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SEPARATION SCIENCE AND TECHNOLOGY, 22(2&3), 973-982,1987 

The Carbon Molecular Sieve Membranes. General Properties and the 
Permeability of CH4/H2 Mixture 

JACOB E. KORESH and ABRAH SOFFER 

NUCLEAR RESEARCH CENTER, NEGEV 
P. 0. BOX 9001 
BEER SHEVA 84109, ISRAEL 

ABSTRACT 

The p r o p e r t i e s ,  t h e  a d v a n t a g e s  and drawbacks of Iiol I L S W  f i b e r  
lrarbon molecu la r  s i e v i n g  hiembraties as g a s  seclarators are d i s c u s s e d .  
Some m e c h a n i s t i c  a s p e c t s  are  su rveyed  and perriieabi I i t y  o f  
methatie-tiydri~geti m i x t u r e  th rough  t h e  c a r b o n  mehibratie was s t u d i e d .  The 
p r e s e n c e  of  methane which is a d s o r b a b l e  and a poor permeatit ,  d o e s  tint 
impa i r  t h e  p e r m e a b i l i t y  o f  hydrogen even at t e m p e r a t u r e s  as lcrw as 
-8OOC. T h i s  s u g g e s t s  t h a t ,  b e c a u s e  of t h e  l a r g e  d i f f e r e n c e  i n  s i z e  o f  
t h e  t w o  nio l  ecu l  es, t h e y  occupy d i  f feretit p o s i t i o n s  i n  t h e  membrane 
material p r i o r  to t h e  jump t h r o u g h  a c r i t i c a l  c o n s t r i c t i o n .  

BACKGROUND 

A f e w  y e a r s  ago,  g a s  s e p a r a t i o n s  e n t e r e d  a new p h a s e  w i t h  t h e  
i n t r o d u c t i o n  o f  rr~odul es for i n d u s t r i a l  g a s  s e p a r a t i o n s  u s i n g  o r g a n i c  , 
g l a s s y  polyrner membranes 11,2). Today g a s  s e p a r a t i o n  by t h e  niembrane 
p r o c e s s  is o f  major impnrtat ice  atid r e c e i v e s  major i n t e r e s t  aaong  al I 
g a s  s e p a r a t i o n  p r o c e s s e s .  So far t h e  major membrane c a n d i d a t e s  for g a s  
s e p a r a t i o n  have  been t h e  o r g a n i c ,  glassy polymer f i l m s .  These po lymers  
s t a n d  between t h e  c r y s t a l  l i n e  po lymers  which are e s s e n t i a l  l y  
imperv ious  to g a s e s  (3 i  and t h e  r u b b e r y  po lymers  which are a b o u t  
e q u a l l y  h i g h l y  pernieable  for al I permanent g a s e s  a s  w e 1  I a s  for many 
o r g a n i c  v a p o u r s  and are t h u s  p m r  i n  s e l e c t i v i t y  14,s). 

i t i t  crest i ti o r g a n i  c membrane s c i e n c e  and t e c  hno I ogy which whi cti 
p r e v i o u s l y  was conce rned  p r i m a r i l y  w i t h  I i q u i d  s e p a r a t i o n  p r o c e s s e s .  
The mechanisni o f  g a s  pe rmea t ion  th rough  t h e  membrane material is 
c l o s e l y  r e l a t e d  to t h e  molecu la r  s t r u c t u r e  and dynaniics of t h e  polymer 

Gas s e p a r a t i o n  t h r o u g h  t ianporous membranes tias r e c e n t  I y become o f  
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974 KORESH AND SOFFER 

materials ( 6 ) .  G l a s s y  po lymers  e x h i b i t ,  a s  a r u l e  o f  t h e  thumb, h i g h e r  
p e r m e a b i l i t y  to smaller molecu le s .  

g a s  s e p a r a t i o n  c a p a b i l i t y  v i a  s e l e c t i v e  adrorotian. These sol i d s  are  
s t u d i e d  a s  a b ranch  of t h e  p h y s i c a l  c h e m i s t r y  o f  s u r f a c e s .  The 
mechanism o f  g a s  pe rmea t ion  and u p t a k e  th rough  p o r o u s  sol i d s  is 
c l o s e l y  r e l a t e d  to t h e  i n t e r n a l  s u r f a c e  area and d imens ions  of t h e  
p o r e s  and t o  t h e  s u r f a c e  p r o p e r t i e s  o f  t h e  s o l i d ,  r a t h e r  t h a n  t o  i t s  
bu lk  p r o p e r t i e s  of t h e  s o l i d  as i n  t h e  c a s e  w i t h  polymers .  

