
C H A P T E R  I V
R E S U L T S  A N D  D I S C U S S I O N

- 4 .1  C u l t i v a t i o n  o f  B a c t e r i a l  C e l lu lo s e

B a c te r ia l  c e l lu lo s e  s h e e t s  w e r e  p r o d u c e d  f ro m  A c e to b a c te r  xylinum , w h ic h  

w a s  s ta t ic a l ly  in o c u la te d  in  a  s u i ta b le  c u l tu r e  m e d iu m  a t  3 0  ๐C , f o r  4  d a y s  a s  s h o w n  in  
. F ig u r e  4 .1 .

F i g u r e  4 .1  C u l t iv a t io n  o f  A c e to b a c te r  xylin u m  u n d e r  s ta t ic a l ly  c o n d i t io n s  in  th e  
f o r m in g  o f  th e  w h i te  p e l l i c l e  b a c te r ia l  c e l lu lo s e .

In  s ta t ic  c o n d i t io n s ,  A c e to b a c te r  xylin u m  p r o d u c e d  c e l lu lo s e  s h e e t s  o n  th e  
s u r f a c e  o f  n u t r i e n t  b r o th ,  a t  th e  o x y g e n - r i c h  a i r - l iq u id  in te r f a c e .  T h e  s u b f ib r i l s  o f  
c e l lu lo s e  w e r e  c o n t in u o u s ly  e x t ru d e d  f ro m  l in e a r ly  o r d e r e d  p o r e s  a t  th e  s u r f a c e  o f  th e  
b a c te r i a l  c e l l ,  c r y s ta l l iz e d  in to  m ic r o f ib r i l s ,  a n d  f o rc e d  d e e p e r  in to  th e  g r o w th  
m e d iu m . D u r in g  g r o w th  a n d  p r o d u c t io n  o f  b a c te r i a l  c e l lu lo s e ,  th e  b a c te r i a l  c e l l s  w e r e  
g r a d u a l ly  e n t r a p p e d  in  th e  p e l l ic le .  I t is  a  g e n e r a l ly  a c c e p te d  th a t  b a c te r i a l  c e l lu lo s e  
w h ic h  s y n th e s iz e d  b y  a  h ig h ly  a e r o b ic  A c e to b a c te r  xylin u m  c a n  h e lp  th e  b a c te r ia l  
c e l l s  to  f lo a t  a n d  r e a c h  th e  o x y g e n - r ic h  s u r f a c e .  A s  a  r e s u l t ,  th e  b a c te r i a l  c e l lu lo s e  w a s  
f o r m e d  a t  th e  a i r - l iq u id  in te r f a c e  o f  c u l tu re  m e d iu m .
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4 .2  M o r p h o l o g y  A n a ly s i s

T h e  m o r p h o lo g y  o f  b a c te r ia l  c e l lu lo s e  w a s  v e r i f i e d  b y  s c a n n in g  e le c t r o n  
m ic r o s c o p y  te c h n iq u e  ( S E M ) , w h ic h  w a s  c o n d u c te d  o n  a  J E O L  J S M - 5 2 0 0  w i th  a n  
a c c e le r a t io n  v o l t a g e  o f  15 k v ,  m a g n if i c a t io n  in  th e  r a n g e  o f  1 0 ,0 0 0 - 1 5 ,0 0 0  t im e s .  A ll 
o f  s a m p le s  w e r e  d r ie d  b y  f r e e z e - d r ie d  t e c h n iq u e  b e f o r e  m o r p h o lo g y  te s t in g .  S E M  
m ic r o g r a p h s  o f  f re e z e - d r ie d  n a t iv e  b a c te r ia l  c e l lu lo s e  a t  d i f f e r e n t  m a g n if i c a t io n  
( F ig u r e  4 .2  (a )  a n d  (b ) )  s h o w  th r e e  d im e n s io n a l  n o n - w o v e n  n a n o f ib r i l s  w i th  m a n y  
v o id  s p a c e s  a m o n g  n a n o f ib r i l s  n e tw o rk .  T h e  le a th e r - l ik e  p e l l i c l e  c o n s i s t s  o f  
o v e r l a p p in g  a n d  in te r - tw is te d  c e l lu lo s e  r ib b o n s ,  f o r m in g  p a r a l l e l  b u t  d i s o r g a n iz e d  
p la n e s .  T h e  d i r e c t  m e a s u r e m e n t  in d ic a te d  th a t  th e  n a n o f ib r i l s  s iz e  is  in  th e  r a n g e  o f  
n a n o s c a le  (5 0  to  1 0 0  n m ) .

s jjlj

F i g u r e  4 .2  S E M  m ic r o g r a p h s  o f  b a c te r ia l  c e l lu lo s e  a t  d i f f e r e n t  m a g n i f i c a t io n  ะ ( a )
X 1 0 ,0 0 0  a n d  (b )  X 1 5 ,0 0 0 .

I n v e s t ig a t io n  o f  th e  te x tu r e  o f  b a c te r ia l  c e l lu lo s e  h y d r o - g e l  h a s  s h o w n  th a t  a  
s u r f a c e  l a y e r  b u i l t  o n  th e  in te r f a c e  b e tw e e n  th e  c u l tu r e  m e d iu m  b r o th  a n d  th e  a i r  
s h o w s  th e  p e l l ic le  s u r f a c e  c le a r ly .  T h e r e  a r e  th r e e  l a y e r s  o n  th e  b a c te r i a l  c e l lu lo s e  
h y d r o - g e l  a s  s h o w n  in  F ig u r e  4 .3  It w a s  f o u n d  th a t  b a c te r ia l  c e l lu lo s e  n a n o - f ib r i l s  
w e r e  v e r y  d e n s e  o n  s u r f a c e  l a y e r  w h e n  c o m p a r in g  w i th  a n o th e r  la y e r .  It i s  d u e  to  th e
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g r o w th  o f  A c e to b a c to r  X ylin u m , w h ic h  is  a e r o b ic  m ic r o - o r g a n is m ,  i s  q u i t  w e l l  a t  th e  
o x y g e n - r i c h  a i r - l iq u id  in te r f a c e .

