
CHAPTER IV
HYBRID COMPOSITE MEMBRANE FOR CO2/CH4 SEPARATION

4.1 Abstract

A  n o v e l m ix e d  m atrix  m em b ra n e  (M M M ), Z S M 5 -p o ly b e n z o x a z in e , h as  
b e e n  s u c c e s s fu lly  fab r ica ted . M M M  c o m b in e s  th e  a d v a n ta g e s  o f  b o th  m atr ix  and  
fd le r  to  im p r o v e  th e p e r fo rm a n ce  o f  g a s  sep a ra tio n . T h e  S E M  m icro g ra p h s  rev e a led  
g o o d  in ter fa c ia l a d h e s io n  b e tw e e n  th e  p o ly b e n z o x a z in e  and  Z S M -5  p a r tic le s  s in c e  n o  
m ic r o n  s iz e  v o id  w a s  o b se r v e d . T h e  X R D  p attern s s h o w e d  n o  c h a n g e s  in  th e  crysta l 
stru ctu re o f  th e  Z S M -5  a fter m ix in g  w ith  th e  p o ly m e r  m atr ix . CO 2  and  CH4  

p e r m e a b ility  w e r e  d e te r m in e d  b y  u s in g  th e  s in g le  g a s  m e a su r e m e n ts . T h e  CO 2 and  
CH 4  p e r m e a b ility  o f  M M M  w a s  d e c r e a se d  w ith  in c r e a s in g  z e o l it e  c o n te n t, w h ile  th e  
CO 2 /ÇH 4  s e le c t iv ity  w a s  a lso  in c r e a se d  w ith  an  in c r e a se  in  th e  z e o l it e  lo a d in g .

Keywords: M ix e d  m atr ix  m e m b ra n e  (M M M ), P o ly b e n z o x a z in e , G a s  sep a ra tio n , 
Z S M -5 , H yb rid  c o m p o s ite  m em b ra n e
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4.2 Introduction

N o r m a lly , th e  ty p e s  o f  g a s  p r e se n tin g  in  th e  natural g a s  are แ 2 , พ 2 , O 2 , C H 4 

and C O 2 , w h ic h  are in d e p e n d e n t so u r c e s  o f  th e  sy n th e s is  g a s  p ro d u ctio n . H o w e v e r ,  
o n e  p ro b lem  c o m m o n ly  fo u n d  in th e  natural g a s  p r o c e s s in g  is  th e  p ip e lin e  c o r r o s io n ,  
w h ic h  is  in d u ced  b y  th e  a c id ic  g a s  su c h  a s  a c id ic  carb o n  d io x id e  g a s , etc .

T o  red u ce  th e  p ip e lin e  c o r r o s io n  and  a lso  to  p ro d u ce  h ig h -p u r ity  en erg y  
p r o d u cts , g a s  sep a ra tio n  te c h n iq u e  b y  m e m b ra n e  is  th e  a ttra ctiv e  ap p ro ach  to  sep arate  
carb o n  d io x id e  g a s  ( lo n g e r  and s le n d e r  m o le c u le )  from  m e th a n e  (m o re  co m p a c t  
m o le c u le  w ith  s lig h t ly  lo n g e r  c r o s s - s e c t io n )  in  th e  natural g a s  p r o c e s s in g  b e c a u se  it is  
lo w  e n e r g y  c o n su m p tio n , s im p le  o p era tio n  and  lo w  m a in te n a n c e  req u irem en t [ 1 ].

O n e  o f  th e  m o st  im p o rtan t e le m e n ts  in  g a s  sep a ra tio n  te c h n iq u e  is  the  
m em b ra n e . In th is  s tu d y , p o ly b e n z o x a z in e , w h ic h  is  a h ig h  p er fo rm a n ce  
th e r m o se tt in g  res in , is  s e le c te d  as th e  m e m b r a n e  m atr ix . P o ly b e n z o x a z in e  e x h ib its  
e x c e lle n t  p ro p erties  su ch  a s  lo w  sh r in k a g e  a fter  c u r in g , lo w  w a te r  a b so rp tio n , g o o d  
th erm a l s ta b ility  and  h ig h  g la s s  tr a n sitio n  tem p era tu re  [2 ], H o w e v e r , in  ord er to  
im p r o v e  the s e le c t iv ity  o f  a d e n se  m em b ra n e  in  th e  sep a ra tio n  p r o c e s s , z e o l i t e —  
w h ic h  can  act a s  a m o le c u la r  s ie v e — is a d d ed  to  form  a m ix e d  m atrix  m em b ra n e  
(M M M ) or c o m p o s ite  m em b ra n e  to  e n h a n c e  th e  sep a ra tio n  p er fo r m a n c e , w h ile  still  
m a in ta in in g  a lo w  c o s t , s im p lic ity  o f  o p era tio n  and  great p r o c e s s in g  f le x ib ility .

