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model can correlate this apparent negative deviation from 
Raoult's law (and the corresponding local maximum in the ac- 
Uvity coefficient of the furan, required by the constraints of the 
Glbbs-Duhem equation). In  contrast, the Van Laar model 
cannot reproduce maxima or minima of the activity coeff iclent 
as a functlon of composition. Such extrema have been docu- 
mented, but they are unusual (one example is the chloro- 
form/ethanoi system). Consklerlng the nature of the intermo- 
lecular forces in the 2-methylfuran/benzene system, extrema 
in the activity coefticients are much less likely than experimental 
errors on the order of one-tenth of 1 %. We call attention to 
this detail because, while it is obvious to the engineer familiar 
with molecular thermodynamics, it may not be apparent to the 
process engineer whose day-today work is remote from fiuid- 
phase equilibrium thermodynamics. 
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Vapor-Liquid Equilibria for Model Mixtures of Coal-Derived Liquids. 
2. Binary Systems with Bicyclic and High-Boiling Fluids 
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Vapor-llquld equlllbrla were measured for binary systems 
in the temperature range 150-237 O C .  Five systems were 
studlwk qulnollne/lmethylnaphthalene, 
qdnollne/m -cresol, tetralln/m -cresol, 
bentothiarole/m-cresol, and bentothlarole/dlphenyl ether. 
The qulnoilne/m -cresol and benzothlazole/m -cresol 
systems exhibit negative devlatlons from Raouit's law, due 
to acid-base attractlons. All other systems show positlve 
devlatlons from Meallty. Common models for the excess 
Glbbs energy correlate the liquld-phase nonldeallty well. 
Vapor-phase nonldeallty Is unimportant at the 
experimental conditlons studied here. 

Introduction 

This study reports further results for vapor-liqukl equliibria for 
model mixtures containing coalderived liquids. These results 
contribute to a data base for chemical technology if coal Is ever 
used, in lieu of petroleum, to produce liquid fuels or chemical 
feedstocks. 

'Present address: 
Park, CA 94025. 

Raychem Corporation, 300 Constitution Drive, Menlo 

We report data at relathrely high temperatures because such 
data are scarce and because there are no suitable model 
compounds for several structures prevalent in coal which can 
be studied below 150 OC. 

Although many chemical processes operate at elevated 
temperatures, there are relatively few high-temperature va- 
por-liquid equilibrium data in the literature. For example, con- 
sider the DECHEMA ( 7 )  data compilation. In  the four volumes 
devoted to mixtures containing an alkane and/or an aromatic, 
1314 isotherms report data below 100 OC, 53 isotherms are 
in the range 100-150 OC, and only 9 isotherms are reported 
at temperatures above 150 OC. 

To understand binary mixtures containing hydroaromatics, 
phenolics, aromatic amines, or aromatic ethers, we must obtain 
data at temperatures above 150 O C .  There are no suitable 
model compounds wlth normal boiling points below 180 OC. 

For the binary systems studied here, the model compounds 
are l-methylnapthalene, mcresol, quinoline, diphenyl ether, and 
tetralin. These represent structures commonly found in coal: 
aromatics, phenolics, heterocyclic nitrogen and sulfur com- 
pounds, ethers, and hydroaromatics. [Hydroaromatic com- 
pounds contain an aromatic ring fused with a saturated ring: the 
prototypical example is tetralin.] All of the compounds are 
bicyclic except m -cresol. All are aromatic except tetralin. 

0021-9568/86/1731-0353$01.50/0 0 1986 American Chemical Society 



354 Jownal of Chemical and Engineering Data, Vol. 3 1, No. 3, 1986 

Table I. Vapor-Liquid Equilibria for the System Quinoline 
(l)/l-Methylnaphthalene (2) 

press., press., 
kPa X1 Y1 P a  X 1  Y1 

180.4 "C 45.28 0.3949 O.359Ob 
19.79 1.00 1.00 45.47 0.3265 0.2935 
20.46 0.8882 0.8643 46.07 0.2526 0.2271 
20.99 0.7786 0.7406 46.78 0.1578 0.1423b 
21.33 0.7004 0.6532" 46.91 0.0849 0.0763c 
21.88 0.5941 0.5493 47.48 0.00 0.00 
22.23 
22.62 
22.74 
23.10 
23.47 
23.69 
23.85 

