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PERMEATION OF GAS MIXTURES I N  CELLULOSE ACETATE MEMBRANES 
- PRACTICAL APPROACH TO PREDICT THE PERMEATION RATE 
C02/CH4 MIXTUREa 

A.E. Fouda, T. Matsuura 
Division of Chemistry 
National Research Council 
of Canada 
Ottawa, YLA O R 6 ,  Canada 

A. Lui 
Department of Chemical 
Engineering 
University of Ottawa 
Ottawa, K1N 6 N 5 ,  Canada 

ABSTRACT 

Dry cellulose acetate reverse osmosis membranes 
of different porosities are prepared by using the 
solvent exchange method and then shrunk at various 
temperatures. 

Permeatton of single gases and gas mixtures of C o p  
and CHI, through these membranes were investigated 
at various upstream pressures up t o  2.4 MF'a. The 
permeation data of a reference gas usually helium 
was used to characterize the membrane and determine 
the f l o w  parameters which can be used to predlct 
the performance o €  that membrane in separating gas 
mixtures. The Surface Force - Pore F l o w  model 
developed in previous investigations can be used 
to predict the membrane performance us ing  the above 
met hod. 

The prediction using the characterization parameters 
of the reference gas proved to be unsatisfactory in 
most cases, since the surEace force is highly 
dependent on the interaction between the specific 
gas component in the mixture and the membrane. 
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2176 FOUDA, MATSUURA, AND LUI 

An alternative approach was used in this 
investigation, in which the permeation data of 
the gas mixture components were used to determine 
the flow model parameters and hence eliminate 
the gas-membrane interaction effects and produce 
better predictions for both the separation factor 
and flux. The results are shown for cellulose 
acetate membranes with a wide range of porosities 
which were dried using several combinations of 
solvents . 

INTRODUCTION 

Cellulose acetate reverse osmosis membranes are 
generally prepared in a water-wet condition, and various 
techniques have been tested for the removal of the water to 
dryness. Solvent exchange techniques (1-6) can he used to dry the 
membranes and at the same time t o  preserve the membrane structure 
that is critical to the separatory performance and practical use 
in the gas separation application. Since permeation of single 
gases or gas mixtures through these membranes depends on the 
history of preparation, it is important to characterize each 
membrane, using permeation data for single gases at various 
pressures. This paper deals with characterization of membranes 
based o n  a gas flow mechanism through capillary "pores" (7). The 
concept of the "pore" used in this work is defined as "any space 
between nonbonded material entities in the membrane matrix, 
through which mass transfer can take place". The equivalent 
diameter of such a pore is expressed by some distance (however 
small) greater than zero ( 8 ) .  

The permeation data of gases through porous melnbranes 
were analysed based on the contribution of (1) Knudsen flow, 
(2) slip flow, (3)  viscous flow, and ( 4 )  surface transport. The 
first three contributions are dependent mainly on the pore size 
as well as some physical parameters €or the permeated gases. So,  
it was essential to assume a pore size distribution, for example, 
the normal or log-normal distribution. 

This paper shows how to express these contributions 
mathematically using the log-normal pore size distribution and how 
t o  predict the performance of the membrane for the permeation of 
gas mixtures using the peraeation data of pure gases in the same 
membrane. 

There are, of course, other transport models which cannot be 
overlooked. Solution-diffusion model (9) and dual-made sorption 
model (10) are far the most popular. However, there has been no 
attempt so Ear to predict the membrane performance data for the 
permeation of the gas mixture using the permeation data O F  
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PERMEATION OF GAS MIXTURES 2177 

i n d i v i d u a l  p u r e  g a s e s  either by s o l u t i o n - d i f f u s i o n  o r  by dual-mode 
s o r p t i o n  model,  p a r t i c u l a r l y  when membranes i n v o l v e d  are o f  
asymmetr ic  s t r u c t u r e .  We have o b t a i n e d  s a t i s f a c t o r y  agreement  
between e x p e r i m e n t a l  pe rmea t ion  d a t a  and t h o s e  c a l c u l a t e d  by u s i n g  
o u r  model,  and t h e  p r e d i c t i o n  method i s  b r i e f l y  o u t l i n e d .  