T h e  p u rp o se  o f  th is  w o rk  is  to  d e v e lo p  a n e w  M M M  b y  u sin g  
p o ly b e n z o x a z in e  as th e  c o n t in u o u s  p h a se  m ix e d  for  g a s  sep a ra tio n  and to  s tu d y  the  
a b ility  o f  th is  M M M  fo r  th e  sep a ra tio n  o f  carb o n  d io x id e  g a s  from  m eth a n e .
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4.3 Experimental
4.3.1 Materials

B is p h e n o l -A  (B A , C 15H 1 6O 2 ) w a s  p u rch a sed  from  A ld r ic h , G erm a n y . 
F o r m a ld e h y d e  (C H 2 O , a n a ly tica l gra d e) w a s  p u rch a sed  from  M er ck , G erm an y . 
1,6 -H e x a d ia m in e  (h d a , C 6 H 16N 2 ) w a s  p u rch ased  from  A ld r ic h , G erm a n y .
1,4—D io x a n e  (C 4 H 8 O 2 , a n a ly tica l gra d e) w a s  p u rch a sed  from  L a b sc a n , Irelan d . A ll  
c h e m ic a ls  w e r e  u sed  w ith o u t  further p u r if ica tio n . Z e o lite  a m m o n iu m  ( Z S M - 5 )  
p o w d e r— S i/A l ratio  is  2 4 .3 , th e  m ed ia n  p a rtic le  s iz e  is  4 .5  p , and su r fa ce  area is  4 5 0  
m 2 /g — w a s  p u rch a sed  fro m  Z e o ly s t  In tern a tio n a l, U S A . In ord er  to  r e m o v e  the  
a d so rb ed  w a ter  v a p o u r  or  o th er  o rg a n ic  v a p o rs , z e o l it e  w a s  d eh y d ra ted  at 2 5 0 °  c  for  
7 2 0 0  ร (2  h o u r s)  u n der v a c u u m  b e fo r e  u se .

4.3.2 Measurements
.T h e structural c h a r a c ter is tic s  o f  p o ly b e n z o x a z in e  w e r e  m ea su red  u s in g  

F ou rier  T ra n sfo rm  Infrared S p ec tr o m e te r  (F T -I R )  o b ta in e d  fro m  a T h erm o  N ic o le t  
and  P roton  N u c le a r  M a g n e tic  R e so n a n c e  ( ' h  N M R )  w h ic h  w e r e  r e co rd ed  o n  a 
V a ria n  M er cu ry  3 0 0  ( 3 0 0  M H z ) in stru m en t. T h e  p rep ared  p o ly b e n z o x a z in e  
p recu rsors w e r e  d is s o lv e d  in  d eu tera ted  c h lo r o fo r m  (C D C I 3 ) for 2 4  h ou rs p rior to  u se . 
A tte n u a ted  T o ta l R e f le c ta n c e  Infrared  S p e c tro m eter  ( A T R -I R )  sp ec tra  o f  m em b r a n e s  
w e r e  o b ta in ed  fro m  a T h erm o  N ic o le t  b y  u s in g  Z n S e  4 5 °  (fla t p la te )  w ith  a sc a n n in g  
r e so lu tio n  o f  4  c m ' 1 to  s tu d y  th e in tera ctio n  b e tw e e n  th e g a s  m o le c u le  and th e  M M M . 
T h e  m em b ra n e  m o r p h o lo g y  w a s  in v e s t ig a te d  b y  u s in g  S c a n n in g  E lec tro n  M ic r o s c o p y  
(S E M ) (F E -S E M  S 4 8 0 0 ) .  X - R a y  D iffr a c to m e te r  ( X R D )  w a s  u sed  to  stu d y  th e  X R D  
p attern s o f  z e o l i t e  Z S M -5  b e fo re  and  a fter  ad d ed  in to  P B Z  m atrix .

4.3.3 Methodology
4 .3 .3 .1  S y n th e s is  o f  P o ly b e n z o x a z in e  P recu rsors

T h e  p o ly b e n z o x a z in e  p recu rsor w a s  sy n th e s iz e d  b y  u s in g  
b is p h e n o l- A  ( B A , C15H16O2), fo r m a ld e h y d e  (CH2O) an d  1,6 - h e x a d ia m in e  (h d a , 
C 6 H i6 N 2), w ith  a m o la r  ratio  o f  1 :4 :1 , r e sp e c t iv e ly . F irst, b is p h e n o l- A  ( 6 .8 4  g )  w a s  
d is s o lv e d  in  a  1 ,4 -d io x a n e  (1 5  m l)  in  5 0  m l g la s s  b o tt le  and  stirred  u n til th e  c lea r  
s o lu t io n  w a s  o b ta in ed . F o r m a ld e h y d e  s o lu t io n  (9 .7 3  g )  w a s  th en  ad d ed  in to  the



25

b is p h e n o l- A  s o lu t io n . T h e  rea c tio n  w a s  c o o le d  w ith  an ic e  b ath . A fte r  that 
1,6 - h e x a d ia m in e  (3 .4 8  g )  w a s  ad d ed  d r o p w ise  in to  th e  m ix tu re  and stirred  
c o n tin u o u s ly .

Table 4.1 T h e  c h e m ic a l stru ctu re o f  reac tan ts

R ea c ta n ts C h e m ic a l stru ctu res
B is p h e n o l A  ( B A ) <~r 

CJ

V
๐

h 3

^ ไ ^ 0" 
แ3

F o r m a ld e h y d e
ะ0 } - ท

1 ,6 -h e x a n e d ia m in e  (h d a)
h 2n

4 .3 .3 .2  P rep ara tion  o f  P o ly b e n z o x a z in e  M em b ra n es
T h e  p o ly b e n z o x a z in e  p recu rso r  o b ta in e d  fro m  th e  r ea c tio n s  w a s  

