
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Adsorption Isotherm of CTAB onto Silica Hi-Sil®255

T h e  a d s o r p t i o n  i s o t h e r m  o f  C T A B  o n t o  H i - S i l® 2 5 5  i s  s h o w n  in  F i g u r e

4 .1 .  T h e  i s o t h e r m  c l e a r l y  s h o w s  r e g i o n s  I I ,  I I I  a n d  I V  o f  t h e  t y p i c a l  s u r f a c t a n t  

a d s o r p t i o n  i s o t h e r m .  T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  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 )  o f  9 0 0  p M  w a s  v e r y  c l o s e  to  t h e  9 2 0  p M  r e p o r t e d  b y  

R o s e n  ( 1 9 8 9 ) .  F r o m  t h e  p l a t e a u  a d s o r p t i o n  r e g i o n ,  t h e  m a x i m u m  a d s o r p t i o n  

w a s  6 0 0  p m o l e  o f  C T A B  p e r  g r a m  o f  s i l i c a .  R e g a r d i n g  t o  t h e  a d s o r p t i o n  

i s o t h e r m ,  t h e  i n i t i a l  C T A B  c o n c e n t r a t i o n  w h i c h  g i v e s  a n  e q u i l i b r i u m  b u lk  

c o n c e n t r a t i o n  j u s t  b e l o w  t h e  C M C ,  f o r  a  r a t i o  o f  o n e  k i l o g r a m  o f  s i l i c a  p e r

1 2 .5  l i t e r s  s o l u t i o n ,  w a s  4 8 ,9 0 0  p M .

E q u ilib r iu m  c TAE c o n c e n t m i o n  ( Wit )

Figure 4 .1  A d s o r p t i o n  i s o t h e r m  o f  C T A B  o n t o  s i l i c a  H i - S i l® 2 5 5  a t  p H  8  a n d

3 0 ° c .
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A s s u m i n g  m o n o l a y e r  a d s o r p t i o n  a n d  a c c e s s  t o  t h e  e n t i r e  m e a s u r e d  

B E T  s u r f a c e  a r e a ,  C T A B  m o l e c u l e s  o c c u p y  4 7  Â 2  p e r  h e a d  g r o u p  in  th e  

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

b r o m i d e  ( C i 4 H 2 9 N ( C H 3 ) 3 +B r ')  a n d  o c t a d e c y l t r i m e t h y l a m m o n i u m  b r o m i d e  

( C 18H  3 7 N ( C H 3 ) 3 +B r ‘) w h i c h  r e s p e c t i v e l y  h a v e  s u r f a c e  a r e a s  o f  6 1  Â 2  a n d  6 4  Â 2 

p e r  m o l e c u l e  a t  a  s a t u r a t e d  w a t e r - a i r  i n t e r f a c e  ( R o s e n ,  1 9 8 9 ) .  A s  C T A B  

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

g r o u p  o n  t h e  s i l i c a  s u r f a c e  w o u l d  b e  e v e n  le s s  t h a n  t h e  c a l c u l a t e d  4 7  A 2. 

H e n c e ,  i t  i s  s t r o n g l y  b e l i e v e d  t h a t  t h e  C T A B  a g g r e g a t e s  o n  t h e  s i l i c a  s u r f a c e  is  

m o s t  l i k e l y  in  t h e  f o r m  o f  a  b i l a y e r .

4.2 Flow Pattern of Studied CSTR System

B e f o r e  p e r f o r m i n g  t h e  C S T R  e x p e r i m e n t  f o r  a d m i c e l l a r  

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

e n s u r e  c o m p l e t e  m i x i n g .  A  p u l s e  t e s t  u s i n g  N a O H  w a s  p e r f o r m e d .  A s  s h o w n  

in  F i g u r e  4 .2 ,  c o m p l e t e  m i x i n g  c a n  b e  a c h i e v e d  a n d  s o  t h e o r e t i c a l l y ,  t h e  

r e a c t o r  is  a  C S T R  s y s t e m .

