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SEPARATION SCIENCE AND TECHNOLOGY.22(2&3), 731-743.1987 

An Overview of Membrane Separations 

RICHARD D. NOBLE 

NATIONAL BUREAU OF STANDAKDS 
CENTER FOR CHEMICAL ENCINEEKING 773.1 
BOULDER, COLORADO 80303 

ABSTRACT 

The f i e l d  o f  membrane s e p a r a t i o n s  is d i s c u s s e d .  The 
ma jo r  membrane t y p e s  and a p p l i c a t i o n s  are  o u t l i n e d .  
The o u t l o o k  w i t h  r e s p e c t  t o  research a c t i v i t i e s  and 
commercial a p p l i c a t i o n s  is su rveyed .  The a d v a n t a g e s  
and d i s a d v a n t a g e s  o f  t h i s  s e p a r a t i o n  p r o c e s s  are  
d i s c u s s e d .  C e r t a i n  a p p l i c a t i o n s  where membranes may 
save'  e n e r g y  and improve p r o d u c t i v i t y  a r e  a l s o  
d i s c u s s e d .  

BACKGROUND 

Membrane s e p a r a t i o n s  have evo lved  i n t o  an  expand ing  and 
d i v e r s e  f i e l d .  There are now numerous t y p e s  of membranes, v a r i o u s  
a p p l i c a t i o n s ,  and c e r t a i n  u s e s  which have  a t t a i n e d  commercial  
s u c c e s s .  I t  would be i m p o s s i b l e  t o  p r o v i d e  a tho rough  r e v i e w  o f  
a l l  a s p e c t s  o f  membrane s e p a r a t i o n s  i n  a pape r  s u c h  as  t h i s .  
T h e r e f o r e ,  an  ove rv iew of t h i s  f i e l d  w i l l  be p r o v i d e d  here. 

Many r e v i e w s ,  books ,  and r e p o r t s  p r o v i d e  a d d i t i o n a l  d e t a i l  on  
t h e  v a r i o u s  t o p i c s  d i s c u s s e d  i n  t h i s  paper  (1 -13) .  Lonsda le  ( 1 )  
p r o v i d e s  a n  i n t e r e s t i n g  l o o k  a t  t h e  growth and e v o l u t i o n  of  
membrane t e c h n o l o g y .  He d i v i d e s  h i s  d i s c u s s i o n  between p r e  and 
p o s t  1950. H e  d i s c u s s e s  the  major  a p p l i c a t i o n s  and membrane t y p e s .  
S t r a t h m a n n ' s  a r t i c l e  ( 2 )  is a v e r y  comple t e  and well done 
d e s c r i p t i o n  o f  membrane s e p a r a t i o n  p r o c e s s e s .  He d i s c u s s e s  
membrane s t r u c t u r e  and p r o p e r t i e s  as  w e l l  as v a r i o u s  a p p l i c a t i o n s .  
The t o p i c  of  g a s  membrane s e p a r a t i o n s  is wel l  documented i n  a n  
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732 NOBLE 

a r t i c l e  by Matson e t  a l .  ( 3 ) .  Topics  such a s  t r a n s p o r t  t h e o r y ,  
membrane m a t e r i a l s ,  membrane geometr ies ,  and permeator des ign  a r e  
a l l  covered.  Schell  ( 4 )  d i s c u s s e s  v a r i o u s  commercial gas  
s e p a r a t i o n  p r o c e s s e s  and compares membranes t o  convent iona l  
processes .  He a l s o  compares two d i f f e r e n t  membranes f o r  n i t r o g e n  
enrichment t o  demonstrate  how membrane performance a f f e c t s  
economics. A r e c e n t  r e p o r t  ( 5 )  provides  650 t i t l e s  and a b s t r a c t s  
on membrane gas  s e p a r a t i o n  cover ing  t h e  years  1975 t o  1983. Way e t  
a l .  ( 6 )  p rovide  a good overview of  t h e  l i q u i d  membrane f i e l d .  
Noble e t  a l .  ( 7 )  r e c e n t l y  completed a more complete and thorough 
review o f  l i q u i d  membranes. Danesi ( 8 )  has  r e c e n t l y  w r i t t e n  an 
a r t i c l e  which covers  metal  e x t r a c t i o n  u s i n g  supported l i q u i d  
membranes. He covers  both t h e  modeling and exper imenta l  work 
performed a t  Argonne Nat iona l  Laboratory.  Hwang and Kammermeyer 
( 9 )  r e c e n t l y  r e i s s u e d  t h e i r  c l a s s i c  t e x t  on membrane s e p a r a t i o n s .  
Meares ( 1 0 )  e d i t e d  a t e x t  on membrane s e p a r a t i o n s .  The var ious  
c h a p t e r s  cover a wide  range  o f  a p p l i c a t i o n s .  S c o t t  ( 1 1 )  e d i t e d  a 
t e x t  which covers  t h e  p a t e n t  l i t e r a t u r e  between 1978-80. Lloyd 
( 1 2 )  e d i t e d  a t e x t  on m a t e r i a l  s c i e n c e  o f  s y n t h e t i c  membranes. The 
m a t e r i a l  i n  t h e  t e x t  is based on a symposium held a t  an ACS meet ing 
and covers  many a s p e c t s  o f  membrane m a t e r i a l s  a s  wel l  as usage. 
F l e t t  ( 1 3 )  e d i t e d  a t e x t  devoted t o  ion-exchange membranes. An 
assessment  o f  membrane technology and i t ' s  a p p l i c a t i o n s  was done 
f o r  t he  U.S. Department of  energy ( 1 4 ) .  The t e x t  covers  a wide 
range o f  membrane t y p e s ,  equipment, and uses .  There is a l s o  a 
l a r g e  number of  r e f e r e n c e s  l i s t e d .  The r e a d e r  should r e f e r  t o  
t h e s e  recommendations f o r  a more de t a i l ed  d i s c u s s i o n  o f  t o p i c s  of 
i n t e r e s t .  

