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The surface tension of the aqueous solution of octyl methyl sulfoxide (OMS) was mea-

sured as a function of temperature at various molalities below and above the critical micelle

concentration. The entropy and enthalpy of adsorption from monomeric and micellar states of

surfactant were evaluated by applying the thermodynamic equations to the surface tension mea-

sured. The entropy and enthalpy of micelle formation were also evaluated. These thermody-

namic quantities were discussed in terms of the orientation of surfactant molecules in the in-

terface and in micelle, the hydration of hydrophilic group of surfactant, and the difference in

geometry between the adsorbed film and micelle.

1. Introduction

The enthalpy change accompanied by adsorption at a
solid/fluid interface has been measured by calorimetry
because the total interfacial area, and thus the total num-
bers of molecules, participating in the adsorption is gen-
erally so large that the heat absorbed or evolved in the
process is detected by a calorimeter!’. With respect to
the adsorption at a fluid/fluid interface, on the contrary,
the total interfacial area participating in the adsorption
is usually so small that it is very difficult to detect the
heat by a calorimeter even when the enthalpy change
per mole of surfactant is comparable with that at the
solid/fluid interface.

From this point of view, it is highly useful to eval-
uate the enthalpy change accompanied with the adsorp-
tion at a fluid/fluid interface by the thermodynamic
method instead by calorimetry2#* . In the present paper,
the thermodynamic formulation for this purpose is de-
scribed and then applied to the adsorption of octyl

methyl sulfoxide at the air/water interface.

2. Experimental

Octyl methyl sulfoxide was prepared below 0C by
adding tert-butyl hypochlorite dropwise to the methanol
solution of octyl methyl sulfides, which was distilled
under reduced pressure around 75 T. After removing
methanol, residual rert-butyl hypochlorite, and terr-butyl
chioride as a by-product, the crude crystal was recrys-
tallized from the mixture of petroleum ether and a slight
amount of ethanol and then petroleum ether. The puri-
ty was checked by observing no minimum on the sur-
face tension vs. molality curve around the critical mi-
celle concentration®. Water was distilled three times
from alkaline permanganate solution.

The surface tension was measured within the accuracy
of 0.05 mNm*! by the drop volume method”'. The tem-
perature of measurement cell was kept constant within 0.01

K by immersing the apparatus in a thermostated water.
3. Thermodynamics

First we summarize the equations developed previ-
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ously to obtain the entropy and enthalpy of adsorption
from the aqueous solution to the interface?*' . The sur-
face tension Y can be written as a function of tempera-
ture T, pressure p, and the chemical potential of sur-

factant H:

dy=-s"dT+vdp-Ntdy, - (1)
where sH, Vi and I'|H are respectively the surface ex-
cess entropy, volume, and number of moles of surfac-
tant per unit surface area and defined with reference to
the two dividing planes making the excess numbers of
moles of water and air zero.

Substituting the chemical potential of monomeric sur-

factant i1,¥ given by

dp ¥ =—5,dT+v,dp+(RT/m»)ydm¥ - Q)
for Wi in eq, (1), we have
dy=-As()dT+av()dp-T)" (RT/m™)ydm¥ ... 3)

where y; (y =5, V) and m ¥ are the partial molar ther-
modymamic quantity and the molality of monomeric sur-
factant, respectively. As (1) and Av (1) are the entropy
and volume of adsorption of monomeric surfactant per

unit surface area and defined as

Ay(y=y"-T My, y=sv - (4)

From eq. (3) , the variation of surface tension with tem-
perature at constant pressure and the total molality m
is given by

(Y107, ,, =—As (V-T"(RT/m™)(@m" 13T) (5)

p-m

At concentrations below the ¢mc, the solution is free
from micelle, i.e., m;¥ is equal to m,, and then eq. (5)

is reduced to

@y/3T), ,, =—As(l) - 6)

Since the chemical potentials of components are uni-
form throughout the system, the Gibbs free energy of
adsorption Ag (1) is zero and therefore the enthalpy of
adsorption Ah (1) is given by

Ah (1) =TAs (1) - (7)

At concentrations above the c¢mc, since the mW value
is approximately equal to the molality at the cme C, we

obtain

B
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T(3y/3T),., =—Ah(y-THRT?C)Y(ACIIT),

- 8)
from eqs. (5) and (7). It is noted that the variation of
surface tension with temperature is related to the change
of monomer concentration as well as the enthalpy of
adsorption from monomeric surfactant.

