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GAS SEPARATION BY A CONTINUOUS MEMBRANE COLUlfN 

Sun-Tak Hwang and Kenneth H.  Yuen 
Divis ion  of Materials Engineer ing 

The U n i v e r s i t y  of Iowa 
Iowa C i t y ,  Iowa 52242 

John M. Thorman 
Monsanto Chemical In te rmedia te  Co. 

Texas C i t y ,  Texas 77590 

ABSTRACT 

The cont inuous membrane column provides  a r e v o l u t i o n a r y  new 
s e p a r a t i o n  technique.  I n  gaseous d i f f u s i o n  t h e  cont inuous mem- 
b rane  column i s  used t o  s e p a r a t e  as h i g h l y  concent ra ted  products  
both t h e  most permeable and least  permeable gases  from a feed  
mixture  of  any composition. The main f e a t u r e s  of t h e  column are 
c o u n t e r c u r r e n t  enrichment, h igh  r e f l u x  and minimal backmixing. 
The new method e l i m i n a t e s  t h e  need f o r  numerous i n t e r s t a g e  com- 
p r e s s o r s  and e x t e n s i v e  product  stream r e c y c l i n g  found i n  conven- 
t i o n a l  gaseous d i f f u s i o n  cascades.  

Experiments a re  c a r r i e d  o u t  f o r  systems of C02-02,02-N2 
( a i r ) ,  and c02-N~ mixtures  us ing  cont inuous membrane columns made 
o u t  of s i l i c o n e  rubber  membrane. Also, a t h e o r e t i c a l  model i s  
developed t o  i n t e r p r e t  t h e  experimental  d a t a .  The agreement 
between theory  and experiment i s  e x c e l l e n t .  The maximum degree  
of s e p a r a t i o n  can be achieved a t  t o t a l  r e f l u x .  It is  experimen- 
t a l l y  v e r i f i e d  t h a t  t h e  maximum degree  of enrichment a t t a i n a b l e  
by a convent iona l  method can e a s i l y  b e  exceeded wi thout  l i m i t  
when a cont inuous membrane column i s  employed. 

v e n t i o n a l  gas  permeator and a cont inuous membrane column. 
F i n a l l y ,  a comparative s tudy  h a s  been conducted f o r  a con- 

INTRODUCTION 

G a s  s e p a r a t i o n  by means of membrane permeation h a s  been 

recognized f o r  almost 150 years .  However, i t s  i n d u s t r i a l  
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1070 HWANG, YUEN, AND THORMAN 

a p p l i c a t i o n s  have been r a t h e r  s p o t t y .  Well known examples a r e  

uranium i s o t o p e  s e p a r a t i o n  a t  Oak Ridge,  hydrogen p u r i f i c a t i o n  

w i t h  pa l l ad ium a l l o y  membrane by Union Carb ide ,  and s e p a r a t i o n s  of 

i n d u s t r i a l  g a s e s  by Du P o n t ' s  Permasep. Like a l l  t h e  o t h e r  mem- 

b r a n e  p r o c e s s e s ,  g a s  s e p a r a t i o n  by membrane depends on  t h e  perm- 

s e l e c t i v i t y  of  t h e  membrane. I f  t h e  p e r f e c t  membrane can  b e  

found t h e n  one - s t ep  s e p a r a t i o n  i s  p o s s i b l e .  However, o n l y  p a r t i a l  

enr ichment  can b e  ach ieved  by u s e  of  a c o n v e n t i o n a l  pe rmea to r .  

'Iflien f u r t h e r  s e p a r a t i o n  becomes n e c e s s a r y ,  m u l t i p l e  s t a g e s  must be  

cascaded i n  s e r i e s .  Th i s  r e q u i r e s  a cumbersome o p e r a t i o n  and 

p r o h i b i t i v e l y  h i g h  c o s t .  

The r e c e n t  development o f  ho l low f i b e r  membranes improved 

s i g n i f i c a n t l y  t h e  pe rmea to r  d e s i g n ,  c o n s t r u c t i o n ,  and o p e r a t i o n .  

Various model c a l c u l a t i o n s  have confirmed t h e  e x p e r i m e n t a l  

r e s u l t s  (1-5). A x i a l  p r e s s u r e  l o s s  ( 2 , 6 - 9 ) ,  c a p i l l a r y  deforma- 

t i o n  ( 4 , 6 , 1 0 ) ,  p r e s s u r e  dependency of  g a s  p e r m e a b i l i t y  (11-141, 

f low p a t t e r n s  (15), two-membrane c e l l s  (3 ,16-18) ,  and s e p a r a t i o n s  

w i t h  c a s c a d e s  (2,16-23) have  been s t u d i e d .  Comprehensive r ev iews  

d e a l i n g  w i t h  c a p i l l a r y  pe rmea to r s  can  b e  found i n  books by Hwang 

and Kammermeyer ( 2 4 )  and Meares ( 2 5 ) .  S t i l l ,  t h e  pe rmea t ion  c e l l  

i s  wide ly  r e g a r d e d  as a s i n g l e - s t a g e  d e v i c e .  There i s  a n  a b s o l u t e  

l i m i t  ( de t e rmined  by t h e  p e r m s e l e c t i v i t y )  i n  a t t a i n a b l e  en r i chmen t  

by a s i n g l e  pe rmea to r .  

The o b j e c t i v e  of  t h i s  pape r  i s  t o  i n t r o d u c e  t h e  newly 

developed "con t inuous  membrane column" t o  g a s  s e p a r a t i o n s  and com- 

p a r e  i t s  performance w i t h  t h a t  of  a c o n v e n t i o n a l  g a s  permeator .  

