
CHAPTER II 
LITERATURE REVIEW

2.1 Biosurfactant

B i o s u r f a c t a n t  M o l e c u l e s  w i l l  s h o w  f r e e  c a r b o x y l i c  g r o u p s  a n d  b e h a v e  a s  

a n i o n s  w h e n  p H  i s  a b o v e  4 . 0 .  T h e s e  c o m p o u n d s  a r e  s o l u b l e  i n  m e t h a n o l ,  c h l o r o f o r m ,  

a n d  e t h y l  e t h e r  a n d  s h o w  a l s o  g o o d  s o l u b i l i t y  a n  a l k a l i n e  a q u e o u s  s o l u t i o n .  

R h a m n o l i p i d s  p r o v i d e  g o o d  p h y s i c o c h e m i c a l ' p r o p e r t i e s  in  t e r m  o f  s u r f a c e  a c t i v i t i e s ,  

s t a b i l i t i e s ,  a n d  e m u l s i f i c a t i o n  a c t i v i t i e s .

2 . 1 . 1  S u r f a c e  A c t i v i t i e s

I n  g e n e r a l ,  b i o s u r f a c t a n t s  p r o d u c e d  b y  p . a e r u g i n o s a  s t r a i n s  w e r e  

f o u n d  t o  r e d u c e  t h e  s u r f a c e  t e n s i o n  o f  p u r e  w a t e r  f r o m  7 2  t o  3 0  m N / m  w i t h  C M C s  in  

t h e  r a n g e  o f  5 - 2 0 0  m g /1 ,  d e p e n d i n g  o n  t h e i r  c o m p o n e n t s .

P a r r a  e t  a l .  ( 1 9 8 9 )  r e p o r t e d  t h a t  r h a m n o l i p i d  s u r f a c t a n t s  c a n  r e d u c e  

t h e  s u r f a c e  t e n s i o n  o f  w a t e r  f r o m  7 2  m N / m  t o  v a l u e s  b e l o w  3 0  m N / m  a n d  t h e  

i n t e r f a c i a l  t e n s i o n  o f  w a t e r / o i l  s y s t e m s  f r o m  4 3  m N / m  t o  v a l u e  <  1 m N / m .

P o m s u n t h o m t a w e e  e t  a l .  ( 2 0 0 8 )  a l s o  r e p o r t e d  t h a t  t h e  b i o s u r f a c t a n t s  

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

o f  p u r e  w a t e r  t o  2 8 . 3  m N / m  w i t h  t h e  C M C  v a l u e  o f  1 2 0  m g /1 .  O n  t h e  o t h e r  h a n d ,  

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

w a t e r  t o  2 9 . 0  m N / m  w i t h  a  C M C  o f  2 0 0  m g /1  ( P o m s u n t h o m t a w e e  e t  a l . ,  2 0 0 8 ) .

W h a n g  e t  a l .  ( 2 0 0 7 )  a n d  W e i  e t  a l . ( 2 0 0 5 )  f o u n d  t h a t  r h a m n o l i p i d  

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

l e s s  t h a n  3 0  d y n e s / c m  f r o m  7 2  d y n e s / c m  w i t h  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n  ( C M C )  

v a l u e  o f  5 0  m g /1 .

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

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

P o m s u n t h o m t a w e e  e t  a l .  ( 2 0 0 8 )  i n v e s t i g a t e d  t h a t  t h e  s u r f a c e  a c t i v i t y  

o f  t h e  c r u d e  b i o s u r f a c t a n t  w a s  m u c h  h i g h e r  t h a n  o f  t h e  P l u r o n i c  F - 6 8 , b u t  w a s  

s l i g h t l y  l o w e r  t h a n  t h a t  o f  S D S  —  b o t h  P l u r o n i c  F - 6 8  a n d  S D S  a s  a  s y n t h e t i c  

s u r f a c t a n t s .
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2 . 1 . 2  E m u l s i f i c a t i o n  A c t i v i t i e s

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

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

o i l s .

W e i  e t  a l .  ( 2 0 0 5 )  r e v e a l e d  t h a t  t h e  b i o s u r f a c t a n t  a l s o  a c h i e v e d  a  

m a x i m u m  e m u l s i o n  i n d e x  o f  7 0 %  a n d  7 8 % ,  f o r  d i e s e l  a n d  k e r o s e n e ,  r e s p e c t i v e l y ,  a t  

a  l o w  c o n c e n t r a t i o n  o f  a b o u t  3 0 0  m g /1 .

