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The surface tension of aqueous solutions saturated with triacetin-tributyrin mixtures was measured in order
to study the phase equilibria among an adsorbed monolayer (m), an aqueous solution (w), and an oily mixture (l).
The variation in the surface tension, y, of saturated aqueous solutions with an increase in the number of moles, m,, of
the added mixtures depended on the mole fractions, x,, of tributyrin in the mixtures; the y value remained un-
changed in the case of x,=0.0027, decreased in the case of x, >0.0027, and increased in the case of x,<(0.0027.
The results of the theoretical analysis of the y vs. m, curves gave the mole fractions, x,!, of tributyrin in the oily

mixtures. The x,! values thus evaluated agreed with those determined gas-chromatographically.

It was found

that all of the y vs. x,™,  vs. x,!, and y vs. x,™ curves have a minimum, at which the y values are identical and at

which #,™=1x,">x,".

The characteristics of these curves were explained thermodynamically on the basis of the

assumption that triacetin and tributyrin form a regular mixture in a monolayer as well as in a liquid.

The overcompression and the dissolution of a spread
monolayer often make it impossible to study the equi-
librium state between the spread monolayer and the
bulk of the film-forming substance on an aqueous
surface.!~% When a film-forming substance is soluble
in the underlying water, the equilibria among the
adsorbed monolayer, the bulk, and the saturated aqueous
solution are easily established.

Hence, the present authors measured the surface
tension of aqueous solutions saturated with triacetin—
tributyrin mixtures and discussed thermodynamically
the results of the adsorbed monolayer-bulk equilibrium
in comparison with those of the spread monolayer-bulk
equilibrium.2-9)

Theoretical

We consider a system composed of a liquid mixture of
Component 1 and 2 (oily phase) and an aqueous solution
(aqueous phase) in equilibrium with each other. The
notations used hereafter are summarized in Table 1.
The superscripts, w, 1, and m mean the aqueous phase,
the oily phase, and an adsorbed monolayer at the air-
water interface. The superscript o means the pure

TABLE 1. LiST OF NOTATIONS

y: surface tension of an aqueous solution

F': surface pressure on an aqueous surface

V: total volume of water in the system

C: concentration of an aqueous solution

C¢¥: solubility of a pure liquid, i, in water

I': adsorption amount at the air-water interface
4,: partial molecular area of Component §

Mg: chemical potential of Component i

B: constant representing the intermolecular interaction
m: moles of triglyceride

R: gas constant

k: Boltzmann constant

T absolute temperature

N: Avogadro number

Ci=(my+my)[V

xgt=myl[(my'+m,?)

%" =T"y/(I"y+T'3)

1" =G (G, + ")

substance or the standard state. The subscripts 1 and
2 mean triacetin and tributyrin, and the subscript t
means the sum of the parts of triacetin and tributyrin.
Surface Tension of Saturated Aqueous Solutions.

Although the following consideration is entirely general,
we illustrate the y vs. log C, curves for triacetin—tributyrin
mixtures in Fig. la. We consider the interrelation
between the curves of y vs. log C; and y vs. x,' in the
presence of both aqueous and oily phases.
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Fig. 1. Schematic interrelationship between curves of

(a) y us. log C,, and (b) y vs. x} (solid line) and ¥
(chained line). Arrows indicate saturation.

When we drop a liquid mixture with the composition
of x, into water of a given volume, V, we have a kinkpoint
on the y vs. log C, curve, as is shown in Fig. la. The
concentration at the kinkpoint, C,¥ (shown by an arrow),
indicates the solubility. The relation between the
surface tension and the mole fraction of Component 2
in the aqueous solution, ;¥ (equal to the value of the
dropped-in liquid mixture, x,) at the kinkpoint is shown
by a chained line in Fig. 1b. When we drop in an
infinite amount of a liquid mixture, though, we can
neglect the amount dissolved into the water. Thus, we
can obtain the relation between the surface tension at
Ci—o and the mole fraction of Component 2 in the
oily phase, x,! (equal to the value of the dropped-in
liquid mixture, x,), as is shown by a solid line in Fig. 1b.
This relation can also be obtained through the simul-
taneous determination of the surface tension of the
aqueous solution and the composition of the oily mixture
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in equilibrium with the former.

