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'Mutual Solubilities of Some Hydrocarbon Oils and Liquid Ammonia . II. 
 Application of the Solubility Parameter Theory

 By Kiyoharu ISHIDA 

(Received September 13, 1957)

The simple expression according to solu-
bility parameter theory which has been 
developed by Hildebrand1,2 and Scatchard3) 
about nonpolar components, or its variant 
with the Flory-Huggins configurational 
term, has proved useful in interpreting 

qualitatively and often semi-quantitatively 
a wide variety of nonelectrolyte solutions 
including those of high polymers, especial-
ly when solubility phenomena are in-
volved and when components are non-

polar. Liquid ammonia has not only a 
rather high dielectric constant and a 
dipole moment, but also hydrogen bonding 
capacity, although weaker than that of 
water or hydrogen fluoride. However, it has 
been observed that this theory interprets 
satisfactorily the solubility relationships 
even for the case including polar compo-
nents such as water and aniline; for the 
systems of hydrocarbons and aniline, hy-
drocarbons and water, etc., values for 
solubility parameter of polar component, 
obtained from the solubility using the ex-

pression according to solubility parameter 
theory, are almost identical with values 
calculated from the vaporization energy2. 
It is interesting to study what relations 
are obtained for liquid ammonia systems. 
And also, some knowledge of the special 
interaction induced by polarity might be 

given from the differences between the 
theory and the experiment, which are 
obtained by applying the solubility data 
for liquid ammonia and hydrocarbon oils 
to the solubility parameter theory.

 Expressions according to the 
 Solubility Parameter Theory 

 Solubility parameter theory, which is 
derived under the assumption that in a 
mixture of two nonpolar molecules having 
spherical symmetry, the partial molal free 
energy of a component is the sum of a 
term from the entropy of mixing which 
is assumed to be ideal, and one from the 
heat of mixing which is derived from the 
London theory of dispersion forces neglect-
ing the difference between arithmetic and 
geometric means, may be expressed in its 
simplest form as follows:

(1a)

(1b)

where γ1 and γ2 are the respective acti.

vity coefficients, V1 and V2 are the molal
volumes of the pure components,ψ1 and

4"zare the volume fractions, and δ1 and δ2

are solubility parameters defined as

(2)

where ΔE v is the enemy of vaporization

of the pure component and V its molal

volume, all at the temperature T. ΔEv/V

is of course the " internal pressure " or 
"cohesive energy density" . Equations (1a) 
and (lb) are exactly equivalent to equations 
of the form given by van Laar,'1 equations 
(3a, b) and (12).
 Further complications are introduced if 

the effect of volume change on mixing or 
difference in molecular size is taken into 
consideration. Solutions which exhibit 

positive deviations from Raoult's law are 
formed from their constituents with an 
absorption of heat and volume expansion, 
although effect on volume change is fairly 
small. Effect of differences in molecular

 1) J. H. Hildebrand, J. Am. Chem. Soc., 38, 1452 (1916); 
41, 1067 (1919); 42, 2180 (1920); 51, 66 (1929); 57, 866 
(1935). J. H. Hildebrand and S. E. Wood, J. Chem. 
Phys., 1, 817 (1933). 
 2) J. H. Hildebrand and R. L. Scott, " The Solubility 

of Nonelectrolytes ", 3rd. Ed., Reinhold Pub. Corp., 
New York, 1950. 
 3) G. Scatchard, Chem. Revs., 8, 321 (1931); Trans. 

Faraday Soc., 33, 160 (1937). 4) J. J. van Laar, Z. Physik. Chem., 72, 723 (1910).
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size upon the entropy of mixing can not 
be disregarded when molecular volumes 
are considerably different, and exhibit 
negative deviations from the ideal entropy 
(-R In x). However, it has recently been 
confident5) that since expansion of volume 
on mixing increases both the entropy 
and the enthalpy, free energy or isother-
mal solubility may be treated without 
serious error by the equations (1a, b) in 
which the entropy of mixing is assumed 
to be ideal and volume changes on mixing 
are neglected, despite the fact that both 
the actual entropy and the enthalpy are 
far from ideal.
 When the volumes V, and V2 in equa-
tions (1a, b) are replaced by empirical 

parameters q1 and q2 which may be related 
to the "effective volumes" of molecules 
of different shapes, and the term of inter-
molecular energy on mixing is represented 
by the more generalized form of D included 
also the contributions due to polarity

instead of exten-

sive empirical use of the van Laar equa-
tion may be possible even in the case of 
containing polar components, as well as 
nonpolar components. Then, equations 
(1a, b) may lead to

