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Flgure 3. K values (eq 3) vs. number of carbon atoms, N .  

refracthre indices and higher than 0.998 for the densities. The 
empirical equation of Eykman ( 7 ,  3), eq 3, offers an accurate 

(3) 
n D 2 -  1 1 

no + 0.4 p 
- = K  

way not only to check the accuracy of experimental densities 
and refractive indices but also to calculate one from the other. 

n, is the refractive index, p the density at the same tempera- 
ture, and K a constant. Eykman stated that the constant K is 
independent of temperature, and this fact was also observed 
in this work, the average deviation between the K values for 
any alcohol always being smaller than f0.0004 unit. The 
values found for this constant at each temperature initialy in- 
crease faster than the number of carbon atoms (N) of the 
alcohol, and then more slowly than N increases. Figure 3 
shows the representation of the K values vs. N ,  where it can 
be seen that the theoretical line joining the calculated points 
corresponds approximately to a logarithmic-type equation. 

Glossary 

a,  b parameters of eq 1 
A ,  B parameters of eq 2 
K constant of Eykman equation 
N number of carbon atoms 
nD refractive index 
t temperature, OC 
P density, g ~ m - ~  
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Adsorption of a Gaseous Mixture of Ethylene and Propylene on a 
Carbon Molecular Sieve 

Tomoko Nakahara,’ MRsuho Hlrata, and Hlsashl Mor1 
Department of Industrlal Chemism, Faculty of Technology, Tokyo Metropolitan University, 
Fukaza wa, Setagaya-ku, Tokyo 158, Japan 

The adsorption of a binary gaseous mixture of ethylene 
and propylene on the carbon molecular deve MSC-IA was 
measured at temperatures of 1.7, 30, and 50 OC and at a 
pressure of 100 mmHg. The strong rdectivHy for 
propylene from mixtures was observed as in the case of 
the mixture of ethane and propane. The prodlctlon 
calculation pro8ont.d by Suwanayuen and Danner was 

isotherms of pure components, as previously reported for the 
system of ethane-propane-carbon molecular sieve (MSC-SA) 
( 7 ) .  In this paper, the adsorption equilibria for the system of 
ethylene-propylene-MSC-5A was measured at temperatures 
of 1.7, 30, and 50 O C  at a pressure of 100 mmHg. The ex- 
perimental results were compared with the predicted values 
from the Suwanayued-Danner method (4, 5). 

Experimental Section 

The apparatus for the measurement of adsorption is quite 
similar to the one previously reported ( 7 )  except for the fact 
that the pressure was measured by an electric pressure gage 
(Baratron 221A-1000) wlth a digital and anakqe milliioltmeter 

applied to this system. The agreement between the 
experimental and cakulatd values was not satidactory 
except for the total amount of adsorption. 

The adsorption of a binary gaseoos mlxtue on a microporous 
adsorbent often devlates from the predicted values that use the 

0021-9568/82/1727-0317$01.25/0 0 1982 American Chemical Soclety 



310 Jocrmal of Chemkxl and Engkreertns Date, Vd. 27, No. 3, 1982 

I I I I 

00 8 STOPCOCK - CAPILLARY 
TUBING 

14 

fl EXPTL, -3- - * 1.7.C 30 5 0  

U 1 I I I I I I 
5 10 50 100 1000 

PRESSURE l”Hg 1 

2. Adsorptkn Isotherms of ethylene on MSC*BA. 

(Figwe 1). This pressure gage, which has an intrinsic dead 
volume of 20 mL, was connected to the adsorbtion tube with 
a capillary tube (1.d. = 2 mm) which was 80 cm long. The 
diffusing rate of gases through the capillary tube of tMs length 
was low. However, because of the considerable time (20 h) 
needed to obtain equllibrlum, the dmwred amount of gas could 
not be neglected. In  order to avoid the heterogeneity of the 
gaseous mixtue in the adsorption tube and in the gage, stop- 
cock A was closed during the adsorption process and was 
opened only for the pressure reading. The composition in the 
dead volume of the gage and in the capillary tube of the right 
side of stopcock A was regarded as havlng the same compo- 
skion as that of the inlet gas. I t  should be noted that the 
pressure appearing on the miillvoltmeter decreased by 0.3 
mmHg per 1 OC Increase h temperature, because the tran- 
sistors used in the Baratron gage have their own thermal 
characterietks. 

