
CHAPTER III 
EXPERIMENTAL

3.1 Materials

C h i t i n  w a s  p r e p a r e d  f r o m  s h r i m p  s h e l l s  b y  t h e  m e t h o d s  o f  S h i m a h a r a  

a n d  T a k i g u s h i  ( 1 9 7 8 ) .  C h i t i n  w a s  p o w d e r e d  a n d  p a s s e d  t h r o u g h  t h e  s i e v e  t o  

o b t a i n  t h e  p a r t i c l e  s i z e  i n  t h e  r a n g e  o f  7 1 - 7 5  p m .  C e l l u l o s e  f r o m  s p r u c e  w a s  

p u r c h a s e d  f r o m  F l u k a .  N ,  N - d i m e t h y l a c e t a m i d e  ( D M A c )  ( L a b  S c a n ) ,  

L i t h i u m  c h l o r i d e  ( L i C l )  ( B D H )  a n d  I s o p r o p y l  a l c o h o l  ( B D H )  w e r e  a n  

a n a l y t i c a l  g r a d e .

3.2 Equipment

3 . 2 . 1  R e s t c h  s e i v i n g  m a c h i n e

T h e  c h i t i n  p o w d e r  w i t h  t h e  s i z e  o f  7 1  t o  7 5  m i c r o n s  w a s  s i e v e d  

a n d  c o l l e c t e d  s e p a r a t e l y  b y  u s i n g  R e s t c h  S i e v i n g  M a c h i n e  t y p e  V i b r o .

3 . 2 . 2  C a p i l l a r y  v i s c o m e t e r

T h e  v i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t  o f  c h i t i n  w a s  d e t e r m i n e d  

b y  u s i n g  C a n n o n  U b b e l o h d e - t y p e  n u m b e r  1 5 0  o f  c a p i l l a r y  v i s c o m e t e r .

3 . 2 . 3  F T I R  s p e c t r o p h o t o m e t e r

T h e  F T I R  s p e c t r u m  o f  c h i t i n / c e l l u l o s e  b l e n d  f i l m s  w e r e  r e c o r d e d  

w i t h  B r u k e r  F T I R  S p e c t r o p h o t o m e t e r ,  m o d e l  V e c t o r  3 . 0 ,  w i t h  1 6  s c a n s  a t  a  

r e s o l u t i o n  o f  4  c m ' 1. A  f r e q u e n c y  o f  4 0 0 0 - 4 0 0  c m ' 1 w a s  o b s e r v e d  b y  u s i n g  

d e u t e r a t e d  t r i g l y c i n e s u l f a t e  d e t e c t o r  ( D T G S )  w i t h  s p e c i f i c  d e t e c t i v i t y  o f  

l x i o 9 c m . H z 1/2 . พ ' 1.
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3 . 2 . 4  W i d e - a n g l e  x - r a y  d i f f r a c t o m e t e r  f W A X D t

T h e  w i d e - a n g l e  X - r a y  d i f f r a c t o m e t e r  u s e d  i n  t h i s  s t u d y  w a s  

D / M A X - 2 0 0 0  s e r i e s  o f  R i g a k u  X - r a y  D i f f r a c t o m e t e r  s y s t e m .  X - r a y  o f  C u  k -  

3 0  m A  w e r e  u s e d  a s  a  s o u r c e .  T h e  k - b e t a  f i l t e r  w a s  u s e d  t o  e l i m i n a t e  

i n t e r f e r e n c e  p e a k .  D i v e r g e n c e  s l i t  a n d  s c a t t e r i n g  s l i t  a t  1 d e g  t o g e t h e r  w i t h

0 . 3  m m  o f  r e c e i v i n g  s l i t  w e r e  s e t  o n  t h e  i n s t r u m e n t .  T h e  e x p e r i m e n t  w a s  

p e r f o r m e d  i n  t h e  r a n g e  o f  5 - 3 0  d e g r e e  w i t h  s c a n  s p e e d  5  d e g / m i n  a n d  0 . 0 2  

d e g  o f  s c a n  s t e p .

3 . 2 . 5  T h e r m o g r a v i m e t r i c  a n a l y z e r  ( T G A )

T h e  t h e r m o g r a v i m e t r i c  a n a l y z e r  ( T G A )  u s e d  t o  e v a l u a t e  t h e  

t h e r m a l  s t a b i l i t y  o f  t h e  b l e n d  f i l m s  w a s  T G A  5 . 1  D u p o n t  I n s t r u m e n t  m o d e l  

2 9 5 0 .