S u r f a c e  l a y e r

M i d d l e  l a y e r  
L o w e r  l a y e r

F i g u r e  4 .3  R e p r e s e n ta t io n  o f  b a c te r ia l  c e l lu lo s e  l a y e r s  in s id e  th e  p e l l ic le .

T h e  m ic r o g r a p h s  o f  f r e e z e - d r ie d  b a c te r i a l  c e l lu lo s e  in c o r p o r a te d  w i th  
p o ly a n i l in e  s y n th e s iz e d  b y  u s in g  d i f f e r e n t  a m o u n t  o f  a n i l in e  m o n o m e r  m o n i to r e d  b y  
S E M  a r e  p r e s e n te d  in  F ig u r e  4 .4 . T h e  S E M  m ic r o g r a p h s  in d ic a te  th a t  p o ly a n i l in e  c a n  
b e  u n i f o r m ly  d e p o s i te d  o n  th e  s u r f a c e  o f  b a c te r i a l  c e l lu lo s e  n a n o f ib r i l s  a n d  th e  
th ic k n e s s  o f  p o ly a n i l in e  p a r t i c le s  d e p o s i t io n  o n  b a c te r ia l  c e l lu lo s e  n a n o f ib r i l s  
in c r e a s e d  w i th  th e  a m o u n t  o f  a n i l in e  m o n o m e r ,  w h ic h  w a s  u s e d  to  s y n th e s iz e d  
p o ly a n i l in e .  T h e r e  a r e  tw o  r e a s o n s  f o r  th e  c o m p le te ly  d e p o s i t io n  o f  p o ly a n i l in e  o n  th e  
s u r f a c e  o f  b a c te r ia l  c e l lu lo s e  in c lu d in g ;  ( a )  a n i l in e  m o n o m e r  p e n e t r a te d  in to  b a c te r ia l  
c e l lu lo s e  h y d r o - g e l  b y  u s in g  s o n ic a tio n . te c h n iq u e  a n d  th e n  i t  w a s  p o ly m e r iz e d  to  
p o ly a n i l in e  a n d  d e p o s i te d  o n  b a c te r i a l  c e l lu lo s e  n a n o - f ib r i l  a n d  (b )  th e  s t r o n g  
h y d r o g e n  b o n d  in te r a c t io n  b e tw e e n  p o ly a n i l in e  a n d  b a c te r ia l  c e l lu lo s e .

F ig u r e  4 .5  s h o w s  th e  S E M  m ic r o g r a p h s  o f  b a c te r ia l  c e l lu lo s e  c o n ta in in g  b o th  
p o ly a n i l in e ,  w h ic h  w a s  s y n th e s iz e d  b y  u s in g  3 0  % w t o f  a n i l in e  m o n o m e r ,  a n d  
m a g n e t i t e  p a r t i c le  ( F e 3C>4)  w i th  d i f f e r e n t  in  in i t i a l  c o n c e n t r a t io n  o f  i r o n  p r e c u r s o r s  
( F e 2+ a n d  F e 3+). F ro m  th e  S E M  m ic r o g r a p h s ,  t h e  c o m p le te n e s s  o f  th e  c o a t in g  c a n  b e
s e e n .
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F i g u r e  4 .4  S E M  m ic r o g r a p h s  (x  1 5 ,0 0 0 )  o f  f r e e z e - d r ie d  b a c te r i a l  c e l lu lo s e  
in c o r p o r a te d  w i th  P A N I  s y n th e s i z e d  b y  u s i n g  d i f f e r e n t  a m o u n t  o f  a n i l in e  m o n o m e r ;  
( a )  0 % w t, (b )  15 % w t a n d  (c )  3 0 % w t .
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F i g u r e  4 .5  S E M  m ic r o g r a p h s  (x  1 5 ,0 0 0 )  o f  f r e e z e - d r ie d  B C  in c o r p o r a te d  w i th  
d i f f e r e n t  in i t i a l  c o n c e n t r a t io n  o f  i r o n  p r e c u r s o r s ;  ( a )  0 .0 1  M , (b )  0 .0 5  M  a n d  ( c )  0 .1 0  
M . a n d  c o a te d  w i th  P A N 1  s y n th e s iz e d  b y  u s in g  3 0 %  w t a n i l in e  m o n o m e r .
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4 .3  C h e m i c a l  S t r u c t u r e  A n a ly s i s

