
K R Y T O X -M O N T M O R IL L O N IT E -N A F IO N ®  N A N O C O M P O S IT E  
M E M B R A N E  F O R  E F F E C T IV E  M E T H A N O L  C R O S S O V E R  R E D U C T IO N

IN  D M F C s

A b str a c t
N ation®  an d  M o n tm o rillo n ite  (M M T ) fu n c tio n a liz e d  w ith  K ry to x  

n a n o c o m p o s ite  m e m b ra n e  (K ry to x -M M T -N afio n ® ) is p ro p o se d  fo r D M F C  
ap p lica tio n s . T h e  n a n o c o m p o s ite  is  o b ta in e d  w ith  g ood  c o m p a tib ility  b e tw e e n  M M T  
an d  N afion®  v ia  th e  fu n c tio n  o f  N afion® -like  p o ly m e r c h a in  n a m e ly  K ry to x  157 F SL . 
T h e  M M T  lay e rs  a re  e x fo lia te d  w ith  N afion®  p o ly m e r m a tr ic e s  and  sh o w  
h o m o g e n e ity  as  c o n firm e d  by  X R D  an d  S E M . T he A F M  m ic ro g ra p h s  c la rify  th e  
su ccessfu l M M T  c lay  d isp e rs io n  a ll o v e r th e  n a n o c o m p o s ite  m em b ran e . T he  
th e rm o g ra v im e tr ic  a n a ly s is  ex h ib its  th e  im p ro v em en t in  w a te r  re te n tio n  and  th e rm al 
re s is tan ce  as c o m p a re d  to  N afion®  m em b ran e . T he m e m b ra n e s  p e rfo rm  fo r m o re  
th a n  50  %  re d u c tio n  in  th e  p e rm e a tio n  o f  m eth an o l in  10 % (v /v ) so lu tio n  at e ith e r 
ro o m  te m p e ra tu re  o r as h ig h  as 60  ° c .  T h e  A rrh en iu s  p lo t su g g e s ts  th e  lo w er 
ac tiv a tio n  e n e rg y  fo r  p ro to n  m ig ra tio n  in  th e  K ry to x -M M T -N afio n ®  m e m b ra n e s  th an  
in  th e  N afion®  m e m b ra n e  u n d e r  G ro tth u s  m ech an ism .

K ey w o rd s: N afion® ; M o n tm o rilln ite ; C o m p o site  m e m b ra n e ; L o w  m e th an o l 
c ro sso v e r; D M F C s

1. In tro d u c tio n
D ire c t m e th a n o l fu e l c e lls  (D M F C s) have  re c e iv e d  m u c h  a tten tio n  as an  

a lte rn a tiv e  e n e rg y  re so u rc e  fo r w id e  ap p lica tio n s  e sp e c ia lly  fo r  p o rta b le  p o w e r 
so u rce s  s in c e  its  liq u id -fu e lle d  sy s tem  is an  e a sy  m a n ip u la tio n  an d  lo w  
e n v iro n m e n ta l im p ac t. M o re o v e r , th e y  p ro m ise  h ig h  e n e rg y  e ff ic ie n c y  b e c a u se  o f  no  
p o w e r  c o n su m p tio n  fo r fu e l re fo rm in g  an d  gas tre a tm e n t p ro c e sse s  [1-4], A lth o u g h  
D M F C s a c c o m p lish  se v e ra l b en e fits , th e ir  e ffic ien cy  is su b s ta n tia lly  a ffec ted  b y  tw o  
te c h n ic a l p ro b le m s . O n e  is  th e  lo w  ca ta ly tic  ac tiv ity  fo r  m e th a n o l o x id a tio n  at anode . 
T h e  o th e r is th e  m e th a n o l c ro sso v e r  th ro u g h  e le c tro ly te  m e m b ra n e  g en e ra tin g  a
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m ix e d  p o te n tia l a t c a th o d e  and  c a u s in g  to  a lo w e r o v e ra ll v o lta g e  p e rfo rm a n c e  as 
w e ll as lo ss  o f  fu e l [5].

A  p e r f lu o ro su lfo n ic  acid  m em b ran e  (P F S A ), su ch  as N afion®  m e m b ra n e  is 
w e ll k n o w n  as a  c o n v e n tio n a l p ro to n  ex ch an g e  m e m b ra n e  in  D M F C  sy s te m  d u e  to  
its  e le c tro -c h e m ic a l, m ech an ica l a n d  th e rm al s tab ility  to g e th e r  w ith  h ig h  p ro to n  
c o n d u c tiv ity  [6 ], H o w e v e r , it c a n n o t fu lfill th e  re q u ire m e n t to  b e  an  e ffe c tiv e  b a rrie r  
fo r  m e th a n o l p e rm e a tio n . F o r in s tan ce , th e re  is a lm o st 40  %  o f  m e th a n o l fu e l loss 
ac ro ss  P F S A  m e m b ra n e  ev en  a t lo w  m e th an o l c o n c e n tra tio n  [7],

T h e re fo re , m a n y  re sea rch  e ffo rts  a re  m a in ly  fo c u se d  o n  th e  m e m b ra n e  
d e v e lo p m e n t to  re d u c e  m e th a n o l c ro sso v e r w ith  fav o rab le  p ro to n  c o n d u c tiv ity  [8 - 1 0 ], 
O w n in g  to  th e  e x c e lle n t p ro to n  co n d u c tiv ity  o f  N afion®  m e m b ra n e , a  n u m b e r  o f  
s tu d ie s  h av e  a im e d  to  re d u c e  its  m e th an o l p e rm e a b ility  v ia  th e  co m p o site  sy s tem  by  
in c o rp o ra tin g  in o rg a n ic  h y b rid  m a te ria ls , su ch  as  o rg an o s ilic a te  [2 , 15, 16], titan iu m  
o x id e  [4, 17], c a lc iu m  h y d ro x y p h o sp h a te  an d  ca lc iu m  p h o sp h a te  [6 , 13 ], s ilico n  
o x id e  e ith e r w ith  o r  w ith o u t m o d ific a tio n  [ 1 1 , 1 2 ] and  z irc o n iu m /tita n iu m  p h o sp h a te
[14] in to  N afion®  b y  m e a n s  of: (i) a d d itiv e -d isp e rse d  so lu tio n  c a s tin g  [6 , 13, 16, 18]; 
(ii) so l-g e l re a c tio n  [3 , 15]; (iii) sp in -co a tin g  [17]; an d  (iv ) p la sm a  d e p o s itio n  [2]. 
A m o n g  sev e ra l in o rg a n ic  h y b rid  m a te ria ls , m o n tm o rillo n ite  (M M T ) is a c c e p te d  as an  
e x c e lle n t b a rr ie r  fo r  th e  p e rm e a tio n  o f  sm all m o le c u le s  [19]. It is re p o rte d  th a t on ly  
5 w t.%  o f  M M T  in c o rp o ra te d  in to  th e  p o ly m e r m em b ra n e  co n trib u te s  th e  re d u c tio n  
o f  m e th a n o l c ro s so v e r  a s  h ig h  as 4 0  % [5]. Ju n g  et al. [9] p re p a re d  th e  c o m p o s ite  
m e m b ra n e s  o f  N a fio n ® /M M T  and  N afio n ® /d o d ecy lam in e -m o d ified  M M T  (m -M M T ) 
b y  d ire c t m e lt  in je c tio n . T h e  m e th a n o l c ro sso v e r v a lu e s  o f  th e  c o m p o s ite  m e m b ra n e s  
w ere  lo w e r th a n  th a t  o f  p ris tin e  N afion®  m em b ran e  and  d e c re a sed  w ith  th e  in c reases  
o f  M M T  a n d  m -M M T  lo ad in g  co n ten t. H o w e v e r, th e  re d u c tio n  o f  m e th an o l 
p e rm e a b ility  fo r  b o th  co m p o site  m em b ran es  o f  N afion®  w ith  e ith e r  M M T  o r m - 
M M T  w as s im ila r . T h is  m ig h t be  d u e  to  th e  p o o r  d isp e rs io n  o f  M M T  in  th e  N afion®  
p o ly m e r m a tr ic e s  e v e n  th o u g h  it w a s  m o d ified  w ith  o rg an ic  salt. It can  b e  ex p ec ted  
th a t th e  e x fo lia te d  N afio n ® -M M T  n a n o c o m p o s ite  is a n o th e r c h a lle n g e  to  im p ro v e  the  
m e th a n o l c ro sso v e r  re d u c tio n . S o n g  et al. [8 ] re p o rte d  th a t th e  s ta c k e d -sh e e ted  
s tru c tu re  o f  th e  c la y  e ffe c tiv e ly  p ro v id es  h ig h  b a rr ie r  p ro p e rty  as w ell as  th e rm a l 
s ta b ility  w h en  th e  g a lle ry  o f  c la y  w as e x fo lia te d  in  th e  p o ly m e r  m a tr ic e s  as
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ev id e n c e d  fro m  th e  N afion®  an d  o rg a n ic a lly  tre a te d  M M T  c la y s  (C lo s ite  10A ) 
so lu tio n  c a s te d  m e m b ra n e s . B a se d  o n  th e  n a n o c la y  e x fo lia tio n , th e  to r tu o s ity  
p ro v id in g  a  lo n g e r  d iffu s iv e  p a th  fo r  p e rm e a tin g  m o le c u le s  c a u se s  th e  re d u c tio n  in  
p e rm e a b ility  [2 0 ].

