
CHAPTER IV
M O R P H O L O G I C A L  D E S IG N  O F  P O L Y B E N Z O X A Z I N E - B A S E D  C A R B O N  

B Y  S O F T  T E M P L A T I N G  M E T H O D

4.1  A b s t r a c t
P o r o u s  m a te r ia ls ,  e s p e c ia l l y  p o r o u s  c a r b o n  h a v e  r e c e iv e d  m u c h  a t t e n t io n  in  

th e  p a s t  d e c a d e  b e c a u s e  o f  th e ir  in d is p e n s a b le  a p p l ic a t io n s  in  e n e r g y  s t o r a g e  a n d  

c o n v e r s io n ,  c a t a ly s i s ,  a d s o r p t io n , a n d  o th e r s . T e m p la te  m e t h o d  is  th e  p r e p a r a t io n  o f  

c a r b o n  m a t e r ia ls  w i t h  c o n t r o l le d  a r c h ite c tu r e  a n d  r e la t iv e ly  n a r r o w  p o r e  s iz e  

d is tr ib u t io n . T w o  t y p e s  o f  t e m p la t e s ,  c la s s i f i e d  a s  s o f t  t e m p la te  o r  h a rd  t e m p la t e ,  a re  

u s e d  a s  m o ld s  to  fo r m  p o r o u s  m a te r ia ls .  H o w e v e r ,  th e  d r a w b a c k s  o f  h a rd  t e m p la t e  

are m u lt i - s t e p  a n d  h ig h  c o s t .  W h ic h  m a y  c a u s e  a  b a rr ier  t o  in d u s tr ia l  a p p l ic a t io n s .  
S o ,  in  th is  r e s e a r c h , w e  rep o rt a  f a c i le  p r o c e s s  to  s y n t h e s iz e d  p o r o u s  c a r b o n  b y  u s in g  

s o f t  t e m p la t e  m e t h o d .  P o ly b e n z o x a z in e ,  a  n o v e l  p h e n o l ic  r e s in  w a s  u s e d  a s  a  c a r b o n  

p r e c u r s o r  a n d  t r ib lo c k  c o p o ly m e r ,  P lu r o n ic  P I 2 3  w a s  u s e d  a s  a  t e m p la t e .  T h e  

m o r p h o lo g y  o f  c a r b o n  p a r t ic le s  c o u ld  b e  d e s ig n  b y  a d ju s t in g  th e  c o n c e n t r a t io n  o f  

P I 2 3 .  T h e  r e s u lt s  fr o m  S E M  m ic r o g r a p h s  s h o w e d  th a t  th e  c a r b o n  fr o m  

p o l y b e n z o x a z in e / 6 .0 0 0 % P 1 2 3  c o m p o s i t e  e x h ib i t e d  a  r o d - l ik e  s tr u c tu r e . M o r e o v e r ,  
th is  r e s e a r c h  a ls o  s tu d y  th e  e f f e c t  o f  a c t iv a t io n  p r o c e s s  b y  C O 2 a t 9 0 0  °c in  o r d e r  to  

in c r e a s e  th e  s p e c i f i c  s u r f a c e  a r e a  o f  th e  r e s u lt in g  c a r b o n .

K e y w o r d :  p o ly b e n z o x a z in e / s o f t - t e m p la t e  m e t h o d
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4 .2  I n tr o d u c t io n
T h e  I n te r n a t io n a l  U n io n  o f  P u re  a n d  A p p l ie d  C h e m is tr y  ( I U P A C )  d e f in e d  

p o r o u s  m a te r ia ls  in to  th r e e  t y p e s  b a s e  o n  th e ir  p o r e  s iz e :  m ic r o p o r o u s  ( p o r e  s i z e  <  2  

n m ) , m e s o p o r o u s  ( 2 - 5 0  n m ) , a n d  m a c r o p o r o u s  ( > 5 0  n r a ) . D u e  to  th e ir  a d v a n t a g e s ,  
s u c h  a s  th e r m a l  c o n d u c t iv i t y ,  e le c t r ic a l  c o n d u c t iv i t y ,  c h e m ic a l  s t a b i l i t y ,  a n d  l o w  

d e n s i t y .  P o r o u s  m a te r ia ls  h a v e  b e e n  e x t e n s iv e l y  s t u d ie d  a n d  u s e d  in  v a r io u s  

a p p lic a t io n s ,  s u c h  a s  w a te r  p u r i f ic a t io n ,  c a t a ly s t  s u p p o r t ,  e le c t r o d e  m a te r ia l  fo r  

e n e r g y  s to r a g e  d e v i c e s  e t c  [1 ] ,
In g e n e r a l ,  p o r o u s  c a r b o n  m a te r ia l  m a d e  fr o m  c a ta ly t ic  a c t iv a t io n  a n d  

c a r b o n iz a t io n  u s u a l ly  s h o w  th e  d is o r d e r e d  s tr u c tu r e s  w i t h  w id e  p o r e  s i z e  d is t r ib u t io n  

b e c a u s e  o f  th e  e t c h in g  p r o c e s s  th a t a re  d i f f i c u l t  to  c o n t r o l .  In o r d e r  to  g e n e r a t e d  th e  

o r d e r e d  s tr u c tu r e  o f  p o r o u s  c a r b o n  m a te r ia ls ,  t e m p la t e  s y n t h e s is  m e t h o d  w i t h  

c o n t r o l le d  a r c h it e c tu r e  a n d  r e la t iv e ly  n a r r o w  p o r e  s iz e  d is t r ib u t io n  h a s  b e e n  w i d e l y  

