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Phase Equilibria in the Systems Ethyl Methanoate +
1-Bromopropane, Ethyl Methanoate + Cyclohexane, and Ethyl
Methanoate + 1-Bromopropane + Cyclohexane

Jaime Wisniak

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

Vapor—liquid equilibrium at 101.3 kPa has been determined for the binary systems ethyl methanoate +
1-bromopropane and ethyl methanoate + cyclohexane and the ternary system ethyl methanoate +
1-bromopropane + cyclohexane. The two binary systems exhibit positive deviations from ideality and
the binary ethyl methanoate + cyclohexane has an azeotrope that boils at 325.9 K and contains 82.2 mol
% ethyl methanoate. The data were correlated by the Redlich—Kister, Wilson, NRTL, UNIQUAC, 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. No ternary azeotrope

is present.

The present work was undertaken to measure vapor—
liquid equilibria (VLE) data for the title systems for which
no isobaric data are available. Isobaric data for the binary
system 1-bromopropane + cyclohexane have been pub-
lished by Wisniak et al. (1995a); the system presents
positive deviations from ideality, and the data are well
represented by the Redlich—Kister expansion. Data for the
system ethyl methanoate + cyclohexane have been reported
by Ohta and Nagata (1980) at 323.15 K and at 66.66 kPa;
the system exhibits moderate positive deviations from ideal
behavior and presents an azeotropic point, and the equi-
librium data are well represented by the Wilson and
UNIQUAC models.

Experimental Section

Purity of Materials. Ethyl methanoate (99.3 mass %)
was purchased from Merck, 1-bromopropane (99.85 mass
%+) from Aldrich, and cyclohexane (99.9 mass %+) from
Phillips. The reagents were used without further purifica-
tion after gas chromatography failed to show any signifi-
cant 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 (Boublikova and Lu,
1969) was used in the VLE measurements. The experi-
mental features have been described in a previous publica-
tion (Wisniak and Tamir, 1975). Temperature was mea-
sured with a Lauda Model R42/2 digital thermometer
provided with a PT-10 probe (calibrated by the National
Standards Laboratories of Israel), and the total pressure
of the system was determined from the boiling temperature
of distilled water in a Swietoslawski ebulliometer. 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 3 m long and 0.2
cm in diameter, packed with SE-30 and operated at 323.15
K for the binary system with 1-bromopropane and 353.15
K for the binary system with cyclohexane; injector and
detector temperatures were 493.15 and 543.15 K, respec-
tively. Very good separation for the binary and ternary
systems was achieved under these conditions, and repeti-
tive calibration analyses were carried out to convert the
peak ratio to the mass composition of the sample. Con-
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Table 1. Mole Percent GLC Purities, Refractive Index np
at the Na D line, and Normal Boiling Points T of Pure
Components

component (purity, mass %) np (298.15 K) T/K
ethyl methanoate (99.3) 1.35792 327.402
1.3575P 327.46°
1-bromopropane (99.85) 1.43192 343.902
1.4317° 344.15P
cyclohexane (99.9) 1.42332 353.842
1.42354 353.888

a Measured. ® TRC (1974).

centration measurements were accurate to better than
40.008 mole fraction unit. The pertinent polynomial fits
had correlation coefficients R? > 0.99. The accuracies in
the determination of pressure P and temperature T were
at least 0.1 kPa and +£0.02 K, respectively.

Results

The temperature T and liquid-phase x; and vapor-phase
yi mole fraction measurements at P = 101.3 kPa are
reported in Tables 2—4 and Figures 1—4, together with the
activity coefficients y; which were calculated from the
following equation (Van Ness and Abbott, 1982):

In v, = In(Py,/PX;) + (B; — VI)(P — PY/RT +
(P/ZRT)Z ZYij(Zéji = %) (1)

where T and P are the boiling point and the total pressure,
V!‘ is the molar liquid volume of component i, B;i and Bj;
are the second virial coefficients of the pure gases, Bj; is
the cross second virial coefficient and

