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Equilibrium spreading pressure were measured at various compositions and temperatures for mixed systems
of tridecanoic acid-myristic acid, myristic acid-pentadecanoic acid, and pentadecanoic acid-palmitic acid, and
thermodynamical treatment of these data with respect to the equilibrium between crystal and monolayer was
performed. By evaluating the equilibrium composition of monolayer phase from the measured curve of equilibrium

spreading pressure vs. composition of solid phase, the phase diagram was constructed.

It was found that the

equilibrium curve has a maximum point where the solid and monolayer phases have the same composition and

a point where the solid phase is in equilibrium with two monolayer phases.

The partial molar enthalpy change

accompanied by the phase transition from solid to monolayer were found to be dependent on the composition.

It is interesting to clarify the behavior and aspect of
the spreading from solid to monolayer. The equili-
brium spreading pressure is related to the state of the
crystal and the monolayer in equilibrium with the
crystal.

Indeed the equilibrium spreading pressure (ESP) of
a single component has been studied by many investi-
gators,1~3 but there have been much less reports about
equilibrium spreading pressure of mixtures dealing with
the equilibrium between the two states, namely the
monolayer state and the crystal state of the mixture.4-®

In the present paper we intended to study the ESP
of the system of tridecanoic acid-myristic acid (C;3—Cy,
acid system), myristic acid-pentadecanoic acid (C,—
G5 acid system), and pentadecanoic acid-palmitic acid
(C15—Cyg acid system). The ESP’s were measured at
various compositions and temperatures, and thermody-
namic treatment of the data was performed in which
both the three-dimensional solid state and the two-
dimensional monolayer state were taken into account
on the basis of the theory in the previous paper.”

Experimental

Materials. The fatty acids used in the present study
were purified by a fractional distillation at reduced pressure.
Then they were recrystallized from petroleum ether and
dried for about 24 h at room temperature under reduced
pressure.

The purity was checked by differential thermal analysis
(DTA), X-ray diffraction, and gas-chromatography.

Method of Measurements. A) The Measurements of Three-
dimensional Solid State: Samples were prepared by melt-
ing the mixture of two acids at about 100 °C for 30 min
and cooling to room temperature in a thermos bottle. Be-
fore the measurement those samples were ground in a mortor.
The melting points and the transition points were measured by
DTA. Long spacings of the crystal were measured by X-ray
diffractometer. The details of the apparatus and method of
measurements were previously described.®

B) The Measurements of Two-dimensional Monolayer State:

Surface pressure-area measurements were performed by
using a modified Wilhelmy type surface balance.

Benzene, spreading solvent, was shaken with concentrated
sulfuric acid. After being washed with water to be neutral,
it was refluxed with metal sodium and then carefully distilled.

The underlying solution, 0.001 M HCI, was prepared by
using twice distilled water. The surface of the solution was
cleaned by glass barriers coated with paraffine. The mono-

layer spread from benzene solution was left to stand for 10
min and then compressed continuously with a constant
velocity.

C) The Measurements of ESP: Equilibrium spreading
pressure measurements were performed by using an auto-
matically recording Wilhelmy type surface balance.

Solid samples used here were the same as those described in
the previous section A. After the surface of the solution was
cleaned and the surface tension was held constant for more
than two hours, an amount of powdered sample was deposited
on it.

The pressure increased as time passed and reached a value
which was held constatnt within =+ 0.2 dyn/cm per hour.
We took it as the ESP.

Results and Discussion

Three-dimensional Solid State. The melting points,
the transition points, and the freezing points measured
by DTA, and the long spacings measured by X-ray
diffraction for the C;5-C,, system are plotted against the
composition in Figs. 1 and 2, respectively. Similar
results were also obtained for the C;,—C,; and C,;—Ciq
systems. From these results we assume that the solid
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Fig. 1. Melting point, transition point, and freezing
point vs. mole fraction of tridecanonic acid curves
of the C;3—C,; system : @, heating; O, cooling;
——, solidus curve given by Eq. 4; ----, liquidus
curve given by Eq. 5.
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Fig. 2. Long spacing vs. mole fraction of tridecanoic
acid curve of the C;3—C,, the system.

state is the regular solution, because the solid state
deviates from ideal in such an extent that the curve
representing the equilibrium between solid and liquid
phases has a small minimum. And the liquid phase
is assumed to be an ideal solution. Then we apply
an equation similar to that for azeotropic mixture of
liquid-vapor system. We have the following equations®

