT1(iHnXcmc/<H)p (5] 

[6] 

All thermodynamic properties calculated for the micellization 
of AOT (having different counterions) in various temperatures 
are listed in Table 3. From these data it is obvious that the 
micellization process is spontaneous as indicated by the large 
negative values of .lG~~- The magnitude and the signs of 
~G:;. and .lS~ suggest the stability of the micelle which also 
may support the destruction of hydrophobic hydration in the 
process of micelle f01mation. The variation of all standard ther
modynamical parameters with different counterions at a certain 
temperature can also be explained by the size along with the 
hydration of the counterion as stated earlier in case of erne. 
At a particular temperature, for example, at 20"C, AOT with 
Na+ ion has the largest D.H~,. 25.4 kJ/mol while with K+ ion 
the least !H~, indicates the lowest hydration of K+ during 
micellization though the cmc values are almost similar for all 
AOT with different counterions. Like erne, the D.G~ and 
aH~ also are dependent on temperature and the profile 
passes through minima for the surfactant containing each coun
terion type. The experimental ~G~ and nH:;. values can also be 
satisfactorily fitted with the polynomials as described by Majhi 
et ai.1J 81 

!l.G~ = a' + b'T + c'T2 + d'T3 + ..... . 

nH;;, = a" + b''T + c"T2 + d"T3 + ..... . 

[7] 

[8] 
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TABLE 3 
Different thennodynamic parameters (viz. changes in standard 

Gibbs free energy, 8G;;,, standard enthalpy, 8H;;,, standard 
entropy. 8S~,) of micellization 

Counter 
ions of 
different 
AOT 
surfactants 

NHt 

Temp/ 
cc 

10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
lO 
15 
20 
25 
30 
35 
40 

-AG~/ 
(kJ mol- 1) 

29.0 
35.1 
36.3 
34.9 
32.8 
34.3 
32.1 
44.4 
37.2 
37.0 
32.l 
33.5 
33.6 
34.2 
29.2 
32.4 
34.1 
31.3 
29.2 
32.3 
35.0 
33.0 
32.0 
32.5 
30.9 
34.1 
33.2 

-AH~/ ilS~/ 
(kJ mol- 1

) (J mol- 1) 

09.9 63.4 
12.1 80.0 
12.6 80.9 
12.3 76.0 
ll.6 69.9 
12.3 71.5 
12.0 73.3 
23.5 73.8 
25.3 41.3 
25.4 39.7 
22.1 33.3 
23.1 34.1 
23.8 32.0 
24.3 34.4 
5.7 83.4 
6.4 90.5 
6.8 93.2 
6.3 84.0 
5.9 76.8 
6.7 s:u 

16.5 61.3 
15.6 56.9 
14.3 50.2 
15.9 56.6 
15.8 52.0 
16.0 50.0 
16.3 53.5 

A close look on the thermodynamic parameters (Table 3) 
support the v.iew that in order to form micelle the gain in 
entropy is the major factor leading to negative change in 
Gibbs free energy126

-
311 when the temperature is not very 

high. The maximum surface excess concentration (f max) and 
minimum areas per molecule (Am;n) in the aqueous/air inter
face is calculated by using the following relations:[24

•
251 

1 ( -ay) 
f max = 2.303n' RT a In C [9] 

Amin = 1/(Nf), [!OJ 

where y is the surface tension, N is the Avogadro number, C 
and n' are the concentration and number particles per 
molecule of the surfactant. Since the AOT surfactants behave 

like a uni-univaJent electrolyte m aqueous solution at the 
concentration less than Cine, the value of n' has been taken as 
:2 in all cases. Generally for the ionic surfactants Cnax values 
slightly decreases with temperature. But in the case of 
present AOT surfactants \Vith four different counterions, the 
change of r mm. is rather complex. Unlike Li+, an increase in 
rmax with temperature is observed for all the other three coun
terions. This may be due to the effect of lower hydration of the 
sulfosuccinate of AOT at higher temperature and, an increasing 
tendency to move to the air-liquid interface. The typical double 
chain "cone! ike molecular structure'' also may be partially 
responsible for this result. The moderate increase in the effec
tiveness of adsorption \'lith temperature is due to increased 
thermal motion. and Amin display an inverse trend with temp
erature, as expected. At a particular temperature f max• 

however, shows anomalous behavior as the counterion of the 
surfactant changes. It may be attributed to lhe enhanced hydro
phobicity of the anionic part of the smfactant molecules. 
Lithium ion, however, shows some different behavior, which 
may be due its smaller size and larger hydration number of 
the ion. 
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Abstract Different tetraalkylammonium, viz. W(CH3) 4 , 

N+(C2H 5)4, N+(C3H 7) 4 , N+(C4H9)4 along with simple 
ammonium salts of his (2-ethylhexyl) sulfosuccinic acid 
have been prepared by ion-exchange technique. The critical 
micelle concentration of surfactants with varied counterions 
have been determined by measuring surface tension and 
conductivity within the temperature range 283-313 K. 
Counterion ionization constant, a, and thermodynamic 
parameters for micellization process viz., 8G~,, tJf~, and 
As;! and also the surface parameters, fmax and Amim in 
aqueous solution have been determined. Large negative 
8G?,,of micellization for all the above counterions supports 
the spontaneity of micellization. The value of standard free 
energy, A~,, for different counterions iollowed the order 
N+(CH3)4 > NH;t > Na+ > N+(C2Hs)4 > N+(C3H7)4 > N+ 
( C4H9 )4 , at a given temperature. This result can be well 
explained in terms of bulkiness and nature of hydration of 
the counte1ion together with hydrophobic and electrostatic 
interactions. 
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Introduction 

The colligative properties of surfactants do not vary in a 
simple way with concentration due to self assembly of 
amphiphiles forming micelles or vesicles [ l]. The fom1ation 
of an ionic micelle from monomeric ions results a balance 
between hydrophobic interactions between the hydrophobic 
part of the micelle-fom1ing ions, electrostatic interactions 
between their hydrophilic charged parts, as well as with and 
between the counterions. In addition, the changes in 
hydration energies and specific interactions with counter
ions may also be important [2-6]. The strength and 
importance of these various interactions depend upon 
externally controllable factors, such as temperature and 
ionic strength on the properties of the particular ions 
involved. Moreover, the structure of the resulting micelle, 
in particular, its aggregation number, n. its shape, and the 
compactness of its electrical double layer show some kind 
of dependency [5]. Even the molecular conformation of 
some dim eric surfactants (known as Gemini surfactants) 
affects the miceUization to a large extent [6]. Obviously, the 
actually existing micelles correspond to the lowest free
energy state of the system. Thus, the knowledge of critical 
micelle concentration (erne) and thermodynamic quantities 
of micellization like Gibbs free energy 8~,, the enthalpy 
LVf,!,, or the entropy 8S,:, at various temperatures have 
utmost importance from the view point of formation and 
stability of micelles. 

A survey of phase diagram of ionic surfactants, in 
aqueous and in the presence of a cosolvent such as a long
chain alcohol, has demonstrated clearly that the valency of 
the counterion plays an important role in determining phase 
stability as well as the aggregation shape [7, 8]. It was 
shown that the swelling tendency of a lamellar interface is 
reduced considerably with a divalent counterion as com-

'f) Springer 



pared to a monovalent one, which was explained in terms 
of a more extensive binding of the divalent counterions to 
the polar head groups of the surfactant lamellae. A 
substantial amount of work has already been carried· out on 
the binding of monovalent counterions to micelle [4, 9, 10] 
for single tail anionic surfactant like dodecyl sulfate. The 
study of the effect of counterions eliminates some of the 
complications by leaving the properties of the amphiphilic 
ion as a constant factor and, thus, simplifies some of the 
interpretation of the experimental results. But, it often leads 
to complications connected with limited stability and 
preparative difficulties of the surfactant containing different 
counterions. Compared to cationic surfactants, the counter
ionic effect in micellization is less dramatic in anionic 
surfactants. However, when compared with Na + counterions, 
polyvalent ions usually markedly reduces the erne [J l] by 
seveml order of magnitude and lead the formation of large 
micelles that may be confirmed from the increase in micellar 
aggregation number [1 0, 12]. In aqueous solution, the 
micelles are known to be charged due to a fraction, a, of 
their counterion dissociates into the aqueous pseudophase. 
The value of a for a given pure surfactant is important 
because both the physical (13, !4] and chemical [15] 
properties of the micelle are influenced by surface charges. 

Aerosoi-OT (AOT, Sodium bis-(2-ethyl-1-hexyl) sulfo
succinate), having two hydrophobic tails, is an important 
anionic surfactant in the field of surface chemistry as well 
as in industry due to its rich phase behavior and the ability 
to form microemulsion [16]. This work is a part of a 
program to study the erne and thermodynamic parameters 
of bis-(2-ethyl-1-hexyl) sulfosuccinate micelle within a 
wide range of temperature as the counterion is systemati
cally made more bulky and hydrophobic. There are some 
evidences [4-6, l OJ that the counterions exhibit mainly 
electrostatic interaction or, no chemical interaction is to be 
expected on the structural grounds. Therefore, it is the 
system where the cmc differences are rather small and the 
effect of ionic size and of physical adsorption can be best 
investigated. Thus, we investigate a series of tetraalkylam
monium ion, such as N+(CH3)4 , N+(C2H5) 4, N\C3H7) 4 , 

N+(C4H9 ) 4 along with NHJ and Na+. It should be 
mentioned that the erne and thermodynamic parameters of 
the AOT having different tetraalkylammonium counterion 
have not yet been reported in the literature. Hence, our 
experimental goal is to determine the erne of AOT with 
different counterions within the temperature range of 283-
313 K and to determine the associated thermodynamic 
parameters of micellization, such as changes in standard 
Gibbs free energy (.1c:;,), standard enthalpy (Mi,~), 
standard entropy (.1S~), maximum surface excess concen
tration (fmax), and the minimum areas per molecule (Am;n) 
at the surface in order to examine the effect of counterionic 
sizes on the micellization. 
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Experimental section 

Materials 

Surfactants with the desired counterions were prepared by 
following the technique of Eastoe et al. (17] and the 
extended work of Temsamani et a!. [4, 18]. A high-grade 
purified sample of AOT (>99% from Fluka, Switzerland) 
was converted into the surfactants bearing different counter
ions by ion-exchange technique using a strong ion 
exchange resin (Amberlite IR-120, 20-50 mesh, Loba 
Cherne, India). The process is described below: 

A l 0-g sample of AOT was dissolved in 20 mL of a I: l 
(v/v) mixture of water and ethanol. The solution was passed 
through a column ( 40 em x 2 cm2

) of a strong ion exchanger 
in the H+ form slowly. The resin was put in the acid fonn 
by using a large excess of a 0.20 M aqueous hydrochloric 
acid solution and washed with water until the complete 
removal of the excess acid takes place. The free sulfonic 
acid formed on passing the AOT (Na + salt) through the 
resin was, then, immediately neutralized with an aqueous 
solution of the hydroxides of the desired counterions (viz. 
NHJ, N+(CH3)4, N+(C2Hs)4, N+(C3H7)4, N+(C4H9)4), All 
the hydroxides of high purity were procured from Across 
Chern., Belgium The solvent water was then removed 
fast by freeze drying and then keeping under vacuum 
(bath tempemture 313 K) for several days, and the waxy 
solid was finally dried in vacuum over P20 5 . These 
materials contain residual water, which were finally 
removed by the action of P20 5 (from Loba Cherne, India) 
on a solution of surfactant in isooctane (:0:: 99.5% from 
Merck, India). The extent of Na+/H+ ion exchange was 
optimized by controlling the flow rate of the solution; 
finally, H+ content of the AOT solution (acid fonn) was 
measured by titrating wfll standard NaOH. The extent of 
exchange was found to be more than 99%. Among all the 
ion-exchanged surfactants, tetrabutylammonium-AOT did 
not crystallize at room temperature even after keeping at 
low temperature for seveml months. It appeared as a highly 
viscous, colorless, semi-solid material. Doubly distilled 
water having conductivity of 2 i-!S em -J was used 
throughout experiment. 

