
C H A P T E R  V I
S U L F O N A T E D  M O N T M O R IL L O N IT E /S U L F O N A T E D  P O L Y (E T H E R  

E T E H R  K E T O N E ) (S M M T /S P E E K ) N A N O C O M P O S IT E  M E M B R A N E  F O R  
D IR E C T  M E T H A N O L  F U E L  C E L L S  (D M F C s)

A b str a c t
A  n a n o c o m p o s ite  m e m b ra n e  o f  su lfo n a ted  m o n tm o rillo n ite /su lfo n a te d  

p o ly (e th e r  e th e r k e to n e )  (S M M T /S P E E K ) is p ro p o se d  fo r d ire c t m e th a n o l fuel cells. 
T he S M M T  is c la y  m o d if ie d  w ith  s ilan e  o f  w h ich  th e  s tru c tu re  c o n s is ts  o f  a su lfon ic  
ac id  g ro u p  fo r p ro to n  c o n d u c tiv ity  im p ro v em en t. T h e  m ic ro -  an d  n an o -sca led  
m o rp h o lo g y  o f  th e  m e m b ra n e s  p e rfo rm s  th e  in c rea se  in  in o rg a n ic  a g g re g a tio n  w ith  
S M M T  lo a d in g  c o n te n t as  c o n firm e d  b y  S E M  an d  A F M . T h e  m e m b ra n e  s tab ility , i.e., 
th e  sw e llin g  ra tio  in  w a te r  a n d  in  m e th an o l aq u eo u s  so lu tio n  as  w e ll as  th e  m ech an ica l 
s tab ility  is in c re a se d  w ith  th e  S M M T  lo ad in g  c o n te n t w h e re a s  th e rm a l s tab ility  
d o e sn ’t  im p ro v e  s ig n if ic a n tly . T h e  m e th an o l p e rm e a b ility  re d u c tio n  re v e a ls  as h ig h  as 
53 %  w h e n  th e  S M M T  lo a d in g  c o n te n t re ach es  5 w t. % . A  c o m p a ra tiv e  s tu d y  o f  the  
S P E E K  n a n o c o m p o s ite  m e m b ra n e s  w ith  S M M T  an d  w ith  p r is tin e  M M T  sh o w in g  tha t 
a fo u r-fo ld  in c re a se  in  p ro to n  c o n d u c tiv ity  is o b ta in ed  a f te r  su lfo n a tio n  is a p o ten tia l 
p ro to n  ex c h a n g e  m e m b ra n e . T h e  D M F C  sin g le  ce ll te s ts  in fo rm  US th a t  all co m p o site  
m e m b ra n e s  g iv e  th e  s ig n if ic a n t p e rfo rm an ce  re v e a le d  b y  th e  p lo t o f  cu rren t d en sity - 
v o lta g e  an d  p o w e r  density^

K ey w o rd s: S P E E K ; M o n tm o rilln ite ; C o m p o s ite  m e m b ra n e ; P ro to n  ex ch an g e  
m e m b ra n e ; D M F C s

1. In tr o d u c t io n
N o w a d a y s , d ire c t m e th a n o l fuel ce ll (D M F C ) is  a ttra c tiv e  fo r  sev era l 

a p p lic a tio n s  e sp e c ia lly  p o r ta b le  d ev ice s  s in ce  its  liq u id -fe e d  sy stem  o p era tin g  
w ith o u t fuel p ro c e ss in g  u n it  p ro v id e s  a p ra c tic a l fuel a n d  a  c o m p a c t cell design . 
A p a rt fro m  th a t ,  D M F C s o ffe r  m a n y  ad v an tag es , su ch  as  h ig h  p o w e r  d en s ity , lo w  o r 
ze ro  e m iss io n , lo w  te m p e ra tu re  and  p re ssu re  o p e ra tio n  an d  re lia b il i ty  [1 -3 ]. Y e t, one 
o f  th e  m a in  d ra w b a c k s  fo r  th e  d e v e lo p m en t o f  D M F C s is  th e  la ck  o f  su itab le  p ro to n
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ex ch an g e  m e m b ra n e . U p  to  th e  p re sen t, P e rf lu o rin a te d  m e m b ra n e s , N afion®  and  
Flem ion® , h av e  b e e n  b ro a d ly  u se d  as m em b ra n e s  in  D M F C s re g a rd in g  to  th e ir  h ig h  
p ro to n  c o n d u c tiv ity  b e lo w  100 °c and  g o o d  c h em ica l s ta b ility  [4]; h o w ev e r, th e ir  
h ig h  m e th a n o l p e rm e a b ility  a n d  ex cess iv e  sw e llin g  in  a lco h o l e n v iro n m e n t cau se  
o v e rp o ten tia l a t c a th o d e  re su ltin g  in  th e  lo w e rin g  o f  ce ll p e rfo rm a n c e  an d  m ech an ica l 
s tren g th  [5 -8 ]. T he p e rf lu o rin a te d  m em b ran es  a re  e x p e n s iv e  and  n o t 
e n v iro n m e n ta lly  fr ie n d ly  e sp e c ia lly  in  th e  m a ss -p ro d u c e d  sy stem . T h e  d esired  
m e m b ran es , th e re fo re , p o sse s s  n o t o n ly  h ig h  p ro to n  c o n d u c tiv ity  b u t a lso  lo w  
m e th an o l c ro sso v e r  as w e ll as  good  m e c h a n ic a l, th e rm a l an d  ch e m ic a l s tab ility  
du rin g  D M F C  o p e ra tio n  in c lu d in g  th e  lo w  p rice .

D u e  to  th e  d ra w b a c k s  o f  p e rflu o rin a te d  m e m b ra n e s , m an y  re se a rch e s  h av e  
fo cu sed  o n  a lte rn a tiv e  m e m b ra n e s  b a sed  o n  f lu o rin e  free  h y d ro c a rb o n  io n o m er, e .g ., 
p o ly e th e rsu lfo n e  [9, 10], p o ly v in y la lc o h o l [11], p o ly im id e  [12] and  p o ly p h o sp h a z e n e
[13]. A m o n g  th e m , su lfo n a te d  a ro m atic  p o ly (e th e r  e th e r  k e to n e ) (S P E E K ) is  a 
p ro m is in g  c a n d id a te  fo r  its  g o o d  th erm al s tab ility  an d  m ech an ica l s tre n g th  [14, 15]. 
T h e  p ro to n  c o n d u c tiv ity  o f  S P E E K  d ep en d s  on  th e  su lfo n a tio n  d eg ree  c o n tro lle d  by  
reac tio n  tim e  an d  te m p e ra tu re  o f  su lfo n a tio n  p ro cess  [6 ]. A lth o u g h  S P E E K  ex h ib its  
v a rio u s  a d v a n ta g e s  to  be  u se d  in  p ro to n  ex ch a n g e  m em b ra n e  fu e l ce lls , h ig h  
su lfo n a tio n  d eg re e  re su ltin g  in  th e  re la tiv e ly  h ig h  m e th a n o l p e rm e a b ility  h as  lim ited  
its  ap p lica tio n s  [16],

