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p r o to n  e x c h a n g e  m e m b ra n e  fu e l c e l ls . J o u rn a l  o f  P o w e r  S o u rc e s  1 1 7 (1 2 ) , 
1 4 -2 1 .

S o n g , R .,  G . X ia , X . X in g , L . H e , Q . Z h a o  a n d  Z . M a  ( 2 0 1 3 ) .  M o d i f ic a t io n  o f  
p o ly m o r p h is m s  in  p o ly v in y l id e n e  f lu o r id e  th in  f i lm s  v i a  w a te r  a n d  h y d r a te d  
s a lt .  J o u rn a l  o f  C o llo id  a n d  I n te r f a c e  S c ie n c e  4 0 1 (0 ) ,  5 0 -5 7 .

S o u z y , R . a n d  A m e d u r i ,  B . ( 2 0 0 5 ) .  F u n c t io n a l  f lu o ro p o ly m e r s  fo r  fu e l  ce ll 
m e m b ra n e s . P ro g r e s s  in  P o ly m e r  S c ie n c e  3 0 (6 ) , 6 4 4 - 6 8 7 .

T r ic o l i ,  V . a n d  F . N a n n e t t i  (2 0 0 3 ) .  Z e o l i t e - N a f io n  c o m p o s i te s  a s  io n  c o n d u c t in g  
m e m b ra n e  m a te r ia ls .  E le c t r o c h im ic a  A c ta ,  4 8 (1 8 ) , 2 6 2 5 -2 6 3 3 .

บ ท n ik r i s h n a n ,  L ., L . U n n ik r is h n a n ,  p . M a d a m a n a ,  ร . M o h a n ty  a n d  ร . K . N a y a k  
(2 0 1 2 ) .  P o ly s u l fo n e /C 3 0 B  N a n o c o m p o s i te  M e m b r a n e s  fo r  F u e l  C e ll  
A p p l ic a t io n s :  E f f e c t  o f  V a r io u s  S u l f o n a t in g  A g e n ts .  P o ly m e r - p la s t ic s  
te c h n o lo g y  a n d  e n g in e e r in g , 5 1 (6 ) ,  5 6 8 - 5 7 7 .
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W o o t th ik a n o k k h a n ,  J . a n d  N . S e e p o n k a i  (2 0 0 6 ) . M e th a n o l  p e r m e a b i l i t y  a n d  
p r o p e r t ie s  o f  D M F C  m e m b r a n e s  b a s e d  o n  s u l fo n a te d  P E E K /P V D F  b le n d s .  
J o u r n a l  o f  A p p l ie d  P o ly m e r  S c ie n c e .  1 0 2 (6 ) , 5 9 4 1 -5 9 4 7 .

X u e ,  ร . a n d  G . Y in  (2 0 0 6 ) .  M e th a n o l  p e r m e a b i l i ty  in  s u l f o n a te d  
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W e s s l in g  (2 0 0 9 ) .  N a f io n ® /H - Z S M - 5  c o m p o s i te  m e m b r a n e s  w i th  s u p e r io r  
p e r f o r m a n c e  fo r  d i r e c t  m e th a n o l  fu e l c e lls . J o u rn a l  o f  M e m b r a n e  S c ie n c e ,  
3 3 8 ( 1 - 2 ) ,  7 5 -8 3 .

Z h a o , Z ., P u , H ., C h a n g , z. a n d  P a n ,  H . A v e r s a t i le  s t r a te g y  to w a r d s  s e m i-  
in te r p e n e t r a t in g  p o ly m e r  n e tw o r k  fo r  p r o to n  e x c h a n g e  m e m b r a n e s .  
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c o n ta in in g  s u l fo n a te d  s id e  c h a in s  fo r  d i r e c t  m e th a n o l  fu e l c e l ls .  J o u r n a l  o f  
P o w e r  S o u rc e s .  1 9 6 (1 8 ) ,  7 4 8 1 -7 4 8 7 .

Z h a i ,  F ., G o u ,  X . ,  F a n g , J . ,  a n d  X u , FI. ( 2 0 0 7 ) .  S y n th e s i s  a n d  p r o p e r t ie s  o f  n o v e l  
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APPENDICES

Appendix A Fourier Transform Infrared Spectroscopy

T h e  p o ly m e r s  (P S F  a n d  P V D F )  a n d  s u l f o n a te d  p o ly m e r s  (S P S F  a n d  
S P V D F )  f u n c t io n a l  g ro u p s  w e r e  d e te r m in e d  u s in g  th e  F T - I R  s p e c t r o m e te r  ( N ic o le t ,  
N e x u s  670). T h e  s a m p le s  w e r e  m e a s u r e d  d i r e c t ly  in  th e  w a v e  n u m b e r  r a n g e  o f  400- 
1600 c m '1 w i th  a  r e s o lu t io n  o f  4 c m '1 a n d  64 s c a n s  u s in g  p o ta s s iu m  b r o m id e  ( K B r ;  

d r ie d  a t 100 °c  fo r  24 h )  a s  a  b a c k g r o u n d  m a te r ia ls .  T h e  c o m p o s i te  m a te r ia l  
c o m p o s e d  o f  s a m p le  a n d  K B r  w a s  c o m p r e s s e d  in to  p e l le ts  a n d  in s e r te d  in  th e  s a m p le  
h o ld e r  ( M a c k s a s i to m  et al, 2012).

Figure A l  T h e  F T - I R  s p e c t r a  o f  p o ly s u l f o n e  (P S F )  a n d  s u l fo n a te d  p o ly s u l f o n e  
( S P S F )  a t v a r io u s  d e g re e s  o f  s u l fo n a t io n .
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Figure A 2  T h e  F T - I R  s p e c t r a  o f  p o ly v in y l id e n e  f lu o r id e  ( P V D F )  a n d  s u l f o n a te d  
p o ly v in y l id e n e  f lu o r id e  ( S V D F )  a t  v a r io u s  d e g r e e s  o f  s u l fo n a t io n .

Table A 1  T h e  F T - I R  a b s o r p t io n  s p e c t ra  o f  P S F , S P S F , P V D F  a n d  S P V D F

Wavenumbers (cn f1) Assignments References

6 9 6
s= 0  s t r e tc h in g  o f  s o d iu m  
s u l f o n a te  g ro u p s

X ia o  et al., 2 0 0 2

7 0 0 S y m m e tr ic  S -O  s t r e tc h in g D e v r im  et al., 2 0 0 9
7 0 6 S -O  s t r e tc h in g L a k s h m i et al., 2 0 0 5
7 0 9 S -O  s t r e tc h in g Z a id i et al., 2 0 0 3
1 0 2 4 s= 0  s t r e tc h in g Z a id i et al., 2 0 0 3
1 0 2 6 s= 0  s t r e tc h in g L a k s h m i et al., 2 0 0 5
1 0 8 0 S y m m e tr ic  0 = s= 0  s t r e tc h in g Z a id i et al., 2 0 0 3
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1 1 0 4 S y m m e tr ic  0=s=0 s t r e tc h in g K a r ls s o n  et al., 2 0 0 4
1 1 6 4 A s y m m e t r i c  0=s=0 s t r e tc h in g L a k s h m i et al. 2 0 0 5

1 2 0 3
A s y m m e t r i c  0 = 8 = 0  s t r e tc h in g  
v ib r a t io n s

W a n g  et al., 2 0 0 3

1 2 4 5 A s y m m e tr ic  0=s=0 s t r e tc h in g K a r ls s o n  et al., 2 0 0 4
1 2 5 2 A s y m m e t r i c  0=s=0 s t r e tc h in g Z a id i  et al., 2 0 0 3

1 4 8 2
T r i - s u b s t i tu t e d  o n -a ro m a tic  
p h e n y l  d u e  to  s u l f o n a t io n  in  
p h e n y l  r in g

X in g  et al., 2 0 0 5

1 4 9 0 C -C  a r o m a t ic Z a id i  et al., 2 0 0 3

1501
D i - s u b s t i tu te d  o n  a r o m a tic  
p h e n y l  f o r  n o n - s u l f o n a te d

X in g  et al., 2 0 0 5

1 0 2 9 , 1 0 8 6

S y m m e tr ic  a n d  a s y m m e tr ic  
s t r e tc h in g  v ib r a t io n  0=s=0 d u e  
to  s o d iu m  s u l f o n a te  g r o u p  in  
p o ly m e r

