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Table VIII. Smoothed Values of B ,  Extracted from Experimental 
Phase Equilibrium Data 

T, K B,,, cm3/g-mol T, K B,,, cm3/g-mol 

CF,-H, System 
94.94 -118.0 i 4.0 135.01 -49.4 k 4.0 

105.01 -88.3 f. 4.0 149.98 -34.9 i 4.0 
119.94 -64.8 f. 4.0 164.99 -26.7 f. 4.0 

CClF,-H, System 
134.97 -69.9 i 3.0 189.97 -32.5 i 3.0 
145.02 -60.2 i 3.0 205.03 -22.7 * 3.0 
160.02 -50.7 k 3.0 219.99 -16.8 * 3.0 
175.02 -42.2 + 3.0 

of a gas-liquid equilibrium, then eq 9 may be rearranged and 
solved for B12 to give 

- 6 1 1  3 c111 POlVOl 
2- + -- - In - 

RT 
B12 = 

2Y2 VOl 2 vo12 

PVm 
v m  RT 

+ In - + In x1 - In 41 2YlB11 

Along a given experimental isotherm eq 20 is solved for B12 
for each pressure by making use of experimental values for y,, 
xi, and vlc from eq 5 and Pol for the saturated phase and B l l  
and B22r and by assuming a model from which the third inter- 
action coefficients C l 1 2  and C122 as well as C l l l  and C222 may 
be estimated. The volume V, is also calculated by using these 
third virial coefficients together with an estimated value of B12. 
The values of B12 so found from eq 20 are then plotted vs. the 
quantity (P  - Pol) and the curve extrapolated to ( P -  Pol) = 0 
to obtain the values of B12 shown in Table VIII. The values 
of B12 so obtained are only slightly dependent upon the model 

used to estimate the third virial coefficients and V,. The un- 
certainty listed for each value is based primarily upon the effects 
on B12 of the uncertainty in the experimental values of y 1  and 
x1  on the calculation of B12 from eq 20. 

Literature Cited 

(1) Shiau, Ju Fu Ph.D. Thesis, 1973, Georgia Institute of Technology. 
(2) Yoon, Yo KII Ph.D. Thesis, 1971, Georgia Institute of Technology. 
(3) Yoon, Y. K.; Zlegler, W. T. Hwahak Konghak 1974, 72, 10. 
(4) Yoon, Y. K.; Ziegier, W. T. Hwshak Konghak 1975, 73, 23. 
(5) Kirk, 8. S. Ph.D. Thesis, 1964, Georgia Institute of Technology. 
(6) Kirk, B. S.; Ziegier, W. T. Adv. Cryogen. Eng. 1965, 70, 160. 
(7) Mullins, J. C. Ph.D. Thesis, 1965, Georgia Institute of Technology. 
(8) Mullins, J. C.; Ziegler, W. T. Adv. Cryogen. Eng. 1965, 70, 171. 
(9) Barber, C. R. Mefrologia 1969, 5,  35. 
(10) Simon, M.; Knobier, C. M.; Duncan, A. G. Cryogenics 1967, 7 ,  138. 
(11) Chari, N. C. S. Ph.D. Thesis, 1960, University of Michigan. 
(12) Aibright, L. F.; Martin, J. J. Ind. Eng. Chem. 1952, 44, 188. 
(13) Kirk, B. S.; Ziegler, W. T.: Mullins, J. C. Adv. Cryogen. Eng. 1961, 6, 

413. 
(14) Dokoupii, 2.; von Soest, G.; Swenker, M. D. P. Appi. Sci. Res. 1955, 

45, 182. 
(15) Rowlinson, J. S.; Richardson, M. J. Adv. Chem. Phys. 1959, 2, 85. 
(16) SmM, G. E.; Sonntag, R. E.; Van Wylen, G. J. A&. Crywn.  €4. 1963, 

8 ,  182. 
(17) Chueh, P. L.; Prausnitr, J. M. AIChE J. 1969, 15, 471. 
(18) Hiza, M. J.; Duncan, A. G. Adv. Cryogen. Eng. 1966, 74, 30. 
(19) Terry, M. J., Lunch, J. T., Bunclark, M., Mansell, K. R., Staveley, A. L. 

K. J. Chem. Thermcdyn. 1969, 7, 413. 
(20) Hirschfelder, J. 0.; Curtiss, C. F.; Bird, R. B. "Molecular Theory of Gases 

and Liquids"; Wiley: New York, 1954. 
(21) Prausnitz, J. M.; Myers, A. L. AIChE J. 1963, 9, 5. 
(22) De Boer, J.; Michels, A. Physica (Amsterdam) 1936, 5, 945. 
(23) Chueh, P. L.; Prausnitr, J. M. AIChE J .  1967, 73, 898. 
(24) Sherwood, A. E.; Prausnitz, J. M. J. Chem. Phys. 1964, 47, 429. 
(25) Kiser, R. W.; Hobrock, D. L. J. Am. Chem. SOC. 1965, 87, 922. 
(26) Watanabe, K.; Nakayama, T.; Motte, J. J. Ouant. Spectrosc. Radlet. 

