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FUEL GAS PURIFICATION WITH PERMSELECTIVE MEMBRANES 

S.G. Kimura, G.E.  Walmet 
General E l e c t r i c  Company 

Corporate  Research and Development Center  
P.O. Box 8 

Schenectady, New York 12301 

ABSTRACT 

Product ion  of f u e l  gas from biomass and recovery of f l a r e d  
gas irom l a n d f i l l s ,  o i l  f i e l d s ,  c o a l  mines, i s  hampered by t h e  
h igh  c o s t  of gas  p u r i f i c a t i o n  f o r  t h e  removal of C02 and H2S. 
Membranes o f f e r  a p o t e n t i a l l y  s imple and a t t r a c t i v e  technique f o r  
o n - s i t e  gas p u r i f i c a t i o n .  Two membrane approaches have been con- 
s i d e r e d  f o r  f u e l  zas p u r i f i c a t i o n  - polymer f i l m s  and f a c i l i t a t e d  
t r a n s p o r t  - each w i t h  i t s  own unique advantages.  Polymer f i l m s  
can b e  made extremely t h i n  (<500A), and thus  have h igh  gas through- 
put  and a very low membrane area requirement .  U l t r a t h i n  polymer 
membranes have been found t o  b e  extremely a t t r a c t i v e  f o r  p u r i f i c a -  
t i o n  of gas produced from w a s t e  o r  i n  remote s i t e  a p p l i c a t i o n s .  
Of p a r t i c u l a r  i n t e r e s t  i s  b iogas  produced from anaerobic  d i g e s t i o n  
of sewage, municipal  waste, a g r i c u l t u r a l  waste, and l a n d f i l l s .  
Membrane p u r i f i c a t i o n  i s  expected t o  c o s t  less t h a n  h a l f  of t h a t  
f o r  convent iona l  scrubbing processes .  A d d i t i o n a l l y ,  t h e  gas i s  
p u r i f i e d  and d r i e d  a t  t h e  same t i m e .  Laboratory tests confirm 
t h a t  membrane performance p r o j e c t i o n s  can b e  m e t .  F a c i l i t a t e d  
t r a n s p o r t  membranes i n  which r e v e r s i b l e  chemical r e a c t i o n s  wi th  
a carr ier  s p e c i e s  occur ,  have n e a r l y  p e r f e c t  s e l e c t i v i t y  f o r  C02 
and o t h e r  r e a c t i v e  gases .  However, permeation rates are r e l a t i v e l y  
low, and they  are less a t t r a c t i v e  f o r  f l a r e d  gas /b iogas  p u r i f i c a t i o n  

FUEL GAS PURIFICATION WITH 
PERMSELECTIVE MEMBRANES 

INTRODUCTION 

I n  t h e  f u t u r e  i t  can be expected t h a t  a s u b s t a n t i a l  f r a c t i o n  

of t h e  gas  used i n  t h e  U.S. w i l l  o r i g i n a t e  from unconventional 
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1116 KIMURA AND WALMET 

sources  i n c l u d i n g  s u b s t i t u t e  n a t u r a l  gas  (SNG) from c o a l  and biomass, 

and normally f l a r e d  gas  from a n a e r o b i c  sewage t r e a t m e n t ,  l a n d f i l l s ,  

o i l  f i e l d s ,  and c o a l  mines, and a g r i c u l t u r a l  waste d i g e s t e r s .  A 

c h a r a c t e r i s t i c  common t o  a l l  t h e s e  s o u r c e s  w i t h  t h e  except ion  of 

t h e  c o a l  g a s i f i c a t i o n  and c u l t i v a t e d  biomass SNG p l a n t s  i s  t h a t  

t h e i r  o u t p u t  i s  low - 1,000 t o  100,000 m /day.  A t  t h i s  s m a l l  

s c a l e  gas  p u r i f i c a t i o n  - p r i m a r i l y  C 0 2 ,  H 2 S  and H 2 0  removal - f o r  

subsequent  f u e l  g a s  compression f o r  s t o r a g e  o r  d i s t r i b u t i o n  i s  

extremely c o s t l y  w i t h  convent iona l  t e c h n o l o g i e s  such as l i q u i d  

a b s o r p t i o n  o r  s o l i d  a d s o r p t i o n .  A membrane p u r i f i c a t i o n  technique ,  

which may s u b s t a n t i a l l y  reduce t h e  c o s t  of p u r i f i c a t i o n ,  and t h u s  

make a t t r a c t i v e  t h e  recovery  of t h i s  gas ,  of t h i s  g a s ,  i s  under 

development. 

3 

Membrane gas  p u r i f i c a t i o n  f o r  SNG product ion  from c o a l  gas  

has  a l s o  been s t u d i e d .  Membrane and gas  scrubbing  c o s t s  are es t i -  

mated t o  b e  of t h e  o r d e r  of h a l f  t h a t  f o r  l i q u i d  a b s o r p t i o n  systems ( 1 ) .  

