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Abstract
Conductivity of sodium dodecyl sulfate (SDS) and sodium lauryl ether sulfate (SLES) surfactants in aqueous and in 
alcoholic-aqueous mixed solvents (methanol, ethanol, and glycerol) with different mole fractions of alcohols has been 
measured experimentally at different temperatures (298.15, 303.15, 308.15 and 313.15 K). Surface tension was also 
measured experimentally for SDS and SLES in aqueous solution at 298.15 K. Critical micelle concentration (CMC) of both 
SDS and SLES was determined from the measured conductivity and surface tension data. The CMC was found to increase 
as the temperature and alcohol mole fraction increased in all solvents used. Depending on the conductivity data, the 
association constant (Ka) of both SDS and SLES was also determined applying Shedlowsky conductance equation. The 
thermodynamic parameters (ΔG˚, ΔH˚, and ΔS˚) of the micellization and association processes were evaluated from the 
temperature dependence of micellization and association constants. The results indicate that the association constant 
of both SDS and SLES decrease as the temperature and alcohol mole fraction increased in all solvents used. Also it was 
found that CMC and Ka of both SDS and SLES increase in the order: methanol > ethanol > glycerol. The association process 
was found to be spontaneous one. The density and refractive index of both SDS and SLES in aqueous and in alcoholic-
aqueous mixed solvents (methanol, ethanol, and glycerol) with different mole fractions of alcohols, has been measured 
experimentally at 298.15 K. Depending on the density data, the molar volume of the two surfactants was determined 
and discussed. Also depending on the refractive index data, the molar refraction and the polarizability of both SDS and 
SLES was calculated and discussed. A computer programs were used for all calculations.
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1  Introduction

Many chemical industry, such as oil recovery, oil slick dis-
persion for environmental protection, detergents, paints, 
dyestuffs, paper coatings, inks, plastics and fibers, per-
sonal care and cosmetics, agrochemicals, pharmaceuti-
cals, food processing, etc. are considered as surfactants 

applications specially in the system of ionic surfactants in 
mixed solvents.

At low concentrations, most properties are similar to 
those of a simple electrolyte.

One notable exception is the surface tension, which 
decreases rapidly with increasing surfactant concentra-
tion. However, all the properties (interfacial and bulk) 
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show an abrupt change at a particular concentration, 
which is consistent with the fact that at and above this 
concentration, surface active ions or molecules in solu-
tion associate to form larger units. These associated units 
are called micelles (self-assembled structures) and the 
first formed aggregates are generally approximately 
spherical.

The concentration at which this association phenom-
enon occurs is known as the critical micelle concentra-
tion (CMC). Each surfactant molecules has a characteristic 
CMC at a given temperature and electrolyte concentra-
tion. The Critical Micelle Concentration indicates the 
usually narrow range of concentrations separating the 
limits, at below which most of the surfactant is in the 
monomeric state and above which virtually all additional 
surfactants enters the micellar state [1]. The size and 
shape of the micellization can be controlled by varying 
surfactant concentration and structure, solvent proper-
ties, temperature, pH, and so on. The variation of the CMC 
with chemical and physical parameters provides good 
insights into the nature of the surfactant self-association. 
The physical methods for CMC determination includes 
conductivity, solubility, viscosity, light scattering, meas-
uring the surface tension by Wiebelmy slide method or 
by the method of maximum bubble pressure, measure-
ment of ion activity and by dye incorporation method, 
Gel filtration spectrophtometrically and counter ion mag-
netic resonance [2–6]. Some authors had been used the 
conductivity measurements to study the micellization 
of; SDS surfactant in water and in propanol-water mixed 
solvent [7–12], other surfactant [13, 14] and ionic liq-
uids [15–19]. The density measurements had been used 
to calculate the molar volume of some surfactants [20] 
and other substances in different solutions [21–24]. The 
refractive index measurements had been used to study 
the solvation of some substances in different solutions 
[25–27]. The effect of the solvent, temperature degree 
and the chemical nature of the surfactants on the differ-
ent solvation thermodynamic properties of both SDS and 
SLES were of little interest in the literatures in the point 
of view of the CMC, molal volume, association constant 
and polarizability measurements.

Based on the above introduction, the present work aims 
to study the solvation thermodynamic parameters (CMC, 
association constants, molal volume and the polarizabil-
ity) of both SDS and SLES using different measurements 
such as; conductivity, surface tension, density, and refrac-
tive index in aqueous and in different mole fractions of 
alcoholic (methanol, ethanol, and glycerol)-aqueous sol-
vents at different temperatures (298.15, 303.15, 308.15 and 
313.15 K).

2 � Experimental

2.1 � Chemicals and solutions

Compo-
nent

Suppli-
ers

% Purity 
before 
purifica-
tion

Purifi-
cation 
method

% Purity 
before 
purifica-
tion

Sodium 
dode-
cyl 
sulfate 
(SDS)

Scheme 1 Sigma 
Aldrich

(99.0) The com-
ponents 
were 
used 
without 
further 
purifica-
tion

(99.0)

Sodium 
lauryl 
ether 
sulfate 
(SLES)

Scheme 2 Royal 
Chemi-
cals

(98.0) (98.0)

Ethanol Sigma 
Aldrich

(99.8) (99.8)

Metha-
nol

Sigma 
Aldrich

(99.9) (99.9)

Glycerol Sigma 
Aldrich

(≥ 99.0) (≥ 99.0)

All solutions were prepared in cleaned glass volumetric 
flasks. Bidistilled water with conductivity between 0.05 
and 0.5 µS cm−1 was used to prepare the required Stock 
solutions. Stock solution (0.1 mol L−1) and (0.01 mol L−1) of 
both SDS and SLES surfactant, respectively, was prepared.