Methods 

The erne values were detennined from the surface tension 
as well as specific conductance data. It is customary to 
plot the (l) surface tension y against the logarithmic 
value of the surfactant concentration C and the (2) 
conductance A against the concentration of the surfactant, 
where the break indicates the erne of a particular system. 
The surface tension experiments were done by platinum 
ring detachment method using a Tensiometer (K9, 
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Fig. l Surface tension. y, of AOT (Tetramethylammonium salt) in 
aqueous solution as a function of the logarithm of the surfactant 
concentration at 283, 293, and 303 K 

KRUSS; Gem1any) at different temperatures. The accu
racy of the measurement was within ±0.1 m Nm-1

• 

Temperature of the system was maintained by circulating 
auto-thermostated water through a double-wall glass vessel 
containing the solution. Similar studies were also done 
conductometiically by using an electrical conductivity 
bridge (METTLER TOLEDO, Switzerland). The conduc
tance values were uncertain within the limit of ±1 %. Each 
measurement was repeated several times at each tempera
ture in the ranges 283-313 K. Measurements were made at 
5 K intervals of temperatures. 

Fig. l Conductance, A, of AOT 
(Tetramenhylammonium salt) in 
aqueous solution as a function 
of the surfactant concentratio11 at 
283, 293, and 303 K 
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Results and discussion 

Critical micelle concentration 

The erne con-esponds to a concentration at which a very small 
but, often, clearly detectable concentration of the micelles 
exists. Typical experimental curves of salt-free systems are 
obtained in both surface tension and conductance measure
ments, and the cmc values determined for surfactant with 
each counterion are in close agreement with one another. The 
cmc ofNa-AOT is also in good agreement with the literature 
value [19, 38]. The sharpness of the "break-point" is an 
indication ofthe purity ofthe surtactant used. Figures 1 and 
2 are the representative plots obtained in the smface tension 
and conductivity measurements. Further results of surface 
tension experiments are presented in Table l. 

A c1itical examination of Table l shows that in all 
instances, the change of cmc with temperature is small. 
However, at a particular temperature, erne depends upon the 
nature of the counterion following the order N+(CH3)4 > 
NHt > Na+ > N+ (C2Hs)4 > N+ (C3H7)4 > N+(c!H9)4 

(at temperature range <298 H seems that the hydrody
namic size of the counterion plays an important role along 
with the hydrophobicity of tetraalkylammonium ions. 
Measurement of partial molar volumes [20, 2 J} and 
calculation of hydration of micelles [22] by previous 
workers indicated that there was little loss of hydration 
water for this system during micellization. Therefore, the 
tightly bound hydration shell would limit the distance of 
closest approach. It is well known that the increase of the 
number of carbon atoms of hydrocarbon tail of a surfactant 
allows micellization to occur at a lower concentration due 
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Table 1 Surface properties of AOT surfactants having different 
counterions (f) at various temperatures (T/K): erne. maximum surface 
excess concentration. minimum areas per molecule al the surface 

:f Tl erne" /(mol r max/mol Amin/. 

K dm-3 x 103) cm-2 x 108 nm2 x 102 

N ~' a· 283 3.55 (3.53) 1.42 1.17 
288 3.16 (3.20) 1.45 1.14 
293 2.88 (2.77) 1.49 1.11 

298 2.63 (2.40) 1.57 1.06 
303 2.24 (2.20) 1.76 0.94 
308 2.37 (2.26) 1.70 0.98 

NHf 
3l3 2.80 (2.69) 1.71 0.97 
283 3.87 (3.85) 1.56 1.06 
288 3.31 (3.20) !.58 1.05 
293 3.09 (3.12) 1.45 1.14 
298 2.70 (2.65) 1.55 1.07 
303 2.59 (2.52) 1.80 0.92 
308 2.65 (2.60) 1.72 0.96 
313 2.82 (2.75) 1.76 0.94 

(CH3)4N+ 283 4.76 (4.61) 1.68 0.99 
288 3.82 (4.10) 1.65 1.01 
293 3.24 (3.40) 1.53 1.08 
298 2.90 (2.90) 1.60 l.Q4 

303 2.05 (2.35) 1.80 0.92 
308 2.10 (2.20) 1.72 0.96 
313 2.26 (2.31) !.67 0.99 

(C2Hs)4N+ 283 1.88 (2.10) 1.44 us 
288 1.78 (2.00) 1.33 1.25 
293 2.95 (1.85) 1.46 1.14 
298 2.45 (2.50) 1.43 1.16 

303 2.31 (2.43) 1.76 0.94 
308 2.37 (2.50) 1.31 1.27 
313 2.56 (2.63) 1.41 1.12 

(C3H7)4N~ 283 1.18 ( 1.34) 1.67 0.99 
288 1.05 (1.20) 1.71 0.97 
293 0.93 (0.98) 1.85 0.89 
298 0.97 (0.95) 1.71 0.97 
303 0.92 (0.85) 1.77 0.94 
308 0.87 (0.90) 1.69 0.98 
313 0.74 (0.80) 1.93 0.86 

(C4H9}4N+ 283 1.04 (!.II) 1.32 1.26 
288 0.87 (0.91) 1.40 i.l8 
293 0.80 (0.83) 1.42 1.17 
298 0.77 (0.80) 1.63 1.02 
303 0.75 (0.78) 1.82 0.91 

•The values in the parenthesis represent cmc determined by 
conductivity method 
bValues are taken from [25] 

to increased hydrophobicity of the hydrocarbon tail [23]. 
But, the increased ionic size from N+(CH3)4 to W(C4H9) 4 

enhances the micellization tendency and eventually reduces 
the cmc. Here, the hydrocarbon exterior of the tetraalkyl 
ions undergoes hydrophobic interactions with the exposed 
hydrocarbon of the micelle surface and overcome steric 
hindrance. However, such a phenomenon is little or absent 
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in the set of counterions viz., N+(CH3) 4 , NHt and Na+. In 
the absence of any appreciable hydrophobic interaction, 
NH! and Na + ions interact with the micellar head groups 
more strongly than N+(CH3) 4 ions due to their smaller sizes 
(hydration number 4.6 and 6.5, respectively [25]). Eventu
aiiy, they lead to form micelle more readily via efficient 
charge screening than that of N\CH3) 4 ions, and the 
systems yield low erne values. But, in case of other 
tetraalkylammonium ions, as the bulkiness of the ion 
increases due to the presence of large alkyl groups, the 
hydrophobicity plays an important role causing increasingly 
micellization to occur at lower concentrations as has 
already been mentioned. 

Figure 3 shows that the cmc of the surfactants follows a 
characteristic temperature dependency and passes through a 
minimum at the temperature range 298-308 K. With 
increasing temperature, the dehydration of N'(CH3 )4 ion 
perhaps becomes most pronounced among all the counter
IOns and results in the highest slope in Fig. 3 at temperature 
<298 K. The variation of erne with temperature shows good 
agreement with the empirical equation given by La Mesa 
[26]: 

(erne- cmc*)/cmc* = j(T- T*}/T*( (1) 

Where erne • is the minimum value of erne and T the 
temperature at the minimum with r' = 1.74 ± 0.03. It 
should be mentioned that the exponent r' has no obvious 
physical meaning, but both cmc· and the related tempera
ture, in case of a particular surfactant, are the measure of 
the hydrophobic-hydrophilic balance of micelle. The 
position of the minimum has thermodynamic significance 
also. The minimum in erne represents minimum in free 
energy of micellization. 

Thermodynamic parameters 

The temperature dependency of AOT micelles having 
different counterions also enables to determine the 
corresponding thermodynamic parameters of micellization. 
According to mass action or phase separation model [27, 
28, 36], the standard free energy of micelle formation per 
mole of monomer of nonionic surfactants is expressed by 
well-known equation: 

~G?n = RT In Xcmc (2) 

Where Xcmc is the value of erne expressed in mole 
fraction. But, in case of ionic surfactant, the situation is 
somewhat different due to the counterion dissociation, and 
~G~, should not be equivalent to that of the nonionic 
surfactant. 
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Fig. 3 Variation of erne with 
temperature (K) of AOT having 
ditTerent counter cation 
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According to the theoretical mass action model, the 
micellization equilibrium for ionic surfactant can be 
expressed as: 

(3) 

Where (SM13)x is the micelle composed of x surfactant 
monomers and x/3 counterions bearing s- and M+ as the 
monomer and counterion of the surfactant forming micelles. 
The value of (3 may correspond the fraction of bound 
counterion in the micelle. But, for nonionic surfactants, 
monomers and micelles are obviously uncharged, At" does 
not enter to the equation, and the model approaches to a 
limiting case having (3=0. However, applying the mass 
action law to the monomer-micelle equilibrium for the ionic 
surfactant and taking into account the charges of counterion 
along with the other parameters, the Standard Gibbs free 
energy, t.G,;, can be expressed as [29, 36]: 

t.G?,, = (2- o:)RT InXcmc (4) 

for an ionic uni-univalent surfactant Here, Xcmc is the erne 
expressed in mole fraction scale and a:= 1 - ,3 = p/n, is 
the ionization degree or counterionic ionization constant of 
the micelle, where p and n are the effective charge and the 
aggregation number of the micelle, respectively. The value of 
oc can be determined from the ratio of the slope of the two 
linear fragments of conductivity-concentration plot above 
and below erne [ l l , 30]. The values of ~G~, determined for 

.,---

285 290 295 300 305 310 315 

T/K 

each surfactant-counterion pair at different temperatures 
eventually give the standard enthalpy (W,?,) and entropy 
(~,) of micellization from the simple thermodynamic 
relations: 

(5) 

The Eq. 5 is obtained from the well-known Gibbs
Helmholtz relation and Eq. 4 assumes that a does not vary 
much with temperature. However, IX is not strictly temper
ature independent and the more appropriate form of Eq. 5 
should be 

-!>Jf~jT2 = (2- a)R(8InXcmc/8T)p 

+R InXcmc(8(2- o:)/8T) 
(6) 

Because the variation of a with temperature is not well 
defined and is devoid of any general trend, the quantity 
a(2-a)/OT is difficult to find out experimentally [44]. 
Therefore, at least to gain qualitative information regarding 
the thermodynamics, Eq. 5 has been applied at the 
appropriate oc. 

