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

S T R U C T U R E  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  X E R O G E L S

5.1  A b s t r a c t

P o ly b e n z o x a x in e jP B Z ) ,  a  n e w  ty p e  o f  a d d i t io n a l - c u r e  p h e n o l ic  s y s te m , h a s  
b e e n  s u c c e s s f u l ly  s y n th e s iz e d  b y  a  fa c ile  q u a s i - s o lv e n t le s s  m e th o d  a n d  u s e d  a s  a  
p r e c u r s o r  fo r  p r o d u c in g  c a r b o n  x e ro g e ls .  In  th is  w o rk , w e  a im  to  s tu d y  th e  e f fe c t  o f  
n o n - io n ic  ( S y n p e ro n ic  N P 3 0 )  a n d  c a t io n ic  ( C T A B )  s u r f a c ta n ts  o n  p o r o u s  s t r u c tu r e  o f  
p o ly b e n z o x a z in e - b a s e d  c a r b o n  x e ro g e ls . I n te r - c o n n e c te d  s t r u c tu r e  o f  m e s o p o r o u s  
c a r b o n  x e r o g e ls  w i th  m e s o p o r e  d ia m e te r s  in  th e  r a n g e  o f  1 5 .5 7 -3 6 .0 7  n m  w a s  
o b ta in e d  b y  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  C T A B . In  a d d i t io n , c a r b o n  x e ro g e l  
n a n o s p h e r e s  w i th  th e  s iz e  o f  5 0 -2 0 0  n m  w e r e  a ls o  o b ta in e d  th ro u g h  th e  e m u ls io n  
p r o c e s s .  T h e  m e s o p o r e  d ia m e te r s  s ta r te d  to  d e c r e a s e  w h e n  th e  c a r b o n  x e ro g e l  
n a n o s p h e r e s  w e r e  f o rm e d  a t  th e  C T A B  c o n c e n t r a t io n  o f  e q u a l  to  o r  e x c e e d in g  0 .0 3 0  
M . B y  u s in g  S y n p e r o n ic  N P 3 0  a s  a  s u r fa c ta n t ,  th e  p r o p e r t ie s  o f  th e  o b ta in e d  c a rb o n  
x e r o g e ls  w e re  s h i f te d  f ro m  m e s o p o ro u s  m a te r ia ls  f o r  th e  r e fe re n c e  c a r b o n  x e ro g e l  
(n o  s u r f a c ta n t  a d d e d )  to  o b v io u s ly  m ic r o p o ro u s  m a te r ia ls  a t  h ig h e r  c o n c e n t r a t io n s  o f  
S y n p e r o n ic  N P 3 0  (0 .0 0 9  M  - 0 .1 8 0  M ). T h e  c a r b o n  x e ro g e l  m ic r o s p h e r e s  w i th  th e  
d i a m e te r  s iz e  o f  a b o u t  2 .5  / /  m  w e re  a lso  o b ta in e d  th ro u g h  th e  e m u ls io n  p r o c e s s  

w h e n  th e  c o n c e n t r a t io n  o f  S y n p e r o n ic  N P 3 0  w a s  r e a c h e d  a t  0 .1 8 0  M .
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5 .2  I n t r o d u c t i o n

R e s o r c in o l ( R ) - F o r m a ld e h y d e ( F ) - b a s e d  o r g a n ic  g e l a n d  i ts  c a rb o n  g e l a f te r  
p y ro ly s i s  w e r e  f ir s t  in t r o d u c e d  b y  P e k a la  e t  a l. [1 , 2 ] , C a rb o n  g e l c o u ld  b e  m a in ly  
c la s s i f ie d  in to  th re e  ty p e  v iz . c a rb o n  a e r o g e l ,  c a r b o n  c ry o g e l ,  a n d  c a r b o n  x e r o g e l ;  
d e p e n d in g  o n  th e  d r y in g  m e th o d  d u r in g  s o lv e n t  r e m o v a l  p r o c e s s  [1 -7 ] , C a r b o n  g e l is  
a  p o ro u s  m a te r ia l  w h ic h  p o s s e s s  v a r io u s  o u ts ta n d in g  p r o p e r t ie s .  S o m e  o f  th e s e  
p r o p e r t ie s  a re :  l ig h t w e ig h t ,  h ig h  s u r f a c e  a re a , h ig h  p o ro s i ty ,  h ig h  th e rm a l s ta b i l i ty ,  
a n d  lo w  d e n s i ty ,  e tc . A c c o r d in g  to  i ts  o u ts ta n d in g  p r o p e r t ie s ,  c a r b o n  g e l h a s  b e e n  
u s e d  in  m a n y  a p p l ic a t io n s  s u c h  a s  c a ta ly s t  s u p p o r t in g  m a te r ia l  [5 , 8 , 9 ] , e n e r g y  
s to ra g e  [ 1 0 - 1 2 ] ,  a n d  m o le c u la r  s ie v e  m a te r ia l  fo r  g a s  s e p a r a t io n  te c h n o lo g y  [1 3 , 14 ], 
e tc .

N o w a d a y s ,  d e v e lo p m e n t  o f  c a r b o n  m a te r ia ls  is  b e c o m in g  th e  g re a t  to p ic  o f  
r e s e a rc h  d u e  to  th e  g r o w th  o f  c a rb o n  m a te r ia ls  c o n s u m p t io n  in  m a n y  a p p l ic a t io n s ,  
e s p e c ia l ly ,  u n d e r s ta n d in g  th e  e f fe c ts  o f  p a r a m e te r s  o n  p o re  s iz e ,  p o r e  v o lu m e , a n d  
s p e c if ic  s u r f a c e  a re a  o f  c a r b o n  m a te r ia ls .  O f  in te r e s t in g  in  p o re  s iz e ,  g e n e ra l ly ,  th e  
f o rm a t io n  o f  p o re  in  c a r b o n  g e l c o u ld  b e  c la s s i f ie d  in to  tw o  ty p e ;  m ic r o p o re  ( < 2  n m )  
lo c a te d  w i th in  th e  c a r b o n  p a r t ic le  a n d  m e s o - m a c r o p o r e  (2 -5 0  n m  a n d  > 5 0  n m )  
fo rm e d  b y  in te r - c o n n e c t io n  o f  c a r b o n  p a r t i c le s  d u r in g  th e  p h a s e  s e p a r a t io n  
p h e n o m e n a  [ 1 , 2 ,  15, 16 ]. M ic ro p o r o s i ty  o f  c a r b o n  g e l c o u ld  b e  e a s i ly  m a n a g e d  b y  
m a n y  a c t iv a t io n  p r o c e s s e s  [1 6 -1 9 ] , H o w e v e r ,  th e  g e n e ra t io n  o f  m e s o - m a c r o p o r o s i ty  
w a s  m a in ly  d e p e n d e d  o n  th e  b e h a v io r  o f  p h a s e  s e p a r a t io n  m e c h a n is m  b e tw e e n  
p o ly m e r  a n d  s o lv e n t  in  th e  s o l-g e l p r o c e s s  [1 -2 ] , M a n y  n e w  r o u te s  to  g e n e ra te  m e so -_  
m a c r o p o r o s i ty  o f  c a r b o n  g e ls  h a v e  b e e n  r e p o r te d  fo r  e x a m p le :  s u r f a c t a n t - te m p la te d  
m e th o d  [2 0 , 2 1 ] ,  e m u ls io n  m e th o d  [2 2 , 2 3 ] ,  a n d  h a r d - te m p la te d  m e th o d  [2 4 , 2 5 ] ,  e tc .