THEORETICAL 

The b a s i c  a s sumpt ion  i n  t h e  S u r f a c e  F o r c e  - P o r e  Flow 
model is that  the e f f e c t i v e  membrane s u r f a c e  l a y e r  of  an  
asymmetr ic  po rous  c e l l u l o s e  acetate membrane is  composed O F  a 
bund le  of  c a p i l l a r y  t u h e s .  Only the p o r e s  in t h e  s k i n  l a y e r  a r e  
c o n s i d e r e d  t o  be  a c t i v e  i n  the s e p a r a t i o n  p r o c e s s .  I t  i s  assumed 
t h a t  t h e  p o r e s  are c y l i n d e r i c a l  and a t  r i g h t  a n g l e s  t o  t h e  s k i n  
l a y e r  which h a s  c o n s t a n t  t h i c k n e s s .  The t r a n s p o r t  t h rough  t h e  
membranes can  t h e n  be e x p r e s s e d  w i t h  a p p r o p r i a t e  t r a n s p o r t  
e q u a t i o n s  f o r  an  i n d i v i d u a l  c y l i n d e r i c a l  po re  hav ing  an  a v e r a g e  
r a d i u s  and an  a v e r a g e  e f f e c t i v e  po re  l e n g t h  and summed o v e r  a l l  
t h e  p o r e s  i n  the membrane a r e a ;  hence i t  i s  r e q u i r e d  t o  know t h e  
d i s t r i b u t i o n  o f  p o r e  s i z e .  Although t h e  normal d i s t r i b u t i o n  i s  
o f t e n  used t o  r e p r e s e n t  po re  s i z e ,  i t  h a s  t h e  d i s a d v a n t a g e  I F  
a l l o w i n g  n e g a t i v e  v a l u e s ,  and n e g a t i v e  p o r e  d imens ions  are c l e a r l y  
i m p o s s i b l e .  To  overcome t h i s  d i f f i c u l t y ,  t h e  log-normal 
d i s t r i b u t i o n  l a w  was adop ted  i n  t h e  p r e s e n t  m r k ,  and t h e  imre 
s i z e  d i s t r t b u t  ton can be r e p r e s e n t e d  by t h e  following  quat ti on. 

For  a s i n g l e  p o r e ,  t h e  f l o w  of  gas can be d e s c r i b e d  by 
one of  t h e  t h r e e  mechanisms, namely (1) Knudsen FLOW; ( 2 )  s l i p  
f low; (3 )  v i s c o u s  f low.  The c h o i c e  of  R s p e c i f i c  t y p e  d e p r n d s  
p r i m a r i l y  on t h e  r e l a t i v e  magn i tude  O F  t h e  po re  r a d i u s  and t h e  gas 
mean f r e e  p a t h  1. Liepmann ( 9 )  l imi ted  t h e  Knudsen f low t o  s i z e s  
where+< 0.05. S t a h l  ( L O ) ,  on t h e  o t h e r  hand, su,ggestpd a s l i p  
f l o w  mechanism i n  the ran  e of  A - 1.5 t o  50, w h i l e  v i s c o u s  f l o w  
o c c u r s  € o r  l a r g e r  s i z e s  ({ > 50$.- So w i t h  a wide po re  s i z e  
d i s t r l h u t i o n ,  one can e x p e c t  the t h r e e  mechanisms t o  o c c u r  
s i m u l t a n e o u s l y ,  bu t  to d i f f e r e n t  e x t e n t s ,  depend ing  on the 
o p e r a t i n g  c o n d i t i o n s  oE p r e s s u r e  and t e m p e r a t u r e  and t h e  g a s  under 
r t u d y .  The t > t n l  q u a n t i t y  n F  gas permea t ion  can he e s t i m a t e d  by 
c o n s i d e r i n g  each p o r e  and a p p l y i n g  t h e  r e l e v a n t  Flow e q u a t i o n  For 
gas t r a n s E e r  L'irough i t ,  t h c n  i n t e g r a t i n g  t h e  f l o w  ove r  t h e  e n t i r e  
s u r f a c e  area. 