in v e s t ig a t e d .
T h e  t e m p la t e  s y n t h e s i s  m e th o d  c a n  b e  c l a s s i f i e d  in to  tw o  t y p e s ,  h a rd  a n d  

s o f t  t e m p la te .  T h e  h ard  t e m p la t e  c a r b o n iz a t io n  a p p r o a c h , u s u a l ly  i n v o l v e s  th e  

f o l l o w i n g  s te p :  (a )  th e  p r e p a r a tio n  o f  a p o r o u s  t e m p la te  w i t h  c o n t r o l le d  p o r o u s it y ;  (b )  

th e  in tr o d u c t io n  o f  a s u ita b le  c a r b o n  p r e c u r s o r  in to  th e  te m p la te  p o r e s  b y  w e t  

im p r e g n a t io n , c h e m ic a l  v a p o u r  d e p o s i t io n  o r  a  c o m b in a t io n  o f  b o th  m e t h o d s ;  ( c )  th e  

p o ly m e r iz a t io n  a n d  c a r b o n iz a t io n  o f  c a r b o n  p r e c u r so r  to  g e n e r a te  a n  o r g a n ic -  

in o r g a n ic  c o m p o s i t e ;  a n d  (d )  th e  r e m o v a l  o f  th e  in o r g a n ic  t e m p la te  b y  u s in g  H F  o r  

N a O H  to  y ie ld  a  p o r o u s  c a r b o n . H o w e v e r ,  th e  d r a w b a c k s  o f  h ard  t e m p la t e  m e t h o d  

a re  a  m u l t i - s t e p  a n d  h ig h  c o s t ,  w h ic h  m a y  c a u s e  a b a rr ier  to  in d u s tr ia l  a p p l ic a t io n s  

[2 ] .
T o  r e d u c e  th e  n u m b e r  o f  p r e p a r a t io n  s t e p s  a n d  th e  c o s t  in v o lv e d  in  

p r o d u c in g  p o r o u s  c a r b o n  m a te r ia ls ,  s o f t - t e m p la t in g  m e t h o d  w a s  u s e  in  th is  w o r k . O u r  

s tr a te g y  is  to  u s e  an  o r g a n ic - o r g a n ic  in te r a c t io n  b e t w e e n  P o ly b e n z o x a z i n e ,  a  

t h e r m o s e t t in g  p o ly m e r  a n d  b lo c k  c o p o ly m e r  P lu r o n ic  P I  2 3 ,  a  t h e r m a lly  

d e c o m p o s a b le  s u r fa c ta n t  to  fo r m  a p e r io d ic  o r d e r e d  n a n o c o m p o s i t e .  T h e  o r g a n ic -  

o r g a n ic  n a n o c o m p o s i t e  w a s  p y r o ly z e d  u n d e r  n it r o g e n  g a s  a t h ig h  te m p e r a tu r e . T h e  

e f f e c t  o f  t e m p la t e  lo a d in g  c o n t e n t  w a s  in v e s t ig a t e d .  T h e  B E T  m e a s u r e m e n t  w a s  u s e d  

to  c h a r a c te r iz e  s u r f a c e  a rea  o f  n a n o p o r o u s  c a r b o n . T h e  m o r p h o lo g y  w a s  d e t e r m in e d



2 2

b y  u s in g  S E M . T h e  C O 2 tr e a tm e n t  w a s  a ls o  u s e d  to  in c r e a s e  s u r f a c e  a r e a  a n d  

e le c t r ic a l  c o n d u c t iv i t y  o f  th e  r e s u lt in g  c a r b o n  w a s  a ls o  s tu d y .

4 .3  E x p e r im e n ta l

4 .3 .1  M a te r ia ls

4 .3 .1 .1  C h e m ic a ls :
P o ly m e r  C h e m ic a ls

•  B i s p h e n o l - A

•  F o r m a ld e h y d e

•  T e t r a e t h y le n e p e n t a a m in e  (T E P A )

•  P o l y e t h y l e n e  g ly c o l ) - p o ly ( p r o p y l e n e  g ly c o l ) - p o ly ( e t h y le n e  g l y c o l )  

(P lu r o n ic  P 1 2 3 )

S o lv e n t s

•  D im e t h y l f o r m a m id e  ( D M F )

4 . 3 .2  E q u ip m e n ts

4 .3 .2 .1  F o u r ie r  T r a n s fo r m  In fr a r ed  S p e c t r o s c o p y  ( F T - I R )
T h e  fu n c t io n a l  g r o u p s  r e la te d  to  s tr u c tu r e  o f  c a r b o n  

p r e c u r s o r s  in v e s t ig a t e d  b y  U s in g  F T - I R  t e c h n iq u e .  T h e  F T -I R  s p e c tr a  o f  f u l ly -  

p o ly m e r iz e d  b e n z o x a z in e  x e r o g e l  a n d  a s  s y n t h e s iz e d  b e n z o x a z in e  x e r o g e l  w e r e  

o b ta in e d  u s in g  a N i c o l e t  N e x u s  6 7 0  F T - I R  s p e c t r o m e t e r  in  th e  f r e q u e n c y  r a n g e  o f  

4 0 0 0 - 4 0 0  c m ' 1. K B r  p e l l e t  t e c h n iq u e  w a s  a p p lie d  in  th e  p r e p a r a t io n  o f  p o w d e r  

s a m p le s .