t h a t  c o n t a i n  p o r e s  o f  mo lecu la r  d imens ions  which, in a sinii l a r  manner 
to g l a s s y  po lymers ,  e x h i b i t  s e l e c t i v i t y  a c c o r d i n g  to t h e  s i z e  o f  t h e  
g a s  mol e c u l  e. The s i m p l y  e n g i n e e r e d ,  c a n t i n u n u s  and e n e r g y  s a v i n g  
membrane p r o c e s s  based  on pol ymcr membranes, i n v i t e d  r e s e a r c h  far 
s i m i l a r  p r o c e s s e s  based  on niolecular  s i e v e s .  Membranes from molecu la r  
s i e v e  sol i d s  h a v e  been made by compact ing powders i n t o  a d i s k  w i t h  or 
w i t h o u t  an i m p e r v i o u s  f i  I ler which o c c u p i e s  t h e  i n t e r s t i c e s  between 
t h e  p a r t i c l e s  and r e d u c e s  t h e  n o n s e l e c t i v e  t r a n s p o r t  ( 7 ) .  The drawback 
t o  t h e s e  membranes I ies i n  ou r  i n a b i  I i t y  to f a b r i c a t e  them from 
c on t i nuous t ti i t i  f i I ms . 
a d s o r b e n t s  (8-13) we a p p l i e d  t h e  s i m p l e  and b a s i c a l  l y  w e 1  I C:nown 
p r o c e s s  of py ro l  y t i c  c a r b o t i i z a t i m  to o r g a n i c  po lymers  i n  t h e  form o f  
a ho l low f i b e r ,  t o  o b t a i n  hol low f i b e r  c a r b o n  molecu la r  s i e v e  
membranes (14). Obeying a b a s i c a l  l y  d i f f e r e n t  pe rmea t ion  mechanism 
t h a n  pol ynier membranes, t h e  ca rbon  membrane was e x p e c t e d  t o  e x h i b i t  
d i f f e r e n t  permeabi  I i t y - s e l e c t i v i t y  p r o p e r t i e s .  The ca rbon  membrane 
e x h i b i t e d  similar or b e t t e r  s e l e c t i v i t y  for any  p a i r  o f  g a s e o u s  
molecules .  An unexpec ted  r e s u l t  was t h a t  i t  exceeded t h e  p e r m e a b i l i t y  
f i g u r e s  of polymer membranes by o n e  or two o r d e r s  of magn i tude  (14) .  
A s  compared to polymer membranes, t h e  ca rbon  mol ecul  ar s i e v e  membranes 
have  t h e  fol lowing advan tages :  

P o r o u s  s o l i d s  are  a n o t h e r  c l a s s  o f  media which a r e  known to have  

Mol ecu l  ar s i e v e s  a re  p o r o u s  alumino-si  I i c a t e s  or c a r b o n  sal i d s  

After a f e w  y e a r s  o f  s t u d y i n g  carbcln molecu la r  s i e v e s  as 

1) They have  far s u p e r i o r  permeabi I i t y - s e l e c t i v i t y  combina t ion  
t h a n  a n y  known pol ymer membrane. 
2 )  The same s t a r t i n g  material c a n  s e r v e  t o  deve iop  membranes of 
d i  f f e r e n t  sel ei: t i v i  ty-permeabi I i t y  c o m b i n a t i o n s  for d i  f f eretit g a s  
m i x t u r e s .  F r e q u e n t l y ,  d i f f e r e n t  polymer membrane materials have  
t o  b e  eniplnyed for d i  fferetit s e p a r a t i n n  pu rposes .  The p o r e  
d i m e n s i o n s  of c a r b o n s  can  b e  f i n e l y  a d j u s t e d  by s i m p l e  
thermochemical  t r e a t m e n t s  sn as t o  meet any  s e p a r a t i o n  o b j e c t i v e  
o p t i n i a l l y  ( 4 , i l ) .  
3) The ca rbon  rnembranc is far more s t a b l e  thermal  l y  t h a n  o r g a n i c  
palymer membranes. They may t h e r e f o r e  b e  we1 I s u i t e d  for 
s e p a r a t  i e n  p r o c e s s e s  a t  h i g h  t e m p e r a t u r e s .  We have  shown t h a t  at  
least a f e w  d a y s  e x p o s u r e  to v a r i o u s  g a s e s  and t e m p e r a t u r e s  w i I  I 
n o t  s i g n i f i c a n t l y  a l t e r  t h e i r  p e r m e a b i l i t y  c h a r a c t e r i s t i c s ,  as 
shown i n  t a b  I e 1. 
41 The c a r b o n  membrane h a s  s u p e r i o r  s t a b i  I i t y  i t 1  t h e  p r e s e n c e  o f  
o r g a n i c  v a p o r s  at  h igh  t e m p e r a t u r e s ,  o r g a n i c  sol v e n t s ,  and 
nonoxi d i  z i  nq ac  i d i c  or b a s i c  env i ronmen t s .  
5 )  The c a r b o n  membrane is mechanical l y  much s t r o n g e r  and w i  I I 
w i t h s t a n d  h i g h e r  p r e s s u r e  d i f f e r e n c e s  for a g i v e n  wal I t h i c k n e s s .  
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CARBON MOLECULAR SIEVE MEMBRANES 975 

T a b l e  1. .-______ 
Thermal s t a b i  I i t v  o f  t h e  c a r b o n  
niernbratie i t i  p r e s e n c e  I3 f v a r  i o u s  gases 

g a s  tie Hz CH, C08 Oz 
temp.*C 700 >SO0 500 400 t:200 

T h i s  l e a d s  to a b e t t e r  s p e c i f i c  a c t i v e  s u r f a c e  a r e a - b o r e  d i a m e t e r  
c$>mbitiati t jn,  namely  to a lower axial p r e s s u r e  d r o p  for a g i v e n  
o u t p u t  ra te .  

The c a r b o n  f i b e r  membrane h a s  two major drawbacks :  
1:) I t  is rimre b r i t t l e ,  t h e r e f o r e  r e q u i r i n g  more c a r e f u l  tiandl i n g .  
2 )  Because  t h e  t r a n s p o r t  is v i a  a p o r e  s y s t e m  r a t h e r  t h a n  t h r o u g h  
t h e  b u l k ,  t h e  c a r b o n  membrane g a s  s e p a r a t o r  may r e q u i r e  a 
p re -pur i  f i e r  f o r  removing  t r a c e s  of s t r o n g l y  a d s o r b i n g  v a p o r s  
which c o u l d  c l o g  up t h e  p o r e s .  T h i s  is t y p i c a l  rJf many i n d u s t r i a l  
a d s o r p t i c m  s e p a r a t o r s .  Cos t  e f f e c t i v e  s o l u t i o n s  are  known. T h i s  
problem may b e  a v o i d e d  by  o p e r a t i n g  a t  s u f f i c i e n t l y  h i g h  
t e m p e r a t u r e s .  