For  a s i n g l e  c a p i l l a r y ,  P r e s e n t  (11) d e r i v e d  the 
e q u a t i o n s  f o r  Knudsen, s l i p ,  and v i s c o u s  f lows  respectively as  

3211 B lrR3bp IIR 4e A? 
qk = (-) , qS1 = -, and q v  = - ( 2 )  

9MET 6 MZ 6 8 n&T 6 
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2178 FOUDA, MATSUURA, AND LUI 

where ? is the mean speed o gas molecules and is given by 
Metz ( 1 2 )  as: 5 = ( 8 g / ~ M )  f 
The total pore f low o€ the gas ?g can be obtained by summing q k ,  
q s L  and q, over the pore size ranges applicable €or  each mechanism 
of  transport as follows: 

where N ( R ) ,  and (qk, qsl: and 4,) are represented by equations (1) 
and (2). The summation in equation ( 3 )  can be replaced by 
integration to give the following expression for the total pore 
flow of thr gas: 

where 

and the integrals I], I2 and I3 are numerical values of  integrals 
dependent on the porous structure and de€ined in detail in 
reference (16) .  

In the similar way, it can be shown ( 7 )  that the transort o f  
gas molecules under tile influence of gas polymer interaction can 
be represented by the equation: 

where I& and I5 are also numerical values of integrals dependent 
on the porous structure and defined in reference (16). By 
defining the gas permeability coefficient, AG, as the amount of 
gas permeating per second per unit area per unit pressure 
difference, and by denoting the membrane area as S, we get 

Equation (8) represents the relationship between the permeability 
coefficient Ac and the average pressure P across the membrane. 
has four parameters which can be evaluated from the permeation 
data under different operating pressures; A1 is the parameter 
related to the pore structure, A2 1s the parameter related tot he 
surface transport and R.and 0 which enable the calculation of the 
integrals 11, I*, 13, I 4  and f,. 

It 
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--/CHh. GAS PERMEATION RATE - -  
Mazid e t  a l .  (16) r e p o r t e d  i n  d e t a t l  t h e  method € o r  

c a l c u l a t i n g  t h e  t o t a l  permeation r a t e  Eor t h e  gas  mixture  from t h e  
i n d i v i d u a l  f l u x e s  of t h e  components as fol lows:  

[PR] = J1 + J2 

Ji = (AG)~(P~X-~J  - P3Xk3) 

( 9 )  
N N  

The i n d i v i d u a l  € luxes  n F  t h e  mixture  components can be w r i t t e n  a s :  

(10) 
N N 

where Xi3 ( i = l , 2 )  r e p r e s e n t s  t h e  mole f r a c t i o n  of gases  1 and 2 i n  

the permeate and can be d e f i n e d  as follows: 
N 

.T. 
- 1  xv = - 

x y  + x z 3  = 

According to Mazid 
as fol lows:  

o r  xv (J1 + J 2 >  - J L  = 0 (11) 
N N  

(12)  

et al. ( 1 3 ) ,  t h e  p r e d i c t i o n  of [PR] can be done 

(1) The niven membrane is f i r s t  c h a r a c t e r i z e d  i n  terms of  - 
(A1)He, (A2)He, R,, and (ug)He by r e g r e s s i o n  a n a l y s i s  of  t h e  
permeation d a t a .  

( 2 )  From (A2)He, v a l u e s  f o r  (A2)1 and (A2)2 a r e  c a l c u l a t e d  us ing  
the fo l lowing  equat ion  

N N 

where 0, i s  c a l l e d  t h e  r e l a t i v e  s u r f a c e  t r a n s p o r t  c o e f f i c i e n t .  

