Table lIl. AG®, AH®, and AS® for Solutions of H,Q and DO
in Carbon Tetrachloride, Toluene, and Cyclohexane

(T = 298°K)
AG?, AH?, AS°,
kcal/mol kecal/mol  cal/deg mol

H,0 in CCl, —-1.27 % 0.01 5.4 + 0.4 23 =1
D,0 in CCl, —1.19 +0.02 4.8 =0.4 20+ 1
H:O0 in toluene —1.92 +=0.01 4.4 = 0.1 21.2 = 0.3
D0 in toluene —1.81 &+ 0.01 4.5+ 0.1 21.3 = 0.3
H,0 in cyclohexane —0.67 = 0.04 4.0 %+ 0.6 15 = 2
D0 in cyclohexane —0.62 %= 0.03 4.0 %+ 0.8 15+ 2

literature. There is a marked discrepancy between our values
for H,O in cyclohexane and those in ref. 8 at 25° and 30°C.
However, our value at 25°C checks well with the most recent
value of 0.00345 mol/l. given inref. 4.

Values for the log of the solubility and the corresponding
value of 1/7T were analyzed with a least-squares program on an
IBM 1130 computer to determine the best slope for the
straight line. From the relation log K, = AH®°/2.3 RT +
constant, where K, is the solubility in mol/l., the slope of the
log K, vs. I/T plot is equal to AH°/2.3 R. Values for AH®
were calculated using the value AH® = 2.303 X 1.987 X slope.
Values for AG° were calculated from the relation AG° =
—2.303RT log K, Values for AS® were calculated from the
relation AS° = (AG® —AHP)/T. These values are given
in Table II. By use of the root-mean-square deviations of the
values for log K;, the maximum and minimum values for the
slopes of log K, vs. 1/T were determined, and from these the
limits of the AH® values were set. The limits of AG°® were

based on the root-mean-square deviations of the values of K,
and the limits of AS® were determined from the variation of
AG° and AH®.

Differences in the values of AH® are of the same order as the
precision in AH° and there appears to be no significant differ-
ence in the values for H;O and D,0. There is a significantly
lower value for AS® for cyclohexane which seems to be the re-
sult of a low value for AG® rather than an effect due to AH®,
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Solubility of Carbon Dioxide in Mixed Paraffinic
Hydrocarbon Solvents at Cryogenic Temperatures

UN K. IM! and FRED KURATA

Center for Research in Engineering Science, University of Kansas, Lawrence, Kan. 66044

The solubility of carbon dioxide in mixed paraffinic hydrocarbon solvents of methane,
ethane, propane, and n-butane below the carbon dioxide triple point is reported for
several temperatures of industrial interest. The solubility of carbon dioxide in ethane~
propane mixtures can be computed as the molal average of the two constituent binary
solubility limits. On the other hand, all ternary and quaternary systems containing
methane show significant deviations from this molal average solubility, having a
larger solubility in a mixture than that in one or in both pure hydrocarbons separately.
With parameters determined from binary-system equilibrium data alone, the solubility
of solid carbon dioxide in multicomponent systems can be predicted by the Wilson
equation to an overall accuracy of =4.0 mol % over the entire range of the solubility
curve, or to an accuracy of ==1.0 mol 9% up to 10 mol % carbon dioxide solubility.
The predictive accuracy of the Wilson equation is primarily dependent on the accuracy
with which each binary parameter pair describes the carbon dioxide solubility rela-
tionship in pure hydrocarbons.

Cryogenic processes for separation of hydrocarbons from
natural gas or for removal of carbon dioxide from other process
streams require accurate knowledge of the solubility of solid
carbon dioxide in hydrocarbons, particularly in multicompo-
nent systems. However, the experimental data for the solu-

! Present address, Amoco Chemicals Corp., Naperville, Il
60540. To whom correspondence should be addressed.

bility of carbon dioxide below its triple point in hydrocarbons
have been very limited.