R e c e n tly , a  se ries  o f  o rg a n ic -in o rg a n ic  c o m p o s ite  m e m b ra n e s  u s in g  S P E E K  
as a p o ly m e r  m a tr ix  h av e  b e e n  in v es tig a ted  fo r D M F C s, fo r  ex am p le , th e  co m p o site  
m em b ran e  o f  S P E E K  w ith : (i)  h e te ro p o ly ac id  [11 , 17]; ( ii) z irc o n iu m  p h o sp h a te  [3]; 
(iii) s ilic o n  o x id e  (S iC b), t i ta n iu m  o x id e  (T iC b) an d  z irc o n iu m  o x id e  (ZrCE) [2, 9]; 
an d  (iv ) la y e re d  s ilic a te  m a te r ia ls  [7], S o d iu m -M o n tm o rillo n ite  (N a+-M M T ), a  ty p e  
o f  lay e red  s ilic a te  c o m p o se d  o f  the  s ilic a  te tra h e d ra l and  a lu m in a  o c ta h e d ra l sh ee ts , 
is a w e ll k n o w n  in o rg a n ic  m a te r ia l w h ic h  can  c o n s id e ra b ly  im p ro v e  th e  m em b ran e  
p ro p ertie s . T h e  m o n tm o rillo n ite  em b ed d ed  in  th e  p o ly m e r  m a trix  is ex p ec ted  fo r 
red u c in g  m e th a n o l p e rm e a b ility , p re v e n tin g  e x tre m e  sw e llin g  a t h ig h  o p e ra tio n  
te m p e ra tu re , in c re a s in g  m e c h a n ic a l s tre n g th  an d  m a in ta in in g  th e  h u m id ity  in  th e  
m em b ran e  u n d e r  v a rio u s  ce ll co n d itio n s  [7 , 18]. H o w e v e r, th e  d ra w b a c k  o f  p ro to n  
co n d u c tiv ity  re d u c tio n  in  th e  co m p o site  m e m b ra n e  w ith  m o n tm o rillo n ite  lo ad in g
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co n ten t is th e  p o in t to  o v e rco m e , fo r ex am p le  G ao w e n  e t al. [4] re p o rte d  a  tw ice  
d ec rea se  in  p ro to n  c o n d u c tiv ity  w h en  10 %  o f  o rg an ic  m o d if ie d  M M T  w as 
in c o rp o ra te d  in to  S P E E K  p o ly m e r  m a trix  and  a lso  re v e a le d  fro m  o th e r  re se a rch  
w o rk s  [7 , 19, 20].

In  th is  s tu d y , w e c o n s id e r  th e  fu n c tio n a liz a tio n  o f  m o n tm o rillo n ite  (M M T ) 
w ith  s ilan e  c o u p lin g  a g en t o f  w h ic h  th e  s tru c tu re  is fu r th e r  m o d if ie d  w ith  4- 
su lfo p h th a lic  ac id  (S c h e m e  6 .1 ). B ased  on  th is  ap p ro ach , it c a n  be e x p e c te d  th a t th e  
m o d ifie d  c lay  p ro v id e s  n o t o n ly  th e  p ro to n  c o n d u c tiv ity  b u t a lso  th e  im p ro v e m e n t o f  
th e  m e th a n o l p e rm e a b ility  re ta rd a tio n , m ech an ica l an d  th e rm a l s ta b ilitie s  as w e ll as 
th e  s ta b ility  in  m e th a n o l a q u e o u s  so lu tio n . T h e  p re se n t w o rk , th u s , d e m o n s tra te s  the  
d esig n , sy n th esis , a n d  c h a ra c te r iz a tio n  o f  th e  S M M T /S P E E K  n a n o c o m p o s ite  
m em b ra n e  in c lu d in g  th e  p e rfo rm a n c e  on  D M F C  sy stem .

2. E x p e r im e n ta l
2.1 M a te r ia ls

P o ly (e th e r  e th e r  k e to n e )  (P E E K ) p o w d e r  w as p u rc h a se d  fro m  V ic trex , 
E n g lan d . S u lfu ric  a c id  9 5 -9 7  %  w as b o u g h t fro m  M e rc k  K G a A , G e rm an y . N afion®  
117 m em b ra n e  w a s  p u rc h a se d  from  Io n  P o w er, In c ., U S A . (3- 
A m in o p ro p y l) tr ie th o x y s ila n e  w as p u rch ased  fro m  F lu k a , S w itz e rla n d . 4- 
S u lfo p h th a lic  ac id  50  %  in  w a te r  w as  th e  p ro d u c t o f  A cro s  O rg a n ic s , U S A . W ate r 
co n ju g a tin g  a g e n t (W S C ), l- (3 -d im e th y la m in o p ro p y l) -3 -e th y l c a rb o d iim id e  
h y d ro c h lo r ic  98 % , w a s  p u rc h a se d  from  A c ro s , B e lg iu m . D im e th y lfo rm a m id e  
(D M F ) w as b o u g h t fro m  M e rc k  K G aA , G e rm an y . S o d iu m -m o n tm o rillo n ite  (N a+- 
M M T ) n a m e ly  C lo s ite  N a + w a s  th e  p ro d u c t o f  S o u th e rn  C la y  P ro d u c t, In c ., U S A . 
A ll c h e m ic a ls  w e re  u se d  w ith o u t fu rth e r p u rif ic a tio n .
2 .2 . C o m p o s ite  m e m b ra n e  p re p a ra tio n  
2 .2 .1 . S u lfo n a te d  P E E K  (S P E E K )

P E E K  p o w d e r  w as d r ie d  in  v acu u m  o v e n  a t 70  °c fo r  24  h  b e fo re  u se . T he 
d ried  p o ly m e r  (16  g ) w a s  d is so lv e d  in  c o n c e n tra ted  (9 5 -9 7  % ) su lfu ric  ac id  (H 2 S 0 4) 
(800  m l) an d  v ig o ro u s ly  s tirred  a t 50  °c fo r 3, 4  an d  5 h to  g iv e  S P E E K 3 , S P E E K 4  
and  S P E E K 5 , re sp e c tiv e ly . T h e  so lu tio n  w as p re c ip ita te d  in  a n  e x c e ss  o f  ic e -co ld  
w ater. T h e  su sp e n s io n  w as co n tin u o u s ly  s tirred  fo r a n o th e r h o u r  b e fo re  f ilte r in g  and
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w a sh in g  sev e ra l t im e s  w ith  d is tille d  w a te r  un til n eu tra l. T h e  p re c ip ita te  w as  d ried  in  
v acu u m  a t 70  °c fo r  12 h  to  o b ta in  su lfo n a ted  P E E K  (S P E E K ).
2 .2 .2 . S u lfo n a ted  M M T  (S M M T )