"  ? > .
A  c o n s t a n t  f l o w  r a t e  
=  3 0  m l / m i n ,  3 0 ° c

*1 0.3 ►

♦  ♦  ♦  ♦  ♦  ♦
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4.3 Determination of Steady State Time of Studied System

T o  d e t e r m i n e  t h e  t i m e  n e e d e d  f o r  t h e  s y s t e m  t o  r e a c h  s t e a d y  s t a t e ,  th e  

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

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

s i l i c a  w i t h  4 0 - g  s t y r e n e - i s o p r e n e  l o a d i n g  p e r  k i l o g r a m  o f  s i l i c a  a t  1 2 0  m i n u t e s  

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

7 0 ° c .  T h e  c a r b o n  c o n t e n t  r e p r e s e n t s  t h e  a m o u n t  o f  C T A B  a n d  s t y r e n e -  

i s o p r e n e  m o n o m e r s  d i s s o l v e d  in  t h e  p r o d u c t  s u p e r n a t a n t .  A s  s e e n  in  th e  

f i g u r e ,  t h e  T O C  d e c r e a s e s  f o r  t h e  f i r s t  3 0  m in ,  i n d i c a t i n g  t h e  c o n s u m p t i o n  o f  

m o n o m e r s  d u r i n g  t h e  i n i t i a t i o n  o f  t h e  p o l y m e r i z a t i o n  p r o c e s s .  A f t e r  3 0  t o  4 0  

m i n u t e s ,  t h e  T O C  b e c o m e s  s t a b l e ,  i n d i c a t i n g  t h e  s t e a d y - s t a t e  o p e r a t i n g  

c o n d i t i o n s .  A s  s h o w n  in  F i g u r e  4 .3 ,  t h e  t i m e  to  r e a c h  s t e a d y  s t a t e  is  

a p p r o x i m a t e l y  7 0  m i n u t e s  w h i c h  i s  i n s i g n i f i c a n t  c o m p a r e d  to  t h e  t o t a l  r e a c t i o n  

r u n  t i m e  o f  u p  to  13 h o u r s .  T h e r e f o r e ,  a l l  e f f l u e n t  w a s  c o l l e c t e d  in  t h e  p r o d u c t  

t a n k .

0 20  4 0  6 0  80  100  120  140  16 0  180  2 0 0
T im e  a f te r  s ta r tu p  (m in )

Figure 4.3 R e l a t i o n s h i p  b e t w e e n  c a r b o n  c o n t e n t  a n d  t i m e  a f t e r  s t a r t u p  .
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4.4 Surface Characterization of Modified Silicas

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

v a r i e t y  o f  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  o f  s i l i c a ,  i n c l u d i n g  B E T  s u r f a c e  a r e a  a n d  

m e a n  a g g l o m e r a t e  p a r t i c l e  s i z e .  A l l  s a m p l e s  w e r e  g i v e n  a  d e s i g n a t i o n  

c o n s i s t i n g  o f  a  n u m b e r  i n d i c a t i n g  t h e  a m o u n t  o f  m o n o m e r  ( s t y r e n e - i s o p r e n e )  

l o a d i n g  ( 5 ,  2 0  a n d  3 0 ,  in  u n i t s  o f  g r a m s  o f  c o - m o n o m e r s  p e r  k i l o g r a m  o f  

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

p o l y m e r i z a t i o n  t i m e s  o f  3 0 ,  4 5  a n d  6 0  m i n u t e s  a r e  d e n o t e d  b y  ร ,  M  a n d  L , 

r e s p e c t i v e l y .  T h e  2 0  g r a m s  c o - m o n o m e r s  w i t h  4 5  m i n u t e s  r e t e n t i o n  t i m e  w a s  

d u p l i c a t e d  t w i c e ,  w i t h  t h e  s a m p l e  d e s i g n a t i o n s  o f  2 0 M 1  a n d  2 0 M 2 .

