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Solid-Liquid Phase Equilibria of
(a-Methylnaphthalene + p-Methylnaphthalene) and
(Chlorobenzene + Bromobenzene)

Systems Under High Pressures
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Solid-liquid phase equilibria of the (o-methylnaphthalene + B-methyl-
naphthalene} and the (chlorobenzene + bromobenzene} systems have been
investigated at temperatures from 278 to 343 K and pressures up to 500 MPa
using a high-pressure optical vessel. The uncertainties of the measurements of
temperature, pressure, and composition were within +0.1 K, +0.5 MPa, and
+0.001 mole fraction, respectively. In both systems, the freezing and melting
pressures at a constant composition increase almost linearly with increasing
temperatures. In the former system, where the two components can form a solid
solution with one another to a limit extent, the eutectic point shifts to a higher
temperature and to a wx-methylnaphthalene-rich composition with increasing
pressures. In the latter system, where the two components are completely
soluble in each other in the solid phase, the freezing points of all mixtures lie
between those of the pure components at each pressure. It is found that the
coexistence curves obtained can be expressed by a gquadratic equation in
pressure.

KEY WORDS: bromobenzene; chlorobenzene; high pressure; o-methyl-
naphthalene; f-methylnaphthalenc; solid-liquid phase equilibrium; solid
solution.

1. INTRODUCTION

Accurate knowledge of high-pressure solid-liquid phase equilibria plays
important roles in the design of systems for the new high-pressure
crystallization processes. It is essential to study the effect of pressure on the
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various types of solid-liquid phase diagrams. The authors reported the
high-pressure solid-liquid equilibria of the benzene + cyclohexane system
[1], which is a simple eutectic system with no miscibility in the solid
phase, and found that the cutectic point shifts greatly with pressure.
Although it is known that the simple eutectic system amounts up to nearly
90% of all organic systems [2], the high-pressure crystallization technique
should also be applicable to the solid solution systems [3] in which the
solid components are soluble partially or completely within each other.
However, solid solution systems have been rarely investigated under high
pressures.

In this work, the freezing pressures of the a-methylnaphthalene +
fp-methylnaphthalene system and the chlorobenzene + bromobenzene
system were measured at temperatures from 278 to 343 K and pressures up
to 500 MPa. In the former system the solid components are soluble
partially, and in the latter system completely. Based on the results, the
pressure effect on the phase diagrams of these systems is discussed and
coexistence curves are expressed by polynomial equations of pressure.

2. EXPERIMENTAL

Solid-liquid equilibrium measurements were performed by the direct
visual observation of phase transition in a high-pressure optical vessel. The
apparatus and experimental procedures were almost the same as those used
in the previous work [1]. The measurements were carried out in the
pressure reduction procedure in order to avoid the superpressing
phenomena. At first, the pressure was applied to a sample of a known com-
position up to a high enough one where the solid phase appeared, and then
the pressure was decreased gradually to the freezing pressure on the
liquidus where the solid phase completely disappeared. In the case of the
chlorobenzene + bromobenzene system, the melting pressure on the
solidus, where the liquid phase appeared from the homogeneous solid
phase, could also be determined.

The samples used were obtained from commercial sources. The
purities of a-methylnaphthalene and f-methylnaphthalene should be better
than 98 wt%, and those of chlorobenzene and bromobenzene 99 wt%. The
former samples were dried by sodium metal, and the latter by calcium
chloride. The uncertainties of measurements of temperature, pressure, and
composition are within +0.1 K, +0.5MPa, and +0.001 mole fraction,
respectively.

3. RESULTS AND DISCUSSION

The experimental results are listed in Tables I and II.



Table L. Solid-Liquid Equilibrium Data of the [a-Methylnaphthalene (1) +

f-Methylnaphthalene (2)] System

X, T(K) P:? (MPa) Xy @ T (K) P;? (MPa)
0 3082 7.9 0.75 2782 140.8
3132 253 2832 165.2
3232 639 2932 2166
3332 99.3 3032 270.8
3432 1366 3132 3306
0.1 3032 134 0.8 2782 194.6
3132 519 2832 22438
3232 88.5 2932 2717
3332 1280 3032 3444
3432 170.8
082 2782 261.8
0.25 2932 157 283.2 290.3
303.2 533 2932 359.0
3132 96.9
3232 1452 0.85 278.2 2475
3332 1902 2832 2729
3432 2126 2932 329.5
2982 3628
04 2832 146
2932 532 0.906 2782 2144
303.2 96.2 2832 2422
3132 137.3 293.2 301.1
3232 181.6 303.2 361.8
3332 230.7
3432 280.3 0.95 2782 195.5
2832 214
0.5 2782 229 2932 276.5
2832 452 3032 3350
293.2 8.8
3032 1340 10 2782 1803
3132 1823 283.2 2015
3232 230.8 2932 2512
3332 2788 3032 3009
3432 3356 3132 3512
3232 405.4
0.6 2782 52,0
2832 75.1
2932 121.2
3032 166.9
3132 215.1
3232 266.1
3282 2929