In  th e  p re v io u s  s tu d y  [21], w e o p tim ized  th e  h o m o g e n e o u s  N afio n ® /silica  
c o m p o s ite  m em b ran e . B a se d  o n  a “ lik e -d is so lv e s - lik e ” c o n cep t, n a n o p a rtic u la te d  
s ilic a  ( fu m e d  silica ) w a s  fu n c tio n a liz e d  w ith  a  ty p e  o f  f lu o ro c a rb o n  p o ly m e r, i.e ., 
K ry to x  157 F S L  (c a rb o x y lic  a c id  te rm in a te d  p e rf lu o ro p o ly e th e r , S c h e m e  5 .1 ), an d  
b le n d e d  w ith  N afion®  so lu tio n  to  o b ta in  th e  m isc ib ility  o f  s ilic a  a n d  N afion®  
p ro v id e d  fro m  th e  s im ila r  s tru c tu re  b e tw e e n  K ry to x  and  N afion® . O u r re su lts , 
e sp e c ia lly  th e  g o o d  s i l ic a  p a rtic le  d isp e rs io n  on  N afion®  p o ly m e r  m a tr ic e s  w ith  an  
in c re a se  in  th e rm a l s ta b il i ty  as w e ll as  an  im p ro v e m e n t o f  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  b r in g s  u s th e  n e x t s tep  o f  th e  w o rk . H e re , w e  p ro p o se  th e  
m o d if ic a tio n  o f  s ilica te  la y e re d  M M T  w ith  K ry to x  u s in g  th e  s ilan e  c o u p lin g  a g e n t to  
e x p e c t fo r  th e  e x fo lia te d  n a n o c o m p o s ite  s tru c tu red  m e m b ra n e . T h e  p re se n t a rtic le  
sh o w s th e  s te p s  o f  K ry to x -M M T -N afio n ®  m e m b ra n e  p re p a ra tio n , th e  s tru c tu ra l 
c h a ra c te r iz a tio n , m o rp h o lo g y , m e th a n o l p e rm e a b ility , th e rm a l s ta b ility , w a te r  
u p ta k in g  in c lu d in g  th e  p ro to n  c o n d u c tiv ity  to  c la rify  h o w  e x fo lia te d  n a n o c o m p o s ite  
in d u ces  an  e ffe c tiv e  m e th a n o l c ro sso v e r  re d u c tio n  sy stem .

2. E x p e r im e n ta l
2 .1 . M a te r ia ls

A  5 w t.%  N afion®  so lu tio n  in  a lip h a tic  a lco h o l w as  p u rc h a se d  fro m  A ld ric h , 
G e rm an y . (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  fro m  F lu k a , S w itz e r la n d . 
K ry to x  157 F S L  (c a rb o x y lic  ac id  te rm in a te d  p e rf lu o ro p o ly e th e r)  w a s  p u rc h a se d  fro m  
D u P o n t, U S A . A  w a te r  c o n ju g a tin g  ag en 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 id e  98 % , w a s  p u rc h a se d  fro m  A c ro s , B e lg iu m . 
D im e th y la c e ta m id e  w a s  b o u g h t fro m  M erck  K G a A , G e rm a n 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 is ite  N a + w as  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 ere  u se d  w ith o u t fu r th e r  p u rif ic a tio n .
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2 .2 . P re p a ra tio n  o f  K ry to x -M M T -N afio n ®  c o m p o site  m em b ran e
N a +-m o n tm o rillo n ite  (M M T ) (1 .0 0 6 2  g) w a s  h o m o g e n e o u s ly  d isp e rsed  in to  

75 %  e th a n o l so lu tio n  (2 0 0  m l) u n d e r v ig o ro u s  s tirr in g  fo r 2 h. T h e  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 , 1 (0 .6  m l), p rep a red  as  sh o w n  in  S tep  1, w as  ad d ed  in to  
th e  M M T -e th a n o l su sp e n s io n . T h e  m ix tu re  w as re f lu x e d  a t 80 ๐c  fo r 24  h , f ilte re d  
an d  w a sh e d  sev e ra l tim es  w ith  d is tilled  w a te r  to  o b ta in  a m in o s ila n e -fu n c tio n a liz e d  
M M T , 2 (S te p  2). C o m p o u n d  2 w as s tirred  w ith  w s c  (0 .7 8 5 2  g, 4 .0 9 6 3 x l0 ‘3 m o l)  
in  250  m l o f  75 %  e th an o l so lu tio n  at ro o m  te m p e ra tu re  fo r 6  h. K ry to x  157 F S L  
(6 .8 2 7  g, 2 .7 3 0 8 x l0 '3 m o l)  w as  m ix ed  w ith  the  m o la r  ra tio  o f  K ry to x : am in o s ilan e : 
W S C  1 :1 :1 .5 . T h e  m ix tu re  w as  v ig o ro u s ly  s tirred  a t ro o m  te m p e ra tu re  fo r 24  h  to  
o b ta in  K ry to x -fu n tio n a liz e d  M M T , 3 (S te p  3). N afion®  5 w t. %  (15  m l) in  a lip h a tic  
a lco h o l so lu tio n  w as m ix e d  w ith  3 fo r  2 .5  and  5 w t.%  in  d im e th y la c e ta m id e  (15 m l) 
fo r  2  d ay s  an d  so n ic a te d  a t a m b ien t te m p e ra tu re  fo r  1 h  to  o b ta in  tw o  ty p es o f  th e  
h o m o g e n e o u s  h y b rid  so lu tio n s  (S tep  4).

S c h e m e  5.1 K ry to x -M o n tm o rillo n ite -N a fio n ®  h y b r id  m a te ria l p re p a ra tio n

H2N(CH2)3Si(OC2H5)3 + H20  ----------------►  H2N(CH2)3Si(OH)3 + 3C2H6OH s te p  1
1

Step  2

2
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— fCF,— CF,W CF CF 2 -̂---
v 'a ๆ  'b

SO3 H

5 wt.% Nation solution

—(cf2—cf2)—( c f— cf2)—  
a b

Step  4

4
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T h e  tw o  so lu tio n s  o b ta in ed  (30 m l) w ere  c a s t o n to  a  T e flo n  m o ld  ( 6  cm  X 6  

cm  X 1 cm ) an d  iso th e rm a lly  h ea ted  a t 60  ๐c  fo r  6  h  to  o b ta in  4a  and  4b  
n a n o c o m p o s ite  m e m b ra n e s  c o n ta in in g  2 .5  and  5 w t.%  o f  3 , re sp e c tiv e ly . T h e  
m em b ra n e s  w e re  d rie d  in  v a c u u m  o v en  a t 80  ๐c  fo r o v e rn ig h t an d  d e ta c h e d  a fte r  
so ak in g  in  w a te r  fo r  sev e ra l h o u rs . F iv e  p e rc e n t w e ig h t o f  N afion®  in  a lip h a tic  
a lco h o l so lu tio n  w a s  cas t b y  th e  sam e p ro ced u re s  to  o b ta in  a  re c a s t  N afion®  
m em b ran e . A ll m e m b ra n e s  sh o w  a  th ick n ess  o f  a ro u n d  80 pm .
2 .3 . S tru c tu ra l c h a ra c te r iz a tio n

