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Solubility of Aromatic Hydrocarbon Solids in Mixtures of Benzene

and Cyclohexane

Peter B. Chol, Christopher P. Willlams, Kenneth G. Buehring, and Edward McLaughlin*
Department of Chemical Engineering, Louislana State University, Baton Rouge, Louisiana 70803

The solubilities of flve solutes, biphenyl, naphthalene,
fluorene, phenanthrene, and acenaphthene, in pure
benzene and cyclohexane and In mixtures of benzene and
cyclohexane, have been determined. The activity
coefficlents of the five solutes In cyclohexane are
correlated to within an average of 0.6% by Wiison’s
equation compared to 9.3% by the Scatchard-Hildebrand
oexpression. Simllarly for the solutes in benzene, the
activity coeftficients were correlated to within an average
of 0.5% and 1.2%, respectively, by the same two
methods. For the ternary mixtures Wiison’s method
correlates the activity coefficients for the 78 measured
data points within 1.4% compared to 2.6 % by the
Scatchard-Hlldebrand expression. As expected, when the
solution exhiblts a significant deviation from Ideal
behavior, regular solution theory becomes inadequate and
Wiison’s equation is proposed as a more appropriate
correlation. The solubliity data can also be correlated as
functlons of reduced temperature T, /T where T, Is the
melting point temperature.

Introduction

The correlation of equilibrium solubility behavior of aromatic
hydrocarbon solutes in binary mixtures of benzene and cyclo-
hexane by both Scatchard-Hildebrand regular solution theory
and Wilson's equation requires four sets of experimental data:
solubilities of the aromatic hydrocarbons in pure benzene and
pure cyciohexane, VLE data for the benzene-cyclohexane
system, necessary to determine the parameters of the chosen
activity coefficient model, and solubilities of the aromatic hy-
drocarbons in the three binary solvent mixtures.

In the present study, the solubilities of the five aromatic
hydrocarbons, biphenyl, naphthalene, fluorene, phenanthrene,
and acenaphthene have been determined (from around room
temperature to near the melting points of the solids) in both pure
and mixed solvents for use with the extensive VLE data for the
benzene-cyclohexane system that has been compiled by
Gmehling et al. (7) Experimental activity coefficients of solutes
in ternary systems are evaluated by using these data and
compared with values predicted from theory.

Experimental Work

Biphenyl and naphthalene were purchased from Eastman
Kodak, phenanthrene and fluorene from Eastern Chemical, and

0021-9568/85/1730-0403$01.50/0

acenaphthene from British Drug Houses. All samples, except
acenaphthene, were purified further by liquid chromatography
on activated alumina by using toluene as eluant. The solids
were then recrystallized and toluene removed by evaporation
in a vacuum. After recrystallization, fluorene was batch distilled
to remove low boiling impurities and acenaphthene was zone
refined.

The purified samples were analyzed on a GC mass spec-
trometer and their melting points determined. The results were
as follows: biphenyl 99.67 wt (342.6 K), naphthalene 99.21 wt
% (352.8 K), fluorene 97.85 wt % (387.6 K), phenanthrene
98.67 wt % (372.8 K), and acenaphthene 99.2 wt % (366.5
K). The liquid samples of benzene and cyclohexane were “gold
label” Aldrich products and were used without further purifica-
tion.

Mixtures of predetermined composition of single solids with
the pure and mixed solvents were made in glass ampules, and
sealed while they were frozen in a Dewar bottle containing dry
ice. The ampules were then placed in a constant temperature
bath, and the temperature at which the last trace of solid dis-
appeared was visually determined, while the bath temperature
was increased at a rate of 0.1 K every 1200 s near the ex-
pected melting temperature, with the ampules rotated at a
speed of 0.25 rps. Measurements were made at least twice
for each ampule. The experimental system and techniques
were similar to that of McLaughiin and Zainal (2, 3). The
solubility data taken in this study are listed in columns 1 and 2
of Tables I-III.