The h i s t o r i c a l  evolu t ion  of  membrane technology is a s u b j e c t  
i n  i t s e l f .  From t h e  f i r s t  mention of  membranes a s  a s e p a r a t i o n  
device i n  185'1 t o  the  p r e s e n t ,  t h i s  a r e a  provides  some i n t e r e s t i n g  
reading .  Two e x c e l l e n t  s o u r c e s  are Lonsdale 's  a r t i c l e  ( 1 )  and 
S o l l n e r ' s  prologue i n  Hwang and Kammermeyer's t e x t  ( 9 ) .  

MEMBRANE DEFINITION 

A membrane can b e  viewed as a semi-permeable b a r r i e r  between 
two phases .  T h i s  barrier can r e s t r i c t  the  movement of  molecules 
a c r o s s  i t  i n  a very  s p e c i f i c  manner. The membrane must ac t  a s  a 
barrier between phases  t o  prevent  i n t i m a t e  c o n t a c t .  T h i s  b a r r i e r  
can be s o l i d ,  l i q u i d ,  o r  even a gas .  The semi-permeable n a t u r e  is 
e s s e n t i a l  t o  i n s u r i n g  t h a t  a s e p a r a t i o n  t a k e s  p lace .  I f  a l l  
s p e c i e s  p r e s e n t  could move through t h e  membrane a t  t h e  same r a t e ,  
no s e p a r a t i o n  would occur .  The manner i n  which the membrane 
r e s t r i c t s  molecular  motion can t a k e  many forms. S i z e  e x c l u s i o n ,  
d i f f e r e n c e s  i n  d i f f u s i o n  c o e f f i c i e n t s ,  e l e c t r i c a l  charge ,  and 
d i f f e r e n c e s  i n  s o l u b i l i t y  are some examples. 

There a r e  two p o i n t s  t o  n o t e  concerning t h i s  d e f i n i t i o n .  
F i r s t ,  a membrane is def ined  based on what i t  does,  no t  what i t  is  
( 2 ) .  Secondly,  a membrane s e p a r a t i o n  is a r a t e  process .  The 
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AN OVERVIEW OF MEMBRANE SEPARATIONS 733 

s e p a r a t i o n  is accomplished b y  a d r i v i n g  f o r c e ,  not  b y  e q u i l i b r i u m  
between phases. 

With t h i s  d e f i n i t i o n  i n  mind, we can now look a t  v a r i o u s  
membrane t y p e s  and a p p l i c a t i o n s .  The  fo l lowing  d i s c u s s i o n  is not  
meant t o  look a t  every  membrane t y p e  o r  a p p l i c a t i o n .  Rather ,  i t  i s  
an a t t e m p t  t o  cover  t h e  major uses .  

MEMBRANE TYPES 

Membranes can be c l a s s i f i e d  by  t h e i r  s t r u c t u r e .  There a r e  
o t h e r  w a y s  of c l a s s i f y i n g ,  such as  f u n c t i o n ,  b u t  s t r u c t u r e  or  
membrane m a t e r i a l  is probably a good o v e r a l l  grouping. 

1 .  Polymer Membranes 

This  is probably t h e  most common form of s y n t h e t i c  membranes 
and t h e  one t h a t  f i r s t  comes t o  mind when t h i n k i n g  of  membrane 
s t r u c t u r e .  Within t h i s  c l a s s i f i c a t i o n ,  t h e r e  a r e  t h e  fo l lowing:  

a )  asymmetric s k i n .  The work of Loeb and S o u r i r a j a n  ( 1 5 )  t o  
develop these membranes l e d  t o  t h e  f i r s t  l a r g e  s c a l e  use 
of  membranes i n  r e v e r s e  osmosis. 

b )  homogeneous f i l m s .  These f i l m s  a r e  widely used i n  t h e  
food and consumer packaging i n d u s t r i e s  t o  provide  b a r r i e r s  
t o  contaminants .  

c )  amor phous. 

d )  composi tes .  T h i s  group i n c l u d e s  polymer blends and a c t u a l  
l a y e r e d  membranes. 