(0/RTy)(x3,4)* = (ARY/R)(1/Tx—1/T?) 1)
and
(@/RT»)(%1,4)* = (AR3/R)(1/Tsx—1/T?3) 2
where Ah!{ is the heat of fusion, T/ is the melting point,
T, is the temperature of minimum point, x%,., is the
mole fraction of ith component at the minimum point,
o is a constant relating to the interaction energy, the
superscript s denotes solid phase, and the subscripts
1 and 2 denote the fatty acids of larger and smaller
carbon number, respectively. From Egqs. 1 and 2,
we obtain
o = {[ArY(TY—T4)[ T2 + [Ah3 (T3 —Ta)/T31/2)2
®3)
The values of Ah{, T'%, T,, and w for each system
are listed in Table 1. Then, we can calculate the solidus
and liquidus curves from the following equations;
%3 = {exp [w(xHRT)—A]—1}/{exp [w(x3/RT) ~ 4]
—exp [0(*7/RT)—4]} (4
and
x1 = {exp [o((*x?+x7)/RT)— A — 4] — exp (—4,)}
[{exp [w(x3/RT)— 4] — exp [w(x¥/RT) — 4,1} ()
where
3y = (ARSR)(1/T—1/T2) (6)
and
4, = (ARS/R)(1/TS—1/T). )
So, we can depict the phase diagram, which is shown
in Figs. 3 to 5 for the C;3-Cy,, C4—Cy;, and Cy5-Cq

systems, respectively. These systems show minimum
points, but there are small differences between the values
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Fig. 3. Three-dimensional phase diagram of the Cj;-
C,, system : 1, region of liquid solution; s, region
of solid solution.
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Fig. 4. Three-dimentional phase diagram of the C,,—
Cy5 system : 1, region of liquid solution; s, region
of solid solution.

of mole fraction of minimum point. It is concluded that
in binary solid mixtures the different behavior is arisen
from the difference in the crystalline state between an
odd-numbered acid and an even-numbered acid.

Two-dimensional Monolayer State. It is impossi-
ble to perform thermodynamic analysis with respect to
the ESP if we do not have information of the state of
monolayer. So the surface pressure-mean molecular
area (n-A) curve was measured at various compositions
and temperatures. It was found that in each system the
transition pressure from expanded to condensed state,
7Y, varied somewhat linearly with the mole fraction
of component 2 referred to the fatty acids, xi, over the
whole range of composition.

The composition of the condensed film (c) coexis-
ting with the expanded film (e) is calculated by using
the equation 711
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Fig. 5. Three-dimensional phase diagram of the C,;—
Cys system : 1, region of liquid solution; s, region of
solid solution.
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Fig. 6. Two-dimensional phase diagram of the G-
C,, system at 20 °C : c, region of condensed mono-
layer; e, region of expanded monolayer.

x300 = xDe + [(4°— A°)xT 2270k T)(On°Y0x5 %) p, 7 ®)
By a procedure similar to that in the previous paper,
11,12) the phase diagrams of two-dimensional monolayer
state were depicted for each system in Figs. 6 to 8. The
aspect of these phase diagrams is quite identical. After
all, it is concluded that the two-component fatty acid
system in which the number of carbon atoms is different
by only one gives almost ideal mixture in monolayer
state.

Equilibrium between Solid State and Monolayer State.

When a sample of fatty acid mixture is placed on the
surface of water, the surface pressure increases with time
as it spreads on the surface. The surface pressure-time
curve is shown in Fig. 9 for the C,,~C,; system as an
example.

The break point is detected at x3=0.75 and 0.10,
but not at 0.90. The surface pressure at the break
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Fig. 7. Two-dimensional phase diagram of the C,,-
C,5 system at 25 °C : ¢, region of condensed mono-
layer; e, region of expanded monolayer.
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Fig. 8. Two-dimensional phase diagram of the C;—
Cy6 system at 25 °C ¢, region of condensed mono-
layer; e, region of expanded monolayer.

point is almost equal to that of transition from the
expanded to the condensed film. So it is expected
that the phase transition occurs at the break point
and therefore the monolayer in equilibrium with the
bulk solid forms a condensed film. Consequently it is
concluded that the break point is observed if bulk
solid is in equilibrium with the condensed film, but not
observed if bulk solid is in equilibrium with the expanded
film.