( 3 )  

N 

From EHe, va lues  f o r  K, and 8, are c a l c u l a t e d  from t h e  

e q u a t i o n  : 
N N 

where the q u a n t i t y  hi, is  c a l l e d  the  r a d i u s  c o r r e c t i o n  f a c t o r  and 
can be obta ined  from t h e  pure gases  permeation d a t a .  

(4)  

N 

C a l c u l a t e  a l l  q u a n t i t i e s  (GI)? (G2)i, ( G 3 ) &  us ing  g a s  
p r o p e r t i e s ,  and e v a l u a t e  t h e  i n t e g r a l s  (Il)& through (I5); 
us ing  t h e  v a l u e s  of Ki and ( u ~ ) ~ ~  (16). 

N 

N 
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2180 FOUDA, MATSUURA, AND LUI  

(5)  Solve t h e  c u b i c  equat ion  (11)  t o  c a l c u l a t e  X13 and 

s u b s t i t u t e  i t s  value i n t o  equat ton  ( 1 2 )  t o  c a l c u l a t e  X2?. 

( 6 )  C a l c u l a t e  t h e  i n d i v i d u a l  f l u x e s  o €  t h e  mixture  components 

N 

N 

from equat ion  (10) and s u b s t i t u t e  i n t o  equat ion  ( 9 )  t o  
c a l c u l a t e  [PR].  

EXPER I MEN TAT. 

F i g u r e  1 i s  t h e  schematic  diagram of t h e  procedure t o  prepare  
t h e  d r y  asymmetric c e l l u l o s e  a c e t a t e  membranes. The membranes 
were c a s t  a t  65% r e l a t i v e  humidity using a s o l u t i o n  with t h e  
fo l lowing  composi t ion ( w t  %): C e l l u l o s e  acetate (Eastman 398-3), 
17%; ace tone ,  69.2%; magnesium p e r c h l o r a t e ,  1.45%; and water ,  
12.75%. 
whi le  t h e  temperature  of the surrounding atmosphere was kept  a t  
30°C.  The s o l v e n t  evapora t ion  t i m e  was 69 seconds and then  t h e  
membrane was t r a n s f e r r e d  t o  the  g e l a t i o n  ba th  f o r  1 hour. To 
o b t a i n  d i f f e r e n t  p o r o s i t i e s ,  t h e  mcrnhranes were d iv ided  i n t o  5 
groups and each group w a s  shrunk f o r  10 minutes at  one of t h e  
Following temperature  va lues :  70, 75, R O ,  85 and W a c .  

The temperature  of t h e  c a s t i n g  s o l u t i o n  w a s  kept  a t  I O ' C ,  

The inembranes were then d r i e d  us ing  t h e  so lvent  exchange 
d r y i n g  method ( 6 ) .  In t h i s  method t h e  water i n  t h e  membranes w a s  
f i r s t  rep laced  by a water  m i s c i b l e  so lvent  which included e i t h e r  
methanol and e t h a n o l .  In t h i s  way w e  avoid t h e  simple evapora t ion  
of water from membrane, s i n c e  t h i s  would cause t h e  pore s t r u c t u r e  
t o  c o l l a p s e  due t o  t h e  a c t i o n  of  i n t e r € a c i a l  t e n s i o n  c r e a t e d  by 
t h e  r e t r e a t i n g  water .  

The f i r s t  s o l v e n t  was then  rep laced  by a second s o l v e n t  which 
inc luded  one of t h e  fol lowing:  carbon d i s u l f i d e ,  i sopropyl  e t h e r ,  
t r i e t h y l  amine and hexane. The membranes were then  a i r  d r i e d  and 
i d e n t i f i e d  accord ing  t o  shr inkage  temperature ,  f i r s t  s o l v e n t ,  and 
second s o l v e n t  r e s p e c t i v e l y .  