M o re o v e r ,  m a n y  m a te r ia ls  h a v e  b e e n  u s e d  a s  p r e c u r s o r s  fo r  s y n th e s e s  o f  
c a r b o n  g e ls  [1 , 2 , 2 6 -2 8 ] ,  e s p e c ia l ly ,  r e s o r c in o l - f o r m a ld e h y d e  (R F )  p o ly m e r .  
H o w e v e r ,  p r o d u c t io n  o f  R F  h a s  s o m e  d i s a d v a n ta g e s  w h ic h  a re :  th e  n e e d  o f  tw o  
w e e k s  w i th  m u l t i - s te p s  to  c o m p le te  th e  p r o c e s s ,  th e  n e e d  o f  h a r s h  c a ta ly s t  f o r  
p o ly m e r iz a t io n ,  l im ite d  m o le c u la r  d e s ig n  f le x ib i l i ty ,  a n d  r e le a s in g  b y -p ro d u c t  d u r in g  
p o ly m e r iz a t io n  [ 1 ,2 ,  2 9 ] ,
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In  th is  w o rk , p o ly b e n z o x a z in e  ( P B Z )  w a s  p r o p o s e d  to  b e  u s e d  a s  a 
c a n d id a te  m a te r ia l  fo r  th e  p r o d u c t io n  o f  c a r b o n  g e l. T h e  e x c e p t io n a l  p r o p e r t ie s  o f  
p o ly b e n z o x a z in e  th a t  o v e rc o m e  th o s e  d r a w b a c k s  o f  R F  a re : h ig h  th e rm a l s ta b i l i ty ,  n o  
n e e d  o f  h a r s h  c a ta ly s t  o r  in i t i a to r  f o r  p o ly m e r iz a t io n ,  n o  r e le a s in g  o f  to x ic  b y - p ro d u c t  
d u r in g  p o ly m e r iz a t io n ,  n e a r  z e ro  s h r in k a g e  a f te r  p o ly m e r iz a t io n ,  e x c e l le n t  
m e c h a n ic a l  in te g r i ty ,  h ig h  c a b o n a c e o u s  y ie ld ,  g re a t  m o le c u la r  d e s ig n  f le x ib i l i ty ,  
e s p e c ia l ly ,  h ig h  c r o s s l in k  d e n s i ty  [3 0 -3 4 ] , In" p a r t i c u la r ,  th e  c r o s s l in k  d e n s i ty  w a s  
q u i te  im p o r ta n t  b e c a u s e  h ig h  c r o s s l in k  d e n s i ty  n o t  o n ly  le a d s  to  im p r o v e m e n t  o f  
th e r m o - o x id a t iv e  s ta b i l i ty  e n a b l in g  h ig h  c a b o n a c e o u s  y ie ld  a f te r  c a r b o n iz a t io n  [3 4 ] , 
b u t  a l s o  r e s u l t s  in  th e  p r e s e r v a t io n  o f  p o ro s i ty ,  e s p e c ia l ly ,  m e s o p o r o s i ty ,  a f te r  th e  
s o lv e n t  r e m o v a l  p ro c e s s .

P B Z  is  a  c r o s s - l in k e d  p o ly m e r  w ith  a d d i t io n a l  e x te n s iv e  h y d r o g e n  b o n d e d  
n e tw o r k s  w h ic h  c a n  w i th s ta n d  p o re  c o l la p s e  w i th o u t  th e  n e e d  o f  s u p e r c r i t ic a l  C 0 2 

d r y in g  p r o c e s s .  T h e  s h o r te r  p r e p a r a t io n  t im e  w i th  f e w e r  s y n th e s is  s te p s  is  r e q u i r e d  
w h e n  P B Z  is  u s e d  a s  a  p r e c u r s o r  f o r  c a r b o n  x e r o g e ls  p re p a ra t io n .

P B Z  w a s  g e n e ra l ly  s y n th e s iz e d  b y  th e  M a n ic h  p o ly c o n d e n s a t io n  r e a c t io n  o f  
p h e n o l ,  f o rm a ld e h y d e ,  a n d  a m in e ,  v ia  a  q u a s i - s o lv e n t le s s  ro u te  a d a p te d  f ro m  th e  
s o lv e n t le s s  m e th o d , p ro p o s e d  b y  I s h id a  [3 9 ] . In  2 0 0 9 , P B Z -b a s e d  c a r b o n  a e r o g e ls  
w e re  f i r s t  in tro d u c e d  b y  L o r ja i  e t  a l. w h o  fo u n d  th a t  th e i r  c a r b o n  a e r o g e l  e x h ib i te d  
th e  p r o p e r t ie s  a s  a  m ic r o p o ro u s  m a te r ia l  [3 5 ] , In  2 0 1 0 , P B Z -b a s e d  c a r b o n  a e r o g e ls  
w i th  a n  a v e ra g e  p o re  d ia m e te r  o f  3 .6 7  n m  w e re  u s e d  a s  a n  e le c t r o d e  in 
s u p e r c a p a c i to r s  b y  K a ta n y o o ta  e t  a l. [3 6 ] , A s  m e n t io n e d  a b o v e , it w a s  f o u n d  th a t  
P B Z - b a s e d  c a r b o n  s h o w s  th e  p o r e  d ia m e te r  in  a  r a n g e  o f  s m a ll  m ic r o - m e s o p o re .  T h is  
p r o p e r ty  c o u ld  a f f e c t  th e  u t i l i z a t io n  o f  p o ly b e n z o x a z in e - b a s e d  c a rb o n  f o r  v a r io u s  
a p p l ic a t io n s  th a t  n e e d e d  la rg e  p o re  d ia m e te r .

F o r  a p p l ic a t io n  a s  th e  c a ta ly s t  s u p p o r t in g  m a te r ia l ,  th o s e  s m a ll  p o re  s iz e s  o f  
P B Z - b a s e d  c a rb o n  a e r o g e ls  m ig h t  l im it  th e  c a ta ly t ic  e f f ic ie n c y  fo r  r e a c t io n s  th a t  a re  
in v o lv e d  w i th  la rg e  m o le c u le s  d u e  to  th e  l im i ta t io n  o f  m a s s  t r a n s f e r  o f  la rg e  
m o le c u le s  [3 7 -3 8 ] .