4 .4 .1  B E T  S u r f a c e  A r e a

A l l  m o d i f i e d  s i l i c a  s a m p l e s  h a d  B E T  s u r f a c e  a r e a s  l e s s  t h a n  

t h a t  o f  t h e  u n m o d i f i e d  s i l i c a ,  s o m e  b y  a s  m u c h  a s  2 0 %  ( s e e  F i g u r e  4 . 4 ) .  F o r  

e a c h  l e v e l  o f  m o n o m e r  l o a d i n g ,  t h e  m o d i f i e d  s i l i c a  w i t h  a  6 0 - m i n u t e  r e t e n t i o n  

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

w i t h  a  4 5 - m i n u t e  r e a c t i o n  t i m e .  T h o u g h  t h e  r e a s o n  f o r  t h i s  i s  u n c l e a r ,  t h e  

f o l l o w i n g  s c e n a r i o  is  a  p o s s i b l e  e x p l a n a t i o n .  A t  l o w  m o n o m e r  l o a d i n g s ,  i t  is  

m o r e  l i k e l y  t h a t  s m a l l  a g g r e g a t e s  o f  p o l y m e r  a r e  f o r m e d ,  p r i m a r i l y  in  th e  

p o r e s  o f  t h i s  h i g h l y  p o r o u s  s i l i c a .  T h i s  p o l y m e r  p a r t i a l l y  b l o c k s  t h e  p o r e s ,  

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

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

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

f o r m i n g  a  f i l m  t h a t  is  n o t  e a s i l y  r e m o v e d  a n d  w h i c h  e f f e c t i v e l y  b l o c k s  m o s t  

n i t r o g e n  a c c e s s  t o  p o r e s .
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styrene-Isoprene loading (g/kg of silica)
Figure 4.4 B E T  s u r f a c e  a r e a  o f  m o d i f i e d  s i l i c a  a s  a  f u n c t i o n  o f  r e t e n t i o n  t i m e  

a n d  s t y r e n e - i s o p r e n e  l o a d i n g .

4 . 4 .2  M e a n  A g g l o m e r a t e  P a r t i c l e  S iz e

F i g u r e  4 .5  s h o w s  t h e  e f f e c t  o f  r e t e n t i o n  t i m e  a n d  c o - m o n o m e r  

l o a d i n g  o n  m e a n  a g g l o m e r a t e  p a r t i c l e  s i z e .  A s  c a n  b e  s e e n  f r o m  F i g u r e  4 .5 ,  

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

a s  m u c h  a s  1 6 % . T h e  4 5 - m i n u t e  r e t e n t i o n  t i m e  s a m p l e s  c o n s i s t e n t l y  r e s u l t e d  

in  t h e  h i g h e s t  d e g r e e  o f  a g g l o m e r a t i o n  w h i l e  t h e  3 0 - m i n u t e  t i m e  s a m p l e s  h a d  

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

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

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

g r i n d i n g  i t  b a c k  t o  a  p o w d e r  b y  f o r c i n g  i t  t h r o u g h  a  s i e v e  ( C h i n p a n ,  1 9 9 6 ) .  

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

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

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

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

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

l i k e l i h o o d  o f  p a r t i c l e s  “ b o n d i n g ”  is  s m a l l .  A t  i n t e r m e d i a t e  l e v e l s ,  t h e  

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

l i k e l y .  A t  h i g h  l o a d i n g s ,  t h e  m o n o m e r  m a y  b e g i n  t o  p h a s e  s e p a r a t e  w i t h i n  th e  

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

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

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

t h i s  t i m e .

Figure 4.5 M e a n  a g g l o m e r a t e  p a r t i c l e  s i z e  o f  m o d i f i e d  s i l i c a s  a s  a  f u n c t i o n  o f  

r e t e n t i o n  t i m e  a n d  s t y r e n e - i s o p r e n e  l o a d i n g .

4 .4 .3  M o r p h o l o g y  o f  M o d i f i e d  S i l i c a s

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

v a r i o u s  m o d i f i e d  s i l i c a s  a r e  s h o w n  in  F i g u r e s  4 .6  to  4 . 1 6 .  C o m p a r i s o n s
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b e t w e e n  t h e  u n m o d i f i e d  a n d  m o d i f i e d  s i l i c a  im a g e s  a l s o  s h o w  t h a t  t h e  s m a l l  

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

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

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

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

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

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

o f  p o l y s t y r e n e  l a y e r  o n  t h e  s i l i c a  s u r f a c e  r e s u l t s  t o  t h e  s m o o t h  a p p e a r a n c e .
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c.
a t  7 ,5 0 0  X  M a g n i f i c a t i o n .

