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VAPOR-LIQUID EQUILIBRIA IN THE
TERNARY SYSTEM 2-CHLOROBUTANE +
1-CHLOROBUTANE + CYCLOHEXANE
AND ITS BINARIES

J. WISNIAK

Department of Chemical Engineering, Ben-Gurion University of the Negev,
Beer-Sheva, Israel 84105

{ Received 29 October 1994 )

Vapor-liquid equilibrium at 101.3 kPa has been determined for the ternary system 2-chlorobutane +
l-chiorobutane + cyclohexane and its binaries 2-chlorobutane + cyclohexane and I-chlorobutane +
cyclohexane. The binary system I-chlorobutane + cyclohexane presents an azeotropic point at 76.86° C
that contains 57.5%mol I-chlorobutane. No ternary azeotrope is present. The data were correlated by the
Redlich-Kister, Van Laar, Wilson and Wisniak-Tamir equations and the appropriate parameters are
reported. The activity coefficients of the ternary system can be predicted from those of the pertinent
binary systems.

KEY WORDS: Activity coeflicients, vapor-liquid equilibrium

The present work was undertaken to measure vapor-liquid equilibria (VLE) data for
the title systems for which no isobaric data are available. This is part of a program
to determine UNIFAC parameters for organic halides. Data for the binary system
2-chlorobutane + I-chlorobutane have already been reported (1).

EXPERIMENTAL

Purity of Materials

2-chlorobutane (99.9 mole % +), l-chlorobutane (99.84 mole% +) and cyclohexane
(99.9 mole % +) were purchased from Merck. The reagents were used without fur-
ther purification after gas chromatography failed to show any significant impurities.
Properties and purity (as determined by glc) of the pure components appear in
Table 1.

Apparatus and Procedure

An all-glass modified Dvorak and Boublik recirculation still (2) was used in the VLE
measurements. The experimental features have been described in a previous
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Table1 Mole % GLC purities, refractive index nj, at Na D
line, and normal boiling points T of pure components

Component ( Purity, mole %, ) np(298.15K) T/K
2-Chlorobutane (99.9) 1.3941¢ 341.24¢
1.3941° 341.25°
1-Chlorobutane (99.84) 1.3999¢ 351.58¢
1.4000° 351.58°
Cyclohexane (99.9) 1.4233¢ 353.82¢
1.42354° 353.88°
“Measured

PReference 12

publication (3). All analyses were carried out by gas chromatography on a Gow-
Mac series 550P apparatus provided with a thermal conductivity detector and a
Spectra Physics Model SP 4290 electronic integrator. The column was 2m long and
0.2cm in diameter, filled with SE-30, the column and detector temperatures were
323.15K and 523.15K respectively; the injector temperature was 493.15K for the
ternary system and the binary l-chlorobutane + cyclohexane, and 523.15 for the
binary system 2-chlorobutane + cyclohexane. Very good separation was achieved
under these conditions, and calibration analyses with gravimetrically prepared
samples were carried to convert the peak ratio to the weight composition of the
sample. Concentration measurements were accurate to better than +0.008 mole
fraction units. The accuracy in determination of pressure P and temperature T was
at least +0.1kPa and 0.02K, respectively.

RESULTS
The temperature f, liquid-phase x;, and vapor-phase y; mole fraction measurements

at P=101.3kPa are reported in Tables 2-4 and Figures 1-3, together with the
activity coefficients vy, which were calculated from the following Eq. (4):

Iny,= ln(Py,-/P?x,-) +(B; — ”{‘)(P_P?)/RT"' (P/ZRﬂZZ}’jJ’k(25ﬁ_5jk) (1)
11
where:
0,=2B;—B;;— B, (2)
The standard state for the calculation of activity coefficients is the pure component
at the pressure and temperature of the solution. The pure component vapor pres-
sures P? were calculated according to the Antoine equation:

log(P?/kPa)= 4, — B;/(T/K—C) 3)

where the constants A4, B,,C; are reported in Table 5. The molar virial coefficients
B, and B;; were estimated by the method of O’Connell and Prausnitz (5) using the
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Table 2 Experimental vapor-liquid equilibrium data for 2-chlorobutane (1}+ cyclohexane(3) at
101.3kPa

—By, =Bj; —By;
T/K X, Vi 7 73 (em*mol™ ') (emPmol™)  (emPmol™ ')
351.42 0.071 0.131 1.3744 1.0048 1025 1129 1079
350.59 0.102 0.174 1.3006 1.0125 1031 1136 1085
349.40 0.155 0.239 1.2157 1.0269 1040 1145 1095
347.75 0.236 0.340 1.1905 1.0348 1053 1159 1108
347.16 0.271 0.369 1.1444 1.0555 1057 1163 1112
345.94 0.352 0.456 1.1278 1.0623 1067 1174 1122
345.11 0.421 0.514 1.0889 1.0894 1073 1181 1129
344.45 0.479 0.562 1.0668 1.1135 1079 1186 1135
344.20 0.503 0.589 1.0725 1.1037 1081 1188 1137
343.17 0.614 0.678 1.0426 1.1495 1089 1197 1145
342.74 0.673 0.721 1.0245 1.1915 1092 1201 1149
342.36 0.728 0.766 1.0176 1.2158 1096 1204 1152
342.10 0.779 0.807 1.0097 1.2442 1098 1207 1154
341.77 0.843 0.860 1.0041 1.2837 1100 1209 1157
341.54 0.888 0.899 1.0034 1.3076 1102 1211 1159
341.38 0.931 0.936 1.0012 1.3517 1104 1213 1160