The membranes were then mounted i n  t h e  t e s t i n g  c e l l s  and 
f l u s h e d  with t h e  feed  gas .  The p r e s s u r e  w a s  var ied  i n  t h e  range 
of 400 t o  2400 kPa, and t h e  permeate flow rate was measured a t  
each p r e s s u r e  by a soap bubble meter. The permeation d a t a  for t h e  
r e f e r e n c e  g a s  (hel ium) as w e l l  as C 0 2  and CH4 g a s e s  were c o l l e c t e d  
t o  c h a r a c t e r i z e  t h e  membrane, and then t h e  gas  s e p a r a t i o n  
experiments  f o r  t h e  system of C02/CH4 were conducted. 
r e v e r s e  osmosis cel ls  and i n  t h e  feed  gas  l ine  was removed by 
f l u s h i n g  them w i t h  t h e  feed g a s  mixture  of  carbon d i o x i d e  and 
methane. 
0.10 t o  0.90. A l l  t h e  experiments  were conducted at  room 
tempera ture  and the feed p r e s s u r e  w a s  v a r i e d  i n  t h e  range of 400 
t o  2400 kPa abs. The permeate flow r a t e  was also  measured by a 
soap bubble meter. The composition of t h e  gae permeate was 

The a i r  i n  

The mole f r a c t i o n  of C02 i n  t h e  feed was changed from 
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- 3  
X 

in water 

I 25% 
Methanol or Ethanol 

I 

i 

+ 
1 

1 

50% 
Methanol or  Ethanol 

76% 
Methanol or Ethanol 

100% 
Methanol or  Ethanol 

L 1 

diaulfide ether amine 

A i r  Dr ied  Celluloee 

FIGITRE 1 Schematic diagram € o r  the preparation o€ dry 
c e l l u l o s e  acetate  memhranes by solvent  exchange. 

measured by gas chromatography using Tracor MT160/220 model 
equipped w i t h  a Porapak Q column. 

RESULTS AND DISCUSSION 

Characterization Parameters f o r  Pure Gases 

The perineatLon data were c o l l e c t e d  €or helium, carbon dloxide 
and methane gases  as volume Elow rates at d i f f e r e n t  pressure 
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Table 1 Membrane characterization by usinq helium permeation data 

L O  L O  - 2 0  

aHembrane (ElHe x 10 , (eg~Hex 10 , ( A ~ ) ~ ~  x - 3  10 (A2)He3X lo: 
m rn m kmol/m s Pa 

CA7O-M-IPE 
CA75-H-IPE 
CA90-Il-IPE 
CA70-E-IPE 
CABS-E-IPE 
CA70-Il-TEA 
CA80-M-TEA 
CA9O-M-TEA 
CA7O-E-TEA 
CA85-E-TEA 
CA90-E-TEA 
CA70-H-HEX 
CABO-PI-HEX 
CA90-H-HEX 
CABO-E-HEX 
CA70-E-CS2 
CA85-E-CS2 
CA90-E-CS2 

4.00 

5.75 
7.25 
5.50 
5.75 
2.50 
6.25 

10.25 
6.25 
6.50 
4.50 
10.75 
4.50 
1-00 
6.25 
6.75 
6.50 
5.25 

1.50 
1.10 
1.10 
1.40 
1.30 
1.60 
1.30 
1.10 
1.30 
1.30 
1.40 
1.01 
1.60 
2.30 
1.40 
1.30 
1.20 
1.10 

0.897 
a.asi 
0.026 
1.977 
0.388 
1 - 148 
0.357 
0.441 
1.155 
1.717 
2.165 
0.151 
0.369 
12.241 

0.012 

1.155 
1.717 
2.165 

2.111 
2.562 
0.583 
7.341 
2.262 
1.863 
2.741 
4.643 
3.993 
11.588 
4.851 
1.762 
1.458 
6.120 
0.655 
3.993 
11.588 
4.851 

a This column indicates the membrane identification as follows: 
1. 

2. 

3 .  