Correlation and Discussion

Equations for the Solubiiity of Solids. The solubility of a solid
in a liquid can be used to evaluate the activity coefficient of the
solute component in the solution by eq 1. This equation is valid

—-In X, =

ASS T AC, (T, AC,Y T, .
e 1¢ - ) T - 1¢ + R In T In v,
Q)]

if no phase transition takes place in the solid phase between
the system temperature T and the solute melting temperature
T and if the Poynting correction is neglected. When a phase
transition does take place between T and T, eq 1 must be
modified to include the effect of the transition on solubility at
solution temperatures below the transition point. For a first-
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Table 1. Comparison of the Experimental and Predicted Activity Coefficients of Aromatic Hydrocarbon Solids in Three
Mixed Solvents

l;=0 Iy =0 Wilson’s eq
temp/K (X2) oxpts (Y2 expt1 (Y2) eated A% (Y2)ealed A% (Y2 caled A/ %
Biphenyl/70 mol % Benzene and 30 mol % Cyclohexane
290.25 0.2843 1.171 1.189 1.5 1.204 2.8 1.200 2.4
300.85 0.3846 1.105 1.119 1.3 1.128 2.1 1.139 3.1
306.75 0.4484 1.080 1.088 0.7 1.094 1.3 1.108 2.6
314.55 0.5491 1.043 1.051 0.8 1.055 1.2 1.069 1.6
323.55 0.6784 1.017 1.023 0.6 1.024 0.7 1.033 1.6
Biphenyl/50 mol % Benzene and 50 mol % Cyclohexane
290.45 0.2524 1.326 1.297 2.2 1.354 2.1 1.338 0.9
298.65 0.3304 1.224 1.209 1.2 1.248 1.9 1.252 2.3
307.85 0.4376 1.134 1.126 0.6 1.149 1.3 1.163 2.6
314.05 0.5274 1.074 1.080 0.5 1.094 1.8 1.108 3.1
323.55 0.6672 1.034 1.034 0.0 1.040 0.6 1.049 1.5
324.95 0.6953 1.020 1.028 0.7 1.032 1.2 1.040 1.9
Biphenyl/30 mol % Benzene and 70 mol % Cyclohexane
297.05 0.2704 1.442 1.355 6.1 1.470 2.0 1.461 1.3
302.95 0.3361 1.325 1.294 4.6 1.347 1.6 1.350 1.9
309.05 0.4182 1.217 1.181 3.0 1.235 1.4 1.245 2.3
313.35 0.4857 1.149 1.130 1.7 1.168 1.6 1.180 2.6
319.45 0.5826 1.089 1.077 1.1 1.098 0.9 1.109 1.8
325.95 0.6990 1.036 1.035 0.1 1.045 0.9 1.052 1.6
Naphthalene/70 mol % Benzene and 30 mol % Cyclohexane
299.65 0.2844 1.187 1.287 8.5 1.264 6.6 1.175 0.9
312.65 0.4045 1.123 1.171 4.3 1.158 3.1 1.127 0.4
321.55 0.5071 1.084 1.105 2.0 1.097 1.2 1.090 0.6
334.35 0.6854 1.037 1.037 0.0 1.034 0.3 1.039 0.2
337.95 0.7417 1.027 1.024 0.4 1.022 0.5 1.027 0.0
Naphthalene/50 mol % Benzene and 50 mol % Cyclohexane
302.95 0.2850 1.280 1.370 71 1.366 6.7 1.261 1.5
313.25 0.3891 1.183 1.237 4.6 1.234 4.4 1.188 0.4
318.65 0.4520 1.144 1.178 3.0 1.176 2.8 1.150 0.5
326.65 0.5598 1.090 1.104 1.2 1.103 1.1 1.096 0.5
329.75 0.6047 1.074 1.080 0.6 1.080 0.6 1.077 0.3
340.75 0.7848 1.024 1.021 0.3 1.021 0.3 1.023 0.1
Naphthalene/30 mol % Benzene and 70 mol % Cyclohexane
297.15 0.2041 1.557 1.648 5.8 1.703 94 1.504 34
311.85 0.3400 1.313 1.366 4.1 1.395 6.3 1.314 0.1
323.55 0.4931 1.162 1.183 1.9 1.197 3.0 1.170 0.7
326.05 0.5308 1.136 1.152 1.4 1.163 2.4 1.143 0.7
339.25 0.7535 1.037 1.035 0.1 1.038 0.1 1.037 0.0
Fluorene/70 mol % Benzene and 30 mol % Cyclohexane
311.65 0.1596 1.433 1.502 4.8 1.496 44 1.410 1.6
330.35 0.2777 1.260 1.288 2.2 1.285 2.0 1.250 0.8
339.85 0.3603 1.184 1.196 1.0 1.194 0.9 1.175 0.8
346.85 0.4353 1.127 1.137 0.9 1.135 0.8 1.125 0.2
356.55 0.5477 1.077 1.075 0.1 1.075 0.1 1.071 0.5
Fluorene /50 mol % Benzene and 50 mol % Cyclohexane
317.05 0.1558 1.668 1.857 0.7 1.748 4.8 1.596 4.3
331.95 0.2548 1.421 1.412 0.6 1.465 3.1 1.380 2.9
343.15 0.3643 1.252 1.249 0.2 1.278 2.1 1.232 1.5
351.45 0.4636 1.156 1.153 0.2 1.171 1.3 1.145 1.0
359.35 0.5730 1.083 1.085 0.2 1.094 1.0 1.081 0.2
Fluorene/30 mol % Benzene and 70 mol % Cyclohexane
319.65 0.1346 2.050 1.907 7.0 2.190 6.8 1.955 4.6
327.45 0.1809 1.816 1.724 5.1 1.937 6.6 1.750 3.6
342.15 0.3111 1.437 1.397 2.8 1.501 4.4 1.398 2.7
350.65 0.4192 1.259 1.239 1.6 1.297 3.1 1.236 1.8
359.25 0.5471 1.132 1.124 0.8 1.152 1.7 1.121 1.0
Phenanthrene/70 mol % Benzene and 30 mol % Cyclohexane
307.95 0.2041 1.564 1.742 11.4 1.605 2.6 1.546 1.2
314.65 0.2567 1.434 1.566 9.2 1.466 2.2 1.437 0.2
324.55 0.3521 1.274 1.350 5.9 1.291 1.3 1.291 1.3
351.55 0.6910 1.052 1.047 0.4 1.040 1.1 1.047 0.5
362.65 0.8556 1.008 1.009 0.1 1.007 0.1 1.009 0.1
Phenanthrene/50 mol % Benzene and 50 mol % Cyclohexane
305.35 0.1503 2.000 2.264 13.2 2.110 5.5 1.939 3.1
318.65 0.2503 1.597 1.739 8.9 1.658 3.8 1.592 0.3
327.25 0.3415 1.386 1.465 5.7 1.418 2.3 1.392 0.5
343.55 0.5629 1.132 1.142 0.9 1.729 0.3 1.132 0.0