Two d i f f e r e n t  types  o f  membranes have been under development 

f o r  t h e  s e p a r a t i o n  of t h e  a c i d  g a s e s  H2S and C 0 2  from f u e l  gas  

stream-polymer membranes and immobilized l i q u i d  membranes. 

T h i s  paper  d e s c r i b e s  a n a l y t i c a l  and exper imenta l  s t u d i e s  of 

membrane a c i d  gas  scrubbing  from f u e l  gas  sti'eams. The s t u d i e s  

have been performed u t i l i z i n g  biomass d i g e s t e r  gas  as i t s  b a s i s ,  

b u t  can e a s i l y  b e  extended t o  f l a r e d  g a s  from o i l  f i e l d s  o r  c o a l  

mines, s i n c e  t h e  problem i s  b a s i c a l l y  t h e  same - t h e  economic 

removal of C02, H S ,  and water vapor  from a low p r e s s u r e  methane 2 
c o n t a i n i n g  stream. 

Biogas from a n a e r o b i c  sewage and w a s t e  d i g e s t e r s  and land-  

f i l l s  is of  t h e  s a m e  g e n e r a l  composi t ion:  

H S o r  ammonia, and water s a t u r a t e d .  I n  o r d e r  t o  p u t  t h e  gas  i n t o  

a l o c a l  d i s t r i b u t i o n  p i p e l i n e  o r  t o  compress t h e  gas  f o r  o n - s i t e  

s t o r a g e ,  i t  must b e  p u r i f i e d  t o  approximately 98% CHh, a few 

p a r t s  p e r  m i l l i o n  of H 2 S  and d r i e d .  Many commercial p r o c e s s e s  

i n c l u d i n g  molecular  s i e v e s ,  l i q u i d  a b s o r b e n t s ,  such  as aqueous 

amine and potassium carbonate  s o l u t i o n s ,  and non-aqueous o r g a n i c  

60% C H 4 ,  40% COz, some 
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PERMSELECTIVE MEMBRANES 1 1 1 7  

absorbents ,  are a v a i l a b l e  and, when coupled w i t h  dry ing  processes ,  

can e a s i l y  m e e t  p u r i f i c a t i o n  s t a n d a r d s .  Although t h e s e  processes  

are s u i t a b l e  f o r  l a r g e  scale g a s  process ing  (>3x106 nM / d a y ) ,  they  

are t o o  expensive t o  b e  a p p l i e d  t o  t h e  low gas product ion ra te  

g e n e r a l l y  found i n  waste biomass d i g e s t i o n  systems. A membrane 

process  which promises t o  reduce p u r i f i c a t i o n  c o s t s  by over  50% 

i s  be ing  developed f o r  t h i s  a p p l i c a t i o n .  

3 

ULTRATHIN MEMBRANES FOR METHANE PURIFICATION 

Techniques have been developed f o r  t h e  p r e p a r a t i o n  of u l t r a t h i n  

s i l i c o n e / p o l y c a r b o n a t e  membranes (2) f o r  use i n  oxygen n i t r o g e n  

s e p a r a t i o n  a p p l i c a t i o n s .  U t i l i z i n g  t h e s e  techniques  membrane com- 

p o s i t e s  w i t h  a c t i v e  membrane t h i c k n e s s e s  as t h i n  as 200A can b e  

f a b r i c a t e d  and opera ted .  Because of t h i s  c a p a b i l i t y ,  membranes 

w i t h  extremely h i g h  permeation ra tes ,  and t h u s ,  l o w  membrane a r e a  

requi rements ,  can b e  f a b r i c a t e d .  

General E l e c t r i c  polymeric f i l m  membrane des igna ted  MEN-079 

h a s  been shown t o  have e x c e l l e n t  p r o p e r t i e s  f o r  t h e  p u r i f i c a t i o n  

of f u e l  gas .  

composites are be ing  t e s t e d  f o r  t h i s  a p p l i c a t i o n .  

These are  l i s t e d  i n  Table  1. U l t r a t h i n  MEM-079 membrane 

TABLE 1 

PERMEATION PROPERTIES OF MEM-079 

9 x 10 cc cm t h i c k  
P e r m e a b i l i t y ,  ___ * 

cmHg P 2 c m  s e c  

N2 - 

0.35 

CH4 
__ 

0.44 8.4 4.5 100.0 
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1118 KIMURA AND WALMET 

I n  o r d e r  t o  d e t e r m i n e  t h e  c a p a b i l i t i e s  and sys t ems  r e q u i r e m e n t s  

f o r  t h e  p u r i f i c a t i o n  of  methane streams a number of sys t ems  c o n f i g u r -  

a t i o n s  have been  a n a l y z e d  t o  d e t e r m i n e  membrane area r e q u i r e m e n t s ,  

pumping power,  and t h e  p e r c e n t a g e  of methane i n  t h e  f e e d  r e c o v e r e d  i n  