X in g  et al., 2 0 0 5

1 0 3 0 , 10 9 8
S y m m e tr ic  a n d  a s y m m e tr ic  
s t r e tc h in g  o f  s u l fo n a te

W a n g  et al., 2 0 0 3

1 3 0 1 , 1 1 4 9
A s y m m e t r i c  a n d  s y m m e tr ic  
0=s=0 s t r e tc h in g  o f  s u l fo n e  
g ro u p s

X ia o  et al., 2 0 0 2

1 2 2 9 , 1 0 9 9 , 1021
A s y m m e tr ic  a n d  s y m m e tr ic  
0=s=0 s t r e tc h in g  v ib r a t io n s  o f  
s u l f o n a te  g r o u p s

W a n g  et al., 2 0 0 6

1 0 2 8 , 1 2 4 3 , 1 0 8 4
A s y m m e t r i c  a n d  s y m m e tr ic  
0=s=0 s t r e tc h in g  o f  s u l fo n a te d  
g ro u p s

X ia o  et al., 2 0 0 2

1 4 9 2 , 1 4 7 0 ,1 4 1 4 , 1 4 0 2
1,3 ,4 - t r i s u b s t i t u te d  a r o m a tic  C -C  
s k e le ta l  v ib r a t io n s

L a k s h m i et al., 2 0 0 5

3 4 4 0 , 1 2 5 2 , 1 0 8 0 , 1 0 2 4 S u l fo n ic  a c id  g r o u p s Z a id i  et al., 2 0 0 3
3 4 5 0 -3 4 3 0 O -H  v ib r a t io n Z a id i  et al., 2 0 0 3
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Appendix B Thermogravimetric Analysis

T h e  th e rm a l  p r o p e r ty  o f  th e  p o ly m e r s  a n d  s u l fo n a te d  p o ly m e r s  w a s  
in v e s t ig a te d  u s in g  a  T h e r m o - G r a v im e tr ic /D if f e r e n t ia l  T h e rm a l  A n a ly z e r  ( T G /D T A ; 
P e r k in  E lm e r , P y r is  D ia m o n d ) .  T h e  s a m p le s  w e r e  in s e r te d  in to  a n  a lu m in a  p a n  a t  th e  
w e ig h t  o f  4 - 1 0  m g  a n d . T h e  m e a s u r e m e n ts  w e r e  c a r r ie d  o u t  u n d e r  n i t r o g e n  f lo w  w i th  

th e - te m p e ra tu r e  r a n g e  o f  25 ๐c to  7 0 0  °c a t a  h e a t in g  r a te  o f  10 ๐c. m in ” 1 ( Z h a n g  et 
a l ,  2011).

Figure B1 T G A  th e rm o g ra m s  o f  p o ly su lfo n e  (P S F ) and  su lfo n a ted  p o ly su lfo n e
(S P S F ) at v a rio u s  d eg ree s  o f  su lfo n a tio n .
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Figure B2 T G A  th e rm o g ra m s  o f  p o ly v in y lid e n e  f lu o rid e  (P V D F ) and  S u lfonated
p o ly v in y lid e n e  f lu o rid e  (S P V D F ).
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Appendix c  Solubility and Precipitation of Polymer

T h e  P S F  o r  P V D F  w a s  w e ig h e d  a r o u n d  0.1 g  a n d  s o a k e d  in  1 0  m l o f  s o lv e n t  
a t  r o o m  te m p e r a tu r e  f o r  2 4  h  to  p r e p a r e  p o ly m e r  s o lu t io n s  f o r  th e  s u l f o n a t io n  p r o c e s s .

Table c  1 S o lu b i l i ty  o f  P S F  a t  v a r io u s  s o lv e n ts  o f  25 °c

Solvent Solubility
W a te r N o t- d is s o lv e
N M P N o t  - d is s o lv e

D M S O N o t  - d is s o lv e
THF D is s o lv e

D C M D is s o lv e
D C E D is s o lv e

C h lo r o f o r m D is s o lv e
S u l f u r ic  a c id D is s o lv e
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Table C 2  S o lu b i l i ty  o f  P V D F  in  v a r io u s  s o lv e n ts  a n d  a t  d i f f e r e n t  t e m p e r a tu r e s

Solvent Temperature (๐C) Solubility
W a te r 25 N o t- d is s o lv e d
N M P 25 N o t- d is s o lv e d

6 0 D is s o lv e d
T H F 2 5  " - N o t- d is s o lv e d

D M S O 6 0 N o t- d is s o lv e d
D M F 25 N o t- d is s o lv e d

6 0 D is s o lv e d
D C M 25 N o t- d is s o lv e d
D C E 25 N o t- d is s o lv e d

C h lo r o f o r m 2 5 N o t- d is s o lv e d
S u l fu r ic  a c id 25 N o t- d is s o lv e d

6 0 N o t- d is s o lv e d

Table C 3  P r e c ip i ta t io n  o f  S - P S F  w ith  v a r io u s  p r e c ip i ta t in g  a g e n ts

Precipitating agent precipitation
C o o le d  w a te r N o t- p r e c ip i ta t e d
Ic e P re c ip i t a te d
M e th a n o l P re c ip i ta te d
E th a n o l P r e c ip i ta te d

Table C 4  P r e c ip i ta t io n  o f  S - P V D F  w ith  v a r io u s  p r e c ip i ta t in g  a g e n ts

Precipitating agent precipitation
C o o le d  w a te r N o t- p r e c ip i ta t e d
Ic e P re c ip i t a te d
M e th a n o l P r e c ip i ta te d
E th a n o l P re c ip i t a te d
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Appendix D Sulfonation Process and Degree of Sulfonation

S u l fo n a t io n  p r o c e s s  is  m e th o d  fo r  a t t a c h in g  a  s u l f o n ic  g ro u p  to  th e  p o ly m e r  
b a c k b o n e .  D e g re e  o f  s u l fo n a t io n  ( D S )  is  r e p r e s e n te d  b y  th e  n u m b e r  o f  s u l f o n ic  a c id  
g r o u p  p e r  r e p e a t in g  u n i t  o f  p o ly m e r .  T h e  D S  o f  s u l fo n a te d  p o ly m e r  w a s  d e te r m in e d  
b y  t i t r a t io n  th e  s u l fo n a te d  p o ly m e r  s o lu t io n  w i th  0 .0 1  M  N a O H  u s in g  
p h e n o lp h th a le in  a s  a n  in d ic a to r .  T h e  D S  w a s  c a lc u la te d  b y  th e  f o l lo w in g  E q  ( D l ) :

D S (% )  = ( V n c i O H  X M /yaOr t ) / 1 0 0 0  
M o le  o f  p o l y m e r  m e m b r a n e X  1 0 0 (Dl)

w h e r e  VNa0H r e fe r s  to  th e  v o lu m e  o f  s o d iu m  h y d r o x id e  s o lu t io n ,  CNa0Hr e f e r s  to  th e  
c o n c e n t r a t io n  o f  s o d iu m  h y d r o x id e  s o lu t io n .

Table Dl S u l fo n a t io n  c o n d i t io n s  a n d  d e g re e  o f  s u l f o n a t io n  o f  P S F  a t 25 °c  f o r  4 h

Weight of 
PSF
(g)

Mole of
h 2s o 4

h 2s o 4
/PSF
Mole
ratio

DCM
volume

(ml)

Volume
fraction

Yield of 
SPSF 
(%)

DS (%)

1.2151 0.05 17 10 0.64 99.51 12.75
1.2014 0.10 35 10 0.64 99.50 14.12
1.1995 0.15 52 10 0.64 103.82 39.66
1.2030 0.20 70 10 0.64 102.03 33.09
1.2060 0.25 88 10 0.64 102.15 55.37

* S - P S F  c o u ld  n o t b e  c a s t  to  
D M C  is  d ic h lo ro m e th a n e .