(3a)

(3b)

(4a)

(4b)

where x, and x2 are the respective mole 
fractions, and A12 and A21 the van Laar 
constants. 
 Critical solution temperature, T, and 
the critical composition, x', are obtained 
by applying the following conditions to 
both components:

where a is the activity. 
 When activity coefficients are expressed 
by Eqs. (1a, b), the followings are obtained:

(5)

(6)

 If the molal volumes of two components 
are noticeably unequal and the Flory-
Huggins equation6) is applicable to the 
athermal mixing of liquids, and the rela-
tion of activity follows to equations of the 
form (7),

(7)

then, T, and x' may be obtained from the 
equations (8) and (9), respectively:

(8)

(9)

TABLE I

COMPARISON OF D) CALCULATED FROM CRITICAL DATA WITH (δ1-δ2)2.

Suffix 1 and 2 renresent hydrocarbon and liquid ammonia, respectively.

* Calculated by the equationlo)
, ΔHv298=-2950+23.7Tb+0.020 Tb2.

 5) L. W. Reeves and J. H. Hildebrand, J. Phys. Chem., 
60, 949 (1956).

 6) M. L. Huggins, J. Chem. Phys., 9, 449 (1941); 
P. J. Flory, ibid., 9, 660 (1941); 10, 51 (1942).
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 TABLE II 

COMPARISON OF ACTIVITY COEFFIClENTS AT INFINITE DILUTION 

Suffix 1 and 2 represent hydrocarbon and liquid ammonia, respectively

Liquid ammonia, at 20℃, V2=27.90, δ2=12.34;at 0℃, Vs=26.67,δ2=13.13

a).ΔHv was estimated by extrapolation.

b) Calculated from Geist and Cannon's data12).
c) Calculated from the equation13), δ=9.1(γ/y1/3)0.43. Surface tension for 1-methyl-

naphthalene was estimated from parachor19) neglecting vapor density.
d) Estimated from surface tension14)and density at 20℃ assuming that the depen一

dency of parachor upon temperature and vapor density are negligible.

e) ΔH Was estimated from vapor pressure-temperature relations according to Listens)。

f) Values in the supercooled condition. 
g) Observed value. 
h) Calculated value as a mixture of 60% cis form and 40% trans form. Seyer's data16) 

for density were used in calculation. 
i) Estimated by extrapolation from the data in reference17).

In equations (6) and (9) the composition 
at the critical solution temperature is ex-
pressed in terms of molal volumes only.

 Comparison of Solubility Data 
with Theory 

 The values for the term of intermole-
cular energy on mixing, D, calculated 
from Eq. (5) using the data on the critical 
point for some aromatic hydrocarbons

with liquid ammonia reported in Part I 
are shown in Table I, compared with the 
values obtained from heat of vaporization 
at each of critical solution temperature. 
The values of critical compositions cal-
culated from Eq. (6) are also given in 
Table I, and compared with the values 
which are obtained graphically from the 
solubility data in the neighborhood of the 
critical solution temnerature. The solu-
bility parameter of hydrocarbons,δ1, and
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 TABLE III 

COMPARISON OF VAN LAAR CONSTANTS FROM MUTUAL SOLUBILITIES WITH THOSE FROM 
EQUATION (12) 

Suffix 1 and 2 represent hydrocarbon and liquid ammonia, respectively

a) Estimated from surface tension14) and liquid density neglecting vapor density.
b) Cf. Table II, c. Estimated from δ.

c) Cf. Table II, e. 
d) Calculated value. Values according to King20) were used for surface tension and 

densities for liquid and vapor were taken from " International Critical Tables ", Vol. 
III, p. 235.

of liquid ammonia,δ2, were estimated

from the equation 2)

(10)

where ΔHv is the heat of vaporization at

temperature T. Heats of vaporization for 
hydrocarbons at T, were evaluated from 
the slopes of the vapor pressure-tempe-
rature curves7). Heat of vaporization for 
liquid ammonia8) and most of densities9) 
used in calculating molal volumes were 
taken from tabulations. The critical 
compositions derived from the equation 
(6) agree with the experimental values 
qualitatively, but not quantitatively. How-
ever, except for two systems of mesi-
tylene-liquid ammonia and 1-methylnaph-
thalene-liquid ammonia, the values for
Dor solubility parameter of ammonia,δ2,

calculated from Eq. (5) are, surprisingly 
enough, practically identical with that 
obtained from the heat of vaporization and 
the molal volume at the critical solution 
temperature, as in the cases of hydrocar-
bon-aniline system and hydrocarbon-water 
system. But, this agreement should be 
regarded as sheer good luck, owing to a 
compensation of disturbing factors.
 As the solubility parameter of ammonia 
obtained from the data for the critical

point is almost identical with the value 
calculated from the heat of vaporization 
as stated above, it seems that this agree-
ment is held at other temperatures. Name-
ly, the following equation may be written 
approximately;