T h e  F T I R  s p e c t r a  o f  b a c te r i a l  c e l lu lo s e  ( a ) ,  p o ly a n i l in e  (b ) ,  a n d  b a c te r ia l  
c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  ( c )  a r e  s h o w n  in  F ig u r e  4 .6 . .T h e  c h a r a c te r i s t i c  b r o a d  
b a n d  f o r  O -H  g r o u p  o f  p u r e  b a c te r ia l  c e l lu lo s e  a p p e a r s  a t  3 ,4 1 0  a n d  2 ,9 0 0  c m '1 d u e  to  
a  s y m m e tr ic a l ly  s t r e tc h in g  v ib r a t io n  o f  C - H  in  p y r a n o s e  r in g .  A  b r o a d  b a n d  a r o u n d  
1 ,0 6 2  c m ’ 1 a n d  p e a k  a t  1 ,4 2 2  c m "1 a r e  a t t r ib u te d  to  th e  - C - O - C -  a n d  C H 2 o f  
p y r a n o s e  r in g  s y m m e t r ic  s c i s s o r in g  r e s p e c t iv e ly .  T h e  ty p ic a l  f e a tu r e  in  th e  
c h a r a c te r i s t ic  p e a k  o f  p u re  p o ly a n i l in e  a p p e a r s  a t  1 ,5 8 3 , 1 ,4 9 7 , 1 ,3 0 3 , 1 ,1 5 2 , a n d  8 2 3  
c m "1. T h e  s p e c i f i c  w a v e n u m b e r  o f  F T - I R  s ig n a l s  w i th  th e  p o s s ib l e  f u n c t io n a l  g r o u p s  
a r e  s u m m e r iz e d  in  T a b le  4 .1 .  T h e  c h a r a c te r i s t ic  p e a k s  o f  b o th  p u r e  b a c te r i a l  c e l lu lo s e  
( 2 8 9 4  a n d  1 4 0 7  c m " 1) a n d  p u r e  p o ly a n i l in e  ( 1 5 6 2 ,  1 4 8 0 , a n d  1 2 9 7  c m '1) h a v e  b e e n  
p r e s e n t  o n  th e  s p e c t r u m  o f  b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e .  A s  th e  F T - I R  
s p e c t r a  r e s u l t s ,  i t  c a n  c o n f i r m  th a t  p o ly a n i l in e  c a n  in c o r p o r a te  in to  b a c te r i a l  c e l lu lo s e .
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F i g u r e  4 .6  F T IR  s p e c t r a  o f  ( a )  b a c te r i a l  c e l lu lo s e ,  (b )  p o ly a n i l in e ,  a n d  ( c )  b a c te r i a l  
c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  a n d  ( d )  c o m p a r i s o n  a ll o f  s a m p le s .
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T a b l e  4 .1  M a in  f u n c t io n a l  g r o u p s  o f  a ll  s a m p le s

M a te r ia l
W a v e
n u m b e r f c m '1)

F u n c t io n a l  g r o u p s

P o ly a n i l in e

1 ,5 8 3 c = c  s t r e tc h in g  o f  th e  q u in o id  r in g
1 ,4 9 7 c = c  s t r e tc h in g  o f  th e  b e n z e n o id  r in g
1 ,3 0 3 c — N  s t r e tc h in g  o f  th e  a r o m a t ic  s e c o n d a r y  a m in e s

1 ,1 5 2
V ib r a t io n a l  b a n d  o f  N = Q = N  s t r e tc h in g  (Q  
r e p r e s e n t in g  th e  q u in o id  r in g )

8 2 3
O u t - o f  p la n e  b e n d in g  v ib r a t io n  o f  C — H  in  th e  15 4 -  
d i s u b s t i tu te d  b e n z e n e  r in g

B a c te r ia l
c e l lu lo s e

3 ,4 1 0 O -H  s t r e tc h in g  o u t  o f  p l a n e  d e f o r m a t io n
2 ,9 0 0 C H 2 o f  p y r a n o s e  r in g  s y m m e tr ic  s c i s s o r in g
1 ,4 2 2 C H 2 o f  p y r a n o s e  r in g  s y m m e tr ic  s c i s s o r in g
1 ,3 7 2 C -H  w a g g in g  o f  C H 2 u n i t
1 ,1 6 2 - C -O -C -  s t r e tc h in g  in  c y c l ic  e th e r
1 ,0 6 2 C -O H  s tr e tc h in g
7 0 0 - 6 0 0 C -O H  o u t  o f  p la n e  d e f o r m a t io n

B a c te r ia l
c e l lu lo s e
c o n ta in in g
p o ly a n i l in e

2 ,8 9 4 C H 2 o f  p y r a n o s e  r in g  s y m m e tr ic  s c i s s o r in g
1 ,5 6 2 c = c  s t r e tc h in g  o f  th e  q u in o id  r in g
1 ,4 8 9 c = c  s t r e tc h in g  o f  t h e  b e n z e n o id  r in g
1 ,4 0 7 C H 2 o f  p y r a n o s e  r in g  s y m m e tr ic  s c is s o r in g
1 ,2 9 7 c — N  s tr e tc h in g  o f  th e  a r o m a t ic  s e c o n d a r y  a m in e s
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4 .4  T h e r m a l  S t a b i l i t y  S t u d y

In  th e  p a r t  I, th e  th e rm a l  s ta b i l i ty  o f  b a c te r ia l  c e l lu lo s e  c o n ta in in g  
p o ly a n i l in e ,  w a s  in v e s t ig a te d  b y  th e m o g r a v im e t r i c  d y n a m ic  t e m p e r a tu r e  a n a ly s e r  
( T G - D T A ) ,  w h ic h  w a s  c a r r ie d  o u t  u n d e r  th e  c o n d i t io n  o f  n i t r o g e n  f lo w  a n d  a  h e a t in g  
r a te  o f  10 ° c / m i n .  F o r  c o m p a r i s o n ,  th e  T G - D T A  c u r v e  o f  p u r e  b a c te r i a l  c e l lu lo s e  (a ) , 
p u re  p o ly a n i l in e  (b )  a n d  b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  ( c )  a r e  s h o w n  in  
F ig u r e  4 .7 . T h e  T G - D T A  c u r v e  o f  p u r e  b a c te r i a l  c e l lu lo s e  in d ic a te s  th a t  m a s s iv e  
w e ig h t  lo s s  o c c u r r e d  in  o n e  s te p  a t  1 8 0  ° c .  T h i s  r e s u l t  is  r e la te d  to  th e  a b s e n c e  o f  
in te r m o le c u la r  h y d r o g e n  b o n d  o f  b a c te r i a l  c e l lu lo s e .  It le a d s  to  th e  c h a n g in g  f ro m  
b a c te r ia l  c e l lu lo s e  m a c r o m o le c u le s  in to  s m a l le r  o n e s .  T h e r e  a r e  th r e e  s te p s  o f  w e ig h t  
lo s s  o c c u r r e d  in  T G - D T A  c u r v e  o f  p o ly a n i l in e .  T h e  f ir s t  s te p  o f  w e ig h t  lo s s  s ta r t in g  a t  
8 0 -9 0  ๐c  is  a t t r ib u te d  to  th e  r e m o v a l  o f  m o i s tu r e  p r e s e n t  in  th e  p o ly a n i l in e .  T h e  