B e n i n c a s a  e t  a l .  ( 2 0 0 4 )  a l s o  r e p o r t e d  t h a t  t h e  b i o s u r f a c t a n t  p r o d u c e d  

b y  P s e u d o m o n a s  a e r u g i n o s a  L B I  c o u l d  f o r m  s t a b l e  e m u l s i o n s  w i t h  i - p r o p y l  

p a l m i t a t e ,  c a s t o r  o i l ,  a l m o n d  o i l ,  c r u d e  o i l ,  k e r o s e n e ,  a n d  b e n z e n e  f o r  2 1  d a y s ,  

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

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

H a b a  e t  a l .  ( 2 0 0 3 )  r e p o r t e d  t h a t  c u l t u r e  f l u i d  s u p e r n a t a n t s  o b t a i n e d  

f r o m  d i f f e r e n t  P s e u d o m o n a s  s t r a i n s  w e r e  a b l e  t o  f o r m  e m u l s i o n s  w i t h  k e r o s e n e  t h a t  

r e m a i n e d  s t a b l e  f o r  3  m o n t h s .

P a t e l  e t  a l .  ( 1 9 9 7 )  E m u l s i o n s  o f  n - a l k a n e s ,  a r o m a t i c  c o m p o u n d s ,  

c r u d e  o i l ,  k e r o s e n e ,  a n d  c o c o n u t  a n d  o l i v e  o i l s  w e r e  s t a b i l i z e d  b y  r h a m n o l i p i d s ,  

s h o w i n g  a  l o s s  o f  5 - 2 5 %  o f  s t a b i l i t y  a f t e r  2 4  h  d e p e n d i n g  o n  t h e  c a r b o n  s o u r c e .

2.2 Vesicle Formation

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

a g g r e g a t i o n  c h a r a c t e r i s t i c  u p o n  i n c r e a s i n g  b i o s u r f a c t a n t  c o n c e n t r a t i o n .  I n c r e a s i n g  t h e  

c o n c e n t r a t i o n  o f  b i o s u r f a c t a n t  a b o v e  t h e  c r i t i c a l  m i c e l l e  c o n c e n t r a t i o n  ( C M C )  

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

S a n c h e z  e t  a l .  ( 2 0 0 6 )  f o u n d  t h a t  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  

d i r h a m n o l i p i d  ( d i R L )  a b o v e  t h e  C M C  l e d  t o  a  s h a r p  i n c r e a s e  o f  t h e  t u r b i d i t y  o f  t h e  

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

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

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

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

d i a m e t e r  o f  t h e  n o n p o l a r  t a i l s .  I f  t h i s  r a t io  i s  c l o s e  t o  1 , s u r f a c t a n t  m o n o m e r s  l i n e  u p  

s i d e  b y  s i d e  t o  f o r m  p l a n e r  b i l a y e r s .  A s  t h i s  r a t io  i n c r e a s e s ,  t h e  b i l a y e r  s t r u c t u r e  w i l l  

c u r v e  t o  f o r m  v e s i c l e s .  ( C h a m p i o n  e t  a l . , 1 9 9 5 )

2.3 Biosurfactant Applications

2 . 3 . 1  B i o r e m e d i a t i o n

R a h m a n  e t  a l .  ( 2 0 0 2 )  r e p o r t e d  t h a t  s i n c e  m i c r o o r g a n i s m s  r e q u i r e  

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

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

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

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

2 . 3 . 2  C o s m e t i c  I n d u s t r y

K a o  C h e m i c a l  C o r p o r a t i o n  a t  p r e s e n t  u s e s  s o p h o r o l i p i d s  

c o m m e r c i a l l y  a s  h u m e c t a n t s  f o r  c o s m e t i c  m a k e u p  b r a n d s  s u c h  a s  S o f i n a  —  

S o p h o r o l i p i d s  a r e  p r o d u c e d  b o t h  b y  c. b o m b i c o l a  K S M - 3 6  a n d  b y  c. a p i c o l a .

2 . 3 . 3  F o o d  I n d u s t r y

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

p r o c e s s i n g  o f  r a w  m a t e r i a l s .  E m u l s i f i c a t i o n  p l a y s  a n  i m p o r t a n t  r o l e  in  f o r m i n g  t h e  

r i g h t  c o n s i s t e n c y  a n d  t e x t u r e  a s  w e l l  a s  in  p h a s e  d i s p e r s i o n .  B i o s u r f a c t a n t s  h a v e  

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

h e m o l y s i s  ( B e m h e i m e r  a n d  A v i g a r d l 9 7 0 )  a n d  f o r m a t i o n  o f  i o n  c h a n n e l s  i n  l i p i d  

m e m b r a n e s  ( S h e p p a r d  e t  a l . ,  1 9 9 1 ) .