Transfer 1962, 2, 309. 
(27) Hiza, M. J. Cryogenics 1970, 70, 106. 
(28) Benedict, M.; Webb, G. B.; Rubin, L. C. J. Chem. Phys. 1942, 70, 747. 
129) Reuss. J.: Beenakker. J. J. M. Phvsics (Amsterdam) 1956. 22. 809. . ~ ~ ,  ~ ~ ~ , . ,  

(30) Chiu, C-h.; Canfieid, F.B.~Adv. Ckogen. Eng. 1967, 72, 741. 
(31) Motar, R. C.; Organick, E. L. AIChE J. 1941, 9, 626. 
(32) Douslin, D. R.; Hamison, R. H.; Moore, R. T.; McCullough, J. P. J .  Chem. 

Phys. 1961, 35, 1357. 

Received for review November 12, 1979. Accepted March la', 1980 

Gas-Liquid Equilibrium in Mixtures of Carbon Dioxide -t- Toluene and 
Carbon Dioxide -4- m-Xylene 
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Gas-liquid equilibrium data are determined for mixtures of 
COz 4- toluene at five temperatures from 120 to 270 OC 
and for mixtures of CO, + m-xylene at four temperatures 
from 190 to 310 O C .  The pressures were up to 50 atm for 
both systems. 

Introduction 

The phase behavior of carbon dioxide mixtures is of tech- 
nological interest because of the occurrence of carbon dioxide 
in natural gas, crude oil, and numerous chemical processes. A 
number of phase equilibrium studies have been made on mix- 
tures of carbon dioxide and hydrocarbons, mostly paraffins. In 
this work we report the phase behavior of carbon dioxide in 
mixtures with two aromatic hydrocarbons. 

Battino and co-workers reported solubility data of COP in 
toluene (2) and in m-xylene ( 7)  in the temperature range 10-40 

0021-9568/80/1725-0246$01 .OO/O 

OC. The vapor-phase solubility of toluene in compressed COP 
was studied by Prausnitz and Benson (5) at 50-75 OC in the 
pressure range of 20-90 atm. Recently Ng and Robinson ( 4 )  
presented the experimental results for COP + toluene mixtures 
at temperatures from 38 to 204 OC and pressures up to 150 
atm. We report in this study vapor-liquid equilibrium data for 
mixtures of carbon dioxide 4- toluene up to 270 OC and for 
carbon dioxide + m-xylene to 310 OC. The pressure range 
studied is 10-50 atm. 

Experimental Section 

The experimental apparatus and procedure used in this work 
are essentially the same as those described by Simnick and 
co-workers (6). Carbon dioxide was supplied by Matheson with 
a minimum purity of 99.99 % . m-Xylene was purchased from 
Aldrich Chemical Co. with a claimed purity of 99+ % . Toluene 
obtained from Mallinckrodt Co. is analytical reagent grade. The 
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Flgure 1. Mole fraction of COP in the saturated vapor of carbon dioxide + toluene mixtures. 
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purities of these chemicals were checked with a gas chroma- 
tograph and were found to be above 99.9% for both. Samples 
of the solvents were collected from cell effluents of both gas 
and liquid streams of all experiments and analyzed by gas 
chromatography to check for thermal stability. No decomposition 
products were detected at any of the conditions studied. 

Pressures below 34 atm were measured by a precision 
Bourdon tube pressure gauge (Heise Model CMM) with an un- 
certainty of f0.03 atm. Another Heise gauge with a full range 
of 340 atm was used for the higher pressures with an uncertainty 
of f 0 .1% or 0.3 atm, whichever is the greater. The tem- 
perature of the equilibrium cell was measured by a calibrated 
type K chromel-alumel thermocouple inserted in the thermowell 
in the wall of the cell. This thermocouple was calibrated with 
a NBScertified platinum resistance thermometer. The accuracy 
of the reported temperature is believed to be f O . l  OC. Satu- 
rated fluid phase compositions were determined by sampling 
the effluents from the equilibrium cell; the quantity of the gas 
in the sample was measured volumetrically and the liquid gra- 
vimetrically. The volumetric measurement is accurate to within 
1 YO, while the accuracy of the gravimetric measurement is 
better than 0.01 %. 

Fluctuations in the temperature of the equilibrium cell during 
the course of measurement of all the points on an isotherm were 
within 0.1 OC. 

To verify the attainment of equilibrium in the flow apparatus 
of this study, we took samples at 30.58 atm and 270 OC for 
carbon dioxide -I- m-xylene mixtures at two different liquid feed 
flow rates, 22 and 31 cm3/min. Figures 3 and 4 show that there 
are no appreciable effects of flow rate on the equilibrium 
compositions. A similar test was made at 19.63 atm and 149.4 
OC for the carbon dioxide + toluene system. The slightly different 
sample compositions that were obtained cannot be differentiated 
in Figures 1 and 2. 

