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Ftgwe 3. Activity coefficients for the system m-cresolltetralln at 150 
O C .  

positive deviations from ideality than those found for the quln- 
oline (benzopyrldlne)/ 1 -methylnaphthalene (benzotoluene) sys- 
tem. 

For the systems studied here, correlation of experimental 
data with models for the excess Glbbs energy is good. Table 
VI  lists mean deviations between experimental and calculated 
pressures, temperatures, and compositions for all isotherms. 
For all systems, there are no significant differences In the quality 
of correlatlon amongst the Van bar ,  NRTL, and UNIQUAC 
models for the excess Gibbs energy. 

The correlations for the tetralinlm-cresol, benzothiazolelm- 
cresol, and quinoline/l-methylnaphthalene systems generally 
agree with the data to within experimental uncertainty. 

The two-parameter NRTL, UNIQUAC, and Van Laar models 
do not correlate the quinolinelm-cresol data to whith our es- 

timated experimental uncertainty. Nevertheless, the data for 
this system appear thermodynamically consistent according to 
the criteria of Christiinsen and Fredenslund ( 70) and Herington 
( 7  7).  Of the ten binary systems measured in this study, this 
system exhibits the most signlflcant deviations from ideality. 

The benzothirole/diphenyl ether data appear less reliable. 
For example, the data at 150 OC satisfy the Herington criterion 
within 19 % (2- 10 % is usually considered acceptable). 

R.gktry No. Quinoline, 9 1-22-5; 1-methylnaphthalene, 90-1 2-0; m- 
cresol, 1319-77-3; tetrah, 119-64-2 benzothlazole, 9516-9; dlphmyi ether, 
10 1-84-8. 

Literature Cited 

Gmehling, J.; Onken, U. Vapor-LiquM Equilibrium Data CollecHon; 
DECHEMA: Frankfurt a.M., 1980; Vol. 1(6a, 6b); 1983; Voi. l(6c). 
Shlnn, J. FWI 1884, W ,  1187. 
Van Laar. J. J. 2. mys. Chem. 1810, 72, 723. 
Renon, H.; Prausnk, J. M. AIChEJ. 1888. 74, 135. 
Abrams, D. S.; Prausnk, J. M. A I C M J .  1875. 21. 116. 
Krevor, D. H.; Prausnitz, J. M., preceding paper in this series. 
Hayden, J. 0.; O'Connell, J. P. Ind. Eng. Chem. Process Des. Dev. 
1875, 74. 209. 
Krevor. D. H.; Maixner, S. 0.; Prausnitz, J. M. Vapor-LiquM Equllbrlum 
Data tor the Binary Systems Aniline lMeta -cresol and Ethyi Propbn - 
atelPropanoic AcM; A I C M  Symp. Ser. 81; AIChE: New York, 1985; 
Voi. 244, p 85. 
Desplanches, H.: Chevalier, J.; Linas, R. J .  Chim. fhys.  1877, 74, 
259. 
Christiansen, L. J.; Fredensiund, A. AIChEJ. 1875, 27(1), 49. 
Herington, E. F. G. Neture 1847, 760, 610. 

Received for review October 23, 1985. Accepted February 24, 1986. We 
thank the Natbnal Science Foundation for support through Grant CPE- 
8107274. 

Supplementary Materlal Available: Parameters for excess-Gibbs-energy 
models for the binary systems qulnoilne/ 1-methylnaphthalene, quinoline/ 
m-cresol, tetralinlm-cresol, benzothlazolelm-cresol, and benzo- 
thiazole/diphenyl ether (2 pages). Ordering information ls given on any 
current masthead. 

Vapor-Liquid Equilibria for Model Mixtures of Coal-Derived Liquids. 
3. Ternary Systems with Benzene, Cyclohexane, and a Heterocycle 

Davld H. Krevort and John M. Prausnltz* 
Chemical Engineering Department, University of Californla, Berkeley, Californie 94 720 

Vapor-Hqukl equlllbrla were measured for four ternary 
systems: benzene/cyclohexane/heterocycle where the 
heterocycle Is thiophene, P-methylfuran, pyrkllne, or 
pyrrole. These systems are models for the behavior of 
heterocyclic struclures In coal-derhfed llquids of varying 
aromatic content. AN systems show positive deviations 
from Ideality. I n  ascending order, the relative magnitude 
of actlvlty coefflclents due to heteroatoms Is oxygen, 
sulfur, nitrogen (basic), nitrogen (nonbaslc). The ternary 
experimental data are satkfactorlly represented by a 
model for the excess Glbbs energy using adjustable 
parameters determined from binary data only. The quality 
of ternary correlation Is directly related to the quality of 
the binary data used to determine model parameters. 