0 = 2Bj; — Bjj — B;; (2

The standard state for calculation of activity coefficients
is the pure component at the pressure and temperature of
the solution. The pure component vapor pressures Pjwere
calculated according to the Antoine equation:

Iog(Pi/kPa) = Ai - W_CI

©)

where the Antoine constants A;, B, and C; are reported in
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Table 2. Experimental Vapor—Liquid Equilibrium Data
for Ethyl Methanoate (1) + 1-Bromopropane (2) at 101.3
kPa

cm~3-mol~1

T/IK

X1

Y1

Y1

Y2

—Bu1

—B22

—B12

GE/RT

343.90
340.87
338.41
337.45
335.43
335.11
333.67
333.47
332.44
331.40
330.78
329.93
329.41
328.91
328.55
328.29
328.19
327.97
327.81
327.82
327.65
327.51
327.44
327.40

0

0.070
0.145
0.179
0.258
0.274
0.343
0.363
0.420
0.499
0.544
0.618
0.665
0.731
0.766
0.814
0.829
0.852
0.873
0.892
0.919
0.936
0.948
1

,yoca

0

0.154
0.279
0.328
0.424
0.441
0.507
0.528
0.575
0.638
0.669
0.719
0.749
0.795
0.817
0.852
0.862
0.876
0.891
0.908
0.928
0.939
0.948
1

1.4275
1.3522
1.3235
1.2678
1.2511
1.2057
1.1935
1.1606
1.1204
1.1004
1.0711
1.0552
1.0362
1.0275
1.0178
1.0151
1.0114
1.0084
1.0062
1.0034
1.0021
1.0014

1.72

1.0072
1.0084
1.0097
1.0209
1.0245
1.0454
1.0391
1.0645
1.0879
1.1156
1.1623
1.2050
1.2456
1.2990
1.3313
1.3502
1.4102
1.4628
1.4417
1.5201
1.6272
1.7059

1.68

592
604
608
618
620
627
628
634
639
643
647
650
653
655
657
657
658
659
659
660
661
661

645
659
664
676
677
686
687
693
700
704
709
712
715
718
719
720
721
722
722
723
724
725

610
623
628
639
641
649
650
656
662
665
670
673
676
678
680
680
682
683
683
684
685
685

0.032
0.051
0.058
0.077
0.079
0.093
0.089
0.099
0.099
0.102
0.100
0.098
0.085
0.082
0.068
0.064
0.061
0.055
0.045
0.037
0.033
0.029

a Calculated according to Wisniak et al. (1995b).

Table 3. Experimental Vapor—Liquid Equilibrium Data
for Ethyl Methanoate (1) + Cyclohexane (3) at 101.3 kPa

cm~3-mol~1

T/ K

X1

Y1

Y1

Y3

—Bu

—Bass

—Bas

GE/RT

353.84
350.36
348.86
345.98
343.55
341.30
336.01
334.52
332.15
331.18
330.11
329.00
328.07
327.31
326.55
326.58
325.99
326.25
325.90
326.07
326.05
326.04
326.39
327.40

0

0.013
0.023
0.043
0.062
0.081
0.146
0.188
0.233
0.282
0.335
0.414
0.472
0.570
0.675
0.693
0.764
0.780
0.803
0.845
0.855
0.871
0.915
1

yooa

0

0.090
0.148
0.250
0.305
0.361
0.490
0.529
0.559
0.591
0.631
0.659
0.687
0.718
0.757
0.762
0.796
0.801
0.814
0.840
0.850
0.858
0.897
1

3.4251
3.3020
3.2480
2.9591
2.8638
2.5492
2.2459
2.0608
1.8530
1.7232
1.5151
1.4271
1.2667
1.1567
1.1329
1.0956
1.0706
1.0681
1.0415
1.0423
1.0334
1.0164

4.30

1.0221
1.0108
0.9902
1.0091
1.0164
1.0338
1.0538
1.1320
1.1595
1.1734
1.2748
1.3418
1.5253
1.7854
1.8506
2.1029
2.1778
2.3130
2.5132
2.5210
2.6799
2.9121

