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The applicability of the modified Wilson equation to correlation of the temperature dependence
of mutual solubility of liquids is demonstrated. The p osition of the critical point is fixed, and the
linear dependence of parameters on temperature is used in calculating. The method was applied
with success to the aqueous solutions of 1-butanol, isobutyl alcohol, phenol and 2-butanone
and to the nonaqueous system cyclohexane-methanol.

The analytical representation of the temperature dependence of mutual solubility has been dealt
with in a number of works! ~1°. Kehlen? in his extensive work used the Redlich-Kister equation
containing as much as five temperature dependent parameters. This large number of parameters
brought about considerable demands on experimental data. Besides the data on mutual solubili-
ties, data on heat of mixing or even C‘l;‘ were used, too. The merit of this procedure is, of course,
a rigorous thermodynamic description of the system investigated. A substantial shortcoming
in the Kehlen method is, however, the Redlich-Kister equation itself which, unless a large num-
ber of parameters is used, does not yield a description of sufficient quality for the systems with un-
symmetrically located critical point, which are above all aqueous systems. For instance it was
shown'! that the three-parameter Redlich-Kister equation cannot be used for systems with x_ ¢
(0-235, 0-765) where x, is the mole fraction of component at composition corresponding to the
minimum of the second-order derivative of the Gibbs energy and consequently also to the critical
point. Kehlen® himself recommeded not to use even the five-constant Redlich-Kister equation
outside the interval x_ € (03, 0-7).

The applicability of the UNIQUAC and NRTL equations was partly dealt with by Sarensen
and coworkers'® (see also ref.7’8). These authors concluded that the temperature dependence
included in these equations can bring out the mutual solubility only qualitatively. When con-
sidering the linear temperature dependence of energy parameters, one obtains already roughly
reasonable description but quantitatively the agreement is not sufficient, especially in the vicinity
of the critical point.

The-three-parameter Wilson equation!? (with a multiplying factor) was as well used for cor-
relating mutual solubilities®. The results of the correlaticns were, however, only in qualitative
agreement with expzrimental data.

In this work we deal with use of the modified Wilson equation’* for the de-
scription of the temperature dependernce of mutual solubility. Itis shown that on using
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the linear temperature dependence of the energy parameters a;; and the parameter b,
it is possible to correlate very well experimental data.

With the aim of confrontation of the results obtained, the T — X — X data given
in the book by Sarensen and Arlt!> were smoothed in the following systems: 1-buta-
nol(1)-water(2), isobutyl alcohol(1)-water(2), phenol(1}-water(2), 2-butanone(1)-
-water(2), benzene(1)-water(2) and cyclohexane(1)}-methanol(2). Even though these
systems pertain to the very often measured ones, the agreement between the data
of different authors is not often best. In Fig. 1 we give the smoothed values of solubil-
ity for the system 2-butanone(1)-water(2), and the line segments in dicate the scatter
of experimental data of different authors (the greatest weight was given to the data
by Campbell and coworkers'®). The critical temperatures and the composition
at the critical point of these systems are summarized in Table I.

The systems selected are especially demanding on the correlation. In the first
four systems, the content of nonaqueous component at the critical point lies in the
interval 10— 13 mol.%;. The system benzene(l)—water(Z) represents, on the contrary,
a pair of components with low mutual solubility, and the measured data are far
from the critical region. The last (nonaqueous) system is, on the contrary, relatively
symmetric, and should not make difficulties (avoiding the immediate vicinity of the
critical point) in correlation.