4 .3 .2 .2  T h e r m o g r a v im e t r ic  A n a l y s i s  ( T G A )
T G - D T A  c u r v e s  w e r e  c o l l e c t e d  o n  a  P e r k in - E lm e r  P y r is  

D a im o n d  T G / D T A  in s tr u m e n t .  T h e  s a m p le  w a s  lo a d e d  ~5  m g  o n  th e  p la t in u m  p a n
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a n d  h e a t e d  f r o m  3 0  to  9 0 0 ° c  a  h e a t in g  ra te  o f  2 0  ° c / m i n  u n d e r  N 2 f l o w  o f  5 0  m l /m in .

4 .3 .2 .3  D if f e r e n t ia l  S c a n n in g  C a lo r im e tr y  ( D S C )
D S C  a n a ly s i s  w e r e  c a r r ie d  o u t  u s in g  a  P e r k in - E lm e r  D S C  7  

in s tr u m e n t .  T h e  s a m p le  w a s  f ir s t  h e a t e d  fr o m  3 0 ° c  t o  3 0 0  ° c  a n d  c o o le d  d o w n  a t a 

ra te  o f  5 ° c / m i n  u n d e r  a  N 2 a tm o s p h e r e  w i t h  a  f l o w  ra te  o f  2 0  m l /m in .

4 .3 .2 .4  S c a n n in g  E le c t r o n  M i c r o s c o p e  ( S E M )
M ic r o s tr u c tu r e  a n d  s u r f a c e  m o r p h o lo g y  o f  p o r o u s  c a r b o n

m a te r ia l  w a s  o b s e r v e d  b y  a S c a n n in g  e le c t r o n  m ic r o s c o p e  ( S E M ;  H IT A C E 1 I -  

T M 3 0 0 0 ) .  T h e  s p e c im e n s  w e r e  c o a t e d  w ith  p la t in u m  u n d e r  v a c u u m  b e fo r e  

o b s e r v a t io n  to  m a k e  t h e m  e l e c t r i c a l ly  c o n d u c t iv e .

4 .3 .2 .5  S u r fa c e  A r e a  A n a ly z e r  ( S A A )
B E T  s u r f a c e  a r e a  a n d  p o r e  s i z e  d is t r ib u t io n  o f  a ll c a r b o n  

x e r o g e l  w e r e  c a lc u la t e d  fr o m  n i t r o g e n  a d s o r p t io n  i s o th e r m s  a t 7 7 K  u s in g  a  

Q u a n t a c h r o m e /A u t o s o r b - 1 .  S u r fa c e  a r e a  a n a ly z e r  b a s e d  o n  th e  B r u n a u e r -E m m e t t -  

T e lle r  ( B E T )  a n d  B a r r e t -J o y n e r -H a le n d a  (B J H )  m e t h o d s ,  r e s p e c t iv e ly .

4 .3 .3  E x p e r im e n ta l  P r o c e d u r e s

4 .3 .3 .1  S y n t h e s i s  o f  P o ly b e n z o x a z i n e  P r e c u r so r
P o ly b e n z o x a z in e  p r e c u r s o r s  w e r e  s y n t h e s iz e d  b y  d i s s o l v i n g  

P lu r o n ic  P I 2 3  a n d  b i s p h e n o l - A  (v a r ie d  th e  c o n c e n tr a t io n  o f  P I 2 3  in  fo u r  

c o n d i t io n s , ( s e e  in  T a b le  5 .1 ) )  in  A /jV .-d im e th y lfo r m a m id e  ( 1 0  g )  in  g la s s  b o t t le  a n d  

s tir r e d  u n t i l  th e  c le a r  s o lu t io n  w a s  o b ta in e d . F o r m a ld e h y d e  s o lu t io n  ( 1 .2 0  g )  w a s  th e n  

a d d e d  in t o  th e  b i s p h e n o l - A  s o lu t io n .  T h e  s o lu t io n  w a s  k e p t  u n d e r  l o w  te m p e r a tu r e  b y  

u s in g  i c e  b a th . A f t e r  th a t t e t r a e t h y le n e p e n t a m in e  ( 1 .8 9  g )  w a s  a d d e d  d r o p w is e  in to  

th e  m ix t u r e  a n d  s tir r e d  c o n t in u o u s ly  fo r  a p p r o x im a t e ly  1 h o u r  w h i l e  th e  r e a c t io n  w a s  

c o o le d  w i t h  th e  i c e  b a th  u n t i l  tr a n sp a r e n t  y e l l o w  v i s c o u s  l iq u id  w a s  o b ta in e d . T h e  

m o la r  r a t io  o f  b i s p h e n o l - A :  f o r m a ld e h y d e : T E P A  w a s  1 :4 :1 . T h e  s y n t h e t ic  r e a c t io n  is
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s h o w n  in  F ig u r e  4 .1 .  T h e n ,  th e  p r e c u r s o r  w a s  f i l l e d  in  a  v ia l  a n d  p la c e d  in  a n  o i l  b a th  

at 8 0 ° c  f o r  2 4  hr t o  g e n e r a te  b e n z o x a z i n e  g e l .  T h e  b e n z o x a z in e  g e l s  w e r e  c u t  in to  a  

s m a l l  p i e c e s  a n d  t h e n  d r ie d  at a m b ie n t  te m p e r a tu r e  f o l lo w  b y  p la c in g  in  a n  o v e n  at 

1 0 0  ° c  in  1 hr, 2 0 0  ° c  in  1 .3 0  hr, a n d  2 2 0  in  15  m in .