2 . 3 . 4  P h a r m a c e u t i c a l  I n d u s t r y

I t o k a w a  e t  a l .  ( 1 9 9 4 )  h a v e  r e p o r t e d  t h e  p o t e n t i a l  o f  s u r f a c t i n  a g a i n s t  

h u m a n  i m m u n o d e f i c i e n c y  v i r u s  1 ( H I V - 1 ) .
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2.4 Polyaniline

P A N I  a n d  i t s  d e r i v a t i v e s  a r e  g e n e r a l l y  s y n t h e s i z e d  b y  c h e m i c a l  o r  

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

a p p r o a c h e s  s u c h  a s  p l a s m a  p o l y m e r i z a t i o n ,  e l e c t r o l e s s  p o l y m e r i z a t i o n  a n d  s o l i d - s t a t e  

p o l y m e r i z a t i o n  w e r e  a l s o  r e p o r t e d .

H a n  e t  a l .  ( 2 0 0 8 )  r e p o r t e d  t h a t  n a n o - s c a l e d  P A N I  s p h e r i c a l  p a r t i c l e s  w e r e  

a c h i e v e d  f r o m  D B S A  m i c e l l e s  w i t h  a m m o n i u m  p e r s u l f a t e  ( A P S )  a s  a n  o x i d a n t  in  

h e x a n e  b y  o n e - s t e p  p o l y m e r i z a t i o n .  T h e  D B S A  a n d  a n i i i n i u m - D B S A  a c t e d  a s  b o t h  

s u r f a c t a n t s  a n d  d o p i n g  a g e n t s  t o  a c h i e v e  n a n o - s c a l e d  D B S A - d o p e d  P A N I  w i t h  h i g h  

c o n d u c t i v i t y .

A n i l k u m a r  e t  a l .  ( 2 0 0 7 )  f o u n d  t h a t  t h e  a m p h i p h i l i c  a z o b e n z e n e s u l f o n i c  a c i d  

m o l e c u l e  ( a c t  a s  s u r f a c t a n t  a n d  d o p a n t )  e x i s t  in  t h e  f o r m  o f  ~  4 . 3  n m  s p h e r i c a l  

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

s p h e r i c a l  a g g r e g a t e s  w i t h  A P S  i n  t h e  a q u e o u s  l a y e r  a n d  t h e  d i f f u s i o n  o f  a n i l i n e  ( i n  

t h e  i n t e r f a c i a l  l a y e r )  i n t o  t h e s e  s p h e r i c a l  a g g r e g a t e s  g e t  o x i d i z e d  t o  p r o d u c e  

p o l y a n i l i n e  s p h e r e s  o f  2 0 0 - 4 0 0  n m  .

Z h a n g  e t  a l .  ( 2 0 0 2 )  r e p o r t e d  t h a t  in  t h e  p r e s e n t  o f  a  S D B S  s u r f a c t a n t ,  

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

t e m p l a t e s  in  t h e  f o r m a t i o n  o f  t h e  n a n o s t r u c t u r e s .  I n  t h e  a b s e n c e  o f  a  s u r f a c t a n t ,  o n  

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

H o w e v e r ,  t h e  s i z e  o f  P A N I  n a n o s t r u c t u r e s  w a s  s l i g h t l y  a f f e c t e d  b y  t h e  a d d i t i o n  o f  

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

W e i  e t  a l .  ( 2 0 0 1 )  f o u n d  t h a t  t h e  f o r m a t i o n  m e c h a n i s m  o f  P A N I - N S A  t u b e s  

w a s  d i f f e r e n t  w h e n  t h e  [ N S A ] / [ A n ]  r a t io  w a s  c h a n g e d .  A t  h i g h  [ N S A ] / [ A n ]  r a t io  

( e . g . ,  2 ) ,  f o r  i n s t a n c e ,  t h e  N S A - A n  s a l t  p r e c i p i t a t e  a c t e d  i n  a  “ t e m p l a t e - l i k e ”  m a n n e r  

i n  f o r m i n g  t h e  P A N I - N S A  m i c r o t u b e s ,  w h i l e  a t  l o w  [ N S A ] / [ A n ]  r a t i o  ( e . g . ,  1 / 2 )  

r e s u l t e d  in  N S A - A n  m i c e l l e s  a c t e d  in  a  “ t e m p l a t e - l i k e ”  m a n n e r  i n  f o r m i n g  t h e  P A N I -  

N S A  n a n o t u b e s .