s e c o n d  s te p  o f  w e ig h t  lo s s  o c c u r in g  in  b e tw e e n  2 0 0 - 3 0 0  ° c  is  m a y  b e  d u e  to  th e  
e v a p o r a t io n  o f  d o p in g  a g e n t  (H C 1 ). A n d  th e  w e ig h t  lo s s  c o r e s p o n d in g  to  th e  f in a l  s te p  
a t 4 5 0 - 5 5 0  ° c  is  m a in ly  a t t r ib u te d  to  th e rm a l  d e c o m p o s i t io n  o f  p o ly a n i l in e .  F o r  
b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e ,  a ls o  th e r e  a r e  th r e e  s te p s  o f  w e ig h t  lo s s  
a p p e a r e d  in  T G - D T A  c u r v e .  T h e  f i r s t  s te p  o f  w e ig h t  lo s s  s ta r t in g  a t  8 0 -9 0  ° c  is  
a t t r ib u te d  to  th e  r e m o v a l  o f  m o i s tu r e  p r e s e n t  in  it . T h e  s e c o n d  s te p  o f  w e ig h t  lo s s  
o c c u r in g  in  b e tw e e n  2 0 0 - 3 0 0  ° c ,  th e r e  a r e  tw o  r e a s o n s  fo r  s u p p o r t in g .  O n e  is  d u e  to  
th e  d e c o m p o s i t io n  o f  b a c te r ia l  c e l lu lo s e  a n d  a n o th e r  o n e  is  d u e  to  th e  e v a p o r a t io n  o f  
d o p in g  a g e n t  (H C 1 ). A n d  th e  w e ig h t  lo s s  c o r e s p o n d in g  to  th e  f in a l  s te p  a t  4 5 0 - 5 5 0  ° c  
is  m a in ly  a t t r ib u te d  to  th e rm a l  d e c o m p o s i t io n  o f  p o ly a n i l in e .  T h e  T G - D T A  c u r v e  o f  
th e  s e r i e s  o f  b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  a r e  s h o w n  in  F ig u r e  4 .8 .  I t  is  
fo u n d  th a t  th e r e  is  n o  r e m a r k a b le  c h a n g e  in  th e r m a l  b e h a v io r  a n d  th e r m a l  s t a b i l i ty  in  
a ll o f  in c o r p o r a te d  p o ly a n i l in e ,  w h ic h  w a s  p o ly m e r iz e d  f r o m  d i f f e r e n t  a m o u n t  o f  
a n i l in e  m o n o m e r .  It is  e x p la in e d  th a t  p o ly a n i l in e  in  b a c te r i a l  c e l lu lo s e  in  a ll 
c o n d i t io n s  is  v e r y  s m a ll  a m o u n t  s o  th e  d i f f e r e n c e  in  T G - D T A  c u r v e s  is  n o t  s h o w n .
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F i g u r e  4 .7  T G - D T A  c u r v e s  o f  ( a )  p o ly a n i l in e ,  (b )  b a c te r ia l  c e l lu lo s e ,  a n d  ( c )  
b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e .

F i g u r e  4 .8  T G - D T A  c u r v e s  o f  p u r e  b a c te r i a l  c e l lu lo s e  a n d  th e  s e r i e s  o f  b a c te r ia l  
c e l lu lo s e  c o n ta in in g  p o ly a n i l in e .

In  th e  p a r t  I I , th e  th e rm a l  s ta b i l i ty  o f  b a c te r i a l  c e l lu lo s e  s h e e t s  c o n ta in in g  
m a g n e t i t e  p a r t i c le s  ( F e 3C>4) , w a s  a ls o  in v e s t ig a te d  b y  th e m o g r a v im e t r i c  d y n a m ic
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t e m p e r a tu r e  a n a ly s e r  ( T G - D T A ) ,  w h ic h  w a s  c a r r ie d  o u t  u n d e r  th e  c o n d i t io n  o f  
n i t r o g e n  f lo w  a n d  a  h e a t in g  r a te  o f  10  ° c /m in .  F ig u r e  4 .9  s h o w s  th e  T G - D T A  c u r v e s  
f o r  th e  a ll b a c te r ia l  c e l lu lo s e  c o n ta in in g  m a g n e t i t e  p a r t i c le s  ( F e 3 0 4) a t  d i f f e r e n t  in i t ia l  
c o n c e n t r a t io n  o f  i r o n  p r e c u r s o r s  ( F e 2+ a n d  F e 3+) , w h ic h  c o n s is t  o f  0 .0 1 , 0 .0 5 ,  0 .1 0  a n d  
0 .2 0  M . T h e  T G - D T A  c u r v e  o f  p u r e  b a c te r ia l  c e l lu lo s e  in d ic a te s  th a t  m a s s iv e  w e ig h t  
lo s s  o c c u r r e d  in  o n e  s te p  a t 1 8 0  ° c .  T h is  r e s u l t  w a s  r e la te d  to  th e  a b s e n c e  o f  
in te r m o le c u la r  h y d r o g e n  b o n d  o f  b a c te r ia l  c e l lu lo s e . T h e  T G - D T A  c u r v e s  o f  a ll th e  
s a m p le s  e x c e p t  th e  p u r e  b a c te r i a l  c e l lu lo s e  (a )  in d ic a te  th a t  th e y  u n d e r g o  tw o  m a in  
s ta g e s  in  th e  t e m p e r a tu r e  r a n g e s  o f  1 0 0 - 1 5 0  ° c  a n d  2 5 0 - 3 0 0  ๐c  r e s p e c t iv e ly .  T h e  