■ OH +  n h 2 r  h 2n  +  H— c —H

T r ie t h y le n e p e n t a m in e  F o r m a ld e h y d e

ท

P o ly b e n z o x a z in e

R =

F ig u r e  4 .1  P r e p a r a t io n  o f - p o ly b e n z o x a z in e  p r e c u r so r .

T a b le  4 .1  T e m p la te  lo a d in g  c o n t e n t  o f  e a c h  s a m p le

S a m p le  n a m e
0 .1 8 8 %  P I 2 3  
0 .3 7 5 %  P I 2 3  
0 .7 5 0 %  P I 2 3  
1 .5 0 0 %  P I 2 3  
3 .0 0 0 %  P I 2 3  
6 .0 0 0 %  P I 2 3

M o la r  r a t io s
0 .0 0 1 3  P 1 2 3  : 0 .6 9 5  
0 .0 0 2 6  P 1 2 3  : 0 .6 9 5  
0 .0 0 5 2  P I 2 3  : 0 .6 9 5  
0 .0 1 0 4  P 1 2 3  : 0 .6 9 5  
0 .0 2 0 8  P 1 2 3  : 0 .6 9 5  
0 .0 4 1 6  P 1 2 3  : 0  6 9 5

b i s p h e n o l  A  
b is p h e n o l  A  
b is p h e n o l  A  
b is p h e n o l  A  
b is p h e n o l  A  
b is p h e n o l  A
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4 . 3 .3 . 2  P r e p a r a t io n  o f  P o r o u s  C a r b o n
P o ly b e n z o x a z i n e s  w e r e  p y r o ly z e d  u n d e r  n i t r o g e n  f l o w  ra te  

o f  50 0  c m 3/m in . T h e  h e a t in g  p r o f i l e  w a s  a s  f o l l o w s :  h e a t in g  fr o m  r o o m  te m p e r a tu r e  

to  2 0 0  ° c  in  60 m in ,  200 to  60 0  ° c  in  360 m in , 600 to  800 ° c  in  120 m in ,  a n d  

h o ld in g  at 800 ° c  fo r  1 2 0  m in  a n d  f in a l ly  c o o l i n g  d o w n  to  r o o m  te m p e r a tu r e .
A c t iv a t e d  p o r o u s  c a r b o n  w a s  p r e p a r e d  b y  c a r b o n iz a t io n  o f  

c a r b o n  x e r o g e l  w i t h  c a r b o n  d i o x id e  at 9 0 0 ” ° c  fo r  I 8 0  ° c .

4 .4  R e s u lt s  a n d  d is c u s s io n s

4 .4 .1  T h e  C h e m ic a l  S tr u c tu r e  o f  th e  P r e c u r s o r s

F ig u r e  4 .2  F T -I R  s p e c t r u m  o f  p o l y b e n z o x a z in e  p r e c u r s o r s .

T h e  s tr u c tu r e  o f  b e n z o x a z i n e  p r e c u r s o r  w a s  e x a m in e d  b y  F T -I R  

s p e c tr a .  T h e  a s y m m e t r ic  s t r e tc h in g  o f  C -O -C  ( 1 2 3 0 - 1 2 3 6  cm " 1) ,  a s y m m e t r ic  s tr e tc h  

o f  C - N - C  ( 1 0 2 0 - 1 2 4 0  cm " 1) ,  CFT w a g g i n g  o f  o x a z in e  ( 1 3 6 0 - 1 3 8 0  c m ' 1)  w e r e  

o b s e r v e d .  ( F ig  4 .2 )  A d d i t io n a l ly ,  th e  c h a r a c te r is t ic  a b s o r p t io n s  a s s ig n e d  to  

t r is u b s t itu te d  b e n z e n e  r in g  at 1 4 9 1 - 1 5 0 0  cm " 1 a n d  o u t  o f  p la n  b e n d in g  v ib r a t io n s  o f
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C -H  a t  9 2 0 -9 5 0  c m ' 1 w e r e  d e t e c t e d .  A f te r  p o ly m e r iz e d  a t 2 2 0 ° c ,  th e  in t e n s i t y  o f  

t h o s e  c h a r a c te r is t ic  a b s o r p t io n  b a n d s  d e c r e a s e d  b e c a u s e  th e  r in g  o p e n in g  

p o ly m e r iz a t io n  w a s  c o m p le t e d  a s  s h o w n  in  F ig u r e  4 .2 ( a )  [3 ] .

4 .4 .2  T h e r m a l B e h a v io r s  o f  P r e c u r s o r s
T h e  p r o g r e s s  o f  r in g - o p e n in g  p o ly m e r iz a t io n  o f  th e  p r e c u r s o r s  w a s  

m o n it o r e d  b y  D S C . T h e  D S C  th e r m o g r a m  s h o w s  th e  e x o t h e r m  a r o u n d  256°c a s  

s h o w n  in  F ig u r e  4 .3  d u e  to  th e  r in g  o p e n in g  p o ly m e r iz a t io n  o f  c y c l i c  b e n z o x a z i n e  

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

te m p e r a tu r e .  A f te r  th e  p r e c u r s o r  w a s  f u l l y  p o ly m e r iz a t io n ,  th e  e x o t h e r m  c o m p l e t e ly  

d is a p p e a r e d  s h o w in g  th a t  th e  r in g - o p e n in g  o f  o x a z in e  w a s  c o m p le t e d  [3 ] ,

180 200 220 240 260
T e m p e r a t u r e  (°c)

F ig u r e  4 .3  D S C  th e r m o g r a m s  o f  p o ly b e n z o x a z in e  p r e c u r so r .