2.2 � Apparatus and procedure

The conductivity measurements were carried out 
using a Jenway Conductivity Bridge of certainty 
(± 0.025  µS  cm−1). The conductivity bridge was cali-
brated by the determination of the cell constant, Kcell, 
using different standard potassium chloride solutions 
[28]. The conductivity was measured as a function of 
both SDS and SLES concentration. To avoid dilution 
error in the preparation of different SDS and SLES 
surfactant solutions, the concentration of the sample 

Scheme 1   Sodium dodecyl sulfate (SDS)

Scheme 2   Sodium lauryl ether sulfate (SLES)



Vol.:(0123456789)

SN Applied Sciences (2019) 1:933 | https://doi.org/10.1007/s42452-019-0974-6	 Research Article

solution was successively increased by a stepwise addi-
tion of 0.25 or 0.5 mL of the previously prepared sur-
factant solution (0.1  mol  L−1) and (0.01  mol  L−1) to 
40.0  mL of pure solvent initially placed in a double 
jacket glass cell. The temperature of the solution in the 
double jacket glass cell was kept constant within ± 0.1 K 
of a desired temperature using an ultrathermostate of 
type (MLW 3230, Germany). After each addition, the 
solution was stirred to ensure homogeneous mixing, 
and then was subjected to the conductivity measure-
ment. The uncertainty in the conductivity measurement 
is ± 0.025 µS cm−1. The specific conductance was meas-
ured in duplicate and an average of the measurements 
was then used for calculations. The Surface tension 
measurements were carried out using a digital tensi-
ometer K9 (ring method).

3 � Results and discussion

3.1 � Concentration dependence of conductivity

The conductivity of both SDS and SLES surfactants in 
aqueous and in alcoholic-aqueous mixed solvents (meth-
anol, ethanol, and glycerol) with different mole fractions 
of alcohols, has been measured experimentally at differ-
ent temperatures (298.15, 303.15, 308.15 and 313.15 K) 
as described in the experimental section. To estimate the 
CMC of SDS and SLES in different solutions and at different 
temperatures, the relation of the measured conductivity 
versus the surfactants concentration was done as pre-
sented in Figs. 1, 2, 3, 4, 5, 6, 7, 8 and (S1–S12). The CMC for 
both SDS and SLES was also estimated at 298.15 K in water 
solvent using the surface tension measurements as pre-
sented in Figs. 9 and 10. The CMC values of both SDS and 
SLES in aqueous and in alcoholic-aqueous mixed solvents 

Fig. 1   Conductivity as a func-
tion of concentration for SDS in 
water at different temperatures
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Fig. 2   Conductivity as a func-
tion of concentration for SDS 
in ethanol–water mixture with 
ethanol mole fraction 0.0331 at 
different temperatures
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(methanol, ethanol, and glycerol) with different mole frac-
tions of alcohols, at different temperatures (298.15, 303.15, 
308.15 and 313.15 K) are collected in Tables 1 and 2. The 
CMC values of SDS and SLES from the literature are pre-
sented in Tables 1 and 2 in parentheses.

The CMC of both SDS and SLES was found to increase 
as the temperature and alcohol mole fraction increased 
in all solvents used (Figs. 11, 12 as example). This may be 
related to the more solvation (less micellization) of both 
SDS and SLES as the temperature and alcohol mole frac-
tion increased as a result of the dissociation of the inter- 
and intra-hydrogen bonds.

Also it was found that CMC of the two surfactants 
increase in the order: methanol–water  >  etha-
nol–water  >  glycerol-water. This may be as a result 
of the higher viscosity in the reverse order; meth-
anol–water  <  ethanol–water  <  glycerol-water 
and lower dipole moments in the same order; 

methanol–water > ethanol–water > glycerol-water. The 
higher is the viscosity and the lower is the dipole moment, 
the lower the solvation of both SDS and SLES and then low 
micellization, then low CMC. The CMC of both SDS and 
SLES in water at 298 K was found to agree with literature 
value [29, 42]. This can be also related to the effect of the 
hydrogen bond perturbation in this mixed solvent systems 
which differs from glycerol-water to that of ethanol–water 
and methanol–water.

In comparing the CMC values of the surfactants under 
study, it was found that CMC of the SDS surfactant is more 
than that of SLES surfactant. This may be related to the 
presence of ether group in SLES, which may decrease the 
solvation (increase the micellization) of SLES than that of 
SDS as a result of hydrogen bond formation.

The degree of ionization in the micelle (α) and the 
degree of counter ion binding, β = (1 − α) of both (SDS) and 
(SLES) as a function of mole fraction of alcohol at different 

Fig. 3   Conductivity as a func-
tion of concentration for SDS in 
methanol–water mixture with 
methanol mole fraction 0.0470 
at different temperatures
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Fig. 4   Conductivity as a func-
tion of concentration for SDS 
in glycerol-water mixture with 
glycerol mole fraction 0.0267 
at different temperatures
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temperatures were calculated as in the following equa-
tion [5]:

where S2/S1, the ratio of slopes of post and pre micelle 
regions and subsequently β was calculated as, (β = 1 − α). 
The slopes were estimated from the linear plots of conduc-
tivity versus the concentration of surfactants. The values 
of α and β are recorded in Tables 3 and 4.

The thermodynamic parameters of micellization were 
obtained using the following equations:

(1)� = S2∕S1
where α is the degree of ionization in the micelle, R is the 
gas constant and T is the absolute temperature. The stand-
ard free energy change (ΔGmic), the standard enthalpy 
change (ΔHmic) and the standard entropy change (∆Smic) of 
micellization process of both SDS and SLES were calculated 
by plotting of (ΔGmic) versus T, where the slope = (− ∆Smic) 
and the intercept = (∆Hmic).