J e e v a n a n d a  e t  a l .  ( 2 0 0 8 )  i n d i c a t e d  t h a t  w h e n  t h e  S D S  ( a n i o n i c  s u r f a c t a n t )  w a s  

m i x e d  w i t h  w a t e r ,  m i c e l l e s  w e r e  f o r m e d ,  w h i c h  m i g h t  a c t  a s  t e m p l a t e s  f o r  t h e  

f o r m a t i o n  o f  t h e  s e l f - a s s e m b l e d  P A N I  n a n o s t r u c t u r e s .  T h i s  c o m p l e x  m i g h t  f o r m  a
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s p h e r i c a l  s h a p e  b y  a g g r e g a t i o n .  W i t h  t h e  a d d i t i o n  o f  A P S  s o l u t i o n  in  o n e  s t e p ,  t h e  

i n i t i a t o r  m o l e c u l e s  i n d u c e  t h e  f o r m a t i o n  o f  P A N I  b y  r a p i d l y  r e a c t i n g  w i t h  t h e  a n i l i n e .

H a s s a n  e t  a l .  ( 2 0 0 4 )  r e p o r t e d  t h a t  t h e  p o s i t i v e l y  c h a r g e d  n a t u r e  o f  a n i l i n i u m  

i o n  i n  A H C  ( a n i l i n e  h y d r o c h l o r i d e )  f u r t h e r  f a c i l i t a t e s  t h e  a d s o r p t i o n  o f  t h i s  m o l e c u l e  

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

T h a n p i t c h a  e t  a l .  ( 2 0 0 8 )  r e p o r t e d  t h a t  a n i l i n e  m o n o m e r  i s  f i r s t  s u s p e n d e d  in  

t h e  C M - c h i t i n  s o l u t i o n  w i t h  a g i t a t i o n .  W h e n  1 , 5 - M  H C 1  i s  a d d e d  i n t o  t h e  s o l u t i o n  

( t h e  p H  o f  t h e  m i x t u r e  s o l u t i o n  d e c r e a s e s  b e l o w  o n e ) ,  m o s t  a n i l i n e  m o n o m e r s  a r e  

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

c o r e - s h e l l  s t r u c t u r e ,  o r i e n t e d  r a d i a l l y  w i t h  t h e  b e n z e n e  r i n g  t o w a r d s  t h e  h y d r o p h o b i c  

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

n u c l e a t i n g  s i t e  a t  t h e  i n t e r f a c e  o f  t h e  c o r e - s h e l l  s t r u c t u r e .

2.5 Factors Affecting the Morphology of PANI Nanoparticles

2 . 5 . 1  E f f e c t  o f  C o n c e n t r a t i o n  o f  A n i l i n e

H a s s a n  e t  a l .  ( 2 0 0 4 )  o b s e r v e d  t h a t  t h e  s i z e  o f  t h e  p a r t i c l e s  i n c r e a s e d  

f r o m  2 0  t o  7 0  n m  b y  d o u b l i n g  t h e  c o n c e n t r a t i o n  o f  m o n o m e r .

2 . 5 . 2  E f f e c t  o f  t h e  R a t i o  o f  D o p a n t  t o  A n i l i n e

T h e  r a t io  o f  d o p a n t  t o  a n i l i n e  a l s o  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  

m o r p h o l o g y  o f  t h e  P A N I .

Z h a n g  e t  a l .  ( 2 0 0 2 )  r e p o r t e d  t h a t  P A N I - H 3P O 4 , f o r  e x a m p l e ,  s h o w e d  

g r a n u la r  m o r p h o l o g y  w h e n  [ A n ] / [ H 3P 0 4 ]  w a s  1 : 2  o r  1 : 3 .  H o w e v e r ,  s o m e  

[ A n ] / [ H 3P 0 4 ] m o l e  r a t i o s  ( e . g . ,  1 : 0 . 5 ,  1 : 0 . 3 ,  a n d  1 : 0 . 1 6 )  w e r e  m o r e  f a v o r a b l e  f o r  t h e  

f o r m a t i o n  o f  f i b r o u s  P A N I - H 3 P C >4 n a n o s t r u c t u r e s .