The values of ESP measured at various compositions
and temperatures are plotted against the compositions
of the bulk solid for the C;4,~C,; system in Fig. 10. The
similar curves were also obtained for other two systems.
Comparing the ESP curves with the solidus curve in
Fig. 4, it seems likely that the higher the melting points,
the lower the ESP, and vice versa. We may say that
the solid sample having the higher melting point is
more difficult to spread because of its stronger molecular
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VALUES OF W FOR EACH SYSTEM

X Heat of fusion® . Minimum [
Fatty acid (kcal/mol) Mixture point (°C) (cal/mol)
Tridecanoic acid (C,,) 8.02
Cy3-Cyy system 311.1 835.0
Myristic acid (Cy,) 10.74
Cy,-Cy;5 system 320.2 756.9
Pentadecanoic acid (Cy;) 10.30
Cy5-Cyg system 323.9 708.5
Palmitic acid (Cyq) 12.98
crystal. This is understood from the fact that the
2or T 3 curve 3 in Fig. 10 and the curves in Fig. 7 intersect
in the neighborhood of that break point.
i We shall consider thermodynamically the behavior of
. . . the variation of ESP with the composition shown in
0 Fig. 10. Choosing the mole fraction x as a free variable,
—~ 20} ) the variation of the ESP, #°?, with x3 can be written in
§ / the following form?.11)
T (Om*a/0x3)7.p = [(9n3/0%3) (9u3/0x%)
N L — (0u3/9%3) (0u3/9x7)]
’ @5 u/0x5) — a5(9uz/0xT)] ©
2r ! In Eq. 9, af is the apparent partial molar area related
to the mean molar area, a, as
i at = a—x%(0a/0xT) (10)
0 1 ! I aj =a -+ "T(aa/axi) (”)
0 o nz;) From the Gibbs-Duhem equation in the bulk phase,
mi

Fig. 9. Spreading pressure vs. time curve of the Gy~
C,; system at 25 °C : 1, %,°=0.10; 2, 0.75; 3, 0.90.

7°¢ (dyn/cm)

Fig. 10. Equilibrium spreading pressure us. mole
fraction of myristic acid curves of Gy,—C,; system : 1,
15°C; 2, 20 °C; 3, 25°C; 4, 30°C; 5, 35 °C.

interaction.

In Fig. 10 the break points are observed on ESP
curves at 20, 25, 30, and 35 °C. For the C;3—C,, acid
system the break points were observed at 25 and 30
°CG, while for the C;;—C,4 system the break point was
not observed in the range of experimented temperatures.
It might be presumed that at this break point two
monolayer phases are formed by spreading from the

we have

x1(0pi/0x3) + x3(0u3/0x3) =0 (12)
and in the monolayer phase, we have
xT(0p7/0x%) + x3(0p3/0x3) =0 (13)
Substituting Eqs. 10 to 13 into Eq. 9;
(@n9f0x3)z,p = [(x3—#1)/x1a]@us/0x)r,,  (14)

If (0p3/0x3)p,, is known, the mole fraction of the
equilibrium monolayer coexisting with crystal, xi,
can be calculated. In the previous section we have
assumed the solid solution as the regular solution; z.e.,

RTInyt = w(x})? (15)
and .

RT In y; = w(x})? (16)
where y! is the activity coefficient in bulk solid. The

chemical potential in the bulk solid is expressed in
terms of the composition as

ps = w3t + RTInx; + w(x1)? (17)

Differentiating the above equation with respect to
x3 at constant 7" and p and substituting it into Eq. 14,
we obtain the equation for calculating x3:
x7 = x] +[axix[(RT—2wx3x5)](0n°Y/0%3) 7, p (18)
Since it has been established that the mixed monolayers
of long chain n-fatty acids have the same molar area, ir-
respective of the chain length, if they are in the same
monolayer state, 11-13) the values of a were determined
from the #-4 curve of C;, acid when the equilibrium
monolayer is the expanded film and that of C,g acid
when the equilibrium monolayer is the condensed
film.
It is now possible to make up the phase diagram of
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Fig. 11. Phase diagram of the C,3~C,, system at 20 °C
s, region of solid solution; e, region of expanded
monolayer.
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Fig. 12. Phase diagram of the C,,—~C,; system at 25 °C
: s, region of solid solution; c, region of condensed
monolayer; e, region of expanded monolayer.