T h e  p ro d u c ts  o b ta in e d  w ere  ch a ra c te riz e d  b y  a T h e rm o  N ic o le t  N e x u s  6 7 0  
F o u rie r  tra n s fo rm  in fra re d  (F T -IR ) sp ec tro m e te r an d  a  P E R K IN  E L M E R  2 4 0 0  C H N  
E le m e n ta l a n a ly s is  (E A ).
F T -IR  (K B r, c m '1) fo r 2: 3625  an d  3435  (free  an d  h y d ro g e n -b o n d e d  O H , 
re sp ec tiv e ly ), 3 3 0 0  (N H 2), 2 9 3 0  and  2 8 6 0  (C H 2), 1632 (N H 2 b e n d in g )  an d  1040 (S i- 
O -S i).
A n a l. C alcd . fo r  2  (H 2N (C H 2) 3 S i(0 H )2 -0 -M M T ) (% ): c , 2 1 .9 5 ; H , 6 .1 0 ; and  N , 
8 .54 . F o u n d : (% ) c , 8 .51 ; H , 2 .9 5 ; and  N , 2 .37 :
F T -IR  fo r 3 (Z n S e , c m '1): 3628  an d  3393  (free  an d  h y d ro g e n -b o n d e d  O H , 
re sp ec tiv e ly ), 3298  (N H ), 2 9 4 8  and  2887  (C H 2), 1785 ( C = 0  c a rb o x y lic  ac id ), 1653 
( C = 0  am id e  I), an d  1559 (N H  b en d in g  co u p le d  C -N  am id e  II).
2 .4  D isp e rs io n  an d  in te r la y e r  d is tan ce  o f  M M T

T h e  c h a n g e s  in  in te r la y e r  d is tan ce  o f  M M T  c lay  lay e rs  w e re  c o n firm e d  by  
X -ra y  d iffra c tio n  (X R D ) u s in g  a  R ig ak u  R IN T  2 0 0 0  d iffra c to m e te r  (4 0  k v ,  30 m A ) 
w ith  N i-f ilte re d  C u  K a  ra d ia tio n  (A,=3.07 A 0). X -ray  d a ta  w e re  c o lle c te d  fro m  2° to  
12° (29) w ith  sc a n n in g  ra te  o f  2 °/m in . T h e  in ten s ity  o f  d iffra c ted  X -ra y  from  th e  
sam p le  w as m e a su re d  by  a  sc in tilla tio n  co u n te r. T h e  in te r la y e r  d is ta n c e , d, in  th e  
c la y  g a lle rie s  w a s  c a lc u la ted  by  B ra g g ’s law , d=A72sin0max, w h e re  0max is th e  
p o s itio n  o f  th e  (0 0 1 ) p e a k  in  th e  X R D  sp ec tru m .
2 .5 . M e m b ra n e  m o rp h o lo g y

T h e  m e m b ra n e  m o rp h o lo g y  w as s tu d ied  b y  an  L E O  1550 V P  scan n in g  
e lec tro n  m ic ro sc o p e  w ith  b o th  seco n d a ry  a n d  b ack  sc a tte re d  e le c tro n  d e tec to rs . F o r 
a to m ic  fo rce  m ic ro sc o p y  (A F M ), the  M u lti M o d e  S c a n n in g  P ro b e  M ic ro sc o p e  
M o d e l w ith  a  n a n o sc o p e  IV  c o n tro lle r  b y  D ig ita l In s tru m e n ts  Inc. (V e e c o  M e tro lo g y
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G ro u p ), S a n ta  B a rb a ra , C A , U S A  w as u sed . T h e  A T M  o b se rv a tio n s  w e re  ca rried  
o u t in  a ir  a t a m b ien t c o n d itio n s  (25 °C ) u s in g  ta p p in g  m o d e  p ro b e s  w ith  c o n s ta n t 
am p litu d e . T h e  ta p p in g  m o d e  e tch ed  p h o sp h o ro u s  (ท) d o p e d  s ilic o n  p ro b e  (sq u are  
p y ra m id  in  sh ap e  w ith  a  sp rin g  co n s ta n t o f  40  N /m , n o m in a l ra d iu s  o f  c u rv a tu re  o f  < 
10 n m ) w ith  re so n a n c e  fre q u e n c y  o f  ap p ro x im a te ly  3 0 0  k H z  w a s  u sed . H e ig h t and  
p h ase  im ag es  w ere  re c o rd e d  s im u ltan eo u s ly  a t th e  re so n a n c e  fre q u e n c y  o f  th e  
c a n tile v e r  w ith  a  sc a n  ra te  o f  2  H z  and  re so lu tio n  o f  512  sa m p le s  p e r  lin e . T h e  
scan n in g  w a s  d o n e  a t  3 d iffe re n t p o sitio n s  fo r each  sam p le .
2 .6 . W a te r  u p tak e  a n d  th e rm a l s tab ility

T h e  m e m b ra n e s  w e re  im m ersed  in to  d is tille d  w a te r  a t 60  °c fo r  2 d ays. 
T h e  w a te r  u p ta k e  w a s  d e te rm in e d  b y  th e rm o g ra v im e tr ic  a n a ly s is  te c h n iq u e  u s in g  a 
T G A  2 9 5 0  D u P o n t. T h e  m e m b ra n e  w as h ea ted  fro m  ro o m  te m p e ra tu re  (2 5  °C ) to  
60  °c a n d  co o led  d o w n  ag a in  to  ro o m  tem p e ra tu re . T h e  se c o n d  h e a tin g  ru n  w as 
s ta rted  fro m  ro o m  te m p e ra tu re  to  700  °c. B o th  p ro c e sse s  w e re  o p e ra te d  w ith  the  
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 . T he w a te r  c o n te n t re ta in e d  in 
th e  m e m b ra n e  w as c a lc u la te d  fro m  th e  p e rcen t w e ig h t lo ss  o f  w a te r  a t te m p e ra tu re  
b e lo w  2 5 0  °c. T h e  d e g ra d a tio n  tem p e ra tu re  w as c a rr ie d  o u t a t 2 5 0 -7 0 0 °C .
2 .7  M e th a n o l p e rm e a b ility  m e a su re m e n t

T h e  m e th a n o l p e rm e a b ility  w as d e te rm in e d  b y  u s in g  a 30  m l-tw o - 
c o m p a rtm e n t g la ss  c e ll as re p o rte d  e lsew h ere  [15] (S ch em e  5 .2 ). C o m p a r tm e n t A  
w as filled  w ith  10 % (v /v )  m e th a n o l and  1 % (v /v ) e th a n o l w h ile  c o m p a r tm e n t B  w ith  
1 % (v /v ) e th an o l. T h e  m e m b ra n e  w as p laced  in  b e tw e e n  th e se  tw o  c o m p a rtm e n ts . 
T h e  sa m p le  so lu tio n s  fro m  b o th  co m p artm en ts  w e re  ta k e n  a t th e  9 0  m in  in te rv a l 
tim e . T h e  m e th a n o l c o n c e n tra tio n  in  each  so lu tio n  w a s  a n a ly z e d  b y  gas 
ch ro m a to g ra p h  (G C ) u s in g  a  S h im ad zu  7 A G  w ith  P o ra p a k -Q S  c o lu m n  a t 160 ° c .  
M e th a n o l c o n c e n tra tio n s  o f  a ll sam p le s  w ere  d e te rm in e d  b y  th e  p ro p o r tio n  o f  th e  
in te g ra te d  p e a k  a re a s  o f  m e th a n o l v ersu s  th e  e th an o l in te rn a l s ta n d a rd . T h e  
m e th a n o l p e rm e a b ility , p  (cm 2 /s ) , w as  ca lcu la ted  as  th e  fo llo w in g  e q u a tio n s  [15]:

= / M c v c „ > A[x __
L

c  , »  c
( 1 )
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T/ T d C BiO (2 )
p =  B d t

C a x A

w h ere  C a  an d  C'b a re  th e  m e th a n o l c o n c e n tra tio n  in  th e  c o m p a rtm e n ts  A  an d  B 
(% (v /v )) , re sp e c tiv e ly , t  is th e  p e rm e a tio n  tim e  (ร), A  is th e  e x p o se d  a rea  o f  th e  
m e m b ra n e  (cm 2), L  is  th e  th ic k n e ss  o f  th e  m em b ra n e  (cm ) an d  VB is  th e  so lu tio n  
v o lu m e  o f  th e  c o m p a rtm e n t B  (3 0  cm 3).