2. L i q u i d  Membranes 

a )  supported f i l m s .  These f i l m s  can be suppor ted  by  e i t h e r  
sheets o r  hollow f i b e r  m a t e r i a l s .  Both l i q u i d  phase and 
gas  phase s e p a r a t i o n s  can be accomplished w i t h  t h e s e  
membranes. 

b )  emulsions.  These membranes a r e  a c t u a l l y  double  emulsions.  
L i  ( 1 6 )  p ioneered  t h e i r  use a s  a s e p a r a t i o n  process .  They 
can be used f o r  l i q u i d  phase s e p a r a t i o n s .  

c )  bulk.  Bulk l i q u i d  membranes a r e  u s e f u l  f o r  l a b o r a t o r y  
r e s e a r c h .  They a r e  t o o  t h i c k  t o  be u s e f u l  commercially. 

3. S o l i d s  

a )  ceramics .  Curren t  r e s e a r c h  i n  ceramic membranes may 
d r a m a t i c a l l y  expand t h e  range  of a p p l i c a b i l i t y  of  membrane 
s e p a r a t i o n s ,  e s p e c i a l l y  i n  h i g h  tempera ture  and c o r r o s i v e  
environments. 
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7 3 4  

b) glass. 

c) metals. 

NOBLE 

4 .  Ion Exchange 

These membranes have a polymeric backbone with fixed charge 
sites. The counter ion has mobility within the membrane and this 
configuration gives these membranes their unique properties for 
ionic separations. These membranes have recently found use as 
supports for carrier-impregnated liquid membranes (17). 

a) cationic. 

b) anionic. 

MEMBRANE CONFIGURATIONS 

1 .  Sheets 
a) continuous column (18 )  
b) supported liquid 
c) polymer film 

2. Spiral Wound 

3. Hollow Fiber 
a) coated fibers 
b) supported liquid 

4. Emulsion 

MEMBRANE APPLICATIONS 

Ultrafiltration 

Ultrafiltration membranes are sometimes described as 
microfiltration, hyperfiltration, or reverse osmosis membranes. 
The distinction is usually based on the size of the molecules being 
excluded by the membrane. Reverse osmosis operates in the range of 
approximately 0.1 to 1 nm. The range is 1 to 100 nm for 
ultrafiltration and 100 to 1000 nm for microfiltration (2). 

The driving force for separation in this application is a 
hydrostatic pressure gradient. The pressure gradient applied needs 
to be larger than any osmotic pressure gradient opposing the 
molecular motion. A feed solution flows to the membrane surface 
where small molecules are allowed to pass through the membrane and 
large molecules are excluded. Typical pressure drops are 10 to 100 
kPa (0.1 to 1.0 atm) for microfiltration, 50 to 500 kPa (0.5 to 5.0 
atm) for ultrafiltration, and 2000 to 10,000 kPa (20 to 100 atm) 
for reverse osmosis (2). 

The uses of these membranes are varied. Reverse osmosis 
membranes are used to separate salts and microsolutes from solution. 
The largest use is in removing salts from water. Ultrafiltration 
membranes are used to separate macromolecular solutions. These 
solutions can include fruit juices and protein mixtures. 
Microfiltration can sterilize solutions by removing bacteria and 
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AN OVERVIEW OF MEMBRANE SEPARATIONS 735 

o t h e r  c e l l u l a r  m a t e r i a l .  S o u r i r a j a n  ( 1 9 )  provides  an e x c e l l e n t  
r e f e r e n c e  f o r  r e v e r s e  osmosis. 

D i a l y s i s  

D i a l y s i s  employs a c o n c e n t r a t i o n  g r a d i e n t  a s  a d r i v i n g  f o r c e  
f o r  s e p a r a t i o n .  A f e e d  s o l u t i o n  is f e d  t o  t h e  d i a l y z e r .  A 
r e c e i v i n g  phase c a l l e d  t h e  d i a l y s a t e  flows on t h e  o p p o s i t e  s i d e  o f  
t h e  membrane. A c o n c e n t r a t i o n  g r a d i e n t  is s e t  up a c r o s s  t h e  
membrane and the  s o l u t e  of  i n t e r e s t  f lows from t h e  feed t o  t h e  
d i a l y s a t e .  

D i a l y s i s  membranes a r e  mainly used t o  s e p a r a t e  s a l t s  and 
microsolu tes  from macromolecular s o l u t i o n s .  The major use is as  an 
a r t i f i c i a l  kidney i n  blood p u r i f i c a t i o n .  