Introductlon 

This study reports vapor-liqukl equilibria for ternary mixtures 
containing benzene, cyclohexane, and a heterocycle. Our 

+Present address: 
Park, CA 94025. 

Raychem Corporation, 300 Constitution Drhre, Menio 

motivation Is to obtain fundamental data for the thermodynamic 
activities of heterocycles In coaklerived liquids of varying aro- 
matic content. 

The chemical composition of coal is more diverse than that 
of petroleum. The relative amounts of constituent elements 
(primarily carbon, hydrogen, oxygen, nitrogen, and sulfur) and 
functional groups vary appreciably dependlng upon the rank, 
maceral class, and source of the coal (7) .  

The atomic hydrogen:carbon (H:C) ratio in a coal usually 
ranges between 0.8 and 0.9, although some coals have H:C 
ratios as high as 1.0. (Higher H:C ratios usually enhance the 
economics of coal liquefaction; hydrogen addition is a major 
expense in the overall liquefactlon process.) The H:C ratio is 
not significantly changed during dlrect liquefaction. 

The aromaticity of coal varies significantly with rank and 
maceral class. The aromatic content of bituminous coal may 
range between 50 and 90%. At high dilution, the activity 
coefficient of a heteroatomic component (containing oxygen, 
nitrogen, or sulfur) changes significantly with the aromaticity of 
a mixture. 

To quantify this change, we chose a ternary model system 
to study how vapor-liquid equilibria (VLE) change with aro- 
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maticity. The model system is benzene, cyclohexane, and a 
heterocycle. The heterocycles are thiophene, 2-methylfuran, 
pyridine (basic nitrogen), and pyrrole (nonbasic nitrogen). 

There are no VLE data in the literature for ternary systems 
with thiophene, 2methyffuran, or pyrrole. There is only a dngle 
datum for the pyridine/benzene/cyclohexane system (2). 

To determine the effect of mixture aromaticity on activity 
coefficients of heterocyclic components in a coalderhred liquid, 
we limited experimental effort to the ternary concentration 
range where aromaticity levels are typical of those found in 
coalderived liquids. 

VLE data for the binary systems benzene/cyclohexane, 
benzene/pyridine, cyclohexane/pyridine, benzene/thiophene, 
and cyclohexane/thiophene are in the literature (3), although 
data for the latter two systems are Ilmited. I n  the flrst paper 
of this series (4 ) ,  we reported VLE data for the binary systems 
2-methylfuran/benzene and 2-methylfuran/cyclohexane. We 
are not aware of any VLE data for any binary system including 
pyrrole. 

Experimental Section 

The chemicals are all commercially available. Benzene, 
cyclohexane (both spectrophotometric grade, MaHinckrodt), 
pyridine (glass distilled, OmniSohr/MCB), and thiophene (gold 
label spectrophotometric, Aldrlch) were not purified further. 
Pyrrole and 2-methylfuran (both 99 % , Aldrich) were distilled 
under vacuum in a 15-tray Oldershaw column at a reflux ratio 
greater than 3.0. As measured by gas chromatography (GC), 
the final purity of each chemical was greater than 99.9%, 
except for pyrrole (99.8%). 

Pyrrole is easily oxidized and was blanketed with nitrogen at 
all times (during distillation and VLE measurements). All VLE 
measurements for pyrrole-containing systems were done im- 
mediately following purification. 

Both pure-component vapor pressures and vapor-liquid 
equilibria were measured with a recirculating still. Vapor and 
liquid compositions were analyzed by GC. The experimental 
apparatus was described previously (4). 

The GC columns used for compositlon analysis were 15% 
FFAP/Chromosorb AW (3.0 m for the 2-methylfuran system; 
2.0 m for the thiophene system) and 10% Carbowax 20M with 
5 % KOH/Chromosorb WHP (2.0 m for the pyridine and pyrrole 
systems), supplied by Varian. All column packings were 801 
100 mesh. 

The GC was calibrated with gravimetrically prepared standard 
mixtures. For each system, at least 18 calibration standards 
were prepared, covering the range of experimental interest. At 
least four GC analyses were made of each calibration standard. 
The average standard deviation for analysis of the standards 
was less than 0.001 mole fraction. 

All GC peaks were well-separated with minimal tailing. At 
least two analyses were made of each vapor and liquid com- 
position. 