f i r s t  w e ig h t  lo s s  ( 1 0 0 - 1 5 0  ° C )  is  a s s o c ia te d  w i th  th e  lo s s  o f  m o i s tu r e .  A f te r  th a t  th e r e  

is  a  s ig n i f ic a n t  w e ig h t  lo s s  f ro m  2 5 0  ๐c  to  3 0 0  ° c ,  c o r r e s p o n d in g  to  th e  
d e c o m p o s i t io n  o f  th e  b a c te r ia l  c e l lu lo s e .  H o w e v e r ,  s ig n i f ic a n t  w e ig h t  lo s s  o f  
d e c o m p o s i t io n  o f  F e 3 0 4 c a n  n o t  b e  o b s e r v e d  d u e  to  th e  d e c o m p o s i t io n  te m p e r a tu r e  o f  

F e 30 4 is  h ig h e r  th a n  8 0 0  ° c .  T h e  o n s e t  te m p e r a tu r e  o f  d e g r a d a t io n  o f  p u r e  b a c te r ia l  

c e l lu lo s e  i s  o b s e rv e d  a t  1 8 0  ๐c ,  w h ic h  is  lo w e r  7 0  ๐c  th a n  th e  b a c te r ia l  c e l lu lo s e  
c o n ta in in g  F e 30 4. In  th is  s e n s e ,  i t  in d ic a te s  th a t  th e  th e rm a l  s ta b i l i ty  o f  b a c te r ia l  
c e l lu lo s e  c o n ta in in g  F e 30 4 is  in c r e a s e d  th a n  p u r e  b a c te r ia l  c e l lu lo s e .  I t i s  b e c a u s e  
F e 30 4 p a r t i c le s ,  w h ic h  d e p o s i te d  o n  th e  s u r f a c e  o f  b a c te r ia l  c e l lu lo s e ,  a c te d  a s  
s a f e g u a r d  f o r  b a c te r i a l  c e l lu lo s e .  T h e  c h a r  y ie ld  c o n t in u o u s ly  in c r e a s e s  w i th  
in c r e a s in g  th e  in i t ia l  c o n c e n t r a t io n  o f  i r o n  p r e c u r s o r s  a s  s u m m a r iz e d  in  T a b l e  4 .2 . 
H ig h  a m o u n t  o f  i r o n  p r e c u r s o r s  c a n  p e n e t r a te  in to  b a c te r ia l  c e l lu lo s e  h y d r o - g e l  w h e n  
u s e d  h ig h  c o n c e n t r a t io n ,  th e re f o r e ,  a f te r  th e  p r e c ip i ta t io n  w i th  a m m o n ia  g a s  in  o r d e r  
to  f o r m  m a g n e t i t e  p a r t i c le s ,  h ig h e r  a m o u n t  o f  m a g n e t i t e  p a r t i c le s  w a s  p r o d u c e d  a n d  
d e p o s i te d  o n  th e  s u r f a c e  o f  b a c te r ia l  c e l lu lo s e  c o m p a r in g  w i th  lo w  in i t ia l  p r e c u r s o r s  
c o n c e n t r a t io n .
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T a b l e  4 .2  C h a r  y ie ld  c o n te n t  in  b a c te r ia l  c e l lu lo s e  c o n ta in in g  F e 3 0 4 a t d i f f e r e n t  
in i t i a l  c o n c e n t r a t io n  o f  i ro n  p r e c u r s o r s .

In i t ia l  c o n c e n t r a t io n  o f U s e d  p r e c u s o r s  ( g )  พ*-^ %  C h a r
i ro n  p r e c u r s o r s  (m o l/1 ) F e S 0 4-7 H 20 F e C l3-6 H 20 y ie ld

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

F i g u r e  4 .9  T G - D T A  c u r v e s  o f  p u re  b a c te r i a l  c e l lu lo s e  a n d  th e  s e r ie s  o f  b a c te r ia l  
c e l lu lo s e  c o n ta in in g  m a g n e t i t e  p a r t i c le s  ( F e 30 4).
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4 .5  E l e c t r i c a l  P r o p e r t i e s  S t u d y

4 .5 .1  E f f e c t  o f  I n c o r p o r a te d  P o ly a n i l in e  w i th  S y n th e s iz e d  b y  U s in g  D i f f e re n t  
A m o u n t  o f  A n i l in e  M o n o m e r  in  D o p e d  a n d  บ ท -d o p e d  S ta te  
I t  i s  g e n e r a l ly  a c c e p te d  th a t  p o ly a n i l in e  d o p e d  b y  p r o to n ic  a c id s  