360.85 0.8177 1.026 1.018 0.8 1.017 0.9 1.018 0.8
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L= Ly =0 Wilson's eq
temp/K (X5)expu (Y9)expu (YD) ealed A/ % (Y2)calod A/ % (Y2)ealed Af %
Phenanthrene/30 mol % Benzene and 70 mol % Cyclohexane
312.25 0.1469 2.386 2.588 8.5 2.539 6.4 2,310 3.2
320.25 0.2123 1.943 2.109 8.5 2.078 6.9 1.935 0.5
326.85 0.2800 1.677 1.780 6.1 1.759 4,9 1.672 0.3
363.75 0.7018 1.074 1.068 0.6 1.067 0.7 1.067 0.7
360.65 0.8147 1.027 1.023 0.4 1.023 0.4 1.024 0.3
Acenaphthene/70 mol % Benzene and 30 mol % Cyclohexane
312.75 0.2467 1.237 1.256 1.5 1.247 0.8 1.226 0.9
319.65 0.3050 1.188 1.198 0.9 1.192 0.3 1.173 1.3
333.25 0.4545 1.099 1.100 0.2 1.097 0.1 1.084 1.3
338.55 0.5240 1.073 1.070 0.2 1.068 0.4 1.058 1.4
344.55 0.6148 1.042 1.042 0.0 1.041 0.1 1.034 0.8
Acenaphthene/50 mol % Benzene and 50 mol % Cyclohexane
314.45 0.2400 1.327 1.350 1.7 1.375 3.6 1.327 0.0
325.85 0.3459 1.216 1.220 04 1.235 1.6 1.198 1.5
333.15 0.4347 1.146 1.147 0.1 1.157 0.9 1.128 1.5
343.15 0.5815 1.069 1.069 0.0 1.073 0.4 1.058 1.0
350.25 0.7010 1.031 1.031 0.0 1.033 0.2 1.026 0.5
Acenaphthene/30 mol % Benzene and 70 mol % Cyclohexane
303.95 0.1333 1.820 1.710 6.0 1.862 2.3 1.790 1.6
314.55 0.2015 1.585 1.524 3.8 1.630 2.8 1.551 2.1
325.25 0.3032 1.368 1.338 2.1 1.402 2.5 1.335 2.4
333.45 0.4059 1.236 1.215 1.7 1.253 14 1.203 2.6
339.95 0.5084 1.140 1.131 0.8 1.153 1.1 1.120 1.8

order phase transition, as given for example by Weimer and
Prausnitz (4),

As2f Tm Aszf Tm
-n X, = ) '—7_——1— ) 7—1 +

% In 8S2UP
R " T R |17~ n 72 (2)

and for a A point transition eq 1 is modified to eq 3, as dis-
cussed by Choi and McLaughlin (5).