#Mole fraction of s-methyinapthalene.
% Freezing pressure.
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Table II. Solid-Liquid Equilibrium Data of the
[Chlorobenzene (1) + Bromobenzene (2)] System

x,* T(K) P;*(MPa) P,°(MPa) x,° T(K) P;*(MPa) P, <(MPa)

0 2782 196.0 0.625 2782 269.7 2715
2832 2259 2832 306.1 3150
2932 289.1 2932 378.5 3829
303.2 3584 298.2 416.5 425.6
3102 4089

0.75 2782 2854 2925

0125 2782 210.5 2135 2832 319.3 326.6
283.2 243.0 2459 2932 390.6 397.8
293.2 3079 3122
3032 3764 3788 0.875 2782 296.5 301.4
3082 410.2 4157 2832 331.2 3411

2932 406.4 4134

0.25 2782 2260 229.7
283.2 257.5 263.5 1.0 2782 308.5
2932 32717 3324 2832 3342
3032 395.6 403.2 293.2 418.1

0.375 2782 2409 246.7
283.2 273.6 279.7
2832 346.7 348.7
300.2 395.9 4019

0.5 2782 256.2 2613
2832 288.5 3036
2932 362.6 3734
298.2 400.1 408.0

“ Mole fraction of chlorobenzene.
® Freezing pressure .
¢ Melting pressure.

3.1. The Pure Components

The freezing pressures of pure chlorobenzene and bromobenzene
agreed well with the literature values [4-6]. The freezing pressures of
a-methylnaphthalene and B-methylnaphthalene are not reported. The
relation of the freezing temperature T; and pressure P; of each pure com-
ponent could be expressed by the following formula, which was derived
from the Simon equation:

P;=A+ BT® (1)
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Table III. Coefficients of Eq. (1)

675

Mean dev. Max. dev.

Substance 4 10°B C {K) (K}
a-Methylnaphthalene —4538 6.81 2.03 0.1 0.3
f-Methylnaphthalene —544.1 7.66 1.95 0.2 0.3
Chlorobenzene ~545.6 218 2.29 0.03 0.1
Bromobenzene —5264 1.11 2.38 0.1 0.3

where P; and T are in MPa and K, respectively. The characteristic
parameters 4, B, and C are shown in Table ITII. Equation (1) can
reproduce the freezing temperature well within +0.3 K,

3.2. The o-Methylnaphthalene + p-Methylnaphthalene System

Freezing pressures at each constant composition are given in Table I.
It is found that the freezing pressure increases almost linearly with tem-
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perature and that the temperature coefficient of the freezing pressure,
(0P./0T),,, increases as the composition approaches the eutectic one.

The freezing temperature versus composition diagram is shown in
Fig. 1. The coexistence curve shifts to a higher temperature with increasing
pressures. At 0.1 MPa, the eutectic composition of this system was known
as x; {o-methylnaphthalene)=0.78 [7]. With increasing pressures, the
eutectic composition shifts to a more a-methylnaphthalene-rich com-
position up to x,;=0.82. The change of eutectic composition can be
explained by the van Laar equation as already reported [17:

(0x,/0P). = K[(0P/0T), — (OP/0T), ] (2)

where K is the positive value and subscripts 1, 2, and e denote o-
methylnaphthalene, f-methylnaphthalene, and the eutectic mixture, respec-
tively. In this system, as (6P;/0T), — (0P;/¢T), is positive, Eq. (2) predicts
that the eutectic composition of a-methylnaphthalene increases with
increasing pressures.
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Fig. 2. Solid-liquid phase diagram of the chloro-
benzene + bromobenzene  system  at  constant
pressures.
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3.3, The Chlorebenzene + Bromobenzene System

Both the freezing pressure P; and the melting pressure P_, at each con-
stant composition were determined as a function of temperature, as given
in Table IL. Figure 2 shows the relation of the freezing temperature T ver-
sus composition curve (liquidus) and melting temperature 7, versus com-
position curve (solidus) at each constant pressure, as well as the literature
values at 0.1 MPa [8]. The freezing and melting temperatures change
gradually with composition and no definite maximum or minimum was
observed throughout the entire range of composition and pressure. The
liquidus and solidus move to a higher temperature region with increasing
pressures. The difference in the freezing and melting temperatures at any
composition is almost independent of the pressure under the present
experimental conditions.