No l o n g e r  is t h e  gaseous  pe rmea t ion  ce l l  o p e r a t e d  as a s i n g l e  

s t a g e ,  b u t  r a t h e r  as a con t inuous  c a s c a d e  ( 2 6 , 2 7 ) .  When a b i n a r y  

f e e d  m i x t u r e  i s  i n t r o d u c e d  t o  t h e  c o n t i n u o u s  membrane column, 

n e a r l y  comple t e  s e p a r a t i o n  can  b e  ach ieved  on a con t inuous  b a s i s .  

The i n h e r e n t  f e a t u r e  of c o u n t e r c u r r e n t  p l u g  f low o p e r a t i o n  

c r e a t e s  a s t r o n g  i n t e r n a l  r e f l u x  a c t i o n  which p o l a r i z e s  t h e  most 

and least  permeable  components a l o n g  t h e  membrane. I n  s p i t e  of  

t h e  d i f f e r e n c e s  between t h e  s e p a r a t i o n  mechanisms f o r  membrane 
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CONTINUOUS MEMBRANE COLUMN 1071 

and e q u i l i b r i u m  p r o c e s s e s ,  t h e  performance c h a r a c t e r i s t i c s  of a 

cont inuous membrane column are very s imi l a r  t o  t h o s e  of packed 

d i s t i l l a t i o n ,  e x t r a c t i o n ,  and gas  a b s o r p t i o n  columns. 

A s  i n  t h e  packed columns of e q u i l i b r i u m  processes ,  t h e r e  are  

two streams i n  a cont inuous membrane column. One t r a v e l s  upward 

and t h e  o t h e r  moves downward. However, u n l i k e  in t h e  packed 

columns, t h e s e  two streams are s e p a r a t e d  by a permselec t ive  mem- 

brane.  A feed stream i s  in t roduced  c e n t r a l l y  i n t o  t h e  column and 

products  are withdrawn a t  t h e  ends as shown i n  Fig.  1. A s  t h e  

mixture  moves downward along t h e  high-pressure s i d e  of t h e  mem- 

b rane ,  t h e  more permeable gas  p r e f e r e n t i a l l y  permeates through 

t h e  membrane l e a v i n g  t h e  concent ra ted  less permeable gas  behind.  

A t  t h e  bottom of t h e  column, t h e  high-pressure stream i s  s t r i p p e d  

L E A S T  
PERMEABLE 

GAS 

FIGURE 1 Continuous Membrane Column f o r  Gas Separa t ion  
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1072 HWANG, YUEN, AND T H O W  

of t h e  more permeable  component y i e l d i n g  a c o n c e n t r a t e d  p roduc t  

of  t h e  less permeable  g a s .  On t h e  o t h e r  hand,  t h e  low-pres su re  

s t r eam t r a v e l s  upward b e i n g  e n r i c h e d  w i t h  t h e  more permeable  

component. A t  t h e  t o p  of  t h e  column, t h e  c o n c e n t r a t i o n  of  t h e  

more permeable  g a s  r e a c h e s  a maximum. A compressor  r e c y c l e s  t h e  

low-pressure s t r e a m  t o  t h e  h i g h - p r e s s u r e  s i d e  a t  t h i s  p o i n t ,  t h u s  

comple t ing  t h e  n e c e s s a r y  r e f l u x  a c t i o n .  A t o p  p r o d u c t  c a n  b e  

withdrawn a t  t h e  compressor  end.  The column can b e  d i v i d e d  i n t o  

a n  e n r i c h i n g  s e c t i o n  and a s t r i p p i n g  s e c t i o n .  These s e c t i o n s  may 

be o p e r a t e d  i n d i v i d u a l l y  i f  s o  d e s i r e d .  

Thus, development o f  t h e  c o n t i n u o u s  membrane column r e p r e -  

s e n t s  a d r a m a t i c  change i n  membrane s e p a r a t i o n s .  The conven t iona l  

ca scade  w i t h  m u l t i s t a g e  c e l l s  and numerous i n t e r s t a g e  compressors  

a r e  n o t  r e q u i r e d  i n  o r d e r  t o  i n c r e a s e  t h e  d e g r e e  of  s e p a r a t i o n .  

THE CONTINUOUS MEMBRANE COLUMN 

The f i r s t  pape r  (26)  d e a l i n g  w i t h  a c o n t i n u o u s  membrane 

column r e p o r t e d  t h e  e x p e r i m e n t a l  r e s u l t s  f o r  s e v e r a l  gaseous  

b i n a r y  sys t ems .  These i n c l u d e d  t h e  s t r i p p e r ,  e n r i c h e r ,  and t o t a l  

column d a t a ,  w i t h  and w i t h o u t  p r o d u c t  removal.  A s a t i s f a c t o r y  

numer i ca l  s i m u l a t i o n  w a s  a l s o  developed t o  i n t e r p r e t  t h e  

expe r imen ta l  d a t a .  It  w a s  proposed t o  c h a r a c t e r i z e  con t inuous  

membrane columns by t h e  number o f  membrane u n i t s  (NMU) and t h e  

h e i g h t  of a membrane u n i t  (HMJ) ,  d e f i n e d  a n a l o g o u s l y  t o  NTU and 