3 . 2 . 6  L l o y d  t e n s i l e  t e s t e r

T h e  s t r e n g t h  o f  t h e  b l e n d  f i l m s  w a s  c h a r a c t e r i z e d  b y  L l o y d  

I n s t r u m e n t  L R X  s e r i e s  o f  L l o y d  t e n s i l e  t e s t e r  w i t h  t h e  m a x i m u m  l o a d  o f  

2 5 0 0  N .

3 . 2 . 7  G a s  p e r m e a b i l i t y  t e s t e r

T h e  B r u g g e r  g a s  p e r m e a b i l i t y  t e s t e r  t y p e  G D P / E  a s  s h o w n  i n  

F i g u r e  3 . 1  w a s  u s e d  t o  d e t e c t  t h e  p e r m e a b i l i t y  o f  o x y g e n  g a s  t h r o u g h  t h e  

b l e n d  f i l m s .  T h e  f l o w  r a t e  o f  o x y g e n  w a s  c o n t r o l l e d  a t  1 0 0  c m 3/ m i n  a t  

a m b i e n t  t e m p e r a t u r e .

Figure 3.1 S c h e m a t i c  d r a w i n g  o f  a  B r u g g e r  g a s  p e r m e a b i l i t y  t e s t e r .
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3.1 Methodology

3 . 3 . 1  P r e p a r a t i o n  o f  c h i t i n

C h i t i n  w a s  p r e p a r e d  f r o m  s h r i m p  s h e l l  w a s t e .  T h e r e  w e r e  t w o  

s t e p s  t o  p r e p a r e  c h i t i n  b y  t h e  m e t h o d  o f  S h i m a h a r a  a n d  T a k i g u s h i  ( 1 9 8 8 ) .  

T h e  s h e l l s  o f  s h r i m p  w e r e  w a s h e d  w i t h  w a t e r ,  d r i e d  u n d e r  s u n l i g h t  a n d  

c r u s h e d  i n t o  c h i p s  a b o u t  0 . 5  c m 2 i n  s i z e .  T h e  f i r s t  s t e p  w a s  d e m i n e r a l i z a t i o n  

w i t h  h y d r o c h l o r i c  a c i d .  T h e  d r i e d  s h e l l  c h i p s  ( 1 0 0 g )  w e r e  i m m e r s e d  i n  1 L  o f  

1 N  h y d r o c h l o r i c  a c i d .  T h e  m i x t u r e  w a s  k e p t  f o r  2  d a y s  a t  r o o m  t e m p e r a t u r e  

w i t h  o c c a s i o n a l  s t i r r i n g  u s i n g  a  g l a s s  r o d .  A t  t h e  i n i t i a l  s t a g e  o f  t h e  r e a c t i o n ,  

f r e q u e n t  s t i r r i n g  w a s  r e q u i r e d  t o  p r e v e n t  t h e  f l o a t i n g  o f  t h e  s h e l l  c h i p s  c a u s e d  

b y  t h e  g e n e r a t i o n  o f  c a r b o n  d i o x i d e  g a s .  I n  t h e  m i d d l e  s t a g e  o f  t h e  t r e a t m e n t ,  

t h e  e x h a u s t e d  h y d r o c h l o r i c  a c i d  w a s  c h a n g e d .  T h e  d e m i n e r a l i z e d  s h e l l  c h i p s  

w e r e  c o l l e c t e d  a n d  w a s h e d  w i t h  d i s t i l l e d  w a t e r  u n t i l  n e u t r a l  t o  p H  p a p e r .  T h e  

y i e l d  o f  d e m i n e r a l i z e d  s h e l l  c h i p s  i s  a p p r o x i m a t e l y  5 0 % .  T h e  s e c o n d  s t e p  

w a s  d e p r o t e i n a t i o n  w i t h  s o d i u m  h y d r o x i d e  a q u e o u s  s o l u t i o n .  T h e  

d e m i n e r a l i z e d  s h e l l  c h i p s  w a s  a d d e d  t o  1 L  o f  4% N a O H  s o l u t i o n  a n d  h e a t e d  

a t  7 0 - 8 0  °c f o r  4 h  w i t h  o c c a s i o n a l  s t i r r i n g .  A n  a p p r o x i m a t e  a m o u n t  o f  w a t e r  