h ea te d  and stirred  c o n t in u o u s ly  u n til v is c o u s  liq u id  w a s  o b ta in ed . T h e n  th e m ix tu re  
w a s  ca st on  th e  g la s s  p la te  w h ic h  is  c o a te d  w ith  fo il  at ro o m  tem p era tu re  w ith  a 
th ic k n e ss  o f  a p p r o x im a te ly  3 0 0  p m  u s in g  E lc o m e te r  3 5 8 0  c a s t in g  k n ife  f ilm  
a p p lica to r  (fr o m  e lc o m e te r /in s p e c t io n  e q u ip m e n t) . T h e  m e m b ra n e  w a s  d r ied  at roo m  
tem p era tu re  in  air for  o n e  d a y  y ie ld in g  th e  y e l lo w  tran sp aren t m em b ra n e . T h e  
m em b ra n e  w a s  th en  p la c e d  in  th e  o v e n  at 1 1 0 °  c  in an  a ir -c ir c u la t in g  o v e n  for  2 4  
h ou rs. T h e th ic k n e s s  o f  th e  o b ta in e d  m e m b r a n e  w a s  arou n d  15 0  p m ±  10 p m . F ig u re
4.1 d e p ic ts  th e  c h e m ic a l stru ctu re o f  p o ly b e n z o x a z in e  m em b r a n e s .
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Figure 4.1 T h e  c h e m ic a l stru ctu re o f  p o ly b e n z o x a z in e  m em b r a n e s .

4 .3 .3 .3  P rep ara tion  o f  M ix e d  M atrix  M em b ra n es
V a r io u s  c o n te n ts  o f  Z S M - 5  w e r e  d isp e r se d  in 1 ,4 - D io x a n e  and  

stirred  for  3 h ou rs. A fte r  that, th e  z e o l it e  m ix e d  s o lu t io n  w a s  so n ic a te d  for 10 m in  to  
im p r o v e  th e d isp e r s io n  o f  z e o l it e  p a r tic le s  in  th e  s o lu t io n . Z e o lite  p a r tic le s  w e r e  then  
“p r im e d ” b y  a d d in g  a p p r o x im a te ly  15 w t.%  o f  to ta l a m o u n t o f  p o ly b e n z o x a z in e , to  
in c r e a se  th e  c o m p a tib ility  b e tw e e n  z e o l i t e  and p o ly m e r , to  m in im iz e  th e  a g g r e g a tio n  
o f  z e o l it e  p a r tic le s . T h e  m ix tu re  w a s  stirred  u s in g  m a g n e tic  stirrer to  e n h a n c e  the  
h o m o g e n e ity . A fte r  th e  r e m a in in g  p o ly b e n z o x a z in e  w a s  a d d ed , th e  fin a l m ix tu re  w a s  
further m ix e d  for  2  h ou rs to  fo rm  m ix e d  m a tr ix  m e m b r a n e s  so lu t io n . T h e  
c o n c e n tr a tio n s  o f  z e o l it e  in  p o ly b e n z o x a z in e  w e r e  v a r ied  at 1 wt.7o, 5 w t.7o and  
10 wt.7o o n  s o lv e n t - f r e e  b a s is  [3 ], T h e  m ix e d  m atr ix  m e m b r a n e s  so lu t io n  w a s  h ea ted  
u n til v is c o u s  liq u id  w a s  o b ta in ed . T h e  p recu rso rs o b ta in e d  fro m  th e r e a c tio n s  w er e  
ca st o n  th e  g la s s  p la te  w h ic h  is  c o a te d  b y  fo il at r o o m  tem p era tu re  w ith  th ic k n e ss  o f  
a p p r o x im a te ly  3 0 0  p m  u s in g  E lc o m e te r  3 5 8 0  c a s t in g  k n ife  f i lm  a p p lica to r  (fro m  
e lc o m e te r /in s p e c t io n  eq u ip m e n t) . T h e  m e m b r a n e s  w e r e  d r ied  at ro o m  tem p era tu re  in  
air fo r  o n e  d a y  th en  furth er d ried  at 110°c in  an a ir -c ir c u la tin g  o v e n  for  2 4  h.

2N — R — NH2 + — (-CH20-)—  n
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4 . 3 3 . 4  G a s P e r m e a b ility  A p p ara tu s
In th is  s tu d y , C O 2 (P ra x  A ir ) and  C H 4  (T IG ) w e r e  u sed  a s  te st in g  

g a s e s  fo r  a ll m em b ra n es . A ll  tested  g a s e s  w e r e  o f  a h ig h  p u rity  (H P ) grad e and  u sed  
a s r e c e iv e d .

A  sc h e m a tic  d ia gram  o f  th e  sy s te m  u sed  to  carry ou t th e  ga s  
p e r m e a b ility  e x p e r im e n ts  is  sh o w n  in  F ig u re  4 .2 .  T h e  e x p e r im e n ta l se tu p  in c lu d ed  
g a s  s o u r c e s , a m em b ra n e  te s t in g  u n it s h o w n  in F ig u re  4 .3 , and  a b u b b le  f lo w  m eter .