(2)ΔGmic = (2 − �) RT ln [CMC]

(3)ΔGmic = ΔHmic − TΔSmic

Fig. 5   Conductivity as a func-
tion of concentration for SLES 
in water at different tempera-
tures
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Fig. 6   Conductivity as a func-
tion of concentration for SLES 
in ethanol–water mixture with 
ethanol mole fraction 0.0331 at 
different temperatures
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Since the conductance of an ion depends on its mobil-
ity, it is quite reasonable to treat the rate process taking 
into account change of temperature on the basis of the 
following equation:

The activation energy of micellization process of 
both (SDS) and (SLES) can be estimated by plotting of 
(ln CMC) versus (1/T) where the slope = (− Ea/R) and the 

(4)[CMC] = A e
−Ea∕RT

intercept = (ln A). The free energy change (ΔGmic), the 
enthalpy change (ΔHmic), the entropy change (∆Smic) and 
the activation energy of micellization process of (SDS) and 
(SLES) are presented in Tables 5 and 6.

From Tables 5 and 6, the values of ΔGmic, were found 
to be negative in all cases under study, showing the 
spontaneity of the micellization process, indicating that 
the increase in the concentration of alcohols makes the 
process more spontaneous. Similarly negative values of 

Fig. 7   Conductivity as a func-
tion of concentration for SLES 
in methanol–water mixture 
with methanol mole fraction 
0.0470 at different tempera-
tures
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Fig. 8   Conductivity as a function of concentration for SLES in glycerol-water mixture with glycerol mole fraction 0.0267 at different tem-
peratures
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ΔHmic indicate the exothermic nature of the micellization 
process. The values of ΔSmic were negative which indicate 
the spontaneity of the micellization process.

3.2 � Association constant and Walden product

The equivalent conductance (Λ) of both SDS and SLES in 
aqueous and in alcoholic-aqueous mixed solvents (metha-
nol, ethanol, and glycerol) with different mole fractions of 
alcohols at different temperatures (298.15, 303.15, 308.15 
and 313.15 K) has been calculated from the measured con-
ductivity before the CMC applying the following equation:

(5)� = 1000�∕C

The limiting equivalent conductance, �◦ of SDS and 
SLES were determined from the intercept of the Onsager 
relation [30] of Λ versus C1/2 in the following equation:

The experimental data for conductivity measurements 
were analyzed using Shedlowsky extrapolation equation 
[31], to get the association constant of the SDS and SLES, 
which follows equation:

S(z) is the Shedlowsky function, which can be calculated 
as follow:

A is the Onsager coefficient = 8.2 × 105�◦/(εT)3/2 + (82/�◦ ) 
(εT)1/2 where ε is the relative permittivity, �◦ is the vis-
cosity of the solvent and T is the absolute temperature. 
γi is the mean activity coefficient estimated from the 
Debye–Huckel limiting law as modified by Robinson and 
Stokes. Using the data of (Λ), S(z) and ( �◦ ), the value of 
degree of both SDS and SLES ionization (α) was calculated 
applying the following equation:

(6)� = �◦ − B C
1∕2

(7)1

�S(z)
=

1

�◦

+
K
a
C�S(z)�2

i

�2
◦

(8)z = A

√

C�

�
3∕2
◦

(9)S(z) =
�

Z

2
+
√

1 + (Z∕2)2
�2
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Fig. 9   Surface tension as a function of concentration for SDS in 
water 298.15 K
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Fig. 10   Surface tension as a function of concentration for SLES in 
water 298.15 K

Table 1   CMC (mol/L) values for SDS in aqueous and in alcohol- 
aqueous mixed solvents at different temperatures

*The values in parentheses are from [29] while values in bold italic 
are from surface tension measurements

Solvent Alcohol 
mole frac-
tion

T, K

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.0080
(0.0080)*
0.0079

0.0089 0.0096 0.0104

0.0331 0.0075 0.0081 0.0087 0.0107
0.0715 0.0080 0.0091 0.0102 0.0115
0.1166 0.0086 0.0098 0.0106 0.0112

Methanol-aque-
ous

0.0000 0.0080 0.0089 0.0096 0.0104
0.0470 0.0081 0.0091 0.0102 0.0112
0.0999 0.0096 0.0101 0.0111 0.0121
0.1598 0.0162 0.0112 0.0121 0.0131

Glycerol-aque-
ous

0.0000 0.0080 0.0089 0.0096 0.0104
0.0267 0.0071 0.0075 0.0081 0.0096
0.0582 0.0081 0.0091 0.0097 0.0106
0.0958 0.0091 0.0096 0.0105 0.0113
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Using (α) and (ε) values, the mean activity coefficients 
( �± ) was evaluated applying the following equation:

where Z−, Z+ are the charges of ions in solutions, A, B are 
the Debye–Hückel constant and (r) is the solvated radius.

The values of the triple ion association constant (K3) 
were calculated [32] applying the following equation:

Equation 12 was derived by Fuoss and using Walden 
approximation ( �◦ = 3�◦ ). The value of K3 was calcu-
lated and was found to be very small values (− 0.00006 
to − 0.00029) indicating no chance for the triple ion 
association.