In  th is  w o rk , w e  a im  to  s tu d y  th e  e f f e c t  o f  c a t io n ic  a n d  n o n - io n ic  s u r f a c ta n t  
o n  p o r o u s  s t r u c tu r e  o f  P B Z -b a s e d  c a rb o n  x e r o g e ls ,  in  o r d e r  to  im p ro v e  th e  p o re
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d ia m e te r .  T h e  te x tu r a l  c h a r a c te r is t ic  o f  th e  o b ta in e d  c a r b o n  x e r o g e ls  w e r e  a ls o  b e  
in v e s t ig a te d .

5 .3  E x p e r i m e n t a l

5.3.1 Materials

M a in - c h a in  ty p e  b e n z o x a z in e  p o ly m e r  ( a b b r e v ia te d  a s  M C B P )  w i th  
b e n z o x a z in e  g r o u p  a s  a  p a r t  o f  th e  c h e m ic a l  r e p e a t  u n i t  w a s  s y n th e s iz e d  b y  th e  
M a n ic h  p o ly c o n d e n s a t io n  r e a c t io n  o f  b is p h e n o l -A  (B A , 9 7 % , A ld r ic h ) ,  
f o r m a ld e h y d e  ( 3 7 % , M e rc k  L im ite d , G e r m a n y ) ,  a n d  t r ie th y le n e te t r a m in e  (T E T A , 
8 5 % , F a c a i  G r o u p  L im ite d , T h a i la n d )  u s in g  d io x a n e  ( a n a ly t ic a l  g ra d e , L a b s c a n  A s ia  
C o . ,  L td ., T h a i la n d )  a s  a  s o lv e n t .  N o n - io n ic  s u r f a c ta n t ,  S y n p e r o n ic  N P 3 0  
( P o ly e th y le n e  g ly c o l  n o n y lp h e n y l  e th e r ,  > 9 9 .8 % ) , a n d  c a t io n ic  s u r fa c ta n t ,  
H e x a d e c y l t r im e th y la m m o n iu m  b r o m id e  [C H 3 (C H 2 ) i 5N ( B r ) ( C H 3 )3 , C T A B , > 9 9 .8 % ] ,  
w e r e  p u rc h a s e d  f ro m  F lu k a . E th y l  a lc o h o l  (> 9 8 % )  w a s  p u rc h a s e d  f ro m  J .T . B a k e r . 
A l l  c h e m ic a l  w e r e  u s e d  w i th o u t  fu r th e r  p u r i f ic a t io n .

5.3.2 Synthesis o f polybenzoxazine-based carbon xerogels (PBZ-based 
carbon xerogels)

M C B P  w a s  s y n th e s iz e d  b y  a  q u a s i- s o lv e n t le s s  m e th o d  a d o p te d  f ro m  
th e  s o lv e n t le s s  m e th o d  p r o p o s e d  b y  I s h id a  e t  a l. [3 9 ] , T h e  m o la r  ra t io  o f  r e a c ta n t  w a s  
1 :1 :4  in  w h ic h  b e lo n g  to  B A , T E T A , a n d  f o rm a ld e h y d e , r e s p e c t iv e ly .  M C B P  d e r iv e d  
f ro m  b is p h e n o l -A  a n d  T E T A  w a s  h e r e in a f te r  a b b re v ia te d  a s  M C B P (B A - te ta ) .  T h e  
s o l id  c o n te n t  o f  M C B P ( B A - te ta )  w a s  f ix e d  a t  10 %  พ /พ . B A  w a s  d i s s o lv e d  in  
d io x a n e  a n d  m a g n e t ic a l ly  s t i r r e d  fo r  2 0  m in u te s .  T h e n , s u r f a c ta n t  w a s  m ix e d  a n d  
s t i r r e d  f o r  3 0  m in u te s .  A f te r w a r d s ,  f o rm a ld e h y d e  w a s  th e n  a d d e d  a n d  c o n t in u o u s ly  
s t i r r e d  fo r  2 0  m in u te s .  F in a l ly ,  T E T A  w a s  s lo w ly  d ro p p e d  in to  th e  m ix tu r e  a n d  
c o n t in u o u s ly  s t i r r e d  f o r  1 h  u n ti l  th e  t r a n s p a r e n t  y e l lo w  p a le  s o lu t io n  w a s  o b ta in e d . 
U n l ik e  th e  c o n v e n t io n a l  m e th o d  w h ic h  to o k  5 h , th e  r e a c t io n  w a s  c o m p le te d  w i th in  a n  
h o u r  [3 3 ] , T h e  M C B P ( B A - te ta )  s o lu t io n  w a s  s e a le d  o f f  in  a  g la s s  v ia l  a n d  le f t  fo r  2 4



8 3

h . T h e  M C B P ( B A - te ta )  s o lu t io n  w a s  f u r th e r  h e a te d  in  a n  o il b a th  a t  80  ๐c  f o r  2  d a y s  
to  f o rm  th e  w h i te -o p a q u e -M C B P ( B A - te ta )  o rg a n o g e l .  T h e  M C B P (B A - te ta )  
o r g a n o g e l  w a s  ta k e n  o u t  f ro m  g la s s  v ia l  a n d  c u t  in to  a  c u b ic  s h a p e . S o x h le t  te c h n iq u e  
w a s  u s e d  to  r e m o v e  a ll r e s id u a l  s u r f a c ta n t  a n d  s o lv e n t  in  th e  o r g a n o g e l  b y  u s in g  
e th y l  a lc o h o l  a s  a  c a r r ie r  p h a s e  u n d e r  h e a t in g  te m p e ra tu re  o f  100  ๐c  f o r  2 4  h  a n d  

r e f lu x  te m p e ra tu re  o f  10 ๐c .  A f te r  th a t ,  th e  M C B P (B A - te ta )  o r g a n o g e l  w a s  h e a te d  a t 

9 0  ๐c  fo r  2 4  h  to  r e m o v e  a ll r e s id u a l  e th a n o l .  T h e  M C B P (B A - te ta )  o r g a n o g e l  w a s  

p la c e d  in  a n  o v e n  fo r  s te p -c u r in g  a t  16 0  ° c  a n d  1 8 0  ° c  fo r  3 h  a t  e a c h  te m p e r a tu r e ,  

a n d  2 0 0  ๐c  fo r  1 h  to  a c h ie v e  th e  fu l ly - c u r e d  p o ly b e n z o x a z in e  x e ro g e l  [3 6 , 40]T  A f te r  
s te p - c u r in g ,  f u l ly - c u r e d  p o ly b e n z o x a z in e  x e r o g e l  w a s  c a r b o n iz e d  u n d e r  n i t r o g e n  
f lo w  o f  6 0 0  c m 3/m in  u s in g  th e  f o l lo w in g  c y c le  s te p : 3 0 - 2 5 0  ๐c  fo r  1 h , 2 5 0 - 6 0 0  ° c  

fo r  5 h , 6 0 0 - 8 0 0  ๐c  f o r  1 h  a n d  h o ld  a t  8 0 0  ๐c  f o r  2  h , a n d  th e n  a n  o v e n  w a s  c o o le d  
to  r o o m  te m p e r a tu r e  u n d e r  n i t r o g e n  a tm o s p h e r e  [3 6 , 4 0 ] .

