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Thermodynamic and aggregation properties
of sodium dodecyl sulfate in aqueous binary
mixtures of isomeric butanediols

Abstract The effect of aqueous
binary mixtures of isomeric butan-
ediols on the micellization of sodium
dodecyl sulfate has been investigat-
ed. Conductivity and fluorescence
techniques were employed to deter-
mine the critical micellar concentra-
tion, the degree of dissociation of the
counterions and the aggregation
numbers of the surfactants in these
binary blends. Differential conduc-
tivity plots were employed to distin-
guish between the cooperative and
the stepwise aggregation process

of the surfactant in each solvent
system. The mass-action model

was employed to calculate the

hydrophobic and the electrostatic
contributions to the Gibbs energy of
micellization as well as the monomer
and the counterion concentrations in
the postmicellar region. The ther-
modynamic parameters calculated
for each system indicate that the
micellization process occurs more
readily in the presence of cosolvent
owing to the formation of mixed
micelles.
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Introduction

Commercial cleaners for lubrication and grease-strip-
ping applications normally contain halogenated solvents
in their formulations. Halogenated substances are
generally toxic and pose a threat to the biosphere. It
has become imperative in recent years to develop
formulations that are nontoxic, biodegradable, inexpen-
sive and environmentally friendly. The blending of water
with various polar organic solvents along with common
surfactants may prove to be an effective formulation for
various cleaning operations [1].

Applications of surfactants in areas such as lubrica-
tion require water-free or water-poor media and hence
the surfactant aggregation process in nonaqueous media
has attracted considerable interest in recent years. Polar
solvents with properties resembling those of water, such
as ethylene glycol, glycerol and formamide, have been
employed [2, 3]. It has been established from previous
studies that the solvent system must have three charac-

teristics for amphiphilic aggregation to occur: (a) the
solvent system must possess (b) high cohesive energy,
(c) high dielectric constant and hydrogen bonding ability
[4]. Numerous studies have been carried out on the
aggregation process of surfactants when water is grad-
ually replaced with other polar solvents. A number of
solvents, such as glycerol [5-7], formamide [7-9] and
ethylene glycol [10-16], have been investigated. Micellar
properties in blended aqueous alcohol systems were
also studied extensively, in view of the importance of
alcohols as cosurfactants in microemulsions [17] and
their use in the mobile phases in micellar liquid
chromatography [18] as well as in micellar electrokinetic
chromatography [19]. In the latter techniques critical
micellar concentration (cmc) values are necessary to
predict solute retention and, hence, the separation
selectivity [20].

The recent interest in alcohol/micelle systems stems
from the ability to examine the effect of hydrophobic
interaction on micelle formation. This is accomplished



132

by investigating the micellar properties of ionic surfac-
tants in aqueous solutions containing alcohol. The
solvent hydrophobicity changes depending upon the
particular alcohol employed, resulting in a change in
the cmc values.

A significant amount of work dealing with the
properties of n-alcohols with ionic surfactants has been
reported in the literature [2, 3]; however, research on the
interactions of alkanediols with micelles has been scarce
[21-25].

As part of a comprehensive study on the micellar
process in mixed solvent systems [0, 15, 16, 24, 25], we
report here the micellar and thermodynamic properties
of sodium dodecyl sulfate (SDS) in binary aqueous
mixtures of isomeric 1,2-, 1,3-, 1,4- and 2,3-butanediols
(BTDs). The study of isomeric BTDs was undertaken to
examine the influence of the position of the second
hydroxyl group on the backbone of the alkane chain on
the micellar properties.

In the present study we determined the values of
micellar properties such as the cmc, the effective degree of
dissociation (), the aggregation numbers (N;), the surface
area of the headgroup (ap), the micellar radius (R) and the
critical packing parameters as a function of diol content in
the binary mixture. Conductometric, potentiometric and
fluorescence methods were employed for the determina-
tion of these properties. Complete thermodynamic prop-
erties of micellization and intermicellar properties were
obtained by employing the mass-action model.

Experimental

Materials

SDS was obtained from BDH, recrystallized from methanol,
further purified by Soxhlet extraction with diethyl ether for 72—
100 h, and dried under vacuum. The BTDs were obtained from
Aldrich with a stated purity of 99% plus and were used without
further purification. Pyrene (Aldrich) was purified by sublimation
followed by crystallization from ethanol. Hexadecylpyridinium
chloride, used as a quencher in the fluorescence measurements, was
purified by repeated crystallization from acetone. The water used to
make solutions was obtained from a Millipore-Super Q system with

a specific conductance less than 2 uSem~!.