6 DESCRIPTION OF CARBON MOLECULAR SIEVES 

a c o n t r o l  I ed chemica l  e n v i r m m e n t  of o r g a n i c  compounds t h a t  d o  n o t  
niel t or s o f t e n  d u r i n g  r a r b o n i z a t i u n .  Wi thout  a rile1 t i n g  s t a g e ,  t h e  
i t i t  e r m e d i a t e s  t h a t  are  e s s e n t i a l  I y p I a n a r ,  poi  ycotidensed a r o m a t i c  
e n t i t i e s ,  t h e y  have  i n s u f f i c i e n t  f reedom #of motion  to b e  dl I i g n e d  as 
i n  g r a p h i t e .  Moreover,  s i t i c e  p y r o l y s i s  i n v o l v e s  emana t ion  of o r g a n i c  
g a s e s  t h r o u g h  t h e  matrix, a p o r e  s y s t e m  is fnrmed w i t h i n  ttie s o l i d  
matrix. Upon c c m p l e t i o n  o f  ttie c a r b o n i z a t i o n  p r o c e s s ,  t h e  r r s u l  ti.ng 
sol i d  is a h i g h l y  d i s t o r t e d ,  g r a p h i t i c  material w i t h  l o w  s p e c i f i c  
g r a v i t y  (11.2-1.6 g / c c  as compared to 2.2 for nonporous  c r y s t a l  I i n e  
g r a p h i t e )  and  a p o r e  s y s t e m  o f  m o l e c u l a r  dimensicrns.  F u r t h e r  
e v i d e t i c e  I'8,15) h a s  shown t h a t  ttie p o r e  s y s t e m  c o n s i s t s  o f  r e l a t i v e l y  
wide  o p e n i n g s  w i t h  na r row c o n s t  r i c t 1 om. The o p e n i  n q s  co t i t  r 1 b u t  e t h e  
major  p a r t  o f  t h e  p o r e  volume and  are  t h u s  r e s p o n s i b l e  f n r  t h e  
a d s o r p t i o n  c a p a c i t y ,  w t i i  I e t h e  c o t i s t r i c t i m i s  a re  r e s p o n s i b l e  for the 
s t e r e a s e l e c t i v i t y  o f  p o r e  p e n e t r a t i o n  by h o s t  riiolei:uI es and f a r  t h e  
k i n e t  i c s o f  p e n e t  r a t  i o t i  . 

Carbon mnI e c u l a r  s i e v e s  are  p roduced  by the rma l  d r c i m i p o s i t i a n  i n  

DECHANISM OF G A S  PENETRATION THROUGH THE CARBON MEMBRANE 

en1 a r g e  t h e  p o r e  s y s t e m  i n  c a r b o n  ( 8 ,  i6), t o g e t h e r  w i t h  annea l  i t ig at  
h i g h  t e m p e r a t u r e s  i n  an  i n e r t  a tn iosphe re  which b r i n g s  abou t  p o r e  
c l o s u r e  18,17), h a s  been  employed r e c e n t l y  t o  p r o v e  t h a t  t h e  
perriieabi I i t y  o f  g a s e s  t h r o u g h  t h e  c a r b o n  membrane p r c c e e d s  t h r o u g h  a 
p o r e  s y s t e m  o f  m o l e c u l a r  d i m e n s i o n s  (8, 18). We have  shown t h a t  
p r o g r e s s i v e  a c t i v a t i o n  Icauses p r o g r e s s i v e l y  l a r g e r  r i ~ ~ ~ l e c u l  es t n  
perri teate t t i rough  a c a r b o n  mehibratie, whereas  t h e  sel e c t i v i t y  be tween 
t h e  smal ler m o l e c u l e s  d e c l i n e s  (14). 

The t e c h n i q u e  o f  a c t i v a t i o n  or p a r t i a l  b u r t i o f f ,  which is used  t o  
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976 KORESH AND SOFFER 

Degass ing  c a r b o n  msl ecu l  ar s i e v e s  a t  t e m p e r a t u r e s  up to  
b5O-75O0C, removes  sme  s u r f a c e  oxygen f u n c t i o n a l  g r o u p s  a s  c a r b o n  
#ox ides ,  and hence ,  e n l a r g e s  t h e  p o r e  d in lens in t i s .  H e a t i n g  a t  sti I I 
h i g h e r  t e m p e r a t u r e s  a n n e a l s  t h e  c a r h o n  and b r i n g s  abou t  p o r e  
c l o s u r e  18). By a p p l y i n g  t h e  same t rea t r i lqn t  to a c a r b o n  nieriibrane we 
have  shown t h a t  t h e  permeabi  I i t i e s  for p u r e  tiydroqeti and  p u r e  methane  
f i r s t  i n c r e a s e  upon h e a t i n g ,  t h e n  d e c r e a s e ,  i n d i c a t i n g  a g a i n  t h a t  
mol e c u l a r  s i e v i n g  t h r o u g h  a p w e  s y s t e m  is r e s p a n s i b l e  for ttie 
ninl ecul ar per r i iea t ian  p r o c e s s .  