E l e c t r o d i a l y s i s  

E l e c t r o d i a l y s i s  u s e s  an e l e c t r i c a l  p o t e n t i a l  g r a d i e n t  t o  
a f f e c t  a s e p a r a t i o n .  Ion-exchange membranes a r e  used i n  
conjunct ion  w i t h  t h e  e l e c t r i c  f i e l d  t o  s e l e c t i v e l y  remove i o n i c  
s p e c i e s .  By  a l t e r n a t e l y  s t a c k i n g  c a t i o n i c  and a n i o n i c  ion-exchange 
membranes and imposing t h e  e l e c t r i c  f i e l d  a c r o s s  t h e  s t a c k ,  
a l t e r n a t e  s t reams with enr iched  and deple ted  i o n i c  c o n t e n t  can be 
formed . 

The major use of  e l e c t r o d i a l y s i s  is d e s a l t i n g  i o n i c  s o l u t i o n s .  
Fuel  c e l l s  c o n t a i n i n g  ion-exchange membranes use  t h i s  same d r i v i n g  
f o r c e .  

Gas S e p a r a t i o n s  

The a p p l i c a t i o n s  descr ibed  above normally apply  t o  l i q u i d  
s o l u t i o n s .  Gases can a l s o  be s e p a r a t e d  u s i n g  a p r e s s u r e  or  
c o n c e n t r a t i o n  g r a d i e n t .  A c o n c e n t r a t i o n  g r a d i e n t  is used w i t h  
car r ie r -media ted  l i q u i d  membranes descr ibed  below. 

The major u s e s  of  membranes f o r  gas  s e p a r a t i o n  a r e  n i t r o g e n  
recovery  from a i r  f o r  i n e r t  atmospheres, carbon d i o x i d e  recovery  
from gas wells,  and hydrogen r e c o v e r y  from ammonia and r e f i n e r y  
p l a n t s .  Polymer membranes are u t i l i z e d  f o r  t h e s e  uses ,  A t  t h i s  
p o i n t ,  t h e r e  a r e  no l a r g e  s c a l e  gas  s e p a r a t i o n s  us ing  
c a r r  ier-mediated l i q u i d  membranes. 

Carr ier-Mediated Transpor t  

Carrier-mediated t r a n s p o r t  makes use of  d i f f u s i o n  a c r o s s  t h e  
membrane combined wi th  a r e v e r s i b l e  r e a c t i o n  t o  provide  both  a 
l a r g e r  and more s e l e c t i v e  f l u x .  A l i q u i d  phase c o n t a i n i n g  a 
n o n - v o l a t i l e  carr ier  is used a s  the membrane. There are two b a s i c  
mechanisms f o r  t h i s  enhanced t r a n s p o r t .  
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736 NOBLE 

I n  coupled t r a n s p o r t ,  the  r e v e r s i b l e  r e a c t i o n  is an ion 
exchange and t h e  s o l u t e  f l u x  is l inked  (coupled)  t o  t h e  exchanged 
ion f l u x .  The c a r r i e r  is normally an ion exchange r e a g e n t .  T h i s  
r e a c t i o n  normally occurs  a t  the  l i q u i d - l i q u i d  i n t e r f a c e  s i n c e  the  
ions  are not  s o l u b l e  i n  an o r g a n i c  phase ( l i q u i d  membrane). One 
example of  t h i s  p rocess  a r e  t h e  ion-exchange e x t r a c t i o n  r e a g e n t s  
f o r  copper recovery .  These r e a g e n t s  exchange copper and hydrogen 
ions .  Another r e c e n t  example i s  i o n i z a b l e  crown e t h e r s .  These 
compounds s o l u b i l i z e  t h e  metal ion and provide t h e  counter  ion.  
I o n i z a b l e  crown e t h e r s  exchange metal  i o n s  and hydrogen ions .  
These examples i l l u s t r a t e  counter  t r a n s p o r t .  I n  t h i s  mode, t h e  
t r a n s p o r t  of  t h e  metal ion and hydrogen ion a r e  i n  o p p o s i t e  
d i r e c t i o n s .  The use o f  n e u t r a l  crown ethers a s  c a r r i e r s  i s  an 
example of  co- t ranspor t .  I n  t h i s  mode, t h e  metal ion and the  
counter  ion  a r e  both t r a n s p o r t e d  i n  t h e  same d i r e c t i o n .  

F a c i l i t a t e d  t r a n s p o r t  is concerned w i t h  t h e  r e v e r s i b l e  
r e a c t i o n  between t h e  c a r r i e r  and t h e  s o l u t e  and is not  coupled t o  
o t h e r  components. T h i s  r e a c t i o n  normally can t a k e  p l a c e  throughout  
t he  l i q u i d  membrane phase. One example is oxygen t r a n s p o r t  u s i n g  
hemoglobin. Separa t ion  of  a c i d  gases  (carbon d ioxide  and hydrogen 
s u l f i d e )  u s i n g  amine c a r r i e r s  is another  example. See ( 7 )  f o r  
f u r t h e r  examples. 