Figure 4.2 E x p e r im e n ta l se t  up for  th e  g a s  p e r m e a b ility  ap p aratu s.
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Gas In

Figure 4.3 S c h e m a tic  o f  th e  m em b ra n e  te s t in g  u n it [3 ],

4 .3 .3 .5  G a s P er m e a tio n  M e a su r e m e n ts
4. ร. 3 .5 .1  S in g le -c o m p o n e n t g a s  p e rm e a tio n

T h e  s in g le -c o m p o n e n t  g a s  p e r m e a tio n  (C H 4  and C O 2 ) 
ex p e r im e n t th ro u gh  p o ly b e n z o x a z in e  m em b ra n e  and  p o ly b e n z o x a z in e /Z S M - 5  
m em b ra n es  (M M M ) w a s  carr ied  ou t at 2 5 °  c  in s e q u e n c e s  b y  u s in g  a g a s  p erm ea tio n  
te s t in g  un it in w h ic h  the m em b ra n e  w a s  p la c e d  o n  a p o ro u s  m eta l p la te , th en  the tw o  
c o m p a rtm en ts  w e r e  f ix e d  to g e th e r  to  p ro h ib it  th e  le a k a g e . T h e  area  o f  th e  m em b ran e  
in  co n ta c t  w ith  th e  g a s  w a s  4 4 .1 7  c m 2. T h e  p ressu re  d if fe r e n c e  a c r o ss  th e  m em b ra n e  
w a s  m a in ta in ed  at 2 0  p s i. O n c e  r e a c h ed  th e  s te a d y - s ta te ,  in d iv id u a l g a s  f lo w  rates  
w e r e  m ea su red  u s in g  a so a p  b u b b le  f lo w  m eter . T h e  a tta in ed  d ata  w e r e  u sed  to  
c a lc u la te  th e  g a s  p e r m e a b ility  and  s e le c t iv ity .  T h e  p e r m e a b ility  c o e f f ic ie n t  for  th e  
p erm ea ted  g a s  c a n  b e  o b ta in e d  b y  e q u a tio n  4.1 :

(P'1 _  a«14.7x106 (41)
\ s h  ~  ( A ) x ( A P ) x 7 6

w h e r e  =\ ร ) i
p

p e r m e a n c e  o f  g a s  ‘ i ’ (G P U )

p e r m e a b ility  o f  g a s  T  ( 1 0 ’ 10 c m 3 (S T P )  c m /c m 2  ร c m  H g )
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(1 B arrer =  ÎO" 10  c m 3 (S T P )  c m /c m 2 ร c m  H g  =  7 . 5 x l 0 ‘ 18 m 2 ร' 1 P a ’1) 
ô =  th ic k n e ss  o f  m em b ra n e  (p m )
Qj =  v o lu m e tr ic  f lo w  rate o f  g a s  T  ( c m 3 /s e c )
A  =  m em b ra n e  area  (c m 2)
A P  =  p ressu re  d if fe r e n c e  b e tw e e n  th e  fe e d  s id e  and  th e p e rm ea tin g

s id e  (p s i)

4 .3 .3 .5 .2  G a s S e lec tiv ity
T h e id ea l sep a ra tio n  fa c to r  (G a s  S e le c t iv ity , Sa/b) for  

c o m p o n e n t  A  and  B  is  d e fin e d  as th e  ratio  o f  e a c h  c o m p o n e n t  as s h o w n  in  eq u a tio n
4 .2 :

5 (4 .2 )

4.4 Results and Discussion
4.4.1 Polybenzoxazine Membrane Characterizations

P o ly b e n z o x a z in e  p recu rsor , P o ly ( B A - h d a )  w a s  d e r iv e d  fro m  th e  r e a c tio n  o f  
b is p h e n o l- A , fo r m a ld e h y d e  and  1,6 -h e x a d ia m in e  at a m o la r  ratio  o f  1:4:1 v ia  
q u a s i- s o lv e n t le s s  m eth o d .

4 .4 .1 .1  P roton  N u c le a r  M a g n e tic  R e s o n a n c e  ( ]H N M R )
T h e  resu lts  w e r e  in  a g r e e m e n t w ith  th e  w o r k  rep orted  b y  T a k e ich i 

et a l. ( 2 0 0 5 )  [4 ] w h e r e  th e  ch a ra c ter is tic  p ea k s  a s s ig n a b le  to  m e th y le n e  ( O - C H 2- N )  
and m e th y le n e  ( A r - C P B - N )  o f  o x a z in e  r in g  in  B A - h d a  w e r e  o b se r v e d  at 4 .8 1  and  
3 .9 2  p p m , r e s p e c t iv e ly . T h e  p ea k  o f  m e th y l p r o to n s  o f  b is p h e n o l- A  and  m e th y le n e  
p ro to n s  o f  o p e n e d -r in g  p o ly b e n z o x a z in e  w e r e  fo rm ed  at 1 .5 8  an d  2 .7 0  p p m , 
r e s p e c t iv e ly .

T h e  ' h  N M R  m e a su r e m e n t w a s  c o n d u c te d  to  c o n firm  th e  sy n th e s is  
p r o c e s s  (F ig u r e  4 .4 ) .  T h e  c h a ra c ter is tic  p ea k s  o f  P o ly ( B A - h d a )  a s s ig n e d  to  the  
m e th y le n e  p ro to n s  o f  O - C H 2- N  (a ) an d  A r - C T B -N  (b )  o f  o x a z in e  r in g  w e r e  
o b se r v e d  at arou n d  4 .8 0  an d  3 .9 0  p p m , r e s p e c t iv e ly . T h e  m e th y l p ro to n s o f  
b is p h e n o l- A  (d ) an d  m e th y le n e  p ro to n s o f  o p e n e d -r in g  p o ly b e n z o x a z in e  ( c )  w e r e  
o b se r v e d  at 1 .5 7  an d  2 .8 5  p p m , r e sp e c tiv e ly .
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d )  1 .5 7
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Figure 4.4 ' h  N M R  sp ec tra  o f  p o ly b e n z o x a z in e  p recu rsors: P o ly ( B A - h d a ) .