N a +-m o n tm o rillo n ite  (M M T ) (2.01 g ) w a s  su sp e n d e d  in to  75  %  e th an o l 
so lu tio n  (8 0 0  m l) an d  v ig o ro u s ly  s tirred  a t ro o m  te m p e ra tu re  fo r  3 h . In  th is  
su sp e n s io n  th e  (3 -a m in o p ro p y l) tr ie th o x y s ila n e  (y -A P S ) (2 .4  m l)  w a s  d ro p p e d  in to  
an d  th e  m ix tu re  w a s  re f lu x e d  a t 80 °c fo r  24  h . T h e  su sp e n s io n  w a s  f ilte red  an d  
w a sh e d  se v e ra l t im e s  w ith  d is tille d  w a te r  to  o b ta in  th e  S iM M T  (S c h e m e  6 .1 , S tep  1). 
T h e  S iM M T  w as d isp e rse d  in  d is tilled  w a te r  an d  m ix e d  w ith  w s c  (2 .51  g, 1 .3 0 x 1 0 '2 
m o l)  an d  4 -su lfo p h th a lic  a c id  (5 .3 7  m l, 1.09x1 O' 2 m o l). T h e  m ix tu re  w as s tirred  
v ig o ro u s ly  a t ro o m  te m p e ra tu re  fo r 24  h . T h e  p ro d u c t w a s  f ilte re d , w a sh e d  sev e ra l 
t im e s  w ith  d is tille d  w a te r  an d  d ried  in  v acu u m  at 60  °c fo r  o v e rn ig h t to  o b ta in  th e  
S M M T  (S ch em e  6 .1 , S tep  2).
2 .2 .3 . C o m p o s ite  m e m b ra n e  p re p a ra tio n

S P E E K 4  in  d im e th y lfo rm a m id e  (D M F ) (1 0  w t. % , 15 m l) w a s  m ix ed  w ith  
v a rio u s  S M M T  c o n te n t, i.e ., 1, 3 an d  5 w t. % , an d  v ig o ro u s ly  s tir re d  a t ro o m  
te m p e ra tu re  fo r 4  d ay s  fo llo w e d  by  so n ica tin g  a t a m b ie n t fo r 1 h  to  o b ta in  
S M M T /S P E E K  h y b rid  so lu tio n s  (S ch em e  6 .1 , S tep  3). In  s im ila r , M M T /S P E E K  
m e m b ra n e s  w ere  p re p a re d  fro m  th e  so lu tio n s  o f  S P E E K  a n d  b y  u s in g  M M T  a t 1, 3 
a n d  5 w t. %  in  D M F . A ll h y b r id  so lu tio n s  (15 m l) w e re  c a s t  o n  th e  g la ss  p la te  and  
iso th e rm a lly  h e a te d  a t 60 °c fo r  o v e rn ig h t and  d rie d  in  v a c u u m  a t 70 °c  fo r  12 h  to  
o b ta in  th e  c o m p o s ite  m e m b ra n e s . T h e  S P E E K  m e m b ra n e  w as p re p a re d  as  a 
re fe ren c e  m e m b ra n e  u s in g  S P E E K  p o ly m e r so lu tio n  (10  w t. % , 15 m l). A ll 
m e m b ra n e s  h a d  a n  av e ra g e  th ic k n e ss  1 0 0  pm .
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S c h e m e  6.1 S M M T /S P E E K  n a n o c o m p o site  p re p a ra tio n

SPEEK
' โ

S t e p  3

ะ)y

SMMT/SPEEK nanocom posite
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2.3 . S tru c tu ra l c h a ra c te r iz a tio n
F o u r ie r  tra n s fo rm  in fra re d  (F T -IR ) sp ec tra  w e re  id e n tif ie d  b y  a  B ru k e r  

E q u in o x  55 . E le m e n ta l a n a ly s is  (E A ) w a s  ca rried  o u t b y  a  T h e rm o  F in n ig a n -C E  
In s tru m en ts  M o d e l F la sh  E A  1112  C H N S  series.

A n  a m o u n t o f  a m in o s ilan e  and 4 -su lfo p h th a lic  a c id  m o d if ie d  o n to  th e  M M T  
lay e rs  d e fin e d  as su b sc r ip t X an d  y in  th e  ten ta tiv e  s tru c tu re  o f  th e  p ro d u c t from  
S ch em e  6.1 (S tep  2 ) w a s  c a lc u la ted  by  th e  fo llo w in g  eq u a tio n s :

N 0 / 0  - 14x  +  1 4y
164x  + 4 5 ( 1 + 392  V

x i o o ( 1 )

ร (% ) = ____________ 32y____________
^164x  +  45(1 — X  — y )  +  3 9 2 y  J X 1 0 0 (2 )

F T -IR  (film , c m '1) fo r  S P E E K : 3 4 0 6  (O H ), 1645 ( C = 0 ) ,  an d  1080  (ร = ๐ ) .
A n a l. C a lcd . fo r S P E E K 3  (-O C 6H 3(S 0 3H )- 0 -C 6H 4 -C O -C 6H 4 -) (% ): c ,  6 1 .6 9 ; H , 
3 .2 6 ; and  ร , 8 .70 . F o u n d  (% ): c ,  62 .27 ; H , 4 .3 1 ; an d  ร , 4 .75 .
A nal. C alcd . fo r  S P E E K 4  (-0 C 6H 3(S 0 3 H )- 0 -C 6H 4 -C 0 -C 6H 4-) (% ): c ,  6 1 .6 9 ; H , 
3 .2 6 ; and  ร , 8 .70 . F o u n d  (% ): c ,  61 .08 ; H , 4 .1 9 ; and  ร , 5 .18 .
A n a l. C a lcd . fo r  S P E E K 5  (-O C 6H 3(S 0 3 H )- 0 -C 6H 4 -C O -C 6H 4 -) (% ): c ,  6 1 .6 9 ; H , 
3 .2 6 ; and  ร , 8 .70 . F o u n d  (% ): c ,  62 .18 ; H , 3 .90 ; an d  ร , 6 .10 .
F T -IR  (K B r, c m '1) fo r  S iM M T : 3625  (free  O H ) an d  3425  (h y d ro g e n -b o n d e d  O H ), 
3 3 0 0  (N H 2), 2 9 3 0  an d  2 8 6 0  (C H 2) and  1632  (N H 2).
F T -IR  (K B r, c m '1) fo r  s  M M T : 3625  (free  O H ) an d  3425  (h y d ro g e n -b o n d e d  O H ), 
3 3 0 0  (N H 2), 3 0 6 7  (= C H  b e n z e n e  ring ), 2 9 3 2  an d  2 865  (C H 2), 1706  ( C = 0  ca rb o x y lic  
a c id ), 1634 ( C = 0  a m id e  I) an d  1559 (N H 2 an d  C -N  am id e  II).
A n a l. C a lcd . fo r  S M M T  ( (S 0 3H )(C 0 0 H )C 6H 3-N H C 0 -(C H 2) 3S i(0 H ) 2 - 0 -M M T ) 
(% ): C , 2 7 .9 5 ; H , 4 .1 6 ; N , 4 .6 6 ; and  ร, 5 .32 . F o u n d  (% ): c ,  9 .5 3 ; H , 2 .6 5 ; N , 2 .3 7 ; 
an d  ร , 1.37.
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2.4 . In te r la y e r  d is tan ce  o f  m o d ifie d  M M T
T h e  in te r la y e r  d is tan ce  o f  M M T  after m o d if ic a tio n  w as c o n firm e d  by  a 