2 . 5 . 3  E f f e c t  o f  t h e  R e a c t i o n  T e m p e r a t u r e

F u r t h e r m o r e ,  t h e  r e a c t i o n  t e m p e r a t u r e  h a d  a n  i m p o r t a n t  i n f l u e n c e  o n  

t h e  m o r p h o l o g y  o f  t h e  r e s u l t i n g  P A N I .  T a k i n g  P A N I - H C 1  a s  a n  e x a m p l e ,  b e s i d e s  t h e  

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

p o l y m e r i z e d  a t  r o o m  t e m p e r a t u r e  ( [ A n ] / [ a c i d ]  =  1 : 0 . 5 ) .  W h e n  t h e  p o l y m e r i z a t i o n  

o c c u r r e d  a t  a  l o w e r  t e m p e r a t u r e  ( 0 - 4  ° C ) ,  n e a r l y  a l l  t h e  p r o d u c t s  s h o w e d  f i b r o u s
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n a n o s t r u c t u r e s ,  a n d  t h e  f o r m a t i o n  p r o b a b i l i t y  o f  t h e  n a n o t u b e s  o r  r o d s  w a s  g r e a t l y  

e n h a n c e d .

2 . 5 . 4  E f f e c t  o f  P o l y m e r i z a t i o n  T i m e

M o r e o v e r ,  t h e  p o l y m e r i z a t i o n  t i m e  h a s  a  s i g n i f i c a n t  e f f e c t  o n  t h e  

m o r p h o l o g y  o f  t h e  n a n o - s t r u c t u r e d  P A N I .

J e e v a n a n d a  e t  a l .  ( 2 0 0 8 )  r e p o r t e d  t h a t  P A N I  n a n o s t r u c t u r e s  w e r e  

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

h a v e  a n  a v e r a g e  d i a m e t e r  o f  3 0 - 3 5  n m  w i t h  l e n g t h s  o f  s e v e r a l  m i c r o m e t e r s .  A s  t h e  

p o l y m e r i z a t i o n  p r o c e e d s  f u r t h e r  ( 2  h o u r s ) ,  t h e s e  n a n o s t r u c t u r e s  b e c o m e  s c a f f o l d s  

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

p a r t i c u l a t e  p a r t i c l e s  o f  P A N I .

2 . 5 . 5  E f f e c t  o f  t h e  M o l e c u l a r  S t r u c t u r e  o f  t h e  P o l y m e r i c  A c i d

Z h a n g  e t  a l .  ( 2 0 0 8 )  r e p o r t e d  t h a t  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e  

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

t h a t  w e r e  f o r m e d .  T h e  P A N I - P A A  n a n o t u b e s  ( P A A ,  p o l y  ( a c r y l i c  a c i d ) )  o b t a i n e d  

u n d e r  t h e  s a m e  c o n d i t i o n s  s h o w e d  a  m u c h  d e n s e r  p a c k i n g  t h a n  t h o s e  o b t a i n e d  u s i n g  

P S S A  ( p o l y  ( 4 - s t y r e n e s u l f o n i c  a c i d ) )  a n d  P M V E A  ( p o l y  ( m e t h y l  v i n y l  e t h e r - a l t -  

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

t h a n  f o r  t h e  o t h e r  t w o  c a s e s .

Z h a n g  e t  a l .  ( 2 0 0 2 )  r e p o r t e d  t h a t  f o r  i n s t a n c e ,  t h e  d i a m e t e r s  o f  P A N I  

n a n o s t r u c t u r e s  v a r i e d  f r o m  1 5 0  t o  3 4 0  n m ,  d e p e n d i n g  o n  t h e  d o p a n t  u s e d  ( e . g . ,  HC1, 
H2SO4, E1B F 4 , a n d  H3PO4). T h e  r e s u l t  i n d i c a t e s  t h a t  t h e  s i z e  o f  P A N I  n a n o s t r u c t u r e s  

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

P a r k  e t  a l .  ( 2 0 0 4 )  f o u n d  t h a t  t h e  p a r t i c l e  s i z e  o f  p o l y a n i l i n e  

n a n o p a r t i c l e s  ( P A P S S A )  w a s  d e c r e a s e d  w i t h  i n c r e a s i n g  t h e  m o l e c u l a r  w e i g h t  o f  t h e  

d o p a n t .