These  f e a t u r e s ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  ttie carbcm r,iatrix 
1 tsel f is i r i iperv ious  (14) s u g g e s t s  t h a t  pe rmea t ion  t h r o u g h  c a r b o n  
riieriibraties r a n  h e  a t t r i b u t e d  e n t i r e l y  t o  t h e  p o r e  sys t em.  In  t h i s  
s e n s e ,  g a s  per r i iea t ion  t h r o u g h  t h e  rim1 e c ~ i l  ar s i e v i n g  c a r b o n  wlembrane, 
is s i m p l e r  t h a n  t h a t  t t i rouqh ttie glassy polymer riiehlbranes. In  t h e  
la ter  case, g a s  pe rmea t ion  h a s  been a t t r i b u t e d  t o  t h e  dual rode niodel 
i tivIu I v i  ng p e r  riieat i mi t l i r  ougti t h e  mat r i x and  t h e  free v o  I U N I ~  

s y s t e m  (19). The d i s t i n c t i o n  between v o i d s  and rmtris i t 1  g l a s s y  
po lymers  is n o t  as c l e a r  as  is i t i  t h e  c a s e  o f  n io l ecu la r  s i e v e  #carbons  
s i n c e  t h e  v o i d  s y s t e m  i n  po lymers  g r a d u a l  I y d i s a p p e a r s  upon 
a p p r o a c h i n g  t h e  q l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  Tg, (20 )  and g a s  
p e r m e a t i n n  is v e r y  f r e q u e n t l y  c a r r i e d  o u t  a t  t e m p e r a t u r e s  n o t  far 
below Tg. The dua l  mode rnudel which seenis t o  b e  coriimotily a c c e p t e d  is 
sti 1 I r e c e i v i n g  sme o b j e c t i o n s  (21) . 

In t h i s  pape r  we p r e s e n t  t h e  f i r s t  e x p e r i m e n t a l  r e s u l t s  on p u r e  
cumponetit permeabi  I i t i e s  a t  I ow t e m p e r a t u r e s  and ot i  g a s  m i x t u r e  
pera leabi l  i t i e s  a t  b o t h  t i iqh and  l o w  t e m p e r a t u r e s .  S i n c e  t h e  r e s u l t s  
were r a t h e r  s u r p r i s i n g ,  o n l y  a p r e l  i rn ina ry  a t t e m p t  u i  I I be made h e r e  
t o  i n t e r p r e t  them i n  ternis o f  t h e  m o l e c u l a r  s i e v i n g  effect  o f  a 
m i c r o p o r u u s  sys t em.  F u r t h e r  e x p e r i m e n t a l  d a t a  onti v a r i c u s  g a s  m i x t u r e s  
a t  I o w  t e m p e r a t u r e s  w i  I I b e  n e c e s s a r y  f w  a riiure comprehens ive  p i c t u r e  
o f  t h e  c a r b o n  r i i o l  e c u l  ar s i e v e  roenibrane be t i av iou r .  

---I-_ EXPERIMENTAL - 
The vacuum-pressure  sys t em and t h e  I i n e a r  she1 I atid t u b e  c e l  I for 

h e a t  t r e a t i n g  atid measu r ing  t h e  permeabi  I i t y  o f  g a s e s  i n  ttie c a r b o n  
tiol l o w  f i b e r  rtlembrane have  been d e s c r i b e d  e l s e w h e r e  (14 ) .  Pernieabi I i t y  
measurements  were made by m m i  t o r i n g  t h e  p r e s s u r e  i n c r e a s e  a s  gas 
f lowed i n t o  a c a l i b r a t e d  volurne on t h e  b o r e  s i d e  o f  t h e  h a l l o w  f i b e r .  
The Exeper imet i ta l  sys t en i  is shB>wn i n  f i g u r e  1. 
B e s i d e s  t h e  I i n e a r  she1  I-and-tube cel I ,  a U shaped  cel  I a l so  was used  
i n  o r d e r  to al l o w  t h e  menibrane t o  b e  i n s e r t  i n  a c rynos ta t  b a t h  f w  l o w  
t e m p e r a t u r e  measurements .  The Iowterrtperatre r e s u l t s  are p r e s e n t  ed  h e r e  
f w  t h e  f i r s t  time for ~iarbcln niembranes. 

was used  f o r  dynamic measurment i n  which t h e  she1  I s i d e  o f  t h e  cel I 
was c o n s t a n t  I y f I ushed  w i t h  t h e  g a s  rn ix tu re ,  and a second  a r r angemen t  
was used  f o r  s t a t i c  expe r i a i en t s .  For t h e  dynamic measurments ,  t h e  
n i ix tu re  was p r e p a r e d  u s i n g  t w o  f l o w  rcrtitrol v a l v e s  which p r e c e e d e d  t h e  
r e g u l a r  v a l v e s  o f  t h e  g a s  hiati ifold.  The m i x t u r e  p a s s e d  t h r o u g h  v a l v e  2 
a lo t ig  t h e  a h e l  I s i d e  o f  t h e  ho l low f i b e r  and  t h e n  e x i t e d  t o  t h e  
a t m o s p h e r e  v i a  a n o t h e r  v a l v e  and t h r o u q h  a g a s  b u b b l e r  I b n t h  n o t  shown 
i n  f i g u r e  11.  In t h i s  c a s e  t h e  t i iqh p r e s s u r e  s i d e  o f  t h e  riiembrane 

Twlo a r r a n g e m e n t s  for gas m i x t u r e  p r e p a r a t i o n  were empl oyed .  One 
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CARBON MOLECULAR S I E V E  MEMBRANES 977 

Vacuum 

F i g u r e  1. A s c h e m a t i c  o f  ttie gas pernieabi I i t y  systern.  FIR- P i r a n n i  
vacuum qauge ;  CV- Chec k va  I ve;  PV- Pr e s s u r  i z i no v e s s e  I ; PT- a b s o  I u t  e 
p r e s s u r e  t r a n s d u r e r ;  D P T -  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r ;  A- 
cal  i b r a t e d  volume; MC- riierilbrane re1 I 

o b v i o u s l y  was I i n i i t e d  to 1 a t r rosphe re .  Samples  from t h e  qas m i x t u r e  
f I owing o u t  t h r o u g h  v a l v e  9 were anal ysed  by a qas ,rtir,~,rilatoqrapti, to 
v e r i f y  t h e  c o n t r o l  v a l v e  s a l i b r a t i o n s .  

