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SEPARATION S C I E N C E  AND TECHNOLOGY, 15(4), pp. 1091-1114, 1980 

ASYMMETRIC PEFU'CFATORS - A CONCEPTUAL STUDY 

K. K. Sirkar 
Department of Chemistry and Chemical Engineering 

Stevens Institute of Technology 

Hoboken, New Jersey 07030 

ABSTRACT 

The asymmetric permeator concept of Ohno et. al. utilizing 
two different membranes for rare gas separationhas been ex- 
plored in general. 
sible applications to gas separations other than rare gas- 
nitrogen mixtures have been discussed. The utility of an asym- 
metric permeator for multicomponent gas separations has been 
investigated. The separation factor of a ternary system in 
a perfectly mixed asymmetric permeator has been obtained. The 
amount of separation obtained with a ternary feed in a perfect 
crossflow stage having no axial mixing has been analytically 
determined for some limiting cases with an asymmetric permea- 
tor. The asymmetric permeator concept has been extended also 
to a high separation factor liquid solution separation process 
like reverse osmosis desalination. Preliminary calculations 
have been carried out to show that an asymmetric desalinator 
with reverse osmosis (RO) and piezodialysis (PD) membranes has 
a lower increase in brine concentration along the module length 
for a given water recovery resulting in a lower operating pres- 
sure. With hollow fiber asymmetric desalinators having RO and 
PD rnembranes, the concentration polarization, if any, may be 
significantly reduced. Practical applications of asymmetric 
permeators for phenol-water separation etc. have been discussed 

Various geometrical arrangements and pos- 

INTRODUCTION 

Membrane separation processes utilize at present a single 

type of membrane and are therefore capable of only binary separ- 
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1092 S IRKAR 

a t ions  due t o  t h e  ex is tence  of discontinuous chemical p o t e n t i a l  

p r o f i l e  a t  t h e  membrane sur face  ( 3 , ) .  

a re  poss ib le  i n  a menibpane separa tor  only i f  a t  l e a s t  two d i f -  

fe ren t  types  of membranes a re  u t i l i z e d  simultaneously.  Each 

such membrane should p r e f e r e n t i a l l y  sepa ra t e  one chemical spe- 

c i e s  i n s t ead  or’ j u s t  one ion ic  spec ies  as  i s  t r u e  i n  a c e l l  p a i r  

of an e l e c t r o d i a l y s i s  u n i t  having a ca t ion  exchange and an anion 

exchange membrane. Pdembrane separa tors  havingtwo d i f f e r e n t  

types of membranes capable of d i f f e r e n t  separakions a r e  termed 

asymmetric permeators. The only example of an asymmetric permea- 

t o r  although appl ied  t o  a binary sepa ra t ion ,  i s  ava i l ab le  i n  t h e  

inves t iga t ions  by Kimura, Nomura, Miyauchi and Ohno ( 2 ) .  Ohno 

and coworkeys had separated a N2-Kr mixture (3 )  by using a se- 

para t ion  c e l l  wi th  both c e l l u l o s e  a c e t a t e  and s i l i c o n e  rubber 

membranes. 

through a s i l i c o n e  rubber membrane, n i t rogen  has a higher per- 

meabi l i ty  than  krypton through a c e l l u l o s e  ace t a t e  membrane. 

Ohno e t  . a l .  ( 3 )  have thereby shown t h a t  t h e  b inary  separa t ion  

f a c t o r  i n  such an asymmetric gas permeator i s  g rea t e r  than  t h a t  

obtainable i n  a separa tor  With a s i n g l e  type  of membrane. Such 

an a s m e t r i c  permeator, t hen ,  l i k e  t h e  continuous membrane 

column of Hwang and Thorman ( 4 )  , i s  an improvement over a con- 

vent iona l  s i n g l e  s t age  membrane separa tor  wi th  a hot-too-large 

separa t ion  f a c t o r  f o r  b inary  gas separa t ions .  

Multicomponent separa t ions  

While krypton has higher permeabi l i ty  than  n i t rogen  

This paper dea l s  with a conceptual study of t h e  asymmetric 

permeator i n  genera l .  The asymmetric separa tor  concept i s  ex- 

tended here  t o  var ious  gas and l i q u i d  separa t ions  wi th  e x i s t i n g  

and/or improved vers ions  of membranes ( l i k e l y  t o  be ava i l ab le  

i n  f u t u r e ) .  

meators have been considered. The separa t ion  f ac to r  expressions 

f o r  a t e rna ry  gas mixture i n  a p e r f e c t l y  mixed a s m e t r i c  per- 

meatos have been s tud ied .  The s tage  ana lys i s  for a pe r fec t  

crossflow p a t t e r h  has a l s o  been c a r r i e d  o u t  f o r  some l i m i t i n g  

cases With a t e rna ry  gas system. Although t h e  asymmetric per- 

Multicomponent gas separa t ions  by asymmetric per- 
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ASYMMETRIC PERMEATORS 1093 

meator concept i s  usefu l  for separa t ions  with not-too-large se- 

para t ion  f a c t o r s ,  it has been extended t o  a l a r g e  separa t ion  

f a c t o r  process,  r eve r se  osmosis desa l ina t ion .  

vantages of car ry ing  out desa l ina t ion  i n  an asymmetric permea- 

t o r  with reverse  osmosis and g i ezod ia lys i s  menbranes have been 

explored wi th  regard t o  a reduction i n  high pressure  feed  b r ine  

concentration along t h e  permeator a s  w e l l  a s  concentration po- 

l a r i z a t i o n .  The u t i l i t y  of such s q a r a t o r s  f o r  o ther  l i g u i d  

so lu t ions  have a l s o  been considered. 