s h o u l d  b e  a d d e d  a s  t h e  v a p o r i z a t i o n  o f  w a t e r  p r o c e e d e d .  A f t e r  b o i l i n g ,  c h i t i n  

c h i p s  w e r e  c o l l e c t e d  a n d  w a s h e d  w i t h  d i s t i l l e d  w a t e r  u n t i l  n e u t r a l .  T h e  

p r o d u c t  w a s  d r i e d  i n  o v e n  a t  1 10°c f o r  24 h .  T h e  y i e l d  o f  c h i t i n  f r o m  s h r i m p  

s h e l l  w a s  a p p r o x i m a t e l y  3 0 %  o n  d r y  w e i g h t  b a s i s .

3 . 3 . 2  D e g r e e  o f  d e a c e t y l a t i o n  o f  c h i t i n

T h e  m e t h o d  u s e d  t o  d e t e r m i n e  t h e  d e g r e e  o f  d e a c e t y l a t i o n  o f  

c h i t i n  i s  b a s e d  o n  i n f r a r e d  s p e c t r o s c o p i c  m e a s u r e m e n t  b y  S a n n a n  et. al. 
( 1 9 7 8 ) .  A b o u t  3  m g  o f  c h i t i n  p o w d e r ,  p a s s e d  t h r o u g h  a  2 0 0 - m e s h  s i e v e ,  w a s  

m e c h a n i c a l l y  m i x e d  w i t h  4 0 0  m g  o f  p o t a s s i u m  b r o m i d e  p o w d e r  t o  p r e p a r e  a  

K B r  d i s k .  A n  i n f r a r e d  s p e c t r u m  w a s  r e c o r d e d  i n  a  r a n g e  f r o m  4 0 0 0  c m ' 1 t o  

4 0 0  c m " 1. T h e  a b s o r b a n c e s  a t  2 8 7 8  c m ' ' ( t h e  C - H  b a n d )  a n d  1 5 5 0  c m ' 1 (  t h e
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a m i d e  I I  b a n d )  w e r e  e v a l u a t e d  b y  t h e  b a s e l i n e  m e t h o d .  T h e  d e g r e e  o f  

d e a c e t y l a t i o n  ( D )  w a s  c a l c u l a t e d  f r o m  e q u a t i o n  3 . 1 .

D ( % )  =  9 8 . 0 3 - 3 4 . 6 8 (  A 155o /A 2878) ( 3 . 1 )

W h e n  D  =  D e g r e e  o f  d e a c e t y l a t i o n  ( % )

A j550 =  A b s o r b a n c e  a t l 5 5 0  c m ' 1 ( t h e  C - H  b a n d )

A 2878 =  A b s o r b a n c e  a t  2 8 7 8  c m ' 1 ( t h e  a m i d e  I I  b a n d )

3 . 3 . 3  V i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t  o f  c h i t i n

T h e  d i f f e r e n t  c o n c e n t r a t i o n  s o l u t i o n s  ( 0 . 0 0 ,  0 . 0 2 5 ,  0 . 0 4 ,  0 . 0 5 ,

0 . 0 6 ,  0 . 0 7 5 ,  0 . 0 8 5  a n d  0 . 1  g / 1 0 0  m L )  o f  c h i t i n  d i s s o l v e d  i n  5 % L i C l / D M A c  

w e r e  p r e p a r e d .  T h e  U b b e l o h d e  v i s c o m e t e r  w a s  f i l l e d  w i t h  1 0  m L  o f  s a m p l e  

a n d  t h e n  e q u i l i b r a t e d  i n  w a t e r  b a t h ,  w h i c h  m a i n t a i n e d  t h e  t e m p e r a t u r e  a t  

30°c. T h e  s a m p l e  w a s  p a s s  t h r o u g h  t h e  c a p i l l a r y  o n c e  b e f o r e  t h e  r u n n i n g  

t i m e  w a s  m e a s u r e d .  E a c h  s a m p l e  w a s  m e a s u r e d  5  t i m e s .  T h e  r u n n i n g  t i m e s  

o f  s o l v e n t  a n d  s o l u t i o n s  w e r e  u s e d  t o  c a l c u l a t e  t h e  r e l a t i v e  v i s c o s i t y ,  s p e c i f i c  

v i s c o s i t y ,  a n d  r e d u c e d  v i s c o s i t y .  T h e  r e d u c e d  v i s c o s i t y  w a s  p l o t t e d  a g a i n s t  

t h e  c o n c e n t r a t i o n  w i t h  t h e  i n t e r c e p t  b e i n g  t h e  i n t r i n s i c  v i s c o s i t y .