Lhe p r o d u c t .  C l e a r l y  a n  i n f i n i t e  number o f  v a r i a t i o n s  i n  p r e s s u r e s ,  

s t a g i n g  and r e c y c l e  r a t i o s  can  b e  d e v i s e d .  F i v e  o f  t h e s e  c o n f i g u r a -  

t i o n s  a r e  shown i n  F i g u r e  1, and c a l c u l a t e d  membrane a r e a s ,  power, 

and methane r e c o v e r y  are l i s t e d  i n  T a b l e  2.  The s t u d y  b a s i s  was: 

Feed Composi t ion 

P roduc t  Composi t ion - 2% C 0 2 ,  98% CH4 

Feed P r e s s u r e  - 5 atm. a b s .  

- 38% C 0 2 ,  62% CH4 

The s i m p l e s t  sys t em i s  shown i n  F i g u r e  l a .  The f e e d  g a s  is 

p r e s s u r i z e d  and p a s s e d  o v e r  t h e  membrane s u r f a c e .  A vacuum is  

a p p l i e d  t o  t h e  low p r e s s u r e  s i d e  o f  t h e  membrane t o  a c h i e v e  h i g h  

C02/CH4 s e p a r a t i o n .  T h i s  sys t em h a s  a low power r equ i r emen t  and 

r e q u i r e s  veyy l i t t l e  membrane a r e a .  However, o f  t h e  sys t ems  

s t u d i e d ,  t h e  s i m p l e  c y c l e  a c h i e v e s  t h e  l o w e s t  methane r e c o v e r y .  

Fo r  p r o c e s s e s  where a n a e r o b i c  b iomass  d i g e s t e r s  are u t i l i z e d ,  t h e  

l e a n  g a s  stream c a n  b e  u t i l i z e d  f o r  p r o c e s s  h e a t  t o  w a r m  t h e  d i g e s t e r  

f e e d s t o c k  o r ,  p e r h a p s ,  as t h e  pumping ene rgy  s o u r c e .  It s h o u l d  

b e  n o t e d  t h a t  even f o r  c o n v e n t i o n a l  p r o c e s s e s  such  a s  t h e  m o l e c u l a r  

s i e v e  and h o t  p o t a s s i u m  c a r b o n a t e  s y s t e m s ,  a p p l i e d  t o  s m a l l  s c a l e  

b i o g a s  p u r i f i c a t i o n ,  methane ene rgy  r e c o v e r y  i s  r e l a t i v e l y  low due 

t o  low p r o c e s s  s e l e c t i v i t y  o r  h i g h  ene rgy  r e q u i r e m e n t s .  Of p a r t i -  

c u l a r  i n t e r e s t  from t h e  membrane sys t ems  s t u d y  i s  t h e  r e s u l t  t h a t  

v e r y  h i g h  methane r e c o v e r y  c a n  b e  a c h i e v e d  t h r o u g h  m u l t i s t a g i n g  

o r  r e c y c l i n g .  T h i s ,  o f  c o u r s e ,  i s  a c h i e v e d  a t  t h e  expense  o f  

i n c r e a s e d  membrane a r e a  o r  power consumption.  

I n  o r d e r  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  o f  sys t em pe r fo rmance  

t o  membrane s e l e c t i v i t y  and p u r i f i c a t i o n  r e q u i r e m e n t s  a n  a n a l y t i c a l  

examina t ion  of t h e  s i n g l e  s t a g e ,  s i m p l e  c y c l e  b i o g a s  g a s  p u r i f i e r  

w a s  performed f o r  v a r y i n g  membrane s e l e c t i v i t i e s .  The r e s u l t s  are 

shown i n  F i g u r e  2,  which shows t h e  e f f e c t  o f  C 0 2 / C H 4  s e p a r a t i o n  

f a c t o r  on methane r e c o v e r y  f o r  v a r i o u s  p r o d u c t  p u r i t i e s .  I n  each  
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PERMSELECTIVE MEMBRANES 1119 

TABLE 2 

MEMBRANE SYSTEMS REQUIREMENTS FOR PURIFICATION OF BIOGAS 

3 Basis: 10,000 M /day  Feed Gas 

MEM-079 MEMBRANE 

FEED GAS PRODUCT GAS 

38% CO2 2% c02 
62% CH4 98% CH4 

S a t u r a t e d  D r Y  

MEMBRANE POWER, %CH4 
AREA, M2 KW RECOVERY 

a. Simple Cyc le  

b .  S i n g l e  S t a g e  w i t h  
P r e s s u r i z e d  Feed 
and Recyc le  

c .  S i n g l e  S t a g e  w i t h  
Law P r e s s u r e  Feed 
and Recyc le  

d .  Two S t a g e  Simple 
Cyc le  

100 29.6 76 

160  69.2 90 

790 22 .9  

160 52.4 

e .  Two S t a g e  P r e s s u r i z e d  130 56.7 
Feed and Recyc le  

f .  TWO S t a g e  Law P r e s s u r e  890 40.8 
Feed w i t h  Recyc le  

80  

9 3  

98 

97 
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1120 KIMURA AND WALMET 

ULTRATHIN MEMBRANE SYSTEMS 

(NUMBERS SHOWN ARE PRESSURES I N  ATM.) 