4 .4 .1 .2  P rep ara tion  o f  P o ly b e n z o x a z in e  M em b ra n e
T h e  p recu rsor  w a s  d is s o lv e d  in  1,4—d io x a n e  and  c a st  o n  a g la s s  p la te  

w h ic h  w a s  c o a te d  w ith  a lu m in u m  fo il  an d  th en  d ried  at 1 1 0 °  c  fo r  24 h ou rs y ie ld in g  
th e  m em b ra n e  w ith  th e  th ic k n e ss  arou n d  15 0  p m ±  10 p m . T h e  ch a ra c ter is tic  o f  
p o ly b e n z o x a z in e  m e m b ra n e  is  s h o w n  in  F ig u re  4 .5 .
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Figure 4.5 A p p e a r a n c e  o f  p o ly b e n z o x a z in e  m em b ra n e: P o ly ( B A - h d a ) .

4 .4 .1 .3  S c a n n in g  E le c tr o n  M ic r o s c o p y  (S E M )
T h e  p o ly b e n z o x a z in e  m e m b r a n e  u se d  in  th is  s tu d y  is  a d e n se  

p o ly m e r ic  m em b r a n e , as ca n  b e  s e e n  fro m  th e  S E M  m icro g ra p h  in  F ig u r e  4 .6 .

Figure 4 .6  S E M  m icro g ra p h  o f  P o ly ( B A - h d a ) .

4 .4 .1 .4  F ou rier  T ra n sfo rm  In frared  S p e c tr o m e te r  (F T -I R )
T h e  c h e m ic a l stru ctu re o f  p rep ared  p o ly b e n z o x a z in e  m e m b ra n e  w a s  

c o n fir m e d  b y  u s in g  F T - I R  (F ig u r e  4 .7 ) .
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Figure 4 .7  F T -I R  sp ec tra  o f  p o y b e n z o x a z in e  m em b ra n e .

T h e  stru ctu re o f  th e  p recu rso r  w a s  e x a m in e d  b y  F T -I R . T h e  
a sy m m e tr ic  s tre tc h in g  o f  C - O - C  (1 2 3 4  c m '1), th e  a sy m m e tr ic  s tre tc h in g  o f  C - N - C  
( 1 1 8 0 - 1 1 8 7  c m '1), an d  CF12  w a g g in g  o f  o x a z in e  ( 1 3 2 5 - 1 3 2 8  c m '1) w e r e  o b se r v e d .  
A d d it io n a lly , th e  c h a ra c ter is tic  a b so rp tio n s  a s s ig n e d  to  tr isu b stitu ted  b e n z e n e  r in g  at 
1 5 0 2 -1 5 1 1  c m ' 1 and th e  o u t - o f - p la n e  b e n d in g  v ib ra tio n s  o f  C - H  at 9 3 7 - 9 4 3  c m ' 1 

w e r e  o b se r v e d , in d ic a tin g  that p recu rsors c o n ta in e d  b e n z o x a z in e  fu n c t io n a lity  [4 ].

4.4.2 Characterization of Mixed Matrix Membranes (MMMs)
4 .4 .2 .1  F o rm a tio n  o f  M ix e d  M atrix  M em b ra n es

V a r io u s  c o n te n ts  o f  Z S M - 5  (1 w t.% , 5 w t.%  and  10 w t.% ) w er e  
a d d ed  in to  th e  p o ly b e n z o x a z in e  s o lu t io n  and  ca st o n  a g la s s  p la te . T h e  m em b ra n es  
w e r e  d ried  at 1 1 0 °  c  for  24 h ou rs y ie ld in g  th e  m ix e d  m atr ix  m em b r a n e s  (M M M s)  
w ith  th e th ic k n e ss  arou n d  15 0  p m ± 1 0  p m  an d  a te s t in g  d ia m e te r  o f  7 .5  c m  for the
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p e r m e a b ility  m e a su r e m e n ts . T h e  ch a ra c te r is tic s  o f  p a rtia lly  cu red  m ix e d  m atrix  
m em b r a n e s  are sh o w n  in  F ig u re  4 .8 .

Figure 4.8 A p p e a r a n c e  o f  m ix e d  m a tr ix  m em b ra n es: P o ly ( B A - h d a ) .

4 .2 .2 .2  S c a n n in g  E le c tr o n  M ic r o s c o p y  (S E M )
S E M  m ic r o g r a p h s  o f  Z S M - 5 - p o ly b e n z o x a z in e  m ix e d  m atr ix  

m e m b r a n e s  u se d  in  th is  s tu d y  are s h o w n  in  f ig u r e  4 .9  an d  4 .1 0 .

c )

S43-:0 10 C'kv 4 •ะ.T'T. \ป้00 SE'VI) 9/9/2009 '5  03 ' 'iooum

Figure 4.9 S E M  su r fa c e  im a g e  o f  P B Z - Z S M 5  M M M s  w ith  (a ) 1 w t. % , (b )  5 w t. %  
an d  (c )  10  w t. % o f  Z S M - 5  lo a d in g .
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T h e M M M s w ith  d ifferen t z e o l it e  lo a d in g s  w e r e  e x a m in e d  b y  S E M  
to d e term in e  that the z e o l it e  Z S M - 5  p a r tic le s  w er e  h o m o g e n e o u s ly  d istr ib u ted  in  
P B Z  m em b ra n e  m atrix  w ith o u t fo rm in g  a n y  la rg e  a g g lo m e r a te  as sh o w n  (F ig u re  4 .9 ) .

Figure 4.10 C r o s s -s e c t io n  S E M  im a g e  o f  P B Z - Z S M 5  M M M s w ith  (a ) 1 w t.% , 
(b )  5 w t.%  an d  (c )  10 w t.%  o f  Z S M - 5  lo a d in g .

