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Temperature Effect on the Adsorption of Ionic Surfactants
at Water/Hexane Interface from Micellar Solutions
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The adsorption behavior of dodecylammonium chloride (DAC) and sodium dodecyl sulfate (SDS) at their
aqueous micellar solution/hexane interface has been studied by measuring the interfacial tension as a function
of temperature at concentrations around the critical micelle concentration (cmc). The derivative of the inter-
facial tension with respect to temperature has been observed to change abruptly at the cmc and very little there-
after with increasing concentration in a limited range above the cmc. By applying the thermodynamic treat-
ment of adsorption from micellar solution developed previously to the present experimental results, the entropy
changes associated with the adsorption of DAC and SDS from monomeric state and from micellar state and the
corresponding energy changes have been calculated. Further, the entropy and energy changes of micelle for-

[Vol. 55, No. 9

mation have been obtained from these quantity changes.
It has been observed that the behavior of the micelle in the limited concentra-

for DAC at water/air interface.

These values have been compared with those obtained

tion range is controlled solely by temperature and pressure and bears resemblance to that of the adsorbed film

at the interface.
by the hexane existing in the system.

In a recent paper,) we have investigated the ad-
sorption of dodecylammonium chloride (DAC) at wa-
ter/air interface by measuring the surface tension of
the solution as a function of temperature at various
concentrations around critical micelle concentration
(cmc). It has been clarified with the aid of the entropy
and energy changes associated with the adsorption of
DAC evaluated by applying the thermodynamic treat-
ment of adsorption?-3 that the thermodynamic prop-
erties of the micelle of DAC in the aqueous solution
are closely related to those of adsorbed film of DAC
at water/air interface. It is now interesting to see if
a similar conclusion is obtained at water/oil interface
by measurement of the interfacial tension.

The purposes of the present work are to confirm
the validity of our thermodynamic treatment of the
adsorption from micellar solution?) and to reveal the
difference of the behavior of adsorbed film at water/
hexane interface from that of micelle. In order to
attain these purposes, we adopt as surfactants DAC
and sodium dodecyl sulfate (SDS), of which the ad-
sorbed films at water/hexane interface have well been
investigated in the range of concentration below cmc.3:9)
The interfacial tension is measured as a function of
temperature at various concentrations around cmec.
The thermodynamic quantity changes associated with
adsorption from micellar solution are evaluated by ap-
plying the thermodynamic equations and compared
with corresponding changes of DAC at water/air inter-
face.

Experimental

DAC and SDS were synthesized and purified by the
method described in the previous papers.?® Water was
distilled three times from alkaline permanganate solution.
Hexane was purified by distillation after passing through an
activated alumina column.

The equilibrium interfacial tension was measured as a
function of temperature at constant total concentration
around cmc under atmospheric pressure. The value of the
interfacial tension of the system of aqueous SDS solution

It has also been observed that the entropy and energy of micelle and adsorbed film are lowered

and hexane was determined by the pendant drop technique”-®)
within the experimental error of 0.05 mN m-1. Since the
system of aqueous DAC solution and hexane had a very
small interfacial tension (about 2 mN m-!) in the neighbor-
hood of cmc, we adopted the sessile drop technique®® for
the determination of the equilibrium interfacial tension.

The sessile drop of hexane made in the DAC solution in
the glass cell was allowed to stand for about an hour in order
to establish the thermal equilibrium. The enlarged photo-
graph of the sessile drop was taken by the camera and the
shape and size of the drop on the photographic film were
determined to a precision of um by Nikon Measurescope.
The value of the interfacial tension p was calculated by the
equation

y = (1/2)gAda?, M

where g is the acceleration of gravity, Ad the difference in
density between aqueous solution and hexane, and a the
capillary constant. The value of a? is obtained from the
experimental values of the radius r of the sessile drop in
the equatorial plane and the height 4 from this plane to
the top of the drop:

@ = r’f(h/r),

where f(h/r) is a function of h/r. We took the value of f(k/r)
from the tables of Tawde and Parvatikar.1-12) In the case
where the value of A/r is too small and deviates from these
tables, we calculated it by the equations presented by
Blaisdell.'® The error estimated for the value of the in-
terfacial tension was 0.05 mN m-1,

The densities of pure hexane and water were used instead
of those of hexane and aqueous solutions, because the mutual
solubility between hexane and water was small and the
concentrations of the solution were low. Temperature was
kept constant within 0.05 K by circulating thermostated wa-
ter around the cell.

