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Adsorption of 2-(Octylsulfinyl)ethanol at Ethanol-Water
Mixture/Air Interface
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The surface tension of the solution of 2-(Octylsulfinyl)ethanol (OSE) in ethanol-water mixture was
measured as a function of molality of OSE at constant composition of ethanol at 298.15 K under atmospheric
pressure. The slope of surface tension vs. molality curve decreased with increasing composition. Two break
points were observed on the curve: the break point at a low molality was attributed to the phase transition of the
adsorbed film of OSE and the one at a high molality to the micelle formation of OSE. The surface excess
numbers of moles per unit area of OSE and ethanol and their ratio were evaluated by applying the
thermodynamic equations developed previously to the experimental results. It was clarified that the adsorbed
film of OSE expels ethanol molecules from the surface region at a small composition of ethanol. The ratio of
the excess number of molecules of ethanol per micelle particle to that of OSE was found to be similar to the
corresponding ratio of the surface excess number of moles at the critical micelle concentration. This fact led us
to the conclusion that the OSE molecules in the micelle behave similarly to those in the adsorbed film even in

the mixed solvent.

The adsorption of surface active substances at
various oil/water interfaces has been studied ther-
modynamically and the significant influence of
solvent has been revealed in the previous papers.l:?
Furthermore, the thermodynamic treatment has been
extended so as to be applicable to the adsorption of
surfactant from mixed solvent.? Itis now necessary to
examine the effect of the composition of mixed solvent
on the interfacial behavior of surfactant molecules.
Such examinations were rarely conducted by investiga-
tors.4~® The present purpose is that the surface
tension of the solution of 2-(octylsulfinyl)ethanol in
ethanol-water mixture is measured as a function of the
concentration of OSE and the composition of the
mixture and analyzed thermodynamically.

Experimental

2-(Octylsulfinyl)ethanol was synthesized and purified by
the method described in the previous paper.? Its purity was
checked by gas-liquid chromatography; no minimum was
observed on the surface tension vs. concentration curve
around the critical micelle concentration. Ethanol (Nakarai
Chemicals Ltd., specially prepared reagent for spectroscopy)
was dried by the refluxion over calcium oxide and then
distilled. Water was triply distilled, the second and third
steps being carried out from dilute alkaline permanganate
solution.

Surface tension was measured by the drop volume
technique® at 298.15 K under atmospheric pressure. The
error inherent in the surface tension measurement was less
than 0.02 mN m~! throughout this experiment. Temper-
ature was regulated to a precision of 0.01 K by the use of
thermister controller.

The surface tension v of the solution of 2-(octylsulfinyl)-
ethanol (OSE) in ethanol-water mixture was measured as
a function of molality of OSE, m, at a given mole frac-
tion of ethanol, X, in the mixed solvent at 298.15 K under
atmospheric pressure.

Results

Figures la and 1lb show the 7y vs. m curves at
constant X. The vy value decreases steeply with
increasing m and remains almost constant at concen-
trations above the critical micelle concentration (cmc)
when X is smaller than about 0.05. Further, another
break point is seen at a very small m value on y vs. m
curve, which is designated by the arrow on the curve in
Fig. 1b. The m value at the break point and the cmc
value increase as X increases. At larger mole fractions
of ethanol, however, the slope of the vy vs. m curve
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Fig. la. Surface tension vs. molality of OSE curves at

constant mole fraction of ethanol at 298.15 K under
atmospheric pressure: (1) X=0, (2) 0.0060, (3) 0.0130,
(4) 0.0258, (5) 0.0439, (6) 0.0798, (7) 0.1253, (8) 0.2903,
(9) 0.5694, (10) 1.
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Fig. 1b. Surface tension vs. molality of OSE curves at
constant mole fraction of ethanol at 298.15 K under
atmospheric pressure: (1) X=0, (2) 0.0060, (3) 0.0130,
(4) 0.0258, (5) 0.0439, (6) 0.0798, (7) 0.1253.
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Fig. 2. Surface tension vs. mole fraction of ethanol
curves at constant molality of OSE at 298.15 K under
atmospheric pressure: (1) m=0 mmol kg=1, (2) 2, (3)
5, (4) 10, (5) 15, (6) 20, (7) 25.

becomes gentle. It should be noticed that the y value
does not vary with m at compositions above X=ca. 0.3.