0.4913 
0.4014 
0.3251 
0.2522 
0.1570 
0.0847 
0.00 

0.4457 
0.3631 
0.2924' 
0.2267 
0.1432 
0.0755 
0.00 

73.59 
75.57 
77.64 
78.68 
80.39 
81.83 

230.3 O C  

1.00 
0.8903 
0.7744 
0.7023 
0.6035 
0.4950 

1.00 
0.8664 
0.7368 
0.6607 
0.5609 
0.4531 

205.3 OC 83.07 0.3975 0.3615 
39.69 1.00 1.00 83.97 0.3272 0.2951 
40.97 0.8863 0.8649 84.74 0.2550 0.2300 
42.14 0.7772 0.7393b 86.02 0.1584 0.1426d 
42.59 0.7055 0.6630 86.52 0.0854 0.0754 
43.56 0.6001 0.5545 87.52 0.00 0.00 
44.41 0.4946 0.4512 

'180.3 O C .  b205.4 O C .  c205.2 O C .  d230.4 "C. 

Several obvious choices for model compounds are not in- 
cluded. The high melting points (above 40 OC) of naphthalene, 
phend, and benzopyrrde (Indole) make them unsultable for ow 
experimental apparatus. Benzothiophene (thionaphthene) and 
benzofuran (coumaron) are prohlbitlvely expensive. 

Structural groups found in coal Include acidic and basic 
groups. Qulnollne, benzothiazole (bases), and mcresoi (acid) 
represent such groups. m -Cresol Is particularly Interesting 
because deoxygenatkm of phenolic oxygen is more difficult than 
that for carbonyl, ether, or carboxyllc-acid oxygen. Also, 
phenols can covert to furans under coaHlquefaction processing 
conditions (2). Oxygen must be removed from coalderived 
liquids prior to use as engine fuels. [Sulfur, nitrogen, and ox- 
ygen can all poison reforming catalysts used to upgrade gaso- 
lines.] 

Experknental Sectlon 

Benzothiazole, diphenyl ether, 1-methylnaphthalene, qulno- 
line, and tetralin were supplied by Aldrich (nominal purities of 
99, 99,97,96, and 99%, respectively); m-cresol was supplied 
by J. T. Baker (practical grade). AH chemicals were purlfbd by 
distlllatlon under vacuum with a 15-tray oklershaw cdumn o p  
eratlng at a reflux ratio greater than 3.0. The final pwity of ail 
chemicals, as measured by gas chromatography, was greater 
than 99.8%. To prevent degradation of the chemicals, a small 
amount of triphenylphosphine (0.5 g/L was added to the sys- 
tems containing quinoline or m-cresol. 

Vapor-liquid equilibria and pwe-component vapor pressures 
were measured by using a recirculating still. Vapor and liquid 
compositions were analyzed by gas chromatography. The 
experimental apparatus Is described h.1 the preceding paper of 
this series (6). No major modifications were necessary to use 
the still at high temperature. 

A# gaschrornatographic colwnns w e  2.0 m long, contaln- 
ing 80/100-mesh packlngs supplied by Varian. The column- 
packing materials used were 15% FFAP/Chromosorb W-AW 
(quinoline/ I-methylnaphthalene, qulnolnelm cresol, benzo- 
thlazolelm-cresol), 10 % Carbowax 2OM/Chromosorb W-HP 
(tetralin/m-cresol), and 3 % OV-1 Ol/Chromosorb W-HP (ben- 
zothiazole/diphenyi ether). 

Ail measurements, anaiyses, and transfer operations were 
vented to or completely endosed within a fume hood. Particular 
care was exercised when m-cresd (very caustic), quinoline, OT 
1-methylnaphthalene (carcinogens) was used. 

Table 11. Vapor-Liquid Equilibria for the System 
Benzothiazole (l)/m-Crerol (2) 

press., press., 
kPa X l  Y1 kPa Xl Y1 

160.3 O C  27.40 0.7329 0.6415 
29.90 0.00 0.00 26.08 0.8136 0.7651' 
27.52 0.0919 0.0189 25.56 0.8989 0.8786 
24.30 0.1994 0.0575 25.37 0.9356 0.9249 
21.83 0.2981 0.1168 25.37 0.9530 0.9457 
19.50 0.3837 0.1860 25.26 0.9864 0.9841 
16.83 0.5176 0.3415 25.20 1.00 1.00 
15.22 
14.07 
13.60 
13.51 
13.40 
13.49 
13.48 
13.41 

