
could take place through these liquid filled capillaries, 
yielding an  over-all flux of propane far in excess of that  
which might be anticipated on a basis of its average 
concentration in the plug as a whole. Furthermore, 
capillaries filled with liquid propane would not be readily 
accessible to carbon dioxide, so that the transport rate of 
carbon dioxide would be correspondingly reduced. 

Data of Kammermeyer and Wyrick showed that the 
apparent surface diffusivities for propane increased rapidly 
with average pressure a t  -5” and 12” C . ,  which could 
be explained by capillary transport. However, even such 
a seemingly plausible explanation must be treated with 
caution, as permeability data for ammonia on porous glass 
(7) showed that the permeabilities decreased from peak 
values when condensation conditions were approached. 

LITERATURE CITED 
(1) Brubaker, D.W., Kammermeyer, K., “Separations in the 

Gaseous Phase by Means of Porous Membranes,” Proc. 1953 
Conf. on Nuclear Eng., Univ. of Calif., Berkeley, F-27. 

(2) Carman, P.C., “Flow of Gases through Porous Media,” 
pp. 108-22, Academic Press, New York, 1956. 

(3) “Chemical Engineers’ Handbook,” J.H. Perry, ed., 3rd ed., 
pp. 149, 163,254,274, McGraw-Hill, New York, 1950. 

(4) Gilliland, E.R., Baddour, R.F., Russell, J.L., A.I.Ch.E. 
Journal 4,90 (1958). 

(5) Hagerbaumer, D.H., Kammermeyer, K., Chem. Eng. Pmgr. 

Symp. Ser. No. 10, Collected Research Papers for 1954, 

(6) Huckins, H.E., Kammermeyer, K., Chem. Eng. Prugr. 49, 

(7) Kammermeyer, K., Chem. Eng. Prugr. Symp. Ser. No. 24, 

(8) Kammermeyer, K., Wyrick, D.D., Ind .  Eng. Chem. 50, 
1309 (1958). 

(9) Lewis, W.K., Gilliland, E.R., Chertow, B., Cadogan, W.P., 
Ibid., 42, 1326 (1950). 

(10) Lydersen, A.L., Greenkorn, R.A., Hougen, O.A., “Report 4, 
Generalized Thermodynamic Properties of Pure Fluids,” 
Engineering Experiment Station, Univ. of Wisconsin, 
Madison, Wis., 1955. 

(11) Lyon, L.L., Crocker, G.R., Heldman, M.J., Fisher, J., 
“Surface Areas of Finely Divided Materials,” Rept. 
COO-142, Univ. of Wichita Foundation for Industrial 
Research, Wichita, Kan., 1953. 

(12) Maxwell, J.B., “Data Book on Hydrocarbons,” p. 62, Van 
Nostrand, New York, 1950. 

(13) Michaels, AS. ,  Barrie, J.A., Mass Inst. Technol., Cambridge, 
Mass., unpublished communication, Sept. 12, 1961. 

(14) Nordberg, M.E., J .  Am. Chem. SOC. 27, No. 10, 299 (1944). 
(15) Polanyi, M., Verhandl. deut. physik. Ges. 16, 1012 (1914). 
(16) Rutz, L.O., Graham, J.B., Kammermeyer, K., J. CHEM. 

ENG. DATA 4.307 (1959). 
(17) Rutz, L.O., Kammermeyer, K., U. S. At. Energy Comm. 

(Unclassified) Rept. 3921, Office of Tech. Services, Dept. of 
Commerce, Washington 25, D. C., 1958. 

RECEIVED for review August 8, 1961. Accepted December 1, 1961. 
Work sponsored by the National Science Foundation. 

50,25-44 (1954). 

180,294 (1953). 

55,115-25 (1959). 

Extraction of Benzene with Di- 
and Triethylene Glycols 

HAROLD L. GRAHAM 
Chemical Engineering Department, Vanderbilt University, Nashville, Tenn. 

THE UDEX SYSTEM ( 2 , s )  for recovery of aromatics 
from mixtures of aromatics and saturates by solvent 
extraction normally requires a mixture of diethylene glycol 
and water as the solvent. The extraction column and 
stripper for recovery of solvent from the extract stream are 
usually operated between 250” and 300” F. The only equilib- 
rium data available for this aqueous system were taken a t  
temperatures of 257“ F. and below (1). The present work 
presents equilibrium data at 250” and 300” F. for both 
diethylene and triethylene glycol with two different water 
concentrations. 