î lm .
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Table D2 S u l f o n a t io n  c o n d i t io n s  o f  P S F  a t 25 °c fo r  4 h fo r  u p s c a le

Weight 
of PSF

(g)

Mole
of

PSF

Volume
H 2 S O 4

(ml)

Mole
of

h 2s o 4

H 2S ๐ 4 

/PSF 
Mole 
ratio

DCM
volume

(ml)

Volume
fraction

Yield
( % )

DS
( % )

2 .0 0 1 4 0 .0 4 5 3 0 0 .0 9 2 0  - 10 0 .7 2 9 6 .2 5 1 5 .6 5
2 .0 1 0 4 0 .0 4 5 3 0 0 .1 8 4 0 10 0 .7 2 8 5 .3 6 1 9 .9 0
2 .0 2 1 0 0 .0 4 5 3 0  - 0 .2 0 4 5 10 0 .7 2 1 0 1 .1 4 2 7 .9 9
2 .0 0 3 4 0 .0 4 5 3 0 0 .2 5 5 5 10 0 .7 2 1 0 5 .5 3 4 4 .6 6
2 .0 1 6 3 0 .0 4 5 3 0 0 .2 7 6 0 F0 0 .7 2 9 8 .8 9 6 1 .4 4
2 .0 4 1 0 0 .0 4 5 3 0 0 .3 6 8 0 10 0 .7 2 1 1 5 .7 4 7 1 .5 5

Table D3 S u l f o n a t io n  c o n d i t io n  o f  P S F  a t 2 5  °c fo r  4  h  fo r  f ilm  c a s t in g

Weight 
of PSF

(g)

Mole
of

PSF

Volume
h 2s o 4

(ml)

Mole
of

h 2s o 4

h 2s o 4
/PSF
Mole
ratio

DCM
volume

(ml)

Volume
fraction

Yield
( % )

DS
( % )

1 .2151 0 .0 0 2 7 2 0 0 .0 5 17 10 0 .6 4 9 9 .5 1 1 2 .7 5

2 .0 0 1 4 0 .0 4 5 3 0 0 .0 9 2 0 10 0 .7 2 9 6 .2 5 1 5 .6 5
2 .0 1 0 4 0 .0 4 5 3 0 0 .1 8 4 0 10 0 .7 2 8 5 .3 6 1 9 .9 0
2 .0 1 6 3 0 .0 4 5 3 0 0 .2 7 6 0 10 0 .7 2 9 8 .8 9 6 1 .4 4
2 .0 4 1 0 0 .0 4 5 3 0 0 .3 6 8 0 10 0 .7 2 1 1 5 .7 4 7 1 .5 5
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T a b l e  D 4  S u l fo n a t io n  c o n d i t io n s  o f  P S F  a t 50 °c f o r  4  h

W e i g h t  
o f  P S F

(g )

M o le
o f

P S F

V o lu m e
H 2S O 4

( m l )

M o le
o f

H 2 S O 4

H 2S O 4

/ P S F
M o le
r a t i o

D C M
v o lu m e

(m l)

V o lu m e
f r a c t i o n

Y ie ld

( % )

D S

( % )

1 .9 9 3 3 0 .0 4 5 3 0 0 .0 9 2 0 10 0 .7 2 1 0 9 .2 5 - 5 2 .6 4
2 .0 0 2 2 0 .0 4 5 3 0 0 .1 8 4 0 10 0 .7 2 1 0 8 .8 9 5 2 .8 8
2 .0 0 5 8 0 .0 4 5 3 0 0 .2 7 6 0 10 -0 .7 2 1 1 0 .0 5 5 1 .1 0
2 .0 0 1 4 0 .0 4 5 3 0 0 .3 6 8 0 10 0 .7 2 1 1 0 .0 8 5 7 .2 0

T a b l e  D 5  S u l fo n a t io n  c o n d i t io n s  o f  P V D F  a t 2 5  ๐c  f o r  4  h

W e i g h t
o f

P V D F

(g )

M o le
o f

P V D F

V o lu m e
H 2S O 4

( m l )

M o le
o f

H 2 S O 4

H 2 S O 4

/P V D F
M o le
r a t i o

N M P
v o lu m e

(m l)

V o lu m e
f r a c t i o n

Y ie ld

( % )

D S

( % )

1 .2 2 7 3 0 .0 1 9 1 0 .6 7 0 . 0 1 2 1 6 0 0.011 9 4 .0 6 0 .9 5
1 .1 9 4 9 0 .0 1 8 7 3 .3 3 0 .0 6 5 6 0 0 .0 5 9 8 .4 6 2 .0 4
1 .1 9 8 5 0 .0 1 8 7 6 .6 7 0 . 1 2 1 0 6 0 0 . 1 0 8 8 . 2 1 4 .2 5
1 .1 8 1 3 0 .0 1 8 4 1 0 0 .1 8 15 6 0 0 .1 4 9 8 .9 5 6 .0 4
1 .4 2 0 7 0 . 0 2 2 2 1 3 .3 3 0 .2 4 2 0 6 0 0 .1 8 8 3 .1 6 7 .8 6
1 .217 1 0 .0 1 9 0 2 6 .6 7 0 .4 8 4 0 6 0 0.31 8 6 .3 9 1 2 .3 4
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T a b l e  D 6  S u l fo n a t io n  c o n d i t io n s  o f  P V D F  a t 5 0  ๐c  fo r  4  h

W e i g h t
o f

P V D F

(g )

M o le
o f

P V D F

V o lu m e
H 2 S O 4

( m l )

M o le
o f

h 2s o 4

H 2S O 4

/P V D F
M o le
r a t i o

N M P
v o lu m e

( m l)

V o lu m e
f r a c t i o n

Y ie ld

( % )

D S

( % )

1 .2 1 5 7 0 .0 1 9 0 1 3 .3 3 0 .2 4 2 0 6 0 0 .1 8 8 4 .1 8 15 .01
1 .2 2 3 7 0 .0 1 9 1 2 6 .6 7 0 .4 8 4 0 6 0 0 .3 1 9 2 .5 8 1 6 .0 8
1 . 2 2 1 2 0 .0 1 9 1 4 0 0 .7 2 6 0 6 0 0 .4 0 1 0 0 1 6 .6 4
1 .2 4 0 0 0 .0 1 9 3 5 3 .3 3 0 .9 6 8 0 6 0 0 .4 7 9 4 .1 9 _ 1 3 .3 4
1 .2 4 3 8 0 .0 1 9 4 6 6 .6 7 1 . 2 1 0 0 6 0 0 .5 2 7 9 .3 6 1 2 .2 3
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A p p e n d ix  E W a t e r  U p t a k e

T h e  m e m b r a n e s  w e r e  im m e r s e d  in to  D I  w a te r  f o r  2 4  h  a t r o o m  te m p e ra tu re .  
S u p e r a b u n d a n t  w a te r  w a s  a b s o r b e d  f ro m  th e  m e m b ra n e  s u r fa c e  w i th  a  w ip e  p a p e r  
a n d  th e  m e m b r a n e s  w e r e  w e ig h e d  ( n o te d  a s  พร). T h e  m e m b ra n e s  w e r e  d r ie d  a t  ใ 0 0  
๐c  fo r  2 4  h  in  a n  o v e n  a n d  w e ig h e d  ( n o te d  a s  พ!). T h e  p e r c e n ta g e  o f  w a te r  u p ta k e  
w a s  th e n  c a lc u la te d  a s  f o l lo w in g  E q . ( E l ) :

W a te r  u p ta k e  =  ( พ , - พ , )  X1 oo" ( E l )

พd

w h e r e  W (1 r e f e r s  to  th e  w e ig h t  o f  d r ie d  p o ly m e r ,  a n d  พ ร  is  w e ig h t  o f  s w e l le d  

p o ly m e r .

F i g u r e  E l  W a te r  u p ta k e  o f  S P S F , S P V D F , a n d  N a t io n  11 7 .
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F ig u r e  E 2  W a te r  u p ta k e  o f  S P S F  a t v a r io u s  d e g r e e s  o f  s u l f o n a t io n  a t 2 5  ๐c  a n d  5 0
°c.
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T a b le  E l  W a te r  u p ta k e  o f  S P S F  a t v a r io u s  d e g r e e s  o f  s u l f o n a t io n  a t 2 5  °c

D S  (% ) D r y  (g ) W e t ( g ) W a t e r  u p t a k e  (% )
12.75 0 .0 9 3 0 .0 9 6 2 .9 1

0 .0 9 2 0 .0 9 4 2 .1 7
0 .0 9 2 0 .0 9 3 1.41

W a te r  u p ta k e  a v era g e 2 .1 6  ± 0 .7 4
15.65 0 .0 4 7 0 .0 4 9 3 .5 9

0 .0 4 7 0 .0 4 9 3 .1 9
0 .0 4 7 0 .0 4 9 3 .8 3

W a te r  u p ta k e  a v era g e 3 .5 4  ±  0 .32
19 .90 0 .1 1 4 0 .1 1 9 4 .9 3

