
C H A P T E R  IV
T H E R M O  A N D  E L E C T R O C H E M IC A L  C H A R A C T E R IZ A T IO N  O F  

S U L F O N A T E D  P E E K -W C  M E M B R A N E S  A N D  K R Y T O X -S I-N A F IO N ®
C O M P O S IT E  M E M B R A N E S

A b str a c t
T w o  ty p e s  o f  m e m b ra n e s , th e  su lfo n a ted  P E E K -W C  (p o ly (o x a -p -p h e n y le n e - 

3 ,3 -p h th a lid o -p -p h e n y le n e -o x y -p h e n y le n e )  (S P W C ) an d  K ry to x -S i-N afio n ®  (K S iN ) 
c o m p o s ite  m e m b ra n e s  a re  p ro p o se d  fo r D M F C  a p p lic a tio n s . T h e  p ro p e rtie s  b a se d  on  
w a te r  u p ta k e , io n  e x c h a n g e  cap ac ity , p ro to n  c o n d u c tiv ity , gas p e rm e a b ility , th e rm a l 
s tab ility  an d  m e th a n o l c ro s so v e r  are su m m arized . T h e  co m p a ra tiv e  s tu d ie s  on  S P W C  
an d  N ation®  117 m e m b ra n e s  c la rify  US th a t th e  a m o rp h o u s  su lfo n a ted  P E E K -W C  
p o ly m e r sh o w s th e rm a l a n d  m ech an ica l stab ility  w ith  le ss  m e th a n o l flux  an d  gas 
p e rm e a b ility . T h e  m e m b ra n e  a lso  e x h ib its  th e  in c rease  in  w a te r  u p ta k e , io n  ex ch an g e  
c a p a c ity  an d  p ro to n  c o n d u c tiv ity  as su lfu ric  a c id  d o p in g  ag en t c o n c e n tra tio n  w as 
in c rea sed . T h e  K S iN  is  u n iq u e  in  te rm  o f  its m isc ib le  h y b rid  s tru c tu re  o f  s ilica  
p a rtic le s  m o d if ie d  w ith  N afion®  stru c tu red  K ry to x  157 F S L  ch a in  (K S i)  and  N afion® . 
B ased  o n  th e  K S iN  m e m b ra n e s  w ith  d iffe re n t K S i c o n te n t, it w as fo u n d  th a t w h en  
K S i co n te n t in c re a se d , th e  re d u c tio n  o f  gas p e rm e a b ility , m e th a n o l c ro sso v e r  and  
th e rm a l s ta b ility  a re  im p ro v e d . T he co m p o site  m e m b ra n e  p e rfo rm s  th e  p ro to n  
co n d u c tiv ity  in  th e  w id e  ra n g e  o f  h ig h  te m p e ra tu re  (6 0 -1 3 0  °C ).

K ey w o rd s: N ation® ; S u lfo n a tio n  o f  P E E K -W C ; S ilica ; C o m p o s ite  m e m b ran e ; 
D M F C s

1. In tro d u c tio n
In  re c e n t y ea rs , d ire c t  m e th an o l fuel ce lls  (D M F C s) h av e  rece iv ed  m u c h  

a tte n tio n  b e c a u se  o f  th e  h ig h  p o w e r  d e n s ity  and  e n e rg y  c o n v e rs io n  e ff ic ie n cy  w ith o u t 
p o llu tin g  th e  e n v iro n m e n t [1 ], W ith  th e  u se  o f  m e th a n o l a s  en e rg y  re so u rc e , D M F C s 
p ro v id e  a  s im p le  a n d  c o m p a c t m odel fo r  m o b ile  an d  p o r ta b le  p o w e r  so u rce s  [2 ]. 
P ro to n  e x c h a n g e  m e m b ra n e s  (P E M s) a re  g en e ra lly  u se d  as  an  e le c tro ly te  to  c o n d u c t
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th e  p ro to n s  an d  p re v e n t in te rn a l e lec tric  c u rre n t b e tw e e n  an o d e  a n d  ca th o d e  in  
D M F C  sy s tem s [3],

P e rf lu o ro su lfo n ic  a c id  p o ly m e r  (P F S A ) m e m b ra n e s , fo r e x a m p le , N a fio n ™  
(D u P o n t) , A cip lex®  (A sa h i C h e m ic a ls  C o .) an d  F lem ion®  (A sah i G la ss  C o .) are  the  
a v a ila b le  co m m e rc ia l m e m b ra n e s  fo r  D M F C s. B ased  o n  th e  h ig h  a ff in ity  o f  w a te r 
and  m e th a n o l, th e re  is th e  case  th a t w a te r  m o le c u le s  tra n sp o rtin g  a lo n g  th e  P F S A  
m e m b ra n e s  a c c o m p a n y  m e th a n o l c ro sso v e r re su ltin g  in  d e p o la r iz a tio n  lo sses  a t the  
c a th o d e  an d  c o n v e rs io n  lo s se s  in  te rm  o f  lo s t fuel [4 , 5], T h u s , th e  m e th an o l 
c ro sso v e r  th ro u g h  th e  m e m b ra n e  is th e  p o in t to  be  co n ce rn ed .

R e c e n t re se a rch e s  h a v e  d ev e lo p ed  n o v e l m e m b ra n e s  to  c o n d u c t p ro to n s  in  
D M F C s u s in g  tw o  s tra te g ie s , o rg a n ic -in o rg a n ic  c o m p o s ite  an d  n e w  sy n th e tic  
p o ly m e r  m e m b ra n e s . B a u e r  e t  a l. [6 ] sh o w ed  th a t th e  p re se n c e  o f  in o rg a n ic  fille rs  
e n h a n c e s  th e  m e m b ra n e  m e c h a n ic a l s tab ility  d e c rea ses  th e  fu e l c ro s so v e r  and  
im p ro v e s  th e  p ro to n  c o n d u c tiv ity  at lo w  w a te r  c o n te n t. N afio n ® /z irco n iu m  o r 
t ita n iu m  p h o sp h a te  [6 ] an d  N afion® /P d  n an o p a rtic le s  [7] c o m p o s ite  m e m b ra n e s  w ere  
re p o rte d  fo r th e  re d u c tio n  in  m e th an o l p e rm e a b ility  as co m p ared  to  u n m o d ifie d  
N afion®  m e m b ra n e . M o re o v e r , G ao w e n  e t a l. [8 ] e x h ib ite d  th a t th e  su lfo n a te d  p o ly  
(e th e r  e th e r k e to n e )  (S P E E K )/o rg a n ic -m o n tm o rillo n ite  (O M M T ) co m p o site  
m e m b ra n e  sh o w e d  g o o d  p ro to n  co n d u c tiv ity  (1 .2x1  O' 2 s /c m )  at 90  °c w h en  it w as 
a p p lie d  to  D M F C  sy stem . In  a d d itio n , th e  m e th an o l c ro sso v e r  o f  th is  m e m b ra n e  w as 
lo w e r th a n  th a t o f  N afion®  an d  d e c re a sed  w ith  an  in c rea se  in  O M M T  co n ten t.