In  th e  b in a r y  m ix t u r e  s y s t e m ,  th e  c u r in g  e x o t h e r m s  o f  b e n z o x a z i n e  

m o n o m e r  a n d  th e  b lo c k  c o p o ly m e r  P lu r o n ic  P I 2 3  a re  s h o w n  in  F ig u r e  4 .3 .  T h e  

s tu d ie d  c o m p o s i t io n s  w e r e  o b s e r v e d  a t 0 .1 8 8 % , 0 .3 7 5 % , 0 .7 5 0 % , 1 .5 0 0 % , 3 .0 0 0 % ,  
a n d  6 .0 0 0 %  P I 2 3 .  It i s  o b v i o u s l y  s e e n  th a t th e  e x o t h e r m ic  p e a k s  o f  th e  n e a t  

b e n z o x a z i n e  i s  l o c a t e d  at 220°c w h e r e a s  th e  e x o t h e r m ic  p e a k s  o f  

P o ly b e n z o x a z in e /P lu r o n ic  P I 2 3  c o m p o s i t e  a t 0 .1 8 8 % , 0 .3 7 5 % , 0 .7 5 0 % , 1 .5 0 0 % ,
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3.000% , a n d  6.000%  P 123 a re 25 6 , 25 6 , 257 , 25 7 , 256  a n d  2 5 7  ° c  r e s p e c t iv e ly .

A f t e r  c u r in g  at 220°c, th e  e x o t h e r m  p e a k  w e r e  d is a p p e a r , th is  m e a n  

th a t th e  m ix u r e  o f  b e n z o x a z in e /P lu r o n ic  P I 23 w e r e  f u l ly  p o ly m e r iz e d .

180 190 200 210 220 230 240 250 260 270

T e m p e r a t u r e  (°c)

F ig u r e  4 .4  D S C  p a t te r n s  o f  p o l y b e n z o x a z in e / P 1 2 3  c o m p o s i t e  a t a  v a r io u s  

c o m p o s i t io n s :  0 .1 8 8 % , 0 .3 7 5 % , 0 .7 5 0 % , 1 .5 0 0 % , 3 .0 0 0 %  a n d  6 .0 0 0 %  P 1 2 3 .

T e m p e r a t u r e  (°C)

F ig u r e  4 .5  D S C  p a t te r n s  o f  p o l y b e n z o x a z in e / P 1 2 3  c o m p o s i t e  a t a  v a r io u s  
c o m p o s i t io n s :  0 .1 8 8 % , 0 .3 7 5 % , 0 .7 5 0 % , 1 .5 0 0 % , 3 .0 0 0 % , a n d  6 .0 0 0 %  P 1 2 3  a fte r  

c u r in g  a t 220°c.
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F ig u r e  4 .6  T G A  th e r m o g r a m  o f  p o l y b e n z o x a in e  p r e c u r so r  a n d  P lu r o n ic  P I 2 3 .
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T e m p e r a t u r e  (°C)

F ig u r e  4 .7  T G A  th e r m o g r a m  o f  p o l y b e n z o x a z in e / P 1 2 3  c o m p o s i t e .
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A s  a  r e f e r e n c e ,  T G A  c u r v e s  o f  p o ly b e n z o x a z in e  a n d  P lu r o n ic  P I 23 
w e r e  d i s p la y e d  in  F ig .  4 .6  T h e  d e c o m p o s i t io n  te m p e r a tu r e  o f  p o l y b e n z o x z i n e  b e g a n  

a t 2 6 8  °c w ith  th e  m a x im u m  m a s s  l o s s  ra te  in  th e  te m p e r a tu r e  r a n g e  o f  2 6 8  to  6 0 0  

°c. T h e  r e s u lt  w a s  in  a c c o r d a n c e  w i t h  o u r  p r e v io u s  ร ณ d y  [4 ] ,  O n  th e  o th e r  h a n d , th e  

T G A  c u r v e  o f  P I  23 s u g g e s t  th a t P I  23 c o m p o s e s  s ig n i f ic a n t ly  fr o m  3 0 0  °c to  4 0 0  °c 
a n d  th e r e  a re  n o  c h a r  y i e ld  o c c u r  fr o m  th e  d e c o m p o s i t i o n  o f  P I 2 3 ,  r e v e a l in g  th a t  th e  

P I 23 c o u ld  b e  e a s i l y  r e m o v e d  u p o n  4 0 0  °c in  N2 a tm o s p h e r e .

In F ig .  4 .7  n o  o b v io u s  w e ig h t  l o s s  w a s  o b s e r v e d  a t 3 0 0  -  4 0 0  °c. T h e  

T G A  c u r v e s  a re  v e r y  s im i la r  to  th a t o f  f u l ly  p o ly m e r iz e d  b e n z o x a z i n e .  T h e  

d e c o m p o s i t i o n  o f  th e  P I 2 3  is  th e  le a s t  a f f e c t e d ,  a s  th e  b e n z o x a z in e  is  l o c a l i z e d  in  th e  

P I 2 3  d o m a in .  T h e  P I 2 3  c h a in  is  t a n g le d  w it h  b e n z o x a z in e  b e c a u s e  o f  th e  in te r a c t io n  

b e t w e e n  P 1 2 3  a n d  p o ly b e n z o x a z in e  [5 ] ,
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4 .4 .3  M o r p h o lo g y  o f  P o r o u s  C a r b o n

4 .4 .3 .1  M o r p h o lo g y  o f  P o r o u s  C a r b o n  D e r iv e d  fr o m  P o ly b e n z o x a z i n e  

a n d  P o lv b e n z o x a z i n e / P 1 2 3  C o m p o s i t e

F i g u r e  4 .8  M o r p h o lo g y  o f  p o l y b e n z o x a z in e - b a s e d  p o r o u s  c a r b o n :  (a )  c a r b o n  

x e r o g e l  w it h o u t  P l u f o n i c P l 2 3  t e m p la te ,  (b )  c a r b o n  x e r o g e l  w i t h  P lu r o n ic  P I 2 3  

l o a d in g  0 .1 8 8 % , ( c )  0 .3 7 5 % , (d )  0 .7 5 0 % , ( e )  1 .5 0 0 % , ( f )  3 .0 0 0 % , a n d  ( g )  6 .0 0 0 % .