Figure 4.6 Scanning electron micrographs of unmodified silica, Hi-Sil®255.
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B.
a t  2 , 0 0 0  X  M a g n i f i c a t i o n .

c.
a t  7 ,5 0 0  X  M a g n i f i c a t i o n .

Figure 4.7 Scanning electron micrographs of modified silica, 5 ร.
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B .
a t  2 ,0 0 0  X  M a g n i f i c a t i o n .

c .
a t  7 ,5 0 0  X  M a g n i f i c a t i o n .

Figure 4.8 Scanning electron micrographs of modified silica, 5M.
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Figure 4.9 Scanning electron micrographs of modified silica, 5L
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a t  3 5 0  X  M a g n i f i c a t i o n .
A.

B .
a t  2 , 0 0 0  X  M a g n i f i c a t i o n .

Figure 4.10 Scanning electron micrographs of modified silica, 20S
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a t  3 5 0  X  M a g n i f i c a t i o n .
A.

B .
a t  2 ,0 0 0  X  M a g n i f i c a t i o n .

c.
a t  7 , 5 0 0  X  M a g n i f i c a t i o n .

Figure 4.11 S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  m o d i f i e d  s i l i c a ,  2 0 M 1 .
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B .
a t  2 ,0 0 0  X  M a g n i f i c a t i o n .

c.
a t  7 , 5 0 0  X  M a g n i f i c a t i o n .

Figure 4.12 Scanning electron micrographs of modified silica, 20M2.



a t  3 5 0  X  M a g n i f i c a t i o n .
A.

c.
a t  7 ,5 0 0  X  M a g n i f i c a t i o n .

Figure 4.13 Scanning electron micrographs of modified silica, 20L.
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B .
a t  2 , 0 0 0  X  M a g n i f i c a t i o n .

c.
a t  7 , 5 0 0  X  M a g n i f i c a t i o n .

Figure 4.14 Scanning electron micrographs of modified silica, 30S
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a t  3 5 0  X  M a g n i f i c a t i o n .
A.

B .
a t  2 , 0 0 0  X  M a g n i f i c a t i o n .

c.
a t  7 ,5 0 0  X  M a g n i f i c a t i o n .

A . F i g u r e  4 .1 5  S c a n n i n g  e l e c t r o n  m i c r o g r a p h s  o f  m o d i f i e d  s i l i c a ,  
3 0 M .
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a t  3 5 0  X  M a g n i f i c a t i o n ,
A.

B .
a t  2 ,0 0 0  X  M a g n i f i c a t i o n .

Figure 4.16 Scanning electron micrographs of modified silica, 30L



35

4 . 4 .4  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 s c o p y  ( F T - I R )  R e s u l t s

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

w i t h  t e t r a h y d r o f u r a n  ( T H F ) .  T h e  e x t r a c t e d  m a t e r i a l  a n d  t h e  s i l i c a  a f t e r  t h e  

e x t r a c t i o n  w e r e  a n a l y z e d  b y  F T - I R  in  o r d e r  t o  p r o v e  t h e  e x i s t e n c e  o f  p o ly  

( s t y r e n e - i s o p r e n e )  o n  t h e  s i l i c a  s u r f a c e .  F i g u r e  4 .1 7  i l l u s t r a t e s  t h e  F T - I R  

s p e c t r a  o f  C T A B  a d s o r b e d  o n t o  s i l i c a  c l e a r l y  s h o w i n g  t h e  c h a r a c t e r i s t i c  p e a k s  

o f  C T A B .  F i g u r e  4 .1 8  is  t h e  s p e c t r a  o f  p o l y ( s t y r e n e - i s o p r e n e )  p r o d u c e d  b y  

t h e  e m u l s i o n  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  in  a  m i c e l l a r  C T A B  s o l u t i o n .  

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

7 0 0  c m ' 1 p r o v e s  t h e  e x i s t e n c e  o f  s t y r e n e  w h i l e  th e  c h a r a c t e r i s t i c  a l i p h a t i c  

c a r b o n  d o u b l e  b o n d  ( C = C )  p e a k  a t  1 6 0 0  c m ' 1 p r o v e s  t h e  p r e s e n c e  o f  i s o p r e n e .  