F o r  n o v e l sy n th e tic  p o ly m e r  m e m b ra n e s , p o ly b e n z im id a z o le  (P B I) an d  p o ly  
(e th e r  e th e r  k e to n e )  (P E E K ) h a v e  re c e iv e d  m u c h  a tte n tio n  due  to  th e ir  m ech an ica l 
and  th e rm a l s ta b ility  [9, 10]. Z h a n g  e t  al. [11] rep o rted  th e  co v a le n tly  c ro ss-lin k e d  
su lfo n a te d  P E E K  m e m b ra n e s  p ro v id in g  g o o d  p ro to n  c o n d u c tiv ity  an d  red u ced  
sw e llin g . A lth o u g h  th e  m e th a n o l c ro sso v e r is  u su a lly  in c re a se d  w ith  tem p e ra tu re , 
th e se  c ro ss - lin k e d  m e m b ra n e s  h av e  co n s ta n t m e th a n o l p e rm e a tio n  a t e lev a ted  
te m p e ra tu re s  u p  to  130 ๐c  d u e  to  th e  c o v a le n t n e tw o rk  fo rm ed  in  th e  m em b ran e  
s tru c tu re .

H e re in , w e  fo cu s o n  th e  m o d ified  P E E K , i.e. P E E K -W C  (P W C ) (F ig u re  4.1
(a )), w h ic h  h a s  th e  C a rd o  g ro u p  as p e n d a n t g ro u p s  re su ltin g  in  m o re  am o rp h o u s
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p h a se s  th a n  P E E K . T h is  fav o rs  th e  so lu b ility  in  sev e ra l p o la r  o rg a n ic  so lv en ts  such  
as  C H C I3 , C H 2 CI2 , D M F , D M A , D M S O  and  T H F  as w ell as th e  p ro to n  co n d u c tiv ity  
a fte r  su lfo n a tio n  [12 ]. P re v io u s ly , th e re  w ere  so m e rep o rts  a b o u t th e  sy n th es is  o f  
S P W C  su c h  as th e  d ire c t re a c tio n  o f  P W C  p o ly m e r so lu tio n  w ith  c o n cen tra ted  
su lfu ric  a c id  (9 6 -9 8  % ) [12, 13] an d  w ith  ch lo ro su lfo n ic  ac id  [14 ]. In  th o se  cases , 
th e  su lfo n a tio n  in c lu d e d  v a rio u s  c o n secu tiv e  p ro c e sse s  an d  th e  e x p e r im e n t w ith  the  
c o n c e n tra te d  ac id  u se d  as  su lfo n a tin g  ag en t w as sev ere . T h e  a im  o f  th e  p re se n t w o rk  
is  to  s tu d y  b o th  m e m b ra n e s  o f  S P E E K -W C  an d  K ry to x -S i-N a fio n ®  (K S iN ) 
c o m p o s ite  b y  m e a n s  o f  th e rm o c h e m ic a l c h a ra c te r iz a tio n , p ro to n  co n d u c tiv ity  
m e a su re m e n ts  an d  m e th a n o l so lu tio n  c ro sso v er. T h ese  s tu d ie s  c a n  b e  u se d  to  be a 
g u id e lin e  to  d e v e lo p  m e m b ra n e  fo r D M F C  ap p lica tio n s  in  th e  fu tu re  w o rk . T he 
s im p le  an d  m ild  c o n d itio n s  fo r  su lfo n a tio n  o f  S P E E K -W C  are  a lso  th e  p o in t o f  the  
w o rk . F o r  K S iN  (F ig u re  4.1 (b )) , th e  s ilic a  p a r tic le s  m o d if ie d  b y  K ry to x  157 F S L  
c h a in  a re  su p p o sed  to  b e  m isc ib le  w ith  N afion®  p o ly m e r ch a in  as  w e ll as th e  th e rm al 
s tab ility .

F ig u r e  4 .1  P E E K -W C  (a) an d  K ry to x -S ilic a  N afion®  (b).
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2 . E x p e r im e n ta l
2 .1 . M a te ria ls

T h e  P W C  p o ly m e r w as su p p lie d  by  th e  C h a n c h u n g  In s titu te  o f  A p p lie d  
C h em is try , A c a d e m ia  S in ica , C h ina . S u lfu ric  ac id  (9 6  % ) w as  p u rc h a se d  from  C a rlo  
E rb a , Ita ly . D im e th y la c e ta m id e  w as o b ta in e d  fro m  L a b -sc a n , Ire la n d . F iv e  p e rc e n t 
w e ig h t N afion®  in a lip h a tic  a lco h o l so lu tio n  w as p u rc h a se d  fro m  A ld ric h , G erm an y . 
N afion®  117 m em b ra n e  w as  b o u g h t from  Io n  P o w e r, Inc. (D u P o n t). (3 - 
A m in o p ro p y l)  tr ie th o x y s ila n e  w as o b ta in e d  from  F lu k a , S w itz e r la n d . K ry to x  157 
F S L  w a s  p ro v id e d  fro m  D u P o n t, U S A . l- (3 -D im e th y la m in o p ro p y l) -3 -  
e th y lc a rb o d iim id e  h y d ro c h lo r id e  98 %  w a s  p u rc h a se d  fro m  A c ro s , B e lg iu m . F u m ed  
s ilica  w as th e  p ro d u c t o f  D eg u ssa , G e rm an y .
2 .2 . In s tru m e n ts  and  e q u ip m e n t

T h e  ch em ica l s tru c tu re  w as id e n tif ie d  b y  F T -IR  u s in g  a  B R U K E R  IFS  28 
an d  a  T h e rm o  N ic o le t N e x u s  670. E le m e n ta l an a ly s is  (E A ) w a s  c a rr ie d  ou t b y  a 
P E R K IN  E L M E R  2 4 0 0  CJTN. P ro to n  co n d u c tiv ity  w as c a rrie d  o u t ac ro ss th e  
m em b ran e  u s in g  a  s ta in le ss  stee l c o m p a rtm e n t w ith  tw o  e le c tro d e s  w h ere  th e  
m em b ran e  w a s  fix ed  in  b e tw e e n  d u rin g  m e a su re m e n t b y  an  IM 6  Z a h n e r  E lec tr ic  
im p ed an ce  sp e c tro sc o p y  an d  a  S o la rtro n  1260. G as  p e rm e a tio n  w a s  d e te rm in e d  
u s in g  an  in s tru m e n t co n s tru c te d  by  G K S S  F o rsc h u n g sz e n tru m , G e rm a n y . T h e  gas 
p re ssu re  w a s  m e a su re d  b y  an  M K S  p re s su re  tra n sd u c e r  w ith  0 .001  m b a r  re so lu tio n  o f
13.3 m b a r  fu ll scale . T h e rm o g ra v im e tr ic  an a ly sis  w a s  e v a lu a te d  b y  a  T G A  2 9 5 0  
D u P o n t. G la ss  tra n s itio n  te m p e ra tu re  (Tg) an d  m e ltin g  te m p e ra tu re  (T m) w e re  
o b ta in ed  b y  a  P y ris  D ia m o n d  D iffe re n tia l S can n in g  C a lo r im e te r  (P e rk in -E lm e r)  and  
a  D S C  7 P E R K IN  E L M E R . T h e  c o n c e n tra tio n s  o f  m e th a n o l/w a te r  so lu tio n s  w ere  
an a ly zed  b y  u s in g  an  A g ile n t T e c h n o lo g ie s  6 8 9 0 N  G as C h ro m a to g ra p h y .
2 .3 . M e m b ra n e  p re p a ra tio n
2 .3 .1 . S P W C  m em b ran es