T h e  S E M  m icro g ra p h s are sh o w n  in  F ig  4 .1 0  fo r  th e  c r o s s - s e c t io n  
m o r p h o lo g y  o f  P B Z  m e m b ra n e  f ille d  w ith  d iffe r e n t z e o l i t e  lo a d in g s , w h e r e  th e  c u b ic  
p a rtic le s  are z e o l it e  Z S M - 5  cry sta ls , an d  th e  c o n t in u o u s  p h a se  is  P B Z . A t th e  
in ter fa ce  b e tw e e n  th e p o ly m e r  and Z S M - 5  p a r t ic le s , th ere  are n o  m ic r o n  s iz e  v o id  
su g g e s t in g  that th e  co n ta c t  b e tw e e n  th e p o ly m e r  and  th e  Z S M - 5  p a r tic le s  is  g o o d  
w h ic h  m ig h t b e  d u e  to  th e  c h e m ic a l in tera c tio n  b e tw e e n  th e  Z S M - 5  p a r tic le s  and th e  
P B Z . Further in v e s t ig a t io n  w ill  b e  carried  o u t to  c o n fir m  th is  h y p o th e s is .
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4 .2 .2 .3  X -R a y  D iffr a c to m e te r  (X R D )
T h e  X R D  p attern s for  the Z S M - 5  and  M M M  are sh o w n  in  F ig . 4 .1 1 .  

T h e  X R D  p attern  o f  M M M  s h o w s  th e  p r e se n c e  o f  all m a jo r  p ea k s  for Z S M - 5  z e o lite  
s im ila r  to  that o f  th e  Z S M - 5  r e fe r e n c e  p attern  g iv e n  b y  th e  J C P D S  (Jo in t C o m m itte e  
o n  P o w d e r  D iffr a c t io n  S ta n d a rd s) w h ic h  s u g g e s ts  that th e  Z S M -5  z e o l it e  structure  
w a s  c o n fir m e d  to  e x is t  in  th e  M M M s.

Figure 4.11 X R D  p attern s o f  Z S M - 5  and M M M .

4.4.3 Interfacial interaction of ZSM-5 and polybenzoxazine (PBZ)
4 .4 .3 .1  F ou r ier  T ra n sfo rm  Infrared  S p e c tr o m e te r  (F T -I R )

T h e  IR  sp ectra  o f  P B Z , M M M  and Z S M - 5  are sh o w n  in  F ig . 4 .1 2  to  
in ter fa c ia l in tera c tio n  b e tw e e n  th e  p o ly m e r  an d  th e  Z S M - 5  p a rtic le .
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Figure 4.12 T h e  IR sp ec tra  o f  p o ly b e n z o x a z in e  m em b ra n e , M M M  and Z S M - 5 .

F or Z S M - 5 ,  M o h a m e d  e t a l. ( 2 0 0 5 )  [5 ] rep orted  that th e  b an d s n ear  
1 2 1 9  and  5 4 2  c m ' 1 w e r e  th e  ch a ra c te r is tic s  o f  d o u b le  f iv e  m e m b e r e d  r in g , 1 0 8 0  c m ' 1 

rep resen t th e  in tern a l a sy m m e tr ic  s tr e tc h in g  v ib ra tio n  o f  S i - O - T  lin k a g e  
(T  r e p resen ts  S i or  A l ) ,  w h ile  th e  p eak  at 7 9 0  c m ' 1 is  a ttr ib uted  to  th e  sy m m e tr ic  
stre tc h in g  o f  th e  ex tern a l lin k a g e . T h e  p ea k  at 4 5 0  c m ' 1 rep resen ts  th e  T - 0  b en d in g  
v ib r a tio n  o f  th e  SiC >4 an d  A IO 4  in tern a l tetrah ed ra l and th e  b a n d s arou n d  5 4 2  and 4 5 0  
c m ' 1 are th e  ch a ra c te r is tic  p ea k s  o f  th e  Z S M - 5  c r y s ta llin e  stru ctu re (F ig . 4 .1 2 ) .
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OH OH  O H  OH OH

a) Z S M -5

Figure 4.13 C h e m ic a l structure o f  (a ) Z S M - 5  and  (b )  P B Z .

A s  s h o w n  in  F ig . 4 .1 3 ,  th e  c h e m ic a l in te r a c tio n  b e tw e e n  P B Z  
and z e o l it e  Z S M -5  e n a b le s  a g o o d  c o n ta c t b e tw e e n  th e  p o ly m e r  and  th e  Z S M -5  
p a rtic le s. T h e  IR sp ectra  o f  P B Z , M M M  and Z S M - 5  are g iv e n  in  F ig . 4 .1 2 .

F ig . 4 .1 2 ,  Z S M - 5  s h o w s  th e  p eak  o f  in tern a l a sy m m e tr ic  
stre tch in g  v ib ra tio n  o f  S i - O - T  lin k a g e  (1 0 9 0  c m '1) sh if te d  to  lo w e r  fre q u e n c y  
(1 0 1 3  cm "1) in  M M M  w h ic h  w a s  su g g e s te d  to  S i - O - C  and th e  p ea k  w a s  b ro a d en ed  
w ith  th e  o v e r la p p in g  p ea k  o f  C - O H  o f  P B Z  (1 1 1 7  c m '1). T h e  s h if t in g  and  b ro a d e n in g  
o f  p ea k s  d is t in c tly  r e v e a l th e  c h e m ic a l b o n d in g  b e tw e e n  P B Z  and  z e o l it e  Z S M - 5  to  
form  S i - O - C  lin k a g e  r e su lt in g  in  n o  m icro n  s iz e  v o id s  s u g g e s t in g  that th e  co n ta c t  
b e tw e e n  th e  p o ly m e r  and th e Z S M - 5  p a r tic le s  is  g o o d .