Results and Discussion

The variation of the interfacial tension y with tem-
perature 7" at constant total molality mi of surfactant
around cmc under atmospheric pressure is shown in

Figs. 1a and 1b for DAC and SDS, respectively. The
y vs. T curve of the pure water/hexane interface is
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Fig. 1. Interfacial tension u»s. temperature curves of

DAC (a) and SDS (b) at constant total molality
under atmospheric pressure.
(a): (1) mj{=0mmol kg~*; (2) 11.08; (3) 12.04; (4)
12.51; (5) 12.65; (6) 12.80; (7) 12.98; (8) 13.04; (9)
13.14; (10) 13.29; (11) 15.04; (12) 16.53; (13) 18.03;
(14) 20.13. (b): (1) mi=0 mmol kg1; (2) 3.99; (3)
4.59; (4) 5.49; (5) 6.36; (6) 7.20; (7) 7.40; (8) 7.54;
(9) 7.67; (10) 7.70; (11) 8.46; (12) 9.97; (13) 11.29;
(14) 12.69.

included for comparison. These figures seem to re-
semble each other. The y wvs. T curve at a concen-
tration below cmc is slightly concave upward, while
at a concentration above cmc v increases linearly with
increasing T in the range of 288.15 K to 313.15K in
contrast with that of the pure water/hexane interface.
Examining the y vs. T curve at a concentration near
cmg, it is found that the curve consists of linear and
curved portions and the linear portion is made longer
by the increase of mi. This fact suggests that the
values of cmc of DAGC and SDS vary with tempera-
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Fig. 2. Interfacial tension vs. total molality curves of
DAC (a) and SDS (b) at constant temperature under
atmospheric pressure.
(a): (1) 288.15K; (2) 293.15K; (3) 298.15K; (4)
303.15K; (5) 308.15K; (6) 313.15K. (b): (1)
288.15K; (2) 293.15K; (3) 298.15K; (4) 303.15
K; (5) 308.15K; (6) 313.15K.

ture.

The values of the interfacial tension taken from
Figs. 1a and lb are plotted against mi at constant
temperature in Figs. 2a and 2b for DAC and SDS,
respectively. The y vs. m}i curve has a visible break
point at a certain concentration which provides the
value of cmc. In the concentration range above cmc,
y is observed to decrease linearly and slightly with
mi. When we are concerned with a limited range of
mi close to the cmc, we may say that y remains con-
stant.

In Fig. 3, the cmc vs. T curves of DAC and SDS
obtained from Figs. 2a and 2b are shown together
with the curve, for comparison, of the system of aqueous
DAC solution and air taken from our previous paper.!)
It is found that the curves are concave upward and
have a distinct minimum; the temperature of min-
imum is near 295 K for the curves of DAC and SDS
in this work and near 300 K for the curve of DAC
in the previous paper. Further, the value of cmc of
DAC measured by the interfacial tension is different
from that measured by the surface tension. This fact
may be attributable to the difference of the phase
coexisting with the DAG solution.

Next, we will consider the derivative of the inter-
facial tension with respect to temperature at constant
concentration under atmospheric pressure. The values
of —0y[0T, which are evaluated from Figs. la and
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Fig. 3. Critical micelle concentration vs. temperature
curves under atmospheric pressure.
(1): DAC water/air, (2): DAC water/hexane, (3):
SDS water/hexane.

b, are plotted against m{ in Figs. 4a and 4b for DAC
and SDS, respectively. It is seen clearly that —ay/
0T varies discontinuously at the cmc. Above cmc it
has a negative and almost constant value in the limited
range of concentration near cmc. The same observa-
tion has been obtained with the adsorption of DAC
at water/air interface.))’ The constancy of —dy/dT
and y in the limited range of mi suggests that the
concentration of monomeric surfactant is not varied
significantly by mi and the behavior of the micelle
in this concentration range is controlled solely by tem-
perature and pressure.