T h e  P W C  p o ly m e r so lu tio n  w as  p re p a re d  b y  d is so lv in g  th e  p u rif ie d  p o ly m e r  
in  d im e th y la c e ta m id e  to  o b ta in  33 w t. %  c o n c e n tra tio n  an d  s tir re d  at ro o m  
te m p e ra tu re  fo r  24  h. T h e  so lu tio n  w as le ft a t a m b ien t te m p e ra tu re  u n d e r  v acu u m  fo r 
30  m in  a n d  c a s t on  th e  g lass  p la te  to  o b ta in  th e  P W C  d e n se  m e m b ra n e . T h e  
m em b ran es  o b ta in ed  w e re  d ried  a t 80  °c u n d e r  v a c u u m  an d  tre a te d  w ith  tw o
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d iffe ren t su lfu ric  a c id  c o n c e n tra tio n s , i.e ., 2 4  an d  48  w t. % , fo r  24  h. A fte r  tre a tm en t, 
th e  m em b ran es  w e re  w a sh e d  b y  d istilled  w a te r  fo r  sev era l t im e s  and  d r ie d  a t 60  ๐c  
u n d e r  v acu u m  to  re m o v e  th e  ex cess  o f  ac id  so lu tio n . B o th  su lfo n a te d  P W C s 
(S P W C 2 4  and  S P W C 4 8 , re sp e c tiv e ly ) m em b ran es  h a d  a th ic k n e ss  o f  a ro u n d  35 p m .

2 .3 .2 . K ry to x -S i-N afio n ®  (K S iN ) co m p o site  m em b ra n e s

T h e  K ry to x -S i-N afio n ®  (K S iN ) c o m p o s ite  m e m b ra n e s  w ere  p rep a red  as 
re p o rte d  p re v io u s ly  [15 ]. In  b rie f , th e  fu m ed  s ilic a  w as h e a te d  a t 2 30  ° c  in  v acu u m  
fo r 3 h  b efo re  u se . T h e  h y d ro ly z e d  (3 -am in o p ro p y l)  tr ie th o x y s ila n e  (0 .1 4 2 7  g) w as 
m ix e d  w ith  th e  fu m e d  s ilic a  (0 .5 1 0 7  g) in  100 m l o f  90  %  e th a n o l. T h e  m ix tu re  w as 
s tirred  v ig o ro u s ly  a t 80  ๐c  fo r 8  h  and  w ash ed  sev e ra l t im e s  to  o b ta in  s ilic a  co u p led  
w ith  am in o silan e , S iA S . T h e  p ro d u c t w as s tirred  w ith  w s c  (0 .1 3  g, 6 .5 x l 0 ' 4 m o l) in  
aq u eo u s  so lu tio n  a t ro o m  te m p e ra tu re  fo r 6  h. K ry to x  157 F S L  (1 .625  g) w as  add ed  
w ith  th e  m o la r ra tio  o f  K ry to x : silane: w s c  1 :1 :1 . T h e  m ix tu re  w as  s tirred  
o v e rn ig h t a t ro o m  te m p e ra tu re  to  o b ta in  K ry to x -S i (K S i). N afion®  5 w t. %  in 
a lip h a tic  a lco h o l so lu tio n  w as m ix e d  w ith  K S i in  D M S O  fo r 2 days an d  so n ica ted  at 
a m b ien t te m p e ra tu re  fo r  1 h  to  o b ta in  K S iN  h y b rid  so lu tio n s . T h e  K S iN  an d  N afion®  
so lu tio n  w ere  cast o n to  a T e flo n  m o ld  an d  iso th e rm a lly  tre a te d  a t 160 ๐c  fo r  3 h  to  
o b ta in  K S iN  (K S jN l .5 ,  K S iN 2 .5  and  K S iN 5  fo r 1.5, 2 .5  an d  5 w t. %  o f  K S i)  and  th e  
re c a s t N afion®  m e m b ra n e s .

2 .4 . F T -IR  an a ly s is  fo r  S P W C  m em b ran es

F T -IR  sp e c tra  h av e  b e e n  o b ta in ed  o n  a  B R U K E R  IF S  2 8  sp e c tro p h o to m e te r. 
T h e  an a ly s is  re g a rd e d  b o th  S P W C 2 4  an d  S P W C 4 8  an d  p u re  P E E K -W C : th e  
p re se n c e  o f  th e  su lfo n ic  g ro u p  (-S O 3H ) w as c h e c k e d  th ro u g h  a  d ire c t c o m p a riso n .

2 .5 . W a te r u p tak e

T h e  m e m b ra n e  sam p le s  w ere  im m ersed  in  d is tille d  w a te r  at 6 0 -8 0  ° c  fo r 1 - 
2  d ay s  th o ro u g h ly  w ip e d  o f f  th e  excess w a te r  o n  th e  su rfa c e  and  w e ig h e d  the  
h y d ra te d  m em b ran e . T h e  m e m b ra n e s  w ere  d ried  in  v a c u u m  o v e n  at 80 ° c  fo r  24 h  to  
o b ta in  th e  d ry  w e ig h t. T h e  w a te r  u p tak e  w as e v a lu a te d  fro m  th e  w e ig h t d iffe ren ces  
o f  th e  h y d ra ted  an d  d rie d  m e m b ra n e s  as fo llo w in g  e q u a tio n  [16].
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W a te r  u p tak e  = (w e t w e ig h t - d ry  w e ig h t) !  1 - -
-----------^ ig h ,-----------f  0

( I )

T h e  p e rc e n t w e ig h t lo ss  o f  th e  w a te r  in  th e  m e m b ra n e s  w as a lso  d e te rm in e d  b y  u s in g  
th e  th e rm o g ra v im e tric  a n a ly s is  tech n iq u e .

2 .6 . Ion  ex ch an g e  c a p a c ity  (IE C )
S P W C 2 4  an d  S P W C 4 8  m em b ran e  sam p les  h a v e  b e e n  p u t in  d is tille d  w a te r  

a t 50, 80 an d  I 0 0 ° c  fo r 24  h  to  ev a lu a te  th e  m em b ran es  s tab ility . T h e  m em b ra n e s  
sh o w  to  be  s tab le  u p  to  I 0 0 ° c .  T he m em b ran es  w e re  w a sh e d  w ith  d is tille d  w a te r  
an d  d ried  in  o v en  a t 80  ° c  u n d e r  v acu u m  fo r 24 h. T h e  m e m b ra n e s  w e re  w e ig h e d  in  
d ry  sta te  an d  im m ersed  in  sa tu ra ted  N aC l so lu tio n  a t ro o m  te m p e ra tu re  fo r  24  h. T h e  
so lu tio n  o b ta in ed  w as titra te d  w ith  o .l  N  N a O H  so lu tio n  u s in g  th e  p h e n o l red  as th e  
en d p o in t in d ica to r. T h e  IE C  w as d e fin ed  as a  m illie q u iv a le n t o f  ex c h a n g e d  p ro to n  
p e r  d ry  p o ly m e r w e ig h t (m eqn+ /g) [ 1 2 , 13],
2 .7 . S p ec ific  p ro to n  c o n d u c tiv ity