Cuss le r  (20 )  provides  a good d e s c r i p t i o n  o f  car r ie r -media ted  
t r a n s p o r t  i n  l i q u i d  membranes. V a r i a t i o n s  on t h e s e  r e a c t i o n  
schemes a r e  p o s s i b l e .  A r e c e n t  paper by Goddard ( 2 1 )  i l l u s t r a t e s  
t h e s e  v a r i a t i o n s .  

Carr ier-mediated t r a n s p o r t  is p o s s i b l e  u s i n g  either supported 
o r  emulsion l i q u i d  membranes. Both supported o r  emulsion l i q u i d  
membranes can be used f o r  l i q u i d  phase s e p a r a t i o n s  w h i l e  supported 
l i q u i d  membranes are used f o r  gas  s e p a r a t i o n s .  

There is o n l y  one l a r g e  s c a l e  u s e  o f  t h i s  technology a t  t h i s  
time. An emulsion l i q u i d  membrane s y s t e m  f o r  z i n c  removal from 
wastewater is now being used i n  A u s t r i a  ( 2 2 ) .  

C o n t r o l l e d  Release 

The purpose of  t h i s  technology is t o  provide a c o n s t a n t  or a t  
l e a s t  minimum amount of d e l i v e r y  of a chemical over an extended 
per iod of  time. Some examples a r e  drug d e l i v e r y  and p e s t i c i d e  
r e l e a s e .  

This  r e l e a s e  is accomplished i n  t h r e e  ways .  The r e l e a s e  ra te  
is zero-order  i f  t h e  a c t i v e  a g e n t  is maintained a s  a pure m a t e r i a l  
i n  a r e s e r v o i r .  The r e l e a s e  r a t e  is u s u a l l y  f i r s t  o rder  i f  t h e  
a c t i v e  agent  is d i s s o l v e d  w i t h i n  t h e  membrane mat r ix  and becomes 
d i l u t e d  w i t h  time. A t h i r d  c a s e  is one where the  a c t i v e  agent  is 
p r e s e n t  as  a pure phase i n  the i n t e r i o r  of t h e  device  but becomes 
d isso lved  i n  t h e  membrane matrix near t h e  s u r f a c e .  T h i s  t h i r d  c a s e  
fo l lows  time t o  t h e  n e g a t i v e  0.5 k i n e t i c s .  
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AN OVERVIEW OF MEMBRANE SEPARATIONS 737 

Other f a c t o r s  which are  important  a r e  membrane shape  and 
e x t e r n a l  mass t r a n s f e r  r e s i s t a n c e s  (boundary l a y e r  e f f e c t s ) .  

This  technology is f i n d i n g  wide a p p l i c a t i o n  i n  t h e  drug and 
pharmacut ical  i n d u s t r y .  Some examples a r e  drug  d e l i v e r y  through 
t h e  s k i n  f o r  motion s i c k n e s s  and implants  f o r  b i r t h  c o n t r o l .  One 
f a m i l i a r  example f o r  p e s t  c o n t r o l  are t h e  s t r i p s  which can be hung 
i n  a room t o  r e p e l  i n s e c t s .  

Membrane E l e c t r o d e s  

Membrane e l e c t r o d e s  are ion s p e c i f i c  membranes which a r e  used 
as one e l e c t r o d e  wi th  a r e f e r e n c e  e l e c t r o d e  and a c o u n t e r e l e c t r o d e  
a l s o  p r e s e n t .  The measurement of  i o n i c  c u r r e n t  can be re la ted t o  
t h e  amount of a s p e c i f i c  ion  p r e s e n t  s i n c e  o n l y  t h a t  ion  can pass  
through t h e  membrane e l e c t r o d e .  The membranes can be c l a s s i f i e d  as 
g l a s s ,  c r y s t a l l i n e ,  heterogeneous,  and l i q u i d  (1 ). 

An a d d i t i o n a l  a p p l i c a t i o n  of t h i s  approach is i n  s e n s o r  
development. By c o n s t r u c t i n g  a membrane which is very s e l e c t i v e  
f o r  t h e  compound o f  i n t e r e s t ,  the membrane could  become t h e  b a s i s  
f o r  s e n s i n g  and q u a n t i f y i n g  t h i s  compound. 

T h i s  s e n s i n g  can be accomplished i n  d i f f e r e n t  ways. A 
c o n d u c t i v i t y  or o t h e r  probe c o u l d  be placed on t h e  sweep (permeate)  
s ide  o f  the  membrane t o  measure o n l y  those  compounds which p a s s  
through t h e  mmbrane. The membrane can c o n t a i n  very s p e c i f i c  
complexing a g e n t s  f o r  t h e  compound o f  i n t e r e s t .  Then t h e  membrane 
could be t h e  sensor  as  t h e  c o n d u c t i v i t y  o r  o t h e r  membrane p r o p e r t y  
changed a s  a f u n c t i o n  of complexation. 