The poss ib l e  ad- 

DESCRIPTION OF ASYMTRIG PERMEATORS 

The schematic desc r ip t ion  of ah asymmetric germeator with 

two d i f f e r e n t  membranes, as ava i l ab le  i n  Ohno e t . a l .  ( 3 ) ¶  i s  

shown i n  Figure 1. The high pressure s i d e  output stream with 

dot ted  l i n e s  i s  absent i n  Ohno e t  . a l .  ( 3 )  scheme. Therefore I 

t h e  a s m e t r i c  permeator of Figure 1 w i t h  t h r e e  output streams 

i s  d i f f e r e n t  from an a s m e t r i c  separa tor  i n  which t h e r e  a r e  

only two output streams and t h e  heads separa t ion  f a c t o r  i s  

d i f f e r e n t  from t h e  t a i l s  separa t ion  f a c t o r .  The p r a c t i c a l  

M 

FIGURE 1 ASYMMETRIC PERMEATOR-SCHEMATIC 
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1094 S IRKAR 

arrangement o f  t h e  asymmetric permeator  i n  Ohno e t .  31. 

c o n s i s t s  of membrane c a p i l l a r i e s  o f  dimensions around 1 mm O . D .  

and 0.5 mm I.D. bundled t o g e t h e r  w i t h  both  ends opening t o  a 

chamber through a t u b e  s h e e t  i n  a s h e l l  and t u b e  c o n f i g u r a t i o n .  

3 i f f e r e n t  membranes a r e  connected t o  t h e  o p p o s i t e  t u b e  s h e e t s  

i n  a configlJrat ion s h o w  s c h e m a t i c a l l y  i n  F i g u r e  2, which a l s o  

has  a s h e l l  s i d e  o u t l e t  a b s e n t  i n  t h e  scheme of Ohno e t  . al. ( 3 )  

For d i f f e r e n t  a p p l i c a t i o n s ,  one could  u s e  hollow f i b e r s  i n s t e a d  

of  c a p i l b a r i e s .  For  hol low f i b e r  c o n f i g u r a t i o n s ,  i f  it i s  de- 

s i r e d  t h a t  t h e  d i f f e r e n t  membranes should  be kept  evenly  d i s -  

persed  amongst each o t h e r  i n s t e a d  of  each t y p e  be ing  bundled se-  

p a r a t e l y ,  lone could  make t h e  l e n g t h s  of t h e  hol low f i b e r s  of one 

m a t e r i a l  such t h a t  t h e y  g e t  s e a l e d  i n  t h e  t u b e  s h e e t  meant f o r  

t h e  o t h e r  membrane m a t e r i a l ,  Thus, hol low f i b e r s  o f  one ma-  

t e r i a l  w i l l  d i s c h a r g e  a t  one end o f  t h e  permeator  th rough t h e i r  

O W ~  t u b e  s h e e t  whi le  at  t h e  o t h e r  end ,  t h e y  w i l l  be  s e a l e d  i n  

t h e  t u b e  s h e e t  f o r  t h e  other- material .  

( 3 )  

Another p o s s i b l e  arrangement could  b e  a s t a c k  of p a r a l l e l  

menbranes arranged i n  t h e  manner o f  F i g u r e  3 w i t h  s u i t a b l e  s p a c e r s  

I Feed 

i' i' r ni i' a t (2 

t I> I-ou y h throuqh M' 

I 

t Reject 

FIGURE 2 ASYMMETRIC PERMEATOR-SCHEMATIC 
WITH HOLLOW FIBER MEMBRANES 
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I - - - - -  - - - -  - r -  - - - -  ---, 
I I 
I Permeat4 I 

, 
I 
I 

t ' 
Feed 

FIGURE 3 .  ASYMMETRIC PERMEATOR-SCHEMATIC WITH 
FLAT MEMBRANES 

i n  between t o  provide chambers. Those chambers With d i f f e r e n t  

membranes M '  and MI' oh two s i d e s  w i l l  be open t o  t h e  feed gas 

mixture in s ide  a pressure  ves se l  containing t h e  s t ack .  The cham- 

bers  with s imi l a r  membranes on both s ides  w i l l  be t h e  permeate 

chambers with connections t o  s imi l a r  chambers through a d i s t r i -  

bu tor  a t  t h e  ends. With two d i s t r i b u t o r s ,  t h e  two product 

streams can be taken out of t h e  ves se l  without contaminating t h e  

products wi th  t h e  feed stream. For a l i q u i d  mixture,  i t  i s  not 

necessary t o  have a s h e l l  and membrane s t ack  arrangement. Ra- 

t h e r ,  t h e  arrangement commonly used i n  e l e c t r o d i a l y s i s  can be 

conveniently u t i l i z e d  e l imina t ing  t h e  s h e l l  and feeding t h e  feed 

chambers through another d i s t r i b u t o r .  For gas sepa ra t ions ,  i f  

a purge o r  sweep gas (o r  vapor) i s  necessary,  an add i t iona l  d i s -  

t r i b u t o r  may be used t o  feed t h e  permeate co l l ec t ion  chambers. 
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1096 SIRKAS 

It should be pointed out t h a t  supporting t h e  membranes aga ins t  

high feed pressure  w i l l  be a problem i n  such an arrangement. 

Asymmetric permeators with more than t w o  d i f f e r e n t  mem- 

branes a re  a l s o  poss ib l e .  However, t h e  p r a c t i c a l  design of such 

permeators w i l l  be q u i t e  d i f f i c u l t  e spec ia l ly  with f l a t  mem- 

branes.  