3.90

781
790
806
820
834
867
877
893
899
907
915
921
927
932
932
937
935
937
936
936
936
934

1138
1150
1173
1194
1214
1262
1276
1300
1309
1320
1332
1342
1350
1358
1358
1364
1361
1365
1363
1363
1363
1360

0
948
958
978
995

1011
1052
1064
1083
1091
1100
1110
1118
1125
1131
1131
1136
1134
1137
1136
1136
1136
1133

0.038
0.038
0.042
0.076
0.101
0.165
0.194
0.263
0.280
0.289
0.314
0.323
0.316
0.287
0.276
0.245
0.225
0.218
0.177
0.169
0.156
0.106
0

a Calculated according to Wisniak et al. (1995b).

Table 5. The molar virial coefficients B;; and Bj; were
estimated by the method of O’Connell and Prausnitz (1967)
using the molecular parameters suggested by the authors
and assuming the association parameter 7 to be zero. The
last two terms in eq 1 contributed less than 3.0% to the
activity coefficients, and their influence was important only
at very dilute concentrations. The calculated activity
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Figure 1. Boiling point diagram at 101.3 kPa for the system ethyl
methanoate (1) + 1-bromopropane (2).
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Figure 2. Activity coefficients for the system ethyl methanoate
(1) + 1-bromopropane (2): experimental (O, O), predicted by the
Wilson model (—).

360
3508 o

L]
T/K * ©

340

330 ] o

320 s 1 L 1 ' 1 L 1 L
0 0.2 04 0.6 0.8 10

L TR|

Figure 3. Boiling point diagram at 101.3 kPa for the system ethyl
methanoate (1) + cyclohexane (3).

coefficients are reported in Table 2—4 and are estimated
accurately to within £3%. Tables 2 and 3 contain also the
activity coefficients at infinite dilution calculated by the
method suggested by Wisniak et al. (1995b). As seen in
Figures 1—4 the binary systems ethyl methanoate +
1-bromopropane and ethyl methanoate + cyclohexane
exhibit positive deviations from ideality. Inspection of
Figure 3 and Table 3 points to an azeotrope in the system
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Table 4. Experimental Vapor—Liquid Equilibria Data for Ethyl Methanoate (1) + 1-Bromopropane (2) + Cyclohexane (3)

at 94.4 kPa
activity coefficients virial coefficients (cm3-mol-1)