F o r  S P W C  m e m b ra n e s , co n d u c tiv ity  m e a su re m e n ts  w e re  p e rfo rm e d  on  b o th  
S P W C 2 4  an d  S P W C 4 8  in  tem p e ra tu re  ran g e  4 0 -1 0 0  ๐c  a t 100 %  o f  re la tiv e  
h u m id ity . T h o se  o f  K S iN  co m p o site  m em b ran es  w e re  c a rr ie d  o u t o n  th e  fu lly  
h y d ra ted  m em b ran es  o b ta in e d  fro m  th e  fo llo w in g  p ro c e d u re s . T h e  m e m b ra n e s  w ere  
so ak ed  in  3 %  (v /v ) o f  H 2O 2 a t 80 ° c  fo r l h, d is tille d  w a te r  a t 100  ° c  fo r  l h , l M  
H 2 S O 4 a t 80  ° c  fo r  l h  an d  d is tilled  w a te r  at lo o  ° c  fo r  15 m in . T h e  p ro to n  
c o n d u c tiv ity  w as m e a su re d  a t th e  ran g e  o f  2 0 -1 4 0  ๐c  [15], A ll m e a su re m e n ts  w ere  
p e rfo rm e d  in  th e  fre q u e n c y  ra n g e  o f  10 H z - l  M H z.
2 .8 . G as p e rm eab ility

A ll th e  m e m b ra n e s  w e re  eq u ilib ra ted  a t 25  an d  80  ° c  u n d e r  v a c u u m  
o v e rn ig h t b efo re  m e a su re m e n t. T he  feed  gas p re ssu re  w as l b a r  an d  th e  to ta l 
p e rm e a te  v o lu m e  w a s  75 .5  c m 3. T he p e rm ea te  p re s su re  w a s  m e a su re d . T h e  gas 
p e rm e a tio n  is  e x p re sse d  b y  th e  gas p e rm eab ility  c o e ff ic ie n t p  an d  c a lc u la ted  as 
fo llo w s  [ 17] :

(2 )
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W h e re  L  is the  m e m b ra n e  th ic k n e ss  (cm ), Vp is th e  p e rm ea te  v o lu m e  (c m 3), v m is the  
m o la r  v o lu m e  o f  th e  gas at s tan d a rd  tem p era tu re  an d  p re ssu re , A  is th e  m e m b ra n e  
su rfa c e  a re a  (cm 2), T  is th e  ab so lu te  tem p e ra tu re  (K ), AP is th e  p re ssu re  d iffe ren ce  
b e tw e e n  feed  and  p e rm e a te  p a rt (cm H g ) an d  d P /d T  is  th e  c h a n g in g  ra te  o f  p e rm ea te  
p re ssu re  (cm H g /s).
2 .9 . T h e rm a l p ro p e rtie s

T h e  w a te r  w e ig h t loss o f  the  K S iN  co m p o site  m e m b ra n e s  w as d e te rm in e d  
b y  th e  th e rm o g ra v im e tr ic  an a ly sis  te ch n iq u e  a t 8 0 -1 0 0  ๐c  w ith  a  h e a tin g  ra te  o f  1 0  

° c /m in .  G la ss  tra n s itio n  tem p e ra tu re  (Tg) an d  m e ltin g  te m p e ra tu re  (T m) w ere  
o b se rv e d  a t 9 0 -3 0 0  ๐c  w ith  a  h e a tin g  ra te  o f  15 ° c /m in .  A ll th e rm a l e v a lu a tio n s  
w ere  acco m p lish e d  u n d e r  n itro g en  a tm o sp h ere . C o n ce rn in g  S P W C  m e m b ra n e s , D S C  
m e a su re m e n ts  w ere  ca rried  o u t on  a  P y ris  D iam o n d  D iffe re n tia l S can n in g  
C a lo r im e te r  w ith  a h e a tin g  ra te  o f  15 ° c /m in  u s in g  sam p le s  o f  a b o u t 8  m g.
2 .1 0 . M e th a n o l-w a te r  p e rv a p o ra tio n

S in ce  the  in s tru m e n t fo r gas p e rm ea tio n  co n s tru c ted  b y  G K S S  (G e rm a n y ) is 
o n ly  ab le  to  q u an tify  th e  p e rm ea tio n  o f  p u re  gas an d  p u re  v a p o u r , th e  p e rm e a b ilitie s  
o f  w a te r/m e th a n o l m ix tu re s  w ere  m easu red  b y  u s in g  th e  p e rv a p o ra tio n  te c h n iq u e , as 
in d ic a te d  fo r ex am p le  b y  R u ffm a n n  e t  a l. [18] an d  N u n es  e t  a l. [19]. P e rv a p o ra tio n  
w as  c a rrie d  o u t a t 25  °c and  60  °c in  w a te r  co n ta in in g  m e th a n o l fo r  2 5 , 50 , 7 5 , and  
90  %  (v /v ). T h e  m e m b ra n e  w as a ssem b led  in  th e  p e rv a p o ra tio n  te s tin g  u n it  (F ig u re  
4 .2 ). T h e  p re ssu re  o f  th e  feed  s id e  in  th e  th e rm o s ta t b a th  w as 1 b a r  w h ile  th a t o f  th e  
p e rm e a te  s id e  w as le ss  th a n  3 m b a r. T h e  p e rm ea te  s tream  w a s  c o n d e n se d  u s in g  th e  
liq u id  n itro g e n  b a th . T h e  to ta l f lu x  (Jtot) an d  m e th an o l flu x  (JMeOH) w e re  ev a lu a te d  
a c c o rd in g  to  th e  fo llo w in g  eq u a tio n s:

T =  Wpe™
,0,al = T ^ Â

T  ___________D  MeOH x °/oM eOH___________ T

MeOH = (D MeOH x % M e O H ) + ( D water x % w a te r )  t0,al

(3)

(4)
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w h e re  Wperm is th e  w e ig h t o f  p e rm ea te  so lu tio n  at s te ad y  sta te  (g ), t  is th e  p e rm ea te  
tim e  (m in ), A  is th e  m e m b ra n e  su rface  a re a  (cm 2) an d  DtvieOH an d  Dwater are th e  
d e n s ity  o f  m e th a n o l an d  w a te r  (g /cm 3), re sp ec tiv e ly .

control
Figure 4.2 P e rv a p o ra tio n  p lan t.

2 .1 1 . M o rp h o lo g ic a l o b se rv a tio n
T h e  m o rp h o lo g y  o f  th e  co m p o site  m em b ran es  w as e v a lu a te d  b y  u s in g  a 

JE O L  JS M -6 4 0 0  sc a n n in g  e lec tro n  m ic ro sco p e . T h e  m e m b ra n e  w a s  w ash ed  
th o ro u g h ly  b y  1 0  %  m e th a n o l aq u eo u s so lu tio n  an d  w a te r  fo r  sev e ra l tim es  b e fo re  
d ry in g  in  v a c u u m  o v e n  a t 40  ° c .