SEPARATION FACTOR I N  A PERFECTLY MIXED ASYIVrMETRIC GAS PERMEATOR 

We w i l l  t r e a t  t h e  cases of binary  and t e rna ry  separa t ions  

f o r  a gas mixture i n  a p e r f e c t l y  mixed asymmetric permeator. 

For a binary gas mixture ,  consider t h e  separa tor  shown i n  Fig- 

ure  1. 

t u r e  en te r s  t h e  peraea tor  with a molar flow r a t e  o f  and a mole 

f r ac t ion  z1 of spec ies  1. 

f rac t ions  of gas wi th  mole f r a c t i o n s  y ~ '  and yIt' a r e  obtained 

respec t ive ly .  

( P ) ,  

pressure s ide  gas composition i s  everywhere z1. 
sures  i n  t h e  t h r e e  regions a r e  PF, P1' and PI1' and t h e  permea- 

b i l i t i e s  of t h e  spec ies  i through membranes M '  and M" a r e  se- 

spec t ive ly  P r  t and Pr I '  t hen ,  for simple gas permeation, it 
may be e a s i l y  show'n following Ohno e t .  a l .  ( 3 )  t h a t  t h e  s tage  

separa t ion  f a c t o r  ciL2 between permeate streams having flow 

r a t e s  $ 1  and Ti1' i s  

In t h e  scheme o f  Ohno e t .  a l .  ( 3 )  ( 2 ) ,  a binary gas mix- 

Through membranes M' and M", two 

Since t h e r e  i s  no r e j e c t  gas i n  Ohno e t .  a l .  ( 3 )  
= 0. For a completely mixed s t a g e ,  t h e r e f o r e ,  t h e  high 

If t h e  pres- 

i i 

Since 

and 

I 

Yl 

y2 
1 

and s imi l a r ly  f o r  membrane M" where AM' i s  t h e  membrane a r e a  of 

M' (AM" for MI' membrane), we obta in  
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I *  

1 2  a12 = a 

1 1  
Y 5. 1 

1 - -  - 
'F '1 

I ,  

y2 

'F '2 

k - 
Q t'* 
12 

1-- 
PF (1 - 2,) 

1 1  I t  

'1 yl 

pP 1 z 

1097 

(2 1 

which bn t h e  l i m i t  of' (P,'/P,) and (Pl1'/PF) tending t o  zero be- 

comes t h e  i d e a l  b inary  separa t ion  f a c t o r  i n  an asymmetric per- 

meator 

I *  "*  
a 12 * = (Q12/Q12) ( 3 )  

a re  t h e  i d e a l  separa t ion  f a c t o r s  f o r  each membrane. Since 

a12 
2 p e r f e r e n t i a l l y  goes through M", we have Q l2 
a l .  ( 3 ) ) ,  assuming 

I T *  

1 i f  spec ies  1 p r e f e r e n t i a l l y  goes through M' and spec ies  
I *  

aI2 (Ohno e t  . 
I *  

ci12 5 1. 

If t h e  a s m e t r i c  separa tor  is such t h a t  # o i n  Figure 1 

f o r  a b inary  mixture and t h e  high pressure  s ide  gas composition 

i n  t h e  pe r fec t ly  mixed s t age  i s  x , we can s t i l l  show t h a t  t h e  

value of a* between streams and i s  given by r e l a t i o n  ( 3 ) .  

All. one has t o  do is rep lace  zb by xi i n  equations (1) , ( l a )  , 
( I b )  and ( 2 ) .  I h  such a case , however , t h e r e  a r i s e s  a problem 

as t o  what i s  t o  be dohe wi th  t h e  r e j e c t  stream of f low r a t e  L 

e spec ia l ly  i f  a cascade i s  being used. 

i 

12 

Consider, however, a d i f f e r e n t  s i t u a t i o n  where we have 

t h s e e  components L, 2 and 3 i h  t h e  feed gas and L # 0. 
spec ies  1 p r e f e r e n t i a l l y  goes through M' and spec ies  2 through 

Suppose 
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1098 S IRKAR 

hl" and the reject consists primarily of species 3. 
ther that the Stage is completely mixed such that the high 

pressure side composition b s  given by x,. Then, for nembrane 

Suppose fur- 

MI, assuming binary 
cies i, we have 

I . I  

y1 

. I  

V 
y3 

I J .  

permeabilities Pr. are valid here for spe- 

I I 1 I 

1 as F u r t h e r  x + x2 + x3 = 1 = y1 + y2 + y3 . Defining c1 1 

we get 

J 
Simplifying we get 

=[-I 
I I 

On the other 
I 1 3 '  

an expression which is preferred if Pr > Pr 
hand, if Pr 

2 
> Pr2 , we would prefer 3 

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



ASYMMETRIC PERMEATORS 1099 

Situibarly, f o r  membrane M", we can ge t  using b inary  permeabil- 

i t i e s  'rill f o r  spec ies  i ,  

I, 

I t  Pr, 
.L a = -  1 Pr2" 

This form i s  p re fe r r ed  s ihce  Pr I f >  Pr3" (a l ready  assumed f o r  

t h e  problem). One can def ine  seve ra l  separa t ions  f a c t o r s  f o r  

spec ies  1 with respec t  t o  o the r s  f o r  t h e  asymmetric permeator 

of Figure 1 with 

ind ica t ing  t h e  separa t ion  of spec ies  1 from others  between t h e  

permeate through M 1  and t h e  r e j e c t  stream 2: ( cons i s t ing  p r i -  

marily of spec ies  3 ) .  
f a c t o r  would be 

2 

3 # 0 .  One such separa t ion  f a c t o r  i s  ci 

Another one i s  ci ". A t h i r d  separa t ion  1 

Ylt (1 - Y,") all 
(14) = -  5 - (1 - y l t )  yln & I t  1 

The genera l  expression f o r  a1 from r e l a t i o n s  (10 )  and ( 1 3 ) ,  

f o r  ex-le, i s  

% = I- 
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1100 s I m  

* 
m e n  plt  << pF and Pl" 

is obtained. 