Clark and Din (5) measured the solubility of carbon dioxide
in ethane—ethylene mixtures and Cheung and Zander (4) re-
ported limited data on the solubility of carbon dioxide in
methane—ethane mixtures. By far the most complete and
thorough study of the solubility of solid carbon dioxide in meth-
ane-ethane mixtures was made by Jensen (13), who also deter-
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mined the solubility in single hydrocarbons of methane, ethane - ..
propane, and n-butane. The solubility of carbon dioxide in Table L Solubility of Carbon Dioxide in Methane~Propane

methane was reported by Davis et al. (6), Brewer and Kurata Mixtures along Solid-Liquid-Vapor Locus

(8), and others (4, 8). The solubility of solid carbon dioxide in Liquid composition, mole fraction

pure heavy hydrocarbons was reported by Im (12). T, °K P, atm CO, CH, CoH,
The .prm(:lpal _purpose of the work. reported here was 'to 208.2 21.81 0.6201 0.2120 0.1679
determine experimentally the solubility of carbon dioxide 208.2 13.98 0.5975 0.1396 0.2628
below its triple point at several temperatures and pressures of 205.2 23.34 0.4505 0.2919 0.2486
industrial interest in the following solvent systems: 205.2 13.58 0.4320 0.1630 0.4050
200.2 23.07 0.2613 0.3713 0.3674
Temp. range,  Pressure range, 200.2 10.11 0.2633 0.2181 0.5185
Solvent system K atm 185.2 20.86  0.1051 0.5277 0.3672
Methane-propane 150-208 4.5-23.5 185.2 11.36 0.1094 0.2635 0.6271
Methane-n-butane 185-210 12.5-32.9 165.2 13.07 0.0292 0.6334 0.3374
Ethane-propane 190-208 1.2- 4.0 165.2 7.49 0.0332 0.3157 0.6511
Methane-ethane-propane 190-208 13.6-27.2 150.2 7.49 0.0103 0.6418 0.3479
150.2 4.51 0.0108 0.3178 0.6614

Experimental data so obtained were analyzed in terms of
existing correlations to find a means of predicting the solubility Table Il
of solid carbon dioxide in multicomponent hydrocarbon sys- ’
tems in general.

Solubility of Carbon Dioxide in Methane-n-Butane
Mixtures along Solid-Liquid-Vapor Locus

Liquid composition, mole fraction

EXPERIMENTAL EQUIPMENT AND PROCEDURE T,°K P atm CO CH. n-CiHuo
210.2 30.69 0.7812 0.1934 0.0254
The experimental equipment and procedure are described in 210.2 23.14 0.7486 0.1622 0.0892
detail elsewhere (12). Briefly, the solubility was determined 210.2 13.07 0.6797 0.0927 0.2277
by analyzing liquid samples withdrawn from a glass equilib- 208.2 32.87 0.6351 0.2813 0.0836
rium cell maintained at a given temperature and pressure. 208.2 25.45 0.6325 0.2322 0.1333
Constant temperature was provided in an air bath using liquid 208.2 14.19 0.5461 0.1430 0.3109
nitrogen as the refrigerant. The bath temperature was mea- 389'2 géﬁ 82%‘&8) 8%{?; 8;33?
sured by means of a calibrated platinum resistance thermom- 20‘3)'3 1538 0.3916 0.1776 0.4308
eter. Although the calibration accuracy of the thermometer 200.2 32.87 0.3204 04842 0.1954
was better than £0.1°K, the maximum uncertainty for tem- 200.2 25.32 0.2953 0.3867 0.3180
perature measurement is given as +0.2°K because of a small 200.2 15.48 0.2504 0.2109 0.5387
thermal gradient present in the bath. Pressure measured by a 185.2 24.36 0.1048 0.5601 0.3351
Heise gauge was accurate to =0.03 atm. The Heise gauge it- 185.2 12.59 0.1137 0.2508 0.6355
self was calibrated against a Seager laboratory transfer stan-
dard gauge. Table lll.  Solubility of Carbon Dioxide in Ethane~Propane
Liquid samples were analyzed on a F&M Model 720 gas Mixtures along Solid-Liquid-Vapor Locus
chromatograph calibrated daily using 13 standard mixtures of Liquid composition, mole fraction
accurately known compositions. The maximum relative T, °K P atm CcO, C.H, C.H,
u.nc_ertamty fo.r compo.smor} was 3.29%,, as estimated from sta- 208.2 4.56 0.6320 0.2637 0.1043
tistical analysis of calibration data. The hydrocarbons used 208. 2 3.85 0.5774 0. 1455 0.2772
were of research g‘rades furnished by Phil]ips Petroleum CO.; 205.2 3:98 0:4655 0.3981 0:1364
the carbon dioxide was Coleman grade, obtained from Matheson 205.2 3.27 0.4141 0.2070 0.3789
Gas Products. Each fluid used had a stated purity of 99.9+ 200.2 2.99 0.2823 0.5150 0.2027
mol % and subsequent analysis by the gas chromatograph did 200.2 2.38 0.2593 0.2782 0.4626
not disclose any evidence contrary to the claimed purity. 190.2 1.63 0.1320 0.6372 0.2309
The system fluids were charged into the glass equilibrium 190.2 1.19 0.1183 0.3364 0.5453

cell from a manifold consisting of two stainless steel reservoirs
for mixture preparation, two Heise gauges, a manual pump for
precision metering and a vacuum system. Normally, a hydro-