P o ly b e n z o x a z in e - b a s e d  c a rb o n  x e r o g e ls  d e r iv e d  f ro m  S y n p e r o n ic  
N P 3 0  a n d  C T A B  a s  s u r fa c ta n ts  d u r in g  s y n th e s is  o f  M C B P (B A - te ta )  s o lu t io n  w e re  
d e n o te d  a s  C X -N P 3 0 -X X  a n d  C X -C T A B - x x  w h e re  N P-30 a n d  C T A B  w e re  
n o m e n c la tu r e s  o f  S y n p e ro n ic  N P 3 0  ( P o ly e th y le n e  g ly c o l n o n y lp h e n v l  e th e r )  a n d  
C T A B  ( H e x a d e c y l t r im e th y la m m o n iu m  b r o m id e )  b y  e v a p o r a t io n  d ry in g  ( C X = C a rb o n  
x e r o g e l) ,  r e s p e c t iv e ly .  T h e  n u m b e r s  r e p r e s e n te d  in  th e  n o m e n c la tu r e s  ( - x x )  s h o w  
d i f f e r e n t  c o n c e n t r a t io n s  o f  s u r f a c ta n t s  in  m o la r  u n it .

5.3.3 Identification o f microstructure and morphology o f
polybenzoxazine-based carbon xerogels

M o rp h o lo g y  a n d  m ic r o s tr u c tu r e  o f  c a r b o n  x e r o g e ls  w e r e  o b s e r v e d  b y  
f ie ld  e m is s io n  s c a n n in g  e le c tro n  m ic r o s c o p e  ( F E - S E M , H i ta c h i /S - 4 8 0 0  m o d e l )  a n d  
t r a n s m is s io n  e le c t ro n  m ic r o s c o p e  (T E M , J E O L  2 0 1  OF). Q u a n ta c h r o m e - A u to s o r p l -  
M P  w a s  u s e d  to  d e te rm in e  th e  p o r o u s  s tru c tu re  o f  th e  s a m p le s .  A p p r o x im a te ly  0.1 g 
o f  c a r b o n  x e r o g e ls  w e r e  d e g a s s e d  a t  2 5 0  ๐c  f o r  15 h to  r e m o v e  a ll th e  a d s o rb e d  
s p e c ie s .  T h e  s p e c i f i c  s u r fa c e  a r e a  ( S b e t )  w a s  c a lc u la te d  b y  B E T  a lg o r i th m  
( B r u n a u e r - E m m e t t - T e l le r )  [4 1 ] . M ic ro p o r e  v o lu m e  ( V mjc) w a s  a n a ly z e d  b y  t-p lo t
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m e th o d  [4 2 ] , M ic ro p o r e  s iz e  d is t r ib u t io n s  w e re  a n a ly z e d  b y  M P  m e th o d  ( S ta n d a r d  
m ic r o p o re  s iz e  d i s t r ib u t io n ) .  M e s o p o re  v o lu m e  ( V mes) a n d  m e s o p o re  s iz e  
d i s t r ib u t io n s  w e re  a n a ly z e d  b y  B J H  ( B a r r e t t - J o h n e r - H a le n d a r )  a lg o r i th m  [4 3 , 4 4 ] ,

5 .4  R e s u l t s  a n d  D is c u s s io n

5.4.1 Effects o f Cationic surfactant (Hexadecyltrimethylammonium-
bromide, CTAB) on porous structure o f PBZ-based carbon xerogels

P o ly b e n z o x a z in e  (P B Z ) -b a s e d  c a rb o n  x e ro g e ls  w e r e  s y n th e s iz e d  b y  
u s in g  C T A B  a s  a  s u r f a c ta n t  a s  d e s c r ib e d  in  e x p e r im e n ta l  s e c t io n . T h e  m o r p h o lo g ie s  
o f  th e  o b ta in e d  P B Z -b a s e d  c a rb o n  x e r o g e ls  w e re  o b s e rv e d  b y  F E -S E M  te c h n iq u e .  
F ig u re  5.1 s h o w s  th e  S E M  m ic r o g r a p h s  o f  P B Z -b a s e d  c a rb o n  x e r o g e ls  s y n th 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 s  o f  C T A B  f ro m  0 .0 0 3  M  to  0 .1 8 0  M .

F i g u r e  5 .1  S E M  m ic r o g r a p h s  o f  P B Z -b a s e d  c a r b o n  x e r o g e ls  p r e p a r e d  f ro m  1 0 %  
พ /พ  o f  b e n z o x a z in e  p r e c u r s o r  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  C T A B ; (a )  n o  a d d e d  
C T A B , (b )  0 .0 0 3  M , (c )  0 .0 0 9  M , (d )  0 .0 3 0  M , (e )  0 .0 9 0  M , a n d  ( f )  0 .1 8 0  M ; 1: lo w  
m a g n if ic a t io n ;  2 : h ig h  m a g n if ic a t io n .
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A ll s a m p le s  s h o w  th e  3 D - in te r - c o n n e c te d  s t r u c tu r e  fo rm e d  b y  c a r b o n  
n a n o p a r t ic le s .  H o w e v e r ,  F ig u re s  5 .1 a  a n d  b  s h o w  th e  3 D -n e tw o r k  o f  c a r b o n  
n a n o p a r t ic le s  w i th  le s s  a g g lo m e r a t io n .  T h e s e  c a r b o n  n a n o p a r t ic le s  a re  s l i g h t ly  h a rd  
to  d i s t in g u is h  in  s a m p le  c x  (F ig u re  5 .1 a , r e fe re n c e  c a r b o n  x e r o g e l)  a n d  s a m p le  C X -  
C T A B -0 .0 0 3  ( F ig u re  5 .1 b ) . 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  C T A B  to  0 .0 0 9  M , 
s a m p le  C X -C T A B - 0 .0 0 9  n o t o n ly  s h o w s  th e  3 D -n e tw o r k  o f  c a r b o n  n a n o p a r t ic le s ,  
b u t a ls o  s ta r ts  to  fo rm  th e  s m a l l - s p h e r ic a l- l ik e  c a r b o n  n a n o p a r t ic le s  w i th  th e  s iz e  o f  
a b o u t  1 0 0  n m , a s  i l lu s t r a te d  in  F ig u r e  5 .1 c . W h e n  th e  c o n c e n t r a t io n  o f  C T A B  w a s  
in c re a s e d  to  0 .0 3 0  M , 0 .0 9 0  M , a n d - 0 .1 8 0  M , th e  c a r b o n  x e ro g e l  n a n o s p h e r e s  w e r e  
o b ta in e d  w i th  th e  s iz e  o f  a b o u t  1 0 0 -2 0 0  n m  fo r  C X -C T A B - 0 .0 3 0 ,  5 0 -1 0 0  n m  fo r  
C X -C T A B - 0 .0 9 0  a n d  C X - C T A B - 0 .1 8 0 , r e s p e c t iv e ly , a s  s h o w n  in  F ig u r e s  5 .1 d - f . 
M o re o v e r ,  F ig u re s  5.1 d - f  ( C X - C T A B -0 .0 3 0  -  C X - C T A B - 0 .1 8 0 )  a ls o  s h o w  th e  d e n s e  
m o r p h o lo g ie s  c o m p a r in g  to  th o s e  in  F ig u re s  5 .1 a  a n d  b  w h ic h  w il l  b e  d is c u s s e d  la te r .