MATERIALS 

The equilibrium curves were determined from tie line 
data and cloud point measurements. In  each case the phases 
were contacted in a high pressure bomb previously designed 
and built for this purpose. The bombs were built of stainless 
steel with sight glasses fitted on opposite sides so that i t  was 
possible to observe the contents a t  all times. A stirrer was 
built into the bomb and was actuated with a solenoid coil. 

The bomb was equipped with three 0.125-inch stainless steel 
sampling or charging tubes. One went to the bottom, one 
went to approximately the middle, and one went to the top 
of the mixing chamber. 

The desired temperatures were obtained by immersion in 
a constant temperature oil bath of Dow Corning 550 fluid. 
A thermowell was built into the bomb to facilitate tempera- 
ture measurement of the fluids being contacted. The tem- 
perature was determined with a portable precision 
potentiometer, using an  iron-constantan thermocouple. 

EXPERIMENTAL PROCEDURES 
The components were all charged to the bomb through 

the tube that went to the bottom of the chamber. The bomb 
was washed with distilled water and then acetone, dried 
with air, and then evacuated. The glycol phase was charged 
first, the saturate phase second, and the benzene last, in an  
effort to minimize any liquid holdup on the tube walls. In  
every case a sample bottle was tared, the liquid was 
introduced into the bottle, and it was weighed again. The 
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liquid was then charged to the bomb and the sample bottle 
weighed so that the amount of liquid charged could be 
determined by the difference in weights before and after 
charging. The balance weighed to the nearest 0.1 gram, and 
it was possible to estimate the next place past the decimal. 
A sample weight of approximately 165 grams was used 
each time. 

The bomb was placed in the constant temperature bath. 
The liquids were blanketed with nitrogen a t  100 p.s.i. gage 
to keep them from boiling. The vapor space was small with 
respect to the capacity of the mixing chamber. The phases 
were mixed periodically as the temperature approached the 
desired point. The phases were stirred vigorously when the 
desired temperature was attained in order to bring them to 
complete equilibrium. 

The samples were removed from the bomb through a 
0.188-inch stainless steel tube which acted as an air-cooled 
condenser. A hypodermic needle was attached to this 
condenser by a small piece of surgical rubber tubing. This 
made it possible to introduce the samples into glass sample 
tubes. (The tubes were 5-mm. O.D., standard wall, boro- 
silicate glass.) These tubes were immediately placed in 
beakers containing dry ice. As soon as the samples were 
frozen, the tip of each sample tube was heat-sealed to 
prevent any possibility of sample loss. These samples were 
analyzed by nuclear magnetic resonance (NMR) . Duplicate 
samples were taken each time to check the precision of the 
analysis. The accuracy could be checked by material 
balance when the phases had been analyzed. 

Cloud point measurements were made to determine the 
location of the equilibrium curve for those portions of the 
curve that were very hard to obtain by tie line data. The 
phases were charged to the bomb as before, but a constant 
visual check was maintained on the contents of the bomb as 
the temperature was raised. A temperature reading was 
taken when the cloud disappeared. The temperature was 
then lowered, and a visual check maintained on the contents 
of the bomb. A temperature reading was taken when the 
cloud appeared. The temperatures were never more than 
1" F. apart and usually no more than 0.330° F. apart, An 
average of these two temperature readings was taken as the 
cloud point. 

These data were taken in such a manner as to permit 
interpolation of cloud point data between the extreme 
temperatures. Data were also taken using mixtures that did 
not contain saturates. This defines the upper temperature 
a t  which the ternary diagram will be of Type 11, since this 
temperature and the critical solution temperature of the 
solvent and benzene are precisely the same. 

ANALYTICAL TECHNIQUES 

All equilibrium samples from the single-stage extractions 
in the laboratory were analyzed by nuclear magnetic 
resonance. NMR is normally used for structural identifi- 
cations and for functional group analyses. In  this case, 
however, NMR separated the samples into a ternary system 
of saturates, aromatics, and glycol solvent. Because of a 
fortuitous set of circumstances the glycol and water come 
out in the same place on the spectral curve. They could be 
separated, if desired, by ratioing the height of the OH peak 
of the spectral curve with the main peak of the glycol water 
curve and then backing the water out of the calculation. 
To  the author's knowledge, this is the first time that N M R  
has been used as a routine analytical tool for this type of 
analysis. 

All analyses were reported by NMR as mole per cent 
hydrogen. This necessitates knowing the weight per cent 
hydrogen in each component (saturates, solvent, benzene), 
if data are to be reported in weight per cent. It is a fairly 
easy matter when pure components are used. 