HTU . 
In  t h e  p r e s e n t  p a p e r ,  some a d d i t i o n a l  d a t a  f o r  s e v e r a l  b i n a r y  

systems are r e p o r t e d  i n  o r d e r  t o  d e m o n s t r a t e  how t h e  c o n t i n u o u s  

membrane column works.  The e x p e r i m e n t a l  a p p a r a t u s  and p r o c e d u r e s  

a r e  t h e  same as p r e v i o u s l y  r e p o r t e d .  Each pe rmea t ion  c e l l  con- 

s is ts  of  a bund le  of  35 s i l i c o n e  r u b b e r  c a p i l l a r i e s  (0.0238 cm 

I.D. x 0.0610 c m  O . D . )  made by Medical  Eng inee r ing  Corp.,  Racine,  

Wisconsin.  
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CONTINUOUS MEMBRANE COLUMN 1073 

1. T o t a l  Reflux 

When no products  are removed from e i t h e r  t h e  s t r i p p e r  o r  t h e  

e n r i c h e r ,  a t o t a l  r e f l u x  c o n d i t i o n  similar t o  t h a t  i n  t h e  e q u i l i b -  

rium p r o c e s s e s  i s  achieved.  The degree of  c o n c e n t r a t i o n  v a r i a t i o n  

a long  t h e  column reaches  a maximum i f  t h e  column i s  o p e r a t e d  a t  

t o t a l  r e f l u x .  Note t h a t  under t o t a l  r e f l u x  c o n d i t i o n s  t h e r e  i s  

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

no f e e d  i n t o  a t o t a l  membrane column. 

When a s t r i p p e r  i s  o p e r a t e d  a t  t o t a l  r e f l u x  w i t h  zero  bottom 

product  f low rate ,  t h e  bottom composi t ion must n e c e s s a r i l y  become 

zero.  T h i s  i s  i l l u s t r a t e d  i n  Fig.  2 f o r  t h e  CO2-02 system. The 

s o l i d  curves  r e p r e s e n t  c a l c u l a t e d  p r o f i l e s  u s i n g  t h e  same computer 

program as the one descr ibed  p r e v i o u s l y  (26) .  The t h e o r e t i c a l  

p r o f i l e s  a g r e e  v e r y  w e l l  w i t h  p o i n t  samples taken  a long  t h e  s h e l l -  

s i d e  of  t h e  column. The feed  f low rates, which are t h e  same as 

re ject  f l o w  ra tes ,  f o r  t h e  89.2% and 62.4% C02 runs  were 0.956 and 

""E--- 10 

0 0.5 1.0 1.5 2.0 
LENGTH, rn 

FIGURE 2 Shel l -Side Composition P r o f i l e s  f o r  C02-02 i n  a T o t a l  
Reflux S t r i p p e r  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1074 HWANG, YUEN, AND T H O W  

0 . 5 1 7  s t d  c c / s e c ,  r e s p e c t i v e l y .  The feed  p r e s s u r e s  were 168.5 and 

166 .2  c m  Hg, r e s p e c t i v e l y .  

R e s u l t s  f o r  t h e  o p e r a t i o n  of  t h e  e n r i c h e r  f o r  t h e  0 -N 

system a r e  shown i n  F ig .  3 .  I n  o r d e r  t o  s tudy  t h e  e f f e c t  of  feed 

flow r a t e  on t h e  c o n c e n t r a t i o n  v a r i a t i o n ,  t h e  feed  f l o w  ra te  was 

changed i n  increments  of about  0.05 s t d  c c / s e c .  

p r e s s u r e  of t h e  compressor w a s  comparable i n  each c a s e  ranging  

from 159 t o  168 cm Hg. The r e s u l t s  show t h a t  t h e  degree  of oxygen 

enrichment i n c r e a s e s  as t h e  n e t  amount of f low through t h e  column 

decreases .  This  i s  because t h e  amount of permeation becomes 

g r e a t e r  r e l a t i v e  t o  t h e  feed  f low rate. During t h e  s t a r t - u p  

per iod  f o r  a column opera ted  a t  t o t a l  r e f l u x ,  t h e  less permeable 

gas  b u i l d s  up i n  t h e  s t r i p p e r  and t h e  more permeable gas  accumu- 

l a t e s  i n  t h e  e n r i c h e r .  Oxygen i n  t h e  p r e s s u r i z e d  mixture  p r e f -  

e r e n t i a l l y  permeates  through t h e  membrane and i s  swept back t o  

t h e  compressor by t h e  c o u n t e r c u r r e n t  low p r e s s u r e  stream. This  

a c t i o n  l e t s  oxygen accumulate w i t h i n  t h e  column u n t i l  a s teady-  

2 2  

The o u t p u t  

FEED 
FLOW RATE 
( s t d  cc/sec j 60 

0 0.01 17 
5 5  - A 0.0549 

0 0.102 
50 

0 z - N ~  ( A I R )  

- 

- 

o " 4 5 -  
z 

0.5 1.0 1.5 2.0 
LENGTH, m 

FIGURE 3 Shel l -S ide  Composition P r o f i l e s  i n  a T o t a l  Reflux 
Oxygen Enr icher  
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CONTINUOUS MEMBRANE COLUMN 1075 

s t a t e  c o n d i t i o n  i s  reached. By reducing t h e  feed flow rate,  t h e  

r e l a t i v e  amount of oxygen-enriched permeate e n t e r i n g  t h e  com- 

p r e s s o r  i n c r e a s e s  r e s u l t i n g  i n  even g r e a t e r  oxygen accumulat ion.  

2.  T o t a l  Membrane Column w i t h  Products  

The i n d i v i d u a l  s t r i p p e r  and e n r i c h e r  u n i t s  can b e  combined 

t o  form a t o t a l  cont inuous membrane column as shown i n  F ig .  1. 