P r '  << Pr 

PF, t h e  i d e a l  separa t ion  f a c t b r  a 1 

F Y  For t h e  s p e c i a l  case  Of Ph l  << Pp, P; << P 

< P r  ' and Pr2" > Prl" >> Pr ", w e  ob ta in  f o r  a 
* 
1' 3 2 1 3 

1 

Prl  [l-xl) 

Pr2 
0 6 )  

a = - -  

2 X 
1 

where the  i d e a l  b inary  separa t ion  f ac tos s  f o r  spec ies  1 and 2 

through membranes M and M a r e  given r e spec t ive ly  by 
I I 1  

iu 12 I *  = (Prll/Pr2'), a12"* c (Prlr1/Pr2") (19) 

Although a12"* i s  less than  1, al"* need not be l e s s  than  1. 

I f ,  however, a "* < 1 then  c1 * > a I *  and t h e  r e s u l t  i s  s i m i -  

l a r  t o  t h e  b inary  case .  

t h e  l i m i t  o f  P 

component na tu re  of  t h e  problem, a form given by (~6) which 

i s  d i f f e r e n t  from a '*. Simi la r ly  for c i  "* and a ' I * ,  

1 b 12 
One should n o t i c e ,  however, t h a t  i n  

<<  Pp and P r 2 ' > >  Ps  I ,  a. ' *  has,due t o  multi-  
1 3 1  

1 2  1 1 2  

On t h e  o ther  hand, snppose x << x3 (due t o ,  s ay ,  z2 << 

In  
2 

z 3 ) ,  Pl' << PFy  Pll' i <  PF, P r  ' 
such a case ,  t h e  form o f  a * i s  obtained as follows: 

Pr2 '  and Pr2" >> Pr 'I . 3 
1 

Y1( (l-Y1'l) Y l t  x1 ( l - Y I Y  
a = - - -  ----- 
1 (L-Y10 Yl" ( l - Y I V  x1 (1-xJ Yltl ( 2 0 )  

a *  1 

Pr (1-x,) Pr  2 2  x 
c 1  *---- 

I 
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ASYMMETRIC PERMEATROS 1101 

Obviously t h e  value o f  a1* under these  conditions i s  much l e s s  

than  t h a t  of al* given by r e l a t i o n  (18) s ince  here Pr Pr2IL 

Fur the r ,  if c1 "* 
merely (Pr1'/Pr3') and no p a r t i c u l a r  advantage i s  obtained from 

t h e  asymmetric gas separa tor  arrangement. 

s u l t  (22) i s  a l s o  v a l i d  i f  i n  addi t ion  to t h e  conditions men- 

t i oned  f o r  ob ta in ing  ( 2 l ) ,  xl .(< x 
t h e  only advantage of an asymmetric permeator i s  i t s  multi-  

component separa t ion  a b i l i t y .  

t h a t ,  i f  ?rll >> ?r 
i s  q u i t e  l a r g e  and consequently even i f  x2 <.( x 
(x /x ) , a1* i s  l a r g e .  

3 
(x /x ) due t o  Pr2" >> P r  ' I ,  then a * is 12 2 3  l d 

Notice t h a t  t h e  re -  

Under such condi t ions ,  3 '  

L t  must be mentioned however, 

Pr2* is Valid i n  add i t ion ,  then c1 I *  
3 12 

and ct12"* 
3 

2 3  

STAGE ANAL!fSLS: CROSSFLOW ASYMMETRIC PERMEATOR 

Consider Figure 4 where a csossfdow a s m e t r i c  permeator 

has been shown. For a Length dl i n  t h e  mean flow d i rec t ion  a t  

any loca t ion  of an asymmetric permeator, t h e  mass balance for 

spec ies  1 and 2 f o r  a 3-component system w i l l  l e a d  t o ,  for 

neg l ig ib l e  a x i a l  d i f fus ion  and no a x i a l  mixing, 

where 2 is t h e  high Pressure  s ide  feed  flow r a t e  at t h a t  loca- 

t i o n  and xL, x2 ahd x a r e  t h e  

1, 2 and 3 re spec t ive ly  i n  t h e  

arranging these  two r e l a t i o n s  , 

3 l o c a l  mole f r a c t i o n s  of spec ies  

high pressure  L stream. Re- 

we obta in  

I I 

s ince  
- 1  . 11 

d L  = dV $. av 
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1102 S IRKAR 

FIGURE 4 .  ASYMMETRIC PERMEATOR-CROSSFLOW 
STAGE ANALYSIS 

Analytical integration of these equations along the permeator 

is, perhaps, impossible unless simplifications are made. One 

such case would be: M: is essentially impermeable to species 

2; feed is dilute in L and 2, M 
species I; species 3 is impermeable through M and M ; dV is 

of the same order of magnitude as dv. Therefore 

1 

1, 

is essentially impermeable to 
I f  . 1 

11 

1 1  ! I 1  . I  . 11 .., ' *  w n  

y1 = o ; y2 c G ; xL, x2<< l; y3 = y3 = 0; dV = Q(dV )(27) 

Then we have equations (22) and (23 )  simplified to .. , . . .  
d V y1 = L dxl + xL dL . 11 11 . 