T o  e x p la in  th e  f o rm a t io n  o f  c a rb o n  x e r o g e l  n a n o s p h e r e s  a n d  th e  s iz e s  
o f  n a n o s p h e r e s ,  th e  m ic e l le  f o rm a t io n  o f  C T A B  w a s  u s e d  to  c la r ify .  A f te r  d i s s o lu t io n  
o f  C T A B  in to  th e  s o lv e n t ,  C T A B  m o le c u le s  w i l l  b e  d i s s o c ia te d  a s  in d iv id u a l  
m o le c u le  in  th e  s o lv e n t .  I f  th e  c o n c e n t r a t io n  o f  C T A B  w a s  e q u a l  to  th e  c r i t ic a l  
m ic e l le  c o n c e n t r a t io n  (C M C ) , th e  m o le c u le s  o f  C T A B  w e re  th e n  o r ie n te d  in to  
s p h e r ic a l  m ic e l le s  w i th  h y d r o p h i l ic  h e a d  g ro 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 s  a w a y  f ro m  th e  s o lv e n t .  In  th is  s tu d y , p o ly b e n z o x a z in e  [ M C B P ( B A - te ta )  ] 
s h o w s  th e  h y d r o p h o b ic  p ro p e r ty .  T h e re fo re ,  a f te r  m ic e l le  f o rm a t io n  o f  C T A B , 
p o ly b e n z o x a z in e  c lu s te r  w o u ld  b e  th e n  fo rm e d  a t  th e  in te r io r  r e g io n  ( in n e r  c o r e )  o f  
th e  m ic e l le s  a n d  th e n  g r o w  in to  n a n o s p h e re s .  I l lu s tra te d  in  F ig u re  5 .2 a  is  th e  
fo rm a t io n  m o d e l  o f  b e n z o x a z in e  n a n o s p h e r e s  f o rm e d  in s id e  th e  in te r io r  r e g io n  o f  
C T A B  m ic e l le .  T h e  s im i la r  r e s u l t s  w e re  a lso  fo u n d  b y  m a n y  re s e a rc h  g r o u p s  fo r  
r e s o r c in o l - f o r m a ld e h y d e  p o ly m e r  [2 2 , 2 3 , 4 5 ] , A s  m e n t io n e d  e a r l ie r ,  C X - C T A B -  
0 .0 3 0 , C X - C T A B - 0 .0 9 0 ,  a n d  C X - C T A B - 0 .1 8 0  s h o w e d  th e  n a n o s p h e r ic a l  s h a p e  
w h ic h  c a n  b e  im p lie d  th a t  th e  C T A B  m o le c u le s  s ta r te d  to  fo rm  s p h e r ic a l  m ic e l l e  a t 
0 .0 3 0  M . A l th o u g h  th e  p a r t i c le  s h a p e  o f  C X -C T A B - 0 .0 9 0  a n d  C X -C T A B - 0 .0 1 8  w a s  
s p h e r ic a l  a s  s a m e  a s  th o s e  o f  C X -C T A B - 0 .0 3 0 ,  th e  p a r t i c le  s iz e s  o f  C X - C T A B - 0 .0 9 0  
a n d  C X -C T A B - 0 .0 1 8  w e re  s m a l le r  th a n  th o s e  o f  C X -C T A B - 0 .0 3 0 .  T h is  
p h e n o m e n o n  c a n  b e  e x p la in e d  in  th e  te rm  o f  th e  s m a l le r  s iz e  o f  m ic e l le  f o rm a t io n .
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W h e n  th e  c o n c e n t r a t io n  o f  C T A B  w a s  e x c e e d e d  th e  C M C , th e  s h a p e  o f  m ic e l le  w a s  
s t i l l  in  a  s p h e r ic a l  s h a p e  b u t  r e d u c e d  in to  s m a l le r  s iz e s  d e p e n d in g  o n  p a c k in g  
p a r a m e te r  [4 6 ] . H o w e v e r ,  F ig u r e  5 . I f  r e v e a ls  th e  u n c le a r -d e fo rm e d  c a r b o n  x e r o g e l  
n a n o s p h e r e s  w h ic h  m ig h t  b e  d u e  to  th e  d e f o r m a t io n  o f  s p h e r ic a l m ic e l le  in to  o th e r  
s tru c tu re s .

F i g u r e  5 .2  S c h e m e  o f  th e  b e n z o x a z in e - m ic e l le  fo rm a t io n ;  (a )  n a n o s p h e r e s  fo r  
C T A B  s y s te m , (b )  m ic r o s p h e r e s  fo r  S y n p e r o n ic  N P 3 0  s y s te m .