Whereas only  a small f r a c t i o n  of a b inary  f e e d  mixture  can be 

s e p a r a t e d  as a concent ra ted  product  wi th  a n  i n d i v i d u a l  s t r i p p e r  

o r  e n r i c h e r ,  t h e  e n t i r e  feed stream can b e  s e p a r a t e d  i n t o  two 

c o n s t i t u e n t  components by a t o t a l  membrane column. The uncon- 

c e n t r a t e d  product  from t h e  s t r i p p i n g  s e c t i o n  s e r v e s  a s  an i n t e r n a l  

feed  t o  t h e  e n r i c h i n g  s e c t i o n  and v i c e  v e r s a .  An e x t e r n a l  f e e d  i s  

in t roduced  between t h e  s e c t i o n s ,  and concent ra ted  products  a r e  

removed a t  o p p o s i t e  ends of  t h e  column on a cont inuous b a s i s .  

Thus, o p e r a t i o n  of t h e  t o t a l  membrane column p a r a l l e l s  t h a t  of 

cont inuous equi l ibr ium processes  such as d i s t i l l a t i o n  and 

e x t r a c t i o n .  

A f e e d  mixture  of 54.8% CO and 45.2% N was in t roduced  i n t o  2 2 
a 5.12 m membrane column a t  0.237 s t d  c c l s e c .  The top  product  

contained 94.5% CO a t  0.108 s t d  c c f s e c  and t h e  bottom product  

c o n s i s t e d  of 82.2% N a t  0.129 s t d  c c f s e c .  The compressor load  

w a s  1 .96 s t d  c c f s e c .  Axial p r e s s u r e  loss i n s i d e  t h e  c a p i l l a r i e s  

w a s  less t h a n  4% of t h e  a b s o l u t e  i n l e t  p ressure .  The c a l c u l a t e d  

s h e l l - s i d e  composition p r o f i l e  agreed very  w e l l  w i t h  t h e  exper i -  

mental  d a t a  as shown i n  F ig .  4 .  This  system i l l u s t r a t e s  t h a t  

very  s u b s t a n t i a l  s e p a r a t i o n  can b e  achieved cont inuous ly  by a 

small-scale membrane column w i t h  moderate compressor load.  How- 

e v e r ,  it should b e  noted t h a t  t h e  s e p a r a t i o n  f a c t o r  i s  l a r g e  f o r  

t h i s  system (11.6). 

2 

2 

A s  t h e  s e p a r a t i o n  f a c t o r  decreases ,  t h e  degree of concentra-  

t i o n  v a r i a t i o n  decreases  as demonstrated by t h e  0 -N 

system i n  Fig.  5. The s e p a r a t i o n  f a c t o r  f o r  0 -N i s  2.018. 

Room a i r  w a s  f e d  i n t o  a 4.24 m membrane column t o  produce 3 6 . 8 %  

( a i r )  2 2  

2 2  
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FIGURE 4 S h e l l - S i d e  Composi t ion P r o f i l e  f o r  C02-N2 i n  a T o t a l  
Column 
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FIGURE 5 S h e l l - S i d e  Composi t ion P r o f i l e  f o r  02-N2 i n  a T o t a l  
Column 
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CONTINUOUS MEMBRANE COLUMN 1077 

O2 and 84.9% N2 a t  0.0400 and 0.0972 s t d  c c / s e c ,  r e s p e c t i v e l y .  

The compressor load  w a s  0.284 s t d  c c l s e c .  The a x i a l  p r e s s u r e  

l o s s  was n e g l i g i b l e  aga in .  It i s  i n t e r e s t i n g  t o  compare t h i s  

r e s u l t  w i t h  t h e  convent ional  permeator r e s u l t ,  which g i v e s  28% 

0 a t  comparable o p e r a t i n g  c o n d i t i o n s .  Thus, t h i s  system c l e a r l y  

demonstrates  t h a t  a cont inuous membrane column can s e p a r a t e  a 

b i n a r y  mixture  beyond t h e  maximum l i m i t  o b t a i n a b l e  by a s i n g l e  

s t a g e  convent iona l  permeator. 

2 

Tube-side sampling w a s  impossible;  however, t h e  c a l c u l a t e d  

s i m u l a t i o n  p r o f i l e s  of composition and f low rate are shown i n  

F ig .  6 .  The v a l u e s  f o r  t e r m i n a l  p o i n t s  a g r e e  very w e l l  wi th  

exper imenta l ly  measured v a l u e s .  

3 .  Performance C h a r a c t e r i z a t i o n  

Using a concept similar t o  t h a t  of c h a r a c t e r i z i n g  t h e  

packed columns of d i s t i l l a t i o n ,  e x t r a c t i o n ,  and gas  a b s o r p t i o n ,  

t h e  number of membrane u n i t s  (NMU) and t h e  he ight  of a membrane 

O p - N p  ( A I R )  
SHELL-SIDE -- - - TUBE - S IDE 

N 
0 

8 - 

0 1 .o 2 .O 3.0 4.0 
LENGTH. rn 

0.4 

0.3 

0 

(0 

0.2 2 
E 

01 

0 

FIGURE 6 Calcula ted  P r o f i l e s  of Compositions and Flow Rates 
f o r  0 -N i n  a T o t a l  Column 2 2  
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1078 HWANG, YUEN, AND THORMAN 

u n i t  (HMU) w e r e  i n t r o d u c e d  (26 )  i n  p l a c e  of  NTU and HTU, 

r e s p e c t i v e l y .  The d e f i n i t i o n s  are: 

dx 
-X{(l-Q ) (x-YP ) + Q (1-P ) 3 r r  

NMU Z 

and 

Then t h e  t o t a l  h e i g h t  of t h e  con t inuous  membrane column becomes: 