3. Results and Discussion
3 .1 . S tru c tu ra l c h a ra c te r iz a tio n

In  o rd e r  to  c la r ify  th e  p resen ce  o f  su lfo n ic  ac id  g ro u p s  in  b o th  S P W C 2 4  an d  
S P W C 4 8 , th e  F T -IR  sp e c tra  o f  b o th  m e m b ra n e s  in  th e  ran g e  o f  1 0 7 0 -9 0 0  cm ' 1 w ere  
c o n s id e red . F ig u re  4 .3  (A ) sh o w s th e  s ig n ific a n t c h a ra c te ris tic  p e a k s  o f  su lfo n ic  ac id  
g ro u p  at 1 0 3 0 -1 0 2 0  c m ' 1 an d  a t 9 3 0 -9 2 0  c m '1. B y  c o m p a rin g  th e  p e a k  b e tw e e n  
1 0 2 0 -1 0 3 0  c m ' 1 fo r  b o th  S P W C 2 4  and  S P W C 4 8  w ith  re sp e c t to  p u re  P W C  line , it 
c a n  be  sa id  th a t  th e y  c o rre sp o n d  to  th e  sy m m etric  s tre tch in g  o f  th e  su lfo n ic  g roup  (— 
S O 3H ) [13, 2 0 ] , T h e  seco n d  p eak , a ro u n d  9 2 0 -9 3 0  c m '1, c o u ld  be  d u e  to  th e  
in c rea s in g  in te n s ity  o f  th e  su lfo n a tio n  level. It co u ld  b e  e x p la in e d  b y  th e  
e le c tro p h ilic  su b s titu tio n  o f  a H  a tom  in th e  P W C  a ro m a tic  r in g  w ith  a - S O 3H  g ro u p  
[13 , 21], F o r  w h a t co n c e rn s  th e  K S iN , F ig u re  4 .3 (B ) sh o w s th e  O H  stre tch in g  p eak



A
b

s
o

rb
a

n
c

e

53

o f  H A S  a t 3 5 0 0 -3 4 0 0  c m ' 1 im p ly in g  th e  su ccessfu l h y d ro ly z a tio n  o f  (3 -a m in o p ro p y l)  
tr ie th o x y s ila n e . F o r  S iA S , th e  co u p lin g  re a c tio n  o f  s ilica  p a rtic le s  an d  H A S  can  be 
c o n firm e d  b y  th e  s tro n g  S i-O -S i p eak  a t 1150-1050  c m '1. A fte r  c o n ju g a tio n  o f  S iA S  
an d  K ry to x  157 F S L , th e  p ro d u c t (K S i) ex h ib its  the c h a rac te ris tic  p eak s  a t 1774 cm ' 1 

( C = 0  o f  K ry to x  157 F S L ), a t 1680  cm ' 1 ( C = 0  o f  am id e ) an d  a t 1 1 0 0 -1 0 4 0  c m '^ S i-  
O ) m e a n in g  fo r th e  su ccessfu l m o d ific a tio n  o f  K ry to x  157 F S L  o n to  s ilic a  su rface . 
T h e  e le m e n ta l a n a ly s is  (E A ) w as a lso  u se d  to  ev a lu a te  th e  co n te n t o f  H A S  c o u p led  
o n to  s ilic a  su rface  v ia  th e  d a ta  o f  p e rc e n t c  and  N . It w as fo u n d  th a t  o n e -te n th  o f  
H A S  w as su c c e ss fu lly  co u p le d  o n to  th e  su rface  o f  s ilic a  p a rtic le .

F ig u r e  4 .3  F T IR  s p e c tra  (A ) o f  P W C  ( ----- ), S P W C 2 4  ( ........) an d  S P W C 4 8  ( - - - ) ;
(B ) o f  h y d ro ly z e d  (3 -a m in o p ro p y l) tr ie th o x y s ila n e  (a), S iA S  (b ), K ry to x  157 F S L  (c) 
an d  K S i (d).

3 .2 . W a te r u p tak e
T h e  w a te r  u p ta k e , in  o th e r  w o rd s th e  w a te r  re te n tio n  c a p a c ity , is a  p a ra m e te r  

a ffe c tin g  th e  p ro to n  c o n d u c tiv ity  [12], T ab le  4.1 sh o w s th e  w a te r  c o n te n t (w t. % ) in  
th e  S P W C  an d  K S iN . T h e  w a te r  u p tak e  o f  S P W C 2 4  an d  S P W C 4 8  a re  8.3 an d  9 .4  
w t. % , re sp e c tiv e ly , w h e re a s  th a t  o f  N afion®  117 is 23 w t. % . T h is  im p lie s  th a t th e  
h y d ro p h lic ity  b a se d  o n  th e  su lfo n ic  ac id  g ro u p s  o f  th e  S P W C  m ig h t b e  le ss  th a n  th a t
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o f  N afion®  117 m e m b ra n e . F o r K S iN , th e  w a te r c o n te n t re ta in e d  in  th e  K S iN 1 .5 , 
K S iN 2 .5  a n d  K S iN 5  m e m b ra n e s  are 2 2 , 42, a n d  51.5 w t. % , re sp ec tiv e ly . 
C o m p a rin g  to  th a t  o f  N afion®  117 m em b ran e , the h ig h  w a te r  re te n tio n  m ig h t co m e  
fro m  th e  s ilic a  in o rg a n ic  c o n te n t in  the  m em b ran e  [15].
3 .3 . Ion  e x c h a n g e  c a p a c ity  (IE C )

T h e  IE C  v a lu e s , ab le  to  in flu en ce  th e  S P W C s e le c tro c h em ic a l p ro p e rtie s  
w e re  s tu d ied  an d  c o m p a re d  to  th o se  o f  N afion®  117. T ab le  4.1 sh o w s  th a t an  
in c re a se  o f  d o p in g  su lfu r ic  ac id  co n cen tra tio n  lead s to  th e  in c rea se  in  IE C , fo r 
ex am p le , in c re a s in g  fro m  0 .1 6 9  m eqn+/g and  0 .2 1 7  m eqn+ /g  fo r S P W C 2 4  and  
S P W C 4 8 , re sp e c tiv e ly . W ith  re sp ec t to  th e  N afion®  117 (IE C  =  0.931 m e q  H + / g ) ,  th e  
S P W C  m e m b ra n e s  sh o w  lo w e r IE C . T h is  m ig h t be  d u e  to  th e  su lfu ric  a c id  
im m e rs io n  o f  P W C  m e m b ra n e s  g en era ted  th e  su lfo n a tio n  m a in ly  o n  th e  m em b ra n e  
su rface .

In  th e  case  o f  K S iN , th e  IE C  v a lu e s  are en h a n c e d  to  b e  in  th e  ran g e  o f  1 .48- 
1 .68 m eq H+/g, 5 8 -8 0  %  h ig h e r  th a n  th a t o f  N afion®  117. C h en  e t  a l .  [22] re p o rte d  
th a t  N afion®  c o m p o s ite  m e m b ra n e  h a v in g  h ig h e r su rface  a rea  th a n  u n m o d ifie d  
N afion®  e x h ib its  th e  m o re  frac tio n s  o f  p ro to n  ex c h a n g e a b le  s ite s  ( IE C ) in  th e  
m em b ran e . B e s id e s , th e  su rfa c e  o f  s ilica  co n sis tin g  o f  s ilan o l ( -S i-O H ) a n d  s ilo x an e  
(-S i-O -S i)  h a s  h ig h  a c id ic  s tre n g th  w h ich  can  fu n c tio n  as  e le c tro n -ac c e p tin g /d o n a tin g  
p a r t [23]. T h is  m ig h t le a d  to  th e  im p ro v e m e n t o f  IE C  v a lu e s  a f te r  in co rp o ra te  s ilic a  
in to  N afion®  fo r  c o m p o s ite  m em b ran e  p rep a ra tio n .