(7) 

The In Xcmc vs T plot is not linear. To evaluate L'.H~, 
following polynomial fonn of variation of In Xcmc with 
temperature has been considered. 

In Xcmc = a + bT + cT2 (8) 
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Where a, b, c are respective polynomial constants. Thus, 

(Din Xcmc/oT) = b + 2cT (9) 

The polynomial constants b and c were evaluated rrom 
the fitting of experimental data. For all AOT surfactants 
with different counterions, the calculated them1odynamic 
parameters of miceiiization are listed in Table 2. Spontane
ity of the micellization process is well explained from the 
large negative values of LiG~. Micelles containing the same 
amphiphile but different counterions show different values 
of thermodynamic parameters because of the counterions, 
which could be bound to a different extent and with 
different energy. Micellization in aqueous medium usually 
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leads to a positive entropy change, which is mainly due to 
the melting of the "flickering cluster" that arises out of the 
hydrophobic effect of amphiphilic part of the surfactant 
molecules [24}. During formation of a micelle, the 
endothermic melting of the ordered polar solvent molecules 
around the nonpolar tail of AOT is greater than the 
subsequent exothermic association of the molecules. The 
resulting disordered state is actuaiiy reflected the positive 
entropy change. The variation of the standard thermody
namic parameters with different counterions at a certain 
temperature can also be explained by the size and the 
hydration of the counterion as has been already discussed. 
Like erne, the LiG,;, and L1H~ also show temperature 

Table 2 Thermodynamic 
parameters of micellization for 
AOT surfactants with different 
counterions (f) at various 
temperatures: Standard Gibb "s 
:free energy, Enthalpy, and 
Entropy 

TiC -Ad/,/ (k1 mol- 1
) -Mf~/(kJ mol- 1

) t10'0 I(J K- 1 r· 1 
m/ • mo 

283 44.4 23.5 73.8 

288 37.2 25.3 41.3 

293 37.0 25.4 39.7 

298 32.1 22.1 33.3 

303 33.5 23.1 34.1 

308 33.6 23.8 32.0 

313 34.2 24.3 34.4 

283 35.0 16.5 61.3 

288 33.0 15.6 56.9 

293 32.0 14.3 50.2 

298 32.5 15.9 56.6 

303 30.9 15.8 52.0 

308 34.1 16.0 50.0 

313 33.2 16.3 53.5 

283 33.0 29.1 !3.7 
288 34.2 30.0 14.6 

293 31.7 27.9 13.3 

298 30.8 27.2 12.1 

303 33.0 28.6 14.5 

308 32.3 28.5 12.2 

313 33.1 29.0 12.8 

2/G 35.0 12.2 80.6 

288 33.0 11.7 74.0 

293 32.0 12.2 67.6 

298 32.5 12.3 67.8 

303 30.9 11.9 62.7 

308 34.1 13.3 67.5 

313 35.2 13.7 67.7 

283 36.4 8.5 98.7 

288 34.7 8.1 92.3 

293 35.8 8.5 93.3 

298 36.6 8.8 93.1 

303 36.6 8.9 91.2 
308 35.4 8.7 86.5 
313 36.8 8.8 90.6 
283 36.6 14.4 78.4 
288 37.6 14.9 78.8 
293 38.2 15.3 78.2 
298 34.4 15.2 64.4 
303 37.7 15.5 73.3 

0 Values are taken from [25] 
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dependency, and the profile passes through minima when 
these parameters are plotted against temperature for all the 
surfactant-counterion systems. 

A close look on the thermodynamic parameters (Table 2) 
support the view that in order to form micelle, the gain in 
entropy is the major factor leading to negative change in 
Gibbs free energy [32-34] if the temperature is not very 
high. But the fact that though the free energy changes are 
not very different, the enthalpy change is significantly 
higher and the entropy changes are much lower for N+ 
(CH3)4 counterion containing AOT compared to all other 
systems. This leads one to interpret that the enthalpy 
contributes major driving force in micellization. Loosely 
bound water dipole with the N_,.(CH3) 4 ion may cause lower 
contribution of AS~ in aggregation process. However, like a 
variety of processes such as oxidation-reduction, hydroly
sis, protein unfolding, etc., micellization process also 
exhibit a linear relationship behveen the enthalpy and 
entropy change, which is known as enthalpy-entropy 
compensation [35-3 7]. This is important in connection 
with the hydrophobicity of surfactant which leads to stable 
micelle fonnation. ]n general, the compensation phenome
non between the enthalpy change ilfi:/, and the entropy 
change AS~, in various processes can be described in the 
form of [36, 42] 

(1 0) 

Jn a plot of All~; vs AS~,, the slope Tc has a dimension of 
temperature and is known as compensation temperature. 
This can be interpreted as a measure of desolvation part of 
micellization, that means a characte1istic of solute-solute 
and solute-solvent interaction, and the intercept character
izes the solute-solute interaction. Our experimental results 
also show a good agreement with the enthalpy-entropy 
compensation linearity for all AOT surfactants having 
different counterions. Figure 4 represents enthalpy-entropy 
compensation plot at 298 K. The calculated compensation 
temperature value of 295.6 K satisfactorily follows the 
characteristic range of other ionic surfactants [36-38]. The 
intercept, AH:;.,, has been calculated as -32.8 k Jmol-1, 

which corresponds the driving force of miceHization where 
the entropy does not contribute the process at a particular 
temperature (298 K). 

It is well lmown that the air-solution interface of a 
surfactant solution is well populated by the adsorbed 
molecules. The r max and Amin in the aqueous-air interface 
are calculated by using the following relations (39-4 I l 

Tmax = (lf2.303n'RT)(-i:h/Oiog C) ( 1 I) 

Amin = 1 / (Nr) (12) 
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Fig. 4 Enthalpy-entropy compensation plots for AOT surfactants 
having different counterions at 298 K 

Where ~~ expresses the surface tension, N is the 
Avogadro number, C and n' are the concentration and 
number particles per molecule of the surfactant, respective
ly. Because in aqueous solution at concentrations less than 
cmc, the AOT behaves like a uni-univalent electrolyte, the 
thermodynamic treatment requires n'=2, states an equimo
lar ratio of surfactant anion and counterion in the interface. 
Similar to analysis of ln Xcmc vs T plot, "( vs In C plot was 
also fitted to a second order polynomial to measure r max· It 
is well lmown that for both nonionic (40] and anionic [4!) 
surfactants, rmax values slightly decreases with temperature 
while in some other cases, an increase of the surface excess 
quantity has been reported [43] in presence of additives. In 
the case of present AOT surfactant with six different 
counterions, the change of rmax does not follow the regular 
trend. A critical examination of Table 2 shows a slight 
increment in r.nax with temperature for all the counterions, 
which may be due to the effect of lower hydration of the 
sulfosuccinate of AOT at higher temperature and, hence, an 
increasing tendency to move to the air-liquid interface. It is 
quite obvious that the standard state for the adsorbed 
surfactant is a hypothetical monolayer at its minimum 
surface area per molecule but at zero surface pressure. The 
typical double chain of the amphiphile may also partially be 
responsible for this result causing "steric inhibition" during 
adsorption. The moderate increase in the effectiveness of 
adsotption at the air-water interface with temperature is due 
to increased thermal motion, and therefore, Amin displays 
an inverse trend with temperature, as expected. With 
increasing bulkiness of the counterions of the amphiphiles, 
the increase of rmax are quite noticeable. At a particular 
temperature, r,nax shows anomalous behavior as the 
counterion of the smfactant changes. It may be attributed 
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to the enhanced hydrophobicity of the anionic part of the 
surfactant molecules depending upon accessibility of their 
corresponding counterions. A study of the behavior of 
tetramethylarnmoniumdodecyl sulfate at the air-solution 
interface indicated to a penetration of a part of the N+ 
(CH3 ) 4 ions in the dodecyl sulfate layer [31]. A similar 
phenomenon may also partially be responsible for the 
observed surface behavior in the present system. 

Conclusion 

The sizes of tetraalkylammonium counterions influence 
cmc of AOT surfactant in aqueous solution significantly. As 
the size of ·counterion increases from N\C2H5 ) 4 to 
N~(C4H9)4, the erne value decreases due to increase in the 
hydrophobic interaction of counterions with the exterior of 
!he micelle. The set of counterions viz., NHt, Na +, and 
N+(CH3 )4 yield higher erne value due to little or no 
hydrophobic interaction with the micelle. The NH! and 
Na + ions, on the other hand, interact with micellar head 
group more strongly than N+(CH3 )4 ion for their small sizes, 
and consequently, the erne values ofNH4 -AOT and Na-AOT 
are low compared to N(CH3)4 -AOT due to efficient charge 
screening of the head group. The values of standard 
thermodynamic parameters indicate spontaneity of micelle 
formation, and their order could be well explained in terms 
of bulkiness and nature of hydration of the counterion 
together with hydrophobic and electrostatic interactions. 
Characteristic temperature dependency of erne is observed 
in almost all the systems with the appearance of a shallow 
minimum in each case. The striking steep fall of erne's ofN 
(CH3)4-AOT with temperature manifests in the large 11H,?, 
values, which leads to low entropy changes. Loosely bound 
water dipoles with the N+(CH3) 4 counterions may cause 
lower contribution of L\S~, to the aggregation process. 
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Surface and Bulk Properties of Dodecylbenzenesulphonate 
in Aqueous Medium: Role of the Nature of Counterions 

Subrata Chakraborty, Amitabha Chakraborty, Moazzam Ali, 
and Swapan K. Saba 
Department ()j' Chemistry, University of' North Bengal, Darjeeling, India 

The lithium, potassium, and ammonium salts of dodecylbenzeuesulphonic acid have been prepared 
from tbe pure sodium salt by applying ion~xcbange technique. The critical miceUization concen
trations (Cl\1C) of the surfactants with four different counterions have been determined in a 
temperature range of HY'C to 40oC using surface tension as well as electrical conductivity 
measurements. The counterion ionization constant, a, and ''arious thermodynamic parameters 
of micellization viz, AG!, AJI!, AS!, Amicc: along with the surface parameters (r max• Am;n) 

in aqueous media have been determined. The CMC value of dodecylbenzenesulpbonate (DBS) 
having different counterions followed the order Na + > u+ > NH! > K+. While large negative 
free energy change (AG!) and the positive entropy change (AS!) favor the micellization process 
thermodynamically, nature of their \'ariation with counterion supports the importance of hydrated 
counterion size factor in micellization process via a change in the hydrophilicity of surfactant 
bead group along with the structure of branched chain of hydrocarbon tail. 