Now let us derive the equations to estimate the en-
tropy and enthalpy of adsorption from miceliar state®’.
This is accomplished by substituting the chemical po-
tential of surfactant in the micellar state, instead of that
in the monomeric state K%, for W, in eq. (1) . Intro-
ducing the excess number of molecules of surfactant in
the micelle N;M and taking into account that monomer-
ic surfactants are in equilibrium with surfactants in the
micellar state, the chemical potential of micelle parti-
cle UM is given by

M= MM Y e (9)

Furthermore, it has been shown that the thermodynam-
ic properties of micellar solution is described by using
the excess thermodynamic quantities in a way similar
to those of adsorbed film and the micelle formation is
treated as an appearance of a new macroscopic phase®’.
Therefore, the chemical potential of micelle particle uM
is assumed to be a function of only temperature and
pressure within a limited concentration around the cmc

and written by

dpM=-MdT+vWdp - (10)

where y M) is the excess thermodynamic quantity of
micelle particle.

Substituting eqs. (©) and (10) into eq. (1) , we have

dy=-As(M)dT+Av(M)dp -1

where AyM is the thermodynamic quantity of adsorption
of surfactant from the micellar state per unit surface

area defined by

AyM=y" -nF oM/ MM

Therefore the temperature dependence of surface ten-

sion gives As (M) at concentration above the cmc:

(@y/19T),,, =—As(M) - (13)
and the corresponding enthalpy is given by
Ak (M) = TAs (M) (14)
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Fig.1 (a)
constant molality below the critical micelle con-
centration. {1) m; =0 mmol kg, 2) 1.66, (3)
2.69, (4) 4.08, (5) 5.51, (6) 7.33, (7) 8.62,
(8) 10.23, (9) 12.22, (10) 14.53, (11) 17.42,
(12) 20.85, (13) 24.35.

Surface tension vs. temperature curves at

By comparing eq. (8) with eq. (13) , we note that the
temperature dependence of the cmc is related to the dif-
ference between the values of Ak (1) and AR (M) :

Ak (1)- AR (M)=T\" (RT?/ C) (3C/3T),,

4. Results and discussion

The surface tension has been measured as a function
of temperature at 40 different molalities. Fig.1 shows
part of the ¥ vs. T curves obtained. It is seen that the
surface tension decreases with increasing temperature at
all concentrations. Looking more closely at the experi-
mental results, we note that the curve is concave up-
ward at low m,, linear at a high m), and has a break
point at a limited concentration range, respectively, In
Fig.2 are shown the ¥ vs. m) curves obtained by pick-
ing the ¥ values at a given temperature in Fig.1. The
surface tension decreases with increasing molality and
the curve has a definite break at a molality which we
referred to as the critical micelle concentration {cmc).

The enthalpies of adsorption are calculated by sub-

stituting the values of As (1} and As (M) , which are re-
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Fig.1 (b)
stant molality around and above the critical micelle

Surface tension vs. temperature curves at con-

concentration. (14) m, =25.84 mmol kg, (15)
26.47, (16) 27.02, (17) 27.93, (18) 29.15, (19)
31.02, 20) 33.78, (21) 44.16, {22)55.18.
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Fig.2 Surface tension vs. molality curves at constant
temperature. (1) 7=1288.15 K, (2) 293.15, (3)
298.15, (4) 303.15, (5) 308.15.

spectively estimated by applying eqs. (6) and (13) to
the ¥ vs. T curves in Fig.1, into eqs. (7) and (14) and
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Fig.3 Enthalpy of adsorption per unit surface area vs.
molality curves at constant temperature. {1) T
= 288.15 K, (2) 293.15, (3) 298.15, (4)
303.15, (5) 308.15.

plotted against molality at constant temperatures in Fig.3.
At a concentration below the cmc, the value is the en-
thalpy of adsorption at the air/solution interface from
monomeric surfactant Az (1) . It is noted that the Ah (1)
value increases with increasing concentration, namely
with increasing surface density of surfactant, and de-
pends strongly on temperature. This means that the ad-
sorption process of OMS is endothermic. Furthermore,
taking eq. (7) into account, the corresponding entropy
is also increased by increasing adsorption. Since am-
phiphile molecules are generally forced to orient strong-
ly in the interfacial region, it is usual that the entropy
decreases with increasing adsorption. For the present
case, therefore, it is probable that the increase in en-
thalpy and entropy is attributable to the decrease of hy-
dration around the hydrophilic group due to adsorption
although the surfactant molecules orient at the interface.
This is consistent with the fact that the higher the tem-
perature is, the smaller the increase in enthalpy and en-
tropy is.