Measurements

Specific conductance measurements of 15-20 different concentra-
tions of SDS at fixed aqueous BTD compositions were made in a
thermostated jacketed beaker, with a dip cell having a cell constant
of 1.02 cm™!. An automatic conductivity CDM 83 bridge (Radi-
ometer) operating at 1000 Hz was employed. The accuracy of the
conductance measurements was +0.2%.

A Fisher sodium ion selective electrode coupled with a double-
junction reference electrode (Fisher 13-620-47) was used to measure
the sodium ion activities. To prevent the precipitation of potassium
dodecyl sulfate at the junction of the reference electrode, potassium
nitrate solution was replaced by ammonium nitrate solution in the
outer chamber.

The micropolarity of the probe’s residential area in the micelles
and that of the solvent mixture was determined from the I/I3
intensity ratio of the pyrene vibronic spectra. Pyrene fluorescence
measurements were carried out using a Perkin-Elmer MPF66
fluorescence spectrophotometer. The pyrene concentration was
fixed at 1.0 x 10 M and the fluorophore was excited at a
wavelength of 340 nm. The excitation slit width was 1.5 nm, while
the emission slit was maintained at a width of 2.0 nm. The emission
spectrum was scanned over the range 360-500 nm. In the
determination of aggregation numbers, the concentration of the
quencher, hexadecylpyridinium chloride, was held low enough so
not to interfere with the assembly of the micelle.

The monomer, counterion and micelle concentration in the
postmicellar region were calculated using a computer program
based on the mass-action model as outlined by Moroi [26]. From
these parameters, the free-energy contributions from the hydro-
phobic and electrostatic effects to the Gibbs micellization energy
were calculated. The input parameters required for these calcula-
tions are aggregation numbers, cmc values and the degree of
counterion binding by the micelles. These parameters were
obtained using static fluorescence quenching, conductometric and
potentometric methods.

Results and discussion
cmc and degree of dissociation

The cmc values for SDS in the binary aqueous mixtures
of BTDs were obtained by plotting specific conductance
versus surfactant concentration. The breakpoint on the
plot is taken as the cmc. A number of these plots for
various percentages of 1,2-BTD in the binary mixtures
are shown in Fig. 1. From these plots, the effective
degree of counterion dissociation (o) is obtained from
the ratios of the slope of the postmicellar region to that
in the premicellar region. In all cases, smaller curvatures
appeared around the cmc at higher diol concentrations
and consequently the cmc and o values were obtained
with a slightly greater uncertainty.
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Fig. 1 Specific conductance versus concentration of sodium dodecyl
sulfate (SDS) in aqueous mixtures of 1,2-butanediol (/,2-BTD)
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When differential equivalence conductivity (AA),
K=K

AA = :
c1— ¢

(1)
is plotted versus mean concentration, ¢’ = (¢ — c})/2, a
vertical decrease over a narrow concentration range is
observed at lower diol concentration (Fig. 2A). This is
attributed to a cooperative micellization process. How-
ever at higher diol content, the decrease is over a wider
range of concentrations and this is indicative of a more
gradual association prior to the micellization process
(Fig. 2B).

The plots of the electromotive force versus the
logarithm of the SDS concentration obtained from
potentiometric measurements are shown in Fig. 3. The
breakpoints in these plots correspond to cmc values and
the values of o were calculated as described in a previous
publication [27].

More accurate cmc values at higher diol content were
obtained by employing the pyrene I;/I; ratio method
[28-30]. This procedure is based upon the sensitivity of
the pyrene vibrational structure to the microenviron-
ment of the probe. Below the cmc, with no micelles
in the system, the [;//5 ratio corresponds to a polar
environment. In the presence of micelles it is well known
that the probe resides in the palisade layer of the micelle,
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Fig. 2 Differential equivalent conductance versus mean concentration
of 1,4-BTD
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Fig. 3 Electromotive force (EMF) plots of the Na* /double-junction
reference electrode for SDS in 1,2-BTD/H,0O mixtures

where the polarity of the microenvironment decreases
sharply, resulting in a lower I;/I; value. We monitored
the 1:3 ratio as a function of SDS concentration in
various BTD/water mixtures. It must be noted that the
characteristic vibrational fine structure of pyrene was
not modified in the presence of diol and only slight
changes in the intensity of the vibronic bands (1:3) were
observed.

The cmc values were obtained from the abrupt
change of curvature in the plots of I;/I; as a function
of SDS (Fig. 4). The cmc values obtained from conduc-
tivity, fluorescence and potentiometric methods differ
slightly from each other and an average value of
the three is presented in Table 1 along with the values
of o obtained from conductometric and potentometric
methods.