Keywords Counterion, critical micelle concentration, dodecylbenzenesulphonate, thermo
dynamic parameters 

INTRODUCTION 
Amphiphilic systems involving surfactants have generated 

great interest due to their wide-ranging applications 
especially in detergent and pharmaceutical industries, food 
technology and petroleum recovery processes_P-'l The func
tions and properties of surfactants in water are interesting 
because they form organized assemblies of various types, 
for example, micelles and bilayer lamellae14

•
51 depending on 

their concentration and composition in addition to environ
mental conditions such as pH, temperature, pressure, and 
presence and absence of additives. Favorable polarity of 
the solvent often leads to formation of reverse micelles as 
wel1.!31 The effect of increasing temperature on the solubiliz
ing capacity of surfactant solutions is related to the corre
sponding effects on the properties of the micellar aggregate 
and the partition coefficient of the solute into aggregate.16l 
When a surfactant is dissolved in a solvent, it disrupts the 
interactions between the solvent molecules distorting the 
structure of the solvent and thus increases the free energy 
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of the system. The distortion of the solvent structure can be 
decreased by the aggregation of the surface-active species into 
dusters (micelles) with their hydmphobic groups directed 
toward the interior of the micelle and the hydrophilic groups 
towards the solvent. Micellization can thus be considered as a 
mechanism alternative to adsorption at the interfaces for 
removing hydrophobic groups from contact with the solvent. 
The energetics of adsorption and micelle formation are 
usually discussed in terms of the dispersion, attractions 
between the hydrocarbon chains, the electrostatic and van 
der Waals interactions between the head groups, and the 
hydrophobic interaction between hydrocarbon chains and 
water molecules. Even the molecular conformation of some 
dimeric surfactants affects the micellization to a large 
extent.16l It has generally been accepted that a fraction, rx, of 
the counterions of an ionic surfactant are dissociated from 
the micelles, leaving the micelles charged.l8

•
9l In addition, a 

number of recent studies17•10-
141 show that the changes in 

hydration energies and specific interactions with counterions 
may also be important. The formation of an ionic micelle 
from monomeric ions results in a balance between hydro
phobic interactions between the hydrophobic part of the 
micelle-forming ions, electrostatic interactions between their 
hydrophilic charged parts, as well as with and between the 
counterions. It is also evident that the aggregation number 
of ionic micelles, at a constant temperature, depends only 
on the concentration of counterions, Caq in the aqueous 
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phase.fl 5l Ionic micelles grow in response to increase in the 
value of whether the counterions are provided by the 
surfactant alone or by the surfactant plus any added 
electrolyteY 5l Thus Caq can be written as!IOJ 

Cag = F(S:)[aS: + (1- a)Sm]. fll 
t• J 

where Sm and S1 are the monomeric and the total 
concentration of the surfactant, respectively. The factor 
F(S1) = 1/(1 - 8), where 8 is related to the volume fraction 
occupied by the micelles. 

The study of the effect of temperature on micellization 
provides information on the relative characterization of 
surfactant solutions. This infonnation is most readily 
obtained from the thermodynamic parameters of micelle 
formation, viz., changes in standard Gibbs free energy 
(6G~), enthalpy (6H~), and the entropy (AS~) that 
quantify the relative importance of hydrophobic and 
electrostatic interactions. It is also necessary to note that 
the knowledge of complete thermodynamic characteriza
tion is important for proper understanding ofmicellization 
process. 

This article is a part of a seriesi' 2
.1

4J that deals with the 
effect of the nature of the counterion of anionic surfactants 
on their self-association behavior and micellar properties of 
anionic micelles. It is observed that the accessibility of the 
counterion to the head group of the amphiphile influences 
CMC along with other thermodynamic parameters in a fas
cinating way.fl 0

•
12

•
1
4-

17l Sodium dodecylbenzenesulphonate 
(SDBS), a well-known anionic surfactant has attracted 
researches during the past few years.fl 8 

.. 
22l This work is 

concerned with dodecylbenzenesulphonate (DBS) micelles 
with a view to investigate the effect of a series of counter
ions, such as Li+, Na +, K~ and NH! on the micellization 
of DBS. It may be mentioned that the CMC and thermo
dynamic parameters of the DBS having different counter
ions have not yet been reported in the literature. 
Therefore, the present aim is to determine the CMC of 
DBS with different counterions within the temperature 
range of IO"C to 40°C and to determine the relevant ther
modynamic parameters of micellization, such as AG!, 
&H0 AS0 A~;cC0 along with the maximum surface excess m' m' .u..u p 
concentration (r max), and the minimum areas per molecule 
(Amin) at the surface as a function of hydrated counterion 
size. 

EXPERIMENTAL 

Materials 
Surfactants with the desired counterions were prepared 

from a sample of purified SDBS by ion-exchange as 
described elsewhere.l12·14l SDBS sample is dissolved in 
mixture of a I: I (v jv) water and ethanol. The solution 
was passed slowly through a column (40cm x 2 sq. em) of 

a strong ion exchanger in the H+ form. The free 
sulphonic acid formed on passing the aqueous DBS 
(Na+ salt) solution through the resin was then immediately 
neutralized with an aqueous solution of the hydroxides of 
the desired counterions (viz. Li+, K+, NH!). All the hydro
xides required for the respective ion exchange experiment 
were of AR grade and procured from Fluka, Switzerland 
and Merck, India. The solvent water was then removed fast 
by freeze drying and then keeping under vacuum (bath 
temperature 313K) for several days and the waxy solid 
was finally dried in vacuum over P20 5. The residual water 
of the sample was finally removed by the action of P20 5 

(from Loba Cherne, India) on a solution of surfactant in 
isooctane (2':99.5% from Merck, India). Controlling the 
flow rate of the solution through the ion exchange column 
had optimized the extent ofNa+ /H+ ion exchange and H+ 
content of the surfactant solution (acid form) was 
measured by titrating with standard NaOH to determine 
the extent of exchange. The extent of exchange was found 
to be more than 99%. Doubly distilled water having 
conductivity 2 j.tS em -I was used throughout experiment. 

Commercial SDBS may contain five different isomers 
viz. 2¢C12, 3¢C12, 4¢C1b 5¢Ctz and 6¢C12 depending 
upon the number of carbon atoms in the branched 
chainJ2°l However the supplier of the product which was 
used in the present study (sodium dodecylbenzenesulpho
nate, 88%; Acros, USA, product code 325912500) did not 
mentioned the isomeric identification of their product. 
While the separation of isomers from their mixtures and 
their identification are difficult, the CMC and other 
parameters indicate the presence of 6¢C12 as the major 
component of the present surfactant system. Further, the 
recrystallised product of SDBS was subjected to ion 
exchange treatment in order to prepare surfactant with 
different counterions, followed by repeated recrystalliza
tion to ensure adequate purification. Therefore, it may be 
argued that the major component of each ofSDBS, LDBS, 
ADBS and PDBS was essentially 6¢C12 isomers as shown 
in Figure l. [391 

Methods 
The CMC and other thermodynamic parameters were 

determined from the surface tension as well as specific con
ductance data. The surface tension experiments were done 
bv a calibrated Tensiometer (K9, KR(TSS; Getmany), to 
~easure the surface tension at the air jwater interface of 
the solution by the platinum ring detachment method at 

FIG. I. Structure of DBS (6</JC 12 isomer) where i = 5, j '= 6. 



DODECYLBENZENESULPHONATE IN AQUEOUS MEDIUM 211 

different temperatures. The ring was cleaned by washing 
with doubly distilled water followed by burning in an 
alcohol flame. Solutions of known concentration were 
progressively diluted in water solutions. The accuracy of 
the measurement was within ±0.1 mNm -I. Temperature 
of the system was maintained by circulating auto
thermostated water through a double-wall glass vessel 
containing the solution to keep the temperature constant 
within ±0.1 K. Similar studies were also done conduto
metrically by using an electrical conductivity bridge 
(METTLER TOLEDO, Switzerland). The conductance 
values were uncertain within the limit of ±1%. Each 
measurement was repeated several times at each tempera
ture in the range of I ooc to 40°C. Measurements were 
made at soc intervals of temperature. 

RESULTS AND DISCUSSION 
Figures 2 and 3 illustrate the typical representative plots 

obtained by measuring conductance and surface tension, 
respectively, for the surfactant containing a particular type 
of counterion at vatious temperatures. Two linear frag
ments of each curve with different slopes correspond to 
premicellar and postmicellar region respectively, where 
the break point identifies the CMC. The CMC values 
determined by tentiometrically and conductometrically for 
each counterion are in close agreement with one another. 

Table I bears the CMC values of the present surfactant 
systems along with the surface parameters. Similar to pre
vious observations112

•
14l we measure CMC, corresponds to 

a concentration at which a very small but often clearly 
detectable concentration of the micelles exists. A critical 
examination of Table I shows that in all instances the 
change of CMC with temperature is smalL But, at a certain 
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temperature, CMC of DBS depends upon the nature of the 
counterion following the order Na+ > Li+ > NHt > K+. It 
is apparent that the hydrodynamic radii along with the 
accessibility of the counterion toward the head group of 
the amphiphile play an important role in micellization. 
However, the experimental CMCs of DBS do not follow 
the trend of a previous observation of counterion accessi
bility to AOT (Bis (2-ethylhexyl) sulfosuccinate, sodium 
salt) head groups.P 21 This deviation may be due to the 
special double strand structure of bis (2-ethylhexyl) sulfo
succinate ion. Unlike present surfactant systems, AOT 
offers a different hydrophobic environment along with 
the orientation of associated water molecules duting cluster 
formation. It has also been reportedl231 that NH;t binds 
more strongly to dodecylsulfate head group compared to 
Na+ and reduces the electrostatic intermicellar repulsive 
force. This leads micellization to occur in lower concentra
tions and for anionic surfactant, dodecylsulfate having 
different counterions, CMC follows the order Li+ > Na+ > 
NH;t. However in the present case of dodecylbenzenesul
phonate there is a branched carbon chain in the molecular 
structure of the anion. Though the actual nature of depen
dency of hydrophobic tail on the interaction of the 
hydrated counterions is not still well understood, it can 
be said that, "branched chain molecular structure" of 
DBS makes the environment around more hydrophobic 
in nature, where Li+ along with its large hydrated volume 
binds more readily than that of Na+ with the hydrophilic 
head. But NH;t, which has the lowest hydration number[ Ill 
shows anomalous behavior toward its accessibility to the 
head group. It was also reportedl24l that the binding tend
ency of alkali metal cation to polyethyleneoxide (PEO) 
follows the order K+ > Cs+ > Na+. However, among the 
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TABLE 1 
Temperature dependence of CMC, maximum surface 
excess concentration (1 max) and minimum areas per 

molecule (Amin) of different DBS surfactants 

Counterion 
ofDBS 

K+ 

NHJ 

Temp.j"C 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

CMCmol 
dm-3 x 103 

2.50 (2.41) 
2.60 (2.54) 
2.83 (2.76) 
2.82 (2.80) 
2.79 (2.84) 
2.91 (2.90) 
3.21 (3.17} 

2.82 (2.77) 
2.91 (2.86) 
2.98 (2.95) 
3.10 (3.13) 
3.21 (3.20) 
3.27 (3.31) 
3.33 (3.36) 

2_1 I (2.14) 
2.18 (2.19) 
2.25 (2.24) 
2.38 (2.32) 
2.42 (2.41) 
2.50 (2.52) 
2.61 (2.60) 

2.28 (2.23) 
2.39 (2.36) 
2.41 (2.40) 
2.52 (2.48) 
2.68 (2.62) 
2.81 (2.82) 
2.80 (2.82) 

r max/mol 
CD1~l X 106 

3.10 
2.98 
3.18 
3.22 
3.22 
3.27 
3.29 

2.99 
3.16 
3.21 
3.25 
3.27 
3.27 
3.32 

3.40 
3.46 
3.52 
3.55 
3.54 
3.58 
3.61 

3.12 
3.17 
3.23 
3.28 
3.38 
3.41 
3.49 

A min/ 
7 nm-

0.54 
0.57 
0.52 
0.52 
0.51 
0.51 
0.50 

0.56 
0.53 
0.52 
0.51 
0.51 
0.50 
0.48 

0.49 
0.48 
0.47 
0.47 
0.47 
0.46 
0.46 

0.53 
0.52 
0.51 
0.51 
0.49 
0.49 
0.47 

'The values in the parenthesis represent CMC determined from 
surface tension measurements. 

all four ions, K + binds most strongly to DBS resulting in 
the lowest CMC at a particular temperature. 