T/IK X1 X2 Y1 y2 4! V2 V3 —B12 —Bais —Bas —B11 —B22 —Bass
327.25 0.593 0.042 0.712 0.028 1.2114 1.1273 1.6610 927 801 1350 838 1125 1018
327.45 0.637 0.142 0.717 0.097 1.1265 1.1777 1.9498 926 800 1348 837 1124 1016
327.55 0.592 0.118 0.692 0.084 1.1649 1.2215 1.7887 925 799 1347 836 1123 1015
327.85 0.510 0.050 0.678 0.034 1.3137 1.1389 1.4952 923 797 1344 834 1120 1013
327.95 0.688 0.209 0.748 0.149 1.0690 1.2040 2.2766 922 796 1343 833 1119 1012
328.35 0.480 0.099 0.655 0.069 1.3244 1.1560 1.4705 919 794 1338 831 1115 1008
328.65 0.495 0.142 0.651 0.095 1.2640 1.1064 1.5548 917 792 1336 829 1113 1006
329.35 0.438 0.156 0.622 0.108 1.3369 1.1095 1.4485 913 788 1329 825 1107 1001
329.85 0.359 0.063 0.608 0.047 1.5656 1.1772 1.2699 909 784 1323 821 1102 996
330.25 0.509 0.371 0.627 0.265 1.1244 1.1166 1.8905 906 782 1319 819 1099 994
330.45 0.417 0.268 0.583 0.188 1.2653 1.0861 1.5246 905 781 1317 817 1097 992
330.45 0.327 0.081 0.590 0.060 1.6335 1.1512 1.2302 904 780 1316 817 1097 991
330.75 0.432 0.495 0.595 0.340 1.2345 1.0514 1.8541 902 778 1313 815 1095 989
330.95 0.456 0.472 0.581 0.353 1.1373 1.1422 1.8961 901 778 1312 814 1094 988
330.95 0.342 0.181 0.564 0.131 1.4735 1.1092 1.3107 901 778 1312 814 1094 988
331.05 0.298 0.031 0.589 0.024 1.7563 1.1759 1.1789 900 777 1311 813 1092 987
331.65 0.394 0.370 0.548 0.266 1.2136 1.0707 1.5834 896 773 1305 810 1087 983
331.75 0.382 0.383 0.549 0.271 1.2479 1.0530 1.5347 896 773 1304 809 1087 982
332.05 0.407 0.494 0.553 0.358 1.1698 1.0667 1.7717 894 771 1301 807 1084 980
332.15 0.373 0.525 0.521 0.389 1.2008 1.0856 1.7314 893 770 1300 806 1083 979
332.75 0.357 0.586 0.497 0.451 1.1714 1.1054 1.7717 889 767 1294 803 1078 974
332.85 0.296 0.373 0.482 0.280 1.3649 1.0738 1.3894 888 766 1293 802 1077 973
332.95 0.357 0.551 0.511 0.407 1.1979 1.0564 1.7005 888 765 1292 802 1077 973
333.15 0.268 0.335 0.465 0.256 1.4406 1.0820 1.3344 886 764 1289 800 1074 971
333.25 0.211 0.159 0.493 0.127 1.9332 1.1310 1.1428 885 763 1288 799 1074 970
333.55 0.306 0.608 0.460 0.464 1.2302 1.0669 1.6694 883 761 1286 798 1071 968
333.85 0.218 0.155 0.472 0.129 1.7582 1.1544 1.1849 881 760 1283 796 1069 966
333.85 0.287 0.473 0.454 0.358 1.2843 1.0477 1.4562 881 760 1282 796 1069 966
334.35 0.285 0.669 0.441 0.513 1.2369 1.0445 1.8243 878 757 1278 793 1065 962
334.75 0.179 0.035 0.496 0.033 2.1913 1.2593 1.0828 875 755 1274 790 1062 959
334.95 0.230 0.569 0.394 0.444 1.3433 1.0406 1.4504 874 753 1272 789 1060 957
335.15 0.207 0.414 0.395 0.331 1.4908 1.0632 1.2854 873 752 1270 788 1059 956
335.65 0.196 0.509 0.370 0.405 1.4488 1.0398 1.3322 869 749 1265 785 1054 952
336.05 0.177 0.373 0.374 0.310 1.6018 1.0729 1.2155 867 747 1262 783 1052 950
336.45 0.151 0.118 0.426 0.112 2.1092 1.2096 1.0768 864 744 1258 780 1048 946
336.75 0.188 0.774 0.335 0.628 1.3234 1.0228 1.6411 862 743 1255 778 1046 945
336.95 0.140 0.123 0.400 0.117 2.1085 1.2001 1.0989 861 742 1253 777 1044 943
337.25 0.161 0.743 0.302 0.612 1.3684 1.0218 1.4871 859 740 1250 775 1042 941
337.25 0.144 0.338 0.343 0.296 1.7394 1.0872 1.1596 859 740 1250 775 1042 941
337.45 0.151 0.611 0.306 0.506 1.4713 1.0199 1.3008 857 739 1248 774 1040 939
338.05 0.138 0.764 0.268 0.644 1.3883 1.0177 1.4523 854 735 1243 771 1036 935
338.45 0.116 0.371 0.293 0.338 1.7705 1.0868 1.1515 851 733 1239 768 1033 932
338.95 0.109 0.105 0.367 0.109 2.3413 1.2221 1.0494 848 730 1235 766 1029 929
339.75 0.093 0.364 0.254 0.349 1.8413 1.0986 1.1224 843 726 1227 761 1023 923
340.15 0.094 0.187 0.300 0.194 2.1285 1.1763 1.0678 841 724 1224 759 1020 921
340.75 0.078 0.097 0.318 0.113 2.6610 1.2864 1.0259 837 720 1218 755 1015 916
341.25 0.074 0.165 0.273 0.184 2.3685 1.2197 1.0459 834 718 1214 753 1012 913
341.45 0.073 0.325 0.222 0.332 1.9587 1.1110 1.0795 833 717 1213 752 1011 912
342.15 0.041 0.903 0.094 0.849 1.4500 1.0004 1.4427 829 713 1206 748 1005 907
343.15 0.020 0.706 0.061 0.697 1.9181 1.0173 1.2184 823 708 1197 742 998 900
345.55 0.049 0.143 0.207 0.178 2.3826 1.1954 0.9743 808 695 1177 729 981 885
346.25 0.036 0.040 0.193 0.057 2.9865 1.3492 1.0170 804 692 1171 726 946 880