0.6293 
0.7321 
0.8158 
0.8991 
0.9343 
0.9504 
0.9866 
1.00 

180.3 O C  

56.00 0.00 
51.70 0.0916 
46.30 0.1984 
41.67 0.2987 
37.58 0.3830 
32.48 0.5237 
29.52 0.6314 

0.5043 
0.6609 
0.7816 
0.8884 
0.9322 
0.9510 
0.9857 
1.00 

97.96 
90.79 
82.30 
74.05 
67.73 
58.76 
53.13 

200.3 O C  

1.00 
0.0920 
0.1986 
0.3000 
0.3835 
0.5245 
0.6329 

1.00 
0.0235 
0.0653 
0.1265 
0.1914 
0.3382 
0.4836 

49.26 0.7342 0.6302 
0.00 46.82 0.8175 0.7524 
0.0216 45.38 0.9004 0.8717 
0.0616 44.87 0.9360 0.9188 
0.1209 44.62 0.9524 0.9392 
0.1888" 44.42 0.9866 0.9727 
0.3421 44.22 1.00 1.00 
0.4921 

' 180.2 o c .  

Table 111. Vapor-Liquid Equilibria for the System 
Quinoline (l)/m -Cresol (2) 

press., press., 
kPa XI VI kPa X I  v1 

160.4 O C  22.32 0.7350 0.7179 
29.79 0.00 0.00 22.63 0.8740 0.8995 
26.79 0.1096 0.0079 23.14 0.9174 0.9475 
22.33 0.2330 0.0334 23.57 1.00 1.00 
16.39 0.3816 0.1513' 
11.37 0.7470 0.7654 
11.91 0.8735 0.9118 98*40 O d O  O*O0 
12.32 0.9178 0.9545 88*17 0.1057 O.O1l0 

74.70 0.2418 0.0534 
12'59 58.49 0.3854 0.1717 

200.3 O C  

180.3 "C 41.06 0.7363 0.6960 
55.96 0.00 0.00 40.57 0.8760 0.8851 
50.01 0.1075 0.0084 40.79 0.9107 0.9243 
42.30 0.2360 0.0402 41.81 1.00 1.00 
32.52 0.3797 0.1535 

a 160.3 "C. 

Results and Mscuerlon 

Tables I-V present experimental data. Three isotherms 
were measured for each of the five binary systems. To illus- 
trate the results, Figure 1 shows data for the benzothiazole/ 
diphenyl ether system at 194 and 214 OC. 

The data were regressed to determine b h r y  parameters for 
the Van Laar (3), NRTL (4 ) ,  and UNIQUAC (5) models for the 
excess Gibbs energy. These binary parameters are given in 
Table VI. Details of the regression procedure are given in the 
preceding paper of this series (6). 

The largest source of experimental error Is composition 
measurement. With multiple sampling and multiple analyses, 
our composition uncertainty was usually less than 0.0015 mole 
fraction. Pressure measurements were accurate to ca. 0.05 
kPa; temperature measurements were accurate to ca. 0.1 OC, 
except for the hlghest benzoth iazole/~y l  ether system (237 
"C), where temperature stability was a problem; for this one 
isotherm, we estimate our temperature uncertainty to be 0.7 
OC. 

Vapor-phase nonidealltles are small. Vapor-phase fugacity 
coefficients were calculated by the method of Hayden and 
O'Connell(7). All calculated vapor-phase fugacity coefficients 



Table IV. Vapor-Liquid Equilibria for the System 
Diuhenvl Ether (1VBensothiazole (2) 
~~ ~~ - press., 

kPa Zl  Y1 

194.2 "C 
37.19 0.00 0.00 
36.75 0.0432 0.0311' 
36.16 0.0708 0.0466" 
35.23 0.1248 0.0783 
34.13 0.2086 0.1301 
31.51 
29.89 
27.83 
25.41 
23.83 
22.39 
21.52 
19.87 

0.3882 
0.4702 
0.5906 
0.7238 
0.8093 
0.8805 
0.9352 
1.00 

214.2 "C 

0.2551 
0.3138 
0.4210 
0.5638 
0.6645 
0.7731 
0.8662" 
1.00 

press., 
kPa Z1 Y I  
47.90 0.5932 0.4303 
43.94 0.7279 0.5752 
41.50 0.8123 0.6761 
39.12 0.8846 0.7854 
37.62 0.9384 0.8766 
35.07 1.00 1.00 