S e ife rt3 0 0 3  X -ray  d if f ra c to m e te r  (40  k v ,  30 raA ) w ith  N i-f ilte re d  C u  K a  ra d ia tio n  
(A,=l.5 4 0 5 6  Â ), fro m  2 °  to  30° 20. F o r 2 °-1 5 ° 29 , th e  sc a n n in g  ra te  w a s  12 ๐/ m in  
w ith  th e  sc a n n in g  s te p  o f  0 .0 2  ๐/ step  w h ereas  fo r  15°-30° 29 , it  w as  0 .3 ° /m in  and  
0 .05 ๐/ รte p  fo r  th e  sc a n n in g  ra te  an d  step , re sp ec tiv e ly .
2 .5 . M e m b ra n e  m o rp h o lo g y

T h e  cro ss se c tio n a l m o rp h o lo g y  o f  the  m e m b ra n e s  w as  o b se rv ed  b y  an  L E O  
1550 V P  scan n in g  e le c tro n  m ic ro sco p e  (S E M ) an d  a m u lti m o d e  sc a n n in g  p ro b e  
V eeco  D ig ita l a to m ic  fo rce  m ic ro sc o p e  (A F M ). T h e  o b se rv a tio n s  w e re  c a rr ie d  o u t in  
a ir  a t a m b ie n t te m p e ra tu re  u s in g  tap p in g  m o d e  p ro b e s  w ith  c o n s ta n t a m p litu d e . T he 
tap p in g  m o d e  e tch ed  p h o sp h o ro u s  (ท) d o p ed  s ilico n  p ro b e  (sq u a re  p y ra m id  sh ap e  w ith  
4 0  N /m  sp rin g  c o n s ta n t, cu rv a tu re  n o m in a l ra d iu s  <  10 n m ) w ith  a re so n a n c e  
fre q u e n c y  — 3 0 0  k H z  w a s  ch o sen . P h ase  im ag es w e re  rec o rd e d  s im u lta n e o u s ly  at th e  
re so n a n c e  f re q u e n c y  o f  th e  c a n tile v e r  w ith  a  scan  ra te  o f  2 H z  an d  re so lu tio n  o f  512 
sam p le s  p e r  line . T h e  sc a n n in g  w as done  a t 3 d iffe re n t p o s itio n s  fo r  e a c h  sam p le .
2 .6 . S ta b ility  o f  th e  m e m b ra n e s  in  w a te r an d  in  m e th a n o l aq u eo u s  so lu tio n

T h e  S P E E K  an d  its co m p o site  m em b ran es  w e re  cu t in to  a  ro u n d -sh a p e  w ith
1.2 cm  m e m b ra n e  d ia m e te r. A ll m em b ran es  w e re  im m ersed  in  1.5 M  m e th a n o l 
aq u eo u s so lu tio n  a n d  in  d is tilled  w a te r  fo r 48  h  a t ro o m  te m p e ra tu re . T he  
m em b ran es  w e re  w ip e d  th o ro u g h ly  b e fo re  m e a su rin g  th e  w eig h t. T h e  d ry  
m em b ran es  w e re  o b ta in e d  fro m  d ry in g  in  v acu u m  fo r  24  h  a t 70  °c. T h e  sw e llin g  
ra tio  w as ev a lu a te d  fro m  th e  w e ig h t d iffe ren ces  b e tw e e n  w e t (W w) an d  d ry  ( พ d) 
m e m b ra n e s  (E q . 3). T h e  lin e a r e x p an s io n  ra te  w as  d e te rm in e d  b y  th e  m e m b ra n e  
d iam e te r b e fo re  (Lo) an d  a fte r  (L i)  so ak in g  in  1.5 M  m e th an o l a q u e o u s  so lu tio n  fo r  1 
hat 65 ๐ c  (E q . 4 ) [21].

S w ellin g  ra tio  (% ) =  -W w W j -  X 1 00 (3)

L in ea r e x p a n s io n  ra te  (% ) =  X 1 00
L q

(4)
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2 .7 . T h e rm a l s ta b ility
T h e rm o g ra v im e tr ic  a n a ly s is  w as ca rried  o u t b y  u s in g  a  T G 2 0 9  N E T Z S C H  

fro m  ro o m  te m p e ra tu re  (25 °C ) to  700 ๐c .  D iffe ren tia l sc a n n in g  ca lo r im e try  w as 
p e rfo rm e d  b y  a D S C 2 0 4  N E T Z S C H  a t th e  te m p e ra tu re  ra n g e  o f  25 ๐c  to  300  ๐c .  
B o th  th e rm a l ev a lu a tio n s  w e re  o p era ted  w ith  th e  h e a tin g  ra te  o f  10 ° c /m in  u n d e r 
n itro g e n  a tm o sp h e re .
2 .8 . M e c h a n ic a l s tab ility

T h e  m e m b ra n e s  w e re  cu t in to  35 m m  X 15 m m . M e c h a n ic a l s ta b ility  o f  th e  
m e m b ra n e  w as  m e a su re d  u s in g  a Z w ick /R o e ll Z 0 2 0 , G e rm a n y  at th e  sp eed  o f  10 
m m /m in .
2 .9 . M e th a n o l p e rm e a b ility

T h e  m e th a n o l p e rm e a b ility  th ro u g h  th e  m e m b ra n e  w as d e te rm in e d  b y  
p e rv a p o ra tio n  m e a su re m e n t [22 ]. In  b rie f, th e  m e m b ra n e s  w e re  im m e rse d  in 1.5 M  
m e th a n o l a q u e o u s  so lu tio n  fo r  24  h  a t ro o m  te m p e ra tu re . T h e  m e a su re m e n ts  w e re  
c a rrie d  o u t a t 55 ° c  u s in g  a  M illip o re  ce ll w ith  47  m m  m e m b ra n e  d ia m e te r. M e th an o l 
aq u eo u s  so lu tio n  (1 .5  M ) w a s  c ircu la ted  in  the  feed  s id e , a t th e  sam e  tim e , it w as  
ev a c u a te d  a t th e  p e rm e a te  s id e . T he p e rm ea ted  v a p o r  w a s  co lle c te d  u n d e r  th e  liq u id  
n itro g e n  e v e ry  s in g le  h o u r. T h e  p e rm ea te  w as w e ig h e d  an d  an a ly z e d  b y  u s in g  a 
H e w le tt P a c k a rd  5 8 9 0 A  g as  ch ro m ato g rap h y . T h e  m e th a n o l p e rm e a b ility  w as  
e s tim a te d  b y  th e  fo llo w in g  e q u a tio n s  b ased  on  th e  to ta l (Jtot) an d  m e th a n o l (JMeOH) 
flu x es .