(11)

 In Table II, logarithms of activity coef-

ficients at infinite dilution at the tempe-

ratures 0°and 20℃ which are calculated

according to equations (1a, b) or (4a, b) 
assumed q=V and (11) are given, com-
pared with the experimental values for 
the van Laar constants which are obtained 
from the mutual solubility data in Part I 
according to the equations derived by 
Carlson and Colburnll). A,2 and Au are 
logarithums of activity coefficients at in-
finite dilution of hydrocarbons in liquid 
ammonia-rich layer and of liquid ammonia 
in hydrocarbon-rich layer, respectively. 
 Although the experimental error and 
uncertainty of the numerical values for

 7) D. R. Stuli, Ind. Eng. Chem., 39, 517 (1947). 
 8) "International Critical Tables", McGraw-Hill Book 

Company Inc., New York, 1928, Vol. V, p. 138.-

 9) Ibid., Vol. III, p. 27. 
10) Cf. ref. 2, p. 427. 
11) H. C. Carlson and A. P. Colburn, Ind. Eng. Chem., 

34, 581 (1942). 
12) J. M. Geist and M. R. Cannon, Ind. Eng. Chem. 

Anal. Ed., 18, 611 (1946). 
13) Cf. ref. 2, p. 431. 
14) J. J. Jasper and E. R. Kerr, J. Am. Chem. Soc., 

76, 2659 (1954). 
15) M. W. Lister, ibid., 63, 143 (1941). 
16) W. F. Seyer and C. H. Davenport, ibid., 63, 2425 

(1941). 
17) S. Doldi, Ann. chim. applicata, 28, 454 (1938); 

Chem. Abst., 33, 52505 (1939).
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 TALE IV 

COMPARISON OF D AND CRITICAL COMPOSITION ASSUMING DIMERIZATION OF AMMONIA 

WITH THOSE NOT ASSUMING DIMERIZATION 

Suffix 1 and 2 represent hydrocarbon and liquid ammonia, respectively

 TABLE V 

COMPARISON OF VAN LAAR CONSTANTS ASSUMING DIMERIZATION OF AMMONIA WITH 

THOSE NOT ASSUMING DIMERIZATION

solubility parameters used in the calcula-
tion should be taken into account, values 
of A12 according to equations (1a, b),
V,(δ1一 δ2)2/2.303RT, are generally simi.

lar to those calculated from the mutual 
solubility data but A21's are smaller. It 
may be shown from this result that the 
effective volumes, q's, are not exactly 
identical with molal volumes and they 
are related not only to molecular volumes, 
but also to their shapes and surfaces.
 The semi-empirical expression proposed 
by Erdos18) for calculating the constants 
of van Laar equations from the properties 
of pure components, which may be con-
sidered as a modification replaced the 
molal volumes in equations (1a, b) by the

surface areas in terms of parachors, may 
be written as follows:

(12)

where P1 and P2 are the parachors of the 
pure components 1 and 2. 
 The values for some representative com-
pounds calculated from equation (12) are 
shown in Table III, compared with the 
experimental values. The ratios of effec-
tive volumes, A12/A21, almost agree with 
the experimental values, but values for 
each van Laar constant calculated accord-
ing to equation (12) are considerably 
smaller than the experimental values, and 
the disagreement between these values is 
greater when compared with that obtained

18) E. Erd8s, Chem. Listy, 50, 503 (1956); Chem. Abst. 
50, 11752g (1956).
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by equations (1a, b), or equations (4a, b) 
assuming q=V and equation (11). It may 
be considered from the results shown in 
Table III that the effective volumes related 
to the difference in molecular shape or 
effective surface can not be expressed with 
only the surface areas in terms of para-
chors.
 As the molal volumes of ammonia and 
hydrocarbons are considerably different, 
it may be impossible to expect the entropy 
of mixing to be ideal. The critical com-

