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Abstract The enthalpy-entropy
compensation in ionic surfactant
micellization process over a large
temperature range is examined. The
surfactants SDS and C,;TAB are
investigated experimentally, and the
enthalpy and entropy changes are
evaluated based on phase separation
or mass action models together with
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Introduction

Hydrophobicity plays an important role in the thermo-
dynamics of surfactant micellization [1, 2]. The ionic sur-
factants appear to almost universally possess a minimum
in CMC versus temperature plot [3], which is similar to
the solubility curve of the hydrophobic substance. The
concept of “iceberg” by Franks and Evans [4] has been
applied to micelle formation [5].

Recently, based on experiments over a wide range of
temperature, many workers have re-examined the nature
of the hydrophobic effect (e.g., [6—10]). Experimental evi-
dences against the existence of a highly structured water
layer (the iceberg) were accumulated and discussed in ref,
[7]. It was shown that the enthalpy and entropy changes
for hydrophobic substance dissolution and protein unfold-
ing process was actually a compensation process which
gives a near constant Gibbs free energy change [11,12].
The two reference temperatures, T* (= 112 °C) and T, at
which the entropy and enthalpy change for each hydro-
phobic compound in a series were respectively a common
value, were found to be essential in hydrophobicity
[13, 14].

the other three surfactant systems.

In micellization process, the AH versus 4S plot (the
compensation plot) usually exhibits a linear character and
the slope has a dimension of temperature and is referred to
as the compensation temperature 7, [15-17]. The com-
pensation temperature is proposed as a characteristic of
solute-solute and solute-solvent interactions [18, 19].

It is the purpose of the present report to examine the
enthalpy-entropy compensation in ionic surfactant micel-
lization process over a large temperature range. The
surfactants SDS and C,;sTAB are investigated experi-
mentally, and the enthalpy and entropy changes are evalu-
ated together with the other three surfactant systems. The
relationship between compensation temperature and refer-
ence temperatures is discussed.

Experimental

SDS and C,¢TAB were all of GR grade (Merck Taiwan
Ltd.) and were used without further purification. Conduc-
tometric measurements were made with a Suntax Model
SC-17A conductivity meter. To prevent any pressure ef-
fect, the testing vessel was vented to atmosphere through
a glass condenser. Conductance measurements were made
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over the temperature range of 10° to 90 °C. The upper limit
is above most SDS of C;,TAB works in literature.

The CMC values were determined by least-square fit-
ting the data above and below the transition point with
correlation coefficient greater than 0.9999. At least three
runs were conducted for each condition to check the re-
producibility. The ratio of the slopes above and below the
CMC was defined as the degree of dissociation f [20]. The
errors in CMC and f measurements were estimated within
4% and 2%, respectively.

The thermodynamic property changes of micellization
were usually evaluated based on the phase-separation (PS)
or mass-action (MA) model [21]. For the PS model, the
Gibbs free energy change was:

AG = yRTIn(CMC) 1)

where y = 1 when the counterions were ionized com-
pletely, or = 2 when all counterions were binding to the
micelle. For the MA model, the Gibbs free energy change
was:

AG = (2 — B)RTIn(CMC) . ©

Though they have been criticized by several investigators
[22, 23], these models were used in this work.

With the Gibbs free energy change, the enthalpy and
entropy change of micellization could be subsequently
obtained. The values based on Eq. (1) withy =1 or 2, or
Eq. (2) were indexed as P1, P2, or M, respectively.

Results and discussion

The CMC and f data for SDS and C;,TAB are listed in
Table 1, and are close to those reported in literature.
A minimum exists in each CMC-T curve and the corres-
ponding temperature (7) and CMC (CMC,) (and also the
other three surfactant systems whose CMC and f’s had
been studied over a wide temperature range) are evaluated

Table 1 Experimental results

SDS Ci6sTAB

1,°C CMC, il CMC, B
107*M 1073M

10 8.81 0.33 1.01 0.23
20 8.48 0.35 0.98 0.25
30 8.44 0.38 1.00 0.27
40 8.89 041 1.08 0.29
50 9.62 043 1.22 031
60 10.5 045 1.46 0.32
70 12.3 046 1.71 0.34
80 14.0 047 2.13 0.35
90 15.9 0.49 2.71 0.37

via procedures proposed by LaMesa [3] and are listed in
Table 2. § increases with temperature, indicating the asso-
ciation between the head group and the counterion is
a high-temperature unfavorable process.

Based on the Gibbs free energy change in Egs. (1) or (2),
the enthalpy-entropy compensation plot can be plotted, as
demonstrated in Fig. 1. Clearly, a parallel relationship
holds between different surfactant systems when PS or
MA model is applied, and the compensation temperature
can be found from the slope. It is found, with finite certain-
ty, that the linearity for enthalpy-entropy curve is held
only when the system temperature is low to medium.
When temperature is high, all curves concave downwards
which gives a larger slope, and also a larger T,. Similar
temperature dependence had been reported previously
[15]. The best-fitted T,’s based on data in the linear region
are listed in Table 2 and the values are close to those
reported previously [15, 18]. No significant difference can
be detected for the employment of PS or MA model from
these compensation temperatures.