4.4.4 Gas Permeability
P o ly b e n z o x a z in e  m em b ra n e  and  M M M s w e r e  te s te d  in  th e  s in g le  ga s  

m ea su r e m e n ts . T h e  p e r m e a b ility  o f  th e se  m e m b r a n e s  w a s  o b ta in e d  in  th e  s e q u e n c e  o f  
CFL} and C O 2  at ro o m  tem p era tu re  and 2 0  p s i. T h e  p e r m e a b ility  and  s e le c t iv ity  o f  
C O 2 and  C H 4  in p o ly b e n z o x a z in e  m em b r a n e s  an d  m ix e d  m atr ix  m e m b ra n e  are  
d ep ic te d  in  F ig u re  4 .1 4 - 4 .1 5 .
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4 .4 .4 .1  T h e  e f fe c t  o f  z e o l it e  lo a d in g  o n  the C O 2 and CH 4 p er m e a b ility
Z S M - 5 /P B Z  c o m p o s ite  m e m b r a n e s , M M M s, w e r e  s u c c e s s fu lly  

fab r ica ted  w ith  d iffe r e n t z e o l it e  lo a d in g s . T h e ir  CO 2  and  CH 4 p e r m e a b ility  is  sh o w n  
in F ig u re  4 .1 4 .

Figure 4.14 E ffe c ts  o f  Z S M - 5  lo a d in g s  o n  C O 2 and C H 4  p erm e a b ility .

F ig u re  4 .1 4  s h o w s  that th e  C O 2 and  C H 4  p e r m e a b ility  o f  M M M  
w e r e  d e c r e a se d  w ith  in c r e a s in g  z e o l it e  c o n te n ts . T h e  c o m b in a tio n  o f  Z S M - 5  in to  
P B Z  p o ly m e r  m atrix  re su lte d  in  th e  d r o p - o f f  C O 2  an d  C H 4  p e r m e a b ility  a s  c o m p a re  
to  th e  pure P B Z  m em b ra n e . T h is  is  b e c a u se  z e o l it e  p a rtic le  d istu rb ed  th e  tran sien t  
g a p  o f  p o ly m e r  c h a in s . T h is  tran sien t ga p  a l lo w e d  p en etran t m o le c u le s  to  p a ss  
th ro u gh  p o ly m e r  m atr ix . T h e  p r e se n c e  o f  z e o l it e  o b stru c ts  th e  m o v e m e n t o f  th e  
p o ly m e r  c h a in s  and r e d u c e s  p o ly m e r  c h a in  m o b ility  [6 ], H e n c e , C O 2  and  C H 4 

m o le c u le s  are m o re  d if f ic u lt  to  p en etra te  th ro u gh  th e m em b ra n e .
T h e  g a s  p er m e a b ility  in p o ly b e n z o x a z in e  d e c r e a se  s ig n if ic a n tly  as  

th e  p en etrant s iz e  in c r e a se s . In c o n v e n tio n a l g la s s y  p o ly m e r s , g a s  s iz e  h a s a m u ch  
larger e f fe c t  o n  d if fu s io n  than on  s o lu b ility , w h ic h  le a d s  to  a d ram a tic  d e c r e a se  in  
p e r m e a b ility  a s  th e  s iz e  o f  th e  g a s  m o le c u le s  in c r e a se  [7 ], T h e  m em b ra n es  are



39

s e le c t iv e  fo r  C 0 2 b e c a u se  C O 2  p r e fe r e n tia lly  a d so rb s , and it a lso  d if fu s e s  faster than  

C H 4  [ 8 ].
T h e  m o le c u la r  k in e tic  d ia m eters  o f  C O 2 and C H 4  are 3 .3  Â  and 3 .8  

Â , r e s p e c t iv e ly . D u e  to  th e  c o n fig u r a tio n a l d if fu s io n , th e  sm a ll d if fe r e n c e  in  
m o le c u la r  s iz e  b e tw e e n  C O 2 and  C H 4  r e su lts  in  a b ig  d if fe r e n c e  in  the rate o f  
d if fu s io n  th ro u g h  th e Z S M - 5  z e o l it e  c h a n n e ls ;  the d if fu s io n  o f  C O 2 is  fa ster  than that 
o f  C H 4 [ 8 ]. T h ere fo re , C O 2  and  C H 4  ca n  b e  sep ara ted  b y  a Z S M - 5  z e o l ite  m ix e d  
m atrix  m em b ra n e , w h ic h  p r o v id e s  a n e w  rou te for  th e  sep a ra tio n  o f  C O 2  and C H 4. 
H o w e v e r , a s  Z S M - 5  lo a d in g s  w er e  in c r e a se , C O 2  and  C H 4  p e r m e a b ility  w a s  n ot 
e n h a n ced . T h is  is  b e c a u se  th e  p ore o p e n in g  o f  z e o l i t e  Z S M - 5  (5  Â )  is  larger than  
k in e tic  d ia m e te r s  o f  b o th  C O 2  (3 .3  À )  an d  C H 4  ( 3 .8  Â )  m o le c u le s . T h u s , a l lo w in g  
b o th  g a se s  to  fr e e ly  p a ss  th ro u gh  th em .