Per vapora t  i o n  

This  process  i n v o l v e s  t h e  c o n t a c t  o f  a l i q u i d  mixture  on one 
s ide  of  t h e  membrane. S e l e c t i v e  d i f f u s i o n  of  s o l u t e s  a c r o s s  t h e  
membrane o c c u r s  and t h e  s o l u t e s  a r e  r e l e a s e d  t o  a gas  phase. Both 
d i f f u s i o n  and evapora t ion  a r e  used as  s e p a r a t i n g  mechanisms. 

D i f f i c u l t  l i q u i d  phase s e p a r a t i o n s ,  such a s  a z e o t r o p i c  
mixtures  o r  c l o s e l y  b o i l i n g  components, can be accomplished u s i n g  
t h i s  technique .  One example is ethanol-water  s e p a r a t i o n .  

MEMBRANE PROCESSES 

Advantages 

1 .  Low Energy Requirements. 

The o n l y  energy normally r e q u i r e d  is t o  move t h e  f l u i d s  on 
each s i d e  of  t he  membrane. Some membrane o p e r a t i o n s  a l s o  r e q u i r e  a 
p r e s s u r e  drop. No heat is r e q u i r e d  as i n  d i s t i l l a t i o n ,  This  last 
p o i n t  is e s p e c i a l l y  important  when p r o c e s s i n g  h e a t  degradable  
m a t e r i a l s  such a s  food products  and b iochemica ls .  
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738 NOBLE 

2. S i m p l i c i t y .  

Membrane u n i t s  a r e  s imple  i n  des ign .  They a r e  modular. They 
can be e a s i l y  expanded by adding  a d d i t i o n a l  modules. There are few 
a d d i t i o n a l  components, such a s  pumps and i n s t r u m e n t a t i o n ,  needed. 
Scale-up is e a s y  as i t  o n l y  r e q u i r e s  a d d i t i o n a l  modules and/or  an 
a d d i t i o n a l  u n i t .  T h i s  compact des ign  l e a d s  t o  low space  
requi rements .  This  p o i n t  can be very important  when space  is a t  a 
premium. I n s t a l l a t i o n  is u s u a l l y  s i m p l e  and inexpensive.  Many 
u n i t s  a r e  skid-mounted o r  f i t  onto e x i s t i n g  equipment t o  make it  
e a s y  t o  i n c o r p o r a t e  i n t o  e x i s t i n g  processes .  Operat ion is s imple  
s i n c e  i t  is e s s e n t i a l l y  an on-off process  and does not  u s u a l l y  
e x h i b i t  long  s t a r t - u p  times. 

Disadvantages 

1 .  Flux v s .  S e l e c t i v i t y  

In  many a p p l i c a t i o n s ,  o b t a i n i n g  a h i g h l y  s e l e c t i v e  s e p a r a t i o n  
means a low s o l u t e  f l u x  and v ice-versa .  Some p r o g r e s s  has  been 
made i n  making v e r y  t h i n  f i l m s  which can be s e l e c t i v e .  But ,  i n  
g e n e r a l ,  t h i s  t rade-of f  remains a problem. 

2. Economy of S c a l e  

Because membrane u n i t s  a r e  modular, t h e y  do not  have t h e  
economy o f  s c a l e  t h a t  o t h e r  s e p a r a t i o n  p r o c e s s e s ,  such a s  
d i s t i l l a t i o n ,  possess .  S c a l i n g  u p  t o  a l a r g e r  c a p a c i t y  does not  
s i g n i f i c a n t l y  reduce the  c o s t  of t h e  membrane s e p a r a t i o n  based on 
feed volume processed.  

3. R e l i a b i l i t y  

Many companies are r e l u c t a n t  t o  i n s t a l l  l a r g e  s c a l e  membrane 
s e p a r a t i o n  u n i t s  u n t i l  t h e i r  u s e f u l  l i f e t i m e  and genera l  
r e l i a b i l i t y  have been demonstrated.  T h i s  c o n s e r v a t i v e  approach 
causes  a slow implementation of membrane o r  any o t h e r  new 
technology.  

A second a s p e c t  of  t h i s  po in t  i s  p r e d i c t i b i l i t y .  While s i n g l e  
membrane performance can be p r e d i c t e d  and v e r i f i e d  very wel l  on t h e  
l a b o r a t o r y  s c a l e ,  good des ign  of  modular u n i t s  t o  minimize p r e s s u r e  
drop ,  mass t r a n s f e r  r e s i s t a n c e s ,  and contaminat ion problems is 
going t o  b e  r e q u i r e d  s o  t h a t  a c t u a l  p l a n t  performance can be 
a c c u r a t e l y  e s t i m a t e d .  

4 .  Foul ing .  

Foul ing is any unwanted c o a t i n g  o f  t h e  membrane s u r f a c e  which 
reduces  f l u x  o r  s e p a r a t i o n  performance. T h i s  problem i n c l u d e s  
c o n c e n t r a t i o n  p o l a r i z a t i o n ,  s o l i d s  d e p o s i t i o n ,  and g e l  format ion .  
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AN OVERVIEW OF MEMBRANE SEPARATIONS 739 

5. M a t e r i a l  S e n s i t i v i t y  

T r a d i t i o n a l  polymer membrane m a t e r i a l s  a r e  s e n s i t i v e  t o  
tempera ture ,  pH, and chemical  environment. 