พ  x Lperm

t x  A (5)

■ ^MeOH =
J  tot x  c  MeOH

1 0 0
(6 )

w h e re  Wperm is th e  w e ig h t o f  p e rm ea te  (g ), t  is th e  p e rm e a tio n  tim e  (m in ) , L, A  an d  
CMeOH are  th e  th ic k n e ss  (m ), su rface  a rea  (m 2) o f  th e  m e m b ra n e , a n d  th e  m e th an o l 
c o n c e n tra tio n  in  th e  p e rm e a te  (w t. % ), re sp ec tiv e ly .
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2 .10 . E le c tro c h e m ic a l p e rfo rm an ce
A ll m e m b ra n e s  (S P E E K , its co m p o site  m e m b ra n e s  a n d  N afion®  117) w ere  

p re tre a te d  b y  im m e rs in g  in  1 M  H 2 S O 4 so lu tio n  fo r v a rio u s  d u ra tio n s  o f  tim e , i.e ., 12, 
24 , 36 a n d  48  h  fo llo w e d  b y  tre a tin g  in  d is tilled  w a te r  fo r 48 h  a t ro o m  te m p e ra tu re .
2 .10 .1 . P ro to n  c o n d u c tiv ity

T h e  p ro to n  co n d u c tiv ity  w as m easu red  by  u s in g  an  IM 6  Z ah n e r E le k trik  and  
ev a lu a te d  b y  an  in -h o u se  e lec tro ch em ica l im p ed an ce  so ftw are . T h e  p ro to n  
c o n d u c tiv itie s  o f  th e  m em b ran es  w ith  an d  w ith o u t a c id  tre a tm e n t w ere  ev a lu a ted . T he 
m e a su re m e n ts  w ere  ca rried  o u t u s in g  a  fo u r-s tack  m e m b ra n e  w ith  a  c u m u la tiv e  
th ic k n e ss  o f  4 0 0  p m  in  th e  fre q u e n c y  ran g e  o f  10-1 o 6 H z  a t 4 0 -1 0 0  ° c  u n d e r 100 %  
re la tiv e  h u m id ity . T h e  re la tiv e  h u m id ity  w as c o n tro lle d  by  a  s e a le d -o f f  s ta in le ss  s teel 
im p e d a n c e  ce ll c o n s is tin g  o f  tw o  cy lin d rica l c o m p artm en ts  c o n n e c te d  b y  a  tube . O ne 
c o m p a r tm e n t w as  f ille d  w ith  w a te r  w h ile  th e  o th e r w as  fix ed  w ith  th e  m em b ran e . T h e  
p ro to n  c o n d u c tiv ity  w a s  o b ta in ed  by  th e  im p ed an ce  v a lu e  a t p h a se  an g le  ze ro  [23],
2 .1 0 .2 . M e m b ra n e  e le c tro d e  a sse m b ly  (M E A ) fa b ric a tio n  an d  D M F C  s in g le  ce ll te s t

T h e  m e m b ra n e s  w ere  p re tre a te d  in  1.5 M  m e th an o l a q u e o u s  so lu tio n  a t 65 ° c  
fo r  1 h  an d  in  d is tille d  w a te r a t th e  sam e tem p e ra tu re  fo r 30  m in . T h e  m em b ra n e  
e lec tro d e  a s se m b lie s  (M E A s) w e re  p rep a red  by  h o t p re ss in g , w ith o u t an y  ad d itio n a l 
o p tim iz a tio n s . T he p re tre a ted  m em b ra n e  w as c o m p ressed  in  b e tw e e n  th e  tw o  E -T E K  
e lec tro d es  (5 0  m m  X 50  m m ) a t 80  ° c  fo r 30 sec  fo llo w ed  b y  u n d e r th e  p re ssu re  (2 
to n s) at 80  ๐c  fo r 30  sec. T h e  a n o d e  and  ca thode  e lec tro d es  w e re  lo ad ed  o n  a V u lc a n  
X C -7 2  w ith  3 .0  m g /c m 2 o f  60  %  P t:R u  a lloy  (1 :1 ) an d  4 .0  m g /c m 2 o f  100 %  P t b lack , 
re sp e c tiv e ly . T h e  m em b ra n e  p e rfo rm a n c e  w as ev a lu a te d  in  a  d ire c t m e th an o l fuel cell 
te s t s ta tio n  w ith  c a th o d e  gas f lo w  u n it from  an  E le c tro c h em , Inc. (C o m p u C e ll-G T ) 
an d  a n o d e  f lo w  c o n tro lle r  from  B ro n k h o rs t H I-T E C . T h e  feed  c o n c e n tra tio n  at an o d e  
w a s  f ix e d  a t 1.5 M  m e th a n o l aq u eo u s  so lu tio n  w ith  th e  f lo w  ra te  o f  5 m l/m in . T he 
fre sh  a ir  p re ssu re  a t ca th o d e  w as 2 b a rs  at o p e ra tin g  te m p e ra tu re  o f  60  ° c .  A n  
A d v an ce  O p t im a -U ra s l4  ca rb o n  d io x id e  senso r co n n e c te d  to  a n  E asy  L in e -IR  d e te c to r 
co n s tru c te d  b y  A B B  A u to m a tio n  P ro d u c ts  (G erm an y ) w as m o u n te d  a t th e  ca th o d e  to  
e s tim a te  th e  m e th a n o l c ro sso v e r d u rin g  th e  m easu rem en t. T h e  m e th a n o l p e rm e a b ility  
a t a c o n s ta n t cu rren t o f  1 A  w as c a lc u la ted  as th e  fo llo w in g  eq u a tio n :
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p - v ! T x a S oo <7)

w h e re  p  is th e  m e th a n o l p e rm e a b ility  (m o l m in ' 1 c m '2), Feat is  th e  a ir  f lo w  ra te  at 
ca th o d e  (L  m in '1), C c 02  is th e  C O 2 co n cen tra tio n  (%  (v /v )), V stp  is th e  m o la r  v o lu m e  
o f  gas at S T P  (2 2 .4  L  m o l '1) an d  A  is th e  m em b ra n e  su rface  a re a  (25 c m 2).