d i s p la y s  m o r e  e x c e l le n t  c o n d u c t iv i ty  th a n  th e  o n e s  u n -d o p e d .  T h e  e le c t r ic a l  
c o n d u c t iv i ty  o f  p o ly a n i l in e  h ig h ly  d e p e n d e d  o n  th e  ty p e s  o f  a c id s  u s e d . T h e r e f o r e ,  in  
th is  w o r k ,  o n ly  H C 1 w a s  u s e d  to  d o p e  p o ly a n i l in e  in  o r d e r  to  s tu d y  o n ly  th e  e f f e c t  o f  
a n i l in e  m o n o m e r  c o n te n t ,  w h ic h  w a s  p o ly m e r iz e d  to  p o ly a n i l in e  a n d  in c o r p o r a te d  in to  
b a c te r ia l  c e l lu lo s e  n a n o f ib r i l s ,  o n  th e  e le c t r ic a l  c o n d u c t iv i ty  o f  th e  b a c te r ia l  c e l lu lo s e  
c o n ta in in g  p o ly a n i l in e .  In  p a r t  I, th e  e f f e c t  o f  a n i l in e  , m o n o m e r  w h ic h  w a s  u s e d  to  
s y n th e s iz e d  p o ly a n i l in e  a n d  th e  r e la t iv e  h u m id i ty  o n . th e  e le c t r ic a l  c o n d u c t iv i ty  o f  
b a c te r ia l  c e l lu lo s e  s h e e t s  c o n ta in in g  p o ly a n i l in e  w e r e  in v e s t ig a te d .  T a b l e  4 .3  l i s t s  th e  
e f f e c ts  o f  th e  p o ly a n i l in e  w i th  s y n th e s iz e d  b y  u s in g  d i f f e r e n t  a m o u n t  o f  a n i l in e  
m o n o m e r ,  w h ic h  w a s  in c o r p o r a te d  in to  b a c te r i a l  c e l lu lo s e  s h e e t s ,  o n  th e  e le c t r ic a l  
c o n d u c t iv i ty  o f  b a c te r i a l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  in  b o th  u n - d o p e d  a n d  d o p e d  
s ta te s  a n d  a ls o  F ig u r e  4 .1 0  s h o w s  te n d e n c y  o f  e le c t r i c a l  c o n d u c t iv i ty  o n  th e  
p o ly a n i l in e  w i th  s y n th e s i z e d  b y  u s in g  d i f f e r e n t  a m o u n t  o f  a n i l in e  m o n o m e r .  T h e  
d o p e d  s ta te  w a s  c a r r ie d  o u t  b y  u s in g  5 0  m l o f  0 .4 8  M  H C 1 a s  d o p in g  a g e n t  f o r  o n e  
s h e e t  o f  b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e .  T h e  e le c t r ic a l  c o n d u c t iv i ty  o f  
d o p e d  b a c te r ia l  c e l lu lo s e  c o n ta in in g  p o ly a n i l in e  in c r e a s e s  f ro m  2 .2 9  to  6 .1 7  s / c m  
w i th  th e  in c r e a s in g  in  a m o u n t  o f  a n i l in e  m o n o m e r ,  w h ic h  w a s  u s e d  to  s y n th e s iz e  
p o ly a n i l in e ,  f ro m  15 to  3 0 % w t .  I t  c o u ld  b e  e x p la in e d  th a t  in  th e  e x c e s s iv e  a c id s  
r e g io n ,  a  la r g e  n u m b e r  o f  p o ly a n i l in e  w e r e  s y n th e s i z e d  a n d  d e p o s i te d  o n  th e  s u r f a c e  
o f  b a c te r ia l  c e l lu lo s e  n a n o f ib r i l s  b e c a u s e  o f  th e  s t r o n g  h y d r o g e n  b o n d  in te r a c t io n  
b e tw e e n  p o ly a n i l in e  a n d  h y d r o g e n  g r o u p s  o f  b a c te r ia l  c e l lu lo s e . T h e  p r o p o s e d  
f o r m a t io n  m e c h a n is m  o f  h y d r o g e n  b o n d  b e tw e e n  p o ly a n i l in e  a n d  b a c te r ia l  c e l lu lo s e  is  
s h o w n  in  F ig u r e  4 .1 1 .  T h e r e  a r e  tw o  p o s s ib l e  w a y s  fo r  h y d r o g e n  b o n d  f o rm a t io n :  th e  
f ir s t  o n e  is  th e  in te r a c t io n  b e tw e e n  n i t r o g e n  f r o m  p o ly a n i l in e  a n d  h y d r o g e n  f ro m  
b a c te r ia l  c e l lu lo s e ,  a n d  a n o th e r  o n e  is  th e  in te r a c t io n  b e tw e e n  h y d r o g e n  f ro m  
p o ly a n i l in e  a n d  o x y g e n  f ro m  b a c te r i a l  c e l lu lo s e .  T h e  p e r c o la t io n  th r e s h o ld  w a s  
o b s e r v e d  w h e n  a n i l in e  m o n o m e r ,  w h ic h  w a s  u s e d  to  s y n th e s iz e d  p o ly a n i l in e ,
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in c re a s e s  f ro m  3 0 %  to  4 0 % w t .  I t  c o u ld  b e  e x p la in e d  th a t  th e r e  a r e  th e  l im i ta t io n  f o r  
d e p o s i t io n  o f  p o ly a n i l in e  o n  th e  s u r f a c e  o f  b a c te r i a l  c e l lu lo s e  n a n o f ib r i l s  a l th o u g h  
b a c te r ia l  c e l lu lo s e  n a n o f ib r i l s  h a v e  h ig h  s u r f a c e  a r e a . F o r  u n - d o p e d  s ta t e  o f  b a c te r ia l  
c e l lu lo s e  c o n ta in in g  p o ly a n i l in e ^ s h e e ts ,  w h ic h  w e r e  c a r r ie d  o u t  b y  im m e r s in g  o n e  
b a c te r ia l  c e l lu lo s e  s h e e t  c o n ta in in g  p o ly a n i l in e  in to  5 0  m l o f  0 .4 8  M  N a O H  f o r  12 h , 
th e  e le c t r ia l  c o n d u c t iv i ty  is  le s s  th a n  th e  d o p e d  s ta t e  o f  b a c te r i a l  c e l lu lo s e  s h e e t s  
c o n ta in in g  p o ly a n i l in e  a b o u t  1 ,0 0 0  t im e s  is  d u e  to  th e  g e n e ra l  p r o p e r ty  o f  e m e r a ld in e  
b a s e . T h e  e le c t r i c a l  c o n d u c t iv i ty  in  a n y  s y s te m  is  p r o p o r t io n a l  to  th e  d e n s i ty  o f .c h a r g e  
c a r r ie r s .  I f  n o  p r e s e n c e  o f  d o p in g  a g e n t ,  th e  c h e m ic a l  s t r u c tu r e  o f  p o ly a n i l in e  is  u s u a l  
c o n ju g a te d  s y s te m  a s  s h o w n  in  F ig u r e  4 .1 2 ,  th e r e  i s  n o  c h a r g e  c a r r ie r s ,  r e s u l t s  in  lo w  
e le c t r ic a l  c o n d u c t iv i ty .