R e l a t i v e  v i s c o s i t y  ( ๆ  rei) =  t / ts ( 3 . 2 )

S p e c i f i c  v i s c o s i t y  ( p Sp ) =  ( t / t s ) - l ( 3 . 3 )

R e d u c e d  v i s c o s i t y  (ๆ  red) — f i s p / c ( 3 . 4 )

I n t r i n s i c  v i s c o s i t y  [ p ] — (P red)c>-0 ( 3 . 5 )

W h e n  t  i s  t h e  r u n n i n g  t i m e  o f  c h i t o s a n  s o l u t i o n ,  t s i s  t h e  r u n n i n g  t i m e  

o f  s o l v e n t  a n d  c  i s  t h e  c o n c e n t r a t i o n  i n  g / l O O m L .
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T h e  v i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t  o f  c h i t o s a n  w a s  d e t e r m i n e d  

b a s e d  o n  M a r k - H o u w i n k  e q u a t i o n  a s  f o l l o w e d

[ ๆ ]  = 8 . 9 3 x 1 0 ' 4M ° - 71 ( 3 . 6 )

W h e n  [ ๆ ]  =  I n t r i n s i c  v i s c o s i t y

M  =  V i s c o s i t y - a v e r a g e  m o l e c u l a r  w e i g h t

3 . 3 . 4 .  P r e p a r a t i o n  o f  c h i t i n  /  c e l l u l o s e  b l e n d  f i l m s

3.3.4.1 L iC l/D M A c so lven t prepara tion
T h e  5 %  L i C l /  D M A c  f o r  c h i t i n  d i s s o l u t i o n  w a s  

p r e p a r e d  b y  d i s s o l v i n g  L i C l  5 0  g  i n  1 L  o f  D M A c .  T h e  s o l u t i o n  w a s  s t i r r e d  

a t  r o o m  t e m p e r a t u r e  u n t i l  c l e a r  s o l u t i o n  w a s  o b t a i n e d .  F o r  t h e  9 %  

L i C l / D M A c  u s e d  f o r  c e l l u l o s e  d i s s o l u t i o n ,  2 7  g  L i C l  w a s  a d d e d  i n  3 0 0  m l  o f  

D M A c  i n  a  5 0 0 - m l  t h r e e - n e c k e d  f l a s k .  T h e  s o l v e n t  w a s  h e a t e d  a n d  h e l d  

a r o u n d  80°c w i t h  m e c h a n i c a l  s t i r r i n g  u n t i l  L i C l  w a s  c o m p l e t e l y  d i s s o l v e d .  

T h e  L i C l / D M A c  s o l v e n t s  w e r e  p r e p a r e d  i m m e d i a t e l y  p r i o r  t o  u s e  t o  

m i n i m i z e  m o i s t u r e  u p t a k e .

3 .3 .4 .2  P reparation  o f  chitin  so lu tion
C h i t i n  p o w d e r  ( 5 g )  w a s  a d d e d  i n  1 L  o f  5 %  

L i C l / D M A c .  T h e  s u s p e n s i o n  w a s  s t i r r e d  c o n t i n u o u s l y  o v e r n i g h t ,  f i l t e r e d  w i t h  

s i n t e r e d  g l a s s  a n d  c e n t r i f u g e d  t o  r e m o v e  u n d i s s o l v e d  p a r t i c l e s .

3.3 .4 .3  P reparation  o f  cellu lose solu tion
T h e r e  w e r e  t w o  s t e p s  t o  d i s s o l v e  c e l l u l o s e  b y  u s i n g  t h e  

m e t h o d  o f  M c C o r m i c k  et al. ( 1 9 8 5 ) .  T h e  f i r s t  s t e p  w a s  c e l l u l o s e  p r e t r e a t m e n t  

a n d  t h e  s e c o n d  s t e p  w a s  c e l l u l o s e  d i s s o l u t i o n .  F i r s t ,  c e l l u l o s e  p o w d e r  ( 2 0 g )  