Figure 4 represents the variation of CMC with tempera
ture for DBS containing different counterions. While most 
of the surfactants display a typical U-shaped curve when 
CMC is plotted against temperature, in the present DBS 
systems, having Na+ and K+ counterion, CMC increases 
almost linearly with temperature. But for the other two 
counterions, viz., Li+ and NHt, instead of linearity 
CMC changes rather irregularly with temperature. 
Although this type of temperature dependency is not 
common, such a temperature dependency for anionic sur
factant was previously observed by a number ofworkers125l 

and can be explained by considering two opposite 

351 
3.3 

''l 2.9 

~ 
2.7 

8 
2.5 

'-' 
E 
C> 2.3 

2.1 

1.9 

1.7 

1.5 

0 10 20 30 40 50 

Tcn~>crature (C) 

FIG. 4. Variation of CMC with temperature of DBS having different 
counter cation (viz. Na +, Li·', K''. NH!J. 

effects.P 4l As the temperature increases, the degree of 
hydration of hydrophilic group decreases and this favors 
the fonnation of micelles more readily. On the other hand, 
as the temperature is increased above a certain temperature 
(T min). a disruption of water cluster is brought about, and 
this facilitates solubilization of the surfactant monomers 
resulting in the increase of CMC. It appears from 
Figure 4 and Table 1 that the second effect is predominant 
for DBS micelles in the temperature range studied. 

Thermodynamic Parameters 
The temperature dependency of DBS micelles having 

different counterions also enables one to determine the 
thermodynamic parameters of micellization. According to 
the pseudo-phase separation mode\12

6-
281 the standard 

Gibbs free energy of micellization, ~G~, ionic uni-univalent 
surfactant can be expressed as: 

~G~ = (2- :x)RTin Xcmc [2] 

Here XcMc is the CMC expressed in mole fraction scale 
and r:t., the ionization degree or counterionic ionization 
constant of the micelle, can be expressed by :x = p jn, where 
p and n are the effective charge and the aggregation num
ber of the micelle respectively. lt is well known that the 
value of rx can be determined from the ratio of the slope 
of the two linear fragments of conductivitv-concentration 
plot above and below CMC.I29•30l · 

The standard enthalpy change, ~H~ can be obtained 
from Gibbs-Helmholtz equation:l19l 

Ml~ = -RT2 [(2- r:t.)(81n Xcmc/8T)p 

-In Xcmc(8(2- a)j8T)p) (3J 
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However, as the variation of ex with temperature is not well 
defined due to polydispersity of micelle and does not follow 
any general trend,l31

•
32l it is difficult to estimate the second 

term in the parenthesis experimentally. The term, however, 
is small in comparison with the first one, and therefore, to 
gain qualitative information regarding the thermodynamics 
we neglect the second term of the Equation (3), and the 
expression now becomes: 

D.H,~, = ~(2 ~ cx)RT2(81nX,111,.j8T)p [4] 

The enthalpy ofmicellization may be obtained if the depen
dence of the CMC on temperature is known. The .1S~ and 
D.miccg are also detem1ined as essential thermodynamic 
parameters from the common expressions 

A~,= (AH~ ~ Ad/,,)/T [5] 

[6] 

The various thermodynamic quantities associated with 
micellization are reported in Table 2. The quantities 
calculated in the present method are seen to vary with 
temperature and also with the nature of the associated 
counterions. Negative sign of AH~ suggests that surfactant 
aggregation is an endothermic process. The variation of the 
standard thermodynamic parameters with different coun
terions at a certain temperature can also be explained by 
the size and the hydration of the counterion as has 
been already discussed. Different researchersf33341 often 
attempted to represent the thermodynamic variables of 
micellization into additive contribution of two factors: (1) 
interaction between hydrocarbon chains with water and 
(2) interactions between head groups, counterions and sur
faces. It is, therefore, logical to suppose that only the 

TABLE 2 
Different thermodynamic parameters changes in standard Gibbs free energy, AG~, standard 

enthalpy, D.H~,, standard entropy, D.S~,, standard heat capacity, D.m;cC~) of micellization 

Counterions of different ~AG~/ ~AH~./ .1S~/ ~ACO I 
DBS surfactants Temp.;ac (kJmol- 1

) (kJ mol- 1) (J mol- 1
) (Jmol_f'K_-I) 

Li+ lO 32.4 5.7 94.3 409 
15 31.3 7.2 83.7 480 
20 30.8 lO.l 70.6 551 
25 31.1 12.9 61.1 622 
30 31.5 17.7 45.5 693 
35 31.5 20.8 34.7 764 
40 30.7 24.3 20.4 835 

Na+ 10 32.3 7.8 86.6 382 
15 32.0 9.0 79.9 474 
20 31.8 12.2 66.9 566 
25 32.5 14.9 59.1 658 
30 31.0 19.0 39.6 750 
35 31.0 22.9 26.3 842 
40 3U 26.7 14.0 934 

K+ 10 31.2 2.1 102.8 127 
15 3L7 2.6 IOLO 117 
20 32.2 3.1 99.3 107 
25 32.3 4.4 93,6 97 
30 33.0 4.7 93.4 87 
35 33.1 5.2 90.6 77 
40 33.8 5.7 89.8 67 

NHt 10 39.9 6.3 118.7 405 
15 30.3 7.7 78.5 488 
20 31.0 11.1 67.9 571 
25 31.3 13.2 60.7 654 
30 30.5 18.0 41.2 737 
35 32.0 21.l 35.4 820 
40 32.6 25.2 23.6 903 
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second factor is important for the present \Vork where 
SDBS, LDBS, ADBS, and PDBS having different counter
ions form micelles. A close look on the thermodynamic 
parameters support the view that in order to form micelle 
the gain in entropy is the major factor leading to negative 
change in Gibbs free energy_PS-J?] But the fact that though 
the free energy changes are not very different, the entropy 
change is significantly higher and the enthalpy changes are 
much lower forK+ counterion containing DBS compared 
to all other systems. This suggests that the entropy contri
butes as major driving force in micellization. Less 
hydration and higher binding capacity of K+ ion may 
cause higher contribntion of AS0 in aggregation process. 
With increasing temperature, AS~ decreases systematically 
for a particular type of counterion, suggesting a disruption 
of ordered arrangement of water dipoles around the 
amphiphilic part of the surfactant molecules. The effective 
interaction associated with hydrocarbon chains may be 
expressed by standard heat capacity of micelle formation, 
Am;cC~. In both surfactant systems, the standard heat 
capacity changes linearly with temperature (Figure 5). 
The calculated values of Am;cC~ for SDBS fall between a 
wide range of value viz., -381.8 to -933.8 Jmol- 1 K- 1 

for the variation of temperature between lOoC and 40°C. 
On the other hand, SDS which also contains a dodecyl 
moiety yields AmicC~ values between -607 and 
-644 Jmol- 1 K- 1 with]n the identical temperature 
range.P 91 For all the counterions except K+, AmicC0 do 
not change significantly at lower temperatures ( <2~°C) 
but at higher temperatures. AmicC~ values follows the order 
Na+ > NHt > Li+ > K+ Potassium ion, however, shows 
anomalous behavior which may be due to its strong tend
ency for ion-pair formation. Compared to that of 
SDS,Il 81 the wider variation of the specific heat capacity 
as a function of temperature of the present system must 
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FIG. 5. Vm;ation of standard heat capacity of micelle formation, 
L.m;cC~ as a function of temperature for SDBS and SDS.1' 9 1. 

be connected with the enhanced hydrophobicity due to 
the presence of the aromatic ring in the hydrocarbon tail 
of the present surfactant systems. On the other hand, coun
terion binding also reduces the number of water molecules 
in the solvation shell of the counterion as well as the nega
tively charged head groups of DBS. At high temperatures, 
AmicC~ give large negative values due to solvation of ions 
upon demicellization, and this is quite reasonable because 
as the temperature is increased CMC value also increases 
in all the present systems. The negative value of AmicC~ is 
proportional to the maximum surface excess (rmax), which 
has been calculated following the expressions;l 12

•
14l 

rmax = (lj2.303n'RT)(-a}'jalog C) [7] 

and, 

[8] 

where)' expresses the surface tension, N is the Avogadro 
number, C and n' are the concentration and number parti
cles per molecule of the surfactant respectively. For a 
uni-univalent surfactant, n' is therefore taken as 2. Amin 
is the minimum area per molecule in the aqueous-air inter
face. With increasing temperature, amphiphile tends to 
form a closely packed monolayer film of the hydrocarbon 
chain at the air/aqueous solution interface owing to the 
decreased repulsion between the oriented head groups. This 
is SUpported by the greater r CMC value (and thereby, the 
smaller AcMe value) of the longer chain analogue.l401 How
ever, Table 1 suggests that at a fixed temperature, r max 

changes with the nature of counterions following the order 
K+ > NHt Na+ > Li+. This observation is probably asso
ciated with the hydration of DBS and the accessibility of 
head groups towards the counterions. r max value slightly 
decreases with the rise of temperature and this is well 
known for both nonionic1371 and anionic[38l surfactants. 