At a concentration above the cmc, the value in Fig.
3 is the enthalpy of adsorption at the air/solution in-

terface from micellar state of surfactant Ak (M) . Since
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Fig.4 Surface density at the cmc vs. temperature curve.

the Ah (M) value is positive, the adsorption from mi-
cellar state also accompanies the increase in the enthalpy
and entropy. It may be said, therefore, that the hy-
drophilic group is less hydrated in the adsorbed film
than in the micelle. This is probable because the ad-
sorbed film and micelle are respectively plane and spher-
ical in their shape and thus the hydrophilic group is
more compactly packed in the former than in the latter.
Furthermore it is seen that the Ak (M) value does not
change so much with temperature. Therefore it is con-
ctuded that the temperature dependence of micro cir-
cumstances in the adsorbed film is not very different
from that in the micelle.

Here let us focus on the quantities at the cmc. It is
useful to introduce the enthalpy of adsorption per mole
of surfactant from the monomeric state AwHh and that
from the micellar state Ay instead of the corresponding
enthalpies of adsorption per unit surface arca. The Awfh
and AyHR are calculated from Ax (1) and Ah (M)

through the equations

AN h=AR(/TH - {16)
and
AT R=ARMMIT e (17)

respectively, where the surface density of surfactant is

evaluated by applying the equation
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Fig.5 Enthalpy of adsorption per mole of surfactant at
the cmc vs. temperature curves. (O) AwHh, (@)
AyHh,

n“:—om/erawamn,p - (18)

to the ¥ vs. m; curves given in Fig.2, and given in Fig.
4 as a function of temperature at the cmc. The AwHh
and AyHh values at the cmc are plotted against tem-
perature in Fig.5. It is seen that the increases slightly
with increasing temperature. It means that the AwHk val-
ue decreases steeply and the AwHk value increases slight-
ly with increasing temperature. It means that the dif-
ference in state between the bulk solution and surface
becomes rapidly smaller and that between the surface
and micelle slowly larger with increasing temperature
from the view point of enthalpy.

It is worthwhile to note that the enthalpy of micelle

formation defined by

Ath:hM/NlM*hl - (19)

is calculated by the enthalpies given in Fig.5 through

AGM =AMt h-AT R - 20)
and also by the temperature dependence of cmc given
in Fig.6 through eq. (15) . The results obtained by the
two independent ways are shown in Fig.7 and in fair
agreement with each other. This means that the micelle
formation is reasonably treated as an appecarance of a

new macroscopic phase and the chemical potential of
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Fig.6 Critical micelle concentration vs. temperature
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Fig.7 Enthalpy of micelle formation vs. temperature
curve. (C) eq. (19), (=)= RTYC) (8C/ 3T) .

micelle is approximately given by eq. (10) in terms of
the excess thermodynamic quantities. The results in Fig.7
show that the micelle formation accompanies the posi-
tive enthalpy and entropy changes probably mainly due
to the dehydration around the hydrophilic group in the
micellization process.

The enthalpy change accompanied by micelle forma-

tion has been directly measured by a calorimeter®’ be-



cause the total number of surfactant molecules partici-
pating in the micelle formation is large enough for the
total enthalpy change to be detected; the enthalpy of
mixing of 10ml of water and pure surfactant at the con-
centration above the cmc is estimated to be order of J.
With respect to the enthalpy change accompanied by ad-
sorption at a fluid/fluid interface , however, there has
been no report on the measurement by a calorimeter.
This is probably due to the fact that the total number
of surfactant molecules participating in the adsorption
is so small that the total enthalpy change to be detect-
ed is extremely small; taking the results in Fig.3 into
account, the total enthalpy change accompanied by ad-
sorption is estimated to be order of HJ for the lcm? in-
terface. Therefore the indirect method given in this pa-
per, that is, the measurement of surface tension as a
function of temperature and surfactant concentration and
the thermodynamic analysis of them, is highly useful to
estimate the enthalpy of adsorption.

For the measurement of extremely small heat flow,
some devices have been developed and the identifica-
tion limit of a calorimeter has been improved in recent
years? . The value of AwMh measured by using isother-
mal titration calorimeter TAM2277 will be reported and
compared with the one obtained by using the thermo-
dynamic method described here in the near future. Al-
so the measurements of enthalpy of adsorption at a flu-
id/fluid interface is now undertaken by means of the

calorimeter.
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