Refractive indices of pure components were as follows: 

Component n% 
Diethylene glycol 1.4474 
Triethylene glycol 1.4560 
n-Heptane 1.3878 
Benzene 1.5010 

Since all samples were taken a t  temperatures of 250" and 
300" F., they separated into two phases when they were 
cooled to  room temperature. Each phase was measured for 
volume, analyzed, and then recombined with the assump- 
tion of additive volumes. The material balances on the tie 
line samples showed this assumption to be a reasonable one. 

DISCUSSION OF RESULTS 

Figure 1 is a plot of selectivity, 6, us. the weight per cent 
of benzene in the glycol phase on a wet basis. Selectivity is 
defined as follows: 

benzene in glycol phase/ benzene in hydrocarbon phase 
saturates in glycol phaseisaturates in hydrocarbon phase 

p = 

w w  in in200 I I I I I I , ,  4' IS DISTRIBUTED IN ALL CASES 
a a  
7 7  I 

Figure 1. Plot of selectivity for triethylene glycol 
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Figure 2. Plot of selectivity for diethylene glycol 
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Figure 4. Comparison of 
solvents 3 and 4 

This plot deals with triethylene glycol. Some rather 
unexpected results were observed. When the solvent was 
7.71 weight 7 water and 92.29 weight % triethylene glycol, 
the selectivity decreased gradually with an increase in the 
amount of benzene in the glycol phase. The selectivity also 
decreases with increasing temperature. When the solvent 
was 13.00 weight %;o water and 87.00 weight % triethylene 
glycol, the selectivity decreased rapidly with increasing 
concentration of benzene in the glycol phase. In this case, 
selectivity increased with increasing temperature. At high 
concentration of benzene, the selectivity was greater when 
using the solvent with the least amount of water. 

Figure 2 should give the same information for the diethyl- 
ene glycol-water solvent that  the previous figure did for the 
triethylene glycol-water solvent. The concentration of the 
saturates in the glycol phase was so low with this solvent 
that  an absolute variation of even a small fraction of 1% 
would have a tremendous effect on the value of the 
selectivity. Since there was so much scatter in the data, no 
attempt was made to draw curves through the data points. 
Instead, all the data were fitted to straight lines by the 
method of least squares and these are the lines presented in 
Figure 2. These data are still so poor that only a general 
statement may be made about them. The same general 
trend as in Figure 1 was evident in Figure 2. There seems 
to be very little difference in the absolute value of the 
selectivity of the two systems. Perhaps there is a slight 
selectivity advantage for the diethylene glycol systems, if 
any trust can be placed in the curves of Figure 2. 

LAYER 

310 --I I 

LL 290 

g 280 
3 

a 
W c 
I /+/- 

250-  

240- 

2301 I I 
220L 210 0 10 20 30 40 50 60 70 80 90 I( 

WT. % SOLVENT 
3 

Figure 5. Benzene-mixed solvent system 

Figure 7. Tie line data for benzene 
where the saturate is n-heptane Figure 6. Equilibrium curve 

A. Solvent 1 
8. Solvent 2 
C. Solvent 3 
D. Solvent 4 

A. n-Heptane 
B .  Solvent 1 
C. Benzene 
Temperature. 300' F. 

Figure 3 deals with the comparison of solvent power 
among the various combinations of triethylene glycol, 
water, n-heptane, benzene, and temperature. In every case 
the solvent power increased with increasing temperature. 
Increasing the water concentration in the solvent always 
decreased the solvent power. The solvent power is greater 
a t  300" F. when the solvent is 13.00 weight 70 water, than 
a t  250" F., when the solvent is 7.71 weight 70 water. 

Figure 4 presents the same comparison for the diethylene 
glycol. The same observations may be made for this plot as 
for the previous one. The same comparisons may be made 
with the triangular plots, although many times the results 
are not so apparent. 

Equilibrium curves are presented with the mixtures 
treated as ternary systems in Figures 5 to 7. These figures 
include plots of tie line data and cloud point data. The data 
for all these figures are tabulated in Tables I and 11. The 
solvents used in the determination of these data were 
mixtures of diethylene glycol and water and mixtures of 
triethylene glycol and water. These mixtures were treated 
as single components on the equilibrium plots. 
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Table I. Single Stage Extraction Data 

