
274 

(12) Newell, G. F. 2. Angew. Math. Phys. 1959, IO, 160. 
(13) Iwasai, H.; Kestin, J. Physica 1963, 29. 1345. 
(14) Hanley, H. J. M.; Ely. J. F. J .  Phys. Chem. Ref. Data 1973, 2, 735. 
(15) Haniey, H. J. M.; McCarty, R. D.; Haynes, W. M. J .  Phys, Chem. Ref. 

Data 1973, 2, 735. 
(16) Iwasaki, H.; Takahashi, M. Proc. 4th Conf. High Pressure, Kyoto 

J. Chem. Eng. Data 1988, 33, 274-276 

(19) Martin, J. J.; Downing, R. C. ASHRAE Trans. Part II 1970, 129. 
(20) Nishiumi, H.; Saito, S. J .  Chem. Eng. Jpn. 1965, 8 ,  356. 
(21) Sinka, V. J.; Murphy, K. P. J .  Chem. Eng. Data 1967. 12, 315. 
(22) Sinka. J. V.; Rosenthal, E.: Dixon, P. P. J. Chem. Eng. Data 1970, 

15, 73. 

1974; Physicochemical Society of Japan: Kyoto: 1974; p 523. 
(17) Michels, A.; Lunbeck, R. J.; Wolkers, G. J. Physica 1951, 17, 801. Received for review April 7, 1987. Revised February 9, 1988. Accepted 
(18) Michels, A.: Gibson, R. 0. Ann. Phys. 1926, 87,  850. March 9, 1988. We thank the Daikin Kogyo Co. for supplying the samples. 

Vapor-Liquid Equilibria in the Methane-Diethylene Glycol-Water 
System at 298.15 and 323.15 K 

Chiaki Yokoyama, * Shigeru Wakana, Gen-ichi Kaminlshi, and Shinji Takahashi 
Chemical Research Institute of Non-Aqueous Solutions, Tohoku University, Sendai 980, Japan 

The water contents of compressed methane gas In 
equlllbrlum wtth water and diethylene glycol-water 
solutions of 0.156, 0.472, and 0.662 mole fractlon water 
were measured at 298.15 and 323.15 K and pressures of 
3, 5, and 8 MPa. The solubllltles of methane In the 
diethylene glycol, water, and diethylene glycol-water 
solutlons were also mepsured under the same conditions 
of the water content measurement. The methane 
solublltty data were analyzed wlth the 
Krlchevsky-Kasarnovsky equation to obtain the Henry 
constant of methane In the diethylene glycol-water 
solutions. 

Gas dehydration plays an important part in gas purification 
processes. Diethylene glycol and triethylene glycol are effective 
gas dehydrating agents. A knowledge of the vapor-liquid 
equilibria in the gas-glycol-water system is helpful in designing 
an effective dehydration system. Takahashi et al. ( 7 )  have 
reported the vapor-liquid equilibrium data in the carbon di- 
oxide-diethylene glycol-water and carbon dioxide-triethylene 
glycol-water systems. In  this study, we measured the va- 
por-liquid equilibria in the methane-diethylene glycol-water 
system at 298.15 and 323.15 K and pressures of 3, 5, and 8 
MPa. 

Among the binary systems made up of methane, diethylene 
glycol, and water, the vapor-liquid equilibrium data for the 
methane-water system have been studied extensively. The 
solubility of methane in water was measured by Michels et al. 
(2) at temperatures from 298.15 to 423.15 K and at pressures 
up to 20 MPa, by Culberson and McKetta (3) at temperatures 
from 298 to 444 K and at pressures up to 69 MPa, and by 
O’Sullivan and Smith ( 4 )  at temperatures from 323 to 398 K 
and at pressures up to 61 MPa. The water content in methane 
was measured by Olds et al. (5) at temperatures from 310.7 
to 510.8 K and at pressures up to 69 MPa, and by Rigby and 
Prausnitz (6) at temperatures from 298.15 to 373.15 K and at 
pressures up to 9.3 MPa. The vapor-liquid equilibria in the 
methane-water system were measured by Gillespie and Wilson 
(7) at temperatures from 323.15 to 588.7 1 K and at pressures 
up to 14 MPa. The vapor-liquid equilibria in the diethylene 
glycol-water system was measured by Jelinek et al. (8). 
Russell et al. ( 9 )  measured the vapor-liquid equilibria in the 
natural gas (94% methane)-aqueous diethylene glycol (5 wt % 
water) system at a temperature of 310.93 K and at pressures 
up to 13.8 MPa. 