The values of the standard free energy change of 
association (∆Ga) were calculated applying the follow-
ing equation:

where R is the gas constant and T is the absolute tempera-
ture. The standard enthalpy change (∆Ha) and the stand-
ard entropy change (∆Sa) of association process of SDS 

(10)� = �S(z)∕�
◦

(11)log�± = −
(

Z+Z−AC
1∕2

)

∕
(

1 − Br C
1∕2

)

A = 1.824 106∕(�T )3∕2; B = 50.29 108(�T )−1∕2

(12)
�
√

C
�

�

1 −
�

�◦

�

=
�◦

√

K
a

+
C�

◦

3

K3

√

K
a

�

1 −
�

�◦

�

(13)ΔG
a
= − 2.303 RT logK

a

Table 2   CMC (mol/L) 
values for SLES in aqueous 
and in alcohol- aqueous 
mixed solvents at different 
temperatures

**The values in parentheses are from [42] while values in bold italic are from surface tension measure-
ments

Solvent Alcohol mole 
fraction

T, K

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.00079
(0.00077)**
0.0080

0.00092 0.00101 0.00107

0.0331 0.00070 0.00081 0.00091 0.00110
0.0715 0.00091 0.00100 0.00111 0.00121
0.1166 0.00101 0.00111 0.00121 0.00131

Methanol-aqueous 0.0000 0.00079 0.00092 0.00101 0.00107
0.0470 0.00081 0.00091 0.00102 0.00111
0.0999 0.00091 0.00101 0.00112 0.00121
0.1598 0.00101 0.00111 0.00121 0.00131

Glycerol-aqueous 0.0000 0.00079 0.00092 0.00101 0.00107
0.0267 0.00048 0.00069 0.00080 0.00092
0.0582 0.00070 0.00081 0.00091 0.00101
0.0958 0.00080 0.00091 0.00101 0.00112
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Fig. 11   CMC for SDS as a function of mole fraction of ethanol at dif-
ferent temperatures
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Fig. 12   CMC for SLES as a function of mole fraction of ethanol at 
different temperatures
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Table 3   The degree of 
ionization (α) and the degree 
of counter ion binding, 
β = (1 − α) of SDS as a function 
of mole fraction of alcohol at 
different temperatures

Solvent Alcohol 
mole frac-
tion

α β = (1 − α)

298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.527 0.500 0.494 0.528 0.473 0.500 0.506 0.472
0.0331 0.670 0.713 0.700 0.679 0.330 0.287 0.300 0.321
0.0715 0.675 0.796 0.833 0.706 0.325 0.204 0.167 0.294
0.1166 0.800 0.885 0.804 0.835 0.200 0.115 0.196 0.165

Methanol-aqueous 0.0000 0.527 0.500 0.494 0.528 0.473 0.500 0.506 0.472
0.0470 0.582 0.589 0.600 0.607 0.418 0.411 0.400 0.393
0.0999 0.697 0.706 0.713 0.707 0.303 0.294 0.287 0.293
0.1598 0.824 0.745 0.676 0.566 0.176 0.255 0.324 0.434

Glycerol-aqueous 0.0000 0.527 0.500 0.494 0.528 0.473 0.500 0.506 0.472
0.0267 0.585 0.556 0.569 0.604 0.415 0.444 0.431 0.396
0.0582 0.570 0.575 0.550 0.491 0.430 0.425 0.450 0.509
0.0958 0.575 0.559 0.528 0.530 0.425 0.441 0.472 0.470

Table 4   The degree of 
ionization (α) and the degree 
of counter ion binding, 
β = (1 − α) of SLES as a function 
of mole fraction of alcohol at 
different temperatures

Solvent Alcohol 
mole frac-
tion

α β = (1 − α)

298.15 303.15 308.15 313.15 298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.770 0.722 0.682 0.727 0.230 0.278 0.318 0.273
0.0331 0.642 0.612 0.584 0.545 0.358 0.388 0.416 0.455
0.0715 0.686 0.664 0.664 0.622 0.314 0.336 0.336 0.378
0.1166 0.642 0.640 0.621 0.616 0.358 0.360 0.379 0.384

Methanol-aqueous 0.0000 0.770 0.722 0.682 0.727 0.230 0.278 0.318 0.273
0.0470 0.643 0.669 0.692 0.687 0.357 0.331 0.308 0.313
0.0999 0.707 0.717 0.689 0.661 0.293 0.283 0.311 0.339
0.1598 0.671 0.636 0.626 0.590 0.329 0.364 0.374 0.410

Glycerol-aqueous 0.0000 0.770 0.722 0.682 0.727 0.230 0.278 0.318 0.273
0.0267 0.605 0.641 0.650 0.632 0.395 0.359 0.350 0.368
0.0582 0.587 0.581 0.575 0.557 0.413 0.419 0.425 0.443
0.0958 0.518 0.488 0.483 0.434 0.482 0.512 0.517 0.566

Table 5   Thermodynamic 
parameters for micellization 
of (SDS) in aqueous and in 
alcohol- aqueous mixed 
solvents

Solvent Alcohol 
mole frac-
tion

ΔGmic ΔHmic ΔSmic Ea mic

kJ/mol kJ/mol J/mol K kJ/mol

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 − 17.61 − 17.84 − 17.92 − 17.51 − 27.75 − 0.032 12.97
0.0331 − 16.13 − 15.62 − 15.81 − 15.60 − 26.59 − 0.035 17.51
0.0715 − 15.83 − 14.27 − 13.72 − 15.03 − 31.76 − 0.053 18.46
0.1166 − 14.15 − 13.01 − 13.93 − 13.63 − 23.88 − 0.033 13.61

Methanol-aqueous 0.0000 − 17.61 − 17.84 − 17.92 − 17.51 − 27.75 − 0.032 12.97
0.0470 − 16.93 − 16.70 − 16.46 − 16.30 − 29.56 − 0.042 16.59
0.0999 − 15.03 − 14.98 − 14.83 − 14.88 − 18.62 − 0.012 12.35
0.1598 − 12.02 − 14.21 − 14.98 − 16.19 66.81 0.265 12.50

Glycerol-aqueous 0.0000 − 17.61 − 17.84 − 17.92 − 17.51 − 27.75 − 0.032 12.97
0.0267 − 17.35 − 17.81 − 17.65 − 16.88 − 46.24 − 0.093 15.27
0.0582 − 17.06 − 16.86 − 17.23 − 17.85 − 0.56 0.055 13.44
0.0958 − 16.58 − 16.88 − 17.18 − 17.16 − 4.53 0.041 11.30
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were calculated by plotting of (∆Ga) versus T, where the 
slope = (−∆Sa) and the intercept = (∆Ha).