Solvent, n-Heptane, Benzene, Temp., 
Wt. 7 c  wi. 7' Wt. % 

Solvent 1. 92.29 Wt. % Triethylene Glycol, 
7.71 Wt. %Water 

95.01 1.27 3.72 
1.59 80.42 17.99 

16.68 
99.44 
0.00 

95.96 
0.00 

92.76 
0.00 

90.99 
0.45 

84.62 
4.00 

82.48 
4.83 

67.19 
14.56 

97.68 
0.00 

92.91 
0.00 

91.23 
0.00 

95.54 
0.00 

89.67 
0.00 

87.08 
0.67 

96.24 
0.39 

92.11 
0.00 

86.53 
0.00 

97.20 
0.00 

91.89 
0.00 

89.10 
0.00 

16.41 66.91 
0.56 0.00 

100.00 0.00 
0.86 3.18 

82.57 17.43 
1.19 6.06 

65.34 34.66 
0.79 8.23 

50.87 48.70 
1.33 14.10 

33.79 62.20 
1.08 16.45 

27.08 68.00 
1.35 31.46 
6.89 78.56 

Solvent 2. 87.00 Wt. "70 Triethylene Glycol, 
13.00 Wt. % Water 

32.66 67.35 
0.82 3.65 

82.50 17.50 
1.42 8.91 

51.48 48.52 
1.37 11.55 

39.96 59.37 
Solvent 3. 92.29 Wt. % Diethylene Glycol, 

7.71 Wt. 7' Water 

0.55 2.25 
83.87 16.13 

1.06 7.06 
59.60 40.40 

0.60 10.30 
41.46 58.54 

Solvent 4. 87.00 Wt. % Diethylene Glycol, 
13.00 Wt. %Water 

96.80 0.83 2.38 
0.00 84.86 15.14 

94.37 0.92 4.72 
0.00 60.19 39.81 

90.42 0.65 8.94 
0.00 44.19 55.81 

97.81 0.15 2.04 
0.00 84.66 15.34 

95.24 0.50 4.26 
0.00 

94.14 
0.00 

57.81 42.19 
0.31 5.55 

39.82 60.18 

o F. 

300 
300 
300 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 

250 
250 
250 
250 
250 
250 
300 
300 
300 
300 
300 
300 

300 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
250 

300 
300 
300 
300 
300 
300 
250 
250 
250 
250 
250 
250 

Table II. Cloud Point Data 

Benzene, n-Heptane, Solvent, Temp., 
Wt. 7' Wt. Lib Wt. % O F .  

Solvent 1. 92.29 Wt. % Triethylene Glycol, 
7.71 Wt. 70 Water 

68.05 11.94 20.01 296.9 
72.93 12.84 14.23 277.3 
75.91 
78.96 
73.85 
68.04 
75.27 
63.08 
62.16 
45.12 
45.04 
65.21 
55.07 
79.93 
77.48 

13.37 
13.92 
17.03 
15.68 
17.32 
26.96 
26.46 

5.10 
0.00 
0.00 
0.00 
0.00 
0.00 

10.72 
7.12 
9.12 

16.28 
7.41 
9.96 

11.40 
49.77 
54.96 
34.79 
44.93 
20.07 
22.52 

259.0 
205.0 
259.3 
294.7 
235.0 
279.0 
304.3 
298.0 
244.3 
250.3 
247.0 
248.7 
250.7 

64.97 11.02 24.01 304.5 
70.94 
72.29 

2.88 
1.06 

26.18 
26.65 

. . ~ .  

267.0 
257.8 

Solvent 2. 87.00 Wt. "70 Triethylene Glycol, 
13.00 Wt. % Water 

77.44 0.00 22.56 293.7 ~- .. 
70.01 0.00 29.99 299.3 
65.02 0.00 34.98 300.5 
60.02 0.00 39.98 298.7 
49.98 0.00 50.02 293.3 
30.00 0.00 70.00 259.3 
24.98 0.00 75.02 239.5 
89.94 0.00 10.06 258.4 

Solvent 3. 92.29 Wt. % Diethylene Glycol, 
7.71 Wt. 70 Water 

79.98 0.00 20.02 282.0 
90.00 0.00 10.00 249.7 
74.98 0.00 25.02 290.3 
70.00 0.00 30.00 294.2 
55.00 0.00 45.00 293.0 
60.00 0.00 40.00 293.5 
40.01 0.00 59.99 285.6 
25.00 0.00 75.00 242.4 
32.00 0.00 68.00 268.6 
66.41 5.14 28.44 314.5 
66.99 16.54 16.47 329.6 
74.93 12.55 12.52 298.6 
86.88 6.56 6.56 231.7 

Solvent 4. 87.00 Wt. % Diethylene Glycol, 
13.00 Wt. 7 Water 

79.99 0.00 20.01 312.2 
94.85 0.00 5.15 222.5 
90.00 0.00 10.00 268.3 
20.02 
30.02 
15.05 

~ ~~ 

0.00 79.98 258.8 
0.00 69.98 304.7 
0.00 84.95 225.8 
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