As is shown in Fig. la, the surface tension of the
aqueous solution saturated with the pure substance, 1
(Curve 0) or 2 (Curve 1), remains unchanged regardless
of the presence of an excess of the substance. In
particular, the liquid mixture with the composition, x,
at which the solid and chained lines in Fig. 1b intersect
each other, behaves as if it were a pure substance in this
respect (Curve x5). On the other hand, as the dropped-
in amount of a liquid mixture at x,<[xp increases, the
surface tension passes through a minimum (e.g., Curve
xa). When a liquid mixture at x, >xg is dropped in,
the surface tension gradually decreases with an increase
in the G, (e.g., Curve x¢). In the case of mixtures, a
variation in the surface tension of aqueous solutions
with an increase in C; results from the simultaneous
variation of the compositions in the aqueous and oily
phases.

We can obtain the relation between x," and x,! at an
equilibrium state from Fig. 1b. If a horizontal line
is drawn at a given surface tension in Fig. 1b, the points
of the intersection of this line with a solid and a chained
line give the mole fractions of Component 2 in the oily
and aqueous phases respectively. For example, it is
found that the aqueous solution with the composition of
%4 is in equilibrium with the oily mixture with the
composition of xp.

When we drop a mixture with the composition of x,
into water above its solubility, we can calculate the y
vs. log C; relation, using the experimental values of 7,
Gi¥, and C;¥ of the aqueous solution in equilibrium with
the oily mixture with the composition of x,!. The total
moles of Components 1 and 2 can be given by the
following equations:

Cox,V = C™V + mlx,! (1)
CoxoV = C¥V + mlxy! (2)
Eliminating m!, the total moles of the oily mixtures,
from Egs. 1 and 2, we obtain Eq. 3:
Cy¥x,! — Gyt

‘ : —
t
xy0g" — 07!

3)
Using Eq. 3, we can calculate a C, value at a given
surface tension for the saturated aqueous solution.

Conversely, we can also obtain the expression for x,!
from Eq. 3:

1 Gra—G”
T C—C -G (4)

Xg

Hence, we can calculate an x,! value (the composition of
the oily mixture) at a given surface tension from Eq. 4,
using the y vs. log C, relation.

Equilibria among Aqueous, Oily, and Surface Phases.
Assuming that triacetin and tributyrin form a regular
solution in an oily mixture as well as in an adsorbed
monolayer, and that they behave as a dilute solution in
an aqueous solution, we can express the chemical
potentials, u;, of Component ¢ (=1 or 2) in the oily
mixture, the adsorbed monolayer, and the aqueous
solution as follows:

u' = + RTInx! + B'(1—x,)? (5)
u™ = u™ +RTInx™ + B™(1—x™)? + NFA; (6)
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u" =" + RTIn G~ (7)
where ' is the chemical potential of the pure liquid,
i; 4™ and u¥ are the standard chemical potentials,
and 4; is the partial molecular area of Component i.
Equation 6 has also been used for a spread monolayer.3-9)

Equilibrium between Aqueous and Otly Phases. From
the equality of the chemical potential in the phase
equilibria, we can obtain:

m°™ + RTInG" = 1y + RTInx! + Bi(x,)?  (8)

1" + RTIn ¥ = p,® + RTIn x,' + Bl(x,))2  (9)
using Eqgs. 5 and 7.
from Eqgs. 8 and 9:

1™ + RTIn C°" = ;! (10)
1™ + RTIn ¥ = 0! (11)
where C?¥ represents the solubility of the pure liquid, i,
in water. Using Eqgs. 8—11, we obtain Egs. 12—14:

2]
2]

Bl
6 = Gt exp [ (o]

When x! is equal to 1, we obtain

C," = C,°x,' exp [ (12)

C," = C,°"x,' exp [ (13)

1

+ Cy°%x,' exp [:T (x11)2] (14)
If the B! value is assumed appropriately, we can calculate
the C.¥ vs. x5! curve from Eq. 14, and also the C.¥ us.
%% curve from Eqgs. 12 and 13.

Equilibrium between Otly and Surface Phases. In the
equilibrium state of the two phases, we can obtain from
Egs. 5 and 6 the following equations:

" + RTInx,' + B'(x,))?

= 1,° + RTIn x,™ + B™(x,™)? + NFA,
1" + RT In x,' + B'(x,!)?