It  w a s  a l s o  shown t h a t  Eq .  ( 2 )  can b e  approximated as 

when a x i a l  p r e s s u r e  l o s s  i s  n e g l i g i b l e .  A t  t o t a l  r e f l u x ,  x 

e q u a l s  y a t  e v e r y  p o i n t  i n  t h e  column, and Eq. (1) s i m p l i f i e s  t o :  

S u b s t i t u t i n g  Eqs. ( 4 )  and (5) i n t o  Eq. ( 3 ) ,  y i c l d s :  

T h i s  e q u a t i o n  may be  used  i n  d e s i g n .  
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CONTINLJOUS KEMBRANE COLUMN 1079 

It w a s  a l s o  shown t h a t  Eq .  (1) can b e  i n t e g r a t e d  t o  y i e l d :  

when t h e  p r e s s u r e  r a t i o  becomes zero  but  no t  n e c e s s a r i l y  a t  a t o t a l  

r e f l u x  c o n d i t i o n  (product  may b e  withdrawn). Combining t h i s  

equat ion  and Eq. ( 4 )  i n t o  Eq. ( 3 )  r e s u l t s  i n :  

Another u s e f u l  equat ion  w a s  der ived  r e l a t i n g  t h e  f low rates t o  

t h e  composi t ions a t  t h e  t o p  and bottom of a cont inuous membrane 

column f o r  cases of e i t h e r  P = 0 o r  t o t a l  r e f l u x :  

a- 1 (2) =(Z)(ZJ 
This  equat ion  i s  exact and involves  only t h e  t e r m i n a l  po in t  

c o n d i t i o n s .  

CONPARISON OF CONTINUOUS MEMBRANE 

COLUMN WITH CONVENTIONAL PERMEATOR 

There a r e  many ways t o  compare t h e  performance of a con- 

t inuous  membrane column w i t h  t h a t  of a convent iona l  gas  permeator. 

A s  mentioned previous ly ,  t h e r e  i s  no l i m i t  of enrichment 

a t t a i n a b l e  i n  a g iven  cont inuous membrane column whereas t h e r e  

i s  a d e f i n i t e  upper l i m i t  i n  a s i n g l e  s t a g e  convent iona l  

permeator. While t h i s  f a c t  i s  t h e  most important  f e a t u r e  of 

a cont inuous membrane column, s e v e r a l  q u a n t i t a t i v e  comparisons 

of  v a r i o u s  o p e r a t i n g  parameters  are a l s o  of i n t e r e s t .  For t h e  

purpose of i l l u s t r a t i o n ,  t h e  system of O2 - N2 ( a i r )  w i t h  
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1080 HWANG, YUEN, AND T H O W  

s i l i c o n e  rubber  as t h e  membrane w a s  chosen. For  t h i s  system, 

a = 2.018 and t h e  maximum enrichment  a t t a i n a b l e  i n  a convent iona l  

permeator i s  34.78% 0 2 '  
The amount of  oxygen enr iched  product  per  u n i t  f e e d  v a r i e s  

as a f u n c t i o n  of product  composition. For  a convent iona l  

permeator, t h e  permeate composi t ion vs.  t h e  s t a g e  c u t ,  which i s  

t h e  r a t i o  of product  t o  f e e d ,  g i v e s  t h i s  r e l a t i o n s h i p .  Based on 

t h e  c o u n t e r c u r r e n t  plug flow model as shown i n  F i g .  7 ,  t h e  product  

composi t ion can  b e  c a l c u l a t e d  as a f u n c t i o n  of s t a g e  c u t  u s i n g  t h e  

m a t e r i a l  b a l a n c e  and Eq. (9) where q = F, qB = R, xT = xF, and 

%= xR are s u b s t i t u t e d .  
T 

x F = y  P + x  R F P  R 

CONVENT ION A L  PERM EATOR 

(10) 

CONTINUOUS MEMBRANE COLUMN 

p. Yp 

L =  P + q T  

F =  P + R  

xFF= ypP+xRR 

FIGURE 7 Schematic Flow Diagrams 
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CONTINUOUS MEMBRANE COLUMN 1081 

1-x 01 x 

= (<) (2) 
The two unknown q u a n t i t i e s  x and y can b e  so lved  from t h e s e  

e q u a t i o n s  and t h e  r e s u l t s  are p l o t t e d  i n  F ig .  8 t o g e t h e r  w i t h  

t h e  r e s u l t s  ob ta ined  f o r  a cont inuous membrane column. 

R P 

For  a cont inuous membrane column t h e r e  e x i s t s  no one-to-one 

correspondence between t h e  product  composi t ion and t h e  product  

t o  f e e d  r a t i o  i n  genera l .  A t  a g iven  product  c o n c e n t r a t i o n ,  t h e  

product  f low rate  can  be  v a r i e d  by changing t h e  compressor l o a d .  