OUTLOOK 

I b e l i e v e  t h a t  the  out look  f o r  membrane s e p a r a t i o n  s e p a r a t i o n s  
l o o k s  very promising.  There a r e  many commercial ventures  and 
v a r i o u s  r e s e a r c h  a c t i v i t i e s  which w i l l  cont inue  t o  move t h i s  
technology forward. Some o f  t h e s e  a c t i v i t i e s  a r e :  

1 .  Add-ons t o  e x i s t i n g  p l a n t s .  For t h e  s h o r t  term,  most membrane 
i n s t a l l a t i o n s  w i l l  be as  an add-on t o  e x i s t i n g  p r o c e s s e s  t o  perform 
a s p e c i f i c  f u n c t i o n .  These  membrane u n i t s  w i l l  b e  u sed  mainly f o r  
gas  s e p a r a t i o n s  and f i l t e r s .  

2. Appl ica t ions  where t h e  fo l lowing  f e a t u r e s  a r e  important :  

a )  space .  Because of  t h e i r  compact modular d e s i g n ,  membrane 
u n i t s  can be accommodated i n  less space  than  a l t e r n a t e  
s e p a r a t i o n  techniques .  This  can be c r i t i c a l  i n  n u c l e a r  
f ac  i li  t i e s  , submar i n e s  , space v e h i c l e s ,  e t  c . 

b )  p u r i t y .  Membranes work very  well i n  a p p l i c a t i o n s  where 
p u r i t y ,  s t e r i l i t y ,  and contaminat ion prevent ion  are 
impor tan t .  Also,  very s e l e c t i v e  s e p a r a t i o n s  can be 
o b t a i n e d  i f  h i g h  y i e l d  is not  c r i t i c a l .  Food and 
biochemical  a p p l i c a t i o n s  have t h i s  obvious need. 

c )  ease of  o p e r a t i o n .  Membrane u n i t s  a r e  s imple  t o  o p e r a t e .  
T h i s  can be important  where t h e  system runs  
i n t e r m i t t e n t l y ,  i n  remote l o c a t i o n s ,  and i n  l o c a t i o n s  
where o p e r a t i n g  personnel  a r e  a t  a minimum. 

3. Development o f  s p e c i f i c  complexing a g e n t s .  There is r e s e a r c h  
a c t i v i t y  t o  o b t a i n  complexing a g e n t s  f o r  m e t a l s ,  gases ,  and 
p r o t e i n s  . 
0. N e w  m a t e r i a l s .  Research is c o n t i n u i n g  on new polymers, 
ceramics ,  carbon,  and l i q u i d s  f o r  v a r i o u s  a p p l i c a t i o n s .  

5 .  Thin f i l m s .  Very  t h i n  f i l m s  ( 1  micron o r  l e s s )  w i l l  be 
r e q u i r e d  t o  o b t a i n  l a r g e  enough f l u x e s  t o  be economical ly  
a t t r a c t i v e  i n  many a p p l i c a t i o n s .  

6. Improved modular iza t ion .  Minimizing pressure drop  and mass 
t r a n s f e r  r e s i s t a n c e s  w i l l  l e a d  t o  improved performance under p l a n t  
c o n d i t i o n s .  

7 .  Improved p r e d i c t i o n  of  performance. Complete and a c c u r a t e  
models of  membrane s e p a r a t i o n s  w i l l  a i d  i n  des ign  and sca le -up  of 
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t h e s e  processes .  Good models a l s o  i d e n t i f y  t h e  variables and 
p r o p e r t i e s  which a f f e c t  system performance. 

There a r e  c e r t a i n  a p p l i c a t i o n s  where membrane technology can 
compete i n  terms of  energy conserva t ion  and improved p r o d u c t i v i t y .  

1 .  Replace energy- in tens ive  s e p a r a t i o n s .  C e r t a i n  s e p a r a t i o n  
processes  r e q u i r e  a phase change. These processes  i n c l u d e  
d i s t i l l a t i o n ,  e v a p o r a t i o n ,  and a b s o r p t i o n .  Feed s t reams a l s o  need 
t o  be h e a t e d  t o  t h e  phase change temperature .  Membrane s e p a r a t i o n s  
normally do not  r e q u i r e  a phase change and can o p e r a t e  a t  ambient 
c o n d i t i o n s .  This  can r e s u l t  i n  l a r g e  energy sav ings .  