0 .1 1 1 0 .1 1 4 2 .8 8
0 .1 1 2 0 .1 1 7 4 .2 8

W a te r  u p ta k e  a v era g e 4 .0 3  ±  1 .05
2 7 .9 9 0 .0 8 3 0 .0 8 7 4 .3 2

0 .0 8 4 0 .0 8 7 3 .3 2
0 .0 8 2 0 .0 8 7 5 .3 6

W a te r  u p ta k e  a v era g e 4 .33  ±  1.02
4 4 .6 6 0 .0 8 7 0 .0 9 2 5 .0 4

0 .0 8 7 0 .0 9 0 4 .2 8
0 .0 8 5 0 .0 9 0 5 .1 5

W a te r  u p ta k e  a v era g e 4 .82  ±  0 .48
6 1 .44 0 .0 4 5 0 .0 4 9 7 .9 7

0 .0 4 4 0 .0 4 7 6 .1 1
0 .0 4 5 0 .0 4 8 6 .4 6

W a te r  u p ta k e  a v era g e 6 .8 5  ±  0 .9 9
71 .55 0 .1 0 4 0 .1 1 4 8 .9 3

0 .1 0 4 0 .1 1 3 8 .4 8
0 .1 0 3 0 .1 1 3 9 .6 1

W a te r  u p ta k e  a v era g e 9.01 ±  0 .57
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Table E2 Water uptake of SPSF at various degrees of sulfonation at 50 ๐c

D S  (% ) D r y  (g ) W e t  (g ) W a t e r  u p t a k e  (% )
51 .1 0 0 .083 0 .088 5 .16

0 .083 0 .087 3 .84
0 .083 0 .086 3.85

W a te r  u p ta k e  av era g e 4 .2 8  ±  0 .76
52 .6 4 0 .0 5 3 0 .0 5 6 5 .8 8

_ 0 .0 5 3 0 .0 5 5 4 .7 3

_ 0 .0 5 2 0 .0 5 5 4 .0 1
W a te r  u p ta k e  av era g e 4 .8 7  ±  0 .95

5 2 .88 0 .078 0 .083 5 .09
0 .0 7 9 0 .083 5 .32
0 .0 7 9 0 .0 8 2 4.31

W a te r  u p ta k e  av erag e 4 .9 1  ±  0 .53
5 7 .2 0 0 .0 5 2 0 .0 5 5 5 .9 5

0 .0 5 3 0 .0 5 6 6 .0 9
0 .0 5 2 0 .0 5 5 5 .7 5

W a te r  u p ta k e  av era g e 5 .9 3  ± 0 .1 7
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Table E3 Water uptake of SPVDF at various degrees of sulfonation at 25 ๐c

D S  (% ) D r y  (g ) W e t  (g ) W a t e r  u p t a k e  (% )
0.95 0 .0 7 8 0 .0 7 9 0 .9 0

0 .0 7 8 0 .0 7 9 1 .2 8
0.01 0 .0 7 7 0 .0 7 9

' W a te r  u p ta k e  av erag e 1 .2 9  ±  0 .39
2 .04 0 .0 6 2 0 .0 6 3 2 .2 8

0 .0 6 2 0 .0 6 2 1 .1 4
0 .0 6 2 0 .0 6 3 2 .2 7

W a te r  u p ta k e  av erag e 1 .9 0  ± 0 .6 6
4 .25 0 .0 4 0 0 .0 4 1 2 .4 6

0 .0 4 0 0 .0 4 2 3 .4 4
0 .0 4 1 0 .0 4 1 0

W a te r  u p ta k e  av erag e 1 .9 7  ±  1 .77
6.04 0 .0 3 9 0 .0 4 0 2 .0 4  .

0 .0 3 9 0 .0 4 1 3 .3 1
0 .0 3 9 0 .0 4 2 .3 0

W a te r  u p ta k e  a v erag e 2 .5 5  ±  0 .67
7.86 0 .0 6 6 0 .0 6 7 1.51

0 .0 6 6 0 .0 6 6 1 .3 7
0 .0 6 5 0 .0 6 6 1 .3 8

W a te r  u p ta k e  av era g e 2 .6 5  ± 2 .1 9
12.34 0 .0 3 6 0 .0 3 7 2 .7 8

0 .0 3 6 0 .0 3 7 2 .7 8
0 .0 3 7 0 .0 3 8 2 .7 8

W a te r  u p ta k e  av era g e 2 .7 8  ±  0 .4 2



Table E4 Water uptake of SPVDF at various degrees of sulfonation at 50 °c

D S (% ) D r y  (g ) W e t  (g ) W a t e r  u p ta k e  (% )
12.23 0 .0 5 0 0 .0 5 0 0 .2 0

0 .0 4 9 0 .0 5 0 0 .81
0 .0 4 9 0 .0 5 4 8 .7 0

W a te r  upta ce a v era g e 3 .2 4  ะ!ะ 4 .74
13.34 0 .0 7 3 0 .0 7 4 0 .9 6

0 .0 7 3 0 .0 7 5 3 .1 6
0 .0 7 3 0 .0 7 8 7 .4 4

W a te r  u p ta ce a v era g e 3 .8 5  ± 3 .2 9
15.01 0 .0 7 3 0 .0 7 4 0 .9 6

0 .0 7 3 0 .0 7 3 1 .1 0
0 .0 7 3 0 .0 7 5 3 .4 4

W a te r  u p ta k e  a v era g e 1 .8 3  ± 1 .3 9
16.06 0 .0 7 5 0 .0 7 6 0 .8 0

0 .0 7 5 0 .0 7 7 3 .0 8
0 .0 7 5 0 .0 7 8 4 .2 8

W a te r  u p ta k e  a v era g e 2 .7 2  ± 1 .7 7
16.64 0 .0 7 0 .071 1 .8 6

0 .0 7 0 .0 7 3 3 .8 6
0 .0 7 0 0 .0 7 2 3 .5 8

W a te r  u p ta ce a v era g e 3 .1 0  ± 1 .0 8
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A p p e n d ix  F  I o n  E x c h a n g e  C a p a c i t y

Io n  e x c h a n g e  c a p a c i ty  i s  t h e  m e th o d  to  d e te r m in e  n u m b e r  o f  m i l l i e q u iv a le n t  
o f  io n s  in  1 g  o f  d r y  p o ly m e r  ( m e q /g ) .  T h e  m e m b r a n e s  w e r e  s o a k e d  in  0 .1  M  N a C l 
s o lu t io n  fo r  2 4  h  to  e x c h a n g e  H + w i th  N a +. H + w e r e  t i t r a te d  w ith  0 .0 1  M  N a O H  
s o lu t io n  u s in g  p l ie n o lp h th a le in  a s  a n  in d ic a to r .  T h e  I E C  w a s  d e te r m in e d  b y  
f o l lo w in g  E q  ( F I ) :

IEC  {meq/g) = C o n s u m e d  N aOH  (m Q x m o l a r i t y  N aOH  (M) 
w d ry  ( jn g )

( F I )

w h e r e  c o n s u m e d  m l (N a O H )  i s  t h e  c o n s u m e d  v o lu m e  o f  N a O H  s o lu t io n .  M o la r i ty  
N a O H  is  m o la r  o f  N a O H  s o lu t io n .  W e ig h t  d r ie d  m e m b r a n e  is  th e  w e ig h t  o f  
m e m b r a n e  in  a d r y  s ta te .
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F ig u r e  F 2  Io n  e x c h a n g e  c a p a c i ty  o f  S P S F  a t v a r io u s  d e g re e s  o f  s u l f o n a t io n  a t  2 5  
°c a n d  50 °c.