In order to examine the variation of surface tension
with the composition of mixed solvent, the values of ¢
taken from Fig. 1a at constant m are plotted against X
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Fig. 3. Molality of OSE vs. mole fraction of ethanol
curves at constant surface tension at 298.15 K under
atmospheric pressure: (1) ¥=60 m N m~1, (2) 50, (3)
40, (4) 30.
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in Fig. 2. The v value decreases monotonously with
increasing X at low concentrations of OSE. At high
concentrations of OSE, the v vs. X curve has a distinct
maximum at small X. However, all the curves
approach each other above at X=ca. 0.3.

In Fig. 3 shown is how the molality m changes with
the composition X at constant surface tension. The
value of m decreases with an increase in X at large v,
while the m vs. X curve has a maximum at small .

Discussion

Since the system under consideration consists of 2-
(octylsulfinyl)ethanol, ethanol, water, and air, the
information regarding the surface of the system is
provided by applying the thermodynamic equations
derived in the previous paper® to the above exper-
imental results. Employing the molality of OSE m
and the mole fraction of ethanol X as the independent
variables at constant temperature T and pressure p, the
fundamental equation is written in the form

dy =— RT[(1 — X)X]{1 + (anf/8InX)7pm HdX
— RTm~I'dm, 1)

where OSE is assumed to behave ideally at any X value
and f is the activity coefficient of ethanol in the
mixture. The interfacial density of ethanol I''' and
that of OSE I'! are defined with respect to the
dividing planes which satisfy the condition that the
interfacial density of air I'! and the sum of those of
ethanol and water I''™+I'! are zero simultaneously.
Now, the following equations derived from Eq. 1
enable us to evaluate the thermodynamic quantities
rii(=—ri, rf, and rf/rf from the experimental
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— (8y/dm)rpx = RTm T}, Q)  — (8m/8X)zpy=m[(1 — X)X] {1 + (3Inf/dInX)zpm ' /TH.

— (89/8X)1pm = RT[(1 = X)XT{1 + (3Inf/dInX)7p.n] ™ ©

(3) First, the numerical values of I'}! were estimated

by applying Eq. 2 to the curves in Figs. la and 1b
and plotted against m at constant X in Figs. 4a and
4b. Itis seen from Fig. 4a that the '}l value increases
steeply with m and then approaches that of satura-
tion adsorption at the cmc indicated by the closed
circle when X is small. With increasing X, the I'fl
value decreases and becomes zero at a composition
above X=ca. 0.3. Therefore, it can be said that the
enhancement of ethanol in the mixed solvent dimin-
ishes the adsorption of OSE. Now, let us focus our
attention on the variation of I'}f with m in the dilute
concentration region depicted in Fig. 4b. The I'fl
value changes discontinuously at the concentration
where the vy vs. m curve breaks. This discontinuous
change in the I'§l vs. m curve is attributed to the phase
transition of the adsorbed film between a gaseous and
an expanded state which has been observed in the
previous papers.8-19 It is also seen that the concentra-
tion at which the phase transition takes place increases
with increasing X and eventually vanishes at a

m | mmol kg™

Fig. 4a. Interfacial density of OSE vs. molality of

OSE curves at constant mole fraction of ethanol 6
at 298.15 K under atmospheric pressure: (1) X=0,
(2) 0.0060, (3) 0.0130, (4) 0.0258, (5) 0.0439, (6) 0.0798, 1
(7) 0.1253, (8) 0.2903.
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Fig. 4b. Interfacial density of OSE vs. molality of )
OSE curves at constant mole fraction of ethanol Fig. 5. Interfacial density of ethanol vs. mole fraction
at 298.15 K under atmospheric pressure: (1) X=0, of ethanol curves at constant molality of OSE at
(2) 0.0060, (3) 0.0130, (4) 0.0258, (5) 0.0439, (6) 0.0798, 298.15K under atmospheric pressure: (1) m=

(7) 0.1253. 0 mmol kg1, (2) 2, (3) 5, (4) 10, (5) 15, (6) 20, (7) 25.
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composition above X=ca. 0.3. This fact is reconciled
with the view that the enhancement of ethanol
diminishes the adsorption of OSE.