For the pyrrole system, any GC column packing capable of 
separating benzene and cyclohexane retains pyrrole longer than 
desirable. For the pyrrole system (only), two composition 
analyses were “plggy-backed”, so as to reduce (by almost half) 
the time necessary for composition analyses. A vapor sample 
is injected while the liquid sample was still eluting; then the 
analysis would be repeated, thls time with the vapor sample 
injected first. The order of elution was cyclohexane (first in- 
jection), benzene (tirst injection), cyclohexane (second injection), 
benzene (second injection), pyrrole (first injection), pyrrole 
(second injection). There was no significant loss of reproduc- 
ibility for these analyses. 

To concentrate our effort on aromaticity levels typical of 
coaCderived liquids, the molar benzene:cyclohexane ratio in the 
liquid was maintained at either approximately 4: 1 (80 % aro- 
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Flgure 1. Schematlc representation of isothermal vapor-liquid equi- 
librium data for a ternary system: two pseodoblnary Isotherms are 
shown, each having a constant benzene:cyclohexane ratio In the llquld 
phase. 
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Figure 2. Vapor-liquid equllibria for the thiophenelbenzenelcyclo- 
hexane system at 80.8 O C ;  the diegram is a twodhnensknai projection 
of the data onto an isobaric plane. 

matic; H:C = 1.2) or 3:2 (80% aromatic; H:C = 1.4). As 
illustrated in Figure 1, in essence, two pseudobinary systems 
were studied: heterocycle with a 4: 1 benzene:cyclohexane 
mixture, and heterocycle with a 3:2 benzene/cyclohexane 
mixture. 

Caution must always be maintained when working with 
benzene (carcinogenic), pyridine, and thiophene (stench). All 
experimental work was either directly vented to or completely 
enclosed within a fume hood. 

Results 

Experimental data are listed In Tables I-IV. One isotherm 
was measured for the pyrrole system. Two isotherms were 
measured for each of the other systems. 

Figure 2 shows data for the thiophene/benzene/cyclohexane 
system at 65 OC. Each tie Hne in Figure 2 shows a vapor-llquid 
equilibrium datum at the saturation pressure and 65 OC. Since 
saturation pressure is a unique function of temperature at flxed 
composition, each tie line is at a different pressure. Figure 2 
is the projection onto a constant-pressure plane of the type of 
data indicated in Figure 1. 

Pressure measurements are accurate to 0.04 kPa. Tem- 
perature measurements are accurate to 0.1 O C .  Ow estimated 



Table I. Ternary Vapor &)-Liquid (x) Equilibria for the 
System 2-Methylfuran (l)/Benzene (2)/Cyclohexane (3) 

mole fractions 

33.88 
34.36 
35.29 
35.50 
36.81 
38.20 
38.96 
39.34 
39.78 
40.95 
41.74 
43.47 
44.38 
45.93 
48.68 
48.81 
51.78 
53.58 
30.68 
30.85 

68.85 
70.07 
71.49 
72.58 
74.23 
77.29 
78.53 
79.67 
82.33 
84.22 
87.20 
89.39 
92.28 
97.80 
98.07 

104.11 
107.89 
63.84 
63.17 

press., Wa z1 y1 XZ Yz 
45.7 O C  

0.025 
0.049 
0.032 
0.095 
0.090 
0.213 
0.181 
0.269 
0.208 
0.263 
0.378 
0.382 
0.507 
0.508 
0.731 
0.666 
0.861 
1.00 
0.00 
0.00 ' 

0.023 
0.046 
0.030 
0.100 
0.085 
0.207 
0.176 
0.263 
0.260 
0.373 
0.376 
0.500 
0.505 
0.657 
0.728 
0.861 
1.00 
0.00 
0.00 

0.040 0.793 
0.080 0.767 
0.054 0.579 
0.150 0.735 
0.148 0.546 
0.307 0.641 
0.270 0.508 
0.377 0.596 
0.304 0.475 
0.366 0.444 
0.494 0.506 
0.494 0.372 
0.617 0.401 
0.603 0.295 
0.802 0.215 
0.741 0.196 
0.891 0.080 
1.00 0.00 
0.00 1.00 
0.00 0.00 

65.8 O C  

0.038 0.795 
0.073 0.775 
0.051 0.582 
0.155 0.733 
0.137 0.551 
0.300 0.647 
0.261 0.496 
0.368 0.602 
0.364 0.446 
0.488 0.511 
0.487 0.376 
0.610 0.406 
0.607 0.297 
0.737 0.203 
0.801 0.218 
0.891 0.080 
1.00 0.00 
0.00 1.00 
0.00 0.00 