3.4. Correlation of Coexistence Curves

Concerning the high-pressure  solid-liquid phase equilibria,
Baranowski [9] reported recently that there exists a linear relation
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Fig. 3. Freezing pressures of the  «-methyl-
naphthalene + S-methylnaphthalene system at constant
temperatures, Points: the experimental data. Curves:
the values calculated by Eq. (4).
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between the freezing pressure and the logarithm of the mole fraction at a
constant temperature in the low concentration region of each component.

Inx;=by+b, P (3)

where b, and b, are the parameters characteristic of the system and tem-
perature and x,; denotes the mole faction of the ith component. Equation
(3) was examined using the present results. In the o-methyinaphthalene-
rich region (0.82<x,<1.0) and the f-methylnaphthalene-rich region

Table IV. Coefficients of Eq. (4)

Deviation®
Composition ——
T(K) range by by b, Mean Max.
o-Methylnaphthalene + f-methylnaphthalene system
2782 082 <x2<10 04115 —2336x 103 — 0.006 0.010
2832 082 <x, €10 0.4416 —-2214x 103 — 0.003 0.004
2932 082 <x; €10 0.47053 —1.887x 103 — 0.004 0.010
3032 0906<x; <10 0.4873 —1.616x 1073 — 0.002 0.003
2782 018 <x,<0.5 —0.5145 —8291x10~? 1.410x 10~% 0.003 0.004
2832 018 <x, <06 —-0.3765 —8.080 %103 1186 x 10-° 0.005 0.012
2932 018 <x, €075 —-0.1376 —7.562 x 103 8.636x10~% 0.010 0.026
3032 02 <x, <09 6424%x107% —5867x10773 3.269x10~¢ 0013 0.026
3132 0325 €x, €10 0.1382 —4746 x 1073 3091 x 1077 0011 0.024
3232 04 <x, €10 0.2867 —4.404 x 103 - 0.008 0.018
3332 05 <=x, €10 0.3880 —3.883x10™? — 0.002 0.003
3432 05 <x; <10 0.4886 —3.535x 103 — 0.005 0.009
Chlorobenzene + bromobenzene system (liquidus)

2782 0375<x <10 —9.541 5215x 1072 —6.888x10-% 0.006 0016
2832 0375<x, €10 —9.767 4670x10-* —5323x10~% 0.004 0.008
2932 0375<x; £1.0 —1542 6495%x10™% —6.716x10~% 0.007 0.013
2982 0375<x; €10 —12.95 4.656x10~*  —3.983x10~5 0.001 0.002
2782 0375<x,°«10 —2.338 2993x107% —9210x10-° 0.008 0012
2832 0375<x, <10 —2.086 2500x 1072 —6983x10-% 0003 0.007
2632 0375<x, €10 —5.267 4019x 1072 —7616x10-% 0011 0018
2982 0375<x, €10 —35.100 3.588x 1072 —6.230x 105 0.011 0015

4In mole fraction.

¥ Mole fraction of a-methylnaphthalene.
¢ Mole fraction of f-methylnaphthalene.
4 Mole fraction of chlorobenzene.

¢ Mole fraction of bromobenzene.
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(0<x,<0.5), Eq. (3) is found to represent the data satisfactorily. But in
the intermediate composition range of 0.5<x,<0.82 of the u-
methylnaphthalene + f-methylnaphthalene system and in all compositions
of the chlorobenzene + bromobenzene system, Eq. (3} cannot reproduce the
present results. Therefore, in order to express the entire range of
coexistence curves, Eq. (3} was revised as follows:

Inx,=hy+b,P+b,P? 4)

The parameters b, b, and b, are listed in Table IV for each system and
temperature. As an example, the relations between the freezing pressure
and the composition for the a-methylnaphthalene + f-methylnaphthalene
system at various constant temperatures are shown in Fig. 3, where the
points are the experimental data and the curves are the values calculated
by Eq. (4). As seen in Table IV, Eq. (4) reproduces each liquidus satisfac-
torily within a mean deviation of 0.008 and a maximum deviation of 0.026
in mole fraction.

4. CONCLUSION

Solid-liquid phase equilibria of the a-methylnaphthalene +
p-methylnaphthalene system and the chlorobenzene + bromobenzene
system were investigated under high pressures. The freezing and melting
temperatures at a constant composition increase almost linearly with
increasing pressures for both systems. The eutectic point of the former
system shifts to a higher temperature and to a more a-methylnaphthalene-
rich region with pressure. The freezing and melting temperatures of the
latter system at each constant pressure change almost linearly with com-
position. It is found that the coexistence curves can be expressed by a
quadratic equation in pressure.
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