and dV y2 = L dx2 + x2 dL 
- ~ 

* I  . I f  * I  I - 
Therefore dV yl = L dxl + x (dV + dV ) L 

- 1  

6 L dx, + x1 dV 
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ASYMMETRIC PERMEATORS 1103 

and dxl 
- 1  

CZV - =  

Adding t h e  t w o  equations (31) and ( 3 2 )  we have 

Analy t ica l  i n t eg ra t ion  of t h i s  equation i s  poss ib le  along 

( 3 3 )  

t h e  

length  of t h e  pesmeator i f  one assumes t h a t  t h e  separa t ion  fac-  

t o r s  for spec ies  1 through M and spec ies  2 through M respec- 

t i v e l y  a r e  constant along t h e  germeator. 

t 11 

Here we def ine  

as i n  t h e  d e f i n i t i o n s  (8 )  and ( 1 2 ) .  Adopting then  Naylor and 

Backer 's  ( 5 )  approach v a l i d  f o r  constant separa t ion  f a c t o r s  

cil and a, , def ine  
1 11 

11 

and s imi l a r ly  for y2 

t h e  loca t ion  under cons idera t ion  t o  t h e  end of t h e  permeator 

where the  r e j e c t  flow r a t e  and compositions a re  given by Lo, x 
This y i e l d s  

- x2, we i n t e g r a t e  equation (33)  from 

i0 
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1104 s IRKAR 

a f t e r  considerable rearrangement. 

under consideration i s  t h e  s tage  i n l e t ,  then t h e r e  a r e  t h r e e  

Assuming t h a t  t h e  loca t ion  

unknowns i n  equation (38)  i f  i n l e t  condi t ions  a re  known: 

xlo and x ~ ~ .  
i f  we, i n  addi t ion  assume t h a t  PF>> Pll, PF>> Pl", then  i n  

t h e  length d l ,  

Since by assumgtion (27) y1 "= o and y2 "= 0 ,  

where we have assumed %' = 

meator and used t h e  r e l a t i o n s  (31) and ( 3 2 ) .  Thus 

f o r  t h e  l eng th  dl o f  t h e  per- 

2 X 1 X 

These can  be a n a l y t i c a l l y  in t eg ra t ed  e a s i l y  and a r e l a t i o n  ob- 
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ASYMMETRIC PERMEATORS 1105 

t a ined  between x and x f o r  given i n l e t  concentrations.  Thus, 

f o r  any given xlo, xz0 i s  khom and t h i s  w i l l  y i e l d  t h e  value of 

Lo from equation (38) .  
example, may now be  obtained f o r  known Lo, xlo and x 

f i r s t  s t e p  i s  t o  obtain a r e l a t i o n  between x 1 2 
f o r  knom xl0 and x ~ ~ .  
i n  terms of  x i n  r e l a t i o n  (38) .  Next combine equations (31) 

and (39) t o  obta in  

10 20 

The membrane a rea  of MI membrane, for 

The 20'  
and x from (41) 

Then s u b s t i t u t e  f o r  x t h i s  expression 2 

1 

I '  

10 (Y, L) axl 
(42) i ( Y L I  - x,) Xl 

1 

prl 'F 
A '2 1 1  

=(.I' = ' 

I 

Sere  y1 can be r e l a t e d  t o  x1 through d e f i n i t i o n  (34)  and t h e  

expression f o r  L, i s  obtained from t h e  r e s u l t  (38)  i n  terms of  

xl. 
f o r  membrane M . Perhaps, numerical i n t eg ra t ion  would be neces- 

sary s ince  dlue t o  t h e  complex na tu re  of t h e  in tegrand ,  we have 

not attempted an a n a l y t i c a l  so lu t ion  here .  Neither have we 

attempted here  t o  apply o ther  well-known methods used f o r  cross- 

flow no mixing s t ages  f o r  a b inary  system. For symmetric per- 

meators, t hese  a r e  wel l  t r e a t e d  i n  S tern  and Walawender (6)  f o r  

b inary  gas mixtures.  Obviously, o ther  flow pa t t e rns  i n  asym- 

met r ic  permeators will l ead  t o  a q u i t e  complicated s i t u a t i o n .  

Thus t h e  a rea  of membrane M can be determined; s i m i l a r l y  
11 

We have no t  considered here  continuous membrane colusnns of 

Bwang and Phorman ( 4 )  wi th  d i f f e r e n t  membranes a t  d i f f e r e n t  and/ 

or same loca t ions .  Obviously multicomponent separa tors  with such 

arrangements having countercurrent flow and recyc le  a r e  poss ib l e .  

POSSIBLE GAS SEPARATION APPLICATIONS OF ASYMMETRIC PERMEATORS 

Besides t h e  r a r e  gas separa t ion  appl ica t ions  by Ohno e t .  

al. ( 3 ) ,  no knom example of asymmetric separa tor  i s  ava i l ab le  

f o r  gas sepa ra t ions ,  Xowever, t h e  following processes ce r t a in -  

l y  appear t o  be worthy of explora t ion .  Consider t h e  multicom- 
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1106 S IRKAR 

ponent gas mixture,  t h e  synthes is  gas ,  needed f o r  ammonia pro- 

duction. It  conta ins  CG as  well  as  CO i n  addi t ion  t o  N 
e t c .  

duce the  necessary amount of B2. 
having two d i f f e r e n t  immobilized l i q u i d  membranes, it i s  l i k e l y  

t h a t  CO and CO can be eliminated sepa ra t e ly  from t h i s  gas mix- 

t u r e  without d i f f i c u l t y .  Fu r the r ,  t h e  separated CO can be re -  

acted with ].ow temperature steam t o  produce hydrogen and C O  

with t h e  l a t t e r  removed by one of s eve ra l  means ava i l ab le .  