S ch em e  5.2  M e th a n o l p e rm eab ility  m e a su re m e n t e q u ip m e n t

2 .8 . P ro to n  co n d u c tiv ity  m e a su re m e n t
P r io r  to  th e  p ro to n  co n d u c tiv ity  m e a su re m e n t, th e  m e m b ra n e s  w e re  so ak ed  

in  1 M  H 2 S O 4 a t ro o m  te m p e ra tu re  fo r  2 d ay s  an d  in  d is tille d  w a te r  a t ro o m  
te m p e ra tu re  fo r 2 d ay s. T h e  p ro to n  c o n d u c tiv ity  w as m e a su re d  b y  an  A C  
im p e d a n c e  sp e c tro sc o p y  u s in g  a n  IM 6  Z a h n e r  E le k tr ik  c o n n e c te d  to  a  P C  ru n n in g  
e le c tro c h e m ic a l im p e d a n c e  so ftw a re  in  th e  fre q u e n c y  ra n g e  o f  10-1 o 6 H z  a t 40 - 
100 ๐c  u n d e r  100%  re la tiv e  h u m id ity . T h e  m e a su re m e n ts  w e re  c a rr ie d  o u t on  
s ta c k s  c o n ta in in g  u p  to  th ree  m em b ran es  re su ltin g  in  c u m u la tiv e  th ic k n e ss  a ro u n d  
2 4 0  p m . T h e  re la tiv e  h u m id ity  w as co n tro lled  by  a s ta in le ss  s tee l s e a le d -o f f  ce ll, 
c o n s is tin g  o f  tw o  c y lin d ric a l c o m p a rtm e n ts  c o n n ec ted  b y  a tu b e . O n e  c o m p a rtm e n t 
w a s  filled  w ith  w a te r  w h ile  th e  o th e r w a s  h o u sed  w ith  th e  m e m b ra n e  u n d e r  test. 
T h e  p ro to n  c o n d u c tiv ity  w as e s tim a ted  b y  im p ed an ce  v a lu e s  at p h a se  an g le  ze ro  
[2 2 ],
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3 . R esu lts  a n d  D isc u ss io n
3 .1 . F u c tio n a liz a tio n  o f  M M T

F ig u re  5.1 (a ) sh o w s th e  ch a rac te ris tic  p eak s  a t O H  (3 4 4 0  c m '1), N H 2 (3 3 6 4  
an d  3 293  c m '1) an d  C H 2 (2 9 3 0  an d  2800  c m '1) s tre tc h in g  w ith  N H 2 b e n d in g  (1 6 3 2  
c m '1), im p ly in g  th e  su c c e ss fu l h y d ro ly za tio n  o f  (3 -a m in o p ro p y l) tr ie th o x y s ila n e  to  
o b ta in  1. A fte r  re f lu x in g  M M T -e th a n o l su sp en sio n  w ith  1, th e  p ro d u c t o b ta in e d , 2, 
sh o w s th e  p e a k s  a t 3 6 2 5  and  3 435  cm ' 1 b e lo n g in g  to  th e  free  a n d  h y d ro g e n -b o n d e d  
O H  g ro u p s  o f  M M T , a  s tro n g  S i-O -S i p eak  a t 1040 c m ' 1 w h ile  m o s t o th e r p eak s  are  
s im ila r  to  1 (F ig u re  5.1 (b )). T h is  in d ica te s  the s ily la tio n  o f  a m in o s ila n e  o n to  th e  
M M T  lay e rs . F ig u re  5.1 (c) sh o w s th e  ch a rac te ris tic  p eak s  o f  K ry to x  157 F S L  at 
3 1 0 0  cm ' 1 (O H ), 1785 c m ' 1 ( C = 0 ) ,  1250 cm ' 1 (C F 3) an d  o th e r p e a k s  in  th e  ra n g e  o f  
1 1 0 0 -1 4 0 0  c m ' 1 (C F ). In  th e  case  o f  3, th e  peaks a t 3 2 9 8  cm " 1 (N H  s tre tch in g ), 2948  
an d  2 8 8 7  c m ' 1 (C H 2 s tre tch in g ), 1785 and  1635 c m ' 1 ( C = 0  s tre tc h in g  an d  am id e  I), 
an d  1559  c m ' 1 (am id e  II) a re  id en tif ied  (F igure  5.1 (d)). T h is  c o n firm s  th a t th e  
K ry to x  157 F S L  w a s  in tro d u c e d  o n  th e  M M T  lay ers  b y  co n ju g a tin g  w ith  
a m in o s ila n e  as  sh o w n  in  S tep  3 (S ch em e  5 .1).

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

F ig u r e  5.1 F T IR  sp ec tra  o f  1 (a), 2 (b), K ry to x  157 F S L  (c ) an d  3 (d).
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T h e  c o n te n t o f  am in o silan e  su ccessfu lly  s ily la ted  o n to  M M T  lay e rs  w as 
q u a n tita tiv e ly  a n a ly z e d  b y  e lem en ta l an a ly s is  (E A ). T h e  s im p lif ie d  s tru c tu re  sh o w n  
as th e  p ro d u c t o f  S tep  4 (S ch em e  5.1) w as  a ssu m ed  to  ca lc u la te  th e  su b s titu tio n  
d e g re e  X  b y  th e  e q u a tio n s  b e lo w :

I 4 xN ( % )

C (% )

45(1 - x ) +  164 X 

36 X
45(1 -  x ) +  164 X :

1 0 0

1 0 0

(3)

(4)

B a se d  o n  th e  E A  re su lts , th e  p e rcen tag e  o f  N  and c  are  2 .3 7  an d  8 .5 1 , re sp e c tiv e ly . 
F ro m  th e se  re su lts  th e  X v a lu e  fo r 0.1 w as o b ta in ed . T h is  m e a n s  th a t  o n e -te n th  o f  
th e  O H  g ro u p  o n  M M T  lay ers  w as  s ily la ted  w ith  am in o silan e .
3 .2 . K ry to x -M M T -N afio n ®  n a n o c o m p o site  m em b ran e

A s it  is  k n o w n  th a t th e  d isp e rs io n  o f  n an o c lay  in  p o ly m e r  m a tr ix  is d irec tly  
re la te d  to  th e  c h a n g e s  in  m e th an o l, w a te r  o r  gas p e rm e a b ility  th ro u g h  th e  m em b ran e , 
th e  W A X D  p a tte rn  o f  n an o c lay  in  each  s tep  w as an a ly zed . T h e  p r is t in e  M M T  
sh o w s  th e  d if f ra c tio n  p e a k  o f  th e  basa l sp ac in g  (๗'0 0 1) a t 2 0 = 7 .2 1 °  re fe rrin g  to  th e  
in te r la y e r  d is ta n c e , d , o f  12.25 Â  (F igu re  5 .2  (a)). A fte r  th e  m o d if ic a tio n  o f  M M T  
w ith  a m in o s ila n e , 2 sh o w s th e  c h a rac te ris tic  p eak  o f  M M T  a p p a re n tly  sh if te d  to  th e  
lo w e r  29  a n g le  (2 0 = 4 .1 7 ° , 2 1 .1 7  Â ), in d ic a tin g  th e  am in o s ilan e  in te rc a la tio n  in to  th e  
c la y  g a lle ry  (F ig u re  5 .2  (b)). F o r n a n o c o m p o site  m e m b ra n e s , 4a  an d  4b , th e  
p r im a ry  d if f ra c tio n  p e a k  b e lo n g in g  to  Jooi b asa l sp ac in g  o f  M M T  w a s  co m p le te ly  
d isa p p e a re d  (F ig u re  5 .2  (d) an d  (e)). It is im p o rtan t to  n o te  th a t  th e  d iffra c tio n  
p a tte rn s  o f  4 a  an d  4b  are  s im ila r  to  th a t o f  th e  reca s t N ation®  m e m b ra n e  (F ig u re  5 .2
(c )). T h is  im p lie s  th a t M M T  la y e r w as co m p le te ly  e x fo lia te d  w ith  N atio n ®  p o ly m e r 
m a tric e s . H e re , w e  c o n c lu d e d  th a t the  m o d ific a tio n  o f  M M T  lay e rs  w ith  flu o rin a ted  
p o ly m e r  (K ry to x  157 F S L ) b rin g s  th e  g o o d  c o m p a tib ility  b e tw e e n  M M T  an d  
N ation®  p o ly m e r  m a tric e s .
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F ig u re  5 .2  X -ra y  d if f ra c tio n  p a tte rn s  o f  M M T  (a), 2 (b ), th e  re c a s t  N afion®  (c), 4a  
(d ) an d  4b  (e).

3 .3 . M e m b ra n e  m o rp h o lo g y
T h e  m ic ro s tru c tu re s  o f  th e  co m p o site  m e m b ra n e s  w e re  in v e s tig a te d  b y  

scan n in g  e le c tro n  sp e c tro sc o p y . F ig u re  5.3 sh o w s th e  h o m o g e n e o u s  an d  d en se  
m em b ra n e  a ll o v e r  th e  c ro ss  sec tio n a l a rea  o f  4a im p ly in g  th e  w e ll-d isp e rse d  M M T . 
T h e  n a n o -sc a le  e x fo lia tio n  and  d isp e rs io n  o f  M M T  in  N afion®  p o ly m e r m a trices  
w as  a lso  su p p o rte d  b y  F ig u re  5.2 (d ) and  (e).