3 . R esu lts  a n d  D isc u ss io n
3 .1 . S u lfo n a tio n  o f  P E E K  and  M M T
3 .1 .1 . S u lfo n a te d  P E E K  (S P E E K )

F ig u re  6.1 (a ) sh o w s th e  c h a rac te ris tic  p eak s  o f  P E E K , i.e ., c = 0  (1658  c m ' 
’), = C H  (1 5 9 9  an d  1493  c m '1) an d  C -O -C  (1 2 2 4  c m '1). A fte r  tre a tin g  w ith  su lfu ric  
a c id , th e  p ro d u c t o b ta in e d , S P E E K , show s th e  O H  p eak s  a t 3 4 0 6  cm ’1, c = 0  p eak  at 
1645 c m ' 1 an d  s = 0  p e a k  at 1080  c m ' 1 (F ig u re  6.1 (b )). T h is  c o n firm s  th e  su ccessfu l 
su lfo n a tio n  o f  P E E K  p o ly m e r b ack b o n e .

W a v e n u m b e r  ( c m '1)

F ig u r e  6.1 F T -IR  sp ec tra  o f  P E E K  (a) an d  S P E E K  (b).

T h e  d e g re e  o f  su lfo n a tio n  o f  S P E E K  w as d e te rm in e d  b y  e s tim a tin g  th e  
su lfu r /c a rb o n  ra tio  o b ta in e d  fro m  e lem en ta l an a ly s is  re su lts  [24], T a b le  6.1 sh o w s 
th a t  the  d eg re e  o f  su lfo n a tio n  (D S ) in c rea se s  w ith  re a c tio n  tim e . A c c o rd in g  to  the
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fac t th a t th e  m o re  D S  th e  h ig h e r  p ro to n  co n d u c tiv ity , h en ce , i t  c a n  be  e x p e c te d  th a t 
th e  m o s t fav o ra b le  p o ly m e r  fo r p ro to n  ex ch an g e  m em b ran e  (P E M ) is  S P E E K 5 . 
T ab le  6.1 a lso  sh o w s  th e  so lu b ility  o f  S P E E K 5 su g g ests  th e  in s ta b ility  o f  th is  
p o ly m e r in  th e  D M F C  re q u ire d  co n d itio n  co n s id e rin g  th e  s ta b ility  in  m e th an o l 
aq u eo u s so lu tio n  as  w e ll as th e  D S  v a lu e , S P E E K 4  is  co n s id e red  to  b e  a  p re fe rab le  
m em b ran e .

T a b le  6 .1  D eg re e  o f  su lfo n a tio n  (D S ) an d  so lu b ility  b eh a v io r in  1.5 M  m e th an o l 
aq u eo u s so lu tio n  a t 50  ° c  o f  S P E E K

P o ly m e r
R e a c tio n
te m p e ra tu re(°C)

R e a c tio n  
tim e  (h) D S (% ) S o lu b ility

b eh av io r

S P E E K 3 50 3 54.5 -
S P E E K 4 50 4 60 .6 -
S P E E K 5 50 5 70.1 +

(+ ) so lu b le ; (-) in so lu b le .

3 .1 .2 . S u lfo n a te d  M M T  (S M M T )
A fte r  th e  M M T  su sp e n s io n  w as trea ted  w ith  h y d ro ly z e d  y -A P S  to  o b ta in  

SiM M -T, th e  n e w  p e a k s  o f  free  an d  h y d ro g e n -b o n d e d  O H  g ro u p s  (3 6 2 5  an d  3425  
c m '1), N H 2 (3 3 0 0  c m '1) an d  C H 2 (2 9 3 2  an d  2865  c m '1) are id e n tif ie d  (F ig u re  6 .2  (a) 
an d  (b)). T h is  c o n firm s  th e  s ily la tio n  o f  y -A P S  o n to  M M T  lay e rs  (S te p  1, S ch em e  
6 .1). F ig u re  6 .2  (c) sh o w s  th e  c h a ra c te ris tic  p eak s o f  4 -su lfo p h th a lic  a c id  o f  0 0  a t 
1706 c m ' 1 an d  = C H  o f  b en zen e  rin g  at 1600 and  1570  c m '1. W h en  S iM M T  w as 
fu rth e r re a c te d  w ith  4 -su lfo p h th a lic  ac id , th e  p ro d u c t o b ta in ed  (S M M T ) sh o w s the  
p eak s  a t 1706  c m ' 1 ( C = 0  ac id ), 1634 c m ' 1 (C = 0  am id e  I) an d  1559  c m ' 1 (am id e  II) 
w ith  o th e r  c h a ra c te r is tic  p e a k s  s im ila r  to  th o se  o f  S iM M T  (F ig u re  6 .2  (d )). T h is  
assu res th e  p re se n c e  o f  4 -su lfo p h th a lic  acid  o n  th e  M M T  lay e rs  v ia  ch em ica l 
b o n d in g  w ith  S iM M T  (S tep  2 , S ch em e  6 .1 ). M o reo v e r, th e  a m o u n t o f  a m in o s ila n e  
an d  4 -su lfo p h th a lic  a c id  d e v e lo p e d  o n to  M M T  lay ers  w as q u a n tita tiv e ly  an a ly z e d  by  
e lem en ta l a n a ly s is  b a se d  o n  th e  c o n te n t X and  y o f  S M M T  as sh o w n  in  S ch em e  6.1
[25], F ro m  E A  re su lts , th e  p e rc e n ta g e s  o f  N  and ร w e re  2 .72  an d  1 .37, re sp e c tiv e ly .
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The X and y indicated in Scheme 6.1 were calculated (Eq. (1) and (2)) to obtain 0.1
and 0.03, respectively. This means that the OH groups on the MMT layers for 10 %
and 3 % for silylated and sulfonated, respectively.

Wavenumber (cm'1)

Figure 6.2 FTIR spectra of MMT (a), SiMMT (b), 4-sulfophthalic acid (c) and 
SMMT (d).

3.2. Interlayer distance of modified MMT
The interlayer distance of MMT was evaluated by XRD. The pristine 

MMT presents the diffraction peak of the basal spacing (Wool) at 7.29° 20 or d=12.1 
Â (Figure 6.3 (a)). After the MMT was silylated, the diffraction peak (c/ooi) is 
shifted to the lower 20 angle at 4.29° 20, d=20.6 Â (Figure 6.3 (b)). This suggests 
that the aminosilane was intercalated into the MMT layers. When 4-sulfophthalic 
acid was introduced into SiMMT to obtain SMMT, the diffraction peak (dooi) 
appears at the lower 20 angle, i.e., 3.53° 20, d=25 Â (Figure 6.3 (c)). As the results 
are relevant to those of FTIR spectra (Figure 6.2), we propose the structure of 
SMMT as in Scheme 6.1.
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F ig u re  6.3 X-ray diffraction patterns of MMT (a), SiMMT (b) and SMMT (c).