The first part indicates the material and shrinkage temperature. 
e.g. CA75 means cellulose acetate membrane shrunk at 75'C. 
The second part is the abbreviation €or the first solvent which is 
H for methyl alcohol and E for ethyl alcohol. 
The third part is the abbreviation for the second solvent: 
IPE-isopropyl ether: TEA-triethyl amine: CS2 - carbon disulfide and HEX 
for hexane. 

gradients. The permeability coefficient, was calculated vs the 
average pressure P across each membrane. These data were 
substituted into equation (8) t o  calculate the optimum values of 
(A1), ( A 2 ) ,  R and og for each membrane using each gas separately. 
The results are given in Tables 1-3. 

The optimum value of the charactarization parameters were 
calciilated using a grid search method. In this method, the 
parameters B and a were assumed which i n  turn determined the 
range of pore radius values (R,,in and Rmax). The integrals 11, 
I?, 13, 'c4 and I5 were calculated and substituted into equation 
(8) which can be written as follows: 
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Table 2 Membrane characterization by usinq C02 permeation data - 
1 0  1 0  - 2 0  8 

(A1 )co2x 
Membrane x 10 , (09)co2x 10 , 

co2 
-3 

m rn m kmol/m3s Pa2 

CA7O-M-IPE 
CA75-M-IPE 
CA90-M-IPE 
CA7O-E-IPE 
CA85-E-IPE 
CA7O-M-TEA 
CA8O-M-TEA 
CA9O-M-TEA 
CA 7 0 -E-TEA 
CABS-E-TEA 
CA90-E-TEA 
CA70-M-HEX 
CA80-M-HEX 
CA9O-M-HEX 
CABO-E-HEX 
CA70-E-CS2 
CA85-E-CS2 
CA90-E-CS 

6.50 
4.00 
3.50 
4.50 
5.00 
4.75 
3.75 
4.75 
5.00 
4.00 
8.25 
3.50 
3.00 
2.75 
2.75 
4.50 
4.75 
2.75 

1.01 
1.01 
1.01 
1.10 
1.10 
1.10 
1-10 
1.20 
1.10 
1.20 
1.10 
1.10 
1-10 
1.20 
1.01 
1.20 
1.10 
1.10 

0.326 
2.661 
1.141 
2.035 
0.788 
0.346 
2.447 
4.989 
3.774 
15.152 
0.913 
3.414 
3.875 

10.593 
1.896 
4.324 
2.215 
13.040 

3.264 
5.169 
0.858 
10.977 
5.160 
2.272 
4.575 
7.484 
4.366 

11.119 
2.519 
4.706 
2.670 
7.572 
1.856 
6.784 
3.640 
9.610 

Table 3 Membrane characterization by usinq CH4 permeation data 

Membrane (E) x 10 , ( o g ) C H 4 x  10 , ( A 1 ) C H 4 ~  10 I (A2)CH4~ 

- 3  3 

- 
10 10 - 2 0  

CH4 

m m rn krnol/m 

CA70-M-IPE 
CA75-M-IPE 
CA90-M-IPE 
CA70-E-IPE 
CA85-E-IPE 
CA7O-M-TEA 
CA80-M-TEA 
CA90-M-TEA 
CA 7 0 - E-TEA 
CA85-E-TEA 
CA9O-E-TEA 
CA70-M-HEX 
CA80-M-HEX 
CA90-M-HEX 
CA80-E-HEX 
CA70-E-CS2 
CA85-E-CS2 
CA90-E-CS2 

3.25 
4.25 
5.75 
2.75 
3.25 
1.00 
2.50 
6.50 
7.75 

12.25 
2.50 
2.25 
1.00 
1.75 
1.00 
4.50 
1.50 
3.50 

1.01 
1.10 
1.90 
1.10 
1.30 
1.70 
1.20 
1.60 
2.00 
1.10 
1.50 
1.30 
1.90 
1.70 
2.40 
1.40 
1.70 
1.40 

0.060 
0.604 
0.040 
9.950 
0.586 
5.454 
4.322 
0.751 
0.321 
1.330 
5,427 
3.487 
7.185 
3.186 
0.569 
0.934 
5.165 
1.054 