positions for aromatic hydrocarbons with 
liquid ammonia obtained by equation (9) 
which is derived under the assumption 
that the entropy of mixing is expressed 
by the Flory-Huggins equation, are shown 
in the left half column of Table IV. Values
for D which are calculated by equation 
(8) using the calculated values for critical 
compositions by equation (9) are also 
shown in Table IV. Calculated values for 
D by equation (8) are considerably greater 
and for compositions by equation (9) are 
smaller, and the disagreement is larger 
than the result shown in Table I, the 
reason being that the Flory-Huggins equa-
tion may be almost an over-correction for 
the size effects).
 Ratio of van Laar constants, A12/A21, 

namely, the ratio of effective volumes 
corresponds to molal volume ratio in 
equations (1a, b), V1/ V2. The ratios of 
effective volumes to those of molal volumes 
are given in the last column in Table II. For 
every case of the long chain molecule such 
as n-paraffin, the plain molecule of aromatic 
hydrocarbon and the semi-spherical one 
of iso-octane, values for V1/V2 are larger 
than A12/A21, and the ratios of the latter 
to the former are about 0.5 in all systems 
of hydrocarbon oils and liquid ammonia 
which have been studied. Morever, this 
ratio at lower temperature for a binary
mixture is less than that at higher tem-

perature; namely, it shows that effective 
volume for liquid ammonia derived from 
the solubility data is larger at lower 
temperature. Ratios for styrene and 
toluene at low temperatures, which are 

given in Table II, show also the same 
result. It will be seen from these results 
that though the different shape and sur-
face of molecule may be related to the 
effective volume, they are not large factors 
for these ammonia systems, and that when 
V2 is roughly doubled the ratios of molal

volumes are almost similar to those of 
effective volumes. The change for molal 
volume of liquid ammonia, V2, results in 
the change of mole fraction and so van 
Laar constants. But it may be clear that 
unless V2 becomes larger, theoretical values 
are too far apart from the experimental. 

 In the case of water having strong hydro-

gen bonding capacity, the presence of the 
association states of 2. 4. and 8 molecules
has been considered in addition to 112021). 
Also in the case of ammonia, the dime-
rization of ammonia has been known 
even in the gaseous state 12), and the mole-
cular weight of liquid ammonia has been 
found to be 24.5 from the surface 
tension determination20). It is probable 
that a different kind of association may 
occur in various rates in liquid ammonia 
and its solution. If ammonia is assumed 
to form double molecules in liquid state 
on the average, for the sake of simplicity, 
the apparent mole fraction will be different 
from that for single molecule, but the value 
for solubility parameter calculated by 
equation (10) would be scarecely different
fromδ2 used in the preceding calculations,

since the dimerization of ammonia in vapor 
phase is almost negligible22) and the heat 
of vaporization per gram is identical for 
both NH3 and (NHS)2-

Values for D and for the critical com-
position, x', by equations (8) and. (9) or (5) 
and (6) assuming the dimerization of am-
monia are given in the right half column 
of Table IV, where the agreement with the 
experimental values is improved compared 
with those of the left half column calcu-
lated for the case of not assuming the 
association. Table V shows the comparison 
of the observed van Laar constants for 
representative compounds with values 
calculated from equation (7) assuming no 
association of ammonia and with values 
obtained by equations (7) and (1a, b); in 
both cases ammonia is assumed to form 
double molecules in liquid. 
 The result obtained by assuming the 

dimerization of ammonia may exhibit a 
far closer agreement than that the 
dimerization is not assumed, in view of 
all the approximations involved.

Summary 

 The result of the comparison of experi 
mental data for the critical compositions

19) O. R. Quayle, Chem. Revs., 53, 439 (1953). 
20) H. H. King, J. L. Hall and G. C. Ware, J. Am. 

Chem. Soc., 52, 5128 (1930).

21) A. Eucken, Nachr. Akad. Wiss. Gottingen, Math.-
lihysik. Masse, 38 (1946); Chem. Abst., 43, 7283 d (1949): 
Z. Elektrochem., 52, 255 (1948): 53, 102 (1949). 
22) J. D. Lambert and E. D. T. Strong, Proc. Roy. Soc., 

A, 200, 565 (1960).
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and the logarithms of activity coefficients 
at infinite dilution for binary systems of 
some hydrocarbon oils and liquid ammonia 
with those expected from the solubility 

parameter theory, is that the solubility 
relations may be more satisfactorily inter-

preted by the theory by assuming that 
ammonia is associated nearly to dimerized

form in the liquid state. 

 The author is greatly indebted to Pro-
fessor T. Toriumi for his interest and 
encrniravement during this investigation.
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