In order to observe the dependency of the micellar
properties on the characteristic solvent parameters,
the cmc values of SDS in the binary mixtures were
correlated with the partial molar volume (V4) and
the compressibility (K,) values of BTDs in the binary
mixture. These values were taken from our previous
investigation [31]. Plots showing the dependence of the
cmc of SDS on both V4 and K, of BTD in the binary
aqueous mixtures at a particular BTD composition are
shown in Figs. 5 and 6. The linear behavior of these
plots indicates that the micellar behavior of SDS is
strongly dependent on the parameters of the isomeric
diols that are sensitive to the hydrophobicity.

Micellar aggregation numbers and micellar sizes
were determined by employing the steady-state fluores-
cence quenching method developed by Turro and Yekta
[32]. The method is based upon the quenching of a
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Fig. 4 Plots of pyrene 1:3 ratio versus concentration of SDS in
aqueous solutions of 1,2-BTD

Table 1 Micellar properties of sodium dodecyl sulfate (SDS) in
isomeric butanediol (BTD)/water mixtures. Method 1, conducto-
metric; method 2, potentiometric. The estimated error in o is £+ 0.05

System Wt% eme/eme® o
Method 1 Method 2
1,2-BTD 0 1.00 0.39 0.38
1.0 0.72 0.46 0.45
3.5 0.62 0.52 0.52
5.0 0.59 0.56 0.56
7.5 0.56 0.62 0.62
10 0.52 0.69 0.72
15 0.50 0.78 0.81
1,3-BTD 1.0 0.78 0.40 0.39
3.5 0.77 0.46 0.47
5.0 0.76 0.48 0.48
7.5 0.76 0.52 0.51
10 0.75 0.58 0.54
15 0.74 0.64 0.60
1,4-BTD 1.0 0.99 0.42 0.41
3.5 0.90 0.47 0.45
5.0 0.88 0.49 0.47
7.5 0.84 0.54 0.50
10 0.79 0.59 0.53
15 0.78 0.67 0.56
2,3-BTD 1.0 0.72 0.34 0.33
3.5 0.70 0.41 0.41
5.0 0.67 0.45 0.44
7.5 0.65 0.52 0.52
10 0.62 0.57 0.58
15 0.60 0.72 0.70
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Fig. 5 Plots of critical micellar concentration (cmc) versus V, of

BTDs at 298 K
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Fig. 6 Plots of cmc versus Ky of BTDs at 298 K

luminescence probe by a known amount of a quencher
and has been applied successfully to the determination
of mean aggregation numbers of SDS micelles in water
and in the presence of additives [16, 24, 33].



135

In the present study the pyrene—hexadecylpyridinium
ion pair was used to determine the aggregation number.
This pair meets all the requirements for the determina-
tion of aggregation numbers by the static quenching
method. The requirements are that the probe and the
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Fig. 7 In(y/]) versus quencher concentration in binary mixtures of
1,2-BTD/water containing 50 mM SDS

quencher both be solubilized and immobile within the
micelle, that the quenching rate be faster than the
emission lifetime of the probe and that the distribution
of the probe and the quencher among the micelles follow
a Poisson distribution. The ratio of the luminescence
intensities I/l without and with the quencher, Q, is
related to the micelle concentration, [M], by the equation

Iy [Q]
In(=)] =< . 2
(7) =1 )
The micelle concentration is given by
S —cmc
M =— 3
M) == ©

where S is the total surfactant concentration and N is
the mean aggregation number. By combining Egs. (2)
and (3) we get

In G—O) - e _szc] Q. (4)

Plots of In(%) versus [Q] for all systems demonstrated
good linearity (Fig. 7) and the mean aggregation
numbers obtained from the value of the slopes are
presented in Table 2. The experiments were repeated to
check the reliability of the procedure. The I;/I; ratios
of pyrene for the solvent system and in the presence
of micelles are also presented in Table 2. From the
examination of the 7;/I; ratios in 0.05 M SDS in BTD
(Table 2) it is apparent that the probe senses a relatively