Table IV. Solubility of Carbon Dioxide in Methane—
Ethane-Propane Mixtures along Solid-Liquid-Vapor Locus

carbon mixture of predetermined composition was metered in Liquid composition, mole fraction

first, followed by carbon dioxide. The amount of each fluid T, °’K P, atm CO, CH, C.H, C:H;
mixture charged was so determined as to create only a small 208.2  27.22  0.6455 0.2408  0.0280  0.0848
vapor space when the system comes to equilibrium. After the 208.2 27 .22 0.6741 0.2242 0.0686 0.0331
cell was charged and the temperature control was established at 208.2 20.41 0.6566 0.1761 0.0424 0.1249
the desired setting, the feed line was closed off from all parts of 208.2 20.41 0.6430 0.1755 0.1224 0.0591
the charging manifold except the Heise gauge. After 1 or 2 hr 205.2 27.22  0.4969  0.3240  0.0452  0.1339
during which the cell content was frequently agitated man- 20'§~2 27.22 0.4976 0.3200 0.1225 0-05??
ually by means of a agitator coil located inside the equilibrium 205.2  20.41  0.4888  0.2381  0.0676  0.2055
cell, in turn actuated by an externally located magnet, stabiliza- 383 2 20.41 0. 0947 0.2315 0.1768 0.0870
. L Aaas . 5.2 13.61 0.4584 0.1541 0.0876 0.2999
tion of the cell pressure indicated that equilibrium was attained. 205.2 13.61 0.4829 0.1438 0.2520 0.1203
In the quaternary system, the desired pressure was established 200.2 27.22  0.3097  0.4278  0.0625  0.2000
by addition of methane in small increments. 200.2 27.22 0.3151 0.4147 0.1774 0.0828
An average of 3 to 5 samples was analyzed for each equilib- 200.2 20.414  0.3095 0.3102 0.0958 0.2845
rium condition, and the reproducibility of replicated sample 200.2 20.41 0.3136 0.3188 0.2533 0.1143
analyses was better than 1.09 relative deviation. 200.2 13.61  0.3025  0.1964  0.1201  0.3720
200.2 13.61 0.3202 0.1874 0.3350 0.1573

190.2 20.41 0.1673 0.4301 0.1102 0.2924

EXPERIMENTAL RESULTS 190.2  20.41  0.1530  0.4447  0.2749  0.1274
Unsmoothed experimental data are presented in Tables I iggg }ggi 8%%8 giﬁé 85(7523 8?;?2

through IV by system. According to the phase rule, the solid-
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liquid-vapor equilibrium of a ternary and a quaternary system
has 2 and 3 degrees of freedom, respectively. For ternary
systems, the variables chosen to define the equilibrium state
were temperature and the component ratio in the solvent mix-
ture. For the quaternary system, pressure was chosen as the
third variable to satisfy the phase rule. In the present work,
the solid phase was assumed to be pure carbon dioxide, and car-
bon dioxide was designated as the solute so that the solubility
in the liquid phase refers to mole percent composition of carbon
dioxide.

Several interesting observations can be made on the solubility
of carbon dioxide in mixed hydrocarbon solvents. A ternary
system containing methane differs in its solubility behavior
from systems which contain components whose critical tem-
peratures are above the triple point of carbon dioxide—i.e., con-
densable components. In the carbon dioxide-ethane-propane
system, solubility isotherms are linear so that the solubility in
this system can be expressed as the molal average of two binary
system solubility limits as given by

X = 92712 + (1 - 9)2713

where x is the ternary system solubility, 8 is the mole fraction of
component 2 (one of hydrocarbon components) in the solvent
mixture, and z;; and z;3 are binary system solubility limits of
carbon dioxide in components 2 and 3, respectively. This
linear relationship may be termed as the ‘‘ideal mixed-solvent
behavior.” On the other hand, all other multicomponent sys-
tems studied in this work which contained methane showed
approximately quadratic deviations from this linear solubility
for temperatures above the methane critical temperature as
shown in Figures 1 and 2 for two ternary systems. This devia-
tion usually results in a solubility greater than that in either
pure hydrocarbon. Furthermore, the deviation tends to be-
come greater the higher the temperature is above the methane
critical temperature.

