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Introduction

 The theories of "regular solutions" were 
developed by Hildebrand(2) and others(3) with 

good success in qualitative description of vari-
ous properties concerning the vapor pressure 
of liquid mixture. But these theories seem 
not to be enough for quantitative discussion, 
especially for the systems exhibiting appreciable 
departure from " regular solution ". 
  In this paper, we shall develop a theory 
based on the kinetic theory and derive an 
equation which relates the vapor pressure of 
a mixture to its composition and the vapor 

pressures of its constituents. Of course, it is 
desirable to develop the statistical theory of 
" real solutions"

, not of "regular solutions", 
because the statistical method gives the most 
rigorous approach to the problem in question. 
However, the equation of vapor pressure which 
results from this approach will come to have 
a complex form(4), and this is undesirable for 
the present purpose of deriving a practical 
equation. 

  Vapor Pressure of Regular Solution 

 At first, we will treat of regular solution 
and confirm that the kinetic method coincides 
with the statistical method. The treatment 
of this section corresponds to Penner's method 
for the vapor pressure of pure liquid(5). 

  Let us consider the regular solution composed 
of liquids A and B and denote the molar 
fractions of each component by xA and xB. 
According to the kinetic theory of gases, the 
velocities of condensation of each kind of

molecule per unit area of surface of the solu-

tion, CA and CB, may be given by

and
(1)

where k is the Boltzmann constant and T the 

absolute temperature. And PA and pa represent 

the partial vapor pressures of the indicated 

components, m's are the masses of molecule of 

the indicated species. Here the condensation 
coefficient is assumed to be unity for simplic-

ity's sake. On the other hand, if we use the 

theory of absolute rate(6), the velocities of 

vaporization per unit area, DA and DB, are 

given by

(2)

Here n is the total number of molecules per 
unit area, h is the Planck constant and 
uA and uB are the activation energies of 

vaporization of molecule-A and -B respec-
tively. And FA (or FB) represents the partition 
function of molecule A (or B) at the equilib-
rium state, Fa≠(or Fa≠)represents the parti-

tion function of the activated molecule, which 

does not include the contribution due to trans-

lational motion in the one degree of freedom 

along the coordinate of vaporization, and they

are connected with the free volumes ωA(or ωB)

and ωA≠(or ωB≠)by the familiar relations(7),

and
(3)

respectively. Further, as is shown in Fig. 1

schematically, ωA≠ and ωB≠ can be approzi-

mated by the cell volume, v, of the quasi-

crystalline lattice or by the volume occupied 

by one liquid molecule; i. e.

(4)
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Then Eq. (2) with Eqs. (3) and (4) becomes

(5)

(i) free vol, of liquid

   molecule, ω,

(ii) free vol. of surface 
    molecule.

  (iii) free vol, of

aetiv ated molecule, ω≠.

(iv) free vol. of gas 
 molecule, v.

o: center of the molecule whose free volume 
   is in question. 

c: center of the adjacent molecules of o-
   molecule. 

d: diameter of molecule. 
Shaded area: Region excluded by c-mole-

   cules.

Fig. 1.-Schema of free volume.

 As the velocities of condensation should be 

equal to those of vaporization in equilibrium, 

we put CA=DA and CB=DB and then obtain

(6)

 Now if we denote the potential energies of 
A and B molecules surrounded only by A (or 
B) molecules by -UA (or -UAB) and -UAB (or 
-UB), respectively, and use the Bragg-Williams 
approximation, the total energy U of a solution 
composed of N(=NA+NB) molecules is given 
by

(7a)

with (7b)

and then uA and uB are given by

and
(8)

Inserting Eq. (8) into Eq. (6) and putting

and
(9)

we can get the well-known formulae

and
(10)

which coincide with the ones obtained by the 

statistical method(3). Of course, PA and PB are 

the vapor pressures of pure liquids A and B 

respectively. And uA and uB are connected

with the heats of vaporization, λA and λB, by

Derivation of Practical Equation for 
    the Total Vapor Pressure, P

 In order to take into consideration the dif -

ference of sizes between A and B molecules 

which has been ignored in the preceding section, 

we should use rather the expression of energy 

of van Laar's type(8),

(12)

than Eq.(7). Here ψ's are the volume frac-

tions and B is the parameter corresponding

to 2NΔu in Eq.(7). As is well-known, Eq.