T h e  s p e c t r a  o f  a l l  m o d i f i e d  s i l i c a s ,  s i l i c a  a f t e r  t h e  e x t r a c t i o n  a n d  o f  th e  

e x t r a c t e d  m a t e r i a l s  a r e  s h o w n  in  F i g u r e s  4 . 1 9 - 4 . 2 8 .  A g a i n ,  t h e  s p e c t r a  p r o v i d e  

e v i d e n c e  o f  t h e  e x i s t e n c e  o f  p o l y ( s t y r e n e - i s o p r e n e )  o n  t h e  s i l i c a  s u r f a c e ,  

t h o u g h  i n t e r f e r e n c e  f r o m  s i l i c a  a n d  C T A B  s p e c t r a  n e a r l y  m a s k  t h a t  o f  th e  

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

1  1 q  “3 6 6 0 0 %



W a v e n u m b e r  ( c m ’1)

Figure 4.17 FT-IR spectra of unmodified silica (S i02), CTAB and unmodified silica adsorped
with CTAB (SiCb-CTAB).
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W a v e n u m b e r  ( c m 1)

F ig u r e  4 .1 8  F T - I R  s p e c t r a  o f  p o ly ( s ty r e n e - i s o p r e n e )  (S I ) , C T A B  a n d  p o ly ( s ty r e n e - i s o p r e n e )  
p o ly m e r iz e d  in  C T A B  s o lu t io n  (S I  C T A B ) .
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W a v e n u m b e r  ( c m  " ')
Figure 4.19 FT-IR spectra of the modified silica (5S), the modified silica after the extraction
(5Sa) and the extracted meterial (poly5S).
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W a v e n u m b e r  ( c m " 1)
Figure 4.20 FT-IR spectra of the modified silica (5M), the modified silica after the extraction
(5Ma) and the extracted meterial (poly5M).
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W a v e n u m b e r  ( c m  _l)
Figure 4.21 FT-IR spectra of the modified silica (5L), the modified silica after the extraction
(5La) and the extracted meterial (poly5L).
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W a v e n u m b e r  ( c m  _l)
Figure 4.22 FT-IR spectra of the modified silica (20S), the modified silica after the extraction
(20Sa) and the extracted meterial (poly20S).
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W a v e n u m b e r  ( c m  " ')
Figure 4.23 FT-IR spectra of the modified silica, (20M1), the modified silica after the extraction
(2 0 Mla) and the extracted meterial (poly2 0 Ml).
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W a v e n u m b e r  ( c m ’ 1)
Figure 4.24 FT-IR spectra of the modified silica (20M2), the modified silica after the extraction
(20M2a) and the extracted meterial (poly20M2).
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W a v e n u m b e r  ( c m  " )
Figure 4.25 FT-IR spectra of the modified silica (20L), the modified silica after the extraction
(20La) and the extracted meterial (poly20L).
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W a v e n u m b e r  ( c m ' 1)
Figure 4 .2 6  F T - I R  s p e c t r a  o f  th e  m o d i f i e d  s i l i c a  ( 3 0 S ) ,  th e  m o d i f i e d  s i l ic a  a f te r  th e  e x t r a c t io n  
( 3 0 S a )  a n d  th e  e x t r a c t e d  m e te r ia l  ( p o ly 3 0 S ) .
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W a v e n u m b e r  ( c m  " ')
Figure 4 .2 7  F T - I R  s p e c t r a  o f  th e  m o d if i e d  s i l ic a  ( 3 0 M ) ,  th e  m o d if i e d  s i l i c a  a f te r  th e  e x t r a c t io n  
( 3 0 M a )  a n d  th e  e x t r a c t e d  m e te r i a l  ( p o ly 3 0 M ) .
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W a v e n u m b e r  ( c m " 1)
Figure 4.28 FT-IR spectra of the modified silica (30L), the modified silica after the extraction
(30La) and the extracted meterial (poly30L).
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4 .3 .5  T h e r m o g r a v i m e t r i c  A n a l y s i s  ( T G A )  R e s u l t s

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

o r d e r  t o  v e r i f y  t h e  e x i s t a n c e  o f  p o l y ( s t y r e n e - i s o p r e n e )  f o r m e d  o n  t h e  s i l i c a  

s u r f a c e s .