2 . 5 . 6  E f f e c t  o f  t h e  K i n d  o f  O x i d i z i n g  A g e n t

T h e  k i n d  o f  o x i d i z i n g  a g e n t  a l s o  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  

m o r p h o l o g y  o f  t h e  P A N I .

S a r a v a n a n  e t  a l .  ( 2 0 0 8 )  i n v e s t i g a t e d  t h e  m o r p h o l o g y  o f  P A N I  

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

s u l f a t e  ( S D S ) ,  p o t a s s i u m  p e r s u l f a t e  ( P P S )  a n d  a m m o n i u m  p e r s u l f a t e  ( A P S ) .  T h e
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r e s u l t  s h o w e d  t h a t  n a n o p o r o u s  P A N I  b u n d l e s  m a d e  o f  a g g l o m e r a t e d  s p h e r e s  w i t h  

t y p i c a l  s i z e s  a r o u n d  1 0 0  n m  a r e  o b s e r v e d  in  t h e  c a s e  o f  S P S  a n d  P P S .  I n  t h e  c a s e  o f  

A P S ,  c a u l i f l o w e r  l i k e  i r r e g u l a r  p o r o u s  p o l y a n i l i n e  s t r u c t u r e s  i s  o b t a i n e d .

2 . 5 . 7  E f f e c t  o f  t h e  A d d i t i o n  o f  t h e  T e m p l a t e

T h e  a d d i t i o n  o f  t h e  t e m p l a t e  d o e s  a f f e c t  t h e  s i z e  o f  P A N I  

n a n o s t r u c t u r e .  T h a n p i t c h a  e t  a l .  ( 2 0 0 8 )  r e p o r t e d  t h a t ,  w h e n  u s i n g  C M - c h i t i n  a s  a  

t e m p l a t e  t o  s y n t h e s i z e  P A N I  n a n o p a r t i c l e s  w h o s e  s u r f a c e s  a r e  c o v e r e d  w i t h  r a d i a l l y  

a l i g n e d  P A N I  d e n d r i t e s  w e r e  o b s e r v e d .  I n  c o n t r a s t ,  i r r e g u l a r l y - s h a p e d  P A N I  

a g g r e g a t e s  w e r e  o b s e r v e d  i n  t h e  P A N I  s y n t h e s i z e d  b y  t h e  c o n v e n t i o n a l  m e t h o d .

2 . 5 . 8  E f f e c t  o f  t h e  T e m p l a t e  S t r u c t u r e  a n d  i t s  C o n c e n t r a t i o n

T h e  i n f l u e n c e  o f  t h e  t e m p l a t e  s t r u c t u r e  ( o r  t h e  s u r f a c t a n t  s t r u c t u r e )  

a n d  i t s  c o n c e n t r a t i o n  o n  t h e  m o r p h o l o g y  o f  P A N I  n a n o s t r u c t u r e s  w a s  i n v e s t i g a t e d .

P a l a n i s a m y  e t  a l .  ( 2 0 0 9 )  f o u n d  t h a t  w h e n  u s e d  r h a m n o l i p i d  a s  a  

t e m p l a t e  t o  s y n t h e s i s  n i c k e l  o x i d e  ( N i O )  n a n o p a r t i c l e s .  T h e  r e s u l t  s h o w e d  t h a t  

r h a m n o l i p i d  c a n  f o r m  m i c e l l e s  a n d  t h e s e  m i c e l l e s  a r e  s p h e r i c a l  in  s h a p e  a n d  f a v o r e d  

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

H a n  e t  a l .  ( 2 0 0 9 )  r e p o r t e d  t h a t  i n  t h e  p o l y m e r i z a t i o n  o f  P A N I - D B S A ,  

D B S A  m o l e c u l e s  a c t  a s  a  d o p a n t  a s  w e l l  a s  a  s u r f a c t a n t .  D B S A  m o l e c u l e s  c o u l d  

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

m i c e l l e s ,  A N I  c o u l d  b e  p o l y m e r i z e d  i n t o  s p h e r i c a l  n a n o p a r t i c l e s .  T h e  s h a p e  o f  

p a r t i c l e s  s y n t h e s i z e d  a t  t h e  o t h e r  c o n c e n t r a t i o n s  in  t h e  p r e s e n t  s t u d y  w a s  e x p e c t e d  t o  

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

2 . 5 . 9  E f f e c t  o f  P H  o f  t h e  S o l u t i o n

B e s i d e s  P A N I  n a n o p a r t i c l e s  w e r e  s y n t h e s i z e d  b y  u s i n g  s u r f a c t a n t s  a s  

a  t e m p l a t e ,  t h e  N i O  n a n o p a r t i c l e s  w e r e  s u c c e s s f u l l y  s y n t h e s i z e d  u s i n g  r h a m n o l i p i d s  

a s  a  t e m p l a t e ,  t o o .  H o w e v e r ,  t h e  p H  o f  s o l u t i o n  a l s o  e f f e c t  o n  t h e  s i z e  o f  

n a n o p a r t i c l e s .