CONCLUSION 
The hydrodynamic size and binding capacity of the 

counterions to the head group along with the branching 
of hydrophobic chain play important roles in the process 
of surfactant aggregation. Critical micelle concentration 
(CMC) and enthalpy of micellization (AH~) decreases in 
the order Na+ > Li+ > NHt > K+ at a given temperature 
and this may be well supported by the hydration and 
accessibility of the counterions to the head group of the 
amphiphile, dodecylbenzenesulphonate. The use of pseudo
phase separation model on the counterion binding shows 
that the variation of enthalpy and entropy of micellization 
compensate each other and the free energy, AG~ is only 
slightly dependant on counterions and the temperature. 
Effective interaction associated with hydrocarbon chain 
can be well explained by Am;cC~, considering the aromatic 
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t·ing of SOBS and this may be compared to SDS which also 
contains a dodecyl moiety_11 9l 
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Introduction 

Tuning of physico-chemical characteristics of 
charged micelles by controlling head group 
interactions via hydrophobically and sterically 
modified counter ionst 

Subrata Chakraborty, Amitabha Chakraborty and Swapan K. Saha* 

Different tetraalkylammoniums, viz., N+{CH3 )4 , N+(C2 H5k N+(C3 H7)4 • N+ {C4 H9 )4 along with simple 

ammonium salts of dodecylbenzene sulphonic acid were prepared by an ion-exchange technique. The 

cmcs of dodecylbenzene sulfonate salts with various counterions were determined by electrical 

conductivity and surface tension measurements within the temperature range 283-313 K. The 

counterion ionization constant a, the surface parameters r max and Am;n and also the thermodynamic 

parameters of the micellization process, viz.. l!.G~,. aH;;, and AS~ in aqueous solution have been 

determined by using a pseudo-phase modeL The order of cmcs in aqueous solution is found to be NH4 + 

> N+{CH3 )4 > N+(C2 H5)4 > N+(C3H7 )4 > N+(C4 H9 )4 at any given temperature. On the other hand, the 

aggregation number increases with alkyl chain length first due to increasing hydrophobic interactions 

and then decreases as a function of counterion size passing through a maximum for N+(C2H5) 4 . 

Spontaneity of micellization in aqueous solution is supported by large negative AG~ as well as the 

positive entropy change for the micellization process for all the above counterions. At a given 

temperature. AG;;, for a surfactant with different counterions followed the order N+(CH 3)4 > NH4 + > 

N+(C2 H5 )4 > N+(C3H7 )4 > N+(C4 H9k Electrostatic interaction along with effective charge screening and 

hydrophobicity of the surfactant head group together may give an explanation for the observed variation 

of aggregation behaviour and the energetics as a function of the nature of the counterion. 

Surfactants form aggregates, particularly in aqueous solutions, 
via hydrophobic and hydrophilic interactions occurring within 
the same. rnolecule. These exotic molecules have generated a 
great deal of interests because of their various industrial 
applications.'-9 While the formation of micelles is the conse
quence of interplay between hydrophobic and hydrophilic parts 
of the surfactant molecules with water, it is mainly triggered to 
avoid loss of entropy due to the formation of ordered water 
cages around hydrophobic part disrupting the hydrogen bonds 
between water molecules. There are many factors which influ
ence critical micelle concentration (erne), size, shape and the 
aggregation number of ionic micelles. These factors include 
temperature, geometrical structure of the surfactant molecule, 
the length of the hydrocarbon tail, the nature and dimension of 
the surfactant head group, the polarity and other characteristics 
of the solvent including solvent structure, ionic strength of the 

medium and finally the nature of the counter ions. Among these 
factors, the surfactant head group characteristics, including the 
counter ion interactions, is perhaps the least studied facet, yet 
one of the pivotal issues which control the shape and size of the 
micellar aggregate. Strong binding counter ions favorably 
influence aggregate formation and decrease the erne via effec
tive charge screening of the head groups. However, the counter 
ion which contains fairly strong hydrophobic groups (hydro
tropes) are particularly much effective in charge screening and 
increase the aggregation number to a great extent and promotes 
micellar shape transition via altering micellar surface curvature. 
These hydrotropes (e.g., sodium salicylate) efficiently interact 
with the micelle core via hydrophobic group and facilitate the 
formation of rod or worm-like micelles at low surfactant 
concentration. The aqueous solutions of this worm like micelles 
behave like that of linear polymers and form shear responsive 
viscoelastic gel which attracts many researchers in recent 
years!··' However, symmetrical tetraalkyl ammonium counter 
ions with varying alkyl chain length demand special attention 
because one can study two opposing effects in this series of ions 
viz., the effect of progressively enhanced hydrophobicity and the 
effect of increasing dimension of the ions. Counter ion specific 
interactions (hydrophobic or hydrophilic) along with change in 
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hydration energy are also very important and this has been 
discussed in a number of recent reports.'o-15 Different types of 
organized assemblies are formed in surfactant systems on 
varying composition, concentration and environmental condi
tions viz., pressure, temperature, additives and pH as well.'·3 

The fraction, a, of the counterions of an ionic surfactant which 
are generally dissociated from the micelles, move to the bulk of 
the solution leaving the micelles electrically charged.' 6

-
18 On the 

other hand, at a certain temperature, the aggregation number of 
ionic micelles depends only on the counterion concentrations 
in aqueous phase, Caq which can be defined as:12 

(1) 

where s, and Sm are the total and monomeric concentration of 
the surfactant molecules respectively present in the solution 
and the factor F(S,) = 1/{1 - 0), where {I relates to the volume 
fraction occupied by the micelles. The size of the ionic micelle 
in aqueous solution changes with the change of counterions 
and also with the electrolyte content of the surfactant solution. 19 

The knowledge of the values of different thermodynamic 
parameters at different temperatures is also of utmost impor
tance to understand the aggregation behaviour where the 
structure and interactivity of counterions also play considerable 
role.20 

Sodiumdodecylbenzene sulfonate (SDBS) is a well known 
anionic surfactant widely used in the industry for 
manufacturing detergents, emulsions, degreaser and de inking 
agents and also for assisting dying processes in textile facto
ries. Although the effect of the nature of counter ions of 
anionic surfactants is less significant than that of cationic 
surfactants, hydrophobic counter ions can bring about rela
tively stronger modification in the aggregation behaviour. 
Therefore a considerable number of literatures have been 
found 2

•
14

·"·
18

•
2

' concerning micellar growth as affected by 
hydrotropic counter ions of both cationic and anionic surfac
tants. In this connection it may be anticipated that symmet
rical organic counter ions might in,teract with the surfactant 
head groups more effectively via strong hydrophobic interac
tion with the terminal hydrocarbons of surfactant molecule. 
However, such ions with larger sizes could only approach 
towards the head group to a limited extent and fail to charge 
screen the head groups effectively and the micel!ization 
process becomes unfavourable. These two mutually opposite 
effects are operative in symmetrical tetraalkylammonium 
counter ions and the micellization process is regulated by one 
which prevails over the other. Therefore, for undertaking an 
in-depth study of the effect of size of the counter ion vis-a-vis 
its hydrophobicity on the aggregation behaviour of sodium
dodecylbenzene sulfonate, the set of symmetrical tetraall~yl 
ammonium counter ions with progressively larger groups may 
be an excellent model which one strives to investigate. This 
prompted us to synthesize dodecylbenzene sulfonates with 
tetramethyl, tetraethyl, tetrapropyl and tetrabutyl ammonium 
counter ions to study their aggregation properties along with 
the ammonium counter ion. 
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Experimental 
Materials 

All the surfactants with inorganic and organic counterions were 
prepared by the ion exchange technique starting from 
sodiumdodecylbenzene sulfonate following the procedure as 
mentioned below.'7

·'
8

•
2

' A solution of sodiumdodecylbenzene 
sulfonate in 1 : 1 (v/v) mixture of water and ethanol was 
prepared. The surfactant solution was then passed through an 
ion-exchange column (dimension of 40 em by 2 sq. em) con
taining strong ion exchange resin in its H• form (Amberlite IR-

120, 20-50 mesh, Loba Cherne, India). As a result, the aqueous 
solution of dodecylbenzene sulphonic add is formed which 
then titrated immediately for neutralization with the hydroxides 
containing desired counterions. The above hydroxides were of 
AR grade procured either from Merck, India or Fluka, Switzer
land. To enhance the extent of ion-exchange, flow rate was 
necessarily controlled in the column. To determine the extent of 
ion-exchange a portion of the sui phonic add was titrated with 
standard NaOH solution which was quite satisfactorily found to 
be more than >99% in all cases. In order to prepare solid salts, 
water was removed from the solution by freeze drying and then 
keeping the solute under vacuum in a constant temperature of 
313 K for 7 days and then the solid was finally dried in vacuum 
over P20 5 • All the dodecylbenzene sulfonic acid salts (except 
tetrabutylammonium dodecyl benzene sulfonate (TBADBS)) 
were then purified by recrystallization twice from ethanol-water 
(1 : t) mixture and finally dried in vacuum over P20s. However, 
TBADBS salt appeared as waxy material and could not be crys
tallized from ethanol-water mixture. In order to remove 
residual water from the sample, P20 5 was kept over the 
surfactant solution in isooctane (::::=:99.5% from Merck, India) at 
313 K for 7 days. The solvent was then removed and the TBADBS 
sample was used without further purification. Double distilled 
water having conductivity 2 ~tS em_, were used throughout the 

experiment. For the determination of aggregation number, 
cetylpyridinium chloride (Fluka, Belgium) was used after 
recrystallization and puriss grade pyrene (Fiuka, Switzerland) 
used as received. 

It has already been mentioned in our earlier publication that 
commercialsodium dodecyl benzene sulfonate contains five 
different isomers" but the manufacturer did not mention any 
isomeric identification of the sample. The separation of 
isomeric forms and also their identifications are very difficult. 
In the present sample, however, the cmc values and the other 
parameters indicate the presence of 6<j>C12 system as the major 
component. In order to obtain one isomeric composition with 
adequate purity (viz., 6<f>C12), repeated recrystallization was 
done ofthe ion-exchanged product. Therefore, it may be argued 
that the present surfactants are essentially 6¢C12 system of 
TMADBS, TEADBS, TPADBS and TBADBS. 

Methods 
The critical micelle concentration (cmc) was determined by two 
methods viz., surface tension and specific conductance 
methods. The Tensiometer {K9, KRUSS; Germany) was used to 
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measure the surface tension at different temperatures by plat
inum ring detachment method at the air/water interface of the 
surfactant solution within the accuracy of ±0.1 mN m- 1

. The 
ring was cleaned several times before the measurements by 
double distilled water and also burning in alcohol flame and the 
solution was progressively diluted with water keeping the 
experimental solution in a double-wall container. Temperature 
was maintained by circulating water controlled by an auto
thermostat_ Similarly, a highly calibrated electrical conduc
tivity bridge (METTLER TOLEDO, Switzerland, uncertainty limit 
±1%) was used to measure the specific conductance by 
progressively diluting the solution. Each measurement was 
repeated several times throughout the experiment to maintain 
the accuracy. 

Steady-state fluorescence quenching method was used to 
determine the mean aggregation number of the surfactants by 
using a Fluorescence spectrophotometer (Photon Technology 
International Co., USA) with slit widths of 0.20 nm, 0.60 nm, 
0.50 nm and 1.50 nm respectively. Pyrene solution (5 ~IM) was 
used as a probe and CPC as a qt1encher. By exciting the samples 
at 332 nm, emission spectra of pyrene were obtained and the 
emission was measured in the range of 350-520 nm. The 
emission peak at 393 nm was considered for calculating 
micellar aggregation number. 