T a b le  4.1 W a te r  u p ta k e  an d  io n  ex ch an g e  cap ac ity  ( IE C ) o f  th e  m e m b ra n e s

M em b ran e W a te r  u p ta k e  (w t. % ) IE C  (m eq H+/g )
S P W C 2 4 8.3 a 0 .169
S P W C 4 8 9 .4 a 0 .217
K S iN  1.5 2 2  b 1.581
K S iN 2 .5 4 2 b 1.482
K S iN 5 5 1 .5 b 1.683
N afion®  117 2 3 c 0.931
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a R e su lts  o b ta in e d  fro m  w e ig h in g  
b R e su lt  fro m  T G A  
c F ro m  [12].

3 .4 . P ro to n  c o n d u c tiv ity
T h e  e le c tro c h e m ic a l p ro p e rtie s  o f  th e  m e m b ra n e s  w e re  s tu d ied  b a se d  o n  th e  

c o m p le x  im p e d a n c e s  m e asu red  b y  ap p ly in g  a lte rn a tin g  c u rre n t w ith  v a rio u s  
fre q u e n c ie s . F ig u re  4 .4  sh o w s th e  p ro to n  co n d u c tiv ity  o f  a ll m e m b ra n e s  at th e  
te m p e ra tu re  ra n g e  o f  4 0 -1 0 0  °c. B y v a ry in g  te m p e ra tu re , S P W C 4 8  sp ec ific  
c o n d u c tiv ity  is  h ig h e r  th a n  th a t o f  S P W C 2 4  b ecau se  o f  its h ig h e r  su lp h u ric  g ro u p  
c o n c e n tra tio n . A t 100 ๐c  th e  S P W C 4 8  c o n d u c tiv ity  is a ro u n d  7 x 1 0 ' 3 ร*c m ' 1 w h ile  
fo r  S P W C 2 4  it is 5 .5 x l 0 "3 ร*c m ' 1 w ith  0 .5  m S /cm  fo r th e  e x p e rim e n ta l e rro r in  
c o n d u c tiv ity  m e a su re m e n ts . T h is  in d ica te s  th a t th e  su lfo n tio n  tim e  o f  S P W C  
m e m b ra n e s  p la y s  an  im p o rta n t ro le  in  en h an c in g  th e  p ro to n  co n d u c tiv ity .

F ig u r e  4 .4  P ro to n  c o n d u c tiv ity  o f  th e  reca s t N afion®  (■ ), K S iN 1 .5  (A), K S iN 2 .5  ( • ) ,  
K S iN 5  (♦ ), S P W C 2 4  (□ ) an d  S P W C 4 8  (A).
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T h e  c o m p a riso n  p ro to n  co n d u c tiv e  s tu d ies o f  th e  re c a s t N afion®  and  K S iN  
c o m p o s ite  m e m b ra n e s  [15 ], th e  p ro to n  co n d u c tiv ity  o f  th e  re c a s t N afion®  and  
K S iN  1.5 c o m p o s ite  m e m b ra n e s  w e re  g rad u a lly  d ec lin ed  fro m  7 x 1 0 ‘3 and  lx lO ' 2 

S 'c m ' 1 (60  °C ) to  be  2 x l 0 ‘6 an d  6 x l 0 ' 6 ร*cm ' 1 (130  °C ) w h ile  th o se  o f  K S iN 2 .5  and  
K S iN 5  c o m p o s ite  m em b ran es  w e re  fo u n d  to  be  re ta in ed  a t 2 x l 0 ' 4 an d  1 O'3 ร •c m '1, 
re sp e c tiv e ly , e v e n  th o u g h  th e  tem p e ra tu re  w as up  to  130 ° c  an d  in  an h y d ro u s  
co n d itio n . It sh o u ld  b e  n o te d  th a t th e  in c rease  in  in o rg an ic  c o n te n t ra ise s  th e  am o u n t 
o f  w a te r  m a in ta in e d  in  th e  m e m b ra n e  co rre sp o n d in g  to  th e  p re v io u s  re su lts  o f  w a te r 
u p ta k e  o f  K im  e t  a l. [25], D u e  to  the  fac t th a t p ro to n  c o n d u c tiv ity  is stro n g ly  
d e p e n d e n t o n  th e  w a te r  co n te n t in  th e  m em b ran e  [ 1 2 , 2 6 ], th e  im p ro v e m e n t o f  p ro to n  
c o n d u c tiv ity  a t te m p e ra tu re  ab o v e  1 0 0 ° c  m ig h t be in flu e n c e d  b y  th e  s ilic a  p artic le s . 
T a k in g  all co n d itio n s  in  o u r  c o n s id e ra tio n , th e  h ig h es t p ro to n  c o n d u c tiv ity  o b ta in ed  
w as lO ^ S 'c m '^ a t  130 ๐c  in  an h y d ro u s  co n d itio n ) w h ich  can  b e  e x p e c te d  to  im p ro v e  
th e  p ro p e rty  o f  N a fio n  fo r  th e  u se  a t h ig h  te m p e ra tu re  (p ro to n  c o n d u c tiv ity  o f  th e  
co m m e rc ia l N a f io n  117 = 2 .2 x l0 ' 2 ร*cm ' 1 a t b e lo w  100 ° c  u n d e r  100 %  re la tiv e  
h u m id ity  [27]).
3 .5 . G as p e rm e a b ility

T h e  gas p e rm e a tio n  is an  im p o rtan t p a ra m e te r fo r th e  m e m b ra n e  u sed  in  
P E M F C s an d  D M F C s sin ce  th e  lo w  gas feed  c ro sso v e r th ro u g h  th e  m e m b ra n e  re su lts  
in  th e  h ig h  e ff ic ie n c y  o f  p ro to n  co n d u c tiv ity  [28], T he p e rm e a b ility  o f  h y d ro g e n  and  
o x y g e n  gas th ro u g h  th e  h y d ra ted  S P W C 2 4  an d  S P W C 4 8  an d  N afio n ® -silica  b ased  
c o m p o s ite  m e m b ra n e s  w a s  an a ly zed  at 25 ๐c  an d  80 ๐c  as sh o w n  in  T a b le  4 .2 . T he 
gas p e rm e a b ility  o f  p u re  P W C  and  N afion®  117 m e m b ra n e s  a re  in c lu d e d  fo r 
co m p ariso n . T h e  gas p e rm e a b ility  at b o th  25 ๐c  and  80 ° c  is in c re a se d  w ith  IE C ; for 
e x a m p le , th e  h y d ro g e n  g as  p e rm e a b ility  a t 25 ° c  is in c rea sed  fro m  6 .0 0  b a rre rs  fo r 
p u re  P W C  to  8 .48  and  3 5 .5 0  b a rre rs  fo r S P W C 2 4  and  S P W C 4 8 , re sp ec tiv e ly . T h is 
co n firm s  th a t m o re  su lfo n a tio n  lead s  to  h ig h e r gas p e rm eab ility . A s  m e n tio n e d  in  3 .3 , 
th e  fac t th a t th e  su lfo n ic  g ro u p s  o f  S P W C  are p resen t ju s t  o n  th e  m e m b ra n e  su rface  
w h e re a s  th o se  o f  N afion®  117 are  in  p o ly m er b u lk , c o n se q u e n tly , a t 25 and  80 ๐c  
b o th  S P W C 2 4  an d  S P W C 4 8  g ive  th e  b e tte r  e ff ic ien cy  to  red u ce  g as  p e rm e a tio n  th an  
N afion®  117 m e m b ra n e s . C o m p a rin g  th e  re su lts  at 25 an d  80 ๐c ,  it sh o u ld  be n o ted
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th a t th e  e n h a n c e m e n t o f  gas p e rm e a tio n  is d isc e rn e d  a t e lev a ted  te m p e ra tu re s  m ig h t 
be d u e  to  p o ly m e ric  m a tr ix  en la rg em en t. T h e  K S iN  co m p o site  m e m b ra n e s  d isp lay  
lo w er gas p e rm e a b ility  a t 25 an d  80  ๐c  th a n  th o se  o f  N afion®  117 (T ab le  4 .2). 
K u m a r e t  a l. [29] re p o r te d  th a t th e  in o rg an ic  c o n te n t in  co m p o site  m e m b ra n e  red u ced  
th e  gas p e rm e a b ility . H o w e v e r, th e  gas p e rm e a tio n  is n ’t  red u ced  p ro p o r tio n a lly  w ith  
th e  in c re m e n t o f  K S i c o n te n t at b o th  tem p e ra tu res . T h is  m ig h t b e  d u e  to  th e  fac t th a t 
th e  lo ad in g  c o n te n t o f  K S i in  each  co m p o site  m e m b ra n e  lim its  o n ly  fo r 1.5, 2 .5 , and  
5 w t. %  w h ic h  m ig h t n o t  in itia te  th e  d iffe ren ce  in  gas p e rm ea tio n . S im ila r  to  S P W C s, 
th e  c o m p o s ite  m e m b ra n e s  a lso  e x h ib it o b v io u s ly  th e  in c rease  in  gas p e rm e a tio n  
w h en  in c rea se  th e  te m p e ra tu re . T h e  m o le c u la r  en la rg e m e n t o f  th e  p o ly m e r  m a trices  
at h ig h e r  te m p e ra tu re  as  w ell as th e  w a te r  e v a p o ra tio n  m ig h t b e  th e  m a in  fac to r to  
in itia te  th e  in c re m e n t o f  g as p e rm eab ility .