According to our thermodynamic treatment of the
adsorption from micellar solution developed previous-
ly,Y) we can evaluate the two types of the thermody-
namic quantity changes denoted by A y(1) and A y(M),
which are associated with the adsorption of surfactant
from its monomeric state and micellar state, respec-
tively. Let us assume that the surfactant is a strong
electrolyte and that the behavior of micelle is describ-
ed by using thermodynamic properties of an imaginary
micelle particle which contains the surrounding coun-
terions so as to satisfy the condition of electroneutrality.
Since the total differential of its chemical potential
M is expressed as a function of T and p:

dpM = —sMAT + g¥dp, @)
where s™ and o™ are the molar entropy and volume

of micelle, respectively, Ay(l) and Ay(M) are defined
by the equations

Ay(1) =y — I'DyY, (3)
and
AyM) = yB — I'T(Y"IND), “)

where I'T is the interfacial density of surfactant, y®
the interfacial excess quantity per unit area, y7 the
partial molar quantity of surfactant in the solution,
and N the number of surfactant ions in the micelle.

In the first place, the entropy changes, As(l) and
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Fig. 4. Derivative of interfacial tension with respect
to temperature us. total molality curves of DAC
(a) and SDS (b) at constant temperature under
atmospheric pressure.

(a): (1) 293.15K; (2) 298.15K; (3) 303.15K; (4)
308.15K. (b): (1) 293.15K; (2) 298.15K; (3)
303.15K; (4) 308.15 K.

As(M), can be calculated by applying the following

equations to the present experimental results:
As(M) = —(9y/0T) p, m3, ©)
and
As(l) = —(9y/0T ) p,mt — 2(RT [emc) I} (9cme/dT),, (6)

where it is presumed that the micellar solution behaves
ideally and the concentration of monomeric surfactant
is equal to the value of cmc. On the other hand,
in the case where the system is free from micelle, As(1)
is provided directly by the equation

As(l) = —(0y/0T) p, m:. (7)

Thus, it is evident from Eqs. 5 and 7 that the value
of —dy[dT in Figs. 4a and 4b provides As(M) at
the concentration above cmc and As(l) at the con-
centration below cmc. Therefore, the discontinuous
change in —dy/0T at the cmc corresponds to the
difference between As(l) and As(M) and its value
is related to the temperature dependence of cmc by
the equation

As(l) — As(M) = —2(RT [cmc)]}(8cme/dT), at cme.
®)

The right side of Eq. 8 is calculated easily, since the
value of I'f is estimated by applying the equation
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Fig. 5. Comparison between left side (As(1)—As(M))
and right side (—2(RT/cmc)[' (dcme/0T"),) of Eq. 8.
Left side O and right side ; (1) DAC; (2) SDS.
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Fig. 6. Energy change associated with adsorption us.
total molality curves of DAC and SDS at constant
temperature under atmospheric pressure.

(A): SDS; (B): DAG; (1) 293.15K; (2) 298.15K;
(3) 303.15K; (4) 308.15K.

I't = —(mi/2RT)(dy/om})r,p, ©)
to the y vs. mi curves in Figs. 2a and 2b, and the
values of cmc and dcmc/d7 are obtained from the
cmc vs. T curves in Fig. 3 The left side of Eq. 8
is evaluated by extrapolating the values of As(1) and
As(M) to the cmc. Both sides of Eq. 8 are compared
in Fig. 5. They seem to be in fair agreement with
each other. A similar result has been obtained for
the system of aqueous solution of DAC and air.)
This fact indicates that Eq. 2 is a useful approximation
for the behavior of micelle in a limited concentration
range near the cmc.