Experimental Procedure 

The measurements of this study were made in a vapor re- 
circulating static apparatus. The schematic diagram is shown 

in Figure 1 .  The equilibrium cell is a 100 cm3 dual window 
model constructed by Ruska Instrument Corp. Samples were 
withdrawn from the equilibrated phases through ’/,8-in. 316 
stainless steel tubing. The bath temperature was controlled to 
within f0 .02 K with a thermistor controller and measured by 
the mercury thermometer, which was calibrated by a Leeds- 
Northrup platinum resistance thermometer with an accuracy 
0.01 K. The pressure of the cell was measured with a strain 
gauge pressure transducer calibrated periodically by a dead 
weight pressure gauge. The accuracy of the pressure mea- 
surement was estimated to be l kPa. To promote attainment 
of equilibrium, the vapor phase was circulated by means of a 
magnetic recirculation pump. The function of the pump was 
to withdraw the vapor from the top of the cell and discharge 
the vapor into the bottom of the cell. After the vapor was 
recirculated about 2 h, the vapor and liquid phases were al- 
lowed to remain stationary to ensure a complete separation of 
the phases. 

The diethylene glycol-water solutions used for the ternary 
system were prepared by adding water to diethylene glycol until 
the binary mixture reached a predetermined weight. Weighings 
were performed on a Sartorius analytical balance capable of 
precision to at least 0.1 mg. The accuracy of the determination 
of the composition was within a mole fraction of 0.0002. After 
the cell was evacuated by a vacuum pump, the solution was 
fed to the cell. Then methane was bubbled into the solution for 
30 min to saturate the solution with methane and discharge 
other light gases dissolved in the solution. After the degassing 
procedure, the final composition of the solution was checked 
by a Karl-Fisher titration apparatus but was found not to change 
appreciably. 

Methane was then added to the cell to adjust the cell pres- 
sure. The bath was heated to the desired temperature and the 
vapor was recirculated by the magnetic pump. Samples of 
each phases were withdrawn from the cell through ’/,& 
tubings, which were heated to prevent a condensation of water 
and diethylene glycol. After the contents in the sampling line 
was purged out about 1 cm3, a sample of 3-5 cm3 was with- 
drawn into a sample train and weighed with an accuracy of 0.1 
mg. 

Sample Analysls 

The methane dissolved in the liquid-phase sample was col- 
lected in a gas buret with the use of a Toepler pump. The 
volume of the gas buret was calibrated with mercury to within 
fO.O1 cm3. The details of the gas buret and Toepler pump 
were described by Arai et al. (70). The quantity of methane 
was determined from the pressure, volume, and temperature 
in the expanded state. The pressure after expansion was 

0021-9568/88/1733-0274$01.50/0 0 1988 American Chemical Society 



Journal of Chemical and Engineering Data, Vol. 33, No. 3, 1988 275 

U 

Flgure 1. Vapor-liquid equilibrium apparatus: (1) equilibrium cell; (2) 
magnetic pump; (3) heater: (4) temperature-controlled bath: (5) solution 
feed tank; (6) stirrer: (7) thermometer; (8)  strain gauge pressure 
transducer; (9) liquid sample train; (10) vapor sample train; (1 1) vacuum 
pump; (12) methane cylinder. 

Table I. Experimental Data of the Solubility of Methane in 
Diethylene Glycol-Water Solutions 

methane solubility, 
mol of CH,/lOOO g of soln 

T,  K P, MPa 1.0" 0.662" 0.427" 0.156" 0.0" 
298.15 3 0.0378 0.0457 0.0657 0.0875 0.0913 

5 0.0600 0.0712 0.106 0.145 0.159 
8 0.0901 0.107 0.158 0.214 0.240 

5 0.0440 0.0682 0.0991 0.133 0.141 
8 0.0672 0.0937 0.154 0.204 0.224 

323.15 3 0.0283 0.0392 0.0576 0.0788 0.0865 

a Mole fraction of water in the solution. 

measured by a mercury manometer to within fO.l mmHg. The 
moles of methane were determined from the virial equation of 
state truncated after the second virial coefficient and the 
pressure-volume-temperature data. The second virial coeffi- 
cient data of methane was quoted from Dymond and Smith 
( 7 7 ) .  The water content in the vapor-phase sample was de- 
termined by a Lockwood-McLorie moisture analyzer with an 
accuracy of 10 pg as determined by calibration with ethyl 
ether-water solutions. The moisture analyzer is designed to 
analyze water content with a precision down to the sub-ppm 
range and have been described by Bloch and Lifland (72).  
Areas of the resulting chromatographic peaks of the moisture 
analyzer were determined by the digital integrater. At fixed 
temperature and pressure, sampling was repeated until three 
samples taken consecutively gave water contents in agreement 
to within 1 %. I t  is estimated that all compositions were de- 
termined with an accuracy of 5 %. 