Results and discussion 
Critical micelle concentration (erne) 

As has been already mentioned that erne is the most important 
parameter for an aqueous amphiphilic system to give the 
aggregation characteristics. We have determined the cmc of the 
systems by conductivity as well as surface tension measure
ments. The representative plots of surface tension and specific 
conductance as a function of concentration of tetramethylam
monium dodecylbenzene sulfonate (TMADBS) at different 
temperatures are shown in Fig. 1 and 2 respectively {the plots of 
surface tension and specific conductance as a function of 
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Fig. 1 Plot of surface tension vs. logarithm of concentration with 
different temperatures of tetramethylammonium dodecyl benzene 
sulfonate (TMADBS). 
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Fig. 2 Plot of specific conductance, A vs. concentration with different 
temperatures of tetramethylammonium and tetrabuty!ammonium 
dodecyl benzene sulfonates. 

concentration ofTEADBS, TPADBS and TBADBS are provided as 
ESit). To our knowledge, the aggregation data for TMADBS, 
TEADBS, TPADBS and TBADBS are recorded for the first time 
and, therefore, to check the reliability of the measured param
eters, repeated experiments have been performed for both the 
measurements at least for three times and the mean values are 
recorded for reporting within the temperature range of 283-

313 K at 5 K intervals. In Table 1, the erne values of all the 
surfactant systems at various temperatures with varying coun
terions are shown along with different surface parameters and 
degree of ionization, a. The values of a have been determined 
from the ratio of the slopes of two linear fragments of 
conductivity-concentration plots i.e., above and below the erne. 
Though the values of a does not change appreciably within the 
given temperature range (Table 1) the changes in erne values 
with temperature for different surfactants are small but clearly 
detectable. At a given temperature, the erne values of the 
surfactants follow the order NH4 + > N+(CH3 )4 > N+(CzHs)4 > 

N+{C3H7 )4 > N+(C4 H9) 4. This variation of cmc can be explained in 
terms of the binding ability of the counterions. Among all the 
counter ions, the greater binding ability of N+(C4H9)~ group to 
the polar head of DBS due to strong hydrophobic interactions 
reduces the electrostatic repulsive force considerably which 
leads to the formation of the micelle at the lowest concentra
tion. The binding tendency decreases in the order N+(C4H9)4 > 

N+(C3H7) 4 > N+(C2 H5 ) 4 > N+(CH3) 4 > NH/ and at a particular 

temperature the erne values follow the reverse order. It shows 
that the result exactly follows the theoretical understanding 
pertaining to the micellization process. In Fig. 3, values of erne 
are plotted against temperature (variation is small with 
temperature) for different surfactant systems. The plots give 
very shallow and broad minima in some cases (linear in other 
cases) within the given range of temperature. Similar result of 
linear or near linear variation of erne with temperature for 
sodiumdodecylbenzene sulfonate was also recorded by Hait 
et al. 22 and this is indeed somewhat different from the general 
parabolic trend of the plot with a shallow minimum shown by 
the surfactant like SDS, AOT etc. 1

,_
15 In the similar range of 

temperature, the erne decreases in above cases due to the 
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Table 1 Micellization and surface parameters of dodecyl benzene sulfonate having different tetraalkylammonium counterions at various 
temperatures (T/K): cmc. maximum surface excess concentration. minimum areas per molecule and ionization degree 

Counterion T/K cmc"l(mol dm-3 x 10-3
) T maximo] cm-2 

X 106 
Amin/nm2 a 

bNH.t 2.83 2.28 {2.23) 3.12 0.53 0.74 

288 2.39 (2.36) 3.17 0.52 0.74 

293 2.41 {2.40) 3.23 0.51 0.73 

298 2.52 (2.48} 3.28 0.5j 0.74 

303 2.68 (2.62) 3.38 0.49 0.78 

308 2.81 (2.82) 3.41 0.49 0.74 

313 2.80 (2.82) 3.49 0.47 0.74 
(CH 3) 4 N+ '2.83 1.31 (1.28) 3.11 0.53 0.71 

288 1.34 (1.29) 3.14 0.53 0.73 

293 1.34 {1.30) 3.17 0.52 0.74 

298 1.37 (1.31) 3.20 0.52 0.73 

303 1.39 (1.34) 3.28 0.51 0.74 

308 1.45 {1.37) 3.30 0.50 0.75 

313 1.49 (1.45) 3.36 0.49 0.73 

(CzHs)4N+ 283 1.27 (1.27) 3.05 0.55 0.76 

288 1.28 {1.32) 3.03 0.5.5 0.77 

293 1.27 {1.22) 3.02 0.55 0.79 

298 1.30 (1.24) 3.10 0.54 0.79 

303 1.32 (1.25) 3.14 0.53 0.80 

308 1.32 (1.27) .3.19 0.52 0.79 

313 1.37 (1.29) .1.26 0.51 0.81 
(C3H7)4N+ 28.1 1.08 {1.10) 3.02 0.55 0.79 

288 1.12 {1.15) 3.04 0.55 0.81 

293 1.14 (1.17) 3.07 0.54 0.81 

298 1.18 (1.19) 3.08 0.54 0.82 

.103 1.23 {1.20) 3.11 0.5.3 0.82 

308 1.25 (1.2.3) 3.16 0.5.3 0.82 

313 1.31 (1.25) 3.19 0.52 0.82 
(C4 H9) 4 N+ 283 0.79 (0.75) 2.93 0.57 0.87 

288 0.84 (0.81) 2.96 0.56 0.84 

293 0.90 (0.96) 2.99 0.55 0.84 

298 0.93 (1.02) 2.99 0.56 0.83 

303 1.01 (1.03) 3.00 0.55 0.83 

308 1.06 (1.05) 3.01 0.55 0.82 

313 1.11 (1.12) 3.05 0.54 0.83 

" The values in the parenthesis represent erne determined by conductivity method. h The data are collected from ref. 21. 

1.61 
1.4 

0.8 

0.6 -~---~--~--~-~~-~--~-~ 
200 285 290 295 300 305 310 315 

Temperature (K) 

+lMO.OOS 

II TEADBS 

A TPAOBS 

•lBAOBS 

Fig. 3 Plot of cmc of different surfactants as a function of 
temperature. 

decrease in degree of hydration of the hydrophilic group to 
attain the minima with increase in temperature. But for 
surfactants like dodecyl benzene sulfonate, this effect is not 
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pronounced. Here, the disruption of water cluster facilitates 
surfactant monomer solubilization and the result is an increase 
in erne with increase in temperature.14 

In fact, the effect of temperature on the erne of surfactant in 
aqueous medium is quite interesting. An increase in tempera
ture initially favours micellization process to occur at lower 
concentration of surfactant. This may be explained by the lower 
probability of the hydrogen bond formation with temperature 
resulting in the considerable decrease in hydrophilicity of the 
surfactant molecules. But further increase of temperature also 
causes disruption of the structured water surrounding the 
hydrophobic group, an effect that disfavours micellization.23

•
24 

The relative magnitude of these two opposing effects, therefore, 
determines whether the erne increases or decreases over a 
particular temperature range. In general, from the data avail
able, the minimum in the erne-temperature curve appears to be 
around 298 K for ionics and around 323 K for nonionics.25 For 
bivalent metal alkyl sulphates, the erne appears to be practically 
independent of the temperature. 26

,27 Though data on the effect 
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of temperature of zwitterionics are limited, they generally show 
a steady decrease in the cmc of alkyl betains with increase in 
temperature in the range 279-330 K.28

•
29 Whether further 

increase in temperature will cause an increase in the erne is not 
evident from the data. 

The micellar aggregation number was determined by the 
fluorescence quenching method with pyrene as the probe and 
cetylpyridinium chloride (CPC) as the quencher. Five predom
inant vibronic bands are exhibited by pyrene in water in the 
fluorescence spectrum. It has been observed that the ratio of 
intensity ofthe first {11 at 373 nm) and third peaks (13 at 384 nm) 
is a sensitive parameter which characterizes the polarity of the 
probe environment. The solubilization of the probes in a more 
hydrophobic environment than water is indicated by a decrease 
in /1/J-' values. The aggregation number of the surfactant 
micelles was determined by using Stern-Volmer equation and 
also considering the usual following assumptions: 

(I) Static quenching occurs between the fluorescence probe 
and the quencher molecules so the quenching process does not 
affect the fluorescence lifetime of the probe. 

(n) Fluorescent lifetime of the probe is much less than the 
residence times of the quencher and probe inside the micelle. 

(III) The probability of finding a micelle with more than one 
probe molecule is negligible as because the quencher concen· 
tration is vezy low. 

Following Poisson statistics·'0 for the description of probe 
and the quencher among the micelles, the logarithm of I0 /I 

takes the form. 

In~= [Q)N 
I {[SJ 0 -cmc) 

(2) 

where, Io and I are the intensities of fluorescence without and 
with quencher. [Q] is the bulk quencher concentration, N is the 
mean aggregation number and [S]0 is the total surfactant 
concentration. The aggregation number has been obtained bv 
plotting ln(Io/1) as a function of quencher concentration. • 

In the present study, good linear plots for all the surfactants 
have been obtained satisfYing the above equation. The repre
sentative plot of fluorescence measurement for the surfactant, 
TEADBS is shown in Fig. 4 (Similar plots of In( loll) as a function 
of the concentration of CPC for TMADBS, TPADBS and TBADBS 
are provided as ESit). The aggregation number measured at 298 

K for all the surfactants in aqueous solutions are given in the 
Table 2. Fig. 5 shows the variation of aggregation number as a 
function of the size of the counter ions (in terms of the number 
of carbon atoms present in R of ~N+). Aggregation number 
increases with alkyl chain length of counterions and gives 
maximum value for tetraethylammonium ion due to hydro
phobic interactions of hydrocarbon exterior of the ions with 
exposed hydrocarbon to the micelle surface. However, for tet· 
rapropyl and tetrabutyl ammonium ions aggregation become 
increasingly unfavorable due to steric hindrance for increasing 
counterion size. Here, comparison of aggregation number with 
the ionization degree might be interesting. 