s t a i n 1  ess steel  v e s s e l  , abou t  2 I i t e r s  i n  v~ lu r i l e ,  c o n n e c t e d  t n  t h e  
s y s t e m  t t i rough a s h w t  t u b e ,  1 /4 "  i n  o .d .  and  v a l v c  2. Ttie f o l l o w i n q  
p r o c e d u r e  was employed: The sys ten l  w a s  f i r s t  c l e a n e d  by tho rough  
e v a c u a t i o n ,  t h e n  hydrogen  was i n t r o d u c e d  i n t o  t h e  b u l b  to a n  
a c c u r a t e 1  y riieasured p r e s s u r e  pl. Val v e  6 was t h e n  c I o s e d ,  and ttie 
s y s t e m  was e v a c u a t e d .  Methane was t h e n  a d m i t t e d  t w t i i  I e v a l v e  8 wa5 
sti I I c l o s e d j  at  a p r e s s u r e  c n n s i d e r a b l y  t i i qhe r  t h a n  t h e  i n i t i a l  
hydrogen  p r e s s u r e  p l .  Adrit i t tance o f  nwthane  was made t t i r l x q h  v a l v e  5 
which was p a r t i a l  l y  open .  W t i i  I e  p r e s s u r e  was r e c o r d e d  vs .  time t h r o u g h  
ttie p r e s s u r e  t r a n s d u c e r  F'T, v a l v e  8 was t h e n  opened  c a r e t u l  l y  to tul  I 
a p e r t u r e ,  so t h a t  a streani #of methane ,  t h r o t t  I ed  throuqt i  v a l v e  5, was 
c o n s t a n t l y  e n t e r i n g  a g a i n s t  ttie tiydroqen p r e s s u r e  i n  t h e  bu lb .  Tt ie  
rilain v a l v e  5 was t h e n  c l c ~ s e d  so t h a t  ttie t o t a l  c o n s t a n t  p r e s s u r e  pz 
was r e c o r d e d  far a f e w  s e c m d s ,  t h e n  v a l v e  6 was ~ l o s e d ,  and ttie line 
was pumped o u t .  The m i x t u r e  c t m p o s i t i o n  i n  X HZ is c a l c u l a t e d  a s suming  
i d e a l  g a s  b e h a v i o u r  msing ttie e q u a t i o n  

Por t h e  s t a t i c  measus rme t i t s , t hc  g a s  w i x t u r e  was p r e p a r e d  i n  a 

Xn2=p,/(p,)x100 (: 1 3 . 
'TI:) e t i s u r e  tticwough riIixitiq, a rliagtietic s t i r r e r  p l a c e d  ititcn ttie 

i n o t i n a g t w t i c j  s t a i n l e s s  steel v e s s e l  was o p e r a t e d  by at1 o u t s i d e  
s t i r r e r  motor. 'The m i x t u r e  was t h e n  l e f t  for a t  least h a l f  an twur  
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978 KORESH AND SOFFER 

p r i o r  to i ts  use i n  t h e  riieriibrane cel  I .  The sariie rest11 ts  w e r e  o b s e r v e d  
when the  m i x t u r e  was ~ i s e d  irnriiediatel y a f t e r  p r e p a r a t i o n  o r  a f te r  a q i n g  
f o r  30 m i n u t e s  to dl lcsw f o r  d i f t u s i o t i  m i x i n g .  However, riiixinq and  
a g i t i q  were c a r r i e d  o u t  to e n s u r e  c o n f i d e n c e  i n  ttie d a t a .  .The r i i ix ture  
p r e s s u r e  i n  t h e  v e s s e l  was o f  a p r e s s u r e  , s f  a b w t  2 a t m o s p h e r e s ,  and  
t h i s  was s u f f i c i e n t  for s e v e r a l  perriieabi I i t y  e: , ;periri ients.  

D u r i n g  a riieasurriient t h e  g a s  niixtcrre a t  t h e  h i g h  p r e s s u r e  s i d e  ,of 
ttie riiembrane was renewed by  f r e q u e n t  f I u s h i n g  t o  e n s u r e  a c o n s t a n t  
f e e d  s i d e  c a m p , ~ s i t i o n .  N o  c h a n g e  i n  t h e  r a t e  o f  p r e s s u r e  i n c r e a s e  was 
nobserved upon ri i i  x t u r e  renewal  . 
s i d e  was i n i t i a l  l y  b e l o w  1 t w r  arid i t s  ,werdl I p r e s s u r e  1tii:rease 
d u r i n g  a perriieabi I i t y  riieasurriient was n e v e r  riiore t h a n  20 tour .  The l o w  
p r e s s u r e  ~ccould t h e r e f o r e  b e  t i e q l e c t e d  i n  t r m p a r i s c m  to  t h e  u p s t r e a m  1 
a t  rii . p r  e s s u r  e . 

I n  b o t h  t h e  dynamic  and  s t a t i c  methods ,  t h e  l i j w  p r e s s u r e  Ibm-e?  

as siriiple a s  p o s s i b l e ,  t h e  hydroqen-methane  r i i ix ture  was s e l e c t e d  
b e c a u s e  o f  the  weak a d s o r b a b i  I i t y  and  tionpol a r i  t y  o f  b o t h  riiol ecul es ,  
arid b e c a u s e  o f  t h e  q r e a t  d i f t e r e n r e  i t i  t h e i r  perri ieabil  i t i e s .  A l s o  t h e  

g r e a t e r  perriieabi l i t y  o t  h y d r o g e n  at l o w e d  us t o  a t t r i b u t e ,  a s  a f i r s t  
a p p r  or: i riia t i Isti the en  t i r e  p e r  riiea t e f I u x t 13 i t . rh i s 5 1  ritp I 1 f 1 c a t  1 on 
s a v e d ,  f c v  t h e  tirile b e i n g ,  t h e  n e c e s s i t y  o f  f r e q u e n t  p e r m e a t e  qas 
m i x t u r e  a n a l y s i s  s i n c e  o t i l  y hydroget i  was assuriied t o  b e  p r e s e n t  a t  ttie 
I o w  p r e s s u r e  s i d e  #:of t h e  membrane. The r i lecha t i i s t ic  i r i tpor tance  o f  
s t u d y i t i q  t h e  g a s  r i i i s t u r e  behavio?r r  I les i n  t h e  p o s s i b i l  I t y  t h a t  t h e  
I ess perriteabl e r m l e c u l e  would iriipede t h e  perriieabi I l t v  o f  t h e  faster 
permeat i t .  