2. S e n s i b l e  h e a t  recovery .  There a r e  v a r i o u s  processes  where 
water o r  a i r  s t r e a m s  are d ischarged  a t  e l e v a t e d  tempera tures .  
These processes  inc lude  d r y i n g  o p e r a t i o n s  and hot  process  water. 
I t  would be advantageous t o  recover  and r e u s e  t h i s  s e n s i b l e  h e a t .  
This  requires s o l v e n t  removal from a i r  s t reams and c lean  u p  of 
water s t reams t o  produce a c l e a n  f l u i d  which can be recyc led  and/or  
reused .  Membrane u n i t s  a r e  c u r r e n t l y  being t e s t e d  f o r  t h e s e  
a p p l i c a t i o n s .  

3. S o l u t e  c o n c e n t r a t i o n .  D i l u t e  s o l u t e s ,  normally i n  aqueous 
s t reams,  a r e  d i f f i c u l t  and energy- in tens ive  t o  concent ra te .  
Environmental c o n s i d e r a t i o n s  r e q u i r e  removal of s o l u t e s ,  such as  
heavy metals or  o r g a n i c s ,  b e f o r e  d ischarge .  I f  t h e s e  materials 
could be concent ra ted  and recovered o r  r e c y c l e d ,  t h e  process  
economics would improve a s  w e l l  as  meet ing environmental  s t a n d a r d s .  
Membranes, such as r e v e r s e  osmosis and u l t r a f i l t r a t i o n ,  can be used 
t o  remove water and c o n c e n t r a t e  t h e s e  s t reams.  Liquid membranes 
can b e  used t o  remove t h e  s o l u t e  and produce a c l e a r  aqueous 
s t ream.  

4. Energy convers ion .  Fuel  c e l l s ,  b a t t e r i e s ,  and p h o t o e l e c t r i c  
c o n v e r t e r s  use membranes as components. These and o t h e r  energy 
conversion systems a r e  be ing  s t u d i e d  as  replacements  f o r  
convent iona l  systems. Replacing convent iona l  systems could l e a d  t o  
increased  energy s a v i n g s  and more e f f i c i e n t  o p e r a t i o n .  

5. Chemical r e a c t o r s .  C a t a l y s t s  and o t h e r  r e a g e n t s  can be bound 
i n t o  a membrane t o  produce a r e a c t o r .  Enzymes immobilized i n  
polymer membranes and c a r r i e r s  bound i n  l i q u i d  membranes a r e  two 
examples. Expensive ca ta lys t s  o r  c a r r i e r s  can be  bound i n  t h e  
membrane s a v i n g  on replacement  o r  recovery  c o s t s .  Products  can be 
cont inuous ly  removed, d r i v i n g  t h e  r e a c t i o n  t o  completion. 

There a r e  v a r i o u s  i n d u s t r i e s  where membrane technology can 
have an impact. 
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AN OVERVIEW OF MEMBRANE SEPARATIONS 7 4 1  

Metals i n d u s t r y  
a )  metal  recovery  
b )  p o l l u t i o n  c o n t r o l  
c )  enr iched  a i r  f o r  combustion 

Food and biochemical  i n d u s t r y  
a )  p u r i f i c a t i o n  
b)  c o n c e n t r a t i o n  
c )  s t e r i l i z a t i o n  
d )  product  enhancement 
e )  evapora t ion  replacement  
f )  by-product recovery  

Chemical process  i n d u s t r y  
a )  o r g a n i c s  removal and/or  

b )  p o l l u t i o n  c o n t r o l  
c )  gas  s e p a r a t i o n  
d )  chemical  recovery  

and r e u s e  

recovery  

Medical and h e a l t h  c a r e  
a )  a r t i f i c i a l  organs 
b)  c o n t r o l l e d  r e l e a s e  
c )  blood f r a c t i o n a t i o n  
d )  s t e r i l i z a t i o n  
e )  water p u r i f i c a t i o n  

3. T e x t i l e  and leather 
i n d u s t r y  

a )  s e n s i b l e  hea t  
recovery  

b )  p o l l u t i o n  c o n t r o l  
c )  chemical recovery 

4. P u l p  and paper i n d u s t r y  
a )  evapora t ion  

r e  placement 
b )  p o l l u t i o n  c o n t r o l  
c )  f i b e r  and chemical  

recovery  
7.  Wastewater t r e a t m e n t  

a )  s a l t  removal 
b )  d e i o n i z a t i o n  

CONCLUSIONS 

Membrane s e p a r a t i o n s  have evolved from a r e s e a r c h  a c t i v i t y  t o  
a v a r i e d  f i e l d  with many commercial a p p l i c a t i o n s .  The s p e c i f i e d  
advantages of  membrane s e p a r a t i o n s  have provided uses i n  many 
i n d u s t r i a l  p rocesses .  A s  t h e  d i sadvantages  cont inue  t o  be  overcome 
w i t h  c o n t i n u i n g  r e s e a r c h  a c t i v i t y ,  membranes should become a 
s e p a r a t i o n  process  on equal f o o t i n g  w i t h  more t r a d i t i o n a l  p r o c e s s e s  
such as s o l v e n t  e x t r a c t i o n ,  d i s t i l l a t i o n ,  and a b s o r p t i o n .  
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