Since the conductance of an ion depends on its mobil-
ity, it is quite reasonable to treat the rate process taking 
into account the change of temperature on the basis of 
the following equation:

where A is the frequency factor, R is the gas constant and 
Ea is Arrhenius activation energy of transfer processes. 
From the plot of ln �◦ versus l/T, the Ea values have been 
calculated from the slope [33].

The values of the association constant and the different 
thermodynamic parameters of association process of SDS 
and SLES in aqueous and in alcoholic-aqueous mixed sol-
vents (methanol, ethanol, and glycerol) with different mole 
fractions of alcohols, at different temperatures (298.15, 
303.15, 308.15 and 313.15 K), are presented in Tables 7 
and 8, respectively.

The results show that the association constant of both 
SDS and SLES surfactant decrease as the temperature 
increased in all solvents used (Figs. 13, 14), respectively. 
This is reverse to the effect of temperature on the CMC 
value. This indicates that as the temperature increase, 
the solvation increase, the association decrease, the 
micellization decrease and then CMC value increase. 
The association constant of the two surfactants was also 
found to firstly increase then decrease as the mole frac-
tion of alcohols increased which reverse the expected 
change. The first increase in the association constant 
may be related to decrease in the dielectric constant of 
alcohols than that of water, as expected from previous 
studies [15–19, 30, 31]. As the mole fraction of alcohol 

(14)�◦ = A e
−Ea∕RT

increases more, the association constant then decrease 
as reverse to expected from previous studies [15–19, 
30, 31] which may be related to difference between the 
electrolytic nature of the salts previously studied [15–19, 
30, 31], and the salts under study (SDS). As the alcohol 
mole fraction increase, the solvation of the hydrocarbon 
tail of both SDS and SLES increases, and so, the ion-pair 
association of positive and negative ions in both SDS and 
SLES molecule decreases.

Also it was found that Ka increase in the order: meth-
anol  >  ethanol  >  glycerol. This may be related to the 
higher dielectric constant and the lower dipole moment 
of glycerol than that both of methanol and ethanol. The 
association process was found to be spontaneous one 
as indicated from the negative value of the free energy 
change. Also, the association process is exothermic one as 
indicated from the negative value of the enthalpy change.

Also it was found that the Ka of the SDS surfactant is 
lower than that of SLES surfactant. This may be related to 
the presence of ether group in SLES, which may decrease 
the solvation (increase the association) of SLES than that 
of SDS as a result of hydrogen bond formation.

Inspection of the obtained data for the CMC, α, β and Ka, 
we can note that, as the association constant (Ka) decrease 
(which related to the conductivity values before CMC, i.e., 
S1 decrease) the degree of ionization in the micelle (α) 
(which equal (S2/S1)) will, respectively, increase. The coun-
ter ion value (β) will then decrease as a result of decrease 
in association constant. From Figs. 11, 13, 12 and 14, it 
was found as the association constant increase, the CMC 
decrease. This can be explained whereas the association 
between the positive and negative charges of the SDS and 
SLES salt increase, the solvation and so the CMC decrease.

Table 6   Thermodynamic parameters for micellization of (SLES) in aqueous and in alcohol- aqueous mixed solvents

Solvent Alcohol mole 
fraction

ΔGmic ΔHmic ΔSmic Ea mic

kJ/mol kJ/mol J/mol K kJ/mol

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 − 21.78 − 22.51 − 23.30 − 22.67 − 6.09 0.053 15.62
0.0331 − 24.45 − 24.93 − 25.40 − 25.80 2.26 0.091 22.93
0.0715 − 22.81 − 23.25 − 23.29 − 24.10 0.05 0.078 14.89
0.1166 − 23.22 − 23.32 − 23.73 − 23.91 − 8.33 0.050 13.46

Methanol-aqueous 0.0000 − 21.78 − 22.51 − 23.30 − 22.67 − 6.09 0.053 15.62
0.0470 − 23.94 − 23.49 − 23.09 − 23.26 − 38.29 − 0.049 16.40
0.0999 − 22.44 − 22.30 − 22.83 − 23.41 − 1.70 0.069 14.89
0.1598 − 22.72 − 23.39 − 23.65 − 24.37 8.26 0.104 13.46

Glycerol-aqueous 0.0000 − 21.78 − 22.51 − 23.30 − 22.67 − 6.09 0.053 15.62
0.0267 − 26.42 − 24.93 − 24.65 − 24.89 − 55.00 − 0.097 32.71
0.0582 − 25.44 − 25.45 − 25.56 − 25.92 − 16.14 0.031 18.90
0.0958 − 26.20 − 26.68 − 26.81 − 27.70 1.28 0.092 17.30
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The Walden product ( �◦�◦ ) which are informative from 
the point of view of ion–solvent interaction [34], has con-
stant value because the molar conductance of an ion at 
infinite dilution depends only upon its speed and hence, 
the product of ion conductance by the viscosity of the 
medium should be independent of the solvent nature. 
Hence, the Walden product ( �◦�◦ ) is expected to be con-
stant for a given electrolyte in a series of solvent mixtures 
in which the ion –solvent interactions are uniform.