a. S I M P L E  CYCLE 

FEED :ty PRODUCT 

L E A N  
GAS - 

b SINGLE STAGE WITH PRESSURIZED 

5'0 PRODUCT 

FEED AND RECYCLE 

C SINGLE STAGE W I T H  UNPRESSURIZED 
FEED AND RECYCLE 

PRODUCT 

d. TWO STAGE - S I M P L E  CYCLE 

PRODUCT FEEDY L E A N  GAS 

e TWO STAGE-HIGH PRESSURE WITH RECYCLE 

& L E A N  GAS 

f TWO STAGE- LOW PRESSURE WITH RECYCLE 

FIGURE 1 ULTRATHIN MEMBRANE SYSTEMS 
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PERMSELECTIVE MEMBRANES 1121 

PRESSURE RATIO 100/1 

II 1 l - L . J  
2 4 6 8 10 12 14 16 18 20 

C02/CH4 S E P A R A T I O N  FACTOR 

FIGURE 2 METHANE RECOVERY AS A FUNCTION OF C02 
SELECTIVITY 

case it was assumed that the transmembrane pressure ratio is 1OO:l. 

Several factors are apparent for this figure: (1) methane recovery 

is a strong function of the product purity requirements; (2) the 

effect of separation factor on methane recovery is relatively 

greater for values below about 10 than above about 10; ( 3 )  the 

effect of separation factor on methane recovery is much greater 

for high methane purity requirements. 

Analytical results such as the above can be utilized to deter- 

mine the relative importance of the various operating parameters 

which are available for the systems developer in order to produce 

the optimum system. 

A cost analysis was performed based on the simple cycle membrane 

system. The technique utilized was consistent with the American 

Gas Association estimating method. The result of this cost analysis 

is shown in Figure 3 ,  which includes information from a study 

performed by the Dynatech R/D Company for the Department of Energy 

( 3 ) .  A data point for actual operation of a molecular sieve 
system on a landfill operated by Pacific Gas and Electric is 
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1122 KIMURA AND WALMET 

m -1 1 -  

\ \  

':\ @ M O L  S IEVE 
. \  

\ '  PHOSPHATE BUFFER 

CATACARB 

INCLUDES DRYING A N D  
COMPRESSION TO 125PSq 

0 I 2 3 
FEED G A S  RATE-MILLIONS OF CUBIC FEET/DAY 

FIGURE 3 UNCT GAS COSTS FOR B I O G A S  P U R I F I C A T I O N  

i n c l u d e d  ( 4 ) .  The membrane sys t em s h o w s  c l e a r  c o s t  a d v a n t a g e s  

o v e r  tlie o t h e r  p r o c e s s e s ,  w i t h  w a t e r  s c r u b b i n g  b e i n g  t h e  n e x t  l e s s  

expens ive  sys t em.  

Exper imen ta l  R e s u l t s  

Labora to ry  tests have  been performed t o  d e t e r m i n e  u l t r a t h i n  

po lymer i c  f i l m  membrane pe rmea t ion  p r o p e r t i e s  unde r  expec ted  oper-  

a t i . i g  c o n d i t i o n s .  These  tests i n c l u d e d  vacuum pe rmea t ion  measurements 

on pure  g a s e s  t o  d e t e r m i n e  t h e  i n t r i n s i c  s e p a r a t i o n  p r o p e r t i e s  o f  

t h e  membranes and f l o w  tests a t  e l e v a t e d  p r e s s u r e s .  

Vacuum pe rmea t ion  measurements were performed i n  t h e  a p p a r a t u s  

sliown s c h e m a t i c a l l y  i n  F i g u r e  4 .  A 4-cm d i a m e t e r  membrane t es t  

specimen i s  clamped i n  a c e l l  h o l d e r ,  i n  which t h e  membrane compos i t e  

i s  mechan ica l ly  s u p p o r t e d  on a po rous  s t a i n l e s s  s teel  f r i t .  The 

t e s t  sys t em is  e v a c u a t e d  t o  a p r e s s u r e  l e v e l  o f  approx ima te ly  1 

micron,  and t h e  membrane a l lowed  t o  ou t -gas .  The test  gas  i s  t h e n  

passed  i n t o  t h e  h i g h  p r e s s u r e  s i d e  of t h e  membrane t h e n  i s o l a t e d .  