A ll th e se  p ro p erties  in d ic a te d  that th e  g a se s  m a in ly  p erm ea ted  
th ro u gh  th e  c h a n n e ls  o f  Z S M - 5  z e o l it e  an d  th e g a s  p e r m e a tio n  w a s  c o n tr o lle d  b y  th e  
m o le c u la r  k in e t ic  d ia m eter  o f  p en etran t g a s  and Z S M - 5  z e o l it e  and  a ls o  th e  d if fu s io n  
o f  g a s  th ro u gh  th e  m em b ra n e  are the im p o rtan t ro le .

4 .4 .4 .2  T h e  e f fe c t  o f  z e o l it e  lo a d in g  on  th e C O 2 /C H .4 s e le c t iv ity
T h e  C 0 2 /C H 4  s e le c t iv ity  for  Z S M - 5  at d iffe r e n t lo a d in g s  are sh o w n

in  F ig u re  4 .1 5 .

Figure 4.15 E ffe c ts  o f  ZSM -5 lo a d in g s  o n  CO 2 /CH .4 se le c t iv ity .
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Figure 4.15 shows the CO 2 /CH 4 selectivity increased with an 
increase in the zeolite loadings. However, the increasing of ZSM -5 into the 
membrane did not enhance CO 2 /CH 4  selectivity. This is due to its large pore opening 
compared to kinetic diameter of CO 2  and CH 4  molecules, or molecular sieving 
mechanism of ZSM -5 plays a minor role in CO 2 /CH 4  separation [3].

Compared with the polybenzoxazine membrane, those MMMs 
showed better CO 2 /CH 4 selectivity, the CO 2 /CH 4  selectivity for 0 wt.%, 1 wt.%, 
5 wt.% and 10 wt.% of zeolite loading were 2.04, 6.19, 8.21 and 7.12, respectively, 
suggesting that ZSM-5 zeolite improved the selectivity for CO 2  and CH 4  separation.

To make the gas separation process economically attractive, the 
1 wt.% of zeolite loading showed the highest CO 2 and CH 4  permeability and great 
CO 2 /CH 4  selectivity when compared with those with higher % of ZSM-5 loading 
content; thus, 1 wt.% of zeolite, it was chosen for further investigation.

Substitution of a silicon atom for an aluminium atom introduced a 
charge in the framework which must be balanced by a cation, hence, generating an 
acidic bridging hydroxyl group. These Bronsted hydroxyl groups are important for 
adsorption properties of zeolites [8], Since the Si/Al ratio of zeolite ZSM-5 is 23, 
substitution of a silicon atom for an aluminium atom processes electric field gradients 
which can strongly interact with the permanent electric quadrupole moment of CO2 
molecules [3] and are able to selectively attract CO2 molecules than CH 4  molecules 
resulting in obstructing other CO2 molecules to pass freely through the MMMs. Thus, 
the CO2/CH4 separation performance is under estimated.

Since the pore size of ZSM-5 is around 5 Â which is larger than the 
kinetic diameters of both CO2 (3.3 Â) and CH4 (3.8 À) molecules. The larger pore 
size exhibits higher gas penetration since gas can pass through MMMs. However, the 
interaction between the gas molecules and zeolite also has an influence on separation 
performance as previously discussed. Thus, the gas separation performance not only 
depend on the pore size but also the interaction between gas molecules and MMMs.

4.4.5 The interaction of penetrant gas on mixed matrix membrane
In general, CO2 has higher permeation rate than CH4. The presence of certain 

chemical groups in the polymer backbone may enhance or depress the permeation of
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certain gas over another as a result of some interaction between the gas molecules 
and those chemical groups [9],

Figure 4.16 IR spectrum of MMM in CO2 and after degas.

Fig. 4.16 compare the IR of MMM in CO2 and after degas. The intensity of 
the C-O-C band at 1254 cm' 1 increased when CO2 was purged into the system. The 
shape of the band 1013 cm' 1 (Si-O-T) changed and shifts to higher frequency 
(1018 cm'1) and the peak at 774 cm’1 disappeared. However, after degassing all 
bands returned to their original shape and intensity suggested that the MMM absence 
of CO2. Thus the effect of CO2 on the IR spectrum of MMM is reversible. This 
suggests that CO2 molecule is interacting with the MMM and is forming an unstable 
complex.



42

Figure 4.17 IR spectrum o f  MMM in CH4 and after degas.

Fig. 4.17 compare the IR of MMM in CH4 and after degas. The shape of the 
band 1013 cm' 1 (Si-O-T) changed and shifts to lower frequency (1008 cm'1). 
However, after degassing they returned to their original shape and intensity suggested 
that the MMM absence of CH4. Thus the effect of CH4 on the IR spectrum of MMM 
is reversible. This suggests that CH4 molecule is interacting with the MMM and is 
forming an unstable complex.

4.5 Conclusion

Mixed matrix membranes, ZSM5-polybenzoxazine, were successfully 
synthesized from bisphenol-A, formaldehyde and 1,6-hexadiamine. The 1 wt.% of 
zeolite loading showed the highest CO 2  and CH 4  permeability and great CO 2 /CH 4  

selectivity when compared with those with higher % of ZSM-5 loading content. 
Increasing the zeolite loading did not significantly improve neither gas permeability 
nor CO 2 /CH 4  selectivity since molecular sieving mechanism of ZSM-5 plays a minor 
role in CO 2 /CH 4  separation.
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