Next, let us evaluate the energy changes, Au(l)
and Au(M), by the use of the relations

Au(l) =y + TAs(1) — pAa(1), (10)
and

AuM) = y + TAs(M) — pAs(M). (11)
Since the terms of pAv(l) and pAs(M) on the right

sides of these equations are usually negligible compared
with the other terms under atmospheric pressure,36:14)

Temperature Effect on the Adsorption from Micellar Solution

2747

20 T T T T T T
T~ 10 ) N
o
13
-
x -
—_—
~
i -10 1
w
<
=-20 1
7
=
4 -30 1

“40 290 295 300 305 310 315

T/ K

Fig. 7. Entropy change of micelle formation (As-
(M«W)) us. temperature curves and entropy change
associated with adsorption from micellar state (As-
(H<«~M)) ovs. temperature curves under atmospheric

pressure.
(1): As(M<W), (2): As(H<M), O: DAC water/
hexane, A: SDS water/hexane, - - - -: DAC water/

alr.

the numerical values of Au(l) and Au(M) can be
obtained by making use of Figs. 2a, 2b, 4a, and 4b.
They are plotted against m: in Fig. 6 for both DAG
and SDS. It is apparent that the values of Au(l)
and Au(M) depend on mi in a similar manner as
the corresponding entropy changes in Figs. 4a and 4b.

Now, it is instructive to look more closely at the
behavior of DAC and SDS molecules in the adsorbed
film and micelle. In order to do this, it is convenient
to introduce the thermodynamic quantity changes per
mole of surfactant, which are defined by the equa-
tions

Ay(HeM) = %I — y*|NY¥ = Ay(M)/I'3, (12)
and

AyM<W) = y¥INY — 7 = [Ay(1) - Ay(M)I/ITY, (13)
where Egs. 3 and 4 have been used.

In Fig. 7, the entropy changes, As(H«M) and
As(M<W), which are obtained from Figs. 4a, 4b,
and 5, are plotted against temperature. Included in
this figure for comparison are those obtained for the
system of DAQC solution and air.)) Their values are
found to be fairly different between DAC and SDS
and between the water/hexane and water/air inter-
faces. It is also seen that the value of As(H<M)
is negative and slightly dependent on T while the
value of As(M<«<W) decreases from a positive value
to a negative one with increasing 7.

The corresponding energy changes, Au(H<M) and
Au(M<«W), obtained from Fig. 6 and the previous
paper,!) are shown in Fig. 8. It is noteworthy that
the Au(H<M) has nearly equal negative values for
DAC and SDS at water/hexane interface and has a
positive value for DAC at water/air interface. It is
also seen that Au(H<M), likely As(H<M), depends
slightly on 7. These facts indicate that the tempera-
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ture dependence of energy and entropy of the micelle
bears resemblance to that of the adsorbed film. The
resemblance of the behavior between the adsorbed
film and the micelle will be further confirmed by eval-
uating the corresponding volume changes from the pres-
sure dependence of the interfacial tension, which will
be reported in the near future.!®

Finally, let us examine the temperature dependence
of AuM«W) and As(M«<W). According to Eq.
13, they may be respectively referred to as the energy
and entropy changes of micelle formation. As can be
seen in Figs. 7 and 8, the values of Au(M«W) and
As(M<«W) vary with temperature in a similar manner.
It is also seen that the temperature dependence of
Au(M<W) and As(M<W) of DAC at water/hexane
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interface is smaller than that of SDS. This result may
be attributable to the difference in charge and size
of the ionic head group and counterion of surfactant
between DAC and SDS. Furthermore, we notice
that the values of Au(M«W) and As(M<W) for
the aqueous DAC solution-hexane system are fairly
smaller than those for the aqueous DAC solution—air
system. We may conclude that such a behavior re-
sults from the lowering of the energy and entropy of
micelle of DAC by the solubilization of hexane into
the micelle.

The present work was supported by a Grant-in-Aid
for Scientific Research No. 547009 from the Ministry
of Education, Science and Culture.
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