There a re  various h ighly  e f f i c i e n t  immobilized f a c i l i t a t e d  

l i q u i d  membranes for CO removal (Ward (7)). For CO removal, 

t h e  same reference  ind ica t e s  t h e  p o s s i b i l i t y  of using cuprous 

ions i n  a s u i t a b l e  so lu t ion  (conta in ing ,  say ,  cuprous ammonium 

formate) which w i l l  f a c i l i t a t e  t h e  CO t r a n s p o r t  through an 

immobilized l i q u i d  f i lm  i n  t h e  manner of f a c i l i t a t e d  t r a n s p o r t  

of  NO by a so lu t ion  containing f e r rous  ions  ( 8 ) .  
separa t ion  f a c t o r  f o r  each spec ies  C02 and CO through membranes 

M and M. i s  l a r g e ,  t h e  previous ana lys i s  i s  l i k e l y  t o  be v a l i d  

f o r  t he  case.  Fu r the r ,  s ince  t h e  pos t - sh i f t  r eac to r  gas i s  

cooled anyVay f o r  C02 absorp t ion ,  t h e  cooling may be c a r r i e d  

out  e a r l i e r  t o  e l imina te  t h e  problem of l i q u i d  membrane evapor- 

a t ion .  

s i b i l i t i e s  f o r  improvements i n  process design f o r  synthes is  gas .  

It i s  poss ib l e  t o  conceive of b inary  separa t ions  o ther  

2 ,  H2 2 
Usually CG i s  converted t o  C02 by s h i f t  r eac t ion  t o  pro- 

With an asymmetric permeator 

2 

2 

2 

Since t h e  

I ( 1  

Such an asymmetric permeator opens up i n t e r e s t i n g  pos- 

than r a r e  gas separa t ions  through an asymmetric permeator a l s o .  

Some t y p i c a l  systems f o r  t h e s e  a r e  CO -CHb mixture form sewage 

treatment OF biomass processes ,  H,S-CO, mixthres from coke ovens, 

r e f i n e r i e s  e t c .  However, t h e  separa t ion  f a c t o r  of C O  over 

CH and H S over CO through many of  t h e  f a c i l i t a t e d  l i q u i d  

membranes a r e  l a r g e  enough (7)  t o  reduce t h e  need f o r  an asym- 

metric permeator. 

2 

2 

4 2 2 

ASYMMEC"L'IC PERhilEPlSOR FOR LIQUID SEPARATIONS 

A hypothe t ica l  example of an asymmetric permeator demon- 

s t r a t i n g  some of i t s  advantages w i l l  now be t r e a t e d  i n  t h e  
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ASYMMETRIC PERMEATORS 1107 

context of any desa l ina t ion  problem. Whereas r eve r se  osmosis 

i s  r o u t i n e l y  employed now-a-days for desa l ina t ion  wi th  poly- 

amides, PA-300, and ce l lu lose  a c e t a t e  membranes, p i ezod ia lys i s  

i s  not y e t  a p r a c t i c a l  desa l t i ng  process .  

s is  membranes developed thus  f a r  ( 9 )  (LO), are capable of sub- 

s t a n t i a l  Gait e n r i c h e n t  i n  t h e  permeate and workers i n  t h i s  

a rea  have suggested p i ezod ia lys i s  t o  be "on t h e  verge of being 

a p r a c t i c a l  d e s a l t h g  process" ( 9 ) .  Assuming then  t h a t  improved 

p i ezod ia lys i s  (PD) membranes w i l l  be ava i l ab le  i n  f l a t  shee t  

or  hollow f i b e r  form, as$ntnetric permeators a r e  poss ib l e  wi th  

f l a t  reverse  osmosis ( R O )  desa l ina t ion  and p i ezod ia lys i s  mem- 

branes as i n  Figure J. o r  with hollow f i b e r  membranes as i n  

Figure 2.  

now l i k e  t o  show t h a t  such asymmetric desa l ina to r s  have two 

d i s t i n c t  f ea tu re s  : 

However, piezodialy- 

For a b inary  separa t ion  l i k e  desa l ina t ion ,  we would 

1. 

feed along t h e  l eng th  of such a permeator i s  much less than  

t h a t  i n  a permeator using only RO membranes and having t h e  

combined a rea  of RO and PD membranes used i n  an asymmetric per- 

meator. In  f a c t ,  depending on how improved t h e  PD membrane 

i s  and t h e  r e l a t i v e  a r e a  r a t i o  of t h e  PD membrane wi th  r e spec t  

t o  RO membrane, t h e  bulk salt  concentration may even decrease 

along t h e  l eng th  of t h e  permeator. This ,  of course,  implies 

t h a t  lower pressures  of opera t ion  a r e  pcs s ib l e  f o r  a g ivenfeed  

and a des i red  amount of water recovery s ince  t h e  osmotic 

pressure  of t h e  concentrated b r ine  t o  be r e j e c t e d  o f t e n  

determines t h e  pressure  of opera t ion .  