AS kT AC,! (T
X, = — -2 - {1+
2 R T R T

Asz' Tm

— + +
) In T Iny,+ A @
where A, the additional effect of the A point transition, is given
by

1 (% 1 " %-6G°
X—ﬁﬁ.(c‘,’-cpﬁ)dr-ﬁj: — daT (4)

In eq 4, C,, represents the specific heat of the solid during a
A point transition from temperature T, to T, and C,® the base
line specific heat as if no phase transition occurred. Experl-
mental X, vs. T data therefore permit evaluation of the activity
coefficients of the solute v, by using one of the above equa-
tions provided the necessary physical properties of the solid are
available. For the five solids used in this study, the necessary
physical properties are avallable and are given in Table IV. It
should be noted that the solubility equations to be used do not
contain properties of the solvent and can therefore be used
directly to obtain the solute activity coefficlent in mixed as well
as single solvents.

Solublity in Multicomponent Systems. Scaichard—Hiide -
brand Regular Solution Theory. Of the various theories that
can be used to correlate the solute activity coefficlents of the
systems investigated, the Scatchard-Hildebrand regular solution
theory has so far been the only one we have investigated ex-
tensively for our work in single solvents (6).

For this model, the activity coefficient of the rth component
in a multicomponent mixture of C components is given by
Malesinski (7) as

¢ C
RTIny, =V, %ZZ{AH + A, - Ai/} o (5)

i=1y=1

with A, = A, =0,A,= A;,andr=1,2,...C. The A;’s are
themselves related to the solubility parameters §, by the equa-
tions

Ay = (8- 8 + 21,5,5, €
where
5 = {AE"™ /v, {2 ™
xVv)!
P = XV 8
i

It has already been shown by Choi and McLaughiin (6) that for
the present solutes in thiophene and pyridine /; = 0 and so the
accuracy of prediction can be greatly enhanced if /;'s are in-
deed used, which are currently only available by fitting the
equations to experimental data.

When eq § is expanded for a ternary mixture of a single
solute 2 in solvents 1 and 3, we get

RTIn vy, =
V2l {A 12¢12 + A23¢32 + (A 12 + A23 -A 13)¢1¢3} (9)

For a solute 2 in a single soivent 1 eq 9 further reduces to
RTIn v, = V,A 0. (10)

and in the absence of experimental data, /; may be assumed
zero, then using eq 6 for A,

RTIn v, = V9,48, - 8,)° (11)

For the solvent mixtures, values of /,; representing the
solvent—solvent interaction were evaluated from three sets of
isothermal data giving 18 experimental activity coefficients,
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Table II. Comparison of the Experimental and Predicted Activity Coefficients of Aromatic Hydrocarbon Solids in Benzene