0.736 
0.700 
0.544 
0.648 
0.487 
0.527 
0.411 
0.473 
0.389 
0.352 
0.380 
0.274 
0.284 
0.208 
0.142 
0.128 
0.050 
0.00 (2-methylfuran) 
1.00 (benzene) 
0.00 (cyclohexane) 

0.746a 
0.717 
0.551 
0.655 
0.500 
0.540 
0.423 
0.486 
0.359 
0.391 
0.283 
0.295 
0.211 
0.135 
0.146 
0.052 
0.00 
1.00 
0.00 

'Temperature = 65.7 "C. 

composition uncertainty is 0.004 mole fraction. 
The largest source of experimental uncertainty is composition 

analysis. Standard deviations of composition measurements 
were usually less than 0.001 mole fraction. However, transla- 
tion of composition data from relative GC response to mole 
fractions may cause systematic error. GC response factors are 
nonlinear across a large composition range. 

For each component I ,  the activity coefficient Is calculated 
by 

where y is the vapor-phase mole fraction, P is the pressure, x 
is the iiquid-phase mole fraction, and P" is the pweamponent 
saturation pressure. 

For the conditions studied here, vapor-phase nonidealkies are 
unimportant. Likewise, the Poynting correction can be ne- 
glected. 

For all systems, deviations from Raoult's law are positive. 
For all systems, the acthri  coefficient of the heterocycle in- 
creases as the aromaticity of the mixture decreases. Activity 
coefficients decrease slightly with increasing temperature, but 
a small change in temperature has a minor effect compared 
with that due to a small change in composition. 
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Figure 3. Acthrity coefflcients for pyridlne in the benzene/cyclo- 
hexanelpyrldlne system at 60.8 OC: 0, benzene:cyclohexane = 3:2; 
0, benzene:cyclohexane = 4:l; ---, Wilson equation. 
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Figure 4. Activity coefficients for various heterocycles in a li uM 

0, pyridlne at 61 OC; A, thiophene at 61 O C ;  0, 2-methylfuran at 46 
O C ;  ---, Wilson equation. 

mixture with benzene:cyclohexane ratio = 3:2: 0, pyrrole at 81 s C; 

Figure 3 shows activity coefficients for pyridine in the pyri- 
dine/benzene/cyclohexane system at 6 1 O C .  The pyridine 
activity coefficient is higher when the benzene:cyclohexane 
ratio is lower. 

Both thiophene and 2-methylfuran show very small deviations 
from ideality In the mixtures studied (60-80% aromatic). Ail 
calculated activity coefficients for these two heterocycles are 
between 1.00 (ideal) and 1.20. 

In  a model coalderived liquid, the relative magnitude of the 
effect of the heteroatom on the activity coefficient of the het- 
erocycle is 

Ynlbogea(nonbas1c) ' Yn&ogen(baslc) > Ysulfu > Yoxypen 

This effect is shown in Figure 4. 
The high nonideality of the nonbasic nitrogen heterocycle 

(pyrrole) is noteworthy. Activity coefficients are as h@ as 2.5. 
There are no pyrrole data in the literature for comparison, al- 
though limited data have been reported for binary systems with 
indole (5). 
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Table 11. Ternary Vapor b)-Liquid (x) Equilibria for the 
SYBbm Thiophene (l)/Benzene (t)/Cyclohexane (3) 

mole fractions 

50.55 
52.24 
52.38 
53.48 
54.18 
54.51 
55.28 
55.29 
55.92 
56.18 
56.44 
56.97 
57.30 
57.81 
58.52 
59.05 
46.76 
53.71 
53.31 

95.16 
97.72 
98.16 

100.19 
100.76 
101.76 
102.71 
103.00 
104.07 
104.37 
104.92 
105.81 
106.16 
106.98 
107.92 
108.05 
89.34 

100.80 
98.95 

press., kPa x1 y1 x 2  YZ 
60.8 "C 

0.763 
0.763 
0.601 
0.484 
0.633 
0.371 
0.285 
0.514 
0.197 
0.417 
0.127 
0.064 
0.303 
0.235 
0.141 
0.051 
1.00 
0.00 
0.00 

0.765 
0.766 
0.603 
0.484 
0.634 
0.374 
0.518 
0.288 
0.200 
0.417 
0.128 
0.064 
0.303 
0.235 
0.141 
0.050 
1.00 
0.00 
0.00 