P a l a n i s a m y  e t  a l .  ( 2 0 0 9 )  f o u n d  t h a t  i n c r e a s i n g  t h e  p H  o f  t h e  s o l u t i o n  

d e c r e a s e d  t h e  s i z e  o f  n a n o p a r t i c l e s .  N i O  p a r t i c l e s  w i t h  t h e  d i a m e t e r  o f  8 6 ± 8  n m ,  

6 3 ± 6  n m  a n d  4 7 ± 5  n m  w e r e  o b t a i n e d  f o r  p H  v a l u e s  o f  1 1 . 6 ,  1 2 . 0  a n d  1 2 . 5 ,  

r e s p e c t i v e l y .  F r o m  p r e v i o u s  w o r k  o n  p H  d e p e n d e n t  v a r i a t i o n  in  m o r p h o l o g y  o f  N i O  

p a r t i c l e s ,  i t  w a s  s h o w n  t h a t ,  w h e n  t h e  p H  v a l u e  o f  t h e  s y n t h e s i s  w a s  a r o u n d  8 , t h e
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n a n o p a r t i c l e s  w e r e  f l a k y  in  n a t u r e .  W i t h  i n c r e a s e  in  p H  t o  1 0 ,  t h e  n a n o p a r t i c l e s  

m o r p h o l o g y  c h a n g e d  t o  s p h e r i c a l .  I n  t h e  c a s e  o f  c a l c i n e d  N i O  p a r t i c l e s ,  a  d i f f e r e n t  

m o r p h o l o g y  w a s  o b s e r v e d .

2.6 Factors Affecting the Electrical Properties of PANI

2 .6 . 1  E f f e c t  o f  D o p i n g  L e v e l

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

c o n t r o l l i n g  f a c t o r  o f  e l e c t r i c a l  c o n d u c t i v i t y .

K i m  e t  a l .  ( 2 0 0 0 )  r e v e a l e d  t h a t  t h e  d o p i n g  l e v e l  o f  P A N I  p a r t i c l e s  w a s  

d e t e r m i n e d  b y  X - r a y  p h o t o e l e c t r o n  s p e c t r a  ( X P S ) .  F r o m  t h e  r e s u l t s  i n d i c a t e d  t h a t  t h e  

p e a k  a r e a  [ N +] / [ N ]  r a t i o s  c o u l d  b e  c o r r e l a t e d  w i t h  t h e  d o p i n g  l e v e l .  T h e  d o p i n g  l e v e l  

o f  P A N I  p a r t i c l e s  p r e p a r e d  in  S D S  m i c e l l e s  w a s  h i g h e s t  c o m p a r e d  w i t h  t h o s e  o f  

p a r t i c l e s  f o r m e d  i n  a q u e o u s  a n d  N P - 9  m i c e l l a r  s o l u t i o n .  T h e  e l e c t r i c a l  c o n d u c t i v i t i e s  

o f  p e l l e t s  f o r m e d  w i t h  p a r t i c l e s  p r e p a r e d  b o t h  in  b u l k  a n d  i n  N P - 9  m i c e l l a r  s o l u t i o n  

w a s .  a b o u t  4 . 0  s / c m .  T h e  p e l l e t  f o r m e d  w i t h  p a r t i c l e s  p r e p a r e d  in  S D S  m i c e l l a r  

s o l u t i o n  h a d  a b o u t  2 0 . 0  s / c m .