Material 

The methane was purchased from Nihon Sanso Co. Ltd., with 
a stated minimum purity of 99.9 mol YO. The distilled water was 
purchased from Wako Chemical Ltd., with a minimum purity of 
99.9 mol %.  The reagent-grade diethylene glycol was pur- 
chased from Nakarai Chemicals Ltd., with a minimum purity of 
99.0 mol YO. These chemicals were used without purification. 
The water content in the diethylene glycol was measured by the 
Karl-Fisher titration apparatus and was taken into account in 
the determination of the composition of the diethylene glycol- 
water solutions. 

Experimental Results 

The experimental data of the solubility of methane in the 
diethylene glycol-water solutions and those of the water content 
in compressed methane gas are listed in Tables I and 11, re- 
spectively. I t  can be seen from these tables that the water 

Table 11. Experimental Data of the Water Contents in 
Compressed Methane Gas in Equilibrium with Diethylene 
Glycol-Water Solutions 

water content, 
mg of H,O/g of CHI 

T ,  K P, MPa 1.0" 0.662" 0.427O 0.156O 
298.15 3 1.33 0.680 0.410 0.189 

5 0.834 0.424 0.259 0.140 
8 0.484 0.283 0.180 0.101 

323.15 3 5.04 2.82 1.72 0.598 
5 3.14 1.78 1.09 0.393 
8 2.37 1.21 0.765 0.267 

a Mole fraction of water in the solution. 

Table 111. Henry's Constant for Methane in Diethylene 
Glycol-Water Solutions 

mole fracn of Henry's 
T,  K H 2 0  in soln const, GPa 

298.15 1.00 4.12, 4.04" 
0.662 1.28 
0.427 0.624 
0.156 0.346 
0.00 0.299 

0.662 1.44 
0.427 0.748 
0.156 0.399 
0.00 0.321 

" Wilhelm et al. (15). *Crovetto et al. (16) interpolated value. 

323.15 1.00 5.51, 5.74", 5.61b 

5O 2 4 6 8 IO 12 
pressure ( M P a )  

Figure 2. Krichevsky-Kasarnovsky plot for methane-diethylene gly- 
col-water system. 

content in compressed methane gas is more affected than the 
solubility of methane by temperature, pressure, and diethylene 
glycol concentration. The present data for the water content 
in methane gas agree well with those of Rigby and Prausnitz 
(6) and Gillespie and Wilson (7 ) .  The present data for the 
solubility of methane in water agree with those of Culberson and 
McKetta ( 3 )  and Gillespie and Wilson ( 7 ) ,  while the data of 
Michels et al. ( 2 )  deviate from the present data. The Kri- 
chevsky-Kasarnovsky equation (73) was applied to obtain the 
Henry constant of methane in the diethylene glycol-water so- 
lutions. The fugacity of methane was obtained from the table 
given by Angus et al. (74). The mole fractions of the compo- 
nents in the liquid phase for the ternary system were calculated 
from the data of the solubility of methane and the feed com- 
position of the diethylene glycol-water solution. I t  should be 
a good approximation because the amounts of vaporized water 
and diethylene glycol are negligible compared with those in the 
liquid phase. Figure 2 shows the Krichevsky-Kasarnovsky plot 
for the methane-diethylene glycol-water system. Table 111 
shows the Henry constant data obtained from the Krichevsky- 
Kasarnovsky plot. The Henry constant of methane in water 
obtained in this study agreed with those of Wilhelm et al. (75)  
and Crovetto et al. (76) within experimental uncertainty. The 
uncertainty of the Henry constant data of this study is estimated 
to be 3%. 
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Registry No. Methane, 74-82-8; diethylene glycol, 11 1-46-6. 

Literature Cited 

(1) Takahashi, S; Song, K. Y.; Kobayashi, R. J. Chem. Eng. Data 1984. 
29, 23. 

(2) Michels, A.; Gerver, J.; Bijl, A. Pbysica 1938, 8, 797. 
(3) Culberson, 0. L.; McKetta, J. J. Pet. Trans. AIM€ 1951, 192, 223. 
(4) O'Sullivan, T. D.; Smith, N. 0. J .  Phys. Cbem. 1970, 74, 1460. 
(5) Olds, R. H.; Sage, 8. H.; Lacey, W. N. Ind. Eng. Chem. 1942, 3 4 ,  

1223. 
(6) Rigby, M.; Prausnitz, J. M. J. Pbys. Cbem. 1988, 72, 330. 
(7) Gillespie, P. C.; Wilson, G. M. Research Report RR-48, Gas Processors 

Association, Tulsa, OK, 1982. 
(8) Jeiinek, K.; Lesek, F.; Sivokova. M. Collect. Czech. Chem. Commun, 

1976, 4 1 ,  2650. 

(9) Russell, G. F.; Reid, L. S.; Huntington, R. L. Trans. AIChE 1945, 41, 
315. 