F ig u r e  5 .3  C ro ss -se c tio n  o f  4a o b se rv e d  b y  S E M .
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In  a d d itio n , th e  m o rp h o lo g y  on  n an o sca le  o f  th e  co m p o site  m e m b ra n e s  w as 
in v e s tig a te d  b y  A F M . F ig u re  5 .4  show s A F M  to p o g rap h ic  im ag es  w ith  p h ase  
co n tra s t. In  th is  p h a se  c o n tra s t m o d e , the e f fe c t o f  th e  to p o g ra p h y  is m u c h  sm alle r 
an d  th e  in f lu e n c e  o f  o th e r  p a ra m e te rs , e sp e c ia lly  th e  d iffe re n ce  in  h a rd n e ss  o f  
in o rg a n ic  c la y  an d  o rg a n ic  p o ly m e r  m atrices c a n  be  c lea rly  id en tified . In  th is  case, 
th e  in o rg a n ic  c lay  lay e rs  w ill g iv e  a  d is tin c t w h ite  b r ig h t area . T he m e m b ra n e  4a  
re v e a ls  a g o o d  d isp e rs io n  o f  3 all o v e r the  N afion®  m em b ran e  su rface  (F ig u re  5.4 
(a)). T h e  a p p ro x im a te  len g th  o f  an  in d iv id u a l M M T  c lay  p a rtic le  w ith  ~  100 nm  
a p p ro a c h in g  to  th e  v a lu e  re p o rte d  b y  M aiti e t al [24] is o b se rv ed . In  th e  c a se  o f  4b , 
th e  d iso rd e re d  d isp e rs io n  an d  so m e  ag g reg a tio n s  o f  in d iv id u a lly  fu n c tio n a liz e d  
M M T  o n  th e  p o ly m e r  m a tric e s  are  o b se rv ed  (F ig u re  5 .4  (b )). M o re o v e r , it is 
im p o rta n t to  n o te  th a t  th e  p h ase  im ag e  o f  th e  m em b ran e  e x h ib its  th e  s ig n ific an tly  
d a rk  a re a  su rro u n d in g  each  s in g le  M M T  p a r tic le  w ith  an  av e rag e  25 n m  w id th  
w h ic h  co u ld  b e  a ttr ib u te d  to  th e  K ry to x  (p e rflu o ro e th e r)  ch a in s  m o d ified  o n to  the 
M M T  lay e r su rface .

F ig u re  5 .4  A F M  to p o g ra p h ic  im ages o f  th e  su rface  o f  4a  (a) and  4 b  (b).
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3.4 . W a te r c o n te n t an d  th e rm a l s ta b ility
S in ce  th e  p ro to n  c o n d u c tiv ity  and  m e th an o l p e rm e a b ility  o f  th e  m em b ran e  

are  re lied  o n  m ic ro s tru c tu re , i.e ., c lu s te r  and  ch an n e l s ize  [18] in flu en ced  b y  the  
am o u n t o f  w a te r  a b so rb e d  in  th e  m em b ran e , he re , th e  o p tim a l w a te r  u p ta k e  is 
co n s id e red . T o  assu re  th e  w a te r  u p ta k e  o f  th e  m em b ran es , th e  th e rm o g ra v im e tr ic  
an a ly s is  te c h n iq u e  w a s  c a rr ie d  o u t u p  to  2 5 0  ๐c  as rep o rted  b y  H u a n g  e t al. [25]. 
F ro m  T ab le  5 .1 , it is o b v io u s  th a t  th e  w a te r  u p tak e  in  th e  m e m b ra n e  is  in c rea sed  
w ith  3 lo a d in g  co n ten t. T h e  re c a s t N afion®  m em b ran e  sh o w s a  w a te r  u p ta k e  2 0 .8  %  
w h ic h  is c lo se  to  th e  v a lu e  (2 1 .6  % ) rep o rted  b y  L i e t al. [26]. T h e  m em b ra n e s  4a  
and  4b  g iv e  th e  w a te r  w e ig h t lo ss  2 6 .4  and  31 .6  % , re sp ec tiv e ly . T h is  su g g es ted  the 
b e tte r  a b ility  to  re ta in  w a te r  m o le c u le s  in  th e  m em b ra n e  p ro v id e d  by  the  
h y d ro p h ilic ity  o f  th e  fille r. In  th e  case  o f  th e rm a l s tab ility , th e  re c a s t N afion®  
m em b ran e  sh o w s  th e  d e g ra d a tio n  (7 d i) a ttr ib u ted  to  th e  su lp h o n ic  ac id  m o ie tie s  (- 
0 C F 2 C F 2 S 0 3H ) at 2 9 6  ° c  an d  P T F E  b ack b o n e  (-C F 2 -C F 2 -) ( r d2) a t 4 02  ° c  w h ich  is 
c lo se  to  th o se  o f  N afion®  115 m e m b ra n e  rep o rted  b y  D en g  e t al. [27], F o r  the  
n a n o c o m p o s ite  m e m b ra n e s , th e  th e rm a l d e c o m p o s itio n  cu rv e  is s im ila r  to  th e  reca s t 
N afion® , b u t th e  tw o  d e c o m p o s itio n  tem p e ra tu res  are sh if te d  to  th e  h ig h e r 
te m p e ra tu re  reg io n . M o re o v e r , th e  d e g rad a tio n  tem p e ra tu res  a re  fo u n d  to  in c rease  
w ith  3 lo a d in g  co n ten t, i .e ., Tdi an d  T i2 a re  a t 305 .9  an d  4 0 9 .8  ° c  fo r  4a an d  a re  at
309 .8  and  4 1 7 .6  ๐c  fo r  4 b  (T ab le  5 .1). T h is  co u ld  be  a ttr ib u te d  to  th e  s tro n g  
in te ra c tio n  b e tw e e n  h y d ro p h o b ic  N afion®  b ack b o n e  a n d  o rg a n o p h illic  c lay  la y e r [8 ] 
o b ta in ed  f ro m  th e  e x fo lia tio n  o f  M M T  on  th e  p o ly m e r m atrices .

T a b le  5.1 W a te r  u p ta k e  a n d  d e g ra d a tio n  tem p e ra tu res  (7d) o f  th e  m em b ran es

M e m b ra n e s W a te r  u p ta k e  (% ) Ti\  (°C ) Td2 ( ๐๑
R e c a s t N afion® 2 0 . 8 296 402
N afion®  115 2 1 .6 a 3 0 0 b 4 0 0 b
4a 2 6 .4 305 .9 4 0 9 .8
4b 3 1 .6 309 .8 4 1 7 .6

a F ro m  [26] 
b F ro m  [27].
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3 .5 . M e th a n o l c ro sso v e r
T h e  d if fu s io n  o f  m e th a n o l an d  w a te r  th ro u g h  th e  m e m b ra n e s  a t sev era l 

in te rv a ls  o f  p e rm e a tio n  tim es  w a s  u sed  to  ev a lu a te  th e  m e th a n o l c ro sso v er. T he 
e x p e rim e n ts  w e re  c o n d u c te d  a t 25  °c an d  60  °c  b y  u s in g  th e  tw o -c o m p a rtm e n t 
g la ss  ce ll (S c h e m e  5 .2 ) c o m b in e d  w ith  G C  fo r m e th an o l c o n c e n tra tio n  analysis . 
F ig u re  5 .5 (a )  sh o w s  th a t th e  m e th an o l c o n c e n tra tio n  in  c o m p a r tm e n t B (C B) 
in c re a se s  lin e a r ly  w ith  th e  p e rm e a tio n  tim e . B ased  o n  th e  s lo p e s  o f  su c h  p lo t, fo r 
e x a m p le , th e  v a lu e s  a t 60  ๐c  o f  3 x l 0 '5, 2 x l 0 ' 5 and  2 .3 x l0 ‘5 % (v /v )  ร' 1 a re  a ch iev ed  
fro m  th e  re c a s t  N afion® , 4a  an d  4b  m e m b ran es , re sp e c tiv e ly , th e  m eth an o l 
p e rm e a b ility  w a s  c a lc u la ted  as ex p re ssed  in  E q . (2). T h e  m e th a n o l p e rm e a b ility  a t 
25 ๐c  fo r th e  re c a s t N afion®  m e m b ra n e  is  8 .7 x l0 ' 6 c m 2/s  w h e re a s  th o se  o f  4a and  
4b  are  as lo w  as 1 .2 x l0 "6 cm 2/s  an d  8 .7 x l0 ' 7 c m 2/s, re sp e c tiv e ly  (F ig u re  5.5 (b)).