CORRELATION

In view of the excellent results obtained by Jensen (13) and
Im (12) in correlating experimental solubilities of solid carbon

€0y

208,2°K

Solubility of carbon dioxide in methane—ethane
Composition co-

Figure 1.
mixtures along solid-liquid-vapor locus.
ordinates are in mole fraction

O Ternary system data of Jensen (13)
B Binary system data of Jensen (1 3) and Davis et al. (6)
= Experimental
— = - Predicted by Wilson equation with solvent-pair parameters deter-
mined from vapor-liquid equilibrium data

/v [VERRY) V) kY] ) M 3

Figure 2. Solubility of carbon dioxide in methane-n-butane
mixtures along solid-liquid-vapor locus. Composition co-
ordinates are in mole fraction

n-CiH o

O Ternary system data of this work
W Binary system data of Jensen {13} and Davis et al. (6)
— Experimental
— —= Predicted by Wilson equation with solvent-pair parameters deter-
mined from vapor-liquid equilibrium data

dioxide in pure hydrocarbons with the Wilson equation (21), the
experimental solubility data obtained in this work were corre-
lated with the Wilson equation alone. To make maximum use
of information obtained from the binary system solubility studies
(12), the Wilson constants representing binary solute-solvent
interactions were given by solubility relationships in carbon
dioxide-hydrocarbon binary systems. The Wilson constants
representing the solvent-solvent interaction were determined
from experimental vapor-liquid equilibrium data of the solvent
binary systems. The overall accuracy for all systems studied
is 4.0 mol %, over the entire solubility range. Itis 1.0 mol % up
to 10 mol % solubility, which is the range of practical concern.
A more detailed presentation of the correlation is deposited
with the ACS Microfilm Depository Service.

CONCLUSION

The presence of methane in carbon dioxide~hydrocarbon
multicomponent systems has a marked influence on the solu-
blhty behavior of solid carbon dioxide. For a system contain-
ing only condensable hydrocarbons, the solubility can be com-
puted as the molal average of binary solubility limits, but all
systems containing methane show approximately quadratic
deviations from this linear relationship.

The solubility of solid carbon dioxide in mixed hydrocarbon
solvents can be satisfactorily predicted with a two-parameter-
model Wilson equation with solvent-pair parameters estimated
from vapor-liquid equilibrium data of binary hydrocarbon
systems, without direct recourse to multicomponent system
data. The overall predictive accuracy obtained was = 4.0 mol
% over the entire solubility range, and ==1.0 mol % up to 10
mol 9% carbon dioxide solubility.

ACKNOWLEDGMENT

The authors are grateful to Phillips Petroleum Co. for their
donation of Research Grade hydrocarbons and to the Univer-
sity of Kansas Computation Center for allocation of computer
time for this project.

70 Journal of Chemical and Engineering Datq, Vol. 17, No. 1, 1972



REFERENCES

(1) Akers, W. W., Burns, J. F., Fairchild, W. R., Ind. Eng. Chem.,
46, 2532 (1954).
(2) Benedict, M., Webb, G. B., Rubin, L. C., J. Chem. Phys., 10,
747 (1942).
(3) Brewer, J., Kurata, F., A.I.Ch.E. J., 4, 317 (1958).
(4) Cheung, H., Zander, E. H., Chem. Eng. Progr., Symp. Ser., 64
(88), 34 (1968).
(5) Clark, A. M., Din, F., Discuss. Faraday Soc., 15, 202 (1953).
(6) Davis, J. A., Rodewald, N., Kurata, F., A.I.Ch.E. J., 8, 537
(1962).
(7) Din, F., “Thermodynamic Functions of Gases,”” Vol. 1, p 110,
Butterworths, London, 1956.
(8) Donnelly, H. G., Katz, D. L., Ind. Eng. Chem., 46, 511 (1954).
(9) Ellington, R. T., Eakin, B. E., Parent, J. D., Gami, D. C,,
Bloomer, O. T., “Thermodynamic and Transport Properties
of Gases, Liquids and Solids,” p 180, The American Society
of Mechanical Engineers, New York, N.Y., 1959.
(10) Eucken, A., Hauck, F., Z. Phys. Chem., 134, 161 (1928).
(11) Giaque, W. F., Egan, C. J., J. Chem. Phys., 5, 45 (1937).
(12) Im, U. K., PhD Thesis, University of Kansas, Lawrence,
Kan., 1970.
(13) Jensen, R. H., 1bid., 1969.
(14) Kurata, F., Swift, G. W., unpublished data, bid., 1968.
(15) Matschke, D, E., Thodos, G., J. Chem. Eng. Data, 7, 232
(1962).