fhe physical properties of the carbon molecular sieve 
MSCdA used In this work were reported etsewhere (2). The 
adsorbent was renewed at each run. Since thk carbon mo- 
iecular she,  after bdng crushed and sbvedinto 28-46 mesh, 
can be degraded in the open air, it was separated into small 
glass cepsules for each usage. They were seeled under vac- 
uum after being degassed. The pwities of ethylene and pro- 
pylene were both 99.7 mol %. The experimental and calcu- 
lation methods for determining the edsorbed amount of each 
component were the same as those in the prevbus work ( 1 ) .  
Theadsorptkn bthmns forthe pure compo“ were mea- 
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Flguro 3. Adsorption Isotherms of propylene on MSC-5A. 
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nguro 4. Total amount adsorbed for ethylene-propylene-MSC-5A. 
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Flgure 5. Adsorbed amount of ethybne at 30 OC. 

sured with an electric balance (Cahn RG-HV), and the eqdib- 
rium pressure was read with a mercury manometer. 

R W t b  

Table I and Figures 2 and 3 show the adsorption isotherms 
for ethylene and prowkne on MSC-SA at 1.7.30, and 50 “C. 
Table I1 shows the adsorption equilibrium data for a binary 
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Table I. Adsorption Isotherms for Pure Ethylene and Ropylene 
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Fburo 6. Adsorbed amount of propylene at 30 "C. 
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Flguro 7. X-Y diagram for ethylene-propylene-MSC.5A at 30 "C. 

gaseous mixture of ethylene and propylene on MSC-SA. The 
total amount of adsorption at 30 O C  was plotted against the 
mole fraction of ethylene in the gaseous phase (Figure 4). The 
adsorptlon amounts of each component at 30 O C  shown in 
Figures 5 and 6, together with the isotherms of the pure com- 
ponents. Flgure 7 shows the X-Y dlagram at 30 OC. 
The prediction calculation presented by Suwanayuen and 

Danner (4, 5) requires the isotherms of pure components to 
be represented by Margules' two-suffk equation or by Wilson's 
equation. We applied the former, which is expressed by eq 1. 

The three constants b,, n,", and W,, in this equatlon can be 
obtained from the experimental data. Henry's constant b, was 
obtained by the deflnltkn b, Hmp-.&n,"lP) using the graphical 
method. The amount adsorbed at infinite pressure was con- 
sidered to be independent of the temperature as Suwanayuen 
and Danner have suggested. Thls hypothesis was true in the 
case of the ahrptkm of ethylene where the surface coverages 
8,at 1.7, 30, and 50 OC at 100 mmHg were quite low at 0.590, 

1.7 "C 30.0 "C 50.0 "C 

amount amount amount 
adsorbed, adsorbed, adsorbed, 

press., mg/(g press., mg/@ press., mg/Ce 
mmHg ofad)= mmHg ofad) mmHg ofac 

Ethylene, Run 1 
7.8 25.28 5.0 10.39 5.7 6.04 
21.1 36.93 10.0 14.70 13.6 10.21 
41.3 39.57 21.7 21.16 30.2 16.76 
69.7 48.98 42.3 28.46 44.8 21.09 
122.0 60.89 88.8 37.45 65.2 25.18 
187.8 65.07 171.5 46.71 93.9 30.12 
240.8 68.37 175.6 38.02 

244.1 42.91 
Ethylene, Run 2 

7.4 23.84 7.9 12.95 8.7 8.36 
19.2 34.80 16.5 18.90 20.4 14.07 
36.9 43.08 29.3 23.91 37.3 19.02 
58.7 48.97 50.9 31.47 68.0 25.76 
94.6 55.69 89.4 37.33 98.1 30.41 
155.0 61.77 135.1 43.66 139.9 36.67 
227.3 66.10 180.1 47.06 175.7 40.18 
250.1 67.94 208.3 42.74 