Table FI Ion exchange capacity of SPSF at various degrees o f sulfonation

S u lfo n a t io n
te m p e r a tu r e

( ° C )

D S  (% ) I E C
I E C  1

( m e q /g )
I E C  2  

(m e q /g )
I E C  3  

(m e q /g )
I E C  a v e r a g e  

( m e q /g )
2 5 1 2 .7 5 0 .0 8 6 8 0 .1 2 1 5 0 .1 5 6 2 0 .1 2 1 5  ± 0 . 0 3

1 5 .6 5 0 .1 2 8 9 0 .1 6 5 7 0 .1 6 5 7 0 .1 6 5 7  ± - 0 .0 2
1 9 .9 0 0 .1 8 7 2 0 .1 9 5 0 0 .1 7 9 4 0 .1 8 7 2  ± 0 .0 1
2 7 .9 9 0 .1 8 8 9 0 .1 9 8 8 a . 1 7 8 9 0 .1 8 8 9  ± 0 .0 1
4 4 .6 6 0 .2 3 7 9 -0 .2 5 7 7 0 .1 9 8 2 0 .2 3 1 3  ± 0 . 0 3
6 1 .4 4 0 .4 8 5 0 0 .5 0 3 7 0 .5 7 8 3 0 .5 2 2 4  ±  0 .0 5  '
7 1 .5 5 0 .5 0 5 5 0 .5 7 9 9 0 .5 0 5 5 0 .5 3 0 4  ±  0 .0 4

5 0 5 2 .6 4 0 .3 6 9 6 0 .3 4 9 0 0 .3 2 8 5 0 .3 4 9 0  ±  0 .3 5
5 2 .8 8 0 .2 9 4 4 0 .2 9 4 4 0 .3 1 6 2 0 .3 0 1 7  ± 0 . 3 0
5 1 .1 0 0 .2 0 8 9 0 .2 4 0 3 0 .2 4 0 3 0 .2 2 9 8  ±  0 .2 3
5 7 .2 0 0 .4 5 2 6 , 0 .3 9 7 8 0 .4 3 8 9 0 .4 2 9 8  ±  0 .4 3
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Table F2 Ion exchange capacity of o f SPVDF at various degrees o f sulfonation

S u lf o n a t io n D S  ( % ) IE C
t e m p e r a t u r e I E C  1 IE C  2 I E C  3 I E C  a v e r a g e

(๐๑ ( m e q /g ) (m e q /g ) (m e q /g ) (m e q /g )
25 0 .95 0 .0504 0.0588 0.0168 0 .0420 ± 0 .02

2 .0 4 0 .1092 0.062 0.1014 0 .0910  ± 0 .0 2

4 .25 0 .1040 0.1188 0.1188 0 .1139  ± 0.01

6 .04 0 .1263 0.1368 0.1052 0.1228 ± 0 .0 2

7 .86 0 .15547 0.1430 0.1554 0.1513 ± 0 .0 1

12.34 0 .1872 0.2059 0.1498 0 .1810  ± 0.03

50 12.23 0 .0600 0.0800 0 .0800 0.0733 ± 0 .0 1

13.34 0 .0536 0 .0670 0 .0670 0.0626 ± 0.01

15.01 0 .1572 0 .0917 0 .0524 0.0917 ± 0 .0 5

16.08 0 .1338 0 .1740 0.1338 0.1473 ± 0 .0 2

16.64 0 .1877 0.1251 0.2377 0 .1836  ± 0 .0 6



80

T h e  im p e d a n c e  d ata  w a s  m ea su red  b y  u s in g  an im p e d a n c e  p h a s e  a n a ly ser  
H P  4 1 9 4  at v a r io u s  freq u en c ie sfro m lO O  H z  to  2  M H z  an d  at roo m  tem p era tu re . T h e  
m e m b r a n e s  w e r e  cu t to fo rm  5 x 5  c m 2 s p e c im e n s  for th e  m e a su rem en t.

" = 1  <G |) 
w h e r e  d is  th e  th ic k n e ss  (c m ) , ร  is  th e  c o n ta c t  area o f  th e  sa m p le  (Tir2 =  7 โ(3 .8 /2 )2 =  
1 1 .3 4  c m 2)., an d  R  can  b e  d e r iv e d  from  th e  lo w  in tercep t o f  th e  h ig h  fr e q u e n c y  s e m i­
c ir c le  on  a c o m p le x  im p e d a n c e  p la n e  w ith  th e  R e  (Z ) a x is .

A p p en d ix  G P ro to n  C o n d u c tiv ity  U n d e r D ry  S ta te

F ig u r e  G 1  N y q u is t  p lo t o f  th e  N a f io n l  17 m em b ra n e .
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Figure G2 Enlarged Nyquist plot o f the Nafionl 17 membrane.
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Figure G3 Nyquist plot of the SPSF DS 12.75% membrane.
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Figure G4 Enlarged Nyquist plot o f the SPSF DS 12.75% membrane (R = 6.1 ohm).
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Figure G5 Nyquist plot of the SPSF DS 15.65% membrane.
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Figure G6 Enlarged Nyquist plot of the SPSF DS 15.65% membrane (R = 5.74
ohm).



F ig u r e  G 7  Nyquist plot of the SPSF DS 19.9% membrane.
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Z ' ( o h m )

F ig u r e  G 8  Enlarged Nyquist plot of the SPSF DS 19.9% membrane (R  = 6.43 ohm).
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Figure G9 N y q u is t p lo t  o f  th e  S P S F  D S  2 7 .9 9 %  m em b ran e .



Figure G10 Enlarged Nyquist plot of the SPSF DS 27.99% membrane (R = 6.52
ohm).
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Figure G11 Nyquist plot of the SPSF DS 44.66% membrane.



Figure G12 Enlarged Nyquist plot o f the SPSF DS 44.66% membrane (R = 5.21
ohm).
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Figure G13 Nyquist plot o f the SPSF DS 61.44 % membrane.



Figure G14 Enlarged Nyquist plot of the SPSF DS 61.44% membrane (R =
5.56ohm).
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Figure G15 Nyquist plot of the SPSF DSDS 71.35% membrane.
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Figure G16 Enlarged Nyquist plot of the"SPSF DS 71.35% membrane (R = 4 ohm).
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Figure G17 Nyquist plot of the SPVDF DS 12.34% membrane.
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Figure G18 Enlarged Nyquist plot of the SPVDF DS 12.34% membrane (R = 5
ohm).
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Table G1 P r o to n  c o n d u c t iv i t y  (S /c m )  a n d  w a te r  u p ta k e  u n d e r  d r y  s t a t e  a t  2 7  ๐c

Polymer Thickness
(cm)

Contact 
area (cm2)

R
(ohm)

Water
uptake

( % )

Proton
conductivity

(S/cm)
S P V D F  D S  

1 2 .3 4 %
0 .0 1 1 8 1 1 .3 4 5 .0 0 2 .4 0 2 .0 8 E - 0 4

S P S F D S
1 2 .7 5 %

0 .0 1 6 8 1 1 .3 4 6 .1 0 1 .4 0 2 .4 3 E - 0 4

S P S F  D S  
1 5 .2 5 %

0 .0 1 7 2 1 1 .3 4 5 .7 4 1 .5 0 2 .6 4 E - 0 4

S P S F  D S  
1 9 .9 0 %

0 .0 2 1 1 1 1 .3 4 6 .4 3 1 .9 0 2 .8 9 E - 0 4

S P S F  D S  
2 7 .9 9 %

0 .0 2 3 8 1 1 .3 4 6 .5 2 2 .1 0 3 .2 3 E - 0 4

S P S F  D S  
4 4 .6 6 %

0 .0 2 0 1 1 1 .3 4 5 .21 2 .3 0 3 .4 1 E - 0 4

S P S F
D S 6 1 .4 4 %

0 .0 2 8 1 1 1 .3 4 5 .5 6 2 .3 0 4 .4 6 E - 0 4

S P S F  D S  
7 1 .3 5 %

0 .0 2 4 6 1 1 .3 4 4 .0 0 2 .4 0 5 .4 2 E -0 4

N a t io n  11 7 0 .0 1 8 0 1 1 .3 4 5 .0 0 6 .7 0 3 .1 7 E - 0 4
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Appendix H Proton Conductivity under Wet State

T h e  im p e d a n c e  d a ta  w a s  m e a s u re d  b y  u s in g  a n  L C R  m e te r  (A g i le n t  E 4 9 8 0 A )  a t 
v a r io u s  f re q u e n c ie s  f ro m  100 H z  to  2  M H z  an d  a t  ro o m  te m p e ra tu re . T h e  m e m b ra n e s  
w e re  c u t  to  fo rm  5 x 5  c m 2 s p e c im e n s  fo r  th e  m e a s u re m e n t.

d
cr =

R S ( H I )

w h e re  d is  th e  th ic k n e s s , ร is th e  c o n ta c t  a re a  o f  th e  s a m p le  ( n r 2 =  ท( 3 .8 /2 ) 2 =  11 .3 4  
c m 2), a n d  R c a n  b e  d e r iv e d  fro m  th e  lo w  in te rc e p t o f  th e  h ig h  f re q u e n c y  s e m i- c ir c le  o n  a 
c o m p le x  im p e d a n c e  p la n e  w ith  th e  R e  (Z ) a x is .