T h e  p o ro u s  s t r u c tu r e s  o f  P B Z -b a s e d  c a r b o n  x e ro g e ls  u s in g  C T A B  a s  a  
s u r f a c ta n t  w e r e  ta b u la te d  in  T a b le  5 .1 . A l l  s a m p le s  e x h ib i t  h ig h  a m o u n t  o f  m e s o p o re  
v o lu m e  w i th  a n  a v e ra g e  m e s o p o re  d i a m e te r  in  th e  r a n g e  o f  1 5 .5 7 -3 6 .0 7  n m . C X -  
C T A B -0 .0 9 0  s h o w s  th e  h ig h e s t  B E T  s u r f a c e  a r e a  o f  3 6 9  m 2/g  w i th  th e  h ig h e s t  
a m o u n t  o f  m e s o p o r e  v o lu m e  o f  0 .6 4  c c /g . T h e  s u r fa c e  a r e a  o f  th e  s a m p le s  te n d  to  
in c re a s e  w i th  th e  d e c r e a s e  o f  m e s o p o re  d ia m e te r s .  T h e  s m a l le r  p o re  d ia m e te r  c o u ld  
p r o v id e  la rg e  s u r f a c e  a r e a  c o m p a re d  to  th o s e  o f  la r g e r  p o re  d ia m e te r .  H o w e v e r ,  a t  th e  
c o n c e n t r a t io n  o f  0 .1 8 0  M  C T A B , th e  B E T  s u r fa c e  a r e a  o f  C X - C T A B - 0 .1 8 0  w a s  
d e c r e a s e d  to  2 7 1  m 2 /g , e v e n  th o u g h  th e  m e s o p o r e  d ia m e te r  o f  th e  s a m p le  w a s  a b o u t  
1 5 .5 7  n m . T h is  c a n  b e  d e s c r ib e d  b y  th e  d e n s e  m o r p h o lo g y  a n d  th e  d e f o r m a t io n  o f  
x e r o g e l  n e tw o r k  d u e  to  th e  d e f o r m a t io n  o f  c a r b o n  x e ro g e l  n a n o s p h e r e s  a t  h ig h  
c o n c e n t r a t io n  o f  C T A B .
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T a b l e  5 .1  P o re  s t r u c tu r e  o f  P B Z -b a s e d  c a r b o n  x e r o g e ls  p r e p a r e d  f ro m  1 0 %  พ /พ  o f  
b e n z o x a z in e  p r e c u r s o r  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  C T A B

S a m p le S b e t

( m 2 /g )
V  micro

( c m 3 /g )
Vmeso

( c m 3 /g )
tota l

( c m 3/g )
A PD m icro

( n m )
A PD m eso

( n m )
C X 2 8 0 0 .0 8 0 . 2 0 0 .2 8 0 .7 6 3 4 .7 8
C X -C T A B - 0 .0 0 3 2 8 4 0 . 1 1 0 . 2 1 0 .3 2 0 . 6 6 3 5 .8 5
C X -C T A B - 0 .0 0 9 2 7 5 0 , 1 0 0 .1 9 0 .2 9 0 .8 0 3 6 .0 7
C X -C T A B - 0 .0 3 0 3 2 3 0 . 1 2 0 . 2 0 0 .3 2 0 .7 6 2 5 .3 8
C X -C T A B - 0 .0 9 0 3 6 9 0 . 1 2 0 .5 2 0 .6 4 1 . 0 0 2 5 .2 5
C X -C T A B - 0 .1 8 0 271 0 . 1 0 0 .1 7 0 .2 7 0 . 6 6 1 5 .5 7

Notes : S b e t : b e t  s u r f a c e  a r e a ;  Smes0: m e s o p o re  s u r f a c e  a r e a ;  V mjcro: m ic r o p o r e  
v o lu m e ;  Vmesc,: m e s o p o re  v o lu m e ;  V totaf to ta l  p o r e  v o lu m e ;  A P D mjcro: a v e r a g e  
m ic r o p o re  d ia m e te r ;  A P D mes0: a v e r a g e  m e s o p o re  d ia m e te r ;  A P D : a v e r a g e  p o r e  
d ia m e te r

I n te r e s t in g ly ,  in  th is  s tu d y ,  w id e  r a n g e s  o f  m e s o p o re  d ia m e te r  w e r e  
a c h ie v e d  b y  c h a n g in g  th e  c o n c e n t r a t io n s  o f  C T A B . T h e  m e s o p o re  d ia m e te r s  w e r e  
3 4 .7 8 , 3 5 .8 5 ,  3 6 .0 7 , 2 5 .3 8 ,  2 5 .2 5 , a n d  1 5 .5 7  n m  f o r  c x , C X - C T A B - 0 .0 0 3 ,  C X -  
C T A B - 0 .0 0 9 ,  C X -C T A B - 0 .0 3 0 ,  C X - C T A B - 0 .0 9 0 ,  a n d  C X - C T A B - 0 .1 8 0 ,
r e s p e c t iv e ly .  A c c o rd in g  to  th e  l i te r a tu r e  p r o p o s e d  b y  W a n g  e t  a l. [1 6 ] , th e  la rg e  
m e s o p o re  d i a m e te r  r a n g in g  f ro m  5 - 4 0  n m  w a s  c r e a te d  b y  in te r - c o n n e c te d  s t r u c tu r e  o f  
c a rb o n  n a n o p a r t ic le .  M o re o v e r ,  th e  m ic r o p o r e s  (<  2  n m )  a n d  s m a l l  m e s o p o r e s  (2 -5  
n m )  w e r e  lo c a te d  w i th in  th e  c a r b o n  n a n o p a r t ic le s  [1 6 ] . T h e re fo re ,  in  th is  s tu d y ,  th e  
m e s o p o re  d i a m e te r s  v a r y in g  f ro m  1 5 .5 7 -3 6 .0 7  n m  s h o u ld  b e  g e n e ra te d  b y  th e  in te r ­
c o n n e c te d  s t r u c tu r e  o f  c a r b o n  n a n o p a r t ic le s  a n d  v e r y  s m a ll  m ic r o p o re  d i a m e te r s  
w e re  lo c a te d  w i th in  c a r b o n  n a n o p a r t ic le  d u e  to  th e  c a r b o n iz a t io n  p ro c e s s .  A t  lo w  
c o n c e n t r a t io n s  o f  C T A B  ( C X - C T A B -0 .0 0 3  a n d  C X -C T A B - 0 .0 0 9 ) ,  th e  c a r b o n  
x e ro g e l  n a n o s p h e r e s  w e r e  n o t  fo rm e d  b e c a u s e  th o s e  c o n c e n t r a t io n s  d id  n o t  r e a c h  th e  
C M C  v a lu e ,  r e s u l t in g  in  th e  f o rm a t io n  o f  s in g le  C T A B  m o le c u le s  in s te a d . T h e r e f o r e ,  
th e  m e s o p o r e  s t r u c tu r e  a n d  th e  c a r b o n  n a n o p a r t ic le s  g e n e ra te d  in  th e s e  c a s e s  c o u ld  
b e  m a in ly  a f f e c te d  b y  th e  s o l-g e l  p r o c e s s  d u e  to  th e  p h a s e  s e p a r a t io n  p h e n o m e n a  
r a th e r  th a n  th o s e  g e n e ra te d  b y  in te r - c o n n e c t io n  o f  c a r b o n  x e r o g e l  n a n o s p h e r e s  
p r o d u c e d  a t  th e  in te r io r  r e g io n  o f  th e  m ic e l le s .  H o w e v e r ,  th e  m e s o p o re  d i a m e te r s  o f
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C X - C T A B - 0 .0 0 3  (3 5 .8 5  n m )  a n d  C X - C T A B - 0 .0 0 9 ( 3 6 .0 7  n m )  w e r e  s l ig h t ly  la r g e r  
th a n  th a t  o f  c x  (3 4 .7 8  n m ) . T h is  c a n  b e  d e s c r ib e d  b y  th e  e le c t ro s ta t ic  f o rc e  b e tw e e n  
c a t io n ic  s u r f a c t a n t  ( C T A B )  s p e c ie s  a n d  a n io n ic  p o ly m e r  c h a in s  o f  p o ly b e n z o x a z in e ,  
a s  p r o p o s e d  f o r  r e s o r c in o l - f o r m a ld e h y d e  p o ly m e r  b y  N is h iy a m a  e t a l. [4 5 ] . T h e  