Table 5. Antoine Coefficients, Eq 3 (TRC, 1974) 35
compound Ai Bi Ci

ethyl methanoate 6.078 99 1101.00 57.17 30

1-bromopropane 6.035 55 1194.889 47.64

cyclohexane 5.964 07 1200.31 50.65 25

ethyl methanoate + cyclohexane which contains 82.2% mol %

hexane and boils at 325.9 K. 20
The excess Gibbs functions of the two binary systems

are presented in Tables 2 and 3 and Figure 5 as the

variation of the dimensionless number AGE/RT (Gibbs 15

number) with composition. The values of the parameter

are positive over the entire composition range, the 10 0

value at x = 0.5 for the binary ethyl methanoate—
cyclohexane system is substantially larger than that for
the binary ethyl methanoate—1-bromopropane system
probably due to a larger steric influence of the cyclohexane
molecule.

The binary data reported in Tables 2 and 3 were found
to be thermodynamically consistent by the area test (Van
Ness and Abbott, 1982), the point-to-point test of Freden-

Figure 4. Activity coefficients for the system ethyl methanoate
(1) + cyclohexane (3): experimental (®), predicted by the NRTL
model (—).

slund (1977), and the L-W method of Wisniak (1993). For
both binaries, the residuals of the Fredenslund test were
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Table 6. Constants for the Redlich—Kister Model

A. Binaries (Eq 7)

System bij djj rmsd % deva max % devP
ethyl methanoate (1) + bromopropane (2) 0.1951 0.0306 0.0275 0.003 14 4.7
ethyl methanoate (1) + cyclohexane (3) 0.5388 —0.0002 0.0122 0.012 25 6.5
1-bromopropane (2) + cyclohexane (3)° 0.1568 —0.0071 0 0.004 15 4.6
B. Ternary (Eq 10)
yily2 yilys
max % max %
blz Ci12 dlz b13 Ci3 b23 Co3 d23 Cl rmsd % dev dev rmsd % dev dev

ethyl methanoate (1) + 0.1951 0.0306 0.0275 0.5388 —0.0002 0.0122 0.1568 —0.0071 0 O

1-bromopropane (2) +
cyclohexane (3)

0.014 104 6.3 0.014 145 7.0

0.00731 0.014 104 6.3 0.014 105 7.0

a Percent average deviation. P Maximum percent deviation. ¢ Wisniak, 1995b.

randomly distributed, as measured by the Durbin—Watson
statistic. The ternary activity coefficients reported in Table
4 were found to be thermodynamically consistent, as tested
by the L-W method of Wisniak (1993) and the McDermot—
Ellis method (1965) modified by Wisniak and Tamir (1977).
According to these references two experimental points a
and b are considered thermodynamically consistent if the
following condition is fulfilled:

D < Dax 4)

The local deviation D is given by

N
D=3 (Xia T Xip)(IN 7ia — INn y;) %)

where N is the number of components and the maximum
deviation Dpay iS

N 1 1 1 1
Drax = > Kig T Xip)]—+—+—+ —|Ax +
= ia Yia Xib VYip

N N AP N
2 [Inyp, — InyAX+ ) (X, xib)F + ) (X,

Xi)B{ (T, + C) 2+ (T, + C) AT (6)

The errors in the measurements, Ax, AP, and AT, were
as previously indicated. The first term in eq 6 was the
dominant one. For the experimental points reported here
D never exceeded 0.116 while the smallest value of Dyax
was 0.232.