The ionization degrees of all the surfactants are shown in 
Table 1. The result shows that the values are quite high which 

RSC Advances 

250000(1 

2000000 

~4{) 360 380 400 420 440 460 

Wave L-ength (nm) 

fig. 4 Fluorescence spectra of pyrene with different concentration of 
CPC in mM (1) 0.0 mM (2) 0.0054 rnM (3) 0.105 mM (4} 0.152 mM (5) 
0.196 mM (6) 0.237 mM (7) 0.276 mM (8) 0.312 m.M (9) 0.346 mM (10) 
0.379 mM (11) 0.409 mM (12) 0.438 mM (13) 0.466 mM; inset - plot of 
ln (10/13) vs. [CPC] to determine the aggregation number for TEADBS 
surfactants. 

indicates that the tetraalkylammonium counter ions are 
strongly bound to the micelle surface. It is also observed that 
the counter ion ionization degree increases in the series NH4 * s 
N+(CH_,)4 < N+(CzHs)4 < N+(C.,H7 )4 < N+(C4H 9) 4 • This means that, 
as expected, the binding increases as the counter ion becomes 
more and more hydrophobic in nature. The values of erne also 
follow the opposite trend, i.e., as the fraction of counter ion 
binding increases, the micelles are formed at lower concentra
tions. However, the aggregation number does not follow the 
expected trend. At 298 K, the aggregation number becomes 
minimum in the case of NH4 + counter ion. But as the alkvl 
groups are substituted for hydrogens, the aggregation numb~r 
increases because of the formation of larger aggregates which is 
the consequences of the increased charged screening at higher 
counter ion binding capacity via stronger hydrophobic inter
actions with the micelles. This increasing trend of aggregation 
number continues up to the tetraethylammonium ions. But for 
tetrapropyl and tetrabutyl ammonium ions, aggregation 
number progressively decreases as illustrated in Fig. 5. This is 
indeed interesting. Such a complex behaviour of micelle per
taining to the aggregation number with respect to the expected 
trend on the basis of erne values is, however, available in the 
literature. 22 It has been shown that the effect of head group size 
of tetradecyltrialkylammonium bromide surfactant is vezy 
important pertaining to the observed reverse trend of the 
aggregation number with respect to its erne. For these surfac
tants the values of both the erne and aggregation number N 

decrease as the size of the tetraalkylammonium head group 
increases. This effect has been explained in tenns of the 
geometric steric hindrance (overlap) between the large tri
alkylammonium head groups at the micellar surface.'5

··" 

It seems apparent that in the present systems, as the 
hydrophobicity of counter ions increases, the counter ion 
binding/condensation increases due to increased hydrophobic 
interactions and eventually the erne decrease. However, 
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Table 2 Thermodynamic parameters of micellization for dodecyl benzene sulfonate with different tetraalkylammonium counterions at various 
temperatures: Standard Gibb's free energy. enthalpy, entropy and standard heat capacity and aggregation number 

-6-d,;, Mf'm 
Counterion TIK (kJ mol- 1

) (kJ mol 

NH.• 283 39.9 -6.3 

288 30.3 -7.7 

293 ,. n 
.Jo.l.U -11.1 

298 31.3 -13.2 
303 30.5 -18.0 
308 32.0 -21.1 

313 32.6 -25.2 
(CH3 }4N• 283 32.4 -21.5 

288 32.5 --22.4 

293 32.8 -23.3 

298 33.4 -24.6 

303 33.7 -25.6 

308 33.8 -26.6 

313 34.7 --28.3 

(C,H5).N+ 283 31.1 -12.2 

288 31.5 -12.8 

293 31.4 -13.1 

298 31.8 -13.8 

303 32.2 -14.3 

308 32.9 -15.1 

313 33.0 --15.6 

(C3 H 7) 4N' 283 30.9 -8.5 

288 30.9 -8.7 

293 31.2 -9.1 

298 31.6 -9.S 

303 31.9 -9.9 

308 32.4 --10.3 

313 32.7 -10.7 

(C.,H9 )•N+ 283 29.7 -17.6 

288 30.9 -18.9 

29J 31.2 -19.8 

298 31.9 -20.9 

303 32.1 -21.8 

308 32.8 -23.1 

313 33.0 -24.0 
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Fig. 5 Aggregation number change with the change of alkyl Chain 
length of R in R4 N+ counterion. 
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as::, -6-~m 
') 0 mol ') (J mol 1 K ') Aggr. no. 

118.7 405 08 
78.5 488 

67.9 571 
60.7 654 
41.2 737 

35.4 820 

23.6 903 

38.34 141 17 
35.05 159 
32.21 177 

29.46 195 

26.47 213 

23.17 231 

20.41 249 

66.68 108 34 

65.09 116 

62.50 124 

60.81 132 

59.08 140 

58.02 148 

55.53 156 

79.05 81 27 

76.93 87 

75.34 93 

74.03 99 

72.76 105 

71.64 111 
70.26 117 

43.07 245 25 

41.71 241 

38.93 237 
36.96 233 

33.97 229 
31.74 225 

28.98 221 

enhanced electrostatic charge screening of the head groups is 
incapable of increasing the aggregation number of the micelles 
for tetrapropyl and tetrabutylammonium counter ions. On the 
other hand, micellar surface probably does not offer sufficient 
surface area to accommodate all the N+Rt counter ions that 
must bind to the micelle to ensure their stability. Therefore, the 
micelles become smaller in size and more in number to provide 
larger surface area in order to pack a large number of counter 
ions. 

Energetics of micellar processes 

Using pseudo-phase separation model,"-·14 different thermody
namic parameters have been determined by using temperature 
dependency of micellization. For uni-univalent ionic surfac
tants, the standard Gibbs free energy of mice!Hzation can be 
expressed as. 

AG"% = (2- a)RTln Xcmc (3) 
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here a is the counterion ionization constant for ionic surfactant 
and ~cmc is the cmc in the mole fraction scale. The standard 
enthalpy change of micellization ll.H';, can also be obtained 
from the Gibbs-Helmholtz equation:20 

Ml/,, = -RJ'1(2- a)(o In Xcm)dT)p- In Xcm~(il(2- a)lilT)p 
(4) 

The second term of the equation, which is quite small as 
compared to the first term, is difficult to determine because the 
values of a do not follow any general trend of variation as a 
function of temperature and also due to polydispersity of the 
micelle.35

•
36 Therefore, neglecting the second term of the above 

equation takes the form. 

(5) 

Further, the values of iJ In XcmcloT in eqn (s) can be obtained 
by fitting the curve of In Xn!lc vs. T to a second order polynomial 
in the following way: 

lnXcmc =a+ bT+ cfl (6) 

where a, b and c are the polynomial coefficients respectively. 

(o In XcmcliJT) = b + 2cT (7) 

The free energy of micellization, ~ and the specific heat 
capacity of micellization, Arnie~ are also determined by the 
following expressions. 

(8) 

(9) 

Here, in the Table 2, the various thermodynamic quantities 
are presented. All the calculated properties change with the 
variation in temperature and counterion present with the 
surfactant molecule. For all the micellization processes large 
negative values of ll.G~ support that the micellization processes 
are thermodynamically favourable. On the other hand, the plot 
of D..d.:, as a function of alkyl chain length in the Fig. 6 suggests 
that with increase in alkyl chain length of the counterion, the 
spontaneity of the process decreases first and then remains 
almost constants. Furthermore, with increase in temperature, 
the spontaneity of the process increases by increasing LI.G~, 
values in general. The negative LI.H';, values suggest that micel
lization is an exothermic process and for all the surfactants it 
can be explained in terms of the size and hydration of the 
counter iom;.'7

•
18

•
21 Among the different factors proposed by 

researchers, the hydrocarbon chains with water molecules have 
the major contribution to the thermodynamic factors respon
sible for dodecylbenzene sulfonate aggregation.37

'
39 Usually the 

micellization process results in an appreciable positive entropy 
change via (i) disruption of the hydrophobic hydration 
surrounding the hydrophobic tails of surfactant molecules and 
(ii) increased degree of freedom of the tails in the oil-like inte
rior of micelles. Plot of D..s::, as a function of alkyl chain length 
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Fig. 6 Gibbs free energy change with the change of alkyl chain length 
of R in R4 N+ counterion. 
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Fig. 7 Entropy change with the change of alkyl chain length of R in 
R4 N+ counterion. 

{Fig. 7) suggests that positive entropy value first increases, rea
ches a maximum and then decreases with alkyl chain length 
which may be explained with the increase in the hydrophobic 
effect and the binding capabilities of the alkyl chain length and 
after that due to the bulkiness or large size of the tetrabutyl 
group, decrease in entropy is observed. An opposite effect is 
observed as usual for llifin (Fig. 8). For tetraalkylammonium 
counterion, the hydration number decrease effect is also a 
contributing factor for the micellization process. It has been 
observed that ll.S~ decreases systematically with increasing 
temperature of a particular type of counterion that may be 
explained by the disruption of ordered arrangement of water 
dipoles around the amphiphilic part of the surfactant mole
cules. Heat capacity of micelle formation, ll.mkC::• is the 
expression for the effective interactions associated with 
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Fig. B Entropy change with the change of alkyl chain length of R in 
R4 N+ counterion. 

hydrocarbon chains. The general trend in heat capacity values 
of a surfactant increases with increase in temperature due to 
solvation of ions upon miceilization. Here, the dodecylbenzene 
sulfonate shows similar trend and the values vary from -81 J 
mol~' K~ 1 to -249 J mol-1 K~1 which is quite similar to the 
other surfactants within the temperature range 283~313 K 

suggesting execution of hydrophobic interaction by the hydro
carbon tail followed by dehydration in greater extent"·" and 
with the change of counterions, the reduction of number of 
water molecules in counterion solvation shell occurs. 

Surface properties 

The surface excess concentration maximum (Tm"") and 
minimum areas per molecule (Am;n) in the interface (aqueous/ 
air) was calculated by the following expressions:14

•
15

•
21 

Fmax = (112.303n' RI)( -iJyliJ log C) (10) 

Anun = 1/(NF) (11) 

where 'Y expresses surface tension, N is the Avogadro's number 
and C and n' are the surfactant concentration and number of 
particles per surfactant molecules respectively. For DBS moiety 
with different counterions, the n' has the value of two like uni
univalent electrolytes. Generally, the Fmax value decreases with 
increase in temperatures, but an opposite trend is also 
observed2

u especially in presence of additives. At a fixed 
temperature, the Fmax values changes in the order: (CH3).tN+· > 

(CzHs)4N+ > (C3 H7) 4 N+ > (C4H9)4N+ which is due to the head 
group·s accessibility towards counterions followed by hydration 
of the ions in reverse order. Further, with increase in temper
ature, the surfactant molecules try to form a closely packed 
monolayer film due to the decreased repulsion of the oriented 
head groups which is well established by the fact of decreasing 
Amin value is also well supported in the literature.37•

39 
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Conclusion 

Different tetraalkylammonium cation changes the cmc values 
of dodecyl benzene sulfonate moiety to a great extent in 
aqueous solution. With increase in the size of tetraalkylarn
monium counter ion the erne decreases owing to the increase in 
hydrophobicity of the head groups. Also, with increase in size, 
the hydration of the head groups decreases which can effectively 
associate the monomer into micelle at lower surfactant 
concentration. However, expected reverse trend of aggregation 
number suffers a nudge for tetrapropyl and tetrabutylammo
nium counter ions because of their steric hindrance due to very 
large sizes, which impede their binding to the micelles and 
limit the values of aggregation number. The surface parameter 
values suggest that with increase in temperature the formation 
of close packed monolayer film formation occurs due to repul
sion of the head groups oriented at the air/liquid interface of the 
surfactant solution. The thermodynamic parameters calculated 
by using pseudo-phase model also successfully explains the 
thermodynamics of micelle formation of dodecylbenzene 
sulfonate as a function of chain length and bulkiness of the 
head groups associated with the counterions. 
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