Table3 Experimental vapor-liguid equilibrium data for 1-chlorobutane (2)+ cyclohexane(3) at
101.3kPa

- Bzz -By, - st
T/K X, ¥V, 72 73 (emP*mol™ ') (emPmol™')  (em>mol™1)
353.16 0.043 0.061 1.3542 1.0019 1154 1116 1134
352.46 0.092 0.124 1.3133 1.0054 1159 1121 1139
351.84 0.151 0.187 1.2289 1.0161 1164 1126 1144
351.12 0.235 0.278 1.1992 1.0228 1170 1132 1150
350.69 0.305 0.342 1.1514 1.0391 1173 1135 1153
350.44 0.368 0.395 1.1104 1.0584 1176 1137 1155
350.26 0418 0.441 1.0973 1.0676 1177 1138 1157
350.09 0.488 0.500 1.0711 1.0910 1178 1140 1158
350.00 0.539 0.545 1.0598 1.1055 1179 1140 1159
350.01 0.611 0.607 1.0410 1.1313 1179 1140 1159
350.05 0.652 0.644 1.0338 1.1442 1179 1140 1159
350.21 0.740 0.725 1.0205 1.1774 1177 1139 1157
350.41 0.801 0.782 1.0108 1.2123 1176 1137 1156
350.65 0.860 0.842 1.0064 1.2401 1174 1135 1154
351.00 0.920 0.904 0.9997 1.3051 1171 1133 1151
351.20 0.951 0.939 0.9986 1.3460 1169 1131 1149

molecular parameters suggested by the authors and assuming the association par-
ameter eta to be zero. The last two terms in equation 1 contributed less than 3% to
the activity coeflicient and their influence was important only at very dilute concen-
trations. The calculated activity coeflicients are reported in Tables 2-4 and are
estimated accurate to within +3%.

The binary data reported in Tables 2 and 3 were found to be thermodynamically
consistent by the Herington criteria (6) and the L-W method of Wisniak (7). The
ternary activity coefficients were found to be thermodynamically consistent as tested
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Figure 1 Boiling temperature diagram for the system 2-chlorobutane (1)-cyclohexane (2) at 101.3kPa.
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Figure 2 Activity coefficients for the system 2-chlorobutane (1)- cyclohexane (2) at 101.3kPa.
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1-CHLOROBUTANE (1)-CYCLOHEXANE (2)

100
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Figure 3  Activity coefficients for the system 1-chlorobutane (1)—-cyclohexane (2) at 101.3kPa.

Table 5 Antoine coefficients, Eq. 3

compound A; B; C,

2-chlorobutane! 6.12220 1245.2 38.75
1-chlorobutane! 6.05154 1216.82 50.82
cyclohexane! 5.96407 1200.31 50.65

Reference 12

by the L-W method of Wisniak (7) and the McDermot-Ellis method (8) modified by
Wisniak and Tamir (9). For the latter the values of D,,, were at least 0.373 while the
values of D for any given point never exceeded 0.030. The McDermot-Ellis test
requires that D < D_, for every point.

The excess Gibbs function of the two binary systems are presented in Table 6 and
Figure 4 as the variation of the dimensionless number (Gibbs number) AGE/RT with
composition. The values of the parameter are positive over the entire composition
range, the value at x = 0.5 for the binary 2-chlorobutane-cyclohexane is larger than
that for the binary 1-chlorobutane-cyclohexane probably due to the larger steric
influence.

The activity coefficients for the 2-chlorobutane-cyclohexane and 1-chlorobutane-
cyclohexane binaries were correlated by the Redlich-Kister (a), Van Laar (b) and
Wilson (c) models (10):

(a) logy/y; = B(x; —x;) + C(bx;x, — 1) + D(x, — x ) (1 — 8x,x,) +
E(x, — x,)*(10x,x, — 1) 4

Bx 2 Ax 2
b lo = A 2 1 = B T
(b) log 7, [Axl + Bx2:| OB72 I:Ax, + Bx, )
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Table 6 Variation of AG*/RT with composition