F i g u r e  4 . 2 9  s h o w s  t h e  w a t e r  l o s s  f r o m  t h e  u n m o d i f i e d  s i l i c a  

b e l o w  150°c. T h u s ,  a n y  w e i g h t  c h a n g e  o f  t h e  m o d i f i e d  s i l i c a s  a b o v e  150°c 
s h o u l d  b e  t h e  r e s u l t  o f  t h e  s u r f a c e  m o d i f i c a t i o n .  I t  w a s  f o u n d  t h a t  t h e  

e x t r a c t i o n  d o e s  n o t  a f f e c t  t h e  w e i g h t  c h a n g e  p a t t e r n  o f  t h e  s i l i c a  a b o v e  150°c.
F i g u r e  4 . 3 0  s h o w s  t h e  d e c o m p o s i t i o n  o f  C T A B  a t  t e m p e r a t u r e s  

b e t w e e n  200 t o  3 0 0 ° c  F i g u r e  4 .3 1  s h o w s  t h e  d e c o m p o s i t i o n  o f  C T A B  

a d s o r b e d  o n t o  s i l i c a ,  w h i c h  a p p e a r s  to  o c c u r  in  t w o  s t e p s ,  t h e  f i r s t  f r o m  1 7 0  to  

3 0 0 ° c  a n d  t h e  s e c o n d  f r o m  3 0 0  to  4 5 0 ° c .  T h e  s e c o n d  p e a k  o f  w e i g h t  lo s s  

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

s i l i c a .

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

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

d i s s o l v e d  w i t h  T H F  o n to  t h e  s i l i c a  s u r f a c e .  F i g u r e  4 .3 2  s h o w s  t h a t  t h e  

d e c o m p o s i t i o n  o f  p o l y s t y r e n e  t a k e s  p l a c e  b e t w e e n  3 5 0  a n d  4 8 0 ° c .  T h e  

d e c o m p o s i t i o n  o f  p o l y ( s t y r e n e - i s o p r e n e )  f r o m  a d m i c e l l a r  p o l y m e r i z a t i o n  

m o d i f i e d  s i l i c a  is  s h o w n  in  F i g u r e  4 .3 3 .  T h e  g r a p h s  c l e a r l y  s h o w  th e  

d e c o m p o s i t i o n  o f  C T A B  f r o m  2 0 0  to  2 8 0 ° c  a n d  3 0 0  to  4 5 0 ° c  w h i l e  t h a t  o f  t h e  

p o l y m e r  is  f r o m  2 8 0  t o  4 0 0 ° c .

F i g u r e s  4 . 3 4  t o  4 .4 3  s h o w  t h e  T G A  r e s u l t s  o f  m o d i f i e d  s i l i c a s  

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

d e c o m p o s i t i o n  p r o c e s s .  T h e  f i r s t - s t e p  is  t h e  C T A B  d e f o r m a t i o n  a t  1 5 0  to  

3 0 0 ° c .  T h e  s e c o n d  o n e  is  C T A B  c h e m i s o r b e d  o n  t h e  s i l i c a  a s  w e l l  a s  p o ly  

( s t y r e n e - i s o p r e n e )  d e c o m p o s i t i o n  a t  3 0 0  to  4 0 0 ° c .  T o  c a l c u l a t e  t h e  a m o u n t  o f  

p o l y m e r  p r e s e n t ,  t h e  a m o u n t  o f  C T A B  d e c o m p o s i n g  is  c a l c u l a t e d  f r o m  th e  

f i r s t  w e i g h t  d r o p ,  a n d  t h i s  is  s u b t r a c t e d  f r o m  t h e  w e i g h t  l o s e  a t  t h e  s e c o n d
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p e a k .  T h e  a m o u n t  o f  e x t r a c t e d  p o l y m e r  w a s  t h e n  c a l c u l a t e d .  I t  w a s  f o u n d  t h a t  

n o t  a l l  p o l y m e r  c a n  b e  e x t r a c t e d  f r o m  th e  m o d i f i e d  s i l i c a  a s  c o n f i r m e d  b y  

C T H a v e r  et al. ( 1 9 9 4 ) .  A s  s h o w n  in  T a b l e  4 .1 ,  t h e  5 g  c o - m o n o m e r  l o a d i n g  

w i t h  6 0  m i n u t e s  r e a c t i o n  t i m e  p r o v i d e d  t h e  h i g h e s t  p o l y m e r  o n  t h e  s i l i c a  

s u r f a c e .
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A. Unmodified silica before extraction.