=’ + RTInx,™ + B™(x,®)2 + NF4, (16)

Using Eqgs. 15 and 16, as has been shown previously,?
we can obtain the following equations:

(15)

1
%! exp [ B (le)zJ = x,™ exp [}?‘;" (xzm)z_}_FZl;;leAle]
(17

1
x,' exp [ I?T (xl‘)”] = x,™ exp [g; (xﬁ)%’i@;iﬂ]

(18)

where F;, and 4,, are the surface pressure and the
molecular area at the interface between the air and an
aqueous solution saturated with a pure substance, ;. We
can obtain the F vs. x;' and F vs. x;™ relations by solving
Egs. 17 and 18 simultaneously if the 4 value is found and
if the B! and B™ values are assumed appropriately.
Equilibrium between Aqueous and Surface Phases.

We can calculate the F vs. ;% curve using Eqs. 12, 13,
17, and 18 if the B! and B™ values are assumed appro-
priately.

Experimental

Materials. The triacetin and tributyrin used were
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obtained from Nakarai Chemicals.” The ion-exchanged
water was twice distilled before use.

Measurement. A triacetin—tributyrin mixture was drop-
ped into water of a given volume with a weight-pippete
and the surface tension of the aqueous solution was measured
at 3740.2 °C by means of the Wilhelmy method.”? The
concentration, G, was expressed on a solute mole/water volume
basis. When the amount of the oily mixture was relatively
great, we measured the surface tension of the aqueous solution
separated from the oily mixture.

The composition of the oily mixture separated from the
aqueous solution was determined with a Shimadzu gas chro-
matograph, GC-3BT. The water content in the oily mixtures
was found to be negligibly small.

Results

Figure 2 shows the plots of the surface tension of
aqueous solutions, ¥, against the logarithm of the total
concentration, C;, when a triacetin—tributyrin mixture
with the composition of x, was dropped into the water.
The kinkpoints (indicated by arrows) on the y vs. log C;
curves indicate saturation.
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Fig. 2. The y vs. log C, relations at different composi-
tions x,: O3 1, ®; 0.500, @; 0.234, @; 0.0863, QD ;
0.010, (®; 0.0027, @ 0.0020, @ ; 0.00059, & ; 0.
Dotted lines are calculated from Eq. 3.

The surface tension above the concentration of the
saturation points remained unchanged when the liquid
dropped in was either a pure substance (triacetin or
tributyrin) or a mixture at x,=0.0027, which is nearly
equal to the composition of the intersection of the solid
lines in Fig. 4 to be described below. On the other
hand, the y value increased in the case of mixtures at
%#,<0.0027, but decreased in the case of mixtures at
x,>0.0027, with an increase in the Ci.

Figure 3 shows the relation between the surface
tension and the logarithm of the total concentration of
triacetin, C;, when triacetin was dropped into tributyrin
solutions with the concentration of C,. The kinkpoints
(shown by arrows) indicate the saturation.

The open circles in Fig. 4 show the relation between
the surface tension and the mole fraction of tributyrin
in an aqueous solution, x,¥. Furthermore, the closed
circles in Fig. 4 show the relation between the surface
tension of the aqueous solutions and the mole fraction of
tributyrin in the oily phase (in equilibrium with the
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Fig. 3. The y vs. log C; relations at different concentra-
tions of tributyrin G, (mol/l) X 10*: Q; 3.94, @; 3.31,

®;3.02, O; 1.89, ®; 1.46, @; 1.13, O; 0.
Dotted lines are calculated from Eq. 22.
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Fig. 4. The curves of y vs. x,! (closed circles) and y vs.
x,¥ (open circles) with partial expansion of tributyrin-
poor region as an insert. Dotted lines are calculated
from Egs. 12, 13, 17, and 18 with B'=0.5RT and B®=

—1.9RT.
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Fig. 5. The plots of log C;vs. x,¥ (open circles) and uvs.
x,' (closed circles). Chained and dotted lines are
calculated from Egs. 12—14 with B'=0 and B'=
0.5RT.

former), x,!, which was determined gas-chromatograph-
ically.

The open circles in Fig. 5 show the log C.¥ vs. x,%
relation obtained from the kinkpoints (indicated by
arrows) in Figs. 2 and 3. In addition, the closed cir-
cles in Fig. 5 show the log C.¥ uvs. x5! curve determined
from the x,! vs. x,% relation, which was obtained from
the intersections of the horizontal line with the y vs.
x:¥ and y vs. x5! curves in Fig. 4.
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We can write the Gibbs adsorption equation in
aqueous solutions of Components 1 and 2 as:®

—dy = I'lRTdIn C," + I';,RT dln G,¥ (19)

In the case of a constant C;%/C," ratio, Eq. 19 is reduced
to:

—dy = (I'y+T')RTdIn G, (20)

Hence, we can obtain the y vs. (I'y+I',) relation for
the adsorbed monolayers in equilibrium with oily
mixtures; the respective values of y and (I';+TI,) are
evaluated at the kinkpoints in Fig. 2.