The Walden product ( �◦�◦ ) values were calculated for 
both SDS and SLES in aqueous and in alcoholic-aqueous 
mixed solvents (ethanol, methanol and glycerol) with 

different mole fractions of alcohols, at different tempera-
tures (298.15, 303.15, 308.15 and 313.15 K) and their val-
ues are presented in Tables 9 and 10. The fluidity ratio (Rx) 
which is the ratio between the values of the Walden prod-
uct of the two surfactants in alcohol-water solvent to that 
in water can be calculated.

The Walden product ( �◦�◦ ) of both SDS and SLES solu-
tions was found to increase as alcohol mole fraction 
increased in the case of ethanol–water and glycerol-water 
solvent, while it decrease with increase the alcohol mole 

Fig. 13   Association constant 
(Ka) of SDS as a function of 
mole fraction ethanol in 
aqueous solutions at different 
temperatures
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Fig. 14   Association constant (Ka) of SLES as a function of mole frac-
tion ethanol in aqueous solutions at different temperatures

Table 9   Walden product ( �◦�◦ ) of SDS as a function of mole frac-
tion of alcohol at different temperatures

Solvent Alcohol 
mole frac-
tion

�◦�◦

S cm2 mol−1 cP

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.820 0.778 0.718 0.676
0.0333 0.983 0.902 0.807 1.102
0.0720 0.931 0.980 0.906 1.357
0.1174 1.015 0.980 0.905 1.405

Methanol-aqueous 0.0000 0.820 0.778 0.718 0.676
0.0472 0.592 0.630 0.640 0.658
0.1003 0.557 0.591 0.607 0.640
0.1604 0.497 0.538 0.555 0.576

Glycerol-aqueous 0.0000 0.820 0.778 0.718 0.676
0.0135 0.757 0.833 0.875 0.914
0.0298 0.797 0.856 0.894 0.950
0.0501 0.819 0.897 0.942 0.990
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fraction in the case of methanol–water solvent. This can be 
related to the higher viscosity of ethanol and glycerol than 
that of water. On the other hand the viscosity of metha-
nol is lower than that of water. The value of the limiting 
molar conductance �◦ is decrease as the mole fraction of 
alcohol (ethanol, methanol and glycerol) increase. This 
indicates that the effective factor in the change of Walden 
product is the viscosity of solvent not the limiting molar 
conductance.

3.3 � Molal volumes

The density of different molal concentrations of both (SDS) 
and (SLES) surfactants in aqueous and in alcoholic-aqueous 
mixed solvents (methanol, ethanol, and glycerol) with differ-
ent mole fractions of alcohols, has been measured experi-
mentally at 298.15 K. From the molal concentration and the 
density values, the apparent molal volumes, Vφ of both SDS 
and (SLES) in aqueous and in alcoholic-aqueous mixed sol-
vents (ethanol, methanol, and glycerol) with different mole 
fractions of alcohols, at 298.15 K, were calculated using the 
following equation [35]:

Where M is the molecular weight of SDS or (SLES), m is the 
molal concentration of SDS or (SLES) in solution, ρ and �◦ are 
the densities of solution and solvent, respectively. The cal-
culated apparent molal volumes, Vφ of both SDS and SLES in 
alcoholic-aqueous mixed solvents (ethanol, methanol, and 
glycerol) with different alcohol mole fractions at 298.15 K, 
are given in Tables 11 and 12.

The packing density (the relation between the Van der 
Waals volume and the partial molal volume of relatively 
large molecules is found to be constant [36, 37]). Therefore, 
it is possible to calculate the Van der Waals volumes (Vw) of 
the surfactants under study by apply the following equa-
tion [37].

(15)V� =
M

�
−

1000

m

[

1

�
◦
−

1

�

]

(16)Packing density (P) = V
w
∕ V� = 0.661 ± 0.017

Table 10   Walden product ( �◦�◦ ) of SLES as a function of mole frac-
tion of alcohol at different temperatures

Solvent Alcohol 
mole frac-
tion

�◦�

S cm2 mol−1 cP

298.15 303.15 308.15 313.15

Ethanol-aqueous 0.0000 0.831 0.780 0.738 0.697
0.0333 1.045 0.987 0.889 1.231
0.0720 1.329 1.252 1.079 1.527
0.1174 1.470 1.392 1.213 1.764

Methanol-aqueous 0.0000 0.831 0.780 0.738 0.697
0.0472 0.622 0.678 0.712 0.748
0.1003 0.611 0.636 0.661 0.698
0.1604 0.511 0.548 0.580 0.625

Glycerol-aqueous 0.0000 0.831 0.780 0.738 0.697
0.0135 0.837 0.934 0.987 1.046
0.0298 0.923 0.973 1.037 1.118
0.0501 0.887 0.960 1.030 1.135

Table 11   Apparent molal 
volume (Vφ), Van der 
Waals volume (VW) and 
electrostriction volume (VE), 
of SDS as a function of mole 
fraction of alcohol at 298.15 K

Solvent Alcohol mole 
fraction

ρ
g cm−3

Vφ
(cm3/mole)

VW
(cm3/mole)

VE
(cm3/mole)

Ethanol-aqueous 0.0000 1.0682 269.8669 178.3820 − 91.4849
0.0331 0.9997 288.3645 190.6089 − 97.7556
0.0715 0.9858 292.4305 193.2966 − 99.1339
0.1166 0.9699 297.2245 196.4654 − 100.7591
0.2355 0.9444 305.2545 201.7732 − 103.4813
0.4182 0.9309 309.6770 204.6965 − 104.9805