T h e  m o r p h o lo g ie s  o f  p o r o u s  c a r b o n  w e r e  o b s e r v e d  b y  S E M  ( S c a n n in g  

e l e c t r o n  M ic r o s c o p e ) .  F ig .  4 .8  s h o w s  th e  S E M  m ic r o g r a p h s  o f  p o l y b e n z o x a z in e  

b a s e d  c a r b o n  x e r o g e l s  s y n t h e s iz e d  a t d i f f e r e n t  c o n c e n t r a t io n  o f  P I  2 3  fr o m  0 .1 8 8 %  to  

6 .0 0 0 % . F ig  4 .8 - a  s h o w s  th e  m o r p h o lo g ie s  o f  p o r o u s  c a r b o n  d e r iv e d  fr o m  

p o l y b e n z o x a z in e  w i t h o u t  P I 2 3 .  T h e s e  c a r b o n  p a r t ic le s  w it h  th e  s iz e  o f  a b o u t  1 p m  

a re  s l i g h t ly  h a rd  to  d i s t in g u is h  in  s h a p e  a n d  fo r m . A f te r  in c r e a s in g  th e  c o n c e n t r a t io n  

o f  P 1 2 3 ,  c a r b o n  p a r t ic le s  w e r e  b e g a n  to  p a c k  w i t h  e a c h  o th e r ,  th e  s iz e  w a s  in c r e a s e ,
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a n d  s h o w  th e  d i s o r d e r e d  s tr u c tu r e  ( F ig .  4 .8 - b ,c ,d ,e ) .  T h e  m a in  r e a s o n  m a y  b e  th e  

e x t r e a m ly  w e a k  in te r a c t io n  b e t w e e n  p o l y b e n z o x a z in e  a n d  P I 2 3  s u r fa c ta n t  [6 ] .  W h e n  

th e  c o n c e n t r a t io n  o f  P 1 2 3  r e a c h  to  3 .0 0 0 % , th e  c a r b o n  p a r t ic le s  w e r e  b e g a n  to  

f o r m e d  to  a  c o r a l - l ik e  s h a p e ,  w i t h  th e  d ia m e t e r  a r o u n d  2  p m  ( F ig  4 .8 - f ) .  F in a l ly ,  a  

r o d - l ik e  c a r b o n  p a r t ic le s  w e r e  o b t a in e d ,  b y  in c r e a s in g  th e  P I 2 3  c o n c e n t r a t io n  to  

6 .0 0 0 %  ( F ig .  4 .8 - g ) .

T o  e x p f a in  th e  f o r m a t io n  a n d  th e  s iz e  o f  c a r b o n  p a r t ic le s ,  th e  s e l f  

a s s e m b ly  f o r m a t io n  o f  P 1 2 3  w a s  u s e d  t o  c la r i f y .  A f te r  d i s s o lu t io n  o f  P 1 2 3  in to  th e  

s o lv e n t ,  th e  m o l e c u l e s  o f  P I 2 3  w e r e  fo r m  w i t h  t w o  h y d r o p h i l i c  h e a d  g r o u p s  to w a r d  

th e  s o lv e n t  a n d  h y d r o p h o b ic  ta i l  g r o u p  a w a y  fr o m  th e  s o lv e n t .  In  t h is  s tu d y ,  
p o l y b e n z o x a z in e  ( B A - T E P A )  s h o w s  th e  h y d r o p h o b ic  p r o p e r ty  a n d  f o r m e d  in s id e  th e  

in te r io r  r e g io n  o f  P I 2 3  m i c e l l e  u n d e r  th e  d r iv in g  o f  h y d r o g e n  b o n d  in te r a c t io n  

b e t w e e n  p o ly b e n z o x a z in e  a n d  P I 2 3  m i c e l l e s .  H ig h e r  c o n c e n t r a t io n  o f  P I 2 3  fa v o r  th e  

f o r m a t io n  o f  c a r b o n  p a r t ic le s  w i t h  h ig h e r  c u r v a tu r e . W h e n  P I 2 3  c o n c e n t r a t io n  w a s  

6 .0 0 0 % , r o d - l ik e  c o m p o s i t e  m i c e l l e s  w e r e  f o r m e d . F o r  t h i s  tr e n d , w e  c a n  p r o v e d  th a t ,  
th e  r o f - l ik e  c a r b o n  p a r t ic le s  w e r e  p r o d u c e  fr o m  r o d - l ik e  m i c e l l e s  o f  a m p h ip h i l ic  

s u r fa c ta n t  P I 2 3  [7 ] ,

Figure 4.9 Scheme of the benzoxazine-P123 system.
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4 .4 .3 .2  M o r p h o lo g y  o f  A c t iv a t e d  P o r o u s  C a r b o n

F ig u r e  4 .1 0  M o r p h o lo g y  o f  a c t iv a t e d  c a r b o n  d e r iv e  f r o m  p o l y b e n z o x a z in e / 6 .0 0 0 %  

P I 2 3  c o m p o s i t e :  (a )  4 0 0 0  m a g n i f ic a n t ,  ( b )  1 5 0 0 0  m a g n i f ic a n t .