c a t io n ic  h e a d  g r o u p  o f  C T A B  m o le c u le s  w a s  in te r a c te d  w i th  th e  a n io n ic  OH~ g ro u p  
o f  p o ly b e n z o x a z in e  c h a in , le a d in g  to  a n  e n la r g e m e n t  o f  p o ly b e n z o x a z in e  c h a in  
s p a c in g  b y  C T A B  m o le c u le s  [4 5 ] , r e s u l t in g  in  s l ig h t ly  c h a n g e  in  a n  a v e ra g e  
m e s o p o r e  d i a m e te r  f ro m  3 4 .7 8  n m  to  3 5 .8 5  a n d  3 6 .0 7  n m  f o r  c x , C X - C T A B - 0 .0 0 3 ,  
a n d  C X - C T A B - 0 .0 0 9 ,  r e s p e c t iv e ly .  H o w e v e r ,  a t  th e  C T A B  c o n c e n t r a t io n s  o f  0 .0 3 0 , 
0 .0 9 0 ,  a n d  0 .1 8 0  M , c a r b o n  x e r o g e ls  n a n o s p h e r e s  w e re  o b ta in e d  b y  th e  fo rm a t io n  o f  
b e n z o x a z in e  c lu s te r s  in s id e  th e  in te r io r  r e g io n  o f  C T A B  m ic e lle s ,  n o t  r e s u l te d  f ro m  
th e  p h a s e  s e p a r a t io n  p h e n o m e n a .  T h e r e fo re ,  in  th is  c a s e , m e s o p o re  s t r u c tu r e s  w e re  
m a in ly  a f f e c te d  b y  th e  s iz e  o f  b e n z o x a z in e  n a n o s p h e r e s  g e n e ra te d  in s id e  th e  in n e r  
c o r e  o f  C T A B  m ic e l le s .  A f te r  th e  b e n z o x a z in e  n a n o s p h e r e s  g re w  in s id e  th e  in te r io r  
r e g io n  o f  m ic e l le s ,  th e  in te r - c o n n e c t io n  b e tw e e n  b e n z o x a z in e  n a n o s p h e r e s  c o u ld  b e  
t a k e n  p la c e  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  o x a z in e  r in g s  a t  th e  s u r fa c e  o f  
e a c h  n a n o p s h e r e s ,  a s  p r o p o s e d  fo r  r e s o r c in o l - f o r m a ld e h y d e  p o ly m e r  b y  L e e  e t  a l.
[2 2 ], le a d in g  to  in te r - c o n n e c te d  s tru c tu re  o f  n a n o s p h e r e s  w ith  s m a l le r  m e s o p o re  a n d  
m o r e  d e n s e  m o r p h o lo g ie s  c o m p a r in g  to  th o s e  o f  c x , C X - C T A B - 0 .0 0 3 ,  a n d  C X -  
C T A B -0 .0 0 9 .

F ig u r e  5 .3  p r e s e n t s  th e  n i t r o g e n  a d s o rp t io n - d e s o rp t io n  is o th e r m  o f  a ll 
s a m p le s .  A c c o r d in g  to  c la s s i f ic a t io n  b y  I U P A C , a ll s a m p le s  s h o w  th e  s ta n d a rd  
i s o th e r m  o f  ty p e  IV  r e p r e s e n t in g  th e  c h a r a c te r i s t ic s  o f  m e s o p o ro u s  a d s o rb e n t .  
H o w e v e r ,  th e  h y s te r e s is  lo o p  o b ta in e d  f ro m  re fe re n c e  c a rb o n  ( C X )  a n d  c a r b o n  
x e r o g e ls  w i th  lo w  c o n c e n t r a t io n  o f  C T A B  (0 .0 0 3  a n d  0 .0 0 9  M )  a re  o f  H 3  in  w h ic h  
th e  h y s te r e s is  lo o p  H 3  r e p r e s e n t in g  th e  a g g r e g a t io n  o f  p la ty  p a r t ic le s  o r  a d s o rb e n ts  
c o n ta in in g  s l i t - s h a p e  p o re s  [2 1 , 4 7 ] . A s  th e  c o n c e n t r a t io n s  o f  C T A B  w e r e  in c re a s e d  
to  0 .0 3 0 - 0 .1 8 0  M , th e  c a r b o n  x e r o g e ls  e x h ib i te d  th e  h y s te re s is  lo o p  o f  H I  
r e p r e s e n t in g  th e  n a r r o w  d i s t r ib u t io n  o f  u n i f o r m  p o re  [4 7 ] . M o re o v e r ,  a ll s a m p le s  
s h o w  th e  a m o u n t  o f  u p ta k e  a t  r e la t iv e  p r e s s u r e  o f  0 .7 5 - 1 .0 0  im p ly in g  th e  a d s o rp t io n
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o f  la r g e  m e s o p o re  d ia m e te r ,  a s  s h o w n  in  T a b le  5 .2 . C X -C T A B - 0 .0 9 0  s h o w s  th e  
h ig h e s t  a m o u n t  o f  u p ta k e  in d ic a t in g  a  h ig h  p o r o s i ty  c o m p a re d  to  o th e r  s a m p le s .
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F i g u r e  5 .3  N 2 a d s o r p t io n - d e s o r p t io n  is o th e rm s  o f  p o ly 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 ls  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  C T A B .

F i g u r e  5 .4  M e s o p o re  s iz e  d is t r ib u t io n s  o f  p o ly 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 ls  
u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  C T A B , d e te rm in e d  b y  B J H  m e th o d .
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T h e  p o re  s iz e  d is t r ib u t io n  o f  a ll s a m p le s ,  c a lc u la te d  b y  B J H  m e th o d , 
w a s  i l lu s t r a te d  in  F ig u r e  5 .4 . A l l  s a m p le s  s h o w  a n  a v e r a g e  m e s o p o re  s iz e  r a n g in g  
f ro m  1 5 .5 7 -3 6 .0 7  n m  a n d  a n  a v e r a g e  m e s o p o re  s iz e  w a s  a ls o  d e c re a s e d  w h e n  th e  
in te r - c o n n e c t io n  o f  c a rb o n  x e r o g e l  n a n o s p h e r e s  w e re  f o rm e d . C a rb o n  x e r o g e ls  w i th  
h ig h  c o n c e n t r a t io n  o f  C T A B  ( 0 .0 3 0  M , 0 .0 9 0  M , a n d  0 .1 8 0  M )  m a in ly  e x h ib i t  th e  
n a r r o w e r  p o re  s iz e  d is t r ib u t io n  in  th e  r a n g e  o f  5 -5 0  n m  c o m p a r in g  to  th o s e  o f  
r e f e r e n c e  c a r b o n  x e r o g e ls  a n d  c a r b o n  x e r o g e ls  w i th  lo w  c o n c e n t r a t io n  o f  C T A B  
( r a n g in g  5 -8 5  n m )  c o r r e s p o n d in g  to  th e  h y s te r e s is  lo o p  o f  H I  in d ic a t in g  th e  n a r r o w  
d i s t r ib u t io n  o f  u n i f o r m  p o re s  [4 7 ] .