The product  f low rate can  always b e  set a t  zero  f o r  t h e  lowes t  

v a l u e ,  which g i v e s  t h e  t o t a l  r e f l u x  c o n d i t i o n .  However, i t  can 

n o t  be  i n c r e a s e d  i n d e f i n i t e l y  i n  o r d e r  t o  produce a s p e c i f i e d  

product  composition. I n  f a c t ,  t h e r e  e x i s t s  an optimum c o n d i t i o n  

i n  which t h e  maximum product  p e r  u n i t  compressor load  can b e  

achieved.  R e f e r r i n g  t o  F ig .  7 ,  t h e  material b a l a n c e  around t h e  

compressor g i v e s  

where q = qT/R and F = FIR. The product  p e r  u n i t  compressor 

l o a d  can b e  maximized by d i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  F 

s e t t i n g  t h e  r e s u l t  e q u a l  t o  zero :  

and 

which r e s u l t s  i n  t h e  fo l lowing  e q u a t i o n  

d% 

dFr 
(F - 1 )  - =  q 

dqr  
dFr 

The d e r i v a t i v e  - can  b e  computed from Eq. (9) a f t e r  s u b s t i t u t i n g  
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HWANG, YUEN, AND THO- 1082 

qB = R, xT = yp, and x 

equat ions  t o  e l i m i n a t e  x as shown below: 

= xR and us ing  t h e  m a t e r i a l  b a l a n c e  

R 

Then, s o l v i n g  E q .  

as fo l lows  : 

( 1 4 )  f o r  Fr, t h e  optimum F v a l u e  i s  obta ined  

Once t h e  optimum F i s  o b t a i n e d ,  t h e  corresponding xR v a l u e  

can be  c a l c u l a t e d  from t h e  m a t e r i a l  ba lance :  

F X 

x = (X -y )F R F P r + YIJ - a(l-xF) + xF 

S u b s t i t u t i n g  t h i s  i n t o  E q .  ( 1 5 ) ,  the v a l u e  of q i s  known. 

Finally, s u b s t i t u t i n g  t h e  v a l u e s  of q and F i n t o  E q .  (12) g i v e s  

t h e  maximum P / L  r a t i o  f o r  a g iven  product  c o n c e n t r a t i o n .  From a 

material ba lance ,  P/F can be  e a s i l y  c a l c u l a t e d  as fo l lows:  

r 

P 1 - = I - -  
F F 

This  optimum value i s  p l o t t e d  a s  a f u n c t i o n  of product  con- 

c e n t r a t i o n  i n  Fig.  8 .  I n  t h e  lower range  of product  c o n c e n t r a t i o n ,  

t h e r e  i s  n o t  much d i f f e r e n c e  between t h e  amounts of  product  gen- 

e r a t e d  by a convent iona l  permeator and by a cont inuous  membrane 

column. However, as t h e  product  c o n c e n t r a t i o n  i n c r e a s e s ,  t h e  

amount of product  g iven  by a convent iona l  c e l l  d e c r e a s e s  r a p i d l y  

w h i l e  t h a t  by a cont inuous  membrane column d e c r e a s e s  more grad- 
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CONTINUOUS MEMBRANE COLUMN 1083 
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FIGURE 8 Comparison of Product Rates  

u a l l y .  A t  an oxygen c o n c e n t r a t i o n  of 3 4 . 8 % ,  t h e  P/F r a t i o  f o r  

a convent iona l  c e l l  becomes zero  and beyond t h a t  p o i n t  i t  i s  

impossible  t o  e n r i c h  O2 w i t h  a s i n g l e  s t a g e .  

t h e  cont inuous membrane column may s t i l l  b e  opera ted  wi th  a 

f i n i t e  amount of product  stream withdrawn as i l l u s t r a t e d  i n  F ig .  8. 

On t h e  o t h e r  hand, 

Another r e l e v a n t  q u a n t i t y  in gas permeator o p e r a t i o n  i s  t h e  

compressor load .  The major o p e r a t i n g  c o s t  i s  f r e q u e n t l y  due t o  

t h e  compressor load .  For  a convent iona l  permeator, t h e  i n v e r s e  

of P/F i s  d i r e c t l y  t h e  compressor load .  

membrane column, t h e  i n v e r s e  of PfL, which w a s  descr ibed  above, 

g ives  t h e  compressor load  i n s t e a d .  I n  F ig .  9 ,  t h e  compressor 

load  per  u n i t  product  i s  p l o t t e d  a g a i n s t  product  composition f o r  

bo th  cases. It should b e  noted t h a t  t h e  convent ional  permeator 

r e q u i r e s  less compressor load f o r  most of  t h e  c o n c e n t r a t i o n  

range below t h e  maximum l i m i t  as expected.  Near t h e  l i m i t i n g  

v a l u e  of enrichment c o n c e n t r a t i o n ,  t h e  two curves  c r o s s  over  and 

However, f o r  a cont inuous  
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15 

0 
a 2 10 

iT 
0 
in 
in 
W 
(L 

5 
0 
0 

w 

1 

a 

n 

N 

2 5  
(r 
0 
2 

0 

CONVENTIONAI 
PERM E ATOR 

CONTINUOUS MEMBRANE 
COLUMN 

I 

I 

I 

I 

I 
I 
I 
I 

0.2G 0.25 0.30 0.35 0.40 
PRODUCT COMPOSITION 

FIGURE 9 Comparison of Compressor Loads 

t h e  convent iona l  compressor load  i n c r e a s e s  much more s h a r p l y  t h a n  

t h a t  of a cont inuous  membrane column. It is obvious t h a t  t h e  

cont inuous membrane column is more advantageous i n  h igher  con- 

c e n t r a t i o n  because i t  i s  a cont inuous  cascade.  

F i n a l l y ,  t h e  membrane area requi rements  are  compared. 