S E M  m ic r o g r a p h  o f  a c t iv a t e d  c a r b o n  s h o w  th e  h o l l o w  s tr u c tu r e  o f  

c a r b o n  p a r t ic le s .  D u e  to  th e  a c t iv a t io n  p r o c e s s  b y  C O 2 a t 9 0 0  °c, c a r b o n  p a r t ic le s  

w e r e  g e n e r a te d  m ic r o p o r e .  T h e  r e s u lt s  s u g g e s t  th a t e f f e c t  o f  g a s i f i c a t io n  in  a  C O 2 

a tm o s p h e r e  c a n  p r o d u c e  la r g e  s u r f a c e  a r e a  a n d  h ig h  p o r e  c o n t e n t  a s  w e  s h o w  in  

T a b le  4 .2 .

4 . 4 .4  S u r fa c e  C h a r a c te r iz a t io n  o f  P o lv b e n z o x a z i n e - D e r iv e d  P o r o u s  C a r b o n  

T h e  s p e c i f i c  s u r f a c e  a r e a , to ta l p o r e  v o lu m e ,  a n d  a v e r a g e  p o r e  

d ia m e te r  o f  p o l y b e n z o x a z in e - b a s e d  p o r o u s  c a r b o n  u s in g  P I 2 3  a s  a  s o f t  t e m p la t e  

w e r e  s h o w  in  T a b le  4 .2 .  T h e  s u r f a c e  a r e a  w a s  s l ig h t ly  d i f f e r e n t  b e c a u s e  o f  th e  e f f e c t  

o f  P 1 2 3  lo a d in g .  T h e  c a r b o n  x e r o g e l  fr o m  p o l y b e n z o x a z in e / 0 .1 8 8 %  P 1 2 3  c o m p o s i t e  

s h o w s  th e  h i g h e s t  B E T  s u r f a c e  a rea  o f  3 7 0 .7  m 2/g  w i t h  th e  h ig h e s t  to ta l  p o r e  v o lu m e  

o f  0 .2 0 8  c m 3/ g .  W h e r e a s ,  p o ly b e n z o x a z in e / 6 .0 0 0 %  P I 2 3  c o m p o s i t e - b a s e d  p o r o u s  

c a r b o n , th e  B E T  s u r f a c e  a r e a  w a s  d e c r e a s e  to  1 .6 7 5  m 2/ g  w i t h  l o w e s t  to ta l  p o r e  

v o lu m e  o f  0 .0 0 1  c m 3/g .  T h e s e  r e s u lt s  im p ly  th a t P I 2 3  c a n  b e  u s e d  to  im p r o v e  th e  

s p e c i f i c  s u r f a c e  a r e a  a n d  to ta l  p o r e  v o lu m e  b y  a d d in g  in  a  p r o p e r  c o n d e n s a t io n  [ 8 ],
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T a b le  4 .2  S u r fa c e  a r e a , to ta l  p o r e  v o lu m e ,  a n d  a v e r a g e  p o r e  d ia m e te r  o f  p o r o u s  

c a r b o n  p r e p a r e d  fr o m  p o l y b e n z o x a z in e  a n d  n a n o p o r o u s  c a r b o n  d e r iv e d  fr o m  

p o ly b e n z o x a z in e  b y  u s in g  P I 2 3  a s  a  s o f t  t e m p la te

S a m p l e  n a m e  - S u r f a c e  a r e a  
( m 2/ g ) ( c m 3/ g )

A v e r a g e  p o r e  
d i a m e t e r  ( n m )

C a r b o n  x e r o g e l 3 3 7 .7 0 .1 9 3 2 .2 8 7
0 .1 8 8 %  P"12 3 3 7 0 .7 0 .2 0 8 2 .2 4 4
0 .3 7 5 %  P I 2 3 2 9 3 .9 0 .1 7 0 2 .3 1 0
0 .7 5 0 %  P I 2 3 1 9 9 .9 0 .1 4 5 2 .9 0 2
1 .5 0 0 %  P I 2 3 3 4 3 .9 0 .2 0 7 2 .4 1 7
3 .0 0 0 %  P I 2 3 3 0 4 .5 0 .1 8 6 2 .4 4 7
6 .0 0 0 %  P I 2 3 3 3 7 .8 0 .1 8 3 2 .1 6 7

T a b le  4 .3  S u r fa c e  a r e a , to ta l p o r e  v o lu m e ,  a n d  a v e r a g e  p o r e  d ia m e te r  o f  p o r o u s  

c a r b o n  p r e p a r e d  fr o m  p o l y b e n z o x a z in e  a n d  n a n o p o r o u s  c a r b o n  d e r iv e d  fr o m  

p o ly b e n z o x a z in e  b y  u s in g  P I 2 3  a s  a  s o f t  t e m p la te  a f te r  a c t iv a t e d  b y  C O 2 a t 9 0 0  ° c

S a m p l e  n a m e S u r f a c e  a r e a  
( m - / g ) ( c m 3/ g )

A v e r a g e  p o r e  
d i a m e t e r  ( n m )