Next, the value of I'l! was evaluated by applying Eq.
3 to the vy vs. X curve drawn in Fig. 2 and using the
activity coefficient of ethanol.1? The I'l! vs. X plot at
constant m is shown in Fig. 5. The value of I'l! at
m=0 is positive over the whole range of composition
and has a maximum. With increasing m, the value
decreases considerably and becomes negative at a small
X value, though it remains unchanged at a high X
value. Taking into account that the maximum value
of I'!! is comparable with the value of the saturated
adsorption of normal aliphatic alcohol,'? we may say
that ethanol molecules pack closely in the adsorbed
film. However, the dependence of I'l! on m suggests
that the formation of OSE film expels ethanol
molecules from the surface region. On the other hand,
we notice that the surface activity of OSE becomes
extinct in an ethanol-rich solution. Therefore, it
seems to be useful to examine the relation of the
adsorption of OSE to that of ethanol. This can be
achieved by evaluating the ratio I'l/I'}.

The numerical values of I'll/I'} were evaluated by
making use of Eq. 4 and the m vs. X curves in Fig. 3;
they are plotted against X at fixed vy in Fig. 6, where 78
denotes I'!l/r,  The values at y=60, 50, and
40 mN m~! are seen to increase greatly with increasing
X. On the other hand, the value at yY=30 mN m! first
decreases and then increases steeply. These findings
indicate that the competitive adsorption of OSE and
ethanol molecules takes place at the surface.

Now it is useful to examine the adsorption of OSE

1'H, rH,cmc, rM,cme
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Fig. 6. Ratios rH, rH.eme  and yM.eme ys. mole fraction
of ethanol curves at constant surface tension at
298.15 K under atmospheric pressure: (1) y=60 mN m™1,
(2) 50, (3) 40, (4) 30, (5) rH.omc ys, X, (6) rMieme yg, X,
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from its micellar solution in the ethanol-water
mixture. The behavior of micelles can be described by
the excess thermodynamic quantities with reference to
the spherical dividing surface around the micelle
chosen so that the sum of the excess number of water
molecules per micelle particle N¥ and that of ethanol
molecules N} is equal to zero. The analogue of the
Gibbs-Duhem equation for the micelle particle is
written as!®

NMduw + N¥du: + NYdue = 0, (5)

where N} is the excess number of OSE molecules per
micelle particle and p; the chemical potential of
component i. Adopting T, p, X, and m as the
independent variables and assuming that OSE behaves
ideally in the solution, Eq. 5 is rewritten in the
following form at constant T and p

[(1 = X)XT[1 + (3Inf/3InX) 1, mINMdX + m-INMdm = 0.
(6)

Combination of Eqgs. 1 and 6 yields the relation
representing the variation of surface tension of the
micellar solution with X:

—dy = RT[(1 — X)XT[1 + (3lnf/dInX)gpmI (" — rM)dX,
(7
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Fig. 7a. Critical micelle concentration vs. mole frac-
tion of ethanol curve at 298.15 K under atmospheric
pressure.
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Fig. 7b. Surface tension at critical micelle concentra-
tion vs. mole fraction of ethanol at 298.15 K under
atmospheric pressure.
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where 1™ expresses NM/NY.  Since y=ywmc and
m=cmc in the vicinity of the cmc, the following
equations are obtained from Egs. 6 and 7:

— (dcmc/8X)1p = (cmo)[(1 — X)XTY[1 + (3Inf/dInX)z,p,m] X

TM' cme
(8)
and

— (3y*™/8X)r, = RT[(1 — X)X]"Y[1 + (8Inf/dInX)1,pm] X
]‘;l,cmc(yH,cmc —_— rM,cmc),

€

where the superscript cmc indicates that the values of
the thermodynamic quantities are those at the cmc.
Therefore, we can evaluate the values of rHemc and
rMeme by applying Egs. 8 and 9 to the experimental
results.

The values of cmc and ™ obtained from the vy vs. m
curves in Fig. 1a are plotted against X at constant T
and p in Figs. 7a and 7b. The cmc vs. X curve is
qualitatively consistent with those observed by some
other work.4-6: 14-1 The numerical values of rHeme and
rMeme estimated are drawn as a function of X at
298.15 K under atmospheric pressure in Fig. 6. Com-
paring these curves with the rH vs. X curves, the values
of rHeme and rMeme may be said to be not so different
from each other. Therefore, we can conclude that the
behavior of OSE molecules in the micelle is similar to
that in the adsorbed film. Moreover, the negative
values of and rM<me jindicate that ethanol
molecules are expelled from the adsorbed film and the
micelle particle of OSE.

Further information about the interaction between
OSE and ethanol molecules in the adsorbed film and

rH,cmc
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the micelle will be provided by a thermodynamic
treatment which regards the present system as an
aqueous solution of surfactant mixture.
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