2-chlorobutane + cyclohexane I-chlorobutane + cyclohexane
X, AGE/RT X, AGE/RT
0.000 0.0000 0.000 0.0000
0.071 0.0271 0.043 0.0149
0.102 0.0379 0.092 0.0299
0.155 0.0527 0.151 0.0447
0.236 0.0673 0.235 0.0599
0.271 0.0759 0.305 0.0696
0.352 0.0815 0.368 0.0744
0.421 0.0854 0.418 0.0769
0.479 0.0870 0.488 0.0781
0.503 0.0843 0.539 0.0776
0.614 00794 0.611 0.0725
0.673 0.0736 0.652 0.0685
0.728 0.0658 0.740 0.0575
0.779 0.0558 0.801 0.0469
0.843 0.0449 0.860 0.0357
0.888 0.0316 0.920 0.0210
0.931 0.0219 0.951 0.0132
1.000 0.0000 1.000 0.0000
A B
c)Iny, = —In(x, + Ax,) + x —
(© In 7, (ey - Ax,) + 2<x1+Ax2 x2+Bx1>

A B
Iny, =—1n(x2+Bx1)—x,<x YR +Bx> (6)
M 2 2 1

The values of the pertinent parameters and statistics appear in Table 7.
The activity coefficients for the ternary system were correlated by the following
Redlich-Kister expansion (10):

In y, /7, = by, (x, = x)) = ¢, [(x; = x,)* = 2x,x,]

+d 500, — x)x; — X507 —4x,x,] + x3[b 5 +¢52x, —x3)

+d (v, —x3)Bx; —x3) — by — 532X, — x3)

—d,3(x; —x3)(3x; —x3) + Cy(x; — x,)] (7)
where b, ¢; and d;; are constants for the pertinent binary and C; is a ternary
constant. The equations for two other pair of activity coefficients were obtained by
cyclic rotation of the indices. The binary system 2-chlorobutane + 1-chlorobutane
behaves essentially ideally and has been reported elsewhere (1). The ternary Redlich-
Kister coefficient was obtained by a Simplex optimization technique. The differences
between the values of the root mean square deviation for the activity coefficient for
the two cases— with and without the ternary constant C, {Table 8)—are statistically
not significant suggesting that ternary data can be predicted directly from the binary
systems.
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Figure4 Variation of AGE/RT with composition for 2-chlorobutane + cyclohexane (+) and 1-chloro-
butane-cyclohexane (o).

The boiling points of the systems were correlated by the equation proposed by
Wisniak and Tamir ( 11):

T/K = 2 x,TO/K + 2

i=1 i,j=1

1
{xixj Y Culx; — xj)"} +x;x;x3{A + B(x; — x;)

k=0

+ C(x, — x3) + D(x, — x3)} (8)

In these equations n is the number of components (n =2 or 3), T? is the boiling
point of the pure component / (in K or °C) and i is the number of terms in the series

expansion of (x;—x;. C, are the binary constants where A4,B,C,D are ternary

constants. An equation of the same structure can be used for the direct correlation

of ternary data, without use of binary data. Both forms will require about the same

number of constants for similar accuracy but the direct correlation allows an easier

calculation of boiling isotherms (Fig. 5). The various constants of Eq. 8 are reported

in Table 9, which also contains information indicating the degree of goodness of the

correlation.
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1-CHLOROBUTANE ( 351.58K )

N,

CYCLOHEXANE (353.83K) 2-CHLOROBUTANE
(341.40K)

Figure 5 Isothermals for the ternary system 2-chlorobutane - 1 —chlorobutane - cyclohexane at 101.3 kPa.
Coefficients from Eq. 6.

Table 9 Coefficients in correlation of boiling points, Eq. 8 and root mean square deviations in
temperature, rmsd (T/K)

System Co C, C, rmsd %!
2-Chlorobutane (1) + —1.8554 0.5540 0 0.01 0.04
1-chlorobutane (2)
2-Chlorobutane (1) + —10.538 1.9321 —2.1549 0.01 0.01
cyclohexane (3)
1-Chlorobutane (2) + —35.530 —11.723 —19.298 0.01 0.06
cyclohexane (3)*

A B C rmsd
2-Chlorobutane (1) + —8.2473 27.3254 — 0.03

{-Chlorobutane (2) +
cyclohexane (3)

!Average % deviation
ZReference 1
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GLOSSARY

A, B, C, Antoine constants, Eq 3

B, B;; second molar virial coefficients, Eqs 1,2

by ¢ dy Redlich-Kister constants, Eq 4

C, constants, Eq 5

AG* excess Gibbs function

N number of measurements

P total pressure

P? vapor pressure of pure components i

R gas constant

rmsd (T) root mean square deviation, {Z(T,,,, —T,,.)*}°°/N
rmsd (7;) root mean square deviation, {Z(y ., = Vicard) ) /N
t, T boiling temperature of a mixture

0 boiling temperature of pure component i

e molar volume of liquid component i

X Vi mole fraction of component i in the liquid and vapor phases
o activity coefficient of component i

0y molar virial coefficient parameter, Eq. 2

Subscripts

expt experimental value

calc calculated value

i component i