(12)is derived frohl the consideration that

each molecule is surrounded by A and B

molecules in proportion of ψA and ψR.

 In Lhis paper, we will use the following 
assumption, instead of Eq. (12), for the purpose 
of deriving a practical equation.
Assumption.-ψANA molecules of A are

surrounded by A molecules only and they 

have the potential energy of -uA. The re-

maining ψBNA molecules of A are surrounded

by B molecules only and they have the poten-

tial energy of-uAB. Similarly, ψANB mole-

cules of B and the remaining ψBNB have the

potential energies of -uAB. and -uB respec-
tively. 

 Using this assumption and denoting the free 

volume of a molecule surrounded by the mole-

cules of different species only bsωAB, we get

(13)

These equations correspond to Eq. (5) for 
regular solution.

(8) J. J. van Laar, Z. phys. Chem., A 137. 421 (1928).
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 Now let us define the " mutual vapor pres-
sure" PAB by the similar relation as Eq. (9),

(14)

 Then, equating Eqs. (1) and (13) and using 
Eqs. (9) and (14), we can easily obtain

and
(15)

For practical purposes, we may put

(16)

obtaining our final result,

(17)

Comparison of Eq. (17) with the 
 Experimental Data

 To make comparison of Eq. (17) with the 
experimental values, we must evaluate PAB, 
which is the sole unknown parameter in the 
equation. In this section, we will use for PAB 
the value evaluated from the observed value
of P, Pobs, at a composition xA≒xB.

Table 1

List of the Systems Compared and the 
 Results Obtained.-I.

* References: 

(i) International Critical Tables, Vol. III, pp. 
   285, 358 (1928). 

(ii) Schmidt, Z Phys. Chem., 122, 221 (1926).
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  The comparison of Pcalc with Pobs has been 
performed in regard to about 20 systems which 
are chosen from various types of mixtures as 
shown in Tables 1 and 2. In these tables are 
arranged the systems in three classes: mixtures 
of (A) non-polar and non-polar liquids, (B) 
non-polar and polar liquids and (C) polar and

Table

List of the Systems Compared and the 
 Results Obtained.-II.

* References are given in Table 1.

polar liquids, for convenience's sake. In these 
tables are also tabulated Pea in terms of

mm. Hg and Δ which is the arithmetical mean

of |pcalc-pnba|×100/Pobs at various composi-

tiona. Δ is regarded as a kind of measure of

the coincidence of Pcale with Pobs. Some of the 
results of calculations are plotted in Figs. 2 
and 3, where the circles and the full lines 
represent the observed and the calculated 
values respectively. The agreement of Pcalc 
with Pobs, seems to be fairly good for all of 
the systems listed in Tables 1 and 2. 
 Further, if we plot log PAB against 1/T, a 

straight line will be obtained according to the 
definition of PAB, Eq. (14). That is, defining
the "mutual heat of vaporization",λAB, by

(18)

and putting

(19)

we can write Eq. (14) in the form,

Table 3

Values of a and λAB.

* Values in parentheses are the heat of 

  vaporization of B-component given in the 
  same row.
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(20)

to a good approximation. The demand for 

this linearity is, indeed, satisfied by the values

Fig. 2.-Observed and calculated values of

 P-1: Curve I, A=CCl4, B=C6H6(40℃.);

 Curve II, A=C6H6, B=CH3OH(30℃.);

 Curve III, A=C6A6, B=CH3COOH(60℃.);

 Carve IV, A=H2O, B=CH3OH (39.9℃.);

 Curve V, A=CHCl3, B=CH3COCH3(40℃).

Fig.3.-Observed and calculated values of

 P-2: Curve I, A=C6H6, B=CH3CO2C2H5
(40℃.); Curve II, A=H2O, B=C2H5OH

( 40℃.); Curve III, A=CHCl3 , B=

 C2H5OC2H5(20℃.); Curve IV, A=CH3OH, B
=n-C3H7OH (40℃ .); Curve V, A=

 CH3COCH3, B=C2H5OC2H5(20℃.).

of PAB tabulated in Tables 1 and 2. In Table 
3 are given the values of a and b in Eq. (20). 
Using these values, we can obtain PAB at any 
temperature. In this Table, are also tabulated
λAB, in terms of kcal./mole and, for com-

parison'e sake,(λA+λB)/2 and λA(or λB). It

should be noticed that the signs ofΔ λ defined

by

(21)

are consistent with the sign of the heat of 

mixing for all of the systems cited here. 