Methanol-aqueous 0.0000 1.0682 269.8669 178.3820 − 91.4849
0.0470 1.0066 286.3871 189.3018 − 97.0852
0.0999 0.9988 288.6227 190.7796 − 97.8431
0.1598 0.9846 292.7851 193.5309 − 99.2541
0.3074 0.9647 298.8225 197.5217 − 101.3008
0.5088 0.9362 307.9270 203.5397 − 104.3872

Glycerol-aqueous 0.0000 1.0682 269.8669 178.3820 − 91.4849
0.0267 1.1116 259.3282 171.4159 − 87.9123
0.0582 1.1360 253.7582 167.7341 − 86.0240
0.0958 1.1610 248.2940 164.1224 − 84.1717
0.1981 1.2103 238.1806 157.4374 − 80.7432
0.3657 1.2597 228.8408 151.2638 − 77.5770
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The electrostriction volume (Ve) which is the volume 
compressed by the solvent [36–39], can be calculated 
using the following equation.

The values of the solvated radius, Van Der Waal volume 
and the electrostriction volume are reported in Tables 11, 
12.

The densities values of both SDS and SLES solutions was 
found to decrease as the alcohol mole fraction increased 
in case of ethanol–water and methanol–water, while in 
case of glycerol-water solvents it increase with increas-
ing the alcohol mole fraction. Also it was found that Vφ 
of both SDS and SLES solutions increase with increasing 
the alcohol mole fraction in case of ethanol–water and 
methanol–water, but it decrease with increasing the alco-
hol mole fraction glycerol-water. This can related to the 
value of the density of the alcoholic and aqueous solvents 
under study (glycerol has more density than water, metha-
nol and ethanol).This may also related to the inter- and 
intra-hydrogen bonds formed in solution.

3.4 � Refractive index, molar refraction 
and polarizability

The refractive indices of both SDS and SLES in aqueous 
and in alcoholic-aqueous mixed solvents (ethanol, meth-
anol, and glycerol) with different alcohol mole fractions 
were measured at 298.15 K, and their values are reported 
in Tables 13 and 14. The refractive indices of both SDS 

(17)V
e
= V

w
−V�

and SLES in alcoholic-aqueous mixed solvents (ethanol, 
methanol, and glycerol) with different alcohol mole frac-
tions solutions, is increase as the mole fraction of alcoholic 
mole fraction increase.

Table 12   Apparent molal 
volume (Vφ), Van der 
Waals volume (VW) and 
electrostriction volume (VE), 
of SLES as a function of mole 
fraction of alcohol at 298.15 K

Solvent Alcohol mole 
fraction

ρ
g cm−3

Vφ (cm3/mole) VW
(cm3/mole)

VE
(cm3/mole)

Ethanol-aqueous 0.0000 1.0050 382.0895 252.5611 − 129.5283
0.0331 0.9861 389.4128 257.4018 − 132.0109
0.0715 0.9728 394.7368 260.9210 − 133.8158
0.1166 0.9600 399.9999 264.3999 − 135.6000
0.2355 0.9291 413.3030 273.1933 − 140.1097
0.4182 0.9194 417.6630 276.0752 − 141.5878

Methanol-aqueous 0.0000 1.0050 382.0895 252.5611 − 129.5283
0.0470 0.9991 384.3457 254.0525 − 130.2932
0.0999 0.9906 387.6436 256.2324 − 131.4112
0.1598 0.9762 393.3617 260.0121 − 133.3496
0.3074 0.9487 404.7640 267.5490 − 137.2150
0.5088 0.9234 415.8538 274.8793 − 140.9744

Glycerol-aqueous 0.0000 1.0050 382.0895 252.5611 − 129.5283
0.0267 1.0293 373.0811 246.6066 − 126.4745
0.0582 1.0572 363.2349 240.0983 − 123.1366
0.0958 1.0990 349.4189 230.9659 − 118.4530
0.1981 1.1560 332.1710 219.5650 − 112.6060
0.3657 1.2180 315.2732 208.3956 − 106.8776

Table 13   The refractive index (nD), the atomic polarization (AP), the 
molar refraction (Rm) and the polarizability (α) of SDS as a function 
of mole fraction of alcohol at 298.15 K

Solvent mixtures Alcohol 
mole frac-
tion

nD AP Rm
cm3/mol

α
cm3

Ethanol-aqueous 0.0000 1.3385 1.8812 56.3411 2.2340
0.0331 1.3425 1.8924 60.8464 2.4126
0.0715 1.3495 1.9122 62.8422 2.4918
0.1166 1.3547 1.9270 64.7280 2.5665
0.2355 1.3611 1.9452 67.5540 2.6786
0.4182 1.3672 1.9627 69.5699 2.7585

Methanol-aque-
ous

0.0000 1.3385 1.8812 56.3411 2.2340
0.0470 1.3411 1.8885 60.2057 2.3872
0.0999 1.3433 1.8947 61.0295 2.4199
0.1598 1.3449 1.8992 62.1703 2.4651
0.3074 1.3484 1.9091 64.0334 2.5390
0.5088 1.3502 1.9142 66.2918 2.6285

Glycerol-aqueous 0.0000 1.3385 1.8812 56.3411 2.2340
0.0267 1.3530 1.9221 56.2314 2.2296
0.0582 1.3675 1.9636 57.0493 2.2621
0.0958 1.3825 2.0069 57.8507 2.2938
0.1981 1.4111 2.0908 59.1514 2.3454
0.3657 1.4318 2.1526 59.3312 2.3525
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Also from the values of the measured refractive indices, 
of the two surfactants in alcoholic-aqueous mixed solvents 
(ethanol, methanol, and glycerol) with different alcohol mole 
fractions, the molar refraction (Rm) can be calculated [40] 
using the following equation.

where Vφ is the apparent molal volume of the two sur-
factants in solution, n is the refractive index of both SDS 
and SLES solution. The right hand side of Eq. (3) is equal to 
the total molar polarization or the distortion polarization 
which equal to the summation of both the electron polar-
ization (PE) and the atomic polarization (PA). The atomic 
polarization (PA) was calculated [41] from the following 
equation.