Table 2 CMC,, Ty, T,, 4Cp and AS* for various surfactant systems

surfactant CMCy, Ty, Ty Ty ACp  AS*
1073M°C °C °C  J/mol-KJ/mol-K
SDS 820 25 321 315 —-620 —56
CsTAB 090 20 324 318 780 —17
C14TAB [20] 379 25 314 325 660 —10
CgF,,SO;Li[5] 7.80 30 329 322 —520 9.2
C,F,sCOOK [5] 2.65 40 333 320 - 540 6.8

Fig. 1 AH versus 4S. Arrow indicates the increase of temperature
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The presence of impurities might lead to considerable
CMC-shift and is sensitive in the evaluation of thermody-
namic property changes. However, since the data under
room temperatures compare well with those available in
literature, and since the presence of various impurities
should have a profound effect on both the compensation
temperature (7,) and the reference temperature (7°*), the
impurity effect is believed to be secondary.

The entropy changes 4Sp, and A4S, are plotted against
In(7/T*) in Fig. 2, where T* is 112°C. The entropy
change ASp; will be half of ASp, and is not shown here for
brevity. At temperature T* the entropy changes for all
surfactants are close to zero. On the contrary, the entropy
change A4S, scatters largely. No general correlation based
on T* can be found [24].

From 4Sp, (and also 4Sp;) and In(7/7*) plot shown
in Fig. 2, the heat capacity change and AS* can be found
by assuming a constant heat capacity change as follows
[14]:

AS = AS* + AC, n(T/T*) .

The best-fitted values are listed in Table 2.

The heat capacity changes for C;¢TAB and C,,TAB
from ASp; (or ASp,) are respectively — 390 ( — 780) and
— 330 ( — 660) J/mole-K. Causi et al. [25] found that the
heat capacity change measured by microcalometric tech-
nique for micellization of surfactant C;,TAB is about
— 540 J/mole-K. Since the heat capacity change should be
more negative for a longer hydrophobic tail, Eq. (1) with

3)

Fig. 2 A4S versus In T/T*, T* = 112°C. Open symbols are for A5,
and solid symbols are for ASy,
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y = 2, the neutral micelle model, is a better description
than that with y = 1, the completely ionized micelle model.

The near-zero AS* is also noticeable. At temperature
T*, the entropy change for all hydrophobic substances
dissolution process will be about — 80, 0, or 16 J/mole-K
if the solute is respectively of gas, liquid or solid state [9].
Due to various head groups and counterions appearing in
these surfactant systems, such a result implies that the
micelle interior is oil-like [26] and the entropy change for
the association of the head group and the counterion is
relatively small.

The 48y, versus ACp data at 25 °C are plotted in Fig. 3.
The data for transfer of gas or liquid hydrocarbons from
aqueous solution to its original state, which was discussed
in refs. [9, 27], are also shown in the figure for comparison.
Although there is some scattering, the correlation between
the ionic surfactants and the liquid hydrocarbons is clear.

The heat capacity changes for C,;,TAB and C,;sTAB
shows an increase of about 60 J/mole-K with an addition
of a methylene group, which is close to an average value of
43 J/mole-K reported previously [28]. Due to the very
limited data available, this result should be considered to
be of preliminary nature.

The temperature dependence of compensation temper-
ature warrants some further discussion. A recent inter-
pretation of the compensation temperature has been
proposed by Murphy [14] as follows:

T— Ty Ahe

"SI " S “

Fig. 3 AS versus AC,. 25°C. The open symbols are for liquid hydro-
carbon dissolution process [27]
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Fig. 4 T, versus T. T* =112°C

where Ahe and AS. are respectively the enthalpy and
entropy change for transfer of a methylene group into
water, and 7T is the temperature at which the experiment is
made.

Take T* = 112 °C; according to Eq. (4) the compensa-
tion temperature can be plotted against T with Ty as a
parameter, as demonstrated in Fig. 4. Clearly, the compen-
sation temperature will be a near-constant value over
a finite range of 7, and diverges when T is high. The
constant compensation temperature thus obtained is
a strong function of Ty, and only when TY is close to T*,
T, will be close to room temperature. The calculations by
Murphy (1994) also proposed a rather high T}. Besides,
with certain Ty, the compensation plot may possess
a higher slope when T is large, which is qualitatively
consistent with experiments.

Based on such an interpretation, the enthalpy change
due to hydrophobic interaction at T,, the minimum of
CMC-T curve, should be a large positive value. The zero
enthalpy change based on PS model at 7, therefore results
from a negative enthalpy change contributed by the asso-
ciation of counterion with the ionized head group on the
micelle.

It is hence proposed that the compensation temper-
ature in ionic micellization can be interpreted based on the
reference temperatures, which is the same as other hydro-
phobic processes.
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Notations

AC,  heat capacity change, J/mol-K

CMC critical micelle concentration, M

CMC, critical micelle concentration at T = Ty, M

AG Gibbs free energy change, kJ/mol

AH enthalpy chang, kJ/mol

Ah, enthalpy change for transfer of a methylene group

to water, kJ/mol
R gas constant, §.314 J/mol-K

48 entropy change, J/mol-K

A8, entropy change for transfer of a methylene group
to water, J/mol-K

A4AS8*  entropy change at T = T*, J/mol-K

T temperature, K

T, compensation temperature, K

Ty temperature at which 4H =0, K

Ty temperature at the minimum point, K

T* =112°C

Greek Letters

B degree of dissociation, —
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