THEORETICAL

The modified Wilson equation'# hasbeenused for the thermodynamic description
of the above-mentioned binary systems:

GE/RT= —'xl ln (xl + Alzxz) - XZ In (XZ + A21x1) ’+' beXZ ’
Ai; = (Vi[Vi) exp (—aiT), (1)

TABLE I
Coordinates of critical points of the systems selected

System 1, °C xi
1-Butanol(1)-water(2) 124-9 0-109
Isobutanol(1)-water(2) 133-1 0-116
Phenol(1)-water(2) 659 0-098
2-Butanone(1)-water(2) 143-0 0-175
Cyclohexane(1)-methanol(2) 455 0-49
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1230 Novék, Matous, Pick :

where GE is the excess Gibbs energy, Tthe absolute temperature, x; the mole fraction
of component i (i = 1,2), V" the molar volume of pure substance i in the liquid
state (for calculating, the values given by Gmehling and Onken'® were used ard con-
sidered as temperature independent), R is the gas constant, a;;, b are parameters.

The values of parameters a;; in dependence on temperature are given in Fig. 2
as calculated in the system Il-butanol(1)-water(2) on the basis of corresponding
values of solubility by solving the equilibrium conditions

a(%) = a(xy), i=12 ®))

and for a given value of the parameter b (0-5 and 1-0). It can be seen from the figure
that the obtained temperature dependence of parameters has at constant b a linear
character except the nearest vicinity of the critical point. The bincdal curve is,
however, enormously sensitive to the values of parameters, which is illustrated by the
curves 1, 2, 3in Fig. 3. The curve 1 corresponds to the parameters which were cal-
culated on the basis of the critical point (by solving Eqs (5) — see below) with a para-
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meter b = 0-7. The curve 2 corresponds to the linear dependerce of parameters
a;; on temperature

a;; = a;; + BT, (3)

the parameters o;; and B;; having been calculated from the values determined at the
temperature of 20°C and at the critical temperature (b = 0-7). The curve 3 was
obtained as well with a linear dependence of a;; on temperature; the parameters
a;; and B;; were determined from the values of a;; obtained from mutual solubility
at 20°C and 93°C (the normal boiling point of the mixture). At these two tempera-
tures, the absolute agreement is also reached, however, the critical temperature
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is in this case 70°C higher than that which corresponds to the reality. These results
confirm fully the experience of other authors®~8:1°.

An analysis of the results of correlation attained showed that it would have been
suitable to consider even the third parameter b as temperature dependent. For the
sake of simplicity the dependence

=oa + BT 4

was chosen. The dependences (3) and (4) involve altogether 6 parameters to describe
the temperature dependence of mutual solubility.

When calculating these parameters by the least-squares method, it is possible
to minimize either the difference in activities of components of coexisting phases
or directly in calculated and experimental compositions. The first way is very simple
but as it can be shown'’, it is very ineffective in the critical region where the de-
pendence of activities on composition is very flat. On the contrary, the minimization
of the difference of experimental and calculated compositions prefers the critical
region, and put down points at concentration ends.
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For determining the parameters, the procedure given below was therefore chosen
which is an effective compromise of both the foregoing methods. Its great advantage
consists in the fact that it ensures not only the position of critical point but also
diminishes the number of optimized parameters, which increases the stability of com-
putation.

On the basis of the critical temperature T° and composition xj, the parameters
a$s, a5, were computed by solving the equations valid at the critical point!®!7;

(@1na;[ox), =0, (0*Ina,féx}). =0 (%)
or
(G11), = 0, (2G11/ax,), =0, 6)
where
G11 = 0*(GM|RT)[ox] = x,(01n a,[dx,) (7)

is the second-order derivative of the Gibbs energy with respect to composition.
Let the chosen parameter b used in solving Egs (5) or (6) be dencted by b°. The
parameters obtained in this way in the 1-butanol(1)-water(2) system are given in Ta-
ble II.