On the other hand, in the case of a constant C,¥,
Eq. 19 is reduced to:

—dy = I'RTdn G~ (1)

Hence, we can obtain the y vs. I'; relation for the
adsorbed monolayers in equilibrium with oily mixtures;
the respective values of y and I'y are evaluated at the
kinkpoints in Fig. 3.

0.2 0.4 06 08 10
X3

Fig. 6. The plots of F us. x,' (closed circles) and vs. x,™
(open circles). Dotted lines are calculated from Egs.
17 and 18 with B'=0.5RT and B™=—1.9RT.

Thus, we can obtain the relation between the surface
pressure, F, and the mole fraction, x,™, of tributyrin in
an adsorbed monolayer from the combination of the y
vs. (I'y+T'y) and p vs. T'; relations. This result, shown
by open circles in Fig. 6, is found to be similar to that
for the spread mixed monolayers of 1-hexadecanol and
l-octadecanol.¥ The upper and lower curves in Fig. 6
correspond to the curves of the equilibrium-spreading
pressure and the collapse pressure respectively.

Discussion

Surface Tensions of Saturated Aqueous Solutions.

We can calculate a C; value by substituting into Eq. 3
the values of C1% and Cy (determined from the kinkpoints
in Figs. 2 and 3) and x,! (obtained from the upper solid
curve in Fig. 6) at a given surface tension when a
liquid mixture with the composition of , is dropped in
and when the aqueous and oily phases coexist in equilib-
rium. The y vs. log C; curves thus obtained are shown
by dotted lines in Fig. 2. Similarly, when we drop
triacetin into a tributyrin solution with the concentra-
tion of C,, we can calculate the €, value by means of the
following equation:

Noriaki Funasakr and Sakae Hapa
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Cl — Clw + (02—102")

X x,!
X3

(22)
Here, the experimental values of C1¥, C,%, and x,! at a
given surface tension are substituted into Eq. 22. The
y vs. log C; curves thus obtained are shown by dotted
lines in Fig. 3. The dotted lines in Figs. 2 and 3 were
found to be in good agreement with the experimental
results.

02 0.4 06 0.3 10
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Fig. 7. The yp vs. x,! relation in which a solid line is

etermined gas-chromatographically and open circles
are calculated from Eq. 4.

Conversely, we can calculate an x,! value at a given
surface tension by using Eq. 4 and the experimental
results of the y vs. log C, curves in Fig. 2. The results
thus calculated are plotted by open circles in Fig. 7.
The solid line is drawn through the x,! values determined
gas-chromatographically. Thus, it was found that we
can evaluate the composition of oily mixtures from the
concentration dependence of the surface tension of
aqueous solutions saturated with oily mixtures.

Equilibria among Aqueous, Oily, and Surface Phases.
Assuming that B'=0.5RT, we can calculate the log C,*
vs. %" (lower curve) and log C\¥ vs. %! (upper curve)
relations from Eqs. 12—14. These relations, shown by
dotted lines in Fig. 5, agree well with the experimental
results. The chained lines in Fig. 5 show the relations
calculated from Eqs. 12—14 with B!=0, »iz., as an
ideal solution in the oily mixture. It should be noted
that the B! value has little effect on the log C,* vs. x,*
relation.

Furthermore, assuming that B!'=0.5RT and B™=
—L.9RT, we can calculate the F vs. x,™ (lower curve) and
F vs. x;! (upper curve) relations from Eqgs. 17 and 18.
These relations are shown by dotted lines in Fig. 6.
In the above calculation, we used the values of Fy.=
30.19 dyn/cm, F,,=24.12 dyn/cm, A4,.=41.6 A%/molec,
Ay.=81.3 A%/molec, Cf*=0.343 mol/l, and C§"=4.41 X
10-% mol/l and assumed that the 4 value is equal to the
molecular area in an adsorbed monolayer of the pure
substance.

The dotted lines in Fig. 4 are reproduced from the
dotted lines in Figs. 5 and 6.

The dotted lines in Figs. 4, 5, and 6 represent fairly
well the trend of the experimental results; this means
that the above thermodynamic treatment is approxi-
mately valid.
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