Results and Discussion 

The experimental results are summarized in Table I for the 
carbon dioxide + toluene system. Each data point in the table 
is the average of at least two measurements, and the deviations 
from the average are in general within 0.5% of the mole fraction 
value of COP The saturated vapor and liquid phase compositions 
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Flgure 2. Solubility of COz in liquid toluene. 

Table I. Carbon Dioxide -b Toluene Gas-Liquid 
Equilibrium Data 

P ,  atm XCD YCD KCD KT 

9.63 
23.86 
39.64 
51.3 

19.53 
19.63 
30.03 
38.75 
51.2 

12.21 
21.03 
30.25 
39.98 
50.3 

20.35 
29.40 
38.82 
49.7 

31.25 
39.96 
50.9 

120.1 "C 
0.0385 0.8558 
0.1032 0.9258 
0.1742 0.9392 
0.2261 0.9485 

149.3 "C 
0.0694 0.8419 
0.0693 0.8398 
0.1099 0.8824 
0.1445 0.8949 
0.1954 0.9047 

203.8 "C 
0.0166 0.3349 
0.0474 0.5726 
0.0776 0.6718 
0.1 122 0.7406 
0.1461 0.7766 

229.6 "C 
0.0299 0.3637 
0.0598 0.5153 
0.0919 0.5985 
0.1291 0.6557 

269.7 "C 
0.0364 0.2474 
0.0679 0.3589 
0.1000 0.4436 

22.22 
8.97 
5.39 
4.20 

12.13 
12.12 

8.03 
6.19 
4.63 

20.17 
12.08 

8.66 
6.60 
5.32 

12.16 
8.62 
6.51 
5.08 

6.80 
5.29 
4.44 

0.1500 
0.0827 
0.0736 
0.0665 

0.1699 
0.1721 
0.1321 
0.1229 
0.1184 

0.6763 
0.4487 
0.3558 
0.2922 
0.2616 

0.6528 
0.5155 
0.4421 
0.3953 

0.7810 
0.6878 
0.6182 

are shown respectively in Figures 1 and 2. Individual data points 
are plotted in the figures as separate points when they can be 
distinguished. The dotted line shown in Figure 2 on the low- 
pressure side of each isotherm represents an extrapolation of 
the experimental solubility data to join the vapor pressure of 
toluene at xm = 0. The vapor pressure data are taken from 
Simnick et al. (7). Also shown in the figures are the experimental 
results reported by Ng and Robinson (4) at 120.6 and 203.9 OC, 
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Table 11. Carbon Dioxide + rn-Xylene Gas-Liquid 
Equilibrium Data 

0 9 -  

0 8- 

0 7 -  

0 6' 

0 5- 
n x 
0 4 -  

0 3- 

0 2 -  

0 

21.14 
30.12 
39.78 
51.9 

21.27 
30.05 
40.46 
51.4 

20.48 
29.70 
30.58 
40.28 
50.9 

31.09 
39.04 
50.8 

1 -  

0.0651 
0.0984 
0.1315 
0.1735 

0.0501 
0.0813 
0.1143 
0.1513 

0.0252 
0.0582 
0.06 04 
0.0931 
0.1314 

0.0336 
0.0639 
0.1091 

189.0 "C 
0.8120 
0.8548 
0.8770 
0.8909 

228.9 "C 
0.6214 
0.7102 
0.7599 
0.7899 

270.2 "C 
0.2928 
0.4532 
0.4647 
0.5473 
0.5985 

309.4 "C 
0.1777 
0.2760 
0.3611 

12.47 0.2011 
8.69 0.1611 
6.67 0.1416 
5.14 0.1320 

12.40 0.3986 
8.74 0.3155 
6.65 0.2711 
5.22 0.2474 

11.62 0.7255 
7.79 0.5806 
7.69 0.5697 
5.88 0.4992 
4.56 0.4622 

5.29 0.8509 
4.32 0.7734 
3.31 0.7171 
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Figure 3. Mole fraction of C02 in the saturated vapor of carbon dioxide + m-xylene mixtures. 

which were obtained by a static method. At 120.6 O C  both sets 
of data agree closely. At 203.9 O C  the liquid compositions also 
agree, but the vapor compositions differ appreciably. The 
difference increases with pressure, and amounts to about 3 % 
in the mole fraction of COP at 50 atm which is the highest 
pressure observed in this work. 

Equilibrium saturated vapor and liquid compositions of the 
carbon dioxide + m-xylene system are reported in Table I1 and 

O 016 'I 1 8 9 . O ' C  \ 

P .  a tm 

Flgure 4. Solubility of C02 in liquid m-xylene. 

similarly shown in Figures 3 and 4. The vapor pressures of 
m-xylene were taken from Krase and Goodman (3). Phase 
equilibrium data are not available in the literature for this system 
at the temperatures of the present work. Thus no comparison 
can be made. 

Glossary 

K vaporization equilibrium ratio-ylx 
P pressure, atm 
t temperature, O C  
X 

Y 

Subscript 

CD carbon dioxide 
T toluene 
M rn-xylene 

mole fraction in the liquid phase 
mole fraction in the vapor phase 
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