The r i s e  i n  bulk salt concentration of t h e  high pressure  

2 .  

reduced s ince  t h e  saLt concent ra t ion  a t  t h e  Pb tnembrane sur- 

f ace  i s  much l e s s  than t h e  bulk salt concent ra t ion .  W i l e  t h i s  

is of ho importance i n  membrane channels which are reasonable 

t h i c k ,  it i s  of g rea t  importance i h  hollow f i b e r  modules. 

t h e  i n t e r - f i b e r  d i s t a a c e  in a hollow f i b e r  module i s  extremely 

s m a l l ,  t h e  grad ien t  i n  sa l t  concentration from t h e  wall. o f  a RO 

The concen t sa t ionpo la r i za t ion  problem i s  l i k e l y  t o  be 

Sihce 
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1108 s IRKAR 

hollow f i b e r  t o  t h e  wall of an ad jacent  PD hollow f i b e r  w i l l  be 

much higher r e s u l t i n g  i n  a much lower l e v e l  of concent ra t ion  

po la r i za i ton .  Although Hermans (11) has pointed out t h a t  t h e  

seve r i ty  of concent ra t ion  polardza i ton  i n  hollow f i b e r  RO u n i t s  

i s  l i k e l y  t o  be l imi t ed  due t o  t h e  low f l u x  l e v e l  e t c . ,  a s  long 

a s  PD hollow f i b e r s  a r e  present  i n  1:l r a t i o  wi th  RO hollow 

f i b e r s  i n  an asymmetric permeator, t h e  concent ra t ion  polar iza-  

t i o n  is l i k e l y  t o  be much l e s s  than  that i n  a hollow f i b e r  RO 

unit. 

The asymmetric permeator concept,  as o r i g i n a l l y  introduced 

( 3 ) ,  r e su l t ed  i n  an increased  s t age  separa t ion  f a c t o r  f o r  low 

separa t ion  f a c t o r  cases .  Therefore,  although, t h e r e  i s  no 

apparent reason f o r  having an asymmetric permeator f o r  a high 

separa t ion  f a c t o r  process l i k e  r eve r se  osmosis desa l ina t ion ,  

t he  above d iscuss ion  suggests ample basis f o r  f u r t h e r  study. 

We now ca r ry  out some preliminary ca l cu la t ions  t o  i l l u s t r a t e  our 

po in t .  

Consider i n  Figure 4 a small l eng th  d l  of t h e  a s p m e t r i c  

permeator f o r  desa l ina t ion  a t  any loca t ion  where t h e  volumetric 

feed b r ine  flo’w r a t e  i s  F and feed  b r ine  s a l t  concentration i s  

Csf. o f  l eng th  

dl and a rea  per  u n i t  time i s  

V 1 

If t h e  RO s i d e  molar output through membrane M 

I 1  

and t h e  Pll s ide  output through snembrane M o f  l eng th  dl and 

a rea  %’’ per  u n i t  t i m e  i s  

PD -t NspD) dpM” dV = (Nw 
. 1 1  

(44) 

then t h e  r a t i o  of volume of  p u r i f i e d  water recovered over t h e  

increase  i n  s a l t  concentratioh i n  l eng th  dL of t h e  asymmetric 

permeator i s  given as 

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



ASYMMETRIC P ERMEATORS 1109 

where 

For a symmetric permeator with only RO membranes and having t h e  

same feed a t  t h e  same l o c a t i o n ,  t h e  same r a t i o  w i l l  be changed 

t o  

s ince  f o r  t h i s  case p = 1 and NsPD = NsRo. If we  t ake  t h e  

following r a t i o  (Rat io)  /(Ratio)sym and assume t h a t  t h e  RO 

membrane is qu i t e  t i g h t  so t h a t  C = 0 ,  we w i l l  ge t  f o r  t h e  

case % = % 
A S P  

I I f  SP 

I 
Usually p << 1, s o  t h a t  althohggh % 
t h e  f i r s t  term wi th in  bracke ts  on t h e  r i g h t  hand s ide  i s  g r e a t e r  

than 9. Fur ther ,  t h e  second term i s  always g rea t e r  than  1 and 

as t h e  p i ezod ia lys i s  membrane performance improves, i t s  value 

w i l l  become g r e a t e r .  Thus, i n  an asymmetric permeator, t h e  

increase  i n  sal t  concentration along t h e  permeator i s  going to 

be l e s s  than  t h a t  i n  a symmetric reverse  osmosis desa l ina to r  

for a given water production r a t e .  

i s  a d i f f e r e n t i a l  quan t i ty ,  
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1110 s IRKAR 

One could go a step further. For a batch well stirred 
1 

asymmetric desalinator with a RO membrane area , a PD mem- 
brane area , feed salt mole fraction x and product salt 

mole fractions y and y 

increase in xsf as desalination proceeds may be easily shown 

to be 

I1  

1 , I  sf 
(at any time), the condition for no 

I 

sf - ys 1 I1[NsiD 'Dl X 

1 

i. Nw 
RO 11  

-1 sf yS Ys - x 

sf 

1 1 I 1  - where we have assumed y << x and x wf 2 Y, = Y, * Thus, sf 
the higher is the permeability of salt through the PD membrane, 

and the higher is the salt enrichment through the PD membrane, 
the lower will be the ratio (% 1% ) required to maintain con- 

stant feed salt concentration. Otherwise, will have to be 

many times larger than A Thus, order of magnitude improve- 

ments are necessary in flux values through PD membranes before 

they are useful in asymmetric permeators for achieving constant 

salt concentrations since the current values are low (the PD 

membranes being far from the asymmetric type) (9). 