0.709 0.188 
0.691 0.136 
0.542 0.322 
0.430 0.419 
0.561 0.216 
0.327 0.512 
0.249 0.580 
0.451 0.293 
0.171 0.652 
0.367 0.351 
0.111 0.708 
0.055 0.757 
0.267 0.420 
0.208 0.460 
0.126 0.515 
0.047 0.568 
1.00 0.00 
0.00 1.00 
0.00 0.00 

79.9 "C 
0.718 0.186 
0.706 0.135 
0.552 0.322 
0.438 0.419 
0.573 0.216 
0.334 0.511 
0.465 0.294 
0.257 0.579 
0.177 0.653 
0.373 0.351 
0.113 0.709 
0.056 0.757 
0.272 0.420 
0.213 0.460 
0.130 0.516 
0.049 0.568 
1.00 0.00 
0.00 1.00 
0.00 0.00 

0.202 
0.141 
0.333 
0.423 
0.216 
0.506 
0.568 
0.287 
0.632 
0.340 
0.680 
0.725 
0.404 
0.442 
0.496 
0.551 
0.00 (thiophene) 
1.00 (benzene) 
0.00 (cyclohexane) 

0.199 
0.140 
0.333 
0.423 
0.218 
0.509 
0.290 
0.570 
0.638 
0.343 
0.688 
0.722 
0.408 
0.446 
0.490 
0.556" 
0.00 
1 .00 
0.00 

"Temperature = 79.6 "C. 

Correlation of Experlmenlal Data 

Another motbation for measuring ternary VLE data is that 
such data are useful for testing the ability of models for the 
excess Gbbs energy to correlate multicomponent data. A 
usefulassumption of models fortheexcessGbbs energy is that 
only experlmental binary data are neeijed to estimate multi- 
component Etcthrity coefticients. Interactkns in "t 
systems are considered to be the sum of all possible binary 
interactkns. Therefore, ternary (and higher-order) data should 
be superfluous. We wish to leam whether thls is tnre for model 
mixtures for coalderived liquids. 

In addhn to those calculated directly from experimental 
data, actMty coefficients were also calculated from the wikon 
model (6) for the excess Glbbs energy. For multicomponent 
systems, the Wiison equation is 

J = 1  

where 

VI 

v/ 
A, = Au = 1.0; At = - exp(-ay/RT) 

v is the pure-component liquid mdar volume, a is the adjustable 

Table 111. Ternary Vapor b)-Liquid (I) Equilibria for the 
System Pyridine (l)/Benzene (2)/Cyclohexane (3) 

mole fractions 

27.57 
27.71 
33.70 
35.70 
37.55 
40.63 
41.88 
43.42 
45.04 
47.37 
47.44 
51.04 
51.29 
52.57 
55.51 
55.63 
57.43 
15.39 
53.71 
53.31 

54.58 
54.92 
65.36 
69.10 
77.98 
80.68 
82.89 
86.62 
90.32 
90.95 
96.40 
97.60 

100.44 
105.10 
106.04 
109.7 
33.52 

103.67 
101.71 

press., kPa x1 y1 x2 Y2 

60.8 "C 
0.843 
0.793 
0.737 
0.621 
0.654 
0.582 
0.456 
0.505 
0.367 
0.393 
0.301 
0.273 
0.187 
0.148 
0.122 
0.051 
0.052 
1.00 
0.00 
0.00 

0.844 
0.796 
0.736 
0.627 
0.580 
0.463 
0.511 
0.374 
0.396 
0.307 
0.288 
0.199 
0.154 
0.126 
0.055 
0.050 
1.00 
0.00 
0.00 

0.480 0.096 
0.444 0.168 
0.350 0.163 
0.277 0.309 
0.279 0.217 
0.242 0.263 
0.182 0.446 
0.198 0.310 
0.142 0.518 
0.150 0.370 
0.112 0.571 
0.105 0.443 
0.068 0.663 
0.053 0.694 
0.049 0.530 
0.017 0.770 
0.022 0.570 
1.00 0.00 
0.00 1.00 
0.00 0.00 

80.8 "C 
0.519 0.096 
0.481 0.166 
0.378 0.163 
0.305 0.303 
0.260 0.263 
0.204 0.442 
0.221 0.306 
0.157 0.514 
0.168 0.369 
0.126 0.568 
0.121 0.439 
0.082 0.658 
0.062 0.691 
0.057 0.528 
0.021 0.771 
0.024 0.569 
1.00 0.00 
0.00 1.00 
0.00 0.00 