lig=0 Ly =0 Wilson’s eq
temp/K (XZ)expll (72)exptl (72)calcd A/% (72)calcd A/% (72)calcd A/ %o
Biphenyl
307.95 0.4833 1.043 1.040 0.3 1.043 1.055 1.2
313.85 0.5561 1.028 1.027 0.2 1.029 0.1 1.040 1.1
316.85 0.5932 1.027 1.021 0.5 1.023 0.4 1.033 0.6
323.65 0.6897 1.016 1.011 0.4 1.012 0.4 1.019 0.3
328.95 0.7711 1.010 1.006 0.5 1.006 0.4 1.010 0.0
333.15 0.8422 1.004 1.002 0.2 1.003 0.2 1.005 0.1
Naphthalene
310.35 0.3964 1.083 1.088 0.5 1.083 1.085 0.3
315.55 0.4494 1.070 1.069 0.2 1.065 0.5 1.075 0.4
323.45 0.5391 1.054 1.044 1.0 1.041 1.2 1.056 0.2
334.35 0.6885 1.027 1.018 0.9 1.017 1.0 1.029 0.2
344.15 0.8422 1.011 1.004 0.7 1.004 0.7 1.008 0.2
Fluorene
307.75 0.1665 1.249 1.302 4.3 1.249 1.252 0.2
313.45 0.1950 1.224 1.263 3.2 1.218 0.5 1.225 0.1
318.15 0.2215 1.203 1.233 2.4 1.193 0.9 1.203 0.0
323.05 0.2528 1.179 1.201 1.9 1.167 1.0 1.180 0.1
330.45 0.3055 1.148 1.158 0.9 1.131 14 1.146 0.1
336.25 0.3525 1.124 1.126 0.2 1.105 1.7 1.121 0.3
340.65 0.3957 1.096 1.103 0.6 1.086 0.9 1.101 0.5
348.35 0.4744 1.064 1.069 0.5 1.058 0.6 1.071 0.6
354.85 0.5477 1.043 1.046 0.3 1.039 0.4 1.049 0.6
Phenanthrene
312.75 0.2815 1.258 1.327 5.5 1.258 1.271 1.0
316.75 0.3128 1.230 1.279 4.0 1.221 0.7 1.239 0.7
325.25 0.3958 1.149 1.184 3.1 1.147 0.2 1.170 1.8
334.75 0.4949 1.098 1.109 1.0 1.087 1.0 1.108 0.9
341.85 0.5771 1.074 1.067 0.6 1.054 1.8 1.071 0.3
342.15 0.5792 1.075 1.060 0.8 1.054 2.0 1.070 0.5
Acenaphthene
306.55 0.2253 1.154 1.164 0.9 1.154 1.165 1.0
312.95 0.2724 1.126 1.134 0.7 1.125 0.1 1.134 0.7
319.85 0.3309 1.100 1.103 0.3 1.097 0.3 1.103 0.2
328.05 0.4158 1.065 1.070 0.5 1.066 0.1 1.069 0.3
335.95 0.5101 1.040 1.044 0.3 1.041 0.1 1.043 0.2
345.75 0.6498 1.011 1.019 0.8 1.018 0.7 1.018 0.7
which were fitted to eq 10 by using the solubility parameters When eq 14 is expanded for the activity coefficient of solute
and liquid molar volumes listed in Table V for each particular 2 in mixed solvents of 1 and 3, we get
system for which /5 is required.
Wilson's Equation. The use of Wilson's equation to predict Invy, =
the activity coefficient of a solute in both a pure and a mixed XA,
solvent system ought to show a marked improvement over 1 —In {X A, + X, + XAyt -
regular solution theory for systems exhibiting a significant de- (X + XoAyp + X3A45)
viation from ideal behavior. X, XaAs,
i . E N .
Wilson's equation for g=, of a C component mixture, is given + + (15)
by (8) (XA + X, + X3Ap) (X Ay + XoAg, + X)
gt c c
AT - (=) 2X1In { ZA,,X,} (12) Eq 15 contains ‘six adjustable parameters, two from each of the
/=1 j=1 three binary mixtures. Recommended values of the solvent-

solvent binary interaction parameters A, and A4, are given by
where Gmehling et al. (7), in the form of AX;; and AA;,, from VLE
data for the benzene—cyclohexane system.

L -— —
= v_/ Ay~ ) Equation 14 may be rewritten for a binary solute-2, solvent-1
Ay= exp (13) .
vt RT mixture as
A}\,/ = >\/j - }\” In Y2 =
Ay Ay A= Ay=1 In (X, + ApXy) = X Ave Az 16
i i - - -
/ i ¥ 2 21X 1) VX, + XA, XA, + X, (16)
The resulting expression for the activity coefficient of the /th
component in a mixture of C components is given by (§) Taking note of the fact that the differences in the characteristics
energies (A; —~ Ay), A\, in eq 13, are approximately inde-
4 c XAy pendent of temperature over modest temperature ranges, then
Iny,=1-in{XXA}- g p (14) eq 16 can be solved Heratively for both A\, and A\, by com-
/= - > XAy paring the results of eq 16 determined for two different ex-
J=1 perimental data points and corresponding activity coefficients.
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Table 111, Comparison of the Experimental and the Predicted Coefficients of Aromatic Hydrocarbon Solids in Cyclohexane