I n s t e a d  of c a l c u l a t i n g  t h e  a c t u a l  membrane areas, t h e  r a t i o  of 

membrane areas i s  presented  i n  F ig .  10 f o r  t h e  purpose of  compari- 
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FIGURE 10 Comparison of Membrane Areas 

son. The membrane a reas  a r e  porpor t iona l  t o  t he  permeate r a t e s .  

For a conventional permeator, t h e  membrane area is: 

P t  s =  
C 

(Pi - Po> Qc 

and s i m i l a r l y ,  f o r  a continuous membrane column, t h e  membrane 

a rea  i s :  
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1086 HWANG, YUEN, AND T H O F "  

(20)  

The two u n i t s  are compared a t  i d e n t i c a l  o p e r a t i n g  c o n d i t i o n s .  

Therefore ,  i t  is assumed t h a t  t h e  average  p e r m e a b i l i t i e s  a r e  t h e  

same. Dividing Eq. (20) by Eq. (19) y i e l d s :  

S ince  t h e  product  r a t e s  a r e  i d e n t i c a l  f o r  b o t h ,  t h e  r i g h t  hand 

s i d e  of E q .  ( 2 1 )  may be  i n t e r p r e t e d  as t h e  d i f f e r e n c e  of 

normalized compressor load  and feed  r a t e  f o r  t h e  cont inuous  

membrane column. T h i s  q u a n t i t y  h a s  a l r e a d y  been c a l c u l a t e d  

above. I t  i s  p l o t t e d  a g a i n s t  product  composi t ion i n  F i g .  L O .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  t h e  low range of product  

c o n c e n t r a t i o n ,  t h e  cont inuous membrane column r e q u i r e s  less 

membrane area than  t h e  convent iona l  permeator .  A t  about  25% 0 2 "  

t h e  membrane requi rements  become i d e n t i c a l  f o r  b o t h  cases, above 

which t h e  cont inuous  membrane column needs more membrane a r e a  

than  t h e  convent iona l  u n i t .  The comparison i s  p o s s i b l e  o n l y  

f o r  t h e  c o n c e n t r a t i o n  range below t h e  l i m i t i n g  v a l u e  ( 3 4 . 7 8 %  . 
O2) 

I n  o v e r a l l  comparison, an economic s tudy  must b e  c a r r i e d  o u t ,  

which i s  beyond t h e  scope of  t h e  p r e s e n t  paper .  However, a q u a l i -  

t a t i v e  conclus ion  may b e  drawn by i n s p e c t i n g  F ig .  9 and 10. 

Depending on t h e  r e l a t i v e  c o s t s  of membrane and power, t h e r e  may 

be a r e g i o n  of c o n c e n t r a t i o n  i n  which t h e  convent iona l  permeator 

i s  more economical than  t h e  cont inuous  membrane column. However, 

near  t h e  l i m i t i n g  c o n c e n t r a t i o n  i t  appears  t h a t  t h e  cont inuous  

membrane column would b e  b e t t e r  t h a n  t h e  convent iona l  one. Of 

course ,  when t h e  d e s i r e d  product  c o n c e n t r a t i o n  i s  g r e a t e r  than 

t h e  l i m i t i n g  v a l u e ,  t h e  cont inuous  membrane column is  t h e  only  

c h o i c e ,  u n l e s s  t h e  convent iona l  u n i t s  are cascaded.  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CONTINUOUS MEMBRANE COLUMN 

CONCLUSIONS 

1087 

The cont inuous membrane column provides  a new s e p a r a t i o n  

technique.  Higher enr ichments ,  exceeding t h e  convent iona l  l i m i t ,  

have been achieved exper imenta l ly  wi thout  cascading i n d i v i d u a l  

u n i t s .  

requirements  i n d i c a t e  t h a t  t h e  cont inuous membrane column is  n o t  

needed when t h e  enr iched  product  i s  of l o w  concent ra t ion .  

However, f o r  h igher  enr ichment ,  t h e  cont inuous membrane column 

can r e p l a c e  t h e  convent iona l  m u l t i s t a g e  cascade.  

The comparisons of compressor load  and membrane area 
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SYMBOLS 

F 

Fr 
HMU 

L 

N 

n 

NMU 

P 

pi 

'r 
q 

Q 

- 
Q 

= feed  f low rate,  s t d  c c / s e c  

= FIR 

= height  of a membrane u n i t  as def ined  by Eq.  (2 ) ,  c m  

= compressor l o a d , s t d  c c / s e c  

= number of c a p i l l a r i e s  

= number of s t a g e s  

= number of membrane u n i t s  as def ined  by Eq. (1) 

= top product  f l o w  ra te ,  s t d  c c / s e c  

= a b s o l u t e  l o c a l  tube-s ide  p r e s s u r e ,  cm Hg 

= atmospheric  p r e s s u r e ,  cm Hg 

= Polpi 

= q T / R  

= tube-s ide  flow rate ,  s t d  c c / s e c  

( s t d  cc)  (cm) 
2 

(sec)(crn (cm Hg) 
= permeabi l i ty  c o e f f i c i e n t ,  

( s t d  cc)  (cm) 
2 

(sec)(cm 1 (cm Hg) 
= average permeabi l i ty ,  
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Qr = Q2/Ql 
r = r a d i u s  of c a p i l l a r y ,  cm 