A C - C a r b o n 1 3 0 9 0 .7 0 4 2 .1 5 2
x e r o g e l
A C - 0 . 1 8 8 %  P I 2 3 1 3 8 2 0 .7 4 9 2 .1 7 8
A C - 0 . 3 7 5 %  P I 2 3 9 9 3 .3 0 .5 4 6 2 . 2 0 0

A C - 0 . 7 5 0 %  P I 2 3 1 1 1 8 0 .6 1 4 2 .1 9 7
A C - 1 . 5 0 0 %  P I 2 3 9 7 1 .4 0 .5 2 5 2 .1 6 3
A C - 3 .0 0 0 %  P I 2 3 1 1 7 4 0 .6 3 7 2 .1 7 2
A C - 6 .0 0 0 %  P I 2 3 1 3 2 7 0 .7 2 0 2 .1 3 7

A c t iv a t e d c a r b o n  d e r iv e d fr o m  c a r b o n iz e d p o l y b e n z o x a z in e
p o l y b e n z o x a z in e  P I 2 3  c o m p o s i t e  o b t a in e d  at c a r b o n iz a t io n  t e m p e r a tu r e  o f  8 0 0  ° c  b y  

C O 2 a c t iv a t io n  w e r e  p r e p a r e d . T h e  B E T  s u r fa c e  a r e a  c o u ld  r e a c h  th e  m a x im u m  o f  

1 3 8 2  m 2/g  u n d e r  th e  f o l lo w i n g  c o n d it io n :  a c t iv a t io n  te m p e r a tu r e  w a s  9 0 0  ° c ,  

a c t iv a t io n  t im e  w a s  1 8 0  m in ,  a n d  C O 2 f l o w  ra te  w a s  5 0 0  c m 3 /m in  [9 ] ,
F ig .  4 .1 1  (a . a n d  b .)  i l lu s tr a t e s  th e  n i t r o g e n  a d s o r p t io n - d e s o r p t io n  

is o th e r m  o f  a l l  s a m p le .  A c c o r d in g  to  c la s s i f i c a t io n  b y  I U P C , a ll  s a m p le  e x h ib i t e d  th e
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s ta n d a r d  is o th e r m  o f  ty p e  I. T y p e  I r e p r e s e n ts  th e  c h a r a c te r is t ic s  o f  m ic r o p o r o u s  

m a te r ia l.  T h e  s o r b e n t  h a s  p o r e  s m a l le r  th a n  2 - 3  n m , th e  i s o t h e r m  s h o w  t h is  ty p e  

a lt h o u g h  m u lt i la y e r  a d s o r p t io n  a n d  c a p i l la r y  c o n d e n s a t io n  o c c u r  o n  th e  s u r f a c e  o f  

s o r b e n t . B u t  fo r  th e  p o r o u s  c a r b o n  w it h o u t  a c t iv a t io n  p r o c e s s ,  th e  a d s o r p t io n  is  n o t  

sa tu r a te d  b e c a u s e  o f  th e  w id e - s p r e a d  p o r e  d ia m e te r  [ 1 0 ].

0 0.2 0.4 0.6 0.8 1
Relative pressure (P/P0)

carbon xerogel

—S —0.188% P123 

—JÉ—0.375% P123 

— H —0.750% P123 

—*-1 .5 0 0 %  P123

—• —3.000% P123

—•+— 6.000% P123

b)

•—♦ —AC-Carbon xerogel 

“ ร —AC-188% P123 

«•ร!?»»AC-0.375% P123 

AC-0.750% P123 

AC-1.500% P123 

—• —AC-3.000% P123 
“ h™ AC-6.000% P123

F i g u r e  4 .1 1  N 2 a d s o r p t io n - d e s o r p t io n  i s o t h e r m s  o f  p o l y b e n z o x a z in e - b a s e d  (a .)  

p o r o u s  c a r b o n  a n d  ( b .)  a c t iv a t e d  p o r o u s  c a r b o n  u s i n g  d i f f e r e n t  c o n c e n t r a t io n  o f  P I  2 3  
t e m p la te .
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C o n c l u s i o n s
P o r o u s  c a r b o n  d e r iv e d  fr o m  p o l y b e n z o x a z in e ,  w h ic h  is  u s e d  th e  s o f t  

t e m p la t in g  m e t h o d  is  s u c c e s s f u l ly  s y n t h e s iz e d .  B y  a d ju s t in g  th e  c o n c e n t r a t io n  o f  

P lu r o n ic  P I 2 3  t e m p la t e ,  c o r a l  l ik e ,  a n d  r o d  l ik e  c a r b o n  p a r t ic le s  w e r e  o b ta in e d .  
M o r e o v e r ,  w e  h a v e  r e p o r te d  th e  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  p o r o u s  c a r b o n  a fte r  

a c t iv a t e d  b y  CO2 at 900 °c, B E T  s u r f a c e  a rea  o f  a c t iv a t e d  c a r b o n  is  a b o u t  th r e e  t im e s  

h ig h e r  th a n  th e  c a r b o n  p o r o u s  c a r b o n  w it h o u t  a c t iv a t io n  p r o c e s s .

A c k n o w l e d g e m e n t s
T h is  t h e s i s  w o r k  is  f u n d e d  b y  th e  P e t r o le u m  a n d  P e t r o c h e m ic a l  C o l l e g e ;  a n d  

th e  N a t io n a l  C e n te r  o f  E x c e l l e n c e  fo r  P e t r o le u m , P e t r o c h e m ic a ls ,  a n d  A d v a n c e d  

M a te r ia ls ,T h a i la n d .
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