T a b l e  4 .3  E f f e c ts  o f  th e  p o ly a n i l in e  w i th  s y n th e s iz e d  b y  u s in g  d i f f e r e n t  a m o u n t  o f  
a n i l in e  m o n o m e r  o n  th e  e le c t r ic a l  c o n d u c t iv i ty

%  A n i l in e  
m o n o m e r

E le c t r ic a l  c o n d u c t iv i ty ( S /c m )
D o p e d  s ta te U n - d o p e d  s ta te

A v e r a g e S D A v e r a g e S D
0 1 .6 5 x 1 ๙ 5 .18X 10 '5 1.65X10-4 5 .1 8 x 1  O'5
15 2 .2 9 5 .1 7 x 1 0 '' 4.53X10"4 1.78x1 O'4
2 0 3 .16 6 .8 9 x 1 0 ' 4 .8 9 x 1  O'4 2 .3 4 x 1  O'4
2 5 4 .1 6 1.20 5 .1 7 x 1 0 '4 2 .5 4 x 1  O'4
3 0 6 .17 1.84 5.77X 10-4 1.53x1 O'4
3 5 5.75 2 .1 2 5.37X 10-4 1 .8 1 x 1 0 ‘4
4 0 5.73 8 .6 3 x 1 0 '' 5 .32x 1  O'4 2.01 xlO"4
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F i g u r e  4 .1 0  E le c t r ic a l  c o n d u c t iv i ty  o f  B C  c o n ta in in g  P A N I  a s  a  f u n c t io n  o f  %  
a n i l in e  m o n o m e r  w h ic h  w a s  u s e d  to  p o ly m e r iz e  P A N I ;  ( a )  in  b o th  d o p e d  a n d  u n ­
d o p e d  s ta te , (b )  d o p e d  s ta te , a n d  ( c )  u n -d o p e d  s ta te .
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Figure 4.11 Two possible ways for hydrogen bond formation between polyaniline 
and bacterial cellulose.

Figure 4.12 Chemical structure o f doped and un-doped state.
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4.5.2 Effect of Impregnation Time
Table 4.4 lists the effects of the impregnation time on the electrical 

conductvity of bacterial cellulose sheets containing polyaniline. All o f  samples were 
prepared by oncorporating o f polyaniline with synthesized by using 30 %wt of aniline 
monomer in bacterial cellulose sheets and doped with 50 ml of 0.48 M HC1 per one 
sheet of bacterial cellulose containing polyaniline. The results was analyzed in term of 
statistical by using SPSS program under 95% confidence and indicated that the 
electrical conductivity increased with increasing of the impregnation time from 30 
minute to 6  hour. Although, very long impregnetion time (3-6 h) was used in order to 
increase the penetration efficiency, the electriacal conductivity did not much increase. 
Therefore, only 30 minute o f imprenation time is appropriate time for preparing in all 
o f samples because this time can provide reasonable electrical conductivity by using 
less time. :

Table 4.4 Effect of impregnation time on the electrical conductivity

Impregnation 
time (h)

Electrical conductivity(S/cm)
Average SD

0.5 6.17 1.84
3 7.74 3.08
6 8.45 4.37

4.5.3 Effect of Relative Humidity
Three salt were used for making a low, medium, and high humidity 

range. These are LiCl (11.3%), K2CO3 (43.2%), and NaCl (75.3%) relative humidities 
The experiments was done to stydy the effect o f relative humidity on the electrical 
conductivity o f bacterial cellulose sheets containing polyaniline. One bacterial 
cellulose sheet containing polyaniline was doped in 50 ml of 0.48 M-HC1. for 12 
hours. The results were analyzed in term of statistical by using SPSS program under 
95% confidence and tabulated in Table 4.5. It is found that the increasing of electrical 
conductivity of bacterial cellulose sheets containing polyaniline with increasing in 
relative humidity. It can be explained on the basis of proton exchange mechanism. In 
presence o f water molecule, proton can easily transfer. Therefore, the role of water is
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importance for this mechanism. The reactions in presence o f humidity may be 
expected to result in the variation o f electrical conductivity of bacterial cellulose 
sheets containing polyaniline.

Table 4.5 Effect of relative humidity on the electrical conductivity

Type of 
salt

Relative
humidity

Electrical conductivity(S/cm)
Average SD

LiCl 11.3 2 .0 2 0.61
k 2c o 3 43.2 4.80 2.65
NaCl 75.3 7.06 2.78

4.5.4 Effect of Initial Concentraion o f Iron precursors (Fe2+ and Fe3+)
In partll, a standard two-point probe, technique was used to measure 

the surface conductivity of bacterial cellulose sheets containing Fe30 4 and containing 
both of Fe30 4 and polyaniline. For the electrical conductivity of bacterial cellulose 
containing magnetite particles (Fe30 4) at different initial concentration o f iron 
precursors (Fe2+ and Feî+), which consist of 0.01, 0.05, 0.10 and 0.20 M, were 
analyzed in term of statistical by using SPSS program under 95% confidence and 
tabulated in Table 4.6 and shown tendency in Figure 4.13. It is found that bacterial 
cellulose sheets containing Fe30 4 do not show the electrical properties, which has the 
electrical condctivity in magnetude o f 10^. It is due to intrinsic properties o f Fe30 4 