(16) Price, A. R., Kobayashi, R., 7bid., 4, 40 (1959).

(17) Roberts, L. R., Wang, R. H., Azarnoosh, A., Mcketta, J. J,,
ibid., 7, 484 (1962).

(18) Rossini, F. D., Pitzer, K. S., Arnett, R. L., Braun, R. M,,
Pimentel, G. C., “‘Selected Values of Physical and Thermody-
namic Properties of Hydrocarbons and Related Compounds,”
p 287, Carnegie Press, Pittsburgh, Pa., 1958.

(19) Timmermans, J., “Physico-Chemical Constants of Pure
Organic Compounds,” p 30, Elsevier, New York, N.Y., 1950.

(20) Wolberg, J. R., “Prediction Analysis,”” p 75, Van Nostrand,
Princeton, N.J., 1967,

(21) Wilson, G. M., J. Amer. Chem. Soc., 76, 127 (1964).

(22) Prausnitz, J. M., Eckert, C. A,, Orye, R. V., O'Connel, J. P,
“Computer Calculations for Multicomponent Vapor-Liquid
Equilibria,” p 75, Prentice-Hall, Englewood Cliffs, N.J., 1967.

REcEIvED for review March 24, 1971. Accepted August 21, 1971.
This project was financially supported by National Science Foun-
dation Grant GK-4193. A detailled presentation of the correlation
between the experimental solubility data obtained in this work and
the Wilson equation plus Tables 5 and 6 will appear following these
pages in the microfilm edition of this volume of the Journal. Single
copies may be obtained from the Business Operations Department,
American Chemical Society, 1155 16th St., N.W., Washington,
D.C. 20036. Refer to author, title of article, volume, and page
number. Remit by check or money order $4.00 for photocopy or
$2.00 for microfiche.

Thermodynamic Excess Property Measurements
for Acetonitrile—-Benzene—n-Heptane System at 45°C
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Vapor-liquid equilibrium, excess enthalpy, and excess volume data for the acetoni-

trile-benzene-n-heptane system at 45°C are reported.

The vapor-liquid equilibrium

measurements cover the three binaries, the ternary solubility envelope, and the misci-

ble ternary region.

A static equilibrium cell was used, and the phase compositions

were obtained by gas-liquid chromatography. The excess enthalpy and excess vol-

ume measurements cover only the binaries.
ter was used for the enthalpy measurements.

sure the excess volume directly.

The development of suitable equations for correlating the
thermodynamic properties of partially miscible multicomponent
systems has been hampered by a lack of experimental data.
Consequently, a long-range program is under way to supply the
needed data for a number of partially miscible ternary systems.
To date, binary and ternary vapor-liquid equilibrium data have
been reported for the sulfur dioxide—~pentane~benzene system at
—17.8°C (1).

Data have now been measured for the partially miscible
acetonitrile-benzene-n-heptane system at 45°C. Included are
vapor-liquid equilibrium (GE) data for the three binary mixtures
and for 31 pointsin the ternary region. Eighteen of the ternary
points are vapor-liquid-liquid equilibria that produce nine tis
lines. Excess enthalpy (HZ) and excess volume (VZ) data are
also presented for the three binary mixtures. The new binary
data compare favorably with literature data on the same sys-
tems, and the binary and ternary vapor-liquid equilibrium data

! Present address, Research and Development Department,
Amoco Chemicals Corp., Box 400, Naperville, Ill. 60540. To whom
correspondence should be addressed.

A Tronac isothermal titration calorime-
Glass dilatometers were used to mea-

are thermodynamically consistent. Mutual thermodynamic
consistency of G# and H# data has also been tested with the
Gibbs-Helmholtz equation.

EXPERIMENTAL

The acetonitrile and benzene were obtained from Fisher
Scientific Co. and the n-heptane from Phillips Petroleum Co.
Analysis by gas-liquid chromatography showed the following
ratios of impurity areas to total summed areas of the chromato-
grams: acetonitrile, 0.19},, benzene, 0.04%; n-heptane, 0.11%,.
Hence, all three compounds were used as received without fur-
ther purification.

Vapor-Liquid Equilibrium. Figure 1 shows the equipment
for the vapor-liquid and the vapor-liquid-liquid equilibrium
measurements. The static equilibrium cell has been
described previously (Z). The water bath was maintained at
45°C by a Haake Unitherm Controller, Model A, sensitive to
0.01°C. Absolute bath temperature was measured with a NBS
calibrated thermometer having 1/10°C divisions. Tempera-
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