Especially,

for the mixture of acetone and ethyl ether, 

which is regarded as "regular solution",

coincides with the value of Δu evaluated by

Porter(9) from Eq. (10), 2Δu/kT=-0.741 at

30℃., quantitatively. These results are to be

compared with the fact that the sign of Δu

evaluated by Eq. (10) conflicts some times 
with the one expected from the heat of mixing 
for the system exhibiting appreciable departure 
from regular solution (for example, H2O+
CH3OH). And λAB obtained from the present

method is consistent with the value of "acti-
vation energy of flow" estimated from the 
data of the viscosity coefficient as was illus-
trated in our previous paper(10). 

  However, our formula for the partial vopor 

pressure shows, unfortunately, only poor agree-
ment with the experimental data. So, we 
cannot calculate the so-called "z to y diagram" 

(diagram of the composition of solution to 
that of vapor) from the present theory.

Eatimation of Δ λ from Heat

of Mixing

  In this section, we will compare λAB or Δλ

given in Table 3 with those estimated from

the heat of mixing, ΔH.

  As the difference between H(enthalpy)and
U (energy) can be neglected in liquid phase,
we get from Eqs.(12)and(21)

(22)

where plus sign of ΔH represents the heat

evolved by the solution. Using this relation,

we can again estimate Δ λ from the observed

values of ΔH. In Table 4 are given the re-

sulta of calculation for some eaamplea.

  Though the constancy of Δ λ to xA is not

enough in examples 2 or 3, the values of Δ λ

thus estimated will give, at least, their correct

 (9) A. W. Porter, Trans. Faud. Soc., 16, 338 (1920). 
 (10) M. Tamura and M. Karats, This Bulletin, 25, 32 

(1982), Eq. (17) and Table 3.
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order. As the values of Δλ obtained from

Table 3 are in agreement with the ones

estimated here within small error, 50～60 cal./

mol., we Gan conclude that λAB tabulated in

Table 3 gives the correct measure of energy of 
molecular contact of A-B type within small 
error, probably less than 0.1 kcal./mole (or less 
than 2%).

Table 4

Estimation of Δλ from Heat of Mixing.

Example 1. A=CCl4, B=C6H6 at 25℃.

Example 2. A=C6H6, B=C2H5OH at 15℃.

Example 3. A=C6H6, B=CACl3 at 18℃.

 Data of ΔH are adopted fron"International 

Criticctd Tables" Vol. V,, p.154.

Table 5

Total Vapor Pressure of the Mixture of 
 CCl4 (A), C2H5OH (B) and C6H6 (C).

Data of Pobs are adopted from Ref. (i) in Table 1.
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Total Vapor Pressure of Ternary 
 Liquid Mixture

 Extending the treatment mentioned above 
to ternary mixture of liquids composed of A, 
B and C components, we can easily obtain the 
relation having the similar type to Eq. (17);

(23)

Then, if we know Pobs at least at three com-
positions, for example, (i) xA=xB=1/2, (ii) 
xB=xC=1/2 and (iii) xA=xC=1/2, it will be 
possible to calculate P at any composition. 
In Table 5 are given the results of calculation 
for the system, carbon tetrachloride+benzene 
+ethyl alcohol. The degree of agreement of 

Pcalc with Pobs is the same order as the one 
obtained for the binary mixture. The values 
of PA, PB, PC, PAB, PBC and PAC used in this 
calculation are tabulated in the last part of 
this table. Among these values, PAB and PBC 
were already given in Table 1 and PAC was 
calculated by Eq. (20) with a and b given in 
Table 3. 
 It seems to be a strong point of the present

method that the extension to the multi-
component system can be performed very 
easily as shown here. 

 Summary 

 (1) The kinetic method was applied to the 
vapor pressure of regular solution; the result 
being in agreement with that of the statistical 
method. 

  (2) New semi-empirical equations having 
simple form were derived for the vapor pres-
sures of binary and ternary mixtures of liquids 
and satisfactory agreements of these equations 
with the experimental data were illustrated in 
regard to about 20 examples. 
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