p r e s e n t e d  b e l o w  t o g e t h e r  w i t h  t h e  p e r m e a b i  I i t1e5  P,,, c a l c u l a t e d  f rom 
t h e  p u r e  g a s  d a t a  FH a n d  PM o f  h y d r o g e n  a n d  rilethane r e s p e c t i v e l y ,  
a c c o r d i n g  t r~ t h e  equat  i mi 

- -  = r p a r a t  i on o f  t h i  s r i i i  r t u r  e is o f  icmiiriierc i a I irilport a t ice .  'The riiuc t i  

The r e s u l  ts o f  t h e  ~IW~W[U~~ r i i ix ture  perriieabi I i t y  P,,P a re  

w h e r e  X are  t h e  ,_0rrE.spl_7tididtig r m l a r  f r a c t i . m s  i n  t h e  r i i iu ture .  

t e r i i p e r a t u r e  d a t a  a n d  t h e  h i q h  pcrri irabi I i t y  values < t h o u s a n d s  o f  
Harrers) a re  n o t e w a r t h y .  

o f  t h e  riiain perri ieant is i n d e p e n d e n t  n f  t h e  p r e s e n c e  #of a s e c o n d  qas 
Imver a c o n s i d e r a b l e  r a n g e  isf t e r i i p e r a t u r e s  a n d  mixture  cur~ipos i t i i3 t i s .  
T h i s  is t r u e  a t  least a t  h i g h  t e m p e r a t u r e s  w h e r e  a d s o r p t i o n  1s 
n e g l i g i b l e .  The t w o  qases b e h a v e  i n d e p e n d e n t l y ,  as  f r e e  niolecules i n  
s p a c e ,  however ,  t h e y  a r e  st1 I I s i e v e d  riip2l e ~ u l a r l y ,  a s  1s e v i d e n t  from 
t h e  much I ower iiiethatle p e r m e a b i  I l t y .  

p a t h s  i n  t h e  p n r e  sys te r i ) ,  l a r g e r  p o r e s  for m e t h a n e  a n d  n a r r o w e r  for 
h y d r o y e n ,  h a v e  b e e n  c a n s i d e r e d .  T h i s  o p t  i uti was r e j e c t  e d ,  h1:~wever 9 

fjitire t h e  w i d e r  p a s s a g e s  shocrl d al I CIW HZ f I o w  as  we1 I a n d  s h o u l d  
t h e r e f i l r e  b e  i m p a i r e d  by  t h e  p r e s e n c e  o f  CH4. T h i s  was n o t  o b s e r v e d .  

I r r e s p e c t i v e  a>f t h e  r i i ix ture  perriieabi I i t y  b e t i a v i o u r ,  t h e  h i g h  

The ritain s i q n i f i r a n c e  of T a b l e s  2 atid 3 is t h a t  the p e r m e a b i l i t y  

To i n t e r p r e t  t h i s  b e h a v i o u r ,  t h e  p x s i b i  I i t y  ,sf s e p a r a t e  p e r m e a t e  

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



CARBON MOLECULAR SIEVE MEMBRANES 979 

'Table  2. 
I n t r i n s i c  p e r l i e a b i  I i t y  i t 1  B a r r e r s  
I.CC STP-8: ri~-cm-"-sec-~-cmHgx 1 U-lo.J o f  d i i f e r  e n t  
H,/CH4 r i ~ i x t u r e s  a t  500 C t h r o u q h  a r e l a t i v e l v  
t ia r rnw p o r e  riwiibrane ( h i q h  s e l e ~ t i v i t y : J .  

_. . -. - ._ _. 

- T a b l e  3. - 
perriieabi I i t i es  F' ( : i n  B a r r e r s !  and  
p e r m s e l e c t i v i t i e s  S f:=F'n2/Pcn4:~ tcif 45% HZ- 55% 
CH4 r i t i r t u r e  t h r e u g t i  a r e l a t i v e l y  w i d e  p o r e  
mernbrane l h i g h e r  H2 p e r m e a b i  I i t y  and  I ower 
se  1 ec t i v i t y 1 a t  d 1 f f er en t t erw e r  a t u r  es . 
M e a s u r m e n t s  were c a r r l e d  o u t  by  t h e  f I o w  
rilethod. 

Recal I i n g  t h e  a b o v e r i m i t i o n e d  c o n c e p t  o f  w l d e  pores a n d  s 1 e v l t i q  
1: on st r i c t i ncms , t tie f o I I o w  i ng i tit er p r  e t at  i oclti 1 s suag es t e d  : The H2/CH4 
r a t i o  w i t h i n  t h e  p o r e s  1s t h e  same as t h a t  o f  t h e  ou ter  gas m i x t u r e .  
T h i s  may b e  j u s t i f i e d  r e g a r d i n g  t h e  h i g h  evper l r i ien t  t e r o p e r a t u r e s  a t  
w h i r h  a d s o r p t i o n  of  t h e  I i g h t  H2 and CH4 r m l e c u l e s  is negl  i a i b l e .  The 
r e s i d e n c e  time o f  t h e  iiv:*Ierules a t  t h e  c , c , t i s t r i r t i , ~ i n s  d u r i n q  the 
a c t i v a t e d  s t e p  o f  perr i lea t ion  is v e r y  s h o r t  i n  t h e  a b s e n c e  o f  
adsorption 512 t h e  # c o n s t r i c t i o n s  a re  most I y u n o c c u p i e d .  T h e r e f o r e  t i o  
t i i t i d e r a n c e  b y  t h e  sl~nw perrileate 1 5  I i l r e l y .  