particles, which are small particles having large exposed surface area and are prone to 
oxidation, and therefore the particles have a resistance. For bacterial cellulose sheets 
containing Fe30 4 and coated with polyaniline, the samples were prepare by using 
aniline monomer 30 %wt of bacterial cellulose sheets containing Fe30 4 at differrent 
initial concentraion o f iron precursors. And it is found that when the bacterial 
cellulose sheets containing Fe30 4 were coated with polyaniline, the electrical 
conductivity was significant increased about 2000 times. It can be explained that the 
coating o f polyaniline bacterial cellulose sheets containing Fe30 4 can induce the 
opportunity to add electrical conductivity to polyaniline bacterial cellulose sheets 
containing Fe30 4 because polyailine shows its intrinsic preperties.
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Table 4.6 The electrical conductivity o f bacterial cellulose sheets containing Fe3 0 4 

particles with and without polyaniline

Initial
concentration of 
iron precursors 

(mol/1)

Electrical conductivity (S/cm)
With out PANI With PANI

Average SD Average SD
0 1.65x 10"4 5.18x 10'5 6.17 1.84

0 .0 1 4.38x 10'4 2.15X104 1.15 0 .2 1
0.05 5.75x 10"4 2.98x10"' 1 .2 1 0.42
0 .1 0 5.06x1 o-4 1.84x1 O'4 1.23 0.36
0 .2 0 6.58x1 O'4 2.81X10-4 1.29 0.58
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Figure 4.13 Effect o f initial used iron ions (Fe2+ and Fe3+) concentration on the 
electrical conductivity; (a) in both with and without polyaniline, (b) with polyaniline, 
and (c) without polyaniline.
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4.6 Magnetic Properties Studies

The magnetic properties of all samples, which consist of bacterial cellulose 
containing only Fe3C>4 and both of Fe3C>4 and -polyaniline, such as specific 
magnetization at saturation, Ms, and the coercive force, Hc reported in Table 4.7 were 
calculated from their hysteresis loops obtained for each sample using a vibrating 
sample magnetometer. Figure 4.14 shows the magnetic properties o f the samples with 
different in initial concentration of iron precursors (Fe2+ and Fe3+). It is evident that 
there is a linear relationship between the saturated magnetization and the initial 
concentration o f iron precursors. A higher initial concentration of iron precursors has 
greater the saturated magnetization (Ms). The samples of bacterial cellulose 
containing only Fe30 4  show saturated magnetization o f 3.14 tol8.38 emug”1 and 
show very small hysteresis loops. Coercive fields for all o f samples are very low; H c 
= ~ 59.51-82.26 Oe. A coercive field as low as this is ideal for application in 
electromagnetic shielding (Aaron c. et al., 2009). In addition, magnetic properties of 
bacterial cellulose sheets containing both Fe30 4 and polyaniline were also 
investigated and found that the saturated magnetization is lower than the case of 
bacterial cellulose containing only Fe30 4. It is due to Fe30 4 , which is the main 
component that shows the magnetic properties, was cover by polyaniline, therefore 
some interference from polyaniline can affect on the magnetic properties, as result in 
the decreasing o f magnetic properties. The hysteresis loops of bacterial cellulose 
sheets containing both Fe30 4 and polyaniline are shown in Figure 4.15.

Table 4.7 Magnetic properties o f the samples in all conditions

Initial
concentration 

of iron 
precursors 

(mol/1)

Electrical conductivity (S/cm)
With out PANI With PANI

Ms (emu/g) Hc (Oe) Ms (emu/g) He (Oe)

0.05 3.14 59.51 2.47E-01 74.75
0.10 5.21 77.74 1.23 75.38
0.20 18.38 82.26 5.38 85.44
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Figure 4.14 Magnetic hysteresis loop of bacterial cellulose sheets containing Fe30 4

Figure 4.15 Magnetic hysteresis loop of bacterial cellulose sheets containing Fe30 4 
and polyaniline.
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4.7 Electromechanical Actuation Study

Electromechanical actuation of bacterial cellulose film containing 
polyaniline was investigated in term of bending Reformation in transparent cell-box 
with a pair of parallel copper electrode plates, nuetral plate and anode plate, which 
were coupled with high DC voltage under applied electric field in range from 0-750 
v/mm. The film sample was synthesized by using 30 %wt of aniline monomer and 
doped with 0.48 M HC1 for 12 hours. The video digital camera was used to record the 
bending deformation and the photographs are shown in Figure 4.16. It was found that 
the film of bacterial cellulose containing polyaniline bent toward the nuetral plate, 
which was considered as a cathode side under applied electric field. The reason of 
bending of film to nuetral plate comes from polyaniline, which exists in the 
conducting state that has positive charge along the chain, so it is possible to contribute 
in the bending to nuetral plate, which was considered as a cathode side under applied 
electric field resulting from Coulomb interaction. On the other hand, applied energy 
or electric field can induce the emitting o f electron on the chain of polyaniline, which 
is one behavior o f conductive polymer, so it is the other one reason for bending o f the 
film to nuetral plate. In this study, deflection distance and deflection angle were 
investigated as the function of applied electric field. It was found that the bending 
deformation o f this film started at applied electric field o f 400 v/mm and the bending 
deformation increased with the increasing o f applied electric field as shown in Figure
4.17 and 4.18.
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Figure 4.16 Captured digital camera images o f bending o f bacterial cellulose film 
containing polyaniline
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Figure 4.17 Deflection distance of bacterial cellulose film containing polyaniline as a 
function o f applied electric field

Figure 4.18 Deflection angle o f bacterial cellulose film containing polyaniline as a 
function o f applied electric field
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