79

1 0 - 4

f . . .

I , . .

1 0 '7

(b)
F ig u re  5 .5  M e th a n o l p e rm e a b ility  o f  N afion®  m e m b ra n e : (a ) m e th an o l 
c o n c e n tra tio n  in  c o m p a rtm e n t B  (C b) v s . p e rm e a b ility  tim e  a t 6 0  ° c  o f  th e  recast 
N afion®  ( • ) ,  4a ( A ) ,  an d  4b  ( ■ ); (b ) m e th an o l p e rm e a b ility  a t 25  ° c  ( O )  an d  at
6 0  ° c  (♦ ).

T h e  m e th a n o l p e rm e a b ility  a t 25 ° c  d e c re a se s  w h en  th e  lo a d in g  co n te n t o f  
3 in c rea se s . T h is  m ig h t b e  d u e  to  th e  h in d e rin g  m e th a n o l p e rm e a tio n  o f  
h o m o g e n e o u s -d isp e rse d  c lay  in  th e  N afion®  p o ly m e r  m a trix . In  a d d itio n , th e  
s ig n if ic a n tly  o b s tru c tiv e  e ffe c t o n  m e th an o l p e rm e a b ility  w as  a c c o m p lish e d  b y  th e  
ex fo lia te d  p a tte rn  o f  th e  c lay  lay e rs  in  th e  c o m p o s ite  m em b ran e . T h is  re su lts  in  th e  
re d u c tio n  o f  m e th a n o l p e rm e a b ility  b y  a lo n g e r d iffu s iv e  p a th  b a se d  on  to rtu o s ity . 
T h e  re su lt is  s im ila r  to  th e  case  re p o rte d  b y  G ao w en  e t al. [23] w h ic h  th e  s ig n if ic a n t 
m e th a n o l p e rm e a b ili ty  re d u c tio n  w as o b ta in ed  fro m  th e  e x fo lia te d  c o m p o s ite  
m em b ran e  o f  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 ) an d  o rg a n ic a lly  m o d ifie d  
m o n tm o rillo n ite  (O M M T ) (S P E E K /O M M T ). H e re , w e c o n firm  th a t  o u r  sy s tem  
u n d e r an  e x fo lia tio n  w ith  g o o d  d isp e rs io n  o f  the  c la y  lay e rs  in  N afion®  p o ly m e r 
m a trix  b a se d  o n  th e  “ lik e -d isso lv e s - lik e ” co n c e p t as  su p p o rte d  from  th e  X R D  
(sec tio n  3 .2 )  an d  A F M  (sec tio n  3 .3 ) p ro v id es  th e  re ta rd a tio n  o f  m e th an o l

♦
โ o

♦
♦

___ I________I_

o

______I________I______

o

_I________I____0 1 2 3 4 5
Loading content of 3 (wt. %)
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p erm eab ility . I t is im p o rta n t to  n o te  th a t th e  c o n c e n tra tio n  o f  m eth an o l a lso  la rg e ly  
a ffec ts  to  th e  p e rm e a b ility . F o r ex am p le , in  th e  case  o f  th e  reca s t N a fio n  m em b ran e , 
w e fo u n d  th a t  th e  p e rm e a b ility  w as 8.7x1 O' 6  cm 2/s  in  co n ta c t w ith  10 %  (v /v ) 
m e th a n o l so lu tio n  a t ro o m  tem p e ra tu re  fo r  th e  te s t m e m b ra n e  th ic k n e ss  85 pm  
w h e re a s  th a t o f  N afion®  117 m em b ran e  re p o rte d  fro m  P iv o v a r  e t al. [28] w as 
2 .3 x 1 0 ‘6 cm 2/s  in  co n ta c t w ith  4 % (v /v ) m e th an o l so lu tio n .

A t 6 0  ° c ,  th e  p e rm e a b ility  is re d u c e d  fro m  1.5x1 O’5 to  4 .3 x 1 0 ‘6 cm 2/s 
in d e p e n d e n tly  w ith  3 c o n te n t (F ig u re  5.5 (b )). It is a lso  c lea r  th a t th e  in c re a se  in  3 
c o n te n t from  2 .5  to  5 w t.%  h a rd ly  b rin g s  th e  re ta rd a tio n  in  m e th an o l p e rm eab ility . 
T h is  m ig h t c o m e  fro m  v a rio u s  p o ss ib ilitie s . F o r e x a m p le , th e  w a te r  u p ta k e  o f  
sam p le  w ith  h ig h e r  f ille r  co n te n t co u ld  be  su b s ta n tia lly  in c re a se d  w ith  te m p e ra tu re  
(60  ๐C ), an  a n a lo g o u s ly  to  th a t rep o rted  by  R en  e t al. [29 ]. T h is  re su lts  in  th e  h igh  
m e th a n o l p e rm e a b ility  c au sed  b y  th e  la rg e r  n u m b e r  o f  h y d ro p h ilic  s ite s  (-O H  
g ro u p s)  as p ro p o se d  b y  D en g  e t al. and H e iz e l e t al. [28 , 30]. A n o th e r  p o ss ib le  
re a so n  m ig h t b e  d u e  to  th e  fac t th a t  the  d iffe ren ce  in  th e rm a l ex p a n s io n  a t e lev a ted  
te m p e ra tu re  (6 0  ๐C ) o f  in o rg a n ic  (c lay ) and  o rg a n ic  (p o ly m e r ch a in ) p a rts  a llo w s  the 
m e th an o l p e rm e a b ility  s ig n ific an tly .
3.6. P ro to n  c o n d u c tiv ity

T he p ro to n  co n d u c tiv ity  w as s tu d ied  b y  th e  A C  im p ed an ce  sp e c tro sc o p y  
w ith  v a rio u s  fre q u e n c ie s . F ig u re  5 .6  show s an  in c rea se  in  p ro to n  c o n d u c tiv ity  w ith  
te m p e ra tu re  fro m  4 0  to  100 ° c  u n d er 100 %  re la tiv e  h u m id ity . T h e  p ro to n  
co n d u c tiv ity  o f  th e  re c a s t N afion®  is in  the  ra n g e  o f  2 9 -6 2  m S /cm  w h ile  th o se  o f  4a  
an d  4 b  are  2 5 -4 8  an d  2 3 -3 2  m S /cm , re sp e c tiv e ly . C o m p arin g  th e  p ro to n  
co n d u c tiv ity  o f  N afion®  115 m em b ra n e  at 5 0 -1 0 0  ° c  u n d e r  100 %  re la tiv e  h u m id ity , 
o u r re c a s t N afion®  m e m b ra n e  re v e a ls  lo w er p ro to n  co n d u c tiv e  e ff ic ie n cy  th an  tha t 
o f  th e  rep o rt b y  Y an g  e t al. (1 0 0 -1 5 0  m S /c m ) [30]. A s it is  k n o w n  th a t the  
m e m b ra n e  c a s tin g  p ro c e ss  is d e p en d ed  on  v a rio u s  fac to rs , h e re  w e c a rrie d  o u t ou r 
o w n  re c a s t m e m b ra n e  as  a re fe ren c e  in  c o m p arin g  th e  d a ta  o f  4a and  4b . In  th e  case 
o f  th e  n a n o c o m p o s ite  m e m b ra n e s , th e  p ro to n  c o n d u c tiv ity  is lo w e r th an  th a t  o f  the 
re c a s t N afion®  m e m b ra n e  fo r all tem p e ra tu res , an d  th e  co n d u c tiv ity  d e c re a se s  as 3 
lo a d in g  c o n te n t in c re a se s . S u ch  a d ec rea se  in  p ro to n  co n d u c tiv ity  co u ld  be 
a ttr ib u te d  to  th e  b lo c k in g  e ffe c t o f  M M T  ad d itiv e  co n fin in g  th e  co n tin u u m  o f
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su lfo n ic  a c id  g ro u p s o f  N afion®  re sp o n s ib le  fo r p ro to n  c o n d u c tiv ity  w h ic h  are  a lso  
seen  in  o th e r  cases  [5 , 10].

f
2 0

F ig u re  5 .6  P ro to n  c o n d u c tiv ity  o f  the  re a s t N afion®  ( • ) 5 4a (A ) and  4b  (■ ).