Propylene, Run 1 
5.7 78.14 6.6 56.62 7.2 42.57 
13.8 87.33 11.3 63.78 21.7 57.92 
32.6 94.76 16.9 68.50 38.8 65.13 
62.5 99.84 35.1 77.24 58.1 70.60 
111.5 104.42 58.1 82.66 82.7 74.20 
163.7 106.16 85.3 86.06 115.4 77.58 
227.6 107.64 113.2 88.77 164.5 82.34 
259.3 110.73 166.7 91.92 255.3 86.42 

Propylene, Run 2 
6.0 79.28 6.0 54.06 5.5 42.44 
20.6 91.95 10.3 60.93 13.6 53.12 
46.2 98.83 20.8 70.03 25.7 61.44 
71.4 101.67 30.6 74.47 36.3 66.28 
113.4 105.38 50.3 79.63 55.4 70.75 
174.9 106.69 68.3 82.96 93.0 76.33 
211.3 108.99 104.8 86.60 127.1 80.43 
281.2 117.17 148.8 89.73 158.0 82.66 

172.8 91.05 211.0 85.14 
a ad = adsorbent. 

0.405, and 0.323, respectively. I n  these cases the amount 
adsorbed at P = QD was not sensltive to the isotherm. The 
value of n," for ethylene was therefore obtained from the 
crossing point of the three isotherms as shown in Figure 2. The 
surface coverages of propylene at 1.7, 30, and 50 O C  at a 
pressure of 100 mmHg were as much as 0.89 - 0.95. 
Therefore, the small difference of n," caused the large error 
in the calculated isotherm. The value of n," could be consid- 
ered as a temperaturedependent value like liquid density ac- 
cording to the volume-tiling theory whlch states that the a b  
sorbed gases or vapors in the micropores condense Ike wqu#s. 
The saturation adsorptlon for propylene was therefore defined 
for each temperature, and this improved considerably the 
agreement between the calculated and experknentai isotherms. 
The ratios of n," of propylene at 30 and 50 OC to the one at 
1.7 O C  were 0.87 and 0.80, respectively. These values were 
quite close to the ratios of the saturated-liquid densities of 
propylene at the same temperatures, which were 0.90 and 
0.82, respectively. The liquid densities used here were calcu- 
lated by the Qunn-Yamada method (3). 

Margules' two-suffix parameter W,, was calculated by the 
regression analysis of the experimental isotherm. The caiuc- 
lated constants are listed in Table 111, and the calculated Iso- 
therms using these values are shownn in Figures 2 and 3. The 
predktion calcukitkns for adsorption equilibria with these values 
were done following the procedure presented by Suwanayuen 
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Table 11. Adsorption Equilibrium Data for the Ethylene (1)-Propylene (2)-MSG5A System 

adsorbed amount adsorbed amount 
of ethylene of propylene total amount adsorbed 

"C mmHg (g of ad)" (g of ad) (g of ad) & of ad) (g of ad) (g of ad) 
1.7 97.6 0.062 1.75 2.412 

temp, press., mmol/ mgl mmol/ mi?/ mmol/ mg/ 
XI y ,  

101.29 
101.3 
99.3 
97.7 

100.8 
99.9 

100.6 
100.2 
99.9 
99.7 

103.6 
30.0 101.0 

102.2 
97.8 
99.9 

101.5 
101.2 
101.7 
100.6 

50.0 100.7 
101.3 
101.2 
100.4 
100.9 
105.1 
100.8 
103.9 
103.2 
100.6 

0.098 
0.138 
0.114 
0.111 
0.139 
0.165 
0.257 
0.25 1 
0.522 
1.588 
0.07 1 
0.086 
0.093 
0.076 
0.115 
0.130 
0.259 
0.629 
0.018 
0.052 
0.093 
0.043 
0.126 
0.168 
0.167 
0.192 
0.431 
0.653 

2.73 
3.86 
3.19 
3.09 
3.89 
4.63 
7.19 
7.01 

14.62 
44.49 

1.99 
2.42 
2.61 
2.12 
3.21 
3.61 
7.24 

17.62 
1.50 
1.44 
2.59 
1.20 
3.52 
4.70 
4.68 
5.38 

12.06 
18.28 

nd = adsorbent. 