the mixed system of fatty acids representing the condition
of equilibrium between phases of solid and monolayer,
which is illustrated in Figs. 11 to 14 for the present
three systems at different temperatures. In Fig. 11 of
the C.3-C,, system it is shown that the bulk solid is in
equilibrium with the expanded film at any composition,
but in Fig. 14 of the C;;—C,4 system the bulk solid is in
equilibrium with the condensed film. In the case of
the C,,-C,; system, the phase diagram at 15 °C drawn
in Fig. 13 is similar to that of the C,;—C,, system. How-
ever, the phase diagram at 25 °C drawn in Fig. 12 is
different from the above ones in that the bulk solid is in
equilibrium with the condensed film in the portion of
mole fraction from x5=0 to 0.85, but in the portion of
mole fraction from x7=0.85 to 1.0 the bulk solid is in
equilibrium with the expanded film. At this point, that
is, at the mole fraction of x§=0.85, the bulk solid,
the condensed film, and the expanded film coexist,
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Fig. 13. Phase diagram of the C,—C,; system at 15
°C: s, region of solid solution; c, region of condensed
monolayer; e, region of expanded monolayer.
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Fig. 14. Phase diagram of the C;;~C, system at 25

°C: s, region of solid solution; c, region of condensed
monolayer; e, region of expanded monolayer.

This is the triple point. As seen in Fig. 10, this point
shifts to a higher value of xi with decreasing tempera-
ture. This triple point disappears at 15 °C in the C,—
C,; system. Though there is a possibility of appearance
of the triple point in the C;;—C,4 system if the tempera-
ture is raised, we can not experiment at the higher
temperature because of several restrictions.

Entropy and Enthalpy Changes Accompanied by the Phase
Transition from Bulk Solid to Equilibrium Monolayer.

Now, from the variation of the transition pressure
with temperature, the entropy changes accompanied by
the phase transition from solid state to monolayer state
can be calculated by using equation 711

(0n°9/0T)p,23 = [(5T—31)(Iu3/3%3)
— (35 —51)(0u7/0x)]

[[a7(0p3/0x7) — a3 (0u7/0%7)] (19)
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Substituting Eqgs. 10, 11, and 13 into Eq. 19, we obtain
the following equation

a(0n°Y/0T)p, 52 = #7(5T—51) + #7(357—753) (20)

The calculation of the apparent mean molar entropy
change of the C;,—C,; system was carried out at 20 °C
by making use of the values of (97°¢/0T"),, ,s estimated

from Fig. 10. The entropy changes plotted against the
composition of the equilibrium monolayer, x3, are shown
in Fig. 15. It exhibits a remarkable discontinuity at
the mole fraction of x7=0.9, and separates into two
parts. It seems to be the reason for the discontinuity
that the entropy of spreading to expanded film differs
considerably from that to condensed film, The magni-
tude of this gap is fairly good agreement with the value
taken at the corresponding mole fraction from Fig. 16
where the apparent mean molar entropy change,
[x7°(3T°—37°)+x7°(35°—57°)], associated with the
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Fig. 15. Apparent mean molar entropy change us.

mole fraction of myristic acid curve of the C,~Ci;
system at 20 °C.
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Fig. 16. Apparent mean molar entropy change us.
mole fraction of myristic acid curve of the C;,—C,;
system at 20 °C,
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Fig. 17. Partial molar enthalpy change vs. mole fraction
of myristic acid curve of the C,;—C,; system at 20°C :
1, pentadecanoic acid; 2, myristic acid.

transition from expanded to condensed monolayer is
plotted against the mole fraction of the expanded
monolayer, x#5'°. For the C;;—C,4 system the entropy
change calculated similarly indicated that the phase
transition occurs from solid state to condensed film over
the whole range of the composition.

Each term of the right-hand side of Eq. 20 is the ap-
parent partial molar entropy change of the respective
component and is connected with the partial molar
entropy change at the phase transition from the solid
to the monolayer state, 5%—5!, by

57—51 = (5T —51) — [a—x3(0a/0x7) —a,]1(0n/0T) p, 5™, 2%

—a,(0y°/0T), (21)
and
55—35% = (55 —53) — [a+x5(0a/0x7) —a,](0n/0T)p,zm, 2%
~ &), (22)

where 3, is partial molar entropy, a, is the partial molar
area, x5 is the mole fraction of water in the monolayer
and y° is the surface tension of pure water.”'V) Further
we can calculate the partial molar enthalpy change by

B2 — Rt = T(2—3%) (28)

and

Ky — k3 = T(s3-53), (24)
where u7=u: has been used.

The results are shown in Fig. 17 for the C,,—C,; system
at 20 °C where we have plotted it against the com-
position of solid state. From this figure the partial
molar enthalpy change may be said to be dependent on
the composition. On the other hand, the partial
molar enthalpy change from expanded to condensed

film, k¢ — k3, is almost independent of the composition.12)
This difference in the composition dependence of
the partial molar enthalpy change seems to result
from the non-ideal behavior in solid solution or from
the fact that the ESP changes with the size of solid
grain which is spread.'
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