G e n e ra lly , th e  tw o  im p o rta n t p a ra m e te rs  u se d  to  c h a ra c te r iz e  th e  
m e m b ra n e s  in  D M F C  a p p lic a tio n s  are  th e  m e th an o l p e rm e a b ility  (P ) an d  th e  p ro to n  
c o n d u c tiv ity  ( a ) ,  th u s , th e  m e m b ra n e  se lec tiv ity  (a )  d e f in e d  as  th e  cr/p ra tio  is 
c o n s id e red . T h e  lo g a rith m  o f  a  ex p re ssed  as (3 =  lo g  a  is a lso  a n o th e r m em b ra n e  
se le c tiv ity  e v a lu a tio n  [3 2 -3 4 ], T h e  b e s t D M F C  p e rfo rm a n c e , th e n , c an  be  e v a lu a ted  
fro m  th e  h ig h  a  o r  p v a lu e . H ere , th e  p ro to n  c o n d u c tiv ity  an d  m e th an o l 
p e rm e a b ility  a t 60  °c in  th e  ra n g e  D M F C -o p e ra tin g  te m p e ra tu re  (2 5 -1 0 0  ๐C ) w ere  
c o n s id e red . T a b le  5 .2  sh o w s  th a t th e  se lec tiv ity  o f  4 a  an d  4 b  a re  2  an d  0 .6  tim es  
h ig h e r  th a n  th a t  o f  th e  re c a s t N afion®  m e m b ra n e , re sp e c tiv e ly . B a se d  on  th e  
m e m b ra n e  se le c tiv ity , i t  can  b e  co n c lu d ed  th a t th e  b e s t  p e rfo rm a n c e  is  o b ta in ed  
fro m  th e  m e m b ra n e  c o n ta in in g  3 w ith  no  m o re  th a n  2 .5  w t.%  as in  th e  c a se  o f  4a.

F ig u re  5.7 d isp la y s  th e  A rrh e n iu s  p lo t  o f  th e  p ro to n  c o n d u c tiv ity  as a 
fu n c tio n  o f  te m p e ra tu re  a t 100 %  re la tiv e  h u m id ity . T h e  p ro to n  co n d u c tiv e  
a c tiv a tio n  e n e rg y  (Ea) is  c a lc u la ted  b y  lin ea rly  f itt in g  th e  A rrh e n iu s  eq u a tio n , o =  
a 0 e x p (-E a/R T ). T ab le  5 .2  sh o w s th a t th e  E a v a lu e s  d e c rea se  w h en  th e  lo ad in g

60 80 
T e m p e r a t u r e  (°C )

1 0 0
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c o n te n t o f  3  is in c rea sed . T he E a o f  the re c a s t N afion®  m e m b ra n e  is 13 k J /m o l (0 .14  
eV ) w h ic h  is c lo se  to  th e  re p o rte d  v a lu e  (1 0 .8  k J /m o l) [23] w h ile  th o se  o f  4a  and  4b  
a re  11 (0.11 eV ) an d  5 (0 .05  eV ) k J /m o l, re sp ec tiv e ly . A c c o rd in g  to  a  G ro tth u s  
m e c h a n ism  fo r  p ro to n  m ig ra tio n  in  the  p o ly m e r e lec tro ly te  m e m b ra n e , th e  p ro to n s  
tra n s fe r  fro m  o n e  so lv en t m o le c u le  to  th e  o th e r th ro u g h  th e  h y d ro g e n  bon d s 
p re fe re n tia lly  o c c u rr in g  w ith  th e  E a ran g in g  fro m  0 .1 -0 .4  eV  [35 ],

F ig u r e  5 .7  A rrh e n iu s  p lo t  o f  the  re c a s t N afion®  ( • ) ,  4 a  (A ) an d  4 b  (■ ).

T h e re fo re , th e  p ro to n  m ig ra tio n  in  th e  reca s t N afion®  m e m b ra n e  w ith in  a  p re fe rab le  
E a ra n g e  im p lie d  th e  tra n s fe r  u n d e r  G ro tth u s  m ech an ism . In  th e  cases  o f  4a  and  4b , 
th e  E a v a lu e s  are  lo w e r  th an  th a t  o f  th e  reca s t N afion®  m e m b ra n e  (T a b le  5 .2) 
su g g e s tin g  th e  s ig n if ic a n t e ff ic ie n c y  fo r p ro to n  m ig ra tio n .
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T a b le  5 .2  A c tiv a tio n  en e rg y  (Ea) an d  se lec tiv ity  (P) o f  th e  m e m b ra n e s

M e m b ra n e s Ea (k J /m o l) p (ร  m in /c m 3)
R e c a s t  N afion® 13 6 . 6

4a 1 1 7.1
4b 5 6 . 8

C o m b in in g  th is  re su lt w ith  th e  h ig h  w a te r  up take o f  4a  an d  4 b  (T ab le  5 .1), 
w e su sp e c t th a t th e  4 a  an d  4b  m em b ran es  p ro v id e  effec tive  p ro to n  h o p in g  a lo n g  the  
h y d ra te d  ch an n e l. A lth o u g h  th e  p ro to n  m ig ra tio n  o f  4a an d  4 b  is h ig h e r  th a n  th a t  o f  
th e  re c a s t N afion®  m e m b ra n e , w e fo u n d  th a t  th e  p ro to n  c o n d u c tiv ity  o f  th ese  
m e m b ra n e s  is  lo w e r  (F ig u re  5 .6 ). T h is  m ig h t b e  related  to  sev e ra l fa c to rs , su ch  as 
ch a in  m o b ility , th e  a m o u n t su lfo n ic  ac id  p ro to n  co n d u c tiv e  g ro u p s , an d  to rtu o s ity . 
B ased  o n  th e  d isc u ss io n  in  3 .2  and  3 .3 , w e su sp e c t that th e  d isp e rse d  s ilic a te  lay ers  
lead s to  th e  to r tu o s ity  w h ich  th e  long  p ro to n -tran sfe rrin g  p a th w a y  is g en e ra te d .

4. C o n c lu s io n s
M o n tm o rillo n te  (M M T ) c la y -la y e re d  silicate  w as  s ily la te d  w ith  (3- 

a m in o p ro p y l) tr ie th o x y s ila n e  an d  fu r th e r  fu n c tio n a lized  w ith  f lu o ro p o ly m e r  ch a in s  
(K ry to x  157 F S L ) b y  u s in g  th e  ca rb o d iim id e  co n ju g a tin g  a g e n t to  o b ta in  M M T  
fu n c tio n a liz e d  K ry to x . T h e  n a n o c o m p o site  m em b ran e  w a s  p re p a re d  b y  so lu tio n  
ca s tin g  o f  th e  K ry to x -M M T -N afio n ® . T h e  m isc ib ility  o f  th e  n a n o c o m p o s ite
m e m b ra n e  w as  b a se d  o n  th e  s im ila r  s tru c tu re  o f  K ry tox  157 F S L  d e v e lo p e d  o n  the  
M M T  la y e r  su rfa c e  an d  N afion®  p o ly m e r ch a in s. T he n a n o c la y  e x fo lia tio n  an d  th e  
h o m o g e n e o u s  p a tte rn  o f  M M T  lay e rs  on  th e  Nafion®  p o ly m e r  m a tr ic e s  w ere  
c o n firm e d  by  X R D  an d  S E M , re sp e c tiv e ly  as w e ll as the  d isp e rs io n  o n  th e  n an o sca le  
o f  th e  in d iv id u a l M M T  la y e r o n  th e  p o ly m e r m a tr ic e s  by A F M . T h e  w a te r  re te n tio n  
an d  d e g ra d a tio n  te m p e ra tu re  w e re  in c reased  w h e n  the  M M T  fu n c tio n a liz e d  K ry to x  
lo ad in g  c o n te n t w as  in c rea sed . T h e  n a n o c o m p o site  m em b ran es  sh o w e d  as h ig h  as 
m o re  th a n  50 %  re d u c tio n  in  m e th an o l p e rm e a tio n  at 25 an d  6 0  ๐c .  T h e  ac tiv a tio n  
e n e rg y  fo r  p ro to n  m ig ra tio n  w a s  d e c re a sed  w ith  th e  increase  in  M M T  fu n c tio n a liz e d  
K ry to x  co n te n t in d ic a tin g  an  e a s ie r  p ro to n  tra n s fe r  in  the n a n o c o m p o s ite  m em b ran es  
th a n  in  th e  N afion®  m em b ran e . H o w ev er, th e  low er p ro to n  c o n d u c tiv ity  w as
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o b ta in ed  w h en  th e  M M T  fu n c tio n a liz e d  K ry to x  lo ad in g  co n ten t w as  in c reased . 
C o n s id e rin g  th e  m e m b ra n e  se lec tiv ity  (a  o r p v a lu e ), th e  c o m p o s ite  m em b ra n e s  
re v e a le d  th e  s ig n if ic a n t D M F C  p e rfo rm a n c e  as c o m p a re d  to  th e  re c a s t N afion®  
m em b ran e .