T h e  p r e s s u r e  r i s e  due t o  g a s  pe rmea t ion  i s  mon i to red  w i t h  a 
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PERMSELECTIVE MEMBRANES 1123 

VACUUM 
PUMP 

MEMBRANE 
CELL HOLDER 

TO 
'VACUUM 

CAPACITANCE M p 
MANOMETER 

FIGURE 4 VACUUM MEMBRANE PERMEATION MEASUREMENT 
SYSTEM 

G r a n v i l l e - P h i l l i p s  c a p a c i t a n c e  manometer. The p e r m e a b i l i t y ,  P r  

i s  c a l c u l a t e d  us ing  t h e  equat ion:  

Where: N = Gas f low,  std..cc/sec. 

A = Membrane area, c m L  

6 = Membrane t h i c k n e s s ,  cm. 

LIP = P r e s s u r e  d i f f e r e n c e ,  cm.Hg 

A l t e r n a t i v e l y ,  when p e r m e a b i l i t y  v a l u e s  are known, t h e  membrane 

t h i c k n e s s  can b e  c a l c u l a t e d .  Membrane i n t e g r i t y  can b e  determined 

by p e r m e a b i l i t y  r a t i o s  ( s e p a r a t i o n  f a c t o r s )  f o r  var ious  g a s e s ,  

which can b e  measured f o r  t h i c k  f i l m s .  

R e s u l t s  of t h e s e  t es t s  are shown on Table  3. The n i t r o g e n  

p e r m e a b i l i t y  was used a s  t h e  b a s i s  f o r  t h e  t h i c k n e s s  c a l c u l a t i o n s .  

Some d e v i a t i o n  from t h e  b u l k  polymer permeat ion p r o p e r t i e s  w a s  

n o t e d ,  f o r  which two f a c t o r s  may c o n t r i b u t e :  (1) membrane damage 

may occur  dur ing  assembly of  t h e  test ce l l ,  and ( 2 )  s i n c e  t h e  mem- 

b r a n e s  are so t h i n ,  some e f f e c t  of  t h e  u l t r a t h i n  membrane suppor t  

permeat ion r e s i s t a n c e  may have c o n t r i b u t e d  t o  t h e  o v e r a l l  composite 

permeat ion p r o p e r t i e s .  

A ser ies  of l a b o r a t o r y  tests w a s  t h e n  performed u t i l i z i n g  a 

s m a l l ,  p r e s s u r i z e d  f low c e l l ,  t o  which gas  mixtures  were f e d .  A 

schematic  diagram of t h e  t es t  system i s  shown i n  F igure  5. The 

p r e s s u r i z e d  f e e d  mixtures  are f e d  i n t o  t h e  t es t  c e l l ,  the p r e s s u r e  
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1124 KIMURA AND WALMET 

-- TABLE 3 

VACUUM PERMEATION RESULTS OF ULTRATHIN MEM 079 MEMBRANES 

cc cm thick 9 Effective 
cmH&AP Thickness, A Permeability, 7 - cm sec 

Bulk Polymer: 0.35 8.4 0.44 

1-25 0.35 7.08 0.51 
(base) 

7-12 0.35 6.10 0.48 

1300 

1600 

SEPARATION FACTOR 

C02/N2 co2 / cn4 

Bulk Polymer: 24.0 19 

1-25 

7-12 

20.2 

17.4 

13.9 

12.7 

P A E S S U R I  ZE 
F E E D  

TO VACUUM P U M P  

FIGURE 5 PRESSURIZED FLOW TEST SYSTEM 
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PERMSELECTIVE MEMBRANES 1125 

b e i n g  c o n t r o l l e d  w i t h  a back p r e s s u r e  r e g u l a t o r  and a vacuum a p p l i e d  

t o  t h e  low p r e s s u r e  s i d e  w i t h  a diaphragm vacuum pump. 

c o n d i t i o n s  are 5 a t m .  a b s .  p r e s s u r e  on t h e  f e e d  and 0.2 a t m .  a b s .  

on t h e  e x t r a c t  s i d e  of  t h e  membrane. Nitrogen w a s  sometimes used 

i n  p l a c e  of CH4 i n  t h e  t e s t  gas  f o r  ease of o p e r a t i o n .  

of some of t h e s e  t es t s  are shown i n  Table  4. 

Typica l  

R e s u l t s  

Considerable  v a r i a t i o n  i n  t h e  apparent  s e p a r a t i o n  f a c t o r  f o r  

C 0 2 ,  CH4 (aC02/CH4) w a s  n o t i c e d .  

v a l u e s  w e r e  somewhat lower t h a n  t h a t  measured on t h e  bulk  polymer 

u s i n g  a t h i c k  membrane. S e p a r a t i o n  f a c t o r s  f o r  t h e  u l t r a t h i n  

composites ranged from 11.1 t o  19.9 v e r s u s  a b u l k  polymer v a l u e  

of 1 9 ,  l e a d i n g  t o  s l i g h t l y  lower methane r e c o v e r i e s  t h a n  p r e d i c t e d  

from t h e  systems s tudy .  

w i l l  b e  65% a t  98% product  p u r i t y ,  f o r  aC02/CH4 = 14.7 i t  w i l l  b e  

73%, and f o r  aC02/CH4 = 1 7 . 2 t h e m e t h a n e  recovery w i l l  b e  75% 

v e r s u s  76% f o r  a s e p a r a t i o n  f a c t o r  of 19.  It is  f e l t  t h a t  t o  b e  

a t t r a c t i v e ,  t h e  s e p a r a t i o n  f a c t o r ,  aC02/CH4, must b e  g r e a t e r  

t h a n  10.  