l,=0 I, =0 Wilson’s eq
temp/K (XD exptt (YD apnt (Y9 caled A/ % (Y2)calea A% (Y2)calod A%
Biphenyl
302.35 0.2348 1.898 1.573 17.1 1.898 1.898 0.0
310.45 0.3540 1.503 1.338 11.0 1.510 0.5 1.507 0.3
314.65 0.4319 1.347 1.236 8.2 1.350 0.2 1.349 0.2
320.85 0.5616 1.178 1.121 4.8 1.176 0.2 1.178 0.0
326.95 0.6929 1.080 1.052 2.6 1.075 0.5 1.078 0.2
333.05 0.8252 1.023 1.015 0.8 1.022 0.1 1.023 0.0
Naphthalene
300.15 0.1597 2,126 1.872 11.9 2.126 2.130 0.2
308.25 0.2254 1.816 1.667 8.2 1.849 1.8 1.831 0.8
315.15 0.3025 1.576 1.489 5.6 1.614 2.4 1.589 0.8
325.45 0.4612 1.284 1.248 2.8 1.306 1.7 1.287 0.3
333.15 0.6073 1.137 1.118 1.7 1.143 0.5 1.134 0.3
343.05 0.8082 1.032 1.025 0.7 1.030 0.2 1.028 0.3
Fluorene
310.95 0.0537 4,186 2.871 31.4 4,186 4,195 0.2
318.25 0.0684 3.729 2.705 27.4 3.862 3.6 3.767 1.0
321.75 0.0871 3.323 2.529 23.9 3.524 6.1 3.348 0.8
327.35 0.1122 2.922 2.336 20.1 3.164 8.3 2.930 0.3
331.85 0.1384 2.610 2.171 16.8 2.864 9.7 2.605 0.2
336.45 0.1733 2.296 1.990 13.3 2.545 10.8 2.282 0.6
341.45 0.2200 2.003 1.797 10.3 2.216 10.6 1.973 1.5
346.25 0.2787 1.739 1.610 7.4 1.909 9.8 1.706 1.9
Phenanthrene
307.65 0.0606 5.232 4.646 11.2 5.232 5.235 0.1
313.85 0.0819 4.423 4.115 7.0 4.591 3.8 4.449 0.6
319.65 0.1093 3.730 3.597 3.6 3.971 6.5 3.744 0.4
321.85 0.1228 3.469 3.389 2.3 3.724 7.4 3.479 0.3
325.85 0.1530 3.038 3.000 1.3 3.266 7.5 3.008 1.0
333.25 0.2430 2.178 2.232 2.5 2.375 9.0 2.174 0.2
339.55 0.3568 1.664 1.690 1.5 1.760 5.7 1.648 1.0
; Acenaphthene
303.35 0.0853 2.798 2.210 21.0 2.798 2.831 1.2
307.35 0.1031 2.574 2.108 18.0 2.632 2.2 2.612 1.5
312.05 0.1274 2.353 1.987 15.5 2.437 3.6 2.372 0.8
316.45 0.1565 2.140 1.865 12.8 2.245 4.9 2.147 0.3
320.95 0.1931 1.937 1.737 10.3 2.047 5.7 1.930 0.4
325.65 0.2421 1.729 1.598 7.6 1.837 6.2 1.714 0.9
329.95 0.2984 1.551 1.470 5.2 1.649 6.3 1.535 1.0
334.65 0.3697 1.394 1.345 3.5 1.469 5.4 1.374 14
339.85 0.4645 1.246 1.223 1.8 1.299 4.3 1.231 1.2
346.45 0.5992 1.113 1.110 0.3 1.144 2.8 1.108 0.4
354.45 0.7742 1.018 1.030 1.2 1.039 2.1 1.029 1.1

Table IV. Physical Properties of Five Aromatic Hydrocarbon Solids

Ahyf/ ASf/ ACL/ AhF/ ASF/
Ta/K Jomol™! J:mol 1K1 J-mol.K! Jomol™! J-mol K
biphenyl 341.3¢ 18.659 x 103¢ 54.671 36.274°
naphthalene 353.3° 18.238 x 10°° 51.623 8.901°
fluorene 387.9° 19.591 x 10%¢ 50.493 1.444°
phenanthrene 372.4¢ 16.474 X 103¢ 44,254 12.586° 1.307 X 10%¢ 3.853¢
acenaphthene 366.6° 21.476 X 10%°¢ 58.573 14.855°

°According to Spaght et al. (10). ”According to Timmermans (11). "According to Finke et al. (12). me Ahgf, ASzl, and AC,f are values at
P
the triple point.

Table V. Solubility Parameters and Molar Liquid Volumes of Solids and Liquids at the Melting Points of the Solids

solids benzene cyclohexane
10743,/ 10°V,Y/ 1045,/ 10°VY 1075,/ 108V,
To/K (J-m3)1/2 m3mol? (J-m3)i/2 m3-mol! (J-m3)1/2 m3-mol!
biphenyl 342.6 1.9304° 155.16% 172744 94.57‘: 1.5473" 1 14.82':
naphthalene 352.8 1.9662° 130.86¢ 1.6959 95.96! 1.5203" 116.89
phenanthrene 372.8 1.9772¢ 168.05¢ 1.6283" 98.63' 1.4501* 120.23*
fluorene 387.6 1.8508¢ 163.70/ 1.5817" 100.40° 1.4117" 122.33
acenaphthene 366.5 1.8930¢ 149.808 1.6607% 99.644 1.4845k 118.54*