Figure HI P ro to n  c o n d u c tiv i ty  o f  S P S F  m e m b ra n e  w ith  D S  1 2 .7 5 %  w a s  m e a s u re d  
w ith  a n  L C R  m e te r  (A g i le n t  E 4 9 8 0 A )  u n d e r  w e t s ta te  a t ro o m  te m p e ra tu re .
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F ig u r e  H 2  B lo w n  u p  p r o to n  c o n d u c t iv i ty  o f  S P S F  m e m b ra n e  w i th  D S  1 2 .7 5 %  w a s  
m e a s u re d  w ith  L C R  m e te r  (A g ile n t E 4 9 8 0 A )  u n d e r  w e t  s ta te  a t ro o m  te m p e ra tu re .
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Figure H3 Proton conductivity of SPSF membrane with DS 15.65% was measured
with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H4 Blown up proton conductivity of SPSF membrane with DS 15.65%
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H5 Proton conductivity of SPSF membrane with DS 19.9% was measured with
LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H6 Blown up proton conductivity of SPSF membrane with DS 19.9% was
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Z 1 (ohm )

Figure H7 Proton conductivity of SPSF membrane with DS 27.99% was measured with
LCR meter (Agilent E4980A) under wet state at room temperature.
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Z ' (ohm )

Figure H8 Blow up proton conductivity of SPSF membrane with DS 27.99% was
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H9 Proton conductivity of SPSF membrane with DS 44.66% was measured with
LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H10 Blow up proton conductivity of SPSF membrane with DS 44.66% was
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H ll Proton conductivity of SPSF membrane with DS 61.44% was measured
with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H12 Blown up proton conductivity of SPSF membrane with DS 61.44% was
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Z' (ohm)

Figure H13 Proton conductivity of SPSF membrane with DS 71.55% was measured
with LCR meter (Agilent E4980A) under wet state at room temperature.
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Z ’ (ohm)

Figure H14 Blown up proton conductivity of SPSF membrane with DS 71.55% was
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H15 Proton conductivity of SPVDF membrane with DS 12.34% was measured
with LCR meter (Agilent E4980A) under wet state at room temperature.
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Figure H16 Blown up proton conductivity of SPVDF membrane with DS 12.34%
measured with LCR meter (Agilent E4980A) under wet state at room temperature.
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T a b l e  H I  P ro to n  c o n d u c t iv i ty  (S /c m )  a n d  w a te r  u p ta k e  u n d e r  w e t  s ta te  a t ro o m  
te m p e ra tu re

P o ly m e r
T h ic k n e s s

(c m )

C o n ta c t
a re a

( c m 2)

R
(o h m )

W a te r
u p ta k e

(% )

P ro to n
c o n d u c t iv i ty

(S /c m )
S P V D F  D S  1 2 .3 4 % 0 .0 1 1 8 1 1 .3 4 4 .9 8 2 .7 8 2 .0 9 E -0 4
S P S F  D S  1 2 .7 5 % 0 .0 1 6 8 1 1 .3 4 3 .2 2 2 .1 6 4 .6 0 E -0 4
S P S F D S  1 5 .2 5 % 0 .0 1 7 2 1 1 .3 4 2 .8 6 3 .5 4 5 .3 0 E -0 4
S P S F  D S  1 9 .9 % 0 .0 2 1 1 1 1 .3 4 2 .5 0 4 .0 3 7 .4 4 E -0 4
S P S F  D S  2 7 .9 9 % 0 .0 2 3 8 1 1 .3 4 2 .7 4 4 .33 7 .6 6 E -0 4
S P S F  D S  4 4 .6 6 % 0 .0 2 0 1 1 1 .3 4 2 .2 6 4 .8 2 7 .8 4 E -0 4
S P S F D S  6 1 .4 4 % 0 .0 2 8 1 1 1 .3 4 2 .6 9 6 .85 9 .2 1 E -0 4
S P S F D S  7 1 .5 5 % 0 .0 2 4 6 1 1 .3 4 2 .2 2 9.01 9 .7 7 E -0 4
N a f io n  117 0 .0 1 9 3 1 1 .3 4 0 .5 9 16 .30 2 .8 8 E -0 4
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Appendix I Methanol Permeability

T h e  m e th a n o l  p e r m e a b i l i t y  s h o w s  th e  a m o u n t  o f  m e th a n o l  th a t  p e r m e a te s  
th r o u g h  th e  m e m b ra n e .  T h e  p e r m e a t io n  c e l l  fo r  th e  m e th a n o l  p e r m e a b i l i t y  
m e a s u r e m e n t  c o n s is te d  o f  c h a m b e r  A  a n d  c h a m b e r  B  s e p a r a te d  b y  a  s u l fo n a te d  
p o ly m e r  m e m b ra n e .  C h a m b e r  A  w a s  f ille d  w i th  a  2 5 0  m l 2 .5  M  m e th a n o l  s o lu t io n . 
C h a m b e r  B  w a s  f i l l e d  w ith  2 5 0  m l  D I w a te r . T h e  m e m b ra n e  w a s  p la c e d  b e tw e e n  th e  
c h a m b e r  A  a n d  c h a m b e r  B . T h e  m e th a n o l  p e r m e a b i l i t y  w a s  d e te r m in e d  b y  th e  
f o l l o w in g  E q  ( I I ) :

p  ( c m 2/s )  =  AffX Vr x L
A X (CA- CB) ( I I )

w h e r e  p  =  th e  m e th a n o l  p e r m e a b i l i ty ,  CA = t h e  m e th a n o l  c o n c e n t r a t io n s  in  th e  
c o m p a r tm e n t  A , C b  =  th e  m e th a n o l  c o n c e n t r a t io n s  in  th e  c o m p a r tm e n t  B , A  =  th e  
a r e a o f  a  m e m b r a n e  , L = th e  th ic k n e s s  o f  a  m e m b r a n e ,  V[j = th e  v o lu m e  o f  th e  
s o lu t io n  in  th e  c o m p a r tm e n t  B , a n d  kg =  th e  s lo p e  o f  th e  m e th a n o l  c o n c e n t r a t io n .

T h e  m e th a n o l  c o n c e n t r a t io n s  w e re  d e te r m in e d  b y  u s in g  g a s  c h r o m a to g r a p h y  
( G C )  w i th  th e rm a l  c o n d u c t iv i ty  d e te c to r  ( T C D ) ;  e th a n o l w a s  u s e d  a s  th e  in te rn a l  
s ta n d a r d :
C a l ib r a t io n  p r o c e d u r e

•  T h e  s y r in g e  w a s  c le a n e d  b e f o r e  s a m p l in g  w i th  D I w a te r .
•  M e th a n o l  s o lu t io n s  w e r e  p re p a re d  a t  v a r io u s  c o n c e n t r a t io n s  ( 0 .0 1 ,  0 .0 5 , 0 .1 , 

0 .5 , 1 .0 , 1 .5 , 2 .0 , 2 .5 ,  a n d  3 .0  M ) . M e th a n o l  s o lu t io n  w a s  p u m p e d  b y  a  
s y r in g e  a b o u t  0 .0 5  m l a n d  d e p o s i te d  in  a  b o tt le .

•  M e th a n o l  p e r m e a b i l i ty  w a s  c a lc u la te d  b y  T C D  G C  w i th  a  1M  0 .0 5 m l  e th a n o l  
s o lu t io n  a s  a n  in te rn a l s ta n d a r d .

•  T h e  c a l ib r a t io n  c u rv e  w a s  e s ta b l is h e d  b y  p lo t t in g  C b w ith  th e  p e a k  r a t io  o f  
M e O H /E tO H .
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M e a s u r e m e n t  p r o c e d u r e

•  T h e  s y r in g e  w a s  c le a n e d  b e f o r e  s a m p l in g  w i th  D I  w a te r .

•  C o m p o n e n ts  A  a n d  B  w e r e  p u m p e d  b y  a  s y r in g e  a b o u t  0 .0 5  m l a n d  d e p o s i te d  
in  a  b o tt le .

•  M e th a n o l  p e r m e a b i l i t y  w a s  c a lc u la te d  b y  T C D  G C  w i th  1M  0 .0 5 m l  e th a n o l  
s o lu t io n  a s  a n  in te rn a l  s ta n d a r d .

•  T h e  m e th a n o l  c o n c e n t r a t io n  in  c o m p o n e n t  B  ( C B) w a s  d e te r m in e d  b y  
c o m p a r in g  th e  p e a k  r a t io  o f  m e th a n o l /e th a n o l  to  c a l ib r a t io n  c u rv e .