108.36 
107.06 
105.12 
102.07 
101.01 
96.09 
90.63 
84.36 

237.1 "C 
0.00 
0.0390 
0.0806 
0.1621 
0.2117 
0.3497 
0.4722 
0.5935 

0.00 
0.0290 
0.0554 
0.1058 
0.1395 
0.2294 
0.3246 
0.4306 

62.91 0.00 0.00 78.32 0.7264 0.5797 
62.37 0.0389 0.026gb 73.89 0.8173 0.6914 
60.95 0.0794 0.0525 73.17 0.8281 0.7069' 
59.20 0.1533 0.0987 67.22 0.9403 0.8834' 
58.12 0.2099 0.1335 63.08 0.00 1.00 
54.28 0.3679 0.2454 
51.70 0.4726 0.3189 

'194.3 OC. b214.3 OC. '237.2 O C .  

0 0.5 1.0 
Mole Fract ion Diphenyl  Ether 

Flgm 1. Vapor-liquid equilibria for the system benzothlazole/dlphenyl 
ether. 

are between 1.00 (Meal) and 0.94. Vapor-phase nonMeaiity 
was generally unimportant for reducing data for correlation of 
iiquld-phase nonkleaiity. Binary parameters for models of the 
excess Glbbs energy, assumlng ideal vapor-phase behavior, are 
given in the supplementary material. 

The Poynting correction is very nearly unity for the experi- 
mental condltions of this study and can be neglected. 

Two systems exhibit azeotropes. The tetraiinlm -cresol 
system has maximumpressure azeotropes of 0.545, 0.465, 
and 0.410 mole fraction tetralin at 150, 175, and 195 O C  and 
25.5, 54.4, and 93.1 kPa, respecthdy. The quinohlmcresd 
system has minhnumpressure azeotropes of 0.778,0.810, and 
0.837 mole fraction quinoline at 160, 180, and 200 O C  and 
1 1.3, 22.3, and 40.5 kPa, respectively. 

Both the benzothiazolelm -cresol and quinoiinelm -cresol 
systems show significant negattve deviations from Ideality, due 
to attractlon betwen the acidic, hydroxyl hydrogen on the cresol 
and the basic, heterocyclic nitrogen In both quinoline and ben- 
zothiazole. 

As measured by pK, values, quinoilne is a stronger base 
than benzothiazole. We therefore expect deviations from 
ideality to be more negative for the quinolinelm-cresol system 
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Table V. Vapor-Liquid Equilibria for the System Tetralin 
(lVm-Cresol (2) 

press., press., 
kPa X1 Y1 kPa XI Y1 

150.3 O C  54.14 0.5298 0.5122 
21.66 
23.08 
23.80 
24.76 
25.28 
24.95 
25.46 
25.36 
25.44 
25.33 
25.70 
25.40 
25.49 
25.39 
25.10 
24.64 
24.63 
23.70 
23.40 
22.86 
22.10 
21.12 

45.31 
47.74 
49.60 
51.45 
52.24 
53.09 
53.31 
53.49 
53.85 
53.81 
53.80 

1.00 
0.9241 
0.8650 
0.8077 
0.7395 
0.7377 
0.6707 
0.6195 
0.5963 
0.5705 
0.5529 
0.5269 
0.5007 
0.4628 
0.3491 
0.2730 
0.2398 
0.1738 
0.1320 
0.0954 
0.0465 
0.00 

175.3 O C  

1.00 
0.9261 
0.8722 
0.8091 
0.7459 
0.6870 
0.6778 
0.6047 
0.5732 
0.5716 
0.5666 

1.00 
0.8755 
0.8026" 
0.7425 
0.6836b 
0.6819 
0.6319 
0.5957 
0.5809 
0.5627 
0.5506* 
0.5347" 
0.5163 
0.4906 
0.4112O 
0.3512b 
0.3211 
0.2568 
0.2084 
0.1607 
0.0843 
0.00 

1.00 
0.8792' 
0.8060 
0.7377 
0.6774' 
0.6278 
0.6208 
0.5664' 
0.5402' 
0.5437' 
0.5387' 

54.14 
54.41 
54.21 
53.31 
53.05 
52.23 
51.48 
50.68 
49.83 
47.55 

76.09 
83.19 
86.17 
88.46 
90.02 
90.12 
92.08 
91.78 
91.89 
91.81 
92.16 
92.51 
92.24 
93.03 
92.39 
92.00 
90.81 
89.87 
88.81 
87.31 
84.49 