0.205 
0.356 
0.280 
0.486" 
0.325 
0.357 
0.581 
0.389 
0.620 
0.422 
0.649 
0.469 
0.697 
0.712 
0.529 
0.752 
0.559 
0.00 (pyridine) 
1.00 (benzene) 
0.00 (cyclohexane) 

0.201b 
0.344 
0.278 
0.478 
0.360 
0.577 
0.391 
0.621 
0.426 
0.652 
0.475 
0.700 
0.717 
0.533 
0.761 
0.564' 
0.00 
1.00 
0.00 

"Temperature = 60.7 "C. bTemperature = 80.9 "C. cPressure 
estimated. 

Table IV. Ternary Vapor b)-Liquid (x) Equilibria for the 
Syetem Pyrrole (l)/Benzane (t)/Cyclohexane (3) at 80.8 O C  

mole fractions 
press., kPa x1 y1 x 2  y2 

81.86 0.541 0.145 0.369 0.572 
84.66 
87.46 
88.96 
92.91 
93.02 
96.81 
97.24 
99.46 
99.63 

103.09 
103.74 
107.00 
18.90 

103.67 
101.71 

0.607 
0.447 
0.538 
0.346 
0.458 
0.261 
0.365 
0.306 
0.204 
0.136 
0.198 
0.125 
1.00 
0.00 
0.00 

0.152 
0.121 
0.136 
0.100 
0.120 
0.081 
0.103 
0.093 
0.068 
0.050 
0.072 
0.053 
1.00 
0.00 
0.00 

0.234 
0.448 
0.280 
0.530 
0.329 
0.598 
0.386 
0.420 
0.643 
0.701 
0.488 
0.525 
0.00 
1.00 
0.00 

0.361 
0.613 
0.393 
0.646 
0.420 
0.673 
0.448 
0.465 
0.690 
0.718 
0.503 
0.526 
0.00 (pyrrole) 
1.00 (benzene) 
0.00 (cyclohexane) 

binary parameter, R is the universal gas constant, and Tis the 
temperature (absolute). 

Two sets of binary parameters for the Wilson equation were 
determined. One set of parameters was determined from data 
in the literature for each of the posslble binary systems. 
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Table V. Activity Coefficients Calculated from 
Experimental Data and by the Wilson Equation for the 
System Pyridine (l)/Benzene (2)/Cyclohexane (3) at 60.8 OC 

press., 
kPa 
27.57 
27.71 
33.70 
35.70 
37.55 
40.63 
41.88 
43.42 
45.04 
47.37 
47.44 
51.04 
51.29 
52.57 
55.51 
55.63 
57.43 

calcd from Wilson parametera 
determined from 

ternary data ternary data binary data 

71 Yz Y3 71 Yz 7 3  Y1 Yz Y3 

1.02 1.10 2.63 1.01 1.10 2.67 1.01 1.12 2.34 
1.01 1.09 2.65 1.01 1.10 2.60 1.01 1.12 2.34 
1.04 1.08 2.33 1.03 1.05 2.35 1.03 1.09 2.09 
1.03 1.05 2.24 1.05 1.04 2.19 1.04 1.07 2.02 
1.04 1.05 2.16 1.06 1.03 2.14 1.05 1.07 1.93 
1.10 1.03 1.96 1.08 1.01 1.97 1.07 1.05 1.79 
1.08 1.02 1.91 1.09 1.02 1.90 1.08 1.04 1.77 
1.10 1.02 1.82 1.12 1.00 1.82 1.10 1.04 1.67 
1.13 1.00 1.75 1.12 1.01 1.76 1.12 1.03 1.66 
1.18 1.01 1.60 1.19 0.99 1.61 1.17 1.03 1.50 
1.15 1.00 1.66 1.15 1.01 1.67 1.16 1.02 1.58 
1.27 1.01 1.44 1.29 1.00 1.43 1.27 1.03 1.36 
1.21 1.00 1.51 1.20 1.01 1.53 1.23 1.01 1.46 
1.22 1.01 1.46 1.22 1.01 1.48 1.27 1.01 1.42 
1.46 1.03 1.26 1.46 1.04 1.24 1.45 1.04 1.23 
1.22 1.01 1.35 1.27 1.02 1.38 1.38 1.01 1.34 
1.60 1.05 1.19 1.57 1.08 1.17 1.58 1.06 1.18 