Table II R e te n t io n  t im e  c o m p o s i te s

Sample Retention time (min)
W a te r 2 .6 5

M e th a n o l 5 .0 5
E th a n o l 8 .0 7
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Table 12 C a l ib r a t io n  c o n c e n t r a t io n

Sampling (0.05ml) Internal standard (0.05ml)
Concentration MeOH Water EtOH Water

(M) contained contained contained contained
(ml) (ml) (ml) (ml)

3 .0 0 0 0 0 .0 0 6 1 0 .0 4 3 9 0 .0 0 2 9 0 .0 4 7 1
2 .5 0 0 0 0 .0 0 5 1 0 .0 4 4 9 0 .0 0 2 9 0 .0 4 7 1
2 .0 0 0 0 0 .0 0 4 1 0 .0 4 5 9 0 .0 0 2 9 0 .0 4 7 1
1 .5 0 0 0 0 .0 0 3 0 0 .0 4 7 0 0 .0 0 2 9 0 .0 4 7 1  -
1 .0 0 0 0 0 .0 0 2 0 0 .0 4 8 0 0 .0 0 2 9 0 .0 4 7 1
0 .5 0 0 0 0 .0 0 1 0 0 .0 4 9 0 0 .0 0 2 9 0 .0 4 7 1
0 .1 0 0 0 0 .0 0 0 2 0 .0 4 9 8 0 .0 0 2 9 0 .0 4 7 1
0 .0 5 0 0 0 .0 0 0 1 0 .0 4 9 9 0 .0 0 2 9 0 .0 4 7 1
0 .0 0 1 0 0 .0 0 0 0 0 .0 5 0 0 0 .0 0 2 9 0 .0 4 7 1

Table 13 C a l ib r a t io n  c o n c e n t r a t io n  o f  m e th a n o l

MeOH concentration 
(M) Type of media %Area MeOH/EtOH

-  3 .0 0
W a te r 9 0 .2 1

2 .1 9M e th a n o l 6 .7 2
E th a n o l 3 .0 7

2 .0 0
W a te r 9 2 .0 5

1 .7 3M e th a n o l 5 .8 9
E th a n o l 2 .0 6

1 .5 0
W a te r 9 2 .9 4

1 .2 5M e th a n o l 3 .9 2
E th a n o l 3 .1 3

1 .0 0 W a te r 9 5 .3 4 0 .7 9



1 2 1

M e th a n o l 2 .0 5
E th a n o l 2 .6

0 .5 0
W a te r 9 5 .81

0 .51M e th a n o l 1 .42
E th a n o l 2 .7 7

0 .1 0
W a te r 9 7 .0 1

*M e th a n o l
E th a n o l 2 .9

0 .0 5
W a te r 9 7 .8 3

*M e th a n o l
E th a n o l 2 .1 7
W a te r 9 7 .6 7

0 .0 1 M e th a n o l *

E th a n o l 2 .3 3

* M e th a n o l  d id  n o t  p e r m e a te  a c ro s s  t h e  m e m b ra n e .
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F i g u r e  I I  C a l ib r a t io n  c u r v e  o f  m e th a n o l  c o n c e n t r a t io n  v e r s u s  th e  r a t io  o f  m e th a n o l  
a n d  e th a n o l.
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T im e  (ร )

F i g u r e  12 M e th a n o l  c o n c e n t r a t io n  in  c h a m b e r  B  v e rs u s  t im e  a t  70°c o f  N a t io n  117.
y = 2E-0ÔX - 0.003

•  D e la y  t im e  =  M e th a n o l  d id  n o t  p e r m e a te  in  th is  p e r io d  o f  t im e .
•  D e la y  t im e  o f  N a f io n  1 1 7  m e m b ra n e  w a s 2 5 9 2 0 0  s e c o n d s .
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F i g u r e  13 M e th a n o l  c o n c e n t r a t io n  in  c h a m b e r  B  v e r s u s  t im e  a t  7 0  ๐c  o f  S P S F  a t D S  
1 2 .7 5 % .

V  O ' I "  O  y ■ - O-—  I 1 o  ■ 1 o  1 o

Methanol solution did not permeate through SPSF of DS 12.75%.
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Figure 14 Methanol concentration in chamber 13 versus time at 70 ๐c  of SPSF at DS 
15.65%.

• Methanol solution did not permeate through SPSF of DS 15.65%.
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Figure 15 Methanol concentration in chamber B versus time at 70 ๐c  of SPSF at 0S 
19.90%.

• Methanol solution did not permeate through SPSF of DS 19.90%.
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Figure 16 Methanol concentration in chamber B versus time at 70 °c  of SPSF at DS 
27.99%.

Methanol solution did not permeate through SPSF of DS 27.99%.



Figure 17 Methanol concentration in chamber B versus time at 70 °c of SPSF at 
DS 44.66%.

• Delay time of SPSF (DS 44.66%) membrane was 345600 seconds.
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Figure 18 Methanol concentration in chamber B versus time at 70 ๐c  of SPSF at 
DS 61.4%.

• Delay time o f SPSF (DS 61.4%) membrane was 259200 seconds.
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Figure 19 Methanol concentration in chamber B versus time at 70 °c of SPSF at DS 
71.5%.

• Delay time of SPSF (DS 71.5%) membrane was 259200 seconds
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Figure 110 Methanol concentration in chamber B versus time at 70 °c of SPVDF at 
DS 12.34%.

• Delay time of SPVDF (DS 12.34%) membrane was 432000 seconds
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Table 14 Methanol concentration in chamber B at 70 °c of SPSF (DS 12.75%) and
SPSF (DS 15.65%) at various times

Time (ร)

Methanol concentration (mol/1) in compartment A ( C a )  and 
compartment B (Cb) at 70 ๐c

SPSF 12.75% SPSF 15.65%
Ca (M) Ca (M) Cb (M) Cb(M)

0 2.039 0 2.013 0
86400 2.092 0 2.005 0
172800 2.060 0 1.996 0
259200 2.008 0 1.998 0
345600 1.990 0 2.003 0
432000 1.971 0 1.960 0
518400 1.986 0 2.013 0
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Table 15 Methanol concentration in chamber B at 70 ๐c  of SPSF (DS 19.90%) and
SPSF (DS 27.99%) at various times

Time (ร)

Methanol concentration (mol/1) in compartment A (Ca) and 
compartment B (CB) at 70 ๐c

SPSF 19.90% SPSF 27.99%
Ca(M) Ca(M) Cb (M) Cb(M)

0 2.013 0 2.013 0
86400 2.023 0 2.023 0
172800 1.996 0 1.996 0
259200 1.976 0 1.976 0
345600 1.974 0 1.974 0
432000 1.921 0 1.921 0
518400 1.837 0 1.837 0
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Table 16 Methanol concentration in chamber B at 70 °c  of SPSF (DS 44.66%) and
SPSF (DS 61.44%) at various times

Time (ร)

Methanol concentration (mol/1) in compartment A (Ca) and 
compartment B (Cb) at 70 °c

SPSF 44.66% SPSF 61.44%
Ca(M) Ca(M) Cb (M) Cb(M)

0 2.013 0 2.013 0
86400 2.023 0 2.023 0
172800 1.996 0 1.996 0
259200 1.976 0 1.976 0.063
345600 1.974 0 1.974 0.053
432000 1.921 0.088 1.921 0.207
518400 1.837 0.148 1.837 0.192
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Table 17 Methanol concentration in chamber B at 70 ๐c  of SPSF (DS 71.5%) and
Nation 117at various times

Time (ร)

Methanol concentration (mol/1) in compartment A ( C a )  and 
compartment B ( C b)  at 70 °c

SPSF 71.5% Nation 117
C a ( M ) C b ( M ) C a ( M ) C b ( M )

0 2.163 0 2.028 0.000
86400 1.793 0 2.014 0.000
172800 1.918 0 1.985 0.297
259200 2.146 0.098 1.182 0.529
345600 1.408 0.166 1.176 0.761
432000 1.850 0.262 1.064 0.913
518400 1.390 0.296 1.033 1.025
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Table 18 Methanol concentration in chamber B at 70 °c of SPVDF (DS 12.34%) at 
various times

Methanol concentration (mol/1) in compartment A (Ca)
Time (ร) and compartment B (CB) at 70 ๐c  of SPVDF 12.34%