¢ Enthalpy of vaporization was evaluated by using the Clausius—-Clapeyron equation with Antonie equation constants given by Reid et al.
(13). ®According to Timmermans (11). ¢ According to Weast et al. (14), Reid et al. (13), and Dean (15). ¢International Critical Tables (16).
Extrapolated by using eq 12-8.2 of Reid et al. (13). ©Antoine equation constants given by Dean (I15). fAccording to McLaughlin and
Ubbelohde (17). # According to Lange and Forker (I8). "From ref 19. ‘From ref 20.
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Table VI. Binary Parameters Used in Eq 6
b

a c

113

112 123

biphenyl 0.0004 0.0102 0.0150
naphthalene -0.0005 0.0060 0.0154
fluorene -0.0020 0.0132 0.0170
phenanthrene -0.0036 0.0037 0.0160
acenaphthene -0.0005 0.0088 0.0157

3 Benzene (1), solute (2). ?Cyclohexane (3), solute (2). ¢Benzene
(1), cyclohexane (3).

Values of A\, and A\, were determined by using the lowest
experimental solubility data point and each of the other ex-
perimental binary data points in sequence, on approaching the
melting temperature. Arithmetic averages were then taken to
obtain overall values of the characteristic energy difference.
The lowest solubility data point, and hence the largest deviation
from ideality, was always used in these determinations as it was
felt that the corresponding value of v, the activity coefficient,
would likely be more accurate for the calculations due to its
magnitude. If side-by-side data points were used, this produced
instabilities in the iterative calculations. This procedure was
repeated for all 10 solute-solvent binary mixtures.

Discussion

Experimental activity coefficients of biphenyl, naphthalene,
fluorene, and acenaphthene in the mixed solvents were calcu-
lated by using eq 1 and for phenanthrene by using eq 3 for
temperatures below the end of the A point transition and eq 1
above the end of the transition. In the calculations, the ob-
served melting points of the solutes were used so that the
condition In X, — 0 as T./T — 1 was satisfied. For biphenyl,
values of AS," and AC,.' were taken as listed in a previous
study on the solubility in thiophene and pyridine (6).

These values of experimental activity coefficients are com-
pared to those correlated by the methods discussed earlier with
the differences defined by A, given by

(72)exptl - (72)pred
A= —100 (17)
(72)exptl

Binary Mixtures. As can be seen from Tables 1I and III
for soiutes with either pure benzene or cyclohexane and with
/4, = 0, and the floating datum point method applied to the
Scatchard-Hildebrand regular solution theory, eq 11 predicts the
experimental activity coefficient for the five solutes in benzene
within 1.2% for the 32 data points given in Table 1I and within
9.3% for the 38 data points of Table III for the solutes in
cyclohexane. This difference in accuracy is not surprising as
solutions in cyclohexane are considerably more nonideal than
in benzene and the model therefore is expected to be less
successful.

If eq 10 is used with /,, of eq 6 evaluated at the lowest
temperature at which solubility measurements were taken, then
as seen from Tables II and III, the results for benzene are
within 0.6 % and for cyclohexane within 4.0%. The J;'s used
are given in Table VI.

The additional parameter of the Wilson equation should allow
a further improvement in the correlation of the activity coeffi-
cient. If we use eq 16 and evaluate the binary parameters as
discussed earlier, the results for benzene are within 0.5% and
for cyclohexane within 0.6 %. The values of the characteristic
energy differences, A, of the binary Wilson parameters are
given in Table VII.

In order to test these methods with solubilities at other than
saturation conditions a comparison can be made of the calcu-
lated and experimental activity coefficients of benzene (1) at
infinite dilution with phenanthrene (2), v,? = 1.444 at 393 K
compared with the experimental value of 1.41 at 393 K and

Table VII. Characteristic Energy Differences Used in
Eq 13

benzene (1) cyclohexane (3)

AXgg/ A/ Adgg/ AXga/
solute (2) J/mol J/mol J/mol J/mol

biphenyl 1786.4  -1270.7 2139.0 1449.7
naphthalene 2436.8 -1607.6 1990.4 1158.6
fluorene 1287.1 -412.1 3605.9 1190.4
acenaphthene 494.8 397.5 2942.5 780.1
phenanthrene 1680.2 -348.5 3785.3 2041.9

Benzene (1) Cyclohexane (3)