calcd from exptl 

Table VI. Average Deviations (percent) of Activity 
Coefficients Calculated with the Wilson Equation from 
Those Calculated from Experimental Data 

parameters determined from 
ternary data binary data 

temp, "C YI YZ 7 3  YI Yo 7 s  
Pyridine (l)/Benzene (2)/Cyclohexane (3) . -  

60.8 1.1 1.1 1.0 1.8 1.6 6.5 
80.8 1.9 1.3 1.4 2.9 1.3 4.4 

Thiophene (l)/Benzene (2)/Cyclohexane (3) 
60.8 0.5 0.5 0.6 2.8 1.2 1.7 
79.9 2.4 1.6 1.2 3.5 1.5 0.6 

2-Methylfuran (l)/Benzene (2)/Cyclohexane (3) 
45.7 0.8 1.8 1.1 0.9 1.9 1.0 
65.8 0.7 1.0 0.5 0.5 1.0 0.8 

Pyrrole (l)/Benzene (P)/Cyclohexane (3) 

(However, no data are available for the benzene/pyrrole or 
cyclohexane/pyrrole systems.) The second set was determined 
from regression of our ternary data by Kolbe (7) using the 
regression technique described by Gmehling and Onken (8). 
The regression procedure uses the sum of the squared devia- 
tions of activity coefficients as the objective (mlnimlzatlon) 
function. 

80.8 1.0 0.4 0.6 

where n is the data point and i is the component. 
Table V shows three sets of activity coefficients for the 

pyridine/benzene/cyclohexane system at 60.8 O C .  The activity 
coefficients are calculated from (a) the experimental data; (b) 
the Wilson equation, using adjustable binary parameters de- 
termined by regression of the ternary experimental data: and 
(c) the Wilson equation, using adjustable binary parameters 
determined from regression of binary data in the literature. 

Table V I  shows average deviations (per cent) between ac- 
tivity coefficients calculated from ternary experimental data and 
those calculated according to the Wilson correlation. Two sets 
of deviations are listed: the first is the deviations between 
experimental data and correlations calculated from the ternary 
data; the second is the deviations between experiment and 
correlations determined from binary data in the literature 
(9- 75). 

Table VII. Wilson Eauation Parameters" 
parameters determined from 

ternary data binary data temp, "C 
Pyridine (l)/Benzene (2)/Cyclohexane (3) 

1.0 1.027 0.203 1.0 0.584 0.507 
0.809 1.0 1.403 1.274 1.0 0.913 60.8 
0.672 0.361 1.0 0.578 0.718 1.0 
1.0 0.762 0.465 1.0 0.606 0.535 
1.133 1.0 1.146 1.250 1.0 0.975 80.8 
0.585 0.563 1.0 0.586 0.700 1.0 

2-Methylfuran (l)/Benzene (2)/Csclohexane (3) 
1.0 
0.940 
0.641 
1.0 
1.086 
0.627 

1.0 
0.793 
0.581 
1.0 
0.832 
0.542 

1.0 
1.038 
0.394 

1.036 0.859 ' 4.0 0.470 0.619 
1.0 0.851 1.693 1.0 0.907 45.7 
0.714 1.0 0.852 0.675 1.0 
0.879 0.933 1.0 0.692 0.701 
1.0 0.807 1.330 1.0 0.917 65.8 
0.814 1.0 0.841 0.720 1.0 

Thiophene (l)/Benzene (2)/Cyclohexane (3) 
1.207 0.878 1.0 1.447 0.877 
1.0 0.920 0.551 1.0 0.913 60.8 
0.709 1.0 0.571 0.718 1.0 
1.088 1.010 1.0 1.427 0.899 
1.0 0.786 0.566 1.0 0.975 79.9 
0.855 1.0 0.579 0.699 1.0 

Pyrrole (l)/Benzene (S)/Cyclohexane (3) 
0.388 0.171 
1.0 0.914 80.8 
0.767 1.0 

Parameters are listed as shown here: 

All A12 A13 

A22 AZ3 

A31 A32 

(See eq 2 for definition of Aij.) 

There is excellent agreement between activity coefficients 
calculated from the data with those calculated on the basis of 
model parameters determined by regression of the data. 
Agreement is also good with activity coefficients calculated by 
using parameters determined from binary data in the literature. 

The results in Table V I  indlcate that for the mixtures studied 
here, multicomponent data are superfluous for correlating VLE. 
Table VI1  gives Wilson parameters. 