Ca (M) Cb (M)
0 2.121 0

86400 2.140 0
172800 2.125 0
259200 2.046 0
345600 2.016 0
432000 2.038 0.004
518400 2.012 0.006



Table 19 Methanol permeability (cm2/s) of sulfonated membranes

Sample
Methanol

permeability
(cm2/s)

PermeatedT emperature
(°C)

Membrane 
thickness (cm)

Nation 117 3.08E-05 70 0.0178
SPVDF
12.34% 5.23E-10 70 0.0152

SPSF
12.75% 0 70 0.0249

SPSF
15.65% ,0 70 0.0181

SPSF
19.90% 0 70 0.0271

SPSF
27.95% 0 70 0.0293

SPSF
44.66% 3.75E-09 70 0.0302

SPSF
61.44% 4.53E-08 70 0.0178

SPSF
71.35% 9.59E-08 70 0.0169
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Figure 111 Methanol permeability at 70 °c of S-PSF and S-PVDF.
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The mechanical properties: tensile strength, yield strain, and young’s 
modulus, were recorded using a universal testing machine (Lloyd, model SMT2- 
500N) at room temperature with 25 mm. mi ท"1 speed. The membranes (thickness less 
than 1.0 mm) were cut into 1 c m  X 5 cm. The measurements were taken at least 5 
times.

Table J1 Mechanical property of PSF

Appendix J Mechanical Properties

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength
(MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

PSF 0.37 3.72 38.6 ' 7.3 906
PSF 0.36 3.58 41.7 7.7 993
PSF 0.39 3.92 40.5 8.6 874
PSF 0.48 4.76 37.8 8.5 813
PSF 0.34 3.36 41.1 6.6 1018

Table J2 Mechanical property of SPSF 12.74%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength
(MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF12 0.28 2.82 35.5 5.4 1095
SPSF12 0.27 2.67 40.5 5.9 1157
SPSF12 0.31 3.13 38.3 6.6 957
SPSF12 0.18 181 48.6 7.0 1306
SPSF12 0.18 1.78 47.1 6.7 1294
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Table J3 Mechanical property of SPSF 15.65%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF15 0.31 3.07 28.2 5.6 900
SPSF15 0.21 2.12 33.7 4.9 1277
SPSF15 0.25 2.53 33.6 " 5.2 1130
SPSF15 0.28 2.80 30.8 5.5 980
SPSF15 0.32 3.15 26.7 5.0 866

Table J4 Mechanical property of SPSF 19.90%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF19 0.31 3.10 30.5 5.4 952
SPSF19 0.31 3.14 33.3 5.8 960
SPSF19 0.25 2.47 29.5 4.4 1153
■ SPSF19 0.33 3.27 31.9 5.5 1072
SPSF19 0.29 2.94 33.0 5.4 1034

Table J5 Mechanical property of SPSF 27.99%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF19 0.22 2.22 29.66 5.1 999
SPSF19 0.25 2.47 29.66 4.7 885
SPSF19 0.31 3.05 30.91 5.9 1074
SPSF19 0.15 1.54 28.80 5.4 973
SPSF19 - 0.22 2.24 28.72 5.3 1044
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Table J6 Mechanical property o f SPSF 44.66%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF61 0.3 2.97 30.7 5.0 997
SPSF61 0.33 3.31 29.6 5.8 988
SPSF61 0.36 3.63 28.7 5.2 971
SPSF61 0.31 3.08 28.6 5.2 900

-SPSF61 0.31 3.05 29.0 5.1 1079

Table J7 Mechanical property of SPSF 61.44%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF61 0.33 3.32 30.7 6.4 844
SPSF61 0.32 3.23 30.0 5.8 847
SPSF61 0.30 3.04 30.1 5.5 984
SPSF61 0.28 2.76 28.2 4.2 995
SPSF61 0.14 1.37 25.9 4.4 1264

Table J8 Mechanical property of SPSF 71.55%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPSF71 0.48 4.77 21.8 5.5 662
SPSF71 0.39 3.91 24.7 5.9 691
SPSF71 0.28 2.83 32.2 5.8 933
SPSF71 0.31 3.11 35.2' 6.5 930
SPSF71 0.22 2.16 28.2 6.9 1003



142

Table J9 Mechanical property of PVDF

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

PVDF 0.20 1.97 25.0 30.0 338
PVDF 0.23 2.33 25.2 32.4 324
PVDF 0.15 1.50 26.9 - 29.4 353
PVDF 0.17 1.70 26.4 30.3 397
PVDF 0.16 1.62 24.7 29.2 335

Table J10 Mechanical property of SPVDF 12.34%

Sample Breadth
(mm)

Area
(mm2)

Tensile
strength (MPa)

Yield 
strain (%)

Young's 
modulus (MPa)

SPVDF 0.10 0.95 36.1 17.1 1005
SPVDF 0.10 1.00 32.5 17.5 869
SPVDF 0.11 1.09 32.3 17.6 840
SPVDF 0.14 1.35 36.7 17.4 983
SPVDF 0.11 1.06 29.9 13.2 725



Table J l l  Mechanical properties of membranes

Sample Tensile
strength (MPa)

Yield strain
(%)

Young's modulus 
(MPa)

PSF 39.9 ± 1.7 7.7 ± 0.9 921 ±85
SPSF 12.74% 42.0 ±5.7 6.3 ± 0.7 1162± 145
SPSF 15.65% 30.6 ±3.2 5.2 ±0.3 1030 ±171
SPSF 19.90% 31.6 ± 1.6 5.3 ±0.5 1034 ±83
SPSF 27.99% 29.55 ± 0.9 5.3 ± 0.5 992-± 73
SPSF 44.66% 29.32 ± 0.8 5.3 ± 0.3 - 987 ± 64
SPSF 61.44% 29.0 ±2.0 5.3 ± 0.9 987± 171
SPSF 71.55% 28.4 ±5.4 6.1 ±0.6 844± 156

PVDF 25.7 ±2.9 30.9 ± 1.9 349± 114
SPVDF 12.34% 33.5 ± 1.0 16.5 ± 1.3 884 ±28

Nafïon 117 11.0 ±0.4 24.1 ± 1.9 185 ± 10
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Figure J1 Tensile strength at various degrees of sulfonation of SPSF and SPVDF.
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Appendix K X-ray Diffraction

The crystalline structure of polymer and sulfonated polymer was examined 
by a wide angle X-ray diffraction (Bruker AXS, D8 Advance). The CuK-alpha 
radiation source was operated at 40 kv/30 mA. The interference peak was eliminated 
by a K-beta filter. Divergence silt and scattering silt of 0.5° together with 0.3 mm of 
receiving silt were used. Each sample was mounted on a sample holder and a 
measurement was continuously run. The experiment was recorded by monitoring the 
diffraction pattern appearing in the 20 range from 5 to 90, with a scan speed of 
17min, and a scan step of 0.02°.

Figure Kl XRD pattern of PSF and SPSF at various degrees of sulfonation.
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Figure K2 XRD pattern of PVDF and SPVDF at various degrees of sulfonation.

Figures K1 and K2 show a broad amorphous scattering of XRD pattern for 
both of polymers after sulfonation. The increase in DS provides more amorphous of 
the PSF and PVDF structure because more sulfonic acid pendant groups on the 
polymer backbone affecting the chain conformation and facilitating orientation of the 
amorphous structures [Reyna-Valencia et ah, 2005; Zaidi, 2003].



Int
ens

ity
 (a.

U.)

149

20

Figure K3 XRD pattern of SPSF and SPVDF.

Figure K3 shows that the XRD pattern of SPSF is .broader than SPVDF 
because the SPSF has a benzene ring in the polymer backbone resulting in a lower 
chain packing.
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Appendix L Nuclear Magnetic Resonance (NMR)

The structures of sulfonated PSF and PVDF were determined by a NMR 
spectrometer (Bruker Biospin Avance 500 MHz NMR spectrometer) using 
deuterated dimethyl sulfoxide (DMSO-dtf) as the solvent at room temperature.

Chemical shift (ppm)

Figure LI NMR spectrum of poly sulfonated polysulfone.

The proton resonance at 7.25 ppm is assigned to the proton adjacent to the 
new pendent sulfonic acid on the PSF structure [Deurim et al., 2009].
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Figure L2 NMR spectrum of sulfonated polyvinyldene fluoride.

Sulfonated PVDF shows the proton resonance at 2.00 ppm for identify the 
sulfonic acid on the PVDF backbone.
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