Table 111. Parameters of Adsorption Isotherm of Eq 1 

2.365 
2.279 
2.264 
2.244 
2.180 
2.190 
1.966 
2.007 
1.606 
0.576 
2.075 
2.049 
1.988 
1.931 
1.901 
1.873 
1.641 
1.041 
1.758 
1.723 
1.714 
1.616 
1.707 
1.539 
1.478 
1.431 
0.921 
0.642 

temp 9 

"C gas 

1.7 ethylene 

30.0 ethylene 

50.0 ethylene 

propylene 

propylene 

propylene 

bi, mg/ 
(g of ad. ni, mg/ 
mmHg)" (g of ad) 

- wi,, L. 
atm/ 

(g-mol) 

9.75 96.0 
110.0 109.0 

3.15 96.0 
37.0 95.0 

1.33 96.0 
17.0 87.0 

37.95 
19.02 
48.45 
17.35 
45.11 
14.27 

a ad = adsorbent. 

et al., assuming the interaction parameter between the ad- 
sorbates of the adsorbed phase, W,,, to be zero. The results 
at 30 OC are shown in Figures 4-7, where the agreements 
between estknated and experimental values are not satisfactory 
except for the total amount adsorbed in Figure 4. Putting either 
the appropriate negative or positive values into the interactlon 
parameter W I 2  skewed the X-  Y curve but did not improve the 
agreement with the experimental values. 

99.35 
95.71 
95.10 
94.25 
91.55 
91.98 
82.56 
84.3 1 
67.44 
24.16 
87.75 
86.05 
83.48 
81.10 
79.83 
78.66 
68.94 
43.72 
73.83 
72.36 
71.97 
67.86 
68.69 
64.64 
62.09 
60.12 
38.68 
26.97 

n/ - 
P 
R 
T 
wl 3 

XI 
YI 
4 

2.474 
2.463 
2.417 
2.378 
2.355 
2.319 
2.355 
2.222 
2.258 
2.128 
2.164 
2.146 
2.135 
2.081 
2.001 
2.016 
2.003 
1.900 
1.670 
1.786 
1.775 
1.806 
1.658 
1.833 
1.707 
1.645 
1.623 
1.352 
1.295 

103.04 
101.08 
99.57 
98.29 
97.34 
95.44 
96.61 
89.75 
91.32 
82.02 
68.65 
89.74 
88.47 
86.09 
83.22 
83.04 
82.30 
76.18 
6 1.83 
75.34 
73.80 
74.56 
69.06 
72.21 
69.34 
66.77 
65.50 
50.72 
45.25 

0.025 
0.040 
0.057 
0.048 
0.047 
0.060 
0.070 
0.116 
0.111 
0.245 
0.734 
0.033 
0.040 
0.045 
0.038 
0.056 
0.065 
0.136 
0.377 
0.010 
0.029 
0.05 1 
0.026 
0.069 
0.098 
0.102 
0.118 
0.319 
0.504 

0.114 
0.128 
0.181 
0.259 
0.369 
0.494 
0.549 
0.670 
0.745 
0.9 15 
0.976 
0.088 
0.112 
0.242 
0.367 
0.368 
0.476 
0.710 
0.901 
0.124 
0.245 
0.345 
0.360 
0.46 7 
0.595 
0.594 
0.708 
0.883 
0.954 

saturated amount adsorbed at infinite pressure, 

equilibrium pressure, mmHg 
gas constant, 0.082 06 L.atm/(g-mol-K) 
temperature, K 
Marguies' two-suffix parameter between the gas ( i )  

and the adsorbent (3) in the adsorbed phase, L. 
atm/g-mol 

mole fraction of component i in the adsorbed phase 
mole fraction of component i in the gaseous phase 
surface coverage 

mg/(g of adsorbent) 
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