AXgg/ AXgy/

J/mol J/mol

771.4 417.5

3.31 X 105 N-m~2 determined by Turek et al. (9) using gas-
liquid chromatography.

Ternary Mixtures. Table I gives a comparison of experi-
mental activity coefficients and values produced by both
Scatchard-Hildebrand regular solution theory and Wilson's
equation for the five solutes in three solvent mixtures. The
activity coefficients, calculated with the floating datum point
method of Choi and McLaughlin (6) with the /;’s = 0, show an
average reproducibility of 2.6% for 78 data points. On the
other hand, when the activity coefficients are caiculated with
the /;'s & 0, the average reproducibility improved to 2.2%.
However, the extent of improvement depended upon the solute
being considered and the composition of the solvent mixture.
Indeed for some solutes, particularly biphenyl, the reproducibility
decreased. In general however, improvement was more no-
ticeable for solvent mixtures with a higher proportion of cyclo-
hexane.

The activity coefficients correlated by the Wilson equation
had an average reproducibility of 1.4% and the improvement
above the Scatchard-Hildebrand regular solution theory is
readily seen in Table I. Again this improvement is more no-
ticeable for solvent mixtures with a higher proportion of cyclo-
hexane which exhibit a greater devidtion form ideal behavior.

Generalization of the Solubliity of Sollds. 1t was shown by
Mclaughlin and Zainal (2, 3) and Choi and McLaughlin (&) that
the solubility of solids in binary systems can be generalized
when -log X, was plotted as a function of (7,/T). Similar plots
have been made for the five solids in each of the three mixed
solutions, 70, 50, and 30 mol % benzene, each showing a
straight line trend with correlation coefficients of 0.993, 0.994,
and 0.993, respectively.

The equation of the straight line, which was obtained by a
least-squares fit of the solubility data for each solvent, can be
represented by eq 18. The value of AS,'in eq 18 can be used

AS,) T
~log X, = - -1 (18)

2303R({ T

to compare the average nonideality of the solutes in each so-
lution. AS,), for exampie, becomes 60.833, 65.719, and
74.492 J-moi~1-K~" for the solutions with the three mixed sol-
vents 70, 50, and 30 mol % benzene, respectively. McLaughlin
and Zainal (2, 3) obtained 57.778 and 101.739 J:mol~ K~ for
A8, in solutions with benzene and cyclohexane, respectively.
Nonideality of solutes in the three solutions thus lies between
that in benzene and in cyciohexane solutions, with increasing
departure from ideality for increasing concentrations of cyclo-
hexane.

This result can be expected, however, if one examines eq
19, another form of eq 9 with /; = 0; we have

RTIn v, = V' ¢ (6, - 8o)* (19)

where



_ B0y + P30s (20)
0 ¢yt o3
o = Ot &3 21

For a given value of ¢,, 8, approaches 0; as the volume
fraction of cyclohexane ¢ ; increases in eq 20. Accordingly,
v, of the ternary solution approaches vy, of the cyclohexane
solution while the concentration of cyclohexane in the solvent
mixture increases.

Generalization is possible due to the fact that AS,' and §,
of the five solids are similar in magnitude. Accordingly, the
solubility of a different solute in a ternary solution of the three
mixtures of solvents can be predicted approximately if AS ' and
8, of the new solute are similar to those of the five solutes used
in this study.

Glossary

AC,d difference of molar specific heat between those of
liguid and solid at fusion temperature, J/molK

AEY molar energy of vaporization, J/mol

gt excess molar Gibbs free energy, J/mol

Ah P molar enthalpy change of phase transition, J/mol
AnV molar enthalpy of vaporization, J/mol

l binary parameter

R gas constant

ASE excess molar entropy of mixing, J/mol-K

AS)! molar entropy change of fusion, J/mol-K

AS) least-squares-fitted value, J/mol-K

ASYP molar entropy change of phase transition, J/mol-K
T system temperature, K

T melting temperature, K

TP temperature of first-order phase transition, K

V! molar liquid volume, m3/mol

X mole fraction

Greek Letters

Ay binary interaction parameter, Wilson equation
Y activity coefficient

Journal of Chemical and Engineering Data, Vol. 30, No. 4, 1985 409

& solubility parameter

1) volume fraction

A characteristic energy, J/mol
Subscripts

1,3 solvent

2 solute (solid)

Registry No. Benzene, 71-43-2; cyclohexene, 110-82-7; biphenyl,
92-52-4; naphthalene, 91-20-3; fluorene, 86-73-7; phenanthrene, 85-01-8;
acenaphthene, 83-32-9.
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