I n  g e n e r a l ,  measured aC02/CH4 

For clC02/CH4 = 11 t h e  methane recovery  

It can b e  concluded from t h e s e  tests t h a t  t h e  assumed membrane 

performance v a l u e s  u t i l i z e d  i n  t h e  system s tudy  can a t  least  be  

approached by membranes o p e r a t i n g  under rea l i s t ic  p r e s s u r e s  and 

CO removal requi rements .  2 
I n  o r d e r  t o  e v a l u a t e  t h e  scale-up of t h e  membrane system, a 

2 2 m u l t i - l a y e r  0.56m (6  sq.  f t . )  membrane s t a c k  composed of 6-0.09m 

(1 s q .  f t . )  u n i t  c e l l s  w a s  assembled. The c e l l s  were ar ranged  such 

t h a t  t h e  feed  channel  was cont inuous t o  e n s u r e  good flow d i s t r i b u t i o n  

over  t h e  membrane s u r f a c e s .  Opera t ing  r e s u l t s  f o r  t h e  membrane 

system are shown on Table  5. 

t u r e s  were u t i l i z e d  because of d i f f i c u l t y  of  handl ing  l a r g e  q u a n t i t i e s  

of  methane i n  t h e  l a b o r a t o r y .  

For  most of t h e  t e s t i n g  C02/N2 mix- 

R e s u l t s  w e r e  v e r y  s imilar  t o  t h o s e  
n 

of  50 cm' flow ce l l  tests. 

a b i l i t y  t o  a c h i e v e  performance g o a l s  w i t h  scaled-up membrane systems 

i s  much enhanced. 

Thus, t h e  degree  of confidence i n  our  

A 6- layer  membrane module i s  p r e s e n t l y  undergoing f i e l d  t e s t i n g  

R e s u l t s  w i l l  b e  r e p o r t e d  i n  a f u t u r e  paper .  on sewage d i g e s t e r  gas .  
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1128 KIMURA AND WALMET 

IMMOBILIZED LIQUID FACILITATED TRANSPORT MEMBRANES FOR FIJEL 

GAS PURIFICATION 

The f a c i l i t a t e d  t r a n s p o r t  of C02 and H S through aqueous car -  

bonate  immobilized l i q u i d  membranes h a s  been d i s c u s s e d  i n  a number 

of  p u b l i c a t i o n s  ( 5 , 6 , 7 ) .  Extremely h i g h  se lec t iv i t ies  f o r  g a s e s  

which undergo f a c i l i t a t e d  t r a n s p o r t  over  non-reac t ing  gases  are 

achieved;  t h u s ,  t h e s e  membranes can scrub  a c i d  gases  from f u e l  gas  

streams w h i l e  a c h i e v i n g  n e a r l y  complete recovery  of methane, 

2 

The membranes c o n s i s t  o f  a h y d r o p h i l i c  porous polymer m a t r i x  

membrane whose pores  are f i l l e d  w i t h  an aqueous carbonate  s o l u t i o n .  

Mat r ix  membranes which can w i t h s t a n d  i n  excess  of 20 a t m .  t r a n s -  

membrane p r e s s u r e  d i f f e r e n t i a l s  b e f o r e  t h e  l i q u i d  i s  e x p e l l e d  have 

been developed. The immobilized l i q u i d  membrane i s  then  suppor ted  

on a hydrophobic porous suppor t  membrane which f u r t h e r  assists i n  

t h e  prevent ion  o f  l i q u i d  expuls ion .  

A f u e l  gas  p u r i f i c a t i o n  system i n c o r p o r a t i n g  t h e  immobilized 

l i q u i d  f a c i l i t a t e d  t r a n s p o r t  membrane i s  shown s c h e m a t i c a l l y  i n  

F i g u r e  6 .  The feed  gas ,  which i s  normally s a t u r a t e d ,  i s  condi t ioned  

so t h a t  i t ' s  water vapor  p r e s s u r e  i s  i n  ba lance  w i t h  t h e  vapor  

p r e s s u r e  of t h e  membrane l i q u i d  and i s  passed over  one s i d e  of t h e  

membrane. The permeat ing C02 i s  t h e n  f l u s h e d  out  of  t h e  e x t r a c t  

s i d e  of t h e  membrane package w i t h  a sweep gas ,  which h a s  been 

h u m i d i f i e d t o t h e  a p p r o p r i a t e  water vapor  p a r t i a l  p r e s s u r e .  

c o n t r o l  i s  necessary  t o  prevent  d r y i n g  o r  d i l u t i o n  by condensa t ion  

of t h e  membrane l i q u i d .  