0.190 
1.054 
0.236 
4.651 
0.766 
0.695 
3.844 
2.288 
0.275 
0.979 
3.568 
1.050 
0.631 
1.315 
0.248 
2.598 
1.833 
1.700 
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0 Membrane CA85-E-CS2 
o Membrane CA85-E-TEA 
0 Membrane CASO-M-Hexane  

10 100 1000 

EXPERlMENTAL PERMEATION RATE x lo6, k m o l / s  rn2 

FIGURE 2 Comparisons of experimental and calculated 
permeation rates of C O ~ / C H ~  gas mixture. 

where 

A non-linear regression computer routine was used to evaluate the 
optimum values of the remaining parameters A1 and A . 
combination of 
calculated according to the equation 

For each 
and ug, the sum of squared residua? was 

2 n 

1=1 
SSR = c (Yi - Yi, 
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1000 

100 

10% co, 
20% co, 
5 0 %  CO, 
80% CO, 
90% co, 

.O 

/* n 

10 

EXPERIMENTAL PERMEATION RATE x lo6,  kmol/s rn2 

Figure 3 Effect of feed gas composition on the permeation 
rate prediction using approach (1) for the membrane 
CA90-M-HEXANE 
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1000 

10% co, 
20% co, 
50% CO, 
80% CO, 

100 - 

A / 

10 too 1000 

EXPERIMENTAL PERMEATION RATE x lo6, kmol/s m2 

Figure 4 Effect of feed gas composition on the permeation 
rate  prediction using approach (2) for the membrane 
CA9 0-M-HEXANE 

(R)He = 1.00 x 10-”rn ( c J ~ ) ~ ~  = 2 .30  x 1 0 ~ l o m  
( R ) ~ ~ ~ =  2.75  x 1O- lorn  ( c J ~ ) C O , =  1 .20  x 10 ’Om 

(R)CH4= 1.75  x lO-” rn  1 . 7 0  x 1 0  m - 1 0  
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and the procedure was repeated at all the grid points and the 
parameters representing the minimum value of the objective 
function (SS ) was chosen to represent the characterization 
parameters o’f the membrane under consideration. 

The Characterization parameters tabulated in Tables 1-3 
indicate that A1 values were close for the three gases. 
A 
was in general, much lower for CH4. 
change in magnitude of sorption contribution to the gas total 
permeation. Thus, the membranes under consideration have 
different affinities for CH4 than for either helium or GO2. 
fact, it is possible to use the characterization parameters 
calculated from helium permeation data to predict the permeation 
rate of C02 without expecting much error. On the other hand we 
should expect considerable errors if we attempted to use helium 
parameters to calculate the permeation rate of CH4 in the same 
membrane. 

However, 

The values of A2 reflect the 
parameter although was similar for helium and GO2 gases, but 

In 

Agreement of Predicted and Experimental Permeation Rates for 
CO /CH Mixture 4’’- 

The prediction of the total gas mixture permeation rate, [PR] 
was attempted according to the procedure followed by Mazid et al. 
(16) which relies on the permeation data of the reference gas and 
corrects for the parameters A2 and Ri according to Equatlons (13) 
and (14) respectively. There was a large scatter in the data, and 
the calculated permeation rates were either overpredicted or 
underpredicted; hence, this approach was not satisfactory t o  
predict the permeation rates of C 0 2 / C H 4  gas mixture. 

u 

the second approach, the characterization parameters 
Al,  A2) evaluated for both components (GO2 and C H 4 )  were 
predict the permeation rates using the same model 

equations. 
shown in Figure 2 for three different membranes. The excellent 
agreement between the predicted and the experimental values in 
Fig. 2, testifies to the success of this approach in applying the 
Surface Force-Pore Flow model to predict the permeation rates of 
binary gas mixtures. Also, it is clear that approach 1 can lead 
to considerable errors in predicting the permeation rates, since 
the contribution of the surface force can vary widely from one gas 
to another. Rowever, this problem can be avoided when the 
characterization parameters of each of CH4 and C02 are used 
(Approach 2). 