e x t e n d e d  t i2  l o w  t e m l p e r a t u r e s ,  w h e r e  c w i s i d e r a b l  e a d s o r p t i o n  is v e r y  
I i k e l y  h a v e  sti I I s h o w n  t h a t  HZ p e r m e a b i  I i t i es  C w h i c h  d e c r e a s e  
c o n s i s d e a r a b l  y a t  lower t e m p e r a t u r e s )  are  ski I I i n d e p e n d e n t  lcuf t h e  
r i l l  x t u r  e c or i~pos l  t i mi . 

These r e s u l t s  becoriie e v e n  rmre puzz  1 i n g  c o t i s i d e r i n g  p r e v i l w s  
t o b s e r v a t i m s  w h e r e  t h e  perriieabi I i t y  of  m e t h a n e  a t  25°C d e c r e a s e s  upon 

S u r p r i s i n g l y ,  H-r-CHs permeabi  I i t y  m e a s u r m e n t s  w h i c h  t iave b e e n  
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980 KORESH AND SOFFER 

F i  gu r  e 
ri1o I ec u I 

1 , 
I 

I '  
I ! b I I 

2. The p n t e n t i a l  e n e r g y  a l o n g  ttie pe rmea t ion  p a t h  nof t w o  
e5 o f  d i  f f e r e n t  s i z e  r ep rese ! i t i ng  hydrc#gen and  roethane. 

i n c r e a s i n g  ttie p r e s s u r e ,  a b e h a v i o r  which would b e  e x p e c t e d  for a n  
a d s o r b i n g  g a s  1.18). A t  t e m p e r a t u r e s  as l o w  as  -8OoC, a d s n r p t i o n  o f  
r i~e thane  is s l g n l f i c a n t ,  bu t  i t  s t i l  I d o e s  n o t  impa i r  ttie hydrogen  
perroeabi I i t y .  T h i s  b e h a v i o u r  l e a d s  to t h e  c n n c l u s i o n  t h a t  t h e  sr1)al I 
hydrogen  mo1 ecu l  es and  ttie I a r g e  methane  mol e c u l  es r e s i d e  a t  d i  f f e r e n t  
ritinirhuril e n e r a y  p o s i t i o n s  p r i o r  tnn t h e  a c t i v a t e d  junip t h r o u g h  a 
c o n s t  r i 1:: t i mi . 
g u e s t  m o l e c u l e s  of  d i  f feretit s i z e s  4x1 t h e  p o t e n t i a l  e n e r g y - p e n e t r a t i o n  
c t o c r d i n a t r s  ( :Th i s  is s i a i l a r  t o  f i g u r e  9 i n  r e f e r e n c e  10 which was 
drawn f o r  nmie ri io l  ecul e j .  

at t h e i r  rii1tliwiurii p o t e n t i a l  e n e r q y  p r i o r  to t h e  junip throuqt i  a 
c o n s t r i c t i o n .  I t  is e v i d e n t  trurii t h e  f i g u r e  t h a t ,  d u e  to t h e  
unpa ra l  I el  w a l  I 5  o f  t h e  amorphous p o r o u s  sol i d ,  a I a r g e r  ri101 ecul e 
w i l  I clccupy a more d i s t a n t  pcns i t ion  w i t h  r e s p e c t  to  t h e  c e n t e r  o f  t h e  
c m s t r i c t i o t i  and  rimy t h u s  n o t  d i s t u r b  t h e  p o s i t i o n  o f  t h e  snial l e v  
rim I el: u I e . 
immunity o f  ul t r a f i  I teratioti nenibranes to foul  itig by l a r g e  suspended  

F i g u r e  2 d e s c r i b e s  sovie o f  t h e  p o t e n t i a l  e n e r g y  p o s i t i o n s  o f  t w o  

The c i r c l e s  show t h e  p a s i t i o n s  of  mc~lecctles of  d i f f e r e n t  s i z e s  

I n  a s e n s e ,  t h i s  v e r y  qua1 i t a t i v e  model reser t ib les  t h e  we1 I known 
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3 -  

2. 

1- 

0. 

2 3 4 5 

l /T (K)  x 1000 

F i g u r e  3. The dependence  o f  l o q l p e r ~ e a b i  I i t y )  o f  tiydrogeti mi the 
i n v e r s e d  t e m p e r a t u r e  1 / T ( . K j .  The c a r b o n  n i o l  e cu l  ar s i e v e  niembrane had  
a n  open  p o r e  s t r u c t u r e ,  tiamcly l a r g e  p e r m e a b i l i t y  and a r e l a t i v e l y  

Tab1 e 4. 
D i r e c t l v  hieasured avid c a l c u l a t e d  l e q u a t i o n  2 )  
permeabi  I i t i e s  o f  a 1: 1 H,-CH4 m i x t u r e  ttirOugh 
a wide  p o r e  n i o l  ecul ar s i e v i n g  carb ix i  nlembrane. 
Measurnietits c a r r i e d  on by t h e  s t a t i c  riiethod. 
P e r m e a b i l i t i e s  i n  Barrers. 
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p a r t i c l e s .  S t r e t c h i n g  t h i s  a n a l o g y  a s t e p  f u r t h e r ,  we m y  d e d u c e  t h a t  
t h e  tiarrow and  s t r o n q l y  i n t e r a c t i n g  COT+ r r io le tu le  i n  i t s  r t i ix ture  w i t h  
hydrogen  w i 1  I i n t e r f e r e  i t 1  the  p e r r a w a b i l i t y  u f  t h e  l a te r ,  s i n c e  t h e y  
may b o t h  uccupy  t h e  sartie c r i t i c a l  p o s i t i o n  a t  t h e  c o n s t r i c t i o n  
e n t r a n c e .  On t h e  o t h e r  hand atid for t h e  same reascrn COa riay tiat 
i n t e r f e r e  w i t h  t h e  penetration o f  me thane  at c o t i d i t i m s  where  t h e r e  i s  
s i g t i i  f i c a n t  a d s o r p t i o n  of COz, narriely h i g h  p r e s s u r e s .  