Humidity 

t 
AIR + C02 HUMIDIFIED 

SWEEP A I R  

FIGURE 6 SCHEMATIC DIAGRAEZ OF AN IMMOBIL,IZED MEMBRANE 
BIOGAS PURIFIER 
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PERMSELECTIVE MEMBRANES 1129 

In  order to assess the applicability of facilitated membranes 

to fuel gas purification, CO permeabilities were measured over a 

range of operating conditions expected in biogas systems. Of parti- 

cular interest were membrane permeability, which defines the area 

requirement, and the tolerance of the ILM to humidity variations. 

2 

Unlike simple solution/diffusion membranes, facilitated transport 

membranes exhibit a complex relationship to operating conditions 

because of the chemical reactions which occur. Permeability is 

a function of the following parameters: 

o temperature 

o acid gas partial pressure 

o acid gas transmembrane partial pressure difference 

o relative humidity 
o catalyst 

o membrane thickness 

The test membranes consisted of KzC03 and C CO solutions 
52 3 

immobilized in a porous cellulose matrix membrane, which was then 

supported on Goretep porous fluorocarbon or Celgar P porous 
polypropylene membranes. CO hydrolysis catalysts were also utilized, 

since they have been shown to substantially increase C 0 2  permeabilities 

in an earlier study (8). This composite was mechanically supported 

on fine mesh screens. A sketch of the test cell is shown in Figure 

7. The test cell was then incorporated into the test system shown 

schematically in Figure 8. Mixtures of GO and CH4, occasionally 

with some H S, were passed through a humidifier, which consisted 

of  a sparger in a small pressure vessel submerged in a bath carefully 

maintained at the desired temperature. The bath temperature con- 

trolled the humidity of  the gas stream. The sweep gas, generally 

He for ease of analysis, was similarly humidified and passed counter- 

2 

2 

2 

Goret-e@Ss a trademark o f  W . L .  Gore & Associates 

Celgarp is a trademark of the Celanese Corporation 
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1130 KIMURA AND WALMET 

I PRESSURE P L A T E  I 
FEED INLET 4:: E N D  PLATE ~,=J--FEED EXIT 

) MEMBRANE COMPOSITE 
SWEEP SCREEN 

PRESSURE PLATE I 

FIGURE 7 IMMOBILIZED LIQUID MEMBRANE TEST CELL 

T E M P E R A T U R E  
C O N T R O L L E D  

FLOW M E T E R  

HUMIDIF IER 

G A S  

FIGURE 8 SCHEMATIC DIAGRAM OF THE IMMOBILIZED L I Q U I D  
MEPIBMNE TEST SYSTEM 

currently through the sweep side. The gas flowrates were measured 

and the compositions analyzed with a gas chromatograph. 

Permeability results are summarized i n  Figure 9. A s  expected, 

and as reported in an earlier study ( 9 ) ,  a substantial effect of 

CO partial pressure on permeability was noted. This is due to 

the "saturation effect" resulting in increased apparent diffusional 

resistance at higher CO partial pressures. Doubling the Cs2C03 

concentration from 35 to 70 in order to increase the CO carrier 

capacity, however resulted in decreased, rather than increased per- 

meabi!ities due to precipitation of the less soluble HC03-. 

substantially increased permeability was achieved by increasing 
the operating temperature from 40 to 50" due to an increase in C 0 2  

absorption rate. 

2 

2 

2 

A 

No significant differences between Cs2C03 and K2C03 solutions 

of the same molar concentrations was noticed, nor did the Te03= 

catalyst give substantial differences in C02 permeability compared 

to the Catacarb! catalyst. 

C a t a i a  trademark of Eichmeyer and Associates 
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I I l l  I I I l l  
Cop PERMEABILITIES FOR 

AQUEOUS C S ~ C O ~  I L M  - 

- h 

- MEMBRANE SOLUTION 
THICKNESS CONCENTRATION CATALYST TEMP 

WT % -%- 
___ 

urn 
0 60 35 CAT 40 
V 15 35 Te03 50 
t. 15 40 TeOC 40 
0 15 35 CAT: 40 
0 15 I 5  CAT 40 ( K Z C O ~ I  
0 15 ro CAT. 40 

I I  
2 4 6 8 10 20 40 60 100 200 

FEED C02 PARTIAL PRESSURE, cm. Hg. 