0.5034 
0.4810 
0.3500 
0.2719 
0.2373 
0.1783 
0.1275 
0.0948 
0.0487 
0.00 

195.3 O C  

1.00 
0.8751 
0.8130 
0.7482 
0.6868 
0.6851 
0.5821 
0.5737 
0.5730 
0.5559 
0.5432 
0.5084 
0.4835 
0.3516 
0.2729 
0.2410 
0.1757 
0.1294 
0.0926 
0.0480 
0.00 

0.4924 
0.4753 
0.3833 
0.3217 
0.2917 
0.2365 
0.1815 
0.1411 
0.0774d 
0.00 

1.00 
0.8080 
0.7361 
0.6727 
0.6168 
0.6168 
0.5382 
0.5291 
0.5266 
0.5162 
0.5073 
0.4808 
0.4619O 
0.3658 
0.3044 
0.2775 
0.2155 
0.1694 
0.1271 
0.0701 
0.00 

"150.2 OC .  b150.4 OC. '175.2 OC .  d175.4 OC. O195.2 OC. 

I 00 

L 
E 
'y 
0 = 070 
0 0 - - 
2 

a 0 Benzothiazols 
- 
0 

0 meta-Cresol 
0 40 NRTL Correlotion 

I I I I I I I  1 1  I I 
0 0 50 100 

Mole Fraction Benzothiozole 

Flgure 2. ActMty coefficients for the system mcresollbenzothlezde 
at 160 O C .  

than those for the benzothiazolelm-cresd system. For exam 
ple, at 160 O C ,  the extrapolated infinitedilution activity coeffi- 
cients for the quinoiinelm-cresoi system are 0.15 (quinoHne in 
m-cresoi) and 0.19 (m-cresol in quinoline). At the same tem- 
perature, the extrapdated infinitedilution activity coefficients for 
the benzothiazolelm-cresol system are 0.36 (benzothiazole in 
m d )  and 0.43 (m-cresol in benzothiazole). Figure 2 shows 
activity coefficients for the benzothlazoielm -cresol system. 

According to pK, values, aniline is a stronger base than 
benzothiazole. However, our data for the anilinelm-cresol 
system ( 8 )  show smaller negative deviations from Ideality than 
those for the benzothiazdelm-cresol system, probably because 
aniline's tendency to self-associate partially counteracts the 
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180.4 

205.3 

230.3 

160.3 

180.3 

200.3 

160.4 

180.3 

200.3 

194.2 

214.2 

237.1 

150.3 

175.3 

195.3 

UNIQUAC 
NRTL 
Van Laar 
UNIQUAC 
NRTL 
Van Laar 
UNIQUAC 
NRTL 
Van Laar 

UNIQUAC 
NRTL 
van  Laar 
U N I Q U A C 
NRTL 
van Laar 
UNIQUAC 
NRTL 
Van Laar 

UNIQU AC 
NRTL 
Van Laar 
UNIQUAC 
NRTL 
van Laar 
UNIQUAC 
NRTL 
Van Laar 

UNIQUAC 
NRTL 
van  Laar 
U N I Q U A C 
NRTL 
van  Laar 
UNIQUAC 
NRTL 
Van Laar 

U N I Q U A C 
NRTL 
Van Laar 
UNIQUAC 
NRTL 
Van Laar 
UNIQUAC 
NRTL 
Van Laar 

Table VI. Binary Parameters for the Van Laar, NRTL, and UNIQUAC Models for the Excess Gibbs Energy 
root-mean-squared dev 

temp, "C model P(OO P(2)O P, kPa T, "C X Y 
1-Methylnaphthalene (l)/Quinoline (2) 