Table 2 Micellar parameters

(the micellar radius calculated System % BTD Ns(£3) R (A ag (A% v/agl, BTD 0.05 M SDS in BTD
assuming spherical micelles, R,
the surface area per headgroup, ~1,2-BTD 0 62 17.3 60.7 0.35 1.82 1.24
ap, and the critical packing 1.0 60 17.1 61.4 0.34 1.38 1.01
parameter, v/agl.), aggregation 3.5 52 16.3 64.4 0.33 1.35 1.02
numbers (Ny) and I,/I; ratios 5.0 51 16.2 64.8 0.32 1.37 1.05
10 46 15.7 67.1 0.31 1.37 1.03
15 41 15.1 69.7 0.30 1.36 1.01
1,3-BTD 1.0 58 16.9 62.1 0.34 1.47 1.06
3.5 56 16.7 62.8 0.33 1.45 1.05
5.0 51 16.2 64.8 0.32 1.49 1.06
7.5 49 16.0 65.7 0.32 1.51 1.05
10 41 15.1 69.7 0.30 1.61 1.05
15 34 14.2 74.2 0.28 1.58 1.07
1,4-BTD 1.0 59 17.0 61.7 0.34 1.47 1.06
3.5 51 16.2 64.7 0.32 1.56 1.05
5.0 48 15.9 66.1 0.32 1.58 1.06
7.5 45 15.6 67.5 0.31 1.57 1.05
10 43 153 68.6 0.32 1.58 1.07
15 34 14.2 74.1 0.28 1.59 1.08
2,3-BTD 1.0 57 16.8 62.4 0.34 1.35 1.06
3.5 51 16.2 64.7 0.32 1.36 1.04
5.0 47 15.7 66.1 0.32 1.41 1.02
7.5 44 154 66.6 0.30 1.34 1.02
10 39 14.8 70.8 0.30 1.35 1.02
15 35 14.3 73.4 0.29 1.41 1.01
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lower polar environment in the micellar system of SDS
containing diols. The various concentrations of the diols
did not affect the polarity sensed by the probe.
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Fig. 8 Surface area per headgroup (ag) of SDS micelles versus diol

The surface area per headgroup (a) is known to be
the controlling factor for micelle size [34]. The individual
hydrophobic chain volume (v) and the critical chain
length (/) can be obtained by employing Tanford’s
equation [35].

y = (27.4 +26.9m)A’ (5)

lo = (1.5+1.265n)A (6)

where n is the number of carbon atoms in the alkyl
chain. By assuming spherical geometry, the micellar
radius, surface area per headgroup and the critical
packing parameter (v/agly) that controls the micelle
shape were calculated and are presented in Table 2.

The area per headgroup increases linearly with the
diol content (Fig. 8) and this may be attributed to the
replacement of water molecules in the solvation layer of
the micelle headgroup by diol molecules. The decrease in
the critical packing parameter indicates that addition of
diol favors the formation of smaller spherical micelles
[36].

Thermodynamics of micellization

The micellization of anionic surfactants may be de-
scribed by

composition ns~ + (n—p)ct = MP | (7)
Table 3 Thermodynamic prop-
erties of micellizati}(/)n. Thepunilzs BTD Wit% A'nGY AnpGY AwG’ AGY AnpG) AGH AuH’ AuS’
for AG and AH are kilojoules
per mole with an error of 1,2-BTD 0 -14.4 -23.5 -37.9 14.4 0.0 0.0 -1.8 121
+0.5 kJ and the units for AS 1.0 -11.6 -23.2 -34.8 11.6 0.3 -2.8 0.0 117
are joules per Kelvin per mole 3.5 -11.7 -21.5 -332 11.7 2.0 -2.7 1.2 107
with an error of =51J 5.0 -11.7 -20.8 -32.5 11.7 2.7 -2.7 -4.9 93
7.5 -11.6 -19.0 -30.6 11.6 4.5 -2.8 -4.8 86
10 -11.6 -17.7 -29.3 11.6 5.9 -2.8 -8.2 71
15 -11.7 —-15.5 -27.2 11.7 8.0 -2.7
1,3-BTD 1.0 -11.7 -23.6 -353 11.7 -0.1 -2.7 -0.1 118
3.5 -10.1 -23.8 -33.9 10.1 -0.3 -4.3 -14 109
5.0 -10.0 -22.3 -333 10.0 1.2 -4.4 -2.6 105
7.5 -10.6 -21.6 -32.2 10.6 1.9 -3.8 -4.1 94
10 -11.7 -19.4 -31.1 11.7 4.1 -2.7 —-6.1 84
15 -11.5 -17.6 -29.1 11.5 5.9 -2.9
1,4-BTD 1.0 -11.7 -23.2 -34.9 11.7 0.3 -2.7 -0.4 116
3.5 -11.4 -22.2 -33.6 11.4 1.3 -3.0 -2.0 106
5.0 -11.3 -21.6 -32.9 11.3 1.9 -3.1 -4.9 94
7.5 -11.2 -20.5 -31.7 11.2 3.0 -3.2 -9.2 76
10 -11.2 -19.3 -30.5 11.2 4.2 -3.2 -8.3 75
15 -11.7 -16.4 -28.1 11.7 7.1 -2.7
2,3-BTD 1.0 -14.2 -22.2 -34.6 14.2 1.3 -0.2 0.2 117
3.5 -13.8 -21.4 -35.2 13.8 2.1 -0.6 -1.2 114
5.0 -12.0 -21.4 -334 12.0 2.1 -2.4 -29 102
7.5 -11.6 -21.3 -32.9 11.6 2.2 -2.8 -5.8 91
10 -10.0 -21.2 -31.2 8.9 1.2 -5.5 -7.8 79
15 -7.4 -21.0 -28.4 6.0 1.1 -84
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where s—, ¢ © and M? stand for monomer, counterion
and micelle concentrations, respectively.