The activity coefficients of the two binary systems
were correlated by the Redlich—Kister equation (Walas,
1985)

Y

_ bij(xj - X))+ cij(6xixj -1)+
]

d;j(% — x)(1 — 8xpx)) (7)

where bj;, ¢jj, and dj; are the constants for the pertinent
binary system, by the Wilson model (Walas, 1985)

nOXA

Iny. =—I A)+1 -5 — 8
nvy; n(J;XJ u) kZln (8)

ZVM
£

where Aj;, Aii, and Ay are the Wilson binary parameters,
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Figure 5. Variation of GE/RT with concentration for the systems
ethyl methanoate + 1-bromopropane (®) and ethyl methanoate +
cyclohexane (O) at 101.325 kPa.

Table 7. Parameters and Deviations between Calculated
and Experimental Vapor-Phase Mole Fractions and
Temperatures

1. Binary Systems

J-mol—!
model Aij Aji Qjj o(y)?2 (3(T/K)b
Ethyl Methanoate (1) + 1-Bromopropane (2)
Wilson —35.5314 1597.56 0.0051 0.219
NRTL 325.198 1066.29  0.493 0.0067 0.213
UNIQUAC 1409.62 —799.647 0.0043 0.173
Ethyl Methanoate (1) + Cyclohexane (3)
Wilson 3024.72 1311.84 0.0075 0.280
NRTL 1836.18 1937.66 0.179 0.0081 0.296
UNIQUAC —12.6038 1330.46 0.0081  0.303

2. Ternary System
% deve

Y1 2 V3 Y1 V2 Y3
46 42 25 139 136 109

max % devd

ethyl methanoate (1) +
1-bromopropane (2) +
cyclohexane (3)
a0(y) = Y |Yexpti — Yearcl/N. bé(T/K) = 3| Texptt — Tearcl/N (N =

number of experimental points). ¢ Average % deviation. ¢ Maxi-
mum % deviation.

by the NRTL model (Walas, 1985)

O EXGE g+ %Gy

where 7;; and Gj; are the NRTL parameters, and also by

9)
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Table 8. Coefficients in Correlation of Boiling Points, Egs 10 and 11, Root Mean Square Deviations in Temperature,

rmsd (T/K), and Percent Deviation

A. Equation 10

system Co (ol C> Cs rmsd(T/K) % dev®  max % dev®
ethyl methanoate (1) + 1-bromopropane (2) —17.3828  8.74725 —7.64619 0.02 0.1 0.31
ethyl methanoate (1) + cyclohexane (3)¢ —46.4787 8.41682 —66.3331 89.8022 0.20 1.3 3.1
1-bromopropane (2) + cyclohexane (3) —13.6198 4.52251 -0.93737 0.01 0.09 0.21
A B C rmsd(T/K)2 % devP max % dev®
ethyl methanoate (1) + 1-bromopropane (2) + —181.9704 —32.6047 0.4 3.7 9.7
cyclohexane (3)
B. Equation 11

A1, = —18.840 Bi, = —52.025 Cyi2 = —15.679 rmsd(T/K) = 0.05

A1z = 14.349 B3 = 35.473 Ci3 =4.581 % dev® = 0.4

Az =1.161 Bos = —61.652 C23 = —2.370 max % dev¢ = 2.0

armsd(T/K): root mean square deviation, {3 (Texptt — Tcaic)?}*%/N. P Average % deviation. ¢ Maximum % deviation. ¢ Wisniak et al. (1995).