I 1  1 

I 1  

I 

M '  

It is possible to conceive of other binary systems for 

which asymmetric permeators may be useful. For example, for the 
phenol-water system, it is known (12) that cellulose acetate 

membranes may have a negative rejection of phenol up to 20% 

whereas polyamide membranes used in a B-9 permeator have 55% 
rejection of phenol (13) at a pH of 7-9. 
and phenol-rich water are obtained shultaneously with the phenol- 

rich water having a higher concentration of phenol than what 

would have been obtained by a symmetric permeator with polyamide 

membranes only. Similarly for a feed mixture of polar and non- 

polar substances like alcohols and hydrocarbons, an asymmetric 

permeator with a polyethylene (PE) and a polar membrane (poly- 

Thus purified water 
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ASYMMETRIC PERMEATORS 1111 

amides or c e l l u l o s e  a c e t a t e )  w i l l  produce a highly hydrocarbon 

r i c h  f r a c t i o n  through t h e  PE membrane whereas an alcohol r i c h  

f r a c t i o n  w i l l  be obtained through t h e  o ther  membrane (provided 

it does not swel l  and ge t  destroyed by t h e  hydrocarbon) ( 1 4 ) .  

CONCLUSIONS 

The concept of an asymmetric permeator u t i l i z i n g  two d i f -  

f e r e n t  membranes which enr ich  t w o  d i f f e r e n t  nonionic spec ies  

from a gaseous mixture or a l i q u i d  so lu t ion  has a number of 

i n t e r e s t i n g  impl ica t ions .  For a b inary  f eed ,  such a permeator 

has a higher separa t ion  f a c t o r  than  one wi th  a s i n g l e  type  of 

membrane. For a t e rna ry  or multicomponent feed i n  genera l  wi th  

t h e  two membranes being s p e c i f i c  t o two  spec iss , such  a permeator 

has multicomponent separa t ion  c a p a b i l i t i e s  and y i e l d s  t h r e e  

f r a c t i o n s  enriched i n  t h r e e  spec ies .  For a high separa t ion  fac- 

t o r  process l i k e  reverse  osmosis desa l ina t ion ,  an asymmetric 

permeator with a reverse  osmosis membrane and p i ezod ia lys i s  mem- 

brane has a reduced increase  i n  sal t  concentration along t h e  

permeator l eng th  thus  r a i s i n g  t h e  l i ke l ihood  of desa l ina t ion  a t  

a lower pressure .  Proximity of p i ezod ia lys i s  hollow f i b e r  mem- 

brane t o  a reverse  osmosis hollow f i b e r  membrane i s  l i k e l y  t o  

reduce concentration po la r i za t ion  s i g n i f i c a n t l y .  Although t h e  

p o s s i b i l i t i e s  of a number of i n t e r e s t i n g  new or improved separ- 

a t i o n s  has been ind ica t ed ,  t h e  s t age  ana lys i s  of an asymmetric 

permeator i s  much more complicated than t h a t  of a symmetric 

germeator. 

SYMBOLS 

membrane a rea  i n  t h e  permeator 

molar concentration of sa l t  i n  feed b r ine  Csf 
C molar concentration of  sa l t  i n  permeate from RO membrane 

SP 
% d i f f e r e n t i a l  membrane a rea  f o r  permeator l eng th  dl 

dl d i f f e r e n t i a l  l ength  of  t h e  permeator 

dL d i f f e r e n t i a l  change i n  L f o r  length  d l  
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dV molar rate of  permeate production for length dl 

F molar feed flow rate at permeator inlet 

F volumetric brine feed flow rate at permeator inlet 

L molar feed flow rate at location 1 in the permeator 
.v 

RO 

pF 

p1 
Pr. 
. 1  
V 

two different membranes in the asymmetric permeator 

molar flux of species i through a piezodialysis membrane, 

i = w for water and i = s for salt 

molar flux of species i through a reverse osmosis mem- 

brane, i = w for water and i = s for salt 

high pressure on the feed side of permeator 

low pressure on the permeate side of permeator 

permeability of gas species i through membrane, i = 1,2,3 
molar rate of permeate production 

partial molar volume of  water 

X mole fraction of species i at the outlet of a perfectly i 
mixed gas permeator or at any location of the feed 

side of a crossflow gas permeator, i = 1,2,3 
mole fraction of species i in high pressure brine feed, ’if 

i = w for water and i = s for salt 

mole fraction of species i in permeate, i = 1,2,3 for gas 

permeator, i = s,w for salt and water in desalination 
Yi 

mole fraction of species i in feed to a gas permeator ‘i 

Greek letters 

“1 

* 
“I 

1 

“1 

I, 

“1 

11 

“ 2  

separation factor for species 1 in asymmetric separator, 

definition (14) 
ideal separation factor for species 1 in an asymmetric 

separator, definitions (21), (18) 
I 

separation factor for species 1 through membrane M , 
definition (8), (34) 

11 

separation factor for species 1 through M , defini- 
tion (12) 

tion (34) 

I 1  

separation factor for species 2 through M , defini- 
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I *  "* 
a1 ,al defined respec t ive ly  by (16) and (17) 

- 

defined by (I), binary  s t age  separa t ion  f a c t o r  f o r  
OL 12 

spec ies  1,2 
I #  "* 

a12 ,ci12 defined by (4) and (191, i d e a l  b inary  separa t ion  fac- 
1 11 

t o r s  through membranes M and M 
# 

i d e a l  b inary  s tage  separa t ion  f ac to r  f o r  spec ies  1 , 2  , a 12 
d e f i n i t i o n  ( 3 )  

1 I 1  

defined by &l 5 & 2  

Subscr ip ts  

i spec ies  1, 

0 s tage  e x i t  

Superscr ip ts  
I r e l a t e s  t o  

r e l a t e s  t o  11 

(35) 

2 and 3 
conditions 

membrane M I  

membrane M" 
* i d e a l  Conditions with permeate s ide  pressures  being 

too  low compared t o  feed  pressure .  
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