T a b le  4 .2  G as p e rm e a b ili ty  o f  all m em b ran es

G as  P e rm e a b ility  (b a rre rs3 * * * *)
S am p le 2 5 ° c 8 0 ° c

h 2 0 2 h 2 0 2

S P W C 2 4 8.48 0 .67 3 0 .5 0 1 0 . 0 0

S P W C 4 8 3 5 .5 0 8.24 4 9 .0 0 13 .90
P W C b 6 . 0 0 0 .70 ท/a n /a

K S iN l ,5C 5 .5 7 0 .70 ท/a n /a
K S iN 2 .5 5 .7 9 0 .58 3 6 .9 0 12.03
K S iN 5 5 .3 4 0.65 36 .88 12.63
R e c a s t N afion®  d 5 1 .0 0 0 .85 150 .00 n /a

N afion®  117e 6 0 .0 0 1 . 0 0 180.00 9 0 .0 0
3 1 b a rre r  =  10 ' 10 c m 3(S T P )» cm /(S * cm 2 , cm H g ) [12]
๖ F ro m  [34]
c T he  m e m b ra n e  b re a k in g  a t 8 0 ° c
d C as tin g  o f  5 w t. %  N afion®  in  a lip h a tic  a lco h o l so lu tio n
e A t 2 5 ° c  o b ta in e d  fro m  [35] and  a t 8 0 ° c  fro m  [36].
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3 .6 . T h e rm a l p ro p e rtie s
P re v io u s ly , D rio li  e t  a l. [30] re p o rte d  th a t P W C  sh o w ed  g o o d  re su lts  fo r 

b o th  th e rm a l an d  m e c h a n ic a l s tab ility . T h e  P W C  h as  a h ig h  g la ss  tra n s itio n  
te m p e ra tu re  (Tg) a t 228  ° c  an d  d e g rad a tio n  te m p e ra tu re  (Td) u p  to  4 5 4  ๐c .  P a tu rzo  e t  
a l. [12] d e m o n s tra te d  th a t  th e  m em b ran e  w ith  h ig h  Tg g ives g o o d  d im en s io n a l 
s ta b ility  fo r  fu e l cell o p e ra tio n  a t e lev a ted  te m p e ra tu re . H ere , th e  m e m b ra n e s  w ere  
c h a ra c te r iz e d  b y  D S C  in  o rd e r  to  ev a lu a te  th e  th e rm al p ro p e rtie s . F ig u re  4 .5 (A ) 
sh o w s  th e  tw o  h e a tin g  c u rv e s  o f  S P W C 48  rev ea lin g  th e  s im ila r Tg a t a ro u n d  222  ° c  
s tab le  at fu e l ce ll o p e ra tiv e  tem p e ra tu re  (6 0 -1 2 0  ๐C ). M o reo v e r, th e  m e ltin g  peak  
a lso  ap p ea rs  a t 2 3 0  ๐c  in  th e  se co n d  h e a tin g  ru n  im p ly in g  th a t th e  c ry s ta llin ity  o f  th e  
m e m b ra n e  is  in c re a se d  a fte r  m o le c u la r  re a rran g e m e n t d u rin g  th e  c o o lin g  p ro cess . 
T h e  Tg v a lu e  o f  th e  S P W C 2 4  is  221 ° c  (F ig u re  4 .5  (B)), sh o w in g  a lso  h o w  th e  
th e rm a l p ro p e rtie s  o f  th e  m e m b ra n e  does n o t change  a t a  lo w er su lfo n a tio n  d eg ree . 
In  th e  cases  o f  K S iN , th e  Tg are  in  th e  ran g e  o f  165 -190  ° c  w h ereas  th a t  o f  th e  reca s t 
N afion®  is 145 ° c  in d ic a tin g  th a t th e  h ig h e r  in o rg an ic  co n ten t (K S i)  in co rp o ra ted  
le ad s  to  th e  im p ro v e m e n t o f  Tg (F ig u re  4 .5 (C )). M erk e l e t  a l. [31] e x h ib ite d  th a t th e  
in te ra c tio n s  b e tw e e n  th e  f ille r  su rface  and  p o ly m e r  c h a in s  re s tr ic t th e  c h a in  m o b ility  
an d  as a  re su lt, th e  in c re a se  in  Tg. F o r ex am p le , Y im  e t  al. [32] p re se n te d  a  d irec t 
c o rre la tio n  b e tw e e n  p o ly m e r-f ille r  in te ra c tio n  and  th e  in c rease  in  Tg fo r  p o ly m e r 
c o m p o s ite  w ith  sev e ra l s il ic a  q u an titie s .

T e m p e r a t u r e  / ๐c
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T e m p e r a t u r e  / °c

F ig u r e  4 .5  D S C  d ia g ra m  (A ) o f  S P W C 4 8  at f irs t (a) an d  se c o n d  h e a tin g  ru n  (b ); (B ) 
o f  S P W C 2 4 ; (C ) o f  N afion®  (a), K S iN 1 .5  (b), K S iN 2 .5  (c) and  K S iN 5  (d).