The equilibrium constant can be written in terms
of the standard free-energy formation per monomer
(AmG®) as follows:

1
AMG° =RT |:— <—> Inay~ +Inag- + (1 —E) lnac+] , (8)
n n

where a represents the activity of the species involved.
In dilute solutions the activities can be replaced by
concentrations (expressed in mole fraction units). The
Gibbs energy of micellization, Ay;G°, can be treated as
the sum of the hydrophobic free energy of transfer of the
surfactant monomer from the media to the interior,

omoe

2

AyH® 1 kJ mol -1
IS

-10

60 70 80 S0 100 110 120 130

£yS° 1 K1 mor?

Fig. 10 Plot of ApH® versus ApS® for various aqueous diol solution

AHpGOU, and the energy associated with the surface
contri(butions, AsGY),.
The value of AHPG?I) is given by

1
AMG(()l) = AHPG(()I) = RT [— (;) In Xy, + lnXS:| . (9)

The energy associated with the surface contributions
consists of electrostatic interactions between headgroups
and the counterions along with other specific interac-
tions and is given by
AwGh) = ~8sGh, = RT (1 —5) InXe: . (10)
By employing the mass-action model, the concentrations
of monomers, counterions and micelles in the postmi-
cellar region for SDS in the concentration range 0.02—
0.10 M were calculated as outlined previously by us [24].
The values of AHPG?I), ASG?I) and Ay G° are present-

ed in Table 3. The effect of the additive on the free
energy of micellization can be calculated as follows:

(11)

(12)

The values are also presented in the Table 3. The
micellization enthalpies measured by solution calorime-
try from our previous studies [25] were employed to
calculate the entropies of micellization in these binary
liquid mixtures and are listed in Table 3.

The overall difference in the hydrophobic free energy
change (AypG(11y) upon micelle formation increases with
the diol content except for the 2,3-BTD system. This
is attributed to the formation of mixed micelles and to
the formation of small aggregates with highly solvated
headgroups. The increase in the degree of dissociation is
reflected in the negative values of AG(;1y. The removal

AHPG(()II) = AHPGODioHHgO - AHPG%ZO

AsG{i 1) = AsGhi1 1,0 — AsGhio



138

of the counterions from the surface enhances the surface
potential by increasing the electrostatic repulsion be-
tween the headgroups, which consequently destabilizes
the micelles; however, in the present study this effect was
minimized by the penetration of diols into the head-
group region of the micelles, which reduces the electro-
static repulsion.

The monomer concentrations in the postmicellar
solution obtained by the mass-action model are
plotted in Fig. 9A for 10% BTD content. The decrease
in the monomer concentration follows the order
23 >12 > 13 > 1,4 BTDs. For a given diol, the
monomer concentration decreases with increasing diol
content (Fig. 9B).

The enthalpies of micellization versus the entropies of
micellization for all diols gave a fairly linear plot with a
compensation temperature of 210 K (Fig. 10), which is
an interesting phenomenon. The addition of cosolvent
lowers the entropy and enthalpy changes (Table 3),
which shifts of the curves to regions of smaller entropy
change and more negative enthalpy change. In the
present study similar behavior was observed for all
isomeric diols of varying composition and hence a single
slope was obtained. On the basis of these observations, it
can be concluded that the micellization of SDS in these

binary mixtures is still a compensation process and
is different from pure water and other aqueous systems
[37, 38].

Conclusions

The decrease in the cmc and the aggregation numbers
with the addition of diols can be attributed to the
increase in the solvophobic effect and to the formation
of mixed micelles. This effect varies in the order
1,2 > 23 > 13 > 1,4 BTDs. It is apparent that the
position of the second hydroxyl group has an effect on
the micellar properties. The increase in the effective
degree of dissociation with diol content is due to the
decrease in charge density at the micellar surface caused
by the increase in the surface area per headgroup and the
decrease in aggregation number. Intermicellar properties
obtained from the mass-action model may prove to be
useful in the interpretation of kinetic data on monomer/
micelle equilibria and solubilization process.
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