119.0 -96.06 0.00 
347.1 -246.3 0.00 

0.070 0.089 0.00 
60.41 -47.87 0.00 
57.23 8.49 0.00 
0.068 0.069 0.00 

57.28 -46.14 0.00 
34.00 23.85 0.00 
0.057 0.058 0.00 

Benzothiazole (l)/m-Cresol (2) 
-217.5 73.14 0.01 
-603.8 -122.4 0.01 

-1.003 -0.849 0.01 
-185.1 41.91 0.00 
-427.6 -232.6 0.00 

-0.803 -0.752 0.00 
-166.8 30.21 0.00 
-306.8 -277.1 0.00 

-0.653 -0.648 0.00 

-162.5 -53.64 0.01 
-845.9 -491.8 0.01 

-1.864 -1.648 0.01 
-159.1 -38.34 0.01 
-804.2 -411.9 0.01 

-1.609 1.409 0.01 
-129.7 -53.57 0.00 
-668.7 -443.7 0.00 

-1.343 -1.247 0.00 

37.09 -19.29 0.01 
-418.1 664.2 0.01 

0.206 0.128 0.01 
84.39 -62.00 0.00 

-392.6 625.8 0.00 
0.190 0.129 0.00 

-259.0 393.1 0.01 
-968.0 1732.2 0.01 

0.266 0.120 0.01 

216.1 -108.6 0.00 
644.0 14.85 0.00 

0.625 0.783 0.00 
138.1 -57.19 0.01 
330.9 240.5 0.01 

0.600 0.619 0.01 
120.2 -46.28 0.00 
250.0 290.5 0.00 

0.559 0.552 0.00 

Quinoline (l)/m-Cresol (2) 

Diphenyl Ether (l)/Benzothiazole (2) 

Tetralin (l)/m-Cresol (2) 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.0 
0.0 
0.0 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.5 
0.5 
0.5 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.7 
0.6 
0.7 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

0.0011 
0.0011 
0.0011 
0.0005 
0.0005 
0.0005 
O.OOO6 
0.0006 
0.0006 

0.0013 
0.0013 
0.0013 
0.0018 
0.0018 
0.0018 
0.0025 
0.0025 
0.0025 

0.0048 
0.0052 
0.0050 
0.0078 
0.0081 
0.0079 
0.0029 
0.0030 
0.0030 

0.0020 
0.0020 
0.0020 
0.0041 
0.0041 
0.0041 
0.0030 
0.0033 
0.0031 

0.0020 
0.0020 
0.0020 
0.0013 
0.0013 
0.0013 
0.0006 
0.0005 
0.0006 

0.0010 
0.0010 
0.0010 
0.0008 
0.0008 
0.0008 
0.0004 
0.0004 
0.0004 

0.0013 
0.0014 
0.0014 
0.0015 
0.0015 
0.0015 
0.0034 
0.0034 
0.0034 

0.0054 
0.0055 
0.0055 
0.0047 
0.0047 
0.0047 
0.0051 
0.0052 
0.0051 

0.0035 
0.0035 
0.0035 
0.0069 
0.0068 
0.0069 
0.0073 
0.0070 
0.0072 

0.0022 
0.0022 
0.0022 
0.0008 
0.0008 
0.0008 
0.0007 
0.0007 
0.0007 

"For the UNIQUAC and NRTL models, parameters P(1) and P(2) have dimensions calories/mole; for the Van Laar model, they are 
dimensionless. 

aniline/cresd acid-base attraction. The infinitedilution activity 
coefficients are 0.74 (aniline in mcresol) and 0.80 (m-cresol 
in aniline) at 165 OC. 

These strong acid-base interactions may be important for 
processing coalderived liquids. In coauiquefactlon processes, 
separation operations may precede heteroatom-removal op- 
erations. (If coal is used to produce gasoline, sulfur, nltrogen, 
and oxygen must be removed.) Small molecules would be 
found in high-molecular-weight fractions if their activities are 
significantly reduced due to strong acid-base interactions. 

I n  absence of specific interactions, the aromatic/aromatic 
systems show smal positive deviations from ideaHty, as indi- 
cated in the previous paper (6) and as generally shown by 
aromatic/aromatic systems in the literature (9). [However, 
because of the high pdarlzaMHty of a r m t i c  molecules, if one 
subsbituent is highly polar, negative deviations can result due to 
induction effects.] While attractive interactions may cause 

significant negative deviations from ideality (as noted above), 
if one substttuent Is self-associating (e.g., phenol), large positive 
deviations can resuit. 

The quinoline/ 1-methylnaphthalene system exhibits small 
deviations from ldeallty; all calculated activity coefficients are 
between 1.00 (Ideal) and 1.10. All calculated activity coeffi- 
cients for the benzothlazole/dlphenyl ether system are between 
1.35 and 0.99. 

The tetralinlm-cresol system exhibits moderate positive d e  
viations from ideallty, as shown in Figure 3. At 150 OC, the 
extrapolated infb'iitediMkm actMty coefficients are 1.87 (tetralm 
in mcresol) and 2.22 (m-cresol in tetralin). 

The large size of these molecules tends to decrease the 
magnitude of positive devlatkns from ideality. A given functional 
group on/in a single ring will have a larger effect than that of 
the Same group on/ln a bicyclic structure. For example, liter- 
ature data for the pyridine/toluene system ( 7 )  indicate larger 
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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. phvs. 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 Propfon - 
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. In  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 
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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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