A c k n o w le d g e m e n t
O ne o f  th e  a u th o rs  a ck n o w le d g e d  co llab o ra tiv e  re se a rch  fu n d  o f  N a tio n a l 

R e se a rc h  C o u n c il o f  T h a ila n d  (N R C T ) and  Jap an  S o c ie ty  fo r  P ro m o tio n  o f  S c ien ce  
(JS P S ), R esea rch  T ask  F o rc e  (C h u la lo n g k o m  U n iv e rs ity )  an d  N a tio n a l M e ta l and  
M a te ria ls  T ec h n o lo g y  C e n te r  (M T E C ). T h e  au th o rs  a lso  w o u ld  like  to  ex p re ss  th e ir  
a p p re c ia tio n  to  M . A d e rh o ld  fo r  th e  S E M  p ic tu re s , as  w e ll as I. B u d e r  fo r  h e lp in g  
w ith  th e  c o n d u c tiv ity  m e a su re m e n ts . O n e  o f  th e  au th o rs  (R . G o sa la w it)  w o u ld  like  
to  a ck n o w led g e  th e  sc h o la rsh ip  from  th e  In s titu te  fo r  th e  P ro m o tio n  o f  T each in g  
S c ien ce  an d  T e c h n o lo g y  (IP S T ), T h a ilan d .

R eferen ces
[1] s.v . A n d rian , J. M e u s in g e r , J. P o w e r S o u rces 91 (2 0 0 0 ) 193.
[2] D . K im , M .A . S c ib io h , ร . K w ak , I .-H . O h , H .Y . H a, E le c tro c h em . C o m m u n . 6

(2 0 0 4 ) 1069.
[3] พ . X u , T . L u , c. L iu , พ . X in g , E lec tro ch im . A c ta  50 (2 0 0 5 ) 3280 .
[4] V . B a g lio , A .s .  A ric o , A .D . B lasi, V . A n to n u c c i, P .L . A n to n u c c i, ร . L ico cc ia , E. 

T ra v e rsa , F.s. F io ry , E le c tro c h im . A c ta  50 (2 0 0 5 ) 1241.
[5] R .F . S ilv a , ร . P a sse r in i, A . P o z io , E lec tro ch im . A c ta  50  (2 0 0 5 ) 2 6 3 9 .
[6 ] Y .-S . P a rk , Y . Y a m a z a k i, S o lid  S ta te  Io n ics 176 (2 0 0 5 ) 1079.
[7] V . T ric o li, N . C a rre tta , M . B a r to lo z z i, J. E lec tro ch em . S oc . 147 (2 0 0 0 )  1286.
[8 ] M .-K . S o n g , S .-B . P a rk , Y .-T . K im , K .-H . K im , S .-K . M in , H .-W . R h ee , 

E le c tro c h im . A c ta  50 (2 0 0 4 )  639.
[9] D .H . Ju n g , S .Y . C h o , D .H . P eck , D .R . S h in , J .s .  K im , J. P o w e r  S o u rces  118

(2 0 0 3 ) 205 .
[10] Y . K im , J .S . L ee , C .H . R hee , H .K . K im , H . C h an g , J. P o w e r  S o u rces  162 

(2 0 0 6 ) 180.



85

[11] ร . R e n , G . รนท, c .  L i, z. L ia n g , z. พ น , พ .  J in , X . Q in , X . Y an g , J. M e m b r. Sci. 
2 8 2  (2 0 0 6 ) 4 5 0 .

[12] c .  L i, G . รนท, ร. R en , J. L iu , Q . W an g , z. พน, H . รนท, พ . Jin , J. M e m b r. Sci. 
2 7 2  (2 0 0 6 ) 50.

[13] Y .-S . P ark , Y . Y a m a z a k i, E u r. P o ly m . J. 42  (2 0 0 6 ) 375.
[14] F . B a u e r , M .w .-P o ra d a ,  J. P o w e r S ources 145 (2 0 0 5 ) 101.
[15] R . J ia n g , H .R . K u n z , J .M . F e n to n , J. M em b r. S ci. 2 72  (2 0 0 6 ) 116.
[16] z .x . L ian g , T .s .  Z h a o , J. P re b h u ra m , J. M em b r. Sci. 2 83  (2 0 0 6 ) 219 .
[17] z. L iu , B .G u o , J. H u an g , L . H o n g , M . H an , L .M . G an , J. P o w e r S o u rces  157 

(2 0 0 6 )  207.
[18] H .-J . K im , Y .-G . S h u l, H . H an , J. P o w e r S o u rce s  158 (2 0 0 6 )  137.
[19] K . Y a n o , A . U su k i, A . O k ad a , J. P o ly m . S ci. A  35 (1 9 9 7 ) 2289 .
[20] J .-M . T h o m a ss in , c .  P a g n o u lle , D . B izza ri, G . C a ld a re lla , A . G e rm a in , R. 

J e ro m e , S o lid  S ta te  Io n ic s  177 (2 0 0 6 ) 1137.
[21] R . G o sa law it. ร . C h ira c h a n c h a i, H . M an u sp iy a , E . T ra v e rsa , C a ta l. T o d a y  118 

(2 0 0 6 )  259 .
[22] ร . V e tte r , B . R u ffm a n n , I. B u d e r , s.p. N u n e s , J .M e m b r. S ci. 260  (2 0 0 5 ) 181.
[23] Z. G ao w en , z. Z h e n ta o , J. M e m b r. Sci. 261 (2 0 0 5 ) 107.
[24] M . M aiti, A .K . B h o w m ic k , P o ly m e r 47 (2 0 0 6 ) 6156 .
[25] L .-N . H u an g , L .-C . C h e n , T .L . Y u , H .-L . L in , J. P o w e r  S o u rces  161 (2 0 0 6 ) 

10 9 6 .L .
[26] L i, J. Z h an g , Y . W an g , J . M e m b r. Sci. 2 26  (2 0 0 3 ) 159.
[27] Q . D e n g , C .A . W ilk ie , R .B . M o o re , K .A . M a u ritz , P o ly m e r  39  (1 9 9 8 )  5 961 .
[28] B . ร . P iv o v a r, Y . W a n g , E . L . C u ssle r, J. M e m b r. Sci. 154 (1 9 9 9 ) 155.
[29] ร . R e n , G . รนท, c. L i, ร . S o ng , Q . X in , X . Y a n g , J. P o w e r  S o u rces  157 (2 0 0 6 ) 

7 2 4 .
[30] A . H e iz e l, V .M . B a rra g a n , J. P o w e r  S ources. 84  (1 9 9 9 ) 70 .
[31] c .  Y an g , p . C o s ta m a g n a , ร. S rin iv asan , J. B en z ig e r, A .B . B o ca rs ly , J. P o w e r  

S o u rc e s  103 (2 0 0 1 )  1.
[32] Y . A . E lab d , E . N a p a d e n sk y , J. M . S loan , D . M . C ra w fo rd , c .  พ .  W a lk e r, J. 

M e m b r. S ci. 2 1 7  (2 0 0 3 ) 227 .



86

[33] A . R e g in a , E . F o n ta n a n o v a , E . D rio li ,  M . C asc io la , M . S g a n a p p a , F . T ro tta , J. 
P o w e r  S o u rc e s  160 (2 0 0 6 )  139.

[34] R . K . N a g a ra le , G . ร . G o h il, V . K . S h ah i, J. M em b r. Sci. 2 8 0  (2 0 0 6 )  389.
[35] H . M u n a k a ta , H . C h a ib a , K . K a n a m u ra , S o lid  S ta te  Io n ic s  176 (2 0 0 5 )  2445 .


	CHAPTER V KRYTOX-MONTMORILLONITE-NAFION® NANOCOMPOSITE MEMBRANE FOR EFFECTIVE METHANOL CROSSOVER REDUCTIONIN DMFCs
	5.1 Abstract
	5.2 Introduction
	5.3 Experimental
	5.4 Results and Discussion
	5.5 Conclusions
	5.6 Acknowledgement
	5.7 References