w a s  s t i r r e d  o v e r n i g h t  i n  5 0 0  m l  o f  d i s t i l l e d  w a t e r .  A f t e r  t h a t  t h e  m i x t u r e  w a s  

v a c u u m  f i l t e r e d  w i t h  s i n t e r e d  g l a s s .  T h e  c e l l u l o s e  w a s  t h e n  a d d e d  t o  5 0 0  m l
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o f  m e t h a n o l ,  s t i r r e d  f o r  1 h ,  a n d  f i l t e r e d .  N e x t ,  t h e  c e l l u l o s e  w a s  a d d e d  t o  5 0 0  

m l  o f  D M A c  a n d  t h e  m i x t u r e  w a s  s t i r r e d  f o r  1 h .  T h e  s w o l l e n  c e l l u l o s e  w a s  

s e p a r a t e d  b y  v a c u u m  f i l t e r e d  w i t h  s i n t e r e d  g l a s s .  T h e  c e l l u l o s e  c o n t e n t  w a s  

c a l c u l a t e d  b y  d r y i n g  s e v e r a l  1 . 0  g  p o r t i o n s  o f  t h e  s w o l l e n  c e l l u l o s e  i n  a  

v a c u u m  o v e n  a t  80°c f o r  4 8  h .  T h e  a v e r a g e  c e l l u l o s e  c o n t e n t  o f  s w o l l e n  

c e l l u l o s e  w a s  0.38 g  f r o m  d r y i n g  1 g  o f  t h e  s w o l l e n  c e l l u l o s e .

F o r  t h e  s e c o n d  s t e p ,  t h e  s w o l l e n  c e l l u l o s e  ( 1 5 . 7 9 g )  w a s  a d d e d  i n  3 0 0  

m l  o f  9% L i C l / D M A c  . T h e  m i x t u r e  w a s  h e a t e d  t o  150°c f o r  15 m i n  a n d  

a l l o w e d  t o  c o o l  d o w n  t o  r o o m  t e m p e r a t u r e .  T h i s  p r o c e s s  w a s  r e p e a t e d  f o u r  

t i m e s .  T h e  s o l u t i o n  w a s  c o o l e d  d o w n  a n d  c e n t r i f u g e d  t o  r e m o v e  u n d i s s o l v e d  

p a r t i c l e s .

3.3.4.4 Preparation o f the blend films
P u r e  a n d  t h e  b l e n d  f i l m s  w i t h  d i f f e r e n t  b l e n d  r a t i o s  w e r e  

p r e p a r e d  f r o m  c h i t i n  a n d  c e l l u l o s e  b y  s e p a r a t e l y  d i s s o l v i n g  c h i t i n  a n d  

c e l l u l o s e  i n  5 %  L i C l / D M A c  a n d  9% L i C l / D M A c ,  r e s p e c t i v e l y .  T h e  b l e n d  

r a t i o s  o f  c h i t i n  t o  c e l l u l o s e  w e r e  1 0 0 / 0  8 0 / 2 0 ,  6 0 / 4 0 ,  4 0 / 6 0 ,  2 0 / 8 0 ,  a n d  0 / 1 0 0  

b y  w e i g h t .  T h e  s o l u t i o n s  w e r e  p o u r e d  i n t o  g l a s s  p l a t e s  ( 3 0  c m  X 3 7 . 5 0  c m  X 

2 m m )  a n d  t h e  s o l v e n t  w a s  a l l o w e d  t o  e v a p o r a t e .  T h e  s o l u t i o n  s l o w l y  f o r m e d  

a  g e l  a s  t h e  s o l v e n t  w a s  e v a p o r a t e d .  A f t e r  t h e  g e l  w a s  a l l o w e d  t o  s e t  f o r  4  h ,  i t  

w a s  i m m e r s e d  i n  i s o p r o p y l  a l c o h o l  o v e r n i g h t .  T h e  g e l  w a s  w a s h e d  w i t h  

m e t h a n o l  a n d  d r i e d .