The mean value of the molecular dipole polarizability ( � ; 
dipole moment induced by electric field) can be calculated 
from the optical refractive index (n) of a material containing 
N molecules per unit volume. The refractive index is related 
to the polarizability (α) of the molecules by Lorenz–Lorenz 
formula [42] as shown in the following equation.

where ń = (N/Vφ), (N) is the Avogadro’s number and 
(Vφ) is the apparent molal volume. From Eq.  (20), the 

(18)R
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)

∕
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+ P

E
= P
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+ P
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(19)P
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= 1.05 n2

(20)
(
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)

∕(n2 + 2) = 4ń𝜋𝛼∕3

polarizabilities of both SDS and SLES in ethanol, methanol 
and glycerol-water with different alcohol mole fractions, 
were calculated. The values of the calculated molar refrac-
tion (Rm), polarizability (α) and the atomic polarization are 
recorded in Tables 13 and 14.

The molar refraction and the polarizability are directly 
proportional to the apparent molal volume. The molar 
refraction and the polarizability of both SDS and SLES in 
ethanol, methanol and glycerol-water, is increase as the 
mole fraction of ethanol, methanol and glycerol increase. 
This increase in the molar refraction and the polarizability 
of both SDS and SLES with the mole fraction of ethanol, 
methanol and glycerol may be related to the increase in 
the apparent molar volume the two surfactants with the 
increase in the mole fraction of ethanol, methanol and 
glycerol, respectively.

The molar refraction and the polarizability values of the 
surfactants under study were compared and it was found 
that molar refraction and the polarizability of the SDS 
surfactant is lower than that of SLES surfactant. This may 
be related to the presence of ether group in SLES, which 
may decrease the solvation (increase the association and 
the molar volume) of SLES than that of SDS as a result of 
hydrogen bond formation.

4 � Conclusion

The CMC of both sodium dodecyl sulfate (SDS) and sodium 
lauryl ether sulfate (SLES) surfactants in aqueous and in 
alcoholic-aqueous mixed solvents (methanol, ethanol, 
and glycerol) with different mole fractions of alcohols, has 
been determined experimentally at different temperatures 
(298.15, 303.15, 308.15 and 313.15 K) using the conductiv-
ity measurements. Also the CMC of both (SDS) and (SLES) 
was determined from surface tension measurements in 
water at 298.15 K. The CMC was found to increase as the 
temperature and as the alcohol mole fraction increased in 
all solvents used. It was found good agreement between 
the CMC value from both conductivity and surface ten-
sion measurements. Depending on the conductivity data, 
the association constant (Ka) of both (SDS) and (SLES) was 
also determined using Shedlowsky conductance equation. 
The thermodynamic parameters ( ΔG◦

, ΔH
◦

, and ΔS
◦ ) of 

the micellization and association processes were evalu-
ated from the temperature dependence of micellization 
and association constants. The results indicate that the 
association constant of both (SDS) and (SLES) decrease as 
the temperature and alcohol mole fraction increased in all 
solvents used. Also it was found that CMC and Ka of both 
(SDS) and (SLES) increase in the order: methanol > etha-
nol > glycerol. The association process was found to be 
spontaneous one. The density and refractive index of both 

Table 14   The refractive index (nD), the atomic polarization (AP), the 
molar refraction (Rm) and the polarizability (α) of SLES as a function 
of mole fraction of alcohol at 298.15 K

Solvent mixtures Alcohol 
mole frac-
tion

nD AP Rm
cm3/mol

α
cm3

Ethanol-aqueous 0.0000 1.3355 1.8727 79.1292 3.1376
0.0331 1.3421 1.8913 82.0813 3.2546
0.0715 1.3477 1.9071 84.4331 3.3479
0.1166 1.3544 1.9261 87.0435 3.4514
0.2355 1.3597 1.9412 91.1470 3.6141
0.4182 1.3666 1.9610 93.6942 3.7151

Methanol-aque-
ous

0.0000 1.3355 1.8727 79.1292 3.1376
0.0470 1.3386 1.8814 80.2627 3.1825
0.0999 1.3422 1.8916 81.7300 3.2407
0.1598 1.3441 1.8969 83.3518 3.3050
0.3074 1.3461 1.9026 86.2182 3.4186
0.5088 1.3452 1.8999 88.3607 3.5036

Glycerol-aqueous 0.0000 1.3355 1.8727 79.1292 3.1376
0.0267 1.3511 1.9167 80.5045 3.1921
0.0582 1.3636 1.9524 80.8845 3.2072
0.0958 1.3790 1.9967 80.7482 3.2018
0.1981 1.4098 2.0869 82.2605 3.2617
0.3657 1.4232 2.1268 80.3160 3.1846
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(SDS) and (SLES) in aqueous and in alcoholic-aqueous 
mixed solvents (methanol, ethanol, and glycerol) with 
different mole fractions of alcohols, has been measured 
experimentally at 298.15 K. Depending on the density 
data, the molar volume of the two surfactants was deter-
mined. Also depending on the refractive index data, the 
molar refraction and the polarizability of both SDS and 
SLES was calculated.
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