The permeation rates calculated from this approach are 

Effect of Feed Composition 

In order to investigate the correlation between the feed 
composition and the accuracy of predicting the permeation rate, 
the data shown in Figure 2 for the membrane (CA90-?l-Hexane), are 
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plotted in Figures 3 and 4 for approaches (1) and (2) 
respectively. Figure 3 shows that approach (1) causes notice ble 
segregation between different feed compositions. On the other 
hand, when the calculations were done using the second approach 
(see Figure 4), the segregation almost disappeared and the 
predictions are more accurate. 

CONCLUSION 

The characterization parameters of the Surface Force-Pore 
Flow model were evaluated using permeation data of helium, C02 and 
CHq respectively. 

The permeation rates for binary C02/CH as mixture were 
4 g  successfully predicted by using the characterization parameters 

calculated from the permeation data of single components (C02 and 
CH4) * 

The pore size distribution parameters (E and 0 ) of the g reference gas, can be useful only in cases where they have similar 
values of R and 0 for bath components of the binary gas mixture. 
Otherwise, the predicted values €or various feed compositions are 
not accurate. Only the characterization parameters for actual 
components of the binary gas mixture should be used to apply the 
Surface Force-Pore Flow model. 

g 

NOMENCLATURE 

A1 

A2 
-G A 

GI, G 2 ,  G3 = constants depending on the physicochemical 
properties of gases given by Equation 5 

IL, T 2 ,  13, I&, I5 = numerical values of integrals dependent on 
the porous structure 

Jk = flux of gas L, krnolfm2s 
M = molecular weight of the gas, kg/kmol - i  
N(R) = number of pores haveing a radius R, m 

= total number of pores, having a radii from Rmin t o  Rmax 
= number of data pofnts 
= pressure (absolute) on the high pressure side of the 

= pressure (absolute) on the l o w  pressure side of the 

= constant for a given membrane related to the porous 

= constant related to surface transport, kmol/(m3s PA2) 
= gas permeability coefficient, kmol/(m2 s Pa) 

structure, m-3 

C = mean speed of the gas molecules, m/s 

Nt 

P2 

P3 

AP = pressure differential across the membrane, Pa 
P = mean pressure across the membrane, Pa 
[PR] = permeation rate, kmol/s*mz 

membrane, Pa 

membrane, Pa 
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O g ,  ?k, Q,., Qv, Q s ,  0, = quantity of gas transported in the gas 
phase, by Knudsen, slip, viscous, and surface flow 
mechanisms and total quantity of gas transported, 
respectively, kmol/s 

qk, qv, qF1 = quantity of gas transported through a single 
capillary by Knudsen, viscous, and slip flow mechanisms, 
respectively, kmol/s 

R = pore radius, m 
R, = gas constant 
R = mean pore radius, m 
Gax = pore radius of the largest pore, m 
Rmin = pore radius of the smallest pore, m 
S = membrane area, m2 
SSR 
T = absolute temperature, K 

XL2 
Xi3 = mole fraction of gas on the permeate side 
xl, x2 = variable defined by Equation 15 
yi 

Yi 

= sum of squared residuals defined by Equation 17 

= mole fraction of gas b on the high pressure side 

w 

= experimental value of gas permeability coefficient, 
kmol/m2 s Pa 
red'c ed value of gas permeability coefficient, 

= Kmoljmh s Pa 

Greek Letters 

Ak 

6 = equivalent thickness of the membrane, m 
11 = coefficient of viscosity of gases, Paes 

CI = geometric standard deviation for the log-normal pore size 

di 

= radius correction factor, a constant for gas i for a 
given membrane material, m 

= mean free path of gases, m 

distribution 

related to gas-membrane interact€on and def inzd by 
Equation 13 

= relative surface transport coefficient (=(A2)i/(A2)ref), 
N 

Subscripts 

= c.arbon dioxide 
2 = methane 
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