3 . 3 . 5  F T I R  s p e c t r a  o f  c h i t i n / c e l l u l o s e  b l e n d  f i l m s

F T I R  s p e c t r a  o f  c h i t i n / c e l l u l o s e  w e r e  r e c o r d e d  o n  t h e  B r u k e r  

F o u r i e r  t r a n s f o r m  i n f r a r e d  s p e c t r o p h o t o m e t e r ,  M o d e l  V e c t o r  3 . 0  w i t h  1 6  

s c a n s  a t  a  r e s o l u t i o n  o f  4  c m ' 1. T h e  s a m p l e s  w i t h  t h e  t h i c k n e s s  o f  1 0  p m  w e r e  

a t t a c h e d  t o  t h e  s a m p l e  f r a m e s  a n d  s c a n n e d  f r o m  f r e q u e n c y  o f  4 0 0 0  t o  4 0 0  

c m ’ 1 b y  u s i n g  d e u t e r a t e d  t n g l y c i n e s u l f a t e  d e t e c t o r  ( D T G S )  w i t h  s p e c i f i c  

d e t e c t i v i t y  o f  l x io 9 c m . H z 172. พ ' 1.
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3.3.6 Thermo gravimetric analysis
The thermogravimetric analysis (TGA) of the blend films was 

carried out under N2 atmosphere at heating rate of 10°c/min from 40°c to 
700°c. About 8 mg of sample was used for each measurement.

3.3.7 X-ray diffraction pattern
The wide-angle X-ray difffactograms of the blend films were 

recorded at room temperature using Rigaku X-ray Diffractometer system, 
Model D/Max-2000. The X-ray source was Cu k-alpha ( 40 kV/30 mA). The 
k-beta filter was used to eliminate interference peak. The dried films with 
thickness of 25pm were attached the sample holders and scanned from 5 to 
30° 20 at a speed of 5°/min. and 0.02 degree for scan step.

3.3.8 Equilibrium water content (EWC)
To measure the Equilibrium Water Content (EWC), a 

preweighted dry film was immersed in distilled water. After 30 min, the film, 
which equilibrated with water, was removed from the water. After excess 
water at the surface of the film was blotted out with Kimwives paper, the 
weight of the swollen film was measured and the procedure was repeated 
until there was no further weight change. Water content was determined by 
gravimetric method (Kim e t a i ,  1996) and calculated from the following 
equation:

EWC (%) = Wh ~ Wd xioow d

Where พ)1 and w d denote the weight of hydrate and dry film, respectively.
3.3.9 Swelling behavior

The effect of salt type, salt concentration and pH on the degree of 
swelling of the blend films were studied. Preweighted dry films were 
immersed in the 0.125M, 0.25M and 0.5M salt solutions, namely NaCl, LiCl, 
CaCl2, A1C13, and FeCl3 solutions. The effect of pH on the degree of swelling
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of the blend films was studied at pH 3,5,7 and 10. Sodium hydroxide and 
hydrochloric acid solutions were used to adjust the pH. For each experiment, 
after excess water at the surface of the films was blotted out with Kimwives 
paper, the weight of swollen films were measured and the procedure was 
repeated until there was no further weight change. The degree of swelling 
was calculated by using the following equation (Wang et a l ,  1996):

Degree of swelling (%) =  พ ร ~ พ d _ X J Q Q

พร
Where พร and w d denote the weight of swollen and dry films, respectively.

3.3.10 Mechanical properties
The tensile strength and elongation at break of the 

chitin/cellulose blend films were measured by Lloyd Tensile Tester by 
following the standard ASTM D882 using the gauge length of 50 mm and an 
extension rate of 20 mm/min at room temperature. Test films were cut in the 
dimension of 25 mm X  150 mm and the thickness of the films were in the 
range of 35-45 pm. Then the films were dried at 60°c for 24 h before testing.

3.3.11 Oxygen permeability testing
The Brugger Gas Permeability Tester was used to measure the 

oxygen permeability rate of the blend films. Permeability measurement were 
performed at 298 K. The measuring part of the apparatus was outgassed 
before each run by evacuation until there was no appreciable increase in 
pressure on a pressure gauge. Subsequently, a penetrated gas was introduced 
into the upstream side compartment and the pressure increase in the down 
stream side compartment was measured on a pressure gauge connected to a 
recorder. Oxygen gas (O2 ) of 99.9 % minimum purity was employed as 
penetrated gas. Samples were cut in the diameter of 11 cm and the thickness 
of the films were in the range of 10-12 pm. The oxygen permeability rate was 
calculated by the following equation (Kawakami et a l ,  1982):
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Gas permeability rate (G ) = 1.47 xio^
””KN

Where G is gas permeability rate (cm2/m2 d bar), K is the temperature 
(298 K) and N is the inverse of the slope of the plot between scale division 
(mm) versus the time (ร).
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