(10) Arai, Y.; Kaminishl, G.; Saito, S. J. Cbem. Eng. Jpn. 1971, 4, 1. 
(11) Dymond, J. H.; Smith, E. B. The Vifial Coefficients of Gases; Claren- 

don: Oxford, U.K., 1969. 
(12) Bloch, M. G.; Lifland, P. P. Chem. Eng. Prog. 1973, 69, 49. 
(13) Krichevsky, I .  R.; Kasarnovsky, J. S. J. Am. Cbem. Soc. 1935, 57, 

(14) Angus, S.; Armstrong, B.; de Reuck, K. M. International 
Thermodynamic Tables of the fluid State-5. Methane ; Pergamon: 
Oxford, U.K., 1978. 

(15) Wilhelm, E.; Battino, R.; Wilcock, R. J. Chem. Rev. 1977, 77, 219. 
(16) Crovetto, R.; Fernandez-Prini, R.; Japas, M. L. J. Chem. Phys. 1982, 

2168. 

76. 1077. 

Received for review May 1, 1987. Accepted January 20, 1988. 

Solubility of Carbon Monoxide in Aqueous Mixtures of Allyl Alcohol, 
Diethylamine, and Triethylamine 

Mirra M. Taqui Khan* and Shivappa B. Halligudi 
Homogeneous Catalysis Group, Coordination Chemistry Division, Central Salt and Marine Chemicals Research Institute, 
Bhavnagar 364 002, India 

The solubility of carbon monoxide (CO) In water-allyl 
alcohol, water-diethylamlne, and water-trlethylamlne has 
been determined In a temperature range of 343-403 K 
and at a equlllbrium CO pressure of 3.202 X l o 3  kPa. 
The values of the enthalpy change of solution and Henry's 
coefflclent have been determined. Solubillty dependence 
on temperature and concentration In the llquid phase has 
been correlated by using the equation In H = a + b / T  + 
c ( X ) ( 1 / 3 0 3 )  - ( 1 / T )  + d In (1 + X ) ,  and the values of 
constants have been calculated for each system. The 
values predlcted by uslng the above equation agreed well 
with the experlmentally determined values wlthin 3-5 % 
error. 

Introductlon 

I n  any study of the intrinsic kinetics of gas-liquid reactions, 
data on the solubility of the gas-phase reactant in the liquid 
medium are essential. I n  recent years, the study on the gas- 
liquid reactions involving CO using metal complex catalysts in 
solution has gained considerable importance ( 7 -4). Data on 
the solubility of CO particularly at higher temperatures and 
pressures are not available in the literature. The objective of 
the present work, therefore, was to determine solubility of 
carbon monoxide (CO) in different solvent mixtures involved in 
industrial carbonylation process such as carbonylation of allyl 
alcohol, diethylamine, and triethylamine (5). As the data on the 
solubility of CO in the solvent mixture, which we had studied, 
were not available in literature at the desired pressures and 
temperatures, it was decided to determine these solubilities 
experimentally. 

Experimental Section 

The solubility of a gas in a liquid at higher pressures and 
temperatures is generally obtained by taking out a known 
amount of saturated solution and measuring the dissolved gas 
in the liquid usuaHy by the volumetric method. This method was 
used to determine the solubility of CO in aqueous mixtures of 
allyl alcohol, diethylamine, and triethylamine, as this method has 
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been found to be quite accurate by many investigators (6, 7). 
The apparatus and procedure to determine the solubility of CO 
has been described elsewhere (7). Thb carbon monoxide gas 
used in our studies was obtained from BOC, U.K., and GC 
analysis shows a purity greater than 99.6%. The solvents used 
were of A.R. grade and distilled before use. The purities of the 
solvents were greater than 99.5% as checked by GC. The 
pressure autoclave (3 X m3) obtained from Parr Instru- 
ments Co., USA, was used in the investigations. 

The solubility of CO was calculated from the observed vol- 
ume of gas desorbed from a known amount of liquid withdrawn 
from the autoclave after equilibration by using the relationship 

As the solubility of the CO measured excludes the solubility of 
CO at atmospheric pressure, the following equation was used 
to obtain the actual solubility under the conditions employed to 
equilibrate the gas with the solvent. 

s =  z +  s, (2) 

I n  this equation S, is the term used for correction. 
The reproducibility of the data was also verified by conducting 

the same experiment twice and the reproducibility was within 
2-3% error. The solubility determination of CO was also 
conducted at a particular chosen pressure using a pressure 
gauge with the range (0-1.37) X IO4  kPa (0-2000 psi) and 
different temperatures, varying the liquid-phase composition. 
The errors in the measurements of P ,  V ,  Tare estimated to 
be around 3 kPa, 1 X lo-' m3, and 0.1 K respectively. 

The vapor pressures are calculated from Antoine's equation 

(3) 

where A ,  B ,  and C are Antoine's constants which were taken 
from the literature (8). Since these are predicted values, and 
previous experience shows that the equation has an accuracy 
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