0 .1 0

0 .0 8

0 .0 6

0 .0 4

0 . 0 2

0 . 0 0

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

( n m o d i f i e d s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.29 TGA results of unmodified silica Hi-Sil®255.
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0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0

T e m p e r a t u r e  ( ° C )

Figure 4.30 T G A  r e s u l t s  o f  c y t r i m e t h y l a m m o n i u m  b r o m i d e  ( C T A B ) .

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

Figure 4.31 TGA results of silica Hi-Sil®255 adsorbed with CTAB.
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0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

Figure 4.32 T G A  r e s u l t s  o f  s i l i c a  H i - S i l® 2 5 5  a d s o r b e d  w i t h  
p o l y s t y r e n e .

0 100 200 300 400 500 600 700
T e m p e r a t u r e  ( ° C )

Figure 4 .3 3  T G A  r e s u l t s  o f  p o l y ( s t y r e n e - i s o p r e n e )  p o l y m e r i z e d  in  
C T A B .
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A. Modified silica before extraction.

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0

T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

Figure 4.34 TGA results of modified silica, 5S.
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A. Modified silica before extraction.

T e m p e r a t u r e  ( ° C )  

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.35 TGA results of modified silica, 5M.
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A. Modified silica before extraction.

T e m p e r a t u r e  ( ° C )  

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.36 TGA results of modified silica, 5L.

D
er

iv
. (

%
/°C

) 
D

er
iv

- (
%

/°C
)



A. Modified silica before extraction.

T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

Figure 4.37 TGA results of modified silica, 20S.

(ว0/%) 'A!J9a 
(ว0/%)
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A. Modified silica before extraction.

0  1 0 0  2 0 0  3 0 0  4 0 0 0 5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

0  1 0 0  2 0 0  3 0 0  4 0 0  0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

Figure 4.38 TGA results of modified silica, 20M1.
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A. Modified silica before extraction.

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

Figure 4.39 TGA results of modified silica, 20M2.
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A. Modified silica before extraction.

T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.40 T G A  r e s u l t s  o f  m o d i f i e d  s i l i c a ,  2 0 L .
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A. Modified silica before extraction.

0  1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.41 TGA results of modified silica, 30S.
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A. Modified silica before extraction.

0  10 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0
T e m p e r a t u r e  ( ° C )

B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .

T e m p e r a t u r e  ( ° C )

Figure 4.42 TGA results of modified silica, 30M.
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A. Modified silica before extraction.

T e m p e r a t u r e  ( ° C )  
B . M o d i f i e d  s i l i c a  a f t e r  e x t r a c t i o n .
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Table 4.1 TGA results of modified silicas with different retention times and
c o - m o n o m e r  l o a d i n g s .

S a m p l e
T G A  ( % w t .  L o s s )

C a l c u l a t e d  P o l y m e r

%  E x t r a c t e d  
P o l y m e r

M o n o m e r  
l o a d i n g  

( g / k g  s i l i c a )

R e t e n t i o n
t i m e *

B e f o r e  T H F  
E x t r a c t i o n

A f t e r  T H F  
E x t r a c t i o n

5
ร 1 . 2 2 0 1 .0 1 3 2 0 .7 4

M 1 .0 0 8 0 .9 4 2 6 .6 4
L 1 .6 7 7 1 .5 2 0 1 5 .6 3

2 0

ร 1 .2 5 3 1 .1 1 6 1 3 .6 7
M l

0 .9 0 7 0 .8 0 5 1 0 . 2 0M 2
L 1 .1 5 6 1 .0 4 5 1 1 . 1 0

3 0
ร 0 .7 3 9 0 .6 3 1 1 0 .7 7

M 1 .4 5 6 1 .2 6 3 1 9 .3 5
L 1 . 2 0 1 0 .9 6 1 2 4 .0 0

* ร  =  3 0  m i n  

M =  4 5  m i n

L  =  6 0  m i n
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