1-BROMOPROPANE
(343.90K )

ETHYL METHANOATE
(327.40k)

CYCLOHEXANE
(353.84K)

Figure 6. Isothermals for the ternary system ethyl methanoate
(1) + 1-bromopropane (2) + cycloehexane (3) at 101.325 kPa from
329.15 to 349.15 K, every 4 K. Coefficients from eq 12.

T/K

Figure 7. Three-dimensional graph T—xX;—Xa.

the UNIQUAC local concentration model (Abrams and
Prausnitz, 1975). The constants of the corresponding
models appear in Tables 6 and 7, together with correspond-
ing statistical parameters. A comparison between the

experimental activity coefficients and those predicted by
the Wilson equation appears in Figure 2 for the binary
system ethyl methanoate + 1-bromopropane, and a com-
parison between the experimental activity coefficients and
the NRTL model appears in Figure 4 for the binary system
ethyl methanoate + cyclohexane.

The ternary activity coefficients were correlated very
well by the Wilson model (eq 8), using the binary para-
meters, as shown by the statistical parameters given in
Table 7.

The activity coefficients for the ternary system were also
correlated by the following Redlich—Kister expansion (Hala
et al., 1967):

IN y1ly, = byy(Xy — X1) — Cpol(Xg — X,)° — 2X;%,] +
dip(% = X%, — Xz)z = 4X;X,] + X4[by5 +
C13(2X; = Xg) + dy5(X; — Xg)(3%y = X3) — byg —
Co3(2X, — Xg) — dyg(X, — X5)(3X, — Xg) + Ci(X, — X;)] (10)

where bj;, ¢jj, and dj; are constants for the pertinent binary
system and C; is a ternary constant. The equations for
the two other pairs of activity coefficients were obtained
by cyclic rotation of the indices. All the constants in eq 10
are assumed to be independent of the temperature. Data
for the binary system 1-bromopropane + cyclohexane have
already been reported (Wisniak et al., 1995a). The ternary
Redlich—Kister coefficient was obtained by a Simplex
optimization technique. The differences between the val-
ues of the root mean square deviation for the activity
coefficient for the two cases—with and without the ternary
constant C; (Table 6)—are statistically not significant,
suggesting that ternary data can be predicted directly from
the binary systems.

The boiling points of the systems were correlated by the
equation proposed by Wisniak and Tamir (1976):

n n m
XTIK + S {xx Z)Ck(Xi - %)} +
= i,J= K=

XX Xs{ A + B(X; — Xp) + C(X; — X3) + D(X, — X3)} (11)

TIK=

In this equation n is the number of components (n = 2 or
3), T7is the boiling point of the pure component i, and m is
the number of terms in the series expansion of (x; — xj). Cx
are the binary constants where A, B, C, and D are ternary
constants. The following equation, of the same structure,
has been suggested by Tamir (1981) for the direct correla-
tion of ternary data, without the use of binary data:
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TIK =

£
%) 4 ...] + X X[Arz + Big(Xy — X3) + Cya(X — X5)° +
2] A XoXa[Ags + Bog(Xy — Xg) + Cog(X, — X5)° +...] (12)

XiTi + X1 Xo[Agp + Bpo(Xg — Xp) + Cpp(Xy —

In eq 12 coefficients Aj;, Bjj, and Cjj are not binary
constants; they are multicomponent parameters deter-
mined directly from the data. Direct correlation of T(x) for
ternary mixtures can be very efficient as reflected by a
lower percent average deviation and rmsd and a smaller
number of parameters than those for eq 11. Both equations
may require a similar number of constants for similar
accuracy, but the direct correlation allows an easier
calculation of boiling isotherms (Figures 6 and 7). The
various constants of eqs 11 and 12 are reported in Table
8, which also contains information indicating the degree
of goodness of the correlation. It is clear that for the
ternary system in question a direct fit of the data gives a
much better fit.
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