3.3. Membrane morphology
The microscale morphology and the layer silicate filler (SMMT) dispersion 

on the composite membranes were observed via the cross-sectional images obtained 
from SEM. Figure 6.4 (a) shows the smooth cross sectional area of the SPEEK 
membrane. When the SMMT is incorporated into the SPEEK polymer matrix, the 
filler aggregation is observed (Figure 6.4 (b)-(d)). The SMMT aggregation was 
found to increase as the loading content increased.
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F ig u re  6 .4  SEM cross-sectional images of SPEEK (a) and its composite membranes 
containing 1 wt. % (b), 3 wt. % (c) and 5 wt. % (d) of SMMT.

In order to further investigate the morphology and the filler dispersion of 
the composite membranes in nanolevel, the observation by atomic force microscopy 
(AFM) was carried out. As mechanical properties, such as hardness and modulus, 
of the hard inorganic and soft polymeric domains in the composite membranes are 
quite different, we traced those domains by force differences in the tapping mode. 
The bright and dark regions in the images obtained from the phase contrast mode 
reflect the differences in domain hardness. Figure 6.5 shows that the nanoclay 
layers (SMMT) disperse in the SPEEK polymer matrix as seen in the bright region 
on the smooth dark region. From Figure 6.5 (a)-(b), the size of the bright domains 
increases with the SMMT loading content. This implies the increase in SMMT 
loading content leads to an increase in inorganic aggregation. This result is relevant 
to those of SEM images.
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(b)

F ig u re  6 .5  AFM images (phase contrast mode) of the SPEEK composite membranes 
containing 3 wt. % (a) and 5 wt. % (b) of SMMT.

3.4. Swelling behavior in water and in methanol aqueous solution
The membrane stability based on the swelling ratio in water and in 

methanol aqueous solution at room temperature of SPEEK and its composite 
membranes were studied. Table 6.2 shows that when SMMT loading content 
increases from 0 to 5 wt.%, the swelling ratio at room temperature in water and in 
methanol aqueous solution decrease from 28 to 10 % and 30 to 22 %, respectively. 
The decrease of swelling ratio of the membranes might be due to the significantly
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silicate-layered aggregation as a consequence of the increase in SMMT loading 
content as could be observed by SEM and AFM images (section 3.3). This 
inorganic aggregation results in the weakening of hydrogen bond between water or 
methanol molecules and the hydrophilic groups (OH and NH2) on the SMMT layers. 
Besides, it also might be due to the fact that the clay layers embedded fix the 
polymer chain movement resulting in tightly chain packing as observed from the 
increase in Tg with the SMMT loading content and the decrease in membrane 
capacity for water.
3.5. Thermal and mechanical stabilities

The thermal stability of the composite membranes based on the degradation 
(7d) and glass transition (Tg) temperatures was evaluated. Table 6.2 shows that the 
SPEEK and its composite membranes have two degradations steps. Based on the 
reports of Li et al. [14] and Vetter et al. [24], we interpreted that one at 311-327 °c 
(7di) might attribute to the decomposition of sulfonic acid groups of SPEEK 
whereas the other at 462-466 °c (7d2) might from the main polymer chain (Table 
6.2). The composite membranes show the higher degradation temperature than that 
of SPEEK. For Tg, the SPEEK membrane shows at 149 ๐c  while that of composite 
membranes are in the range of 176-182 °c (Table 6.2). Moreover, the mechanical 
stability of the membranes was evaluated via the measurement of the strength at 
break, which increases from 38.6 to 51.2 MPa when the SMMT loading content are 
0-3 wt. % and remarkably decreases to 23.6 MPa at 5 wt. % SMMT (Table 6.2). 
The decrease in mechanical stabilities of 5 wt. % SMMT/SPEEK composite 
membranes might be due to the significant aggregation of SMMT layered silicate as 
revealed in SEM and AFM images (section 3.3). The more aggregation leads to the 
lower organic (SPEEK)-inorganic (SMMT) interaction resulting in the fact that the 
SMMT works as the defect rather than the helpful filler. As corresponding to the 
composite membranes of Nafion/MMT reported by Jung et al. [26], the thermal and 
mechanical resistant of those composite membranes decreased when the MMT 
loading content were 5 and 7 wt. % comparing to those with 3 wt. %. However, it 
should be noted that the thermal stability (7d and Tg) is not improved significantly, 
i.e., only some small numbers of degree Celsius increasing are observed with the
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increase in SMMT loading content 0-3 wt. % although the mechanical strength is 
increased remarkably.

Table 6.2 Swelling ratio at room temperature (25 °C), degradation (7d) and glass 
transition ( 7g) temperatures and strength at break (Gy) of the SPEEK membrane 
containing the different SMMT loading contents

SMMT
content
(wt.%)

Swelling ratio at 25 °c (%) . 7d,
(°C)

Td2
(๐๑ C Q (MPa)Water 1.5 M methanol 

aqueous solution
0 28 30 312 463 149 38.6
1 15 24 323 466 178 44.7
3 13 23 327 466 182 51.2
5 10 22 326 464 176 23.6

3.6. Methanol permeability
One of the most important factors influencing the performance of DMFC 

system is the methanol permeability of the membrane. The methanol-water 
pervaporation tests at 55 °c were performed to estimate the methanol permeability 
in term of methanol flux (JMeOH)- The methanol flux of SPEEK is 3.8xlO' 10 kg ร'1 
m' 1 while those of the composite membranes are decreased to 2.8x1 O'10, 2.5x1 O' 10 

and 1.8xlO"10 kg ร’ 1 m'1 for 1, 3 and 5 wt.% of SMMT loading content, respectively 
(Figure 6 .6). In other words, the methanol flux of the membranes is decreased with 
the SMMT loading content. The composite membrane with 5 wt. % of SMMT 
performs a significant reduction of the methanol permeability (more than 50 %). 
This might be due to the role of the clay in preventing the methanol through the 
membrane as in the case reported by Chang et al. [7], For comparative information, 
the methanol permeability of Nafion® 117 membrane was also studied. The 
methanol flux of Nafion® 117 membrane was in the range of two orders of 
magnitude higher than that of SPEEK, i.e., the methanol flux of Nafion® 117 
membrane was 1.2X10’8 kg ร' 1 m’!. The relative high methanol permeability of 
Nafion® 117 membrane as compared to SPEEK membrane might be possibly due to
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the wide channels for methanol permeability based on the incontinuous phases 
between hydrophilic and hydrophobic part in Nafion® 117 membrane [27].

F ig u r e  6.6 Methanol flux of the SPEEK membranes containing the different SMMT 
loading content.