2 . 6 . 2  E f f e c t  o f  P H  o f  M e d i u m

B y  a  s u i t a b l e  c h a n g e  i n  p H  ( p r o t o n a t i o n  r e a c t i o n ) ,  o n e  c a n  a l t e r  t h e  

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

s e m i c o n d u c t o r ,  o r  c o n d u c t o r .  T h e  c o n d u c t i v i t y  o f  P A N I  p o w d e r  a s  a  f u n c t i o n  o f  t h e  

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

Y u  e t  a l .  ( 2 0 0 2 )  f o u n d  t h a t  t h e  c o n d u c t i v i t y  w a s  2 0  s / c m  a t  p H  1 . It 

d e c r e a s e d  t o  1 .1  X  1 0 ' 3 s / c m  a t  p H  2 .  C o n d u c t i v i t y  d e c r e a s e d  g r a d u a l l y  w i t h  

i n c r e a s i n g  p H  v a l u e  f r o m  2  t o  9 .  I t s  v a l u e  a r r i v e d  a t  4 . 0  X  1 0 ' 7 s / c m  a t  p H  9 ,  

i n d i c a t i n g  t h a t  t h e  P A N I  s a m p l e  w a s  n o t  c o m p l e t e l y  d e d o p e d  a t  t h i s  p H  v a l u e .  It w a s  

r e p o r t e d  t h a t  t h e  c o n d u c t o r - i n s u l a t o r  t r a n s i t i o n  o f  c o n v e n t i o n a l  P A N I  i s  a t  a b o u t  

p H  4 .  T h e  h i g h e r  t r a n s i t i o n  p H  v a l u e  o b s e r v e d  h e r e  m a y  h a v e  b e e n  c a u s e d  b y  t h e  

s t r o n g  i n t e r a c t i o n  b e t w e e n  d o p e d  P A N I  a n d  S D S  a n i o n s .
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2.6.3 Effect of the Polymerization Time
Moreover, the polymerization time also affect the electrical 

conductivity of PANI nanoparicles.
Jeevananda e t a l. (2008) indicated that the conductivity of the PANI- 

SDS nanostructured complex decreased from 1.15 X  10”1 to 6.61 X  10”2 s/cm as the 
reaction time increased from 2 to 4 h. — In the absence of any added acid.

Han et al. (2008) investigated the conductivity of PANI-DBSA 
samples which were synthesized with different reaction times in hexane. As a result, 
the optimum reaction time was 2 h for the highest conductivity (3.7 s/cm). This 
value was higher than that reported in earlier studies reporting a long reaction time.

2.6.4 Effect of the Temperature of Reaction
Zhang e t a l. (2002) reported that the temperature dependence of 

conductivity of PANI doped with different inorganic acids ([An]/[acid] ) = 1:0.5, 
[SDBS] = 2.4 X  10'3 M, at 0-4 ๐C) was measured between 50 and 300 K. It was found 
that the conductivity of all measured samples decreased with decreasing temperature, 
exhibiting a typical semiconductor behavior.

2.6.5 Effect of the Reaction Conditions
Moreover, the reaction conditions (constant stirring or static) also 

were observed. Whether the reaction was carried out under constant stirring or 
without stirring (static condition), the conductivity decreased from 0.06 to 0.04 s/cm. 
(Saravanan et a l., 2008).

2.6.6 Effect of the Kind of Acid Used and the Oxidizing Agents
Saravanan e t al. (2008) reported that the polymerization was carried

out under stirring condition at 0-5 ๐c  for 4'h using acids such as p-TSA, R-CSA, 
H 2 S O 4  and H C 1 . The value of conductivity was found to be dependent on the kind of 
acid used. The highest conductivity (0.08 s/cm) of PANI was obtained with p-TSA 
as protonic acid. This result indicates that the oxidation and protonation effect of 
aniline are more efficient with the use of p-TSA as the acid. Among the oxidizing 
agents, ammonium persulfate (APS) yields the highest conductivity (0.2 s/cm).

2.6.7 Effect of the Ratio of Aniline to Doping Agent
The effect of [An]/[H3PC>4] on the conductivity of PANI-H3PO4 

nanostructures was measured. However, there was no significant difference in
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conductivity, around 10'2 s/cm, when [An]/[H3P0 4 ] varied from 1:0.5 to l:2.5xl0‘2. 
As the ani]ine/H3P0 4  mole ratio reached 1:1.Ox 10'3, the conductivity decreased to
5.7 xlO'2 S/cm. This result is consistent with the doping degree. (Zhang et a l., 2002)

2.6.8 Effect of Degree of Crystallinity
Han et al. (2009) showed the result of X-ray diffraction analysis of 

DBSA-doped PANI which indicates a high degree of crystallinity, presumably due 
to the orientation behavior of the organized micelle systems. This high crystallinity 
of PANI is accompanied by high conductivity.
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