By fixing the parameters at the critical point (it can generally be another tempera-
ture at which we know the parameters, unless e.g. we know the critical point) we get

TABLE II

Calculated values of @Y, and 4%, in dependence on the parameter b° in the 1-butanol(1)-water(2)
system (1€ = 124:9°C, x§ == 0-109)

b° ai2 a1
0-5 12565 6838
0-6 1252:6 641-6
07 1259-2 605-4
0-8 12765 573-6
09 13067 545-1
0-95 13279 5319
1-00 1357-8 519-3
1-05 13939 507-2
1-10 14421 495-7
1-15 1 509-8 484-6
1-:20 16257 4739

1-25° 1945-2 463-6

9 For b° = 1-30 the solution of system of Egs (5) or (6) was never more found.
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from Egs (3) and (4) the relations for the dependence of parameters ay,, a,,, b
on temperature:

a;; = ai; + B1(T— T°),
a, = a3 + B21(T"‘ Tc) > (8)
b =b + B(T-TY,

where the parameters f;,, f,; and f remain as the unknown quantities. With regard
to the fact that the critical point is automatically fixed in this way, it is possible
to use in optimization B,,, f,, B a simpler procedure which minimizes the dif-
ference of component activities in both phases. Thus, we obtain the optimum
parameters f,,, f,1, B for a chosen value of b°. By choosing different b°, such a set
of parameters can be obtained which yields a minimum deviation.
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RESULTS OF CORRELATION

The curves calculated in terms of the parameters which are summarized in Table III
are plotted in Figs 3—8. In this table we as well give the mean deviation of the
calculated and experimental compositions of both coexisting phases, S

S = [Z(xl,exp - "71,cak)2/"]”2 ’ (9)

where n stands for the number of experimental points. The value S; refers to the
phase rich in component 1 and S, to that rich in component 2. The dependence
of S; and S, on the chosen parameter b° is given in Fig. 9. It is evident that the mini-
mum is reached in both cases at b°® = 1-10.

It follows from the results obtained that the agreement of calculated values with the
values used for calculating is practically within the range of experimental errors.
The highest deviations, especially in case of the systems phenol-water and cyclo-
hexane-methanol, occur in the immediate vicinity of the critical point. The cal-
culated binodal curve has always exhibited greater curvature than the curve cor-
responding to the experimental data.
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For the 1-butanol(1)-water(2) system, the physical significance of constants was
in addition verified by comparing the calculated arnd experimental y—x curves at nor-
mal pressure (Fig. 10) and heat of mixing at the temperature T = 303-15 K (Fig. 11).
The agreement in composition of the vapour phase in homogeneous region is less
satisfactory because Eq. (1) gives for asymmetric systems higher values of activity
coefficients. The prediction of heat of mixing, however, can be considered excellent.

For the benzene(1)-water(2) system, the optimization of b° was not carried out but
such a value of b° (0-8) was used which gave the optimum results when describing
the vapour-liquid and liquid-liquid equilibria in the ternary system ethanol-water—
~benzene and 2-propanol-water-benzene??.

In the cyclohexane(1)-methanol(2) system, the cbtained deperderce of S; ard S,
on b was very flat, and the value b° = 0-025 was chosen with regard to a good agree-
ment in heat of mixing (Fig. 12). The calculated values of excess Gibbs energy
at the temperature of 333-15 K are on the average 6% higher than those published
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1238 Novék, Matous, Pick:

by Campbell and coworkers?®. The values of limiting activity coefficients obtained
at 46°C amount to: 7 = 44-2 and y3 = 40-0, and are in good agreement with the
values which were read from a diagram reported by Campbell?®: 97 = 56, 3 = 31-6.

DISCUSSION

The procedure used in this work has some common features with the correlation
method!® proposed previously which takes into account the course of G11 and fixes
the coordinates of the G11(x,) minimum, respectively, when correlating the con-
centration course of activity coefficients (above all in systems with high positive
deviations from Raoult’s law). Thus, the thermodynamic description of nonideality
obtained ensured quantitatively and qualitatively the experimental reality.

Utilization of the existing dependences between physical quantities consisting
in assigning infinite weight to certain key points not only increases the stability
of parameter calculations of an empirical relation, but also improves considerably
the quality of thermodynamic description. During the correlation of experimental
data itself appears whether the empirical relation employed is sufficiently flexible
to comply with all the constraining conditions ard at the same time to reproduce
satisfactorily the data. We assume that this aim has been reached in this work.
The binodal curve is described with very gocd accuracy, and the prediction of other
quantities is in good agreement with experiment.
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