3 .7 . M e th a n o l c ro sso v e r
T h e  p e rv a p o ra tio n  te s tin g  u n it b a sed  o n  th e  p e rc e n t o f  m e th an o l p a ss in g  

th ro u g h  th e  m e m b ra n e s  u n d e r  the  d iffe re n t p re ssu re  b e tw e e n  th e  feed  an d  p e rm ea te  
p h a se s  w as a p p lie d  to  e v a lu a te  th e  m e th an o l c ro sso v er. T h e  e x p e rim e n ts  w ere  
p e rfo rm e d  u n d e r  th e  se v e ra l m e th an o l co n cen tra tio n s , i.e ., 2 5 , 50 , 7 5 , and  90  %  (v /v ), 
a t 25 °c and  80  ๐c. F ig u re  4 .6  sh o w s th a t th e  p e rm e a tio n s  a re  in c rea sed  w ith  a 
m e th a n o l c o n c e n tra tio n  a n d /o r  te m p e ra tu re  in c rease . A t 25 °c, th e  S P W C 2 4  and  
S P W C 4 8  sh o w  a m e th a n o l flux  in  th e  range , re sp e c tiv e ly , o f  3.31 x lO ' 5 - 8 .2 4 x l0 '5
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g /m in  cm 2 an d  7 .7 5 x 10‘5- 1 .3 8 x l0 '4 g /m in  cm 2, w h ich  are  lo w e r  th a n  th a t o f  N afion®  
117 ra n g in g  b e tw e e n  2 .1 7 x l0 " 3- 3 .5 5 x l0 '3 g /m in  cm 2. T h is  m ig h t be  d u e  to  the  
d iffe re n ce s  in  m ic ro s tru c tu re  b e tw e e n  th e  S P W C  m em b ran es  an d  N afion®  117. In  
th e  p re se n c e  o f  w a te r , th e  su lfo n ic  ac id  g ro u p s in  th e  N afion® ’s m ic ro s tru c tu re  m ig h t 
a g g re g a te  an d  fo rm  th e  h y d ro p h ilic  c lu s te rs  to  g en e ra te  th e  p o la r  c h a n n e ls  fo r  w a te r  
an d  m e th a n o l m o le c u le s . In  co n tra s t, th e  S P W C  m e m b ra n e s  w ith  th e  r ig id  
p o ly a ro m a tic  b a c k b o n e  m ig h t n o t e ffec tiv e ly  g en e ra te  th e  p o la r  c h a n n e ls  re su ltin g  in  
th e  lo w e r m e th a n o l c ro sso v e r  as co m p ared  to  N afion®  o n e  [33], V ice  v e rsa , the  
S P W C 4 8  sh o w s a  h ig h e r m e th a n o l flu x es th a n  th e  S P W C 2 4  o n e  d u e  to  its  h ig h e r 
su lfo n a tio n  d e g re e , w h ic h  fav o rs  a h ig h e r  m e th an o l c ro ss -o v e r  th ro u g h  th e  
m e m b ran e .

1 . 6

§

b 0.8 

J  0.4

°20  40 60 80 100
Methanol Concentration (% (v/v))

Figure 4.6 M e th a n o l f lu x  a t 25 °c o f  S P W C 4 8  (x ) , S P W C 2 4  (□ ), N afion®  117 (■ ), 
K S iN 2 .5  ( • )  a n d  K S iN 5  (๐); a t 80 °c o f  K S iN 2 .5  (A ) an d  K S iN 5  (A ).

F o r  K S iN , th e  m e th a n o l f lu x  is in  th e  range  o f  2 x l 0 '3 - 8 .5 x l0 ’3 g /m in  cm 2 

an d  th e  in c re a se  in  K S i c o n te n t o ffe rs  th e  d ec rea se  in  m e th a n o l f lu x  (F ig u re  4 .6). 
T h is  c o rre sp o n d s  to  th e  lite ra tu re s  [6 - 8 ] re p o rte d  th a t th e  c o m p o s ite  m e m b ra n e  w ith  
in o rg a n ic  c o n te n t can  re d u c e  th e  m e th an o l p e rm ea tio n . H o w e v e r , c o m p a re d  to  the  
c o m m e rc ia l N afion®  117 m e m b ra n e , K S iN  c o m p o site  m e m b ra n e s  h a v e  h ig h e r
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m eth an o l c ro ss  o v er. T h e  re su lts  m ig h t be d u e  to  th e  d efec t o f  th e  m e m b ra n e s , such  
as m ic ro p o re s ,. F ig u re  4 .7  sh o w s  the su rface  and  c ro sse c tio n a l m o rp h o lo g ie s  o f  
K S iN 5 . T h e  m ic ro p o re s  on  th e  su rfa c e  w ere  in  the  ran g e  0 .2 5 -0 .5  p m  w h e re a s  those  
in  th e  c ro sse c tio n  w e re  1-2 p m . In ad d itio n , th e  h ig h e r w a te r  u p ta k e  o f  K Si 
co m p a rin g  to  c o m m e rc ia l N afion®  117 m e m b ra n e  m ig h t b e  o n e  o f  th e  su b stan tia l 
fa c to rs  to  in c re a se  m e th a n o l p e rm e a b ility  [4, 5], T he  o p tim iz a tio n  fo r K S i in o rg an ic  
lo ad in g  c o n te n t to  o b ta in  su itab le  w a te r  u p tak e  fo r m a in ta in in g  p ro to n  c o n d u c tiv ity  at 
e le v a te d  te m p e ra tu re  as  w e ll as h ig h  e ffic ien cy  to  tran sv e rse  m e th a n o l c ro sso v e r  is in 
p ro g ress .

F ig u r e  4 .7  S E M  m ic ro g ra p h s  o f  K S iN 5  c o m p o site  m em b ran e , su rfa c e  (a ) an d  cross 
sec tio n  (b).

4. C o n c lu s io n s
T h e  P W C  m e m b ra n e s  w e re  su ccessfu lly  su lfo n a te d  b y  su lfu ric  ac id  to  

o b ta in  S P W C . F o r  K ry ro x -S i-N afio n ®  (K S iN ) co m p o site  m e m b ra n e s , th e  K S i w as 
o b ta in e d  b y  fu n c tio n a liz in g  a ty p e  o f  f lu o ro c a rb o n  (K ry to x  157 F S L ) o n to  silica  
p a rtic le s . T h e  K S iN  c o m p o s ite  m em b ran es  w e re  o b ta in ed  b y  c a s tin g  th e  m ix tu re  o f  
K S i an d  N afion®  in  a lip h a tic  a lc o h o l so lu tio n . T h e  w a te r u p ta k e , io n  ex ch an g e  
cap a c ity  a n d  p ro to n  c o n d u c tiv ity  o f  S P W C  m em b ran es  in c re a se d  w h en  the 
c o n c e n tra tio n  o f  a c id  g ro u p s  w as  in creased . T h e  gas p e rm e a b ility  an d  m eth an o l 
c ro sso v e r  w a s  lo w e r th a n  th o se  o f  N afion®  117 an d  in c reased  w ith  ac id  co n cen tra tio n . 
F o r  K S iN  c o m p o s ite  m e m b ra n e s , th e rm al s tab ility , w a te r  u p ta k e  an d  io n  ex ch an g e  
cap a c ity  w e re  in c re a se d  w h en  K S i co n ten t w as  in c reased . T h e  g a s  p e rm e a b ility  w as
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lo w er th a n  N a t io n a l  17 w h e n  th e  K S i w as in co rp o ra ted . In  th e  case  o f  m e th a n o l 
c ro sso v e r, a lth o u g h  it w as  h ig h e r th an  th e  c o m m erc ia l N afion® 117 , th e  m e th a n o l 
c ro sso v e r  w a s  d e c re a se d  w h e n  th e  a m o u n t o f  K S i w a s  in c reased .
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