u n d e r s t a n d i n g  t h e  e x p e r i m e n t a l  r e s u l t s  o t i  s i t i g l  e g a s  perriieabi I l t ies  
p r e s e n t e d  i n  p r e v i o u s  p a p e r s  and  for t h e  H2-CH4 n i i x t u r e  i n  t h i s  p a p e r .  
The I o w  t e m p e r a t u r e  pernieabi I i t y  d a t a  mi I i g h t  qases which we h a v e  
r e c e n t l y  o b t a i n e d  ( : t a b l e  4) i n d i c a t e  t h e  m e c h a n i s t i c  c o m p l e x i t i e s  t h a t  
w i  I I b e  e n c o u n t e r e d  when a d s o r p t i o n  takes p l a c e  w i t h i n  t h e  s i e v i n g  
p o r e s .  As an example ,  a n  A r r h e n i u s  p l o t  o f  perriteabi I i t y  o f  hydroqen  
a t  l o w  t e m p e r a t u r e s  is n o t  a straiqti t  I i n e  ( f i g u r e  3.), a l t h o u g h  t h e  
perriieabi I i t y  c h a n g e s  are  v e r y  l a r g e .  

The p o r e  c o n s t r i c t i o n  riisadel h a s  been  a d e q u a t e  for qua1 i t a t i v e l  y 

I t  is hoped t h a t  f u t u r e  d a t a  w i I  I p r o v i d e  a more i:iDfiiplete p i c t u r e  
o f  the  proiress of  perri ieatiati  t t i rouqh t h e  n i o l  e c u l a r  s i e v i n g  menibrane. 

E;EF EFENCES 

1:) J.M.S. H e n i s  and  M.K. T r i p o d i ,  S e p a r a t i o n  S c i .  Techno l .  15(4:), 105'3 
c 1'38(:)! . 
2 )  J.M.S. H e n i s  and  M.K. T r i p o d i ,  U.S. P a t e n t  4 , 2 3 0 , 4 3 3  (1980:). 
3:) H . J .  Bixler and  O . J .  Swee t inq  i n  "Progress i n  S e p a r a t i o n  atid 
P u r i f i c a t i o n  (Wi ley ,  N.Y. 1968) V a l .  2 ,  P. 33. 
4:) G. J. van Ariiet-ogeti, Rubber Cherii. Techti. 37 <5 j ,  10€5 (19641. 
5) A .  R. Berens ,  J. Vinyl Techno l .  1 , E  (:1'379j. 
6:)  M. D. S e f c i k  and  J. S c h a e f e r ,  J. Polyriier S c i . ,  F'olyrtier Ptiys. 
E d i t i o n ,  21,  1041 and  1055, 1'383. 
7 )  F. M. B a r r e r  and  J .  H.  P e t r o p o u l o s ,  Surface S c i .  3, 143 (1'365:). 
€3) J. I;oresh and  A. S o f f e r ,  J. Elec t rochem.  S o c . ,  2 2 4 ,  137'3 (:1977). 
'3) J. Ki7resIi and  A.  Soffer,  J .C.S .Faradav  I ,  76, 245'7 (:1'38(:)). 
10) J. Koresti  and  A. S o f f e r ,  J.C.S. F a r a d a y  I ,  76,  2472 (:1'38tjj. 
11) J. Koresti and  A .  Soffer ,  J .C .S .  F a r a d a y  I ,  76,2507 (:1'380). 
12:) J. Koresh and A. S o f f e r ,  J.C.S. F a r a d a y  I ,  77, 30155 (:1'381). 
131 J. Koresh and A .  S o f f e r ,  J. E I e c t r ~ ~ a t i a I y t i c a l  and  I n t e r f a c i a l  
C h e m i s t r y ,  197,  223 c1983i. 
14:) J. E. Koresh  and  A .  S o f f e r ,  S e p a r a t i n n  S c i .  and  Techno l . ,  18 <8.) ,  

15:) J. Koresh, A .  S o f f e r  and  H. Tob ias :  Carboti i n  p r e s s .  
l€ : l  M. M. Dubini t i ,  0. Kaldek I .  B n t l i k ,  E. 0. Z a v e r i n a ,  A. Zukal and 
Ec. Sctriiek:, Dokk:l. Akad. Naul:: S.S.S.R, 157, 6513 (.1964i. 
17) r. 6. Laritond, J. E. Metcal f 111 and  F'. L. Walker: Carbon 3 ,  5'3 
(: 1365 :) 
18:) J. ti:oresh and  A .  S o f f e r ,  J.C.S. F a r a d a y  I ,  sctbrii i t tcd.  
1'3) F:. r .  Ctierti,  W .  J. K. ;Ot -os ,  E. 5 .  S a n d e r s ,  S. H. Chen and  H. B. 
Hopfe t ibers  i n  " I n d u s t r i a l  Gas S e p a r a t i o n s " ,  T. D. Whyte, J r .  , C. M. 
Yon and  E. H. Wegetier, e d i t o r s :  ACS symp. ser ies  ' 

3.1. D. Raucher and  M. D. s e f c i k ,  i l j i J  p . 8 9  % 111. 

7 2 3  < 1983) . 

- .  

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