R = bottom product  f l o w  rate, s t d  cclsec 

S = membrane area, cm 

t = membrane t h i c k n e s s ,  c m  

x = mole f r a c t i o n  of  t h e  more permeable component i n  tube-s ide  

y = mole f r a c t i o n  of t h e  more permeable component i n  s h e l l - s i d e  

z = a x i a l  c o o r d i n a t e ,  c m  

Z = t o t a l  column h e i g h t ,  cm 

2 

Greek Letters- 

ci = s e p a r a t i o n  f a c t o r  (Q IQ ) 

li = 3.141 592 . . . 1 2  

S u b s c r i p t s  

1 

2 

B 

C 
F 

i 

!, 

M 

0 

P 
R 

r 
T 

t h e  more permeable component 

t h e  less permeable component 

a t  t h e  bottom of t h e  column 

convent iona l  permeator  

feed  

i n s i d e  

l i m i t i n g  v a l u e  

cont inuous  membrane column 

o u t s i d e  

t o p  product  

bottom product  

r a t i o  

a t  t h e  t o p  of a column 

REFERENCES 

1. C .  T. B l a i s d e l l ,  and K. Kammermeyer, Chem. Eng.=, 8, 
1249 (1973). 

2 .  J. M. Thorman, H. Rhim, and S. T.  Hwang, Chem. Eng. S c i . ,  
- 30,  7 5 1  (1975) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



CONTINUOUS MFNBRANE COLUMN 1089 

3. 

4 .  

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12.  

1 3 .  

1 4 .  

15 .  

16.  

1 7 .  

18. 

19 .  

M. Ohno, T .  Morisue,  0. Ozaki ,  H. Heki,  and T .  Miyauchi,  
Radiochem. Radioanal .  L e t t . ,  g, 299 (1976).  

S.  A. S t e r n ,  F. J. Onorato,  and C .  Libove, AIChE J . ,  3, 
567 (1977).  

S .  A. S t e r n ,  and S-C Wang, J. Membr. S c i . ,  4,  ( l ) ,  1 4 1  
(19 78) . 
J. M. Thorman and S.  T.  Hwang, Chem. Eng. S c i . ,  22, 15 
(1978).  

C-Y Pan, C .  D. Jensen ,  C .  B ie lech ,  and H. W .  Habgood, 
J. Appl. Polym. S c i . ,  2, 2307 (1978).  

C-Y Pan, and H. W.  Habgood, Can. J .  Chem. Eng., 56, 210 
(1978).  

C .  R. Antonson, R. J. Gardner ,  C.  F. King, and D. Y .  K O ,  
Ind.  Eng. Chem. Process  D e s .  Develop.,  16, 463 (1977).  

C.  T .  B l a i s d e l l ,  and K. Kammermeyer, AIChE. J . ,  18, 1015 
(1972).  

S .  A.  S t e r n ,  J. T .  Mullhaupt ,  and P. J.  Gareis, AIChE J . ,  
- 15,  64 (1969) .  

S .  A. S t e r n ,  S-M Fang, and R .  M.  J o b b i n s ,  J.  Macromol. 
Sci-Phys. ,  B5(1) , 4 1  (1971) .  

S .  A. S t e r n ,  S-M Fang, and H. L. F r i s c h ,  J .  Polymer S c i . ,  
P a r t  A-2, 201 (1972). 

S-M Fang, S. A. S t e r n ,  and H. L. F r i s c h ,  Chern. Eng. S c i . ,  
- 30, 773 (1975) .  

C-Y Pan, and H. W. Habgood, Ind.  Eng. Chem. Fundam., g, 
323 (1974).  

M. Ohno, 0. Ozaki,  H. S a t o ,  S. Kimura, and T.  Miyauchi,  
J. Nucl. S c i .  Technol . ,  14, 589 (1977).  

M. Ohno, T.  Morisue,  0. Ozaki,  and T. Miyauchi,  J.  Nucl. 
S c i .  Technol . ,  15, 411 (1978). 

M. Ohno, T .  Morisue,  0. Ozaki,  and T .  Miyauchi,  J .  Nucl.  
S c i .  Technol . ,  15, 376 (1978).  

K. Higashi ,  H. Doi, and T.  S a i t o ,  Energ. Nucl. ,  17, 98 
(1970).  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1090 HWANG, YUEN, AND THORMAN 

20. 

21. 

22. 

23. 

24. 

25.  

26. 

27. 

K.  H i g a s h i ,  and Y.  Miyamoto, J. Nucl.  S c i .  Technol . ,  13, 
30 (1976) .  

R .  €1. Rainey,  W. L. C a r t e r ,  and S .  Blumkin, Repor t  ORNL-4522, 
Oak Ridge N a t i o n a l  L a b o r a t o r y ,  Oak R idge ,  Tenn. ,  A p r i l  1971.  

I.  Yamamoto, and A .  Kanagawa, 3. Mucl. S c i .  Techno l . ,  12, 
120 (1975) .  

C-Y Pan, and H. W. Habgood, Can. J .  Chem. Eng.,  56, 197 
(1978) .  

S .  T .  Hwang, and K. Kammermeyer, "Membranes in S e p a r a t i o n s , "  
W i l e y - I n t e r s c i e n c e ,  New York (1975) .  

P. bleares,  (Ed . ) ,  "Membrane S e p a r a t i o n  P r o c e s s e s , "  E l s e v i e r ,  
New York (1976) .  

S .  T. Ilwang and J. M. Thorman, a m a n u s c r i p t ,  "The Continuous 
Membrane Column," a c c e p t e d  by AIChE. J. (1979) .  

J .  :I. Thorman, "Eng inee r ing  A s p e c t s  of C a p i l l a r y  Perme- 
a t o r s  a n d t h e  Continuous Membrane Column," Ph.D. T h e s i s ,  
U n i v e r s i t y  o f  Iowa, Iowa Z i t y ,  Iowa (1979) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