FIGURE 9 CO2 PERMEABILITIES FOR AQUEOUS Cs2C03 ILM 

I n  o r d e r  t o  determine t h e  r e l a t i v e  amounts of  r e a c t i o n  and 

d i f f u s i o n  c o n t r o l  of t h e  permeat ion rate, t h e  membrane t h i c k n e s s  

w a s  i n c r e a s e d  by a f a c t o r  of 4 .  Due t o  t h e  way t h e  p e r m e a b i l i t y  

i s  d e f i n e d ,  i n  a membrane where permeat ion i s  t o t a l l y  d i f f u s i o n  

c o n t r o l l e d  t h e r e  w i l l  he no e f f e c t  of t h i c k n e s s  on p e r m e a b i l i t y ;  

i n  a t o t a l l y  r e a c t i o n  ra te  c o n t r o l l e d  membrane t h e  p e r m e a b i l i t y  

w i l l  v a r y  as  t h e  t h i c k n e s s .  I n  F i g u r e  9,  i t  can b e  s e e n  that  t h e  

p e r m e a b i l i t y  approximately doubled f o r  a n  i n c r e a s e  i n  t h i c k n e s s  

by a f a c t o r  of 4 .  It can b e  i n f e r r e d  t h e n  t h a t  bo th  d i f f u s i o n  

and r e a c t i o n  rates are impor tan t  and t h a t  permeat ion ra te  i n c r e a s e s  

can b e  achieved i f  t h i n n e r  f a c i l i t a t e d  t r a n s p o r t  could b e  manufac- 

t u r e d  and o p e r a t e d  under b i o g a s  c o n d i t i o n s .  

The e f f e c t  of t h e  r e l a t i v e  h u m i d i t i e s  of t h e  f e e d  and sweep 

g a s e s  were a s s e s s e d ,  and found t o  b e  s u b s t a n t i a l l y  g r e a t e r  t h a n  
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1132 KIMURA AND WALMET 

t h a t  experienced i n  tests a t  h i g h e r  tempera tures  (9O-13O0C) and 

p r e s s u r e s  ( 2 2  a t m  t o t a l  p r e s s u r e ) .  

found t o  optimum. The c r i t i c a l i t y  of  humidi ty  c o n t r o l ,  p a r t i c u l a r l y  

s i n c e  l a r g e  f r a c t i o n s  of  t h e  f e e d  gas  f low are removed, makes 

o p e r a t i o n  of  a p r a c t i c a l  system more d i f f i c u l t  and r e p r e s e n t s  a 

s e r i o u s  drawback of t h e  ILM system. 

A re la t ive humidi ty  of 90% w a s  

U t i l i z i n g  t h e  above d a t a ,  t h e  membrane area requirement  f o r  

a h y p o t h e t i c a l  p u r i f i c a t i o n  system w a s  determined.  For a feed  

r a t e  of  2800 nM /day,  a ra te  t y p i c a l  of a small sewage d i g e s t e r ,  

t h e  membrane compared t o  t h e  polymer f i l m .  S i n c e  t h e  membrane 

i s  n e a r l y  p e r f e c t l y  selective f o r  a c i d  g a s e s ,  methane recovery  i s  

i n  excess  of 99%. 

3 

I f  t echniques  w e r e  a v a i l a b l e  f o r  t h e  f a b r i c a t i o n  of  t h i n n e r  

immobilized l i q u i d  membranes and r e a c t i o n  ra tes  could  be  i n c r e a s e d  

through t h e  i n c o r p o r a t i o n  of a b e t t e r  C02 h y d r o l y s i s  c a t a l y s t  o r  

h i g h e r  tempera ture  o p e r a t i o n  t h e  h i g h  s e l e c t i v i t y  of these membranes 

would make them extremely a t t r a c t i v e  f o r  f u e l  gas  p u r i f i c a t i o n .  

Indeed,  an e a r l i e r  s t u d y  h a s  shown a s u b s t a n t i a l  advantage of ILM 

C 0 2  scrubbing  over  convent iona l  p r o c e s s e s  ( 9 ) .  

CONCLUSION 

U l t r a t h i n  polymer membranes have been shown t o  b e  an extremely 

promising method f o r  t h e  p u r i f i c a t i o n  o f  biomass d i g e s t e r  gas  and 

f l a r e d  gas  i n  a n a l y t i c a l  and exper imenta l  s t u d i e s .  S u c c e s s f u l  

development of  t h e  membrane system w i l l  r e s u l t  i n  a gas  p u r i f i c a -  

t i o n  p r o c e s s  i n  which scrubbing  c o s t s  are less t h a n  h a l f  t h a t  f o r  

convent iona l  p r o c e s s e s .  F i e l d  t es t s  have been i n i t i a t e d  i n  o r d e r  

t o  determine p o t e n t i a l  o p e r a t i n g  problems which may be  encountered 

due t o  t r a c e  gas  components. 

Immobilized l i q u i d  f a c i l i t a t e d  t r a n s p o r t  membranes are less 

a t t r a c t i v e  f o r  t h e s e  t y p e s  of  a p p l i c a t i o n s ,  a l though t h e y  show 

promise f o r  c o a l  based SNG product ion .  Permeat ion rates are l i m i t e d  

by l o w  C02 a b s o r p t i o n  rates a t  n e a r  ambient tempera tures ,  and by 

t h i c k n e s s  l i m i t a t i o n s .  
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