Discusdon 

Although direct correlation of the ternary data appears to give 
better results than that based upon binary data, such success 
is qualified. Parameters calculated directly from multicompo- 
nent data are frequently applicable only tc the composition 
range studied. 

For example, when the "ternary" parameters at 61 O C  are 
used, the calculated infinite-dilution activity coefficient of 
benzene in an equimolar mixture of pyrldine and cyclohexane 
is 0.84 (indicating negative deviations from Raouit's law). This 
is incorrect. Further, the ternary parameters lead to a calcu- 
lated infinitedilution activity coefficient of pyridine in cyclo- 
hexane of 6.8, an error of more than 100% (13). While the 
ternary parameters correlate the experimental data very well, 
they are unlikely to be useful for estimating llqukl nonldealii for 
compositions outslde the range of experimental study. 

Tamir and Wisnlak have examined several ternary and qua- 
ternary systems (16, 77). Tamir ( 18) contends that "direct 
correlation" of multicomponent data results in better correlation 
of the data than if both multicomponent and binary data are 
used. By direct correlation we mean that only data corre- 
sponding to the mlxture of highest order are used to determine 
model parameters. 
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" L  tl' w . R  

MOLE FRACTION THIOPHENE 

Flgwo 5. Calculated vapor-liquid equlllbrla for the cyclohexane/ 
benzenelthbphene system at 347.1 K and 1.050 bar. 

While these experiments support Tamlr's contention, they 
also remind us that multicomponent data may often be satis- 
factorily estimated on the basis of parameters determined from 
binary data only. In  that event, the experimental effort nec- 
essary to produce model parameters for a multicomponent 
system is much decreased. The ability to estimate multlcom- 
ponent VLE behavior on the basis of binary data alone is a 
prime attribute of models for the excess Gibbs energy. 

The quality of mtdtbmponentsystem corretatkn ushg model 
parameters detemlned from binary data only depends upon the 
quality of the binary data. For example, Table V I  shows no 
qualltatlve difference between the two different sets of model 
parameters in correlating the 2-methylfuran/benzene/cyclo- 
hexane system. The three sets of binary data used to calculate 
model parameters for this ternary system are all thermody- 
namically consistent at a temperature close to that for the 
experimental ternary data. 

I t  is encouraging that estimates for the ternary behavior of 
the systems containing pyridine and thiophene (using model 
parameters determined from binary data only) are relatively 
good. There are no thermodynamically consistent data for the 
pyridine/benzene system in the literature. There are no VLE 
data for the thiophene/cyclohexane system in the literature. 
(Model parameters were determined from P,T,x data measured 
at 45 OC. )  

Once parameters for a model for the excess Gibbs energy 
are determined, a slmple calculation determines how VLE be- 
havior changes with pressure, temperature and/or composition. 
Figure 5 shows vapor-liquid equilibria for the thiophene/benz- 
ene/cyclohexane system at 80 O C  and 105 kPa. Because of 
azeotropes in the constituent binary systems, two phase en- 
velopes can exist at constant temperature and at pressures 
between the thiophene saturation pressure and the benzene/ 
cyclohexane azeotropic pressure. The 2-methylfuran/benz- 
ene/cyclohexane system can also show two phase envelopes, 
at pressures between the benzene/cyclohexane azeotroplc 
pressure and the pure-component saturation pressure of 
benzene. 

There are no ternary azeotropes among the systems studled. 
However, the thiophene/benzene/cyclohexane system is in- 
teresting because two of the constituent binary systems 
(benzene/cyclohexane and thiophene/cyclohexane) have 
azeotropes. According to topological arguments of Doherty et 
ai. (19,20, 21) two qualitathrety different types of behavior are 
possible for the thiophene/benzene/cydohexane system; these 
are shown by the residue w e  maps in Figure 6. (These plots 
show the change In liqukl composition at constant pressure for 
a Rayleigh distillation.) Dependlng upon the initlal liquid com- 
position, the last liquid residue distilled is either pure thiophene 
or pure cyclohexane. Analysis of the ternary data Indicate that 
the behavior shown in Figure 6c is qualiatively correct. 

eyoloiwmm benmw 9.1- )ur 

Figure 6. ResMue curve maps for the system thiophenelbenzenel 
cyclohexane: 101.3 kPa (1.0 a m )  Isobar: (a) pwe~omponent bdling 
polnts and binary azeotrope temperatures; (b) possible residue curve 
map with no ternary azeotrope; (c) possible reskiue curve map with 
ternary saddle point. 
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