3.7. Electrochemical properties 
3.7.1. Proton conductivity

The electrochemical property based on the ability to conduct proton of the 
membrane was studied by using AC impedance spectroscopy with various 
frequencies (10-106 Hz) and temperatures (40-100 °C). Figure 6.7 shows an 
increase in the proton conductivity with the temperature for all membranes. 
Nafion® 117 membrane exhibits the highest proton conductivity at all temperatures, 
for example 120 mS cnf'at 100 ๐ c. The proton conductivity at 100 °c of SPEEK is 
90 mS cm' 1 while those of the composite membranes containing 1, 3 and 5 wt.% of 
SMMT are 105, 100 and 30 mS cm'1, respectively. The higher proton conductivity 
of the composite membranes containing 1 and 3 wt. % of SMMT as compared to 
that of SPEEK might result from the better ability to retain water (proton carrier) at 
high temperature (10 0  ๐C) due to the hydrogen bond with the hydrophilic groups of 
the composite membrane (OH, NH2 and SO3H) even though the swelling ratio at
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room temperature of the composite membranes are lower than that of SPEEK as 
mentioned in section 3.4. Elowever, the proton conductivity (at 100 ๐C) of the 
composite membrane is gradually declined when the SMMT loading content reaches 
5 wt. %. The aggregation of SMMT as shown in SEM and AFM images (section
3.3) might hinder proton transferring in the membrane as reported by Gaowen et al.
[4] and Kim et al. [8]. Elere, it should be noted that the proton conductivity of the 
composite membranes could be improved when the MMT layers were sulfonated.

F ig u re  6 .7  Proton conductivity of Nafion® 117 ( ♦  ), SPEEK (+), and the SPEEK 
composite membranes containing SMMT (filled symbol) and MMT (blank symbol) 
for 1 wt. % (• ) , 3 wt. % (A) and 5 wt. % (■ ).

3.7.2. DMFC single cell performance
In order to obtain the best performance in DMFC system, the acid 

treatment with 1 M H2SO4 at room temperature was performed for various durations 
of time, i.e., 12, 24, 36 and 48 h. For SPEEK composite membranes, this treatment 
ensures us that the original Na+ ions in the MMT layers were replaced with acidic 
protons and inconsequence, the proton conductivity can be improved by increasing
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the sulfonation degree. However, at the same time the mechanical stability of the 
membrane of the membrane electrode assemblies (MEA) used in the DMFC test has 
to be concerned. Before the DMFC single cell is assembled, the MEAs have to be 
checked if both electrodes are contacted each other, which implies the break of the 
membrane in between, showing zero MEA resistant. The membrane stability after 
acid treatment evaluated by the ability to prepare membrane electrode assembly 
(MEA) without any defect was also quantitatively determined by the linear 
expansion rate. Table 6.3 shows that the linear expansion rate of the membranes 
increases with the acid treatment time. Based on the preliminarily experiments, it 
was found that the MEAs could not be done when the linear expansion rate more 
than 100 %. Therefore, the acid treatments for 12, 24, 36 and 48 h were performed 
on SPEEK and the composite membranes containing 1, 3 and 5 wt.% of SMMT, 
respectively, denoted as SPEEK (12 h), 1 wt.% (24 h), 3 wt.% (36 h) and 5 wt.% (48 
h), respectively. For Nafion® 117 membrane, the acid treatment for 48 h showing 
the stability with the linear expansion rate of 48 % was chosen and defined as 
Nafion® (48 h).

Table 6.3 Linear expansion rate in 1.5 M methanol aqueous solution at 65 °c of the 
acid-treated membranes

Acid 
treatment 
time (h)

Linear expansion rate (%) of the SPEEK membrane 
with various SMMT loading contents (wt. %)

0 1 3 5
12 67 17 8 8
24 105 42 33 17
36 139 100 43 17
48 233 150 117 25

Figure 6.8 shows that the current density generated from the MEAs of 
Nafion® 117 (48 h), SPEEK (12 h), 1 wt.% (24 h), 3 wt.% (36 h) and 5 wt.% (48 h) 
membranes at the constant voltage of 0.2 V are 51, 76, 103, 96 and 94 mA cm’2, 
respectively with the maximum power density of 10, 15, 21, 19 and 18 mW cm'2,
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respectively. The acid-treated composite membranes present the significant DMFC 
performance compared to that of SPEEK and Nafion® 117 (48 h) membrane at the 
same DMFC test condition; however, the performance of the acid-treated composite 
membranes is decreased with the SMMT loading content.

าว01
Q.
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F ig u r e  6 .8  Current density-voltage (filled symbol) and power density curves (blank 
symbol) of the DMFC single test cell at 60 °c of Nafion® 117 (48 h) (# ) , SPEEK 
(12 h) ( ■ ) and the composite membranes of 1 wt.% (24 h) (♦ ), 3 wt. % (36 h) (A  ) 
and 5 wt. % (48 h) (•) .

Since the DMFC performance dépendes not only on the proton 
conductivity but also on the ability to prevent the methanol permeability of the 
membranes, the proton conductivity at 60 °c (operating temperature of the DMFC 
single cell test) and the methanol permeability at the constant current of 1 A 
estimated from the CO2 concentration at the cathode were considered. It was 
assumed that all CO2 at the cathode was from the total conversion of methanol 
crossing through the membranes. Here, the membrane selectivity defined as the 
ratio of proton conductivity at 60 °c (o) to the methanol permeability (P). The 
higher membrane selectivity results in the better membrane performance [19]. From
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Figure 6.9, the selectivity of all acid-treated composite membranes is higher than 
that of Nation® 117 (48 h) and SPEEK (12 h) membranes. The acid-treated 
composite membrane of 1 wt.% (24 h) presents the best selectivity while those of 
the 3 wt.% (36 h) and 5 wt.% (48 h) composite membranes give the same level of 
selectivity relevant to the DMFC single cell results (current density-voltage and 
power density).

7.2

117 (48 h) (12 h) (24 h) (36 h) (48 h)
Membranes

F ig u r e  6 .9  Membrane selectivity (the ratio of the proton conductivity (60 ๐C) to the 
methanol permeability) of the membranes.

4. C o n c lu s io n s
(3-Aminopropyl)triethoxysilane was used as a coupling agent to 

immobilize 4-sulfophthalic acid onto montmorillonite (MMT) layers to obtained 
sulfonated MMT (SMMT). The functionalization of 4-Sulfophthalic acid was 
expected to improve the proton conductivity of the composite membrane based on 
its structure consisting of a sulfonic acid group. The composite membrane was 
obtained from casting the hybrid solution of SMMT/SPEEK. The inorganic 
aggregation in the polymer matrix increased with SMMT loading content was
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observed by SEM and AFM, respectively. The stability in water and in methanol 
aqueous solution as well as the mechanical stability was enhanced with SMMT 
loading content whereas thermal stability improvement did not exist significantly.
The methanol permeability was more than 50 % reduction when the SMMT loading 
content reached 5 wt. %. The comparative study confirmed that the proton 
conductivity was improved with sulfonation of MMT. The composite membranes 
showed the significant performance for DMFC test cell as compared to pristine 
SPEEK and Nafion® 117 membranes.
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