F i g u r e  5 .5  T E M  im a g e s  o f  P B Z -b a s e d  c a r b o n  x e r o g e ls  p r e p a r e d  f ro m  1 0 %  พ /พ  o f  
b e n z o x a z in e  p r e c u r s o r  u s in g  0 .0 9 0  m o la r  o f  C T A B ; (a )  lo w  m a g n if ic a t io n ,  (b )  h ig h  
m a g n if ic a t io n .

T E M  im a g e s  o f  C X -C T A B - 0 .0 9 0  a re  i l lu s t ra te d  in  F ig u r e  5 .5  
in d ic a t in g  th e  p o r e s  in s id e  th e  s a m p le s  w e re  c r e a te d  b y  th e  in te r - c o n n e c te d  s t r u c tu r e  
o f  c a r b o n  p a r t i c le s  s im ila r  to  th o s e  p r o p o s e d  b y  L e e  e t  a l. [2 2 ], M o r e o v e r ,  th e  
p a r t i c le  s iz e s  o b ta in e d  f ro m  T E M  te c h n iq u e  w e re  a ls o  c o r r e s p o n d e d  to  th o s e  
o b ta in e d  f ro m  F E -S E M  te c h n iq u e  in  w h ic h  th e  p a r t ic le  s iz e s  g e n e ra te d  b y  C T A B  
m ic e l le s  w e re  a b o u t  5 0 -1 0 0  n m  in  s iz e .
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5.4.2 Effects o f Non-ionic surfactant (Polyethylene glycol nonylp/tenyl- 
ether, Synperonic NP30) on porous structure o f PBZ-based carbon 
xerogels

P o ly b e n z o x a z in e  ( P B Z ) -b a s e d  c a r b o n  x e r o g e ls  w e re  s y n th e s iz e d  b y  
u s in g  S y n p e r o n ic  N P 3 0  a s  a  n o n - io n ic  s u r f a c ta n t  a s  d e s c r ib e d  in  e x p e r im e n ta l  
s e c t io n . T h e  m o r p h o lo g ie s  o f  th e  o b ta in e d  P B Z -b a s e d  c a rb o n  x e r o g e ls  w e r e  o b s e rv e d  
b y  F E -S E M  te c h n iq u e .  F ig u re  5 .6  s h o w s  th e  S E M  m ic r o g r a p h s  o f  P B Z -b a s e d  c a rb o n  
x e r o g e ls  s y n th e s iz e d  a t  d i f f e re n t  c o n c e n t r a t io n s  o f  S y n p e ro n ic  N P 3 0  f ro m  0 .0 0 3  M  
to  0 .1 8 0  M . A ll s a m p le s ,  e x c e p t C X - N P 3 0 - 0 .1 8 0 , s h o w  th e  in te r - c o n n e c te d  n e tw o rk  
f o rm e d  b y  a g g re g a te d - f u s e d  c a r b o n  n a n o p a r t ic le s .  F u r th e rm o r e ,  C X - N P 3 0 - 0 .1 80  
(F ig u re  5 .6 f )  s h o w s  th e  in te r - c o n n e c te d  s t r u c tu r e  w ith  o p e n e d  n e tw o rk  a n d  lo o s e  
s t r u c tu r e ,  f o rm e d  b y  2 . 5 p m  o f  c a r b o n  x e ro g e l  m ic ro s p h e re s .  A s  th e  c o n c e n t r a t io n s  

o f  S y n p e r o n ic  N P 3 0  w e re  in c re a s e d  f ro m  0 .0 0 3  M  to  0 .0 9 0  M , th e  n e tw o r k s  o f  th e  
o b ta in e d  c a rb o n  x e r o g e ls  b e c a m e  le s s  p a c k e d  a n d  th e  o p e n  n e tw o rk  in  th e  r a n g e  o f  
m ic r o m e te r  s c a le  w e r e  a c h ie v e d . F ig u r e s  5 .6 c - f  s h o w  th e  o p e n  n e tw o rk  s t r u c tu r e s  in  
th e  r a n g e  o f  m ic r o m e te r  s c a le  w i th  v e ry  lo o s e  n e tw o rk  p a c k in g ,  e s p e c ia l ly ,  a t  0 .0 9 0  
a n d  0 .1 8 0  M . M o re o v e r ,  a t th e  c o n c e n t r a t io n  o f  0 .1 8 0  M , th e  c a r b o n  x e ro g e l  
m ic r o s p h e re s  o f  2 .5  P m  w e re  o b v io u s ly  o b ta in e d .

T o  e x p la in  th e  f o rm a t io n  o f  c a r b o n  x e ro g e l m ic r o s p h e re s ,  th e  m ic e l le  
f o r m a t io n  o f  S y n p e r o n ic  N P 3 0  w a s  u s e d  to  e x p la in ,  lik e  th o s e  m e n t io n e d  in  th e  c a s e  
o f  C T A B  ( s e c t io n  3 .1 ) . I f  th e  c o n c e n t r a t io n  o f  S y n p e ro n ic  N P 3 0  w a s  e q u a l  to  th e  
c r i t ic a l  m ic e l le  c o n c e n t r a t io n  (C M C ) , th e  m o le c u le s  o f  S y n p e r o n ic  N P 3 0  w a s  th e n  
o r ie n te d  a s  s p h e r ic a l  s h a p e  w ith  h y d r o p h i l ic  h e a d  g ro u p s  a t  e x te r io r  r e g io n  a n d  
h y d r o p h o b ic  ta i l  g r o u p s  a t in te r io r  r e g io n  o f  th e  m ic e lle s . P o ly b e n z o x a z in e  c lu s te r  
w o u ld  b e  th e n  f o rm e d  a t th e  in te r io r  r e g io n  o f  th e  m ic e l le  a n d  th e n  g r o w  in to  
m ic r o s p h e r ic a l  s h a p e .  A f te r  th a t ,  th e  in te r c o n n e c t io n  b e tw e e n  b e n z o x a z in e  
m ic r o s p h e re s  c o u ld  b e  ta k e n  p la c e  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  o x a z in e  
r in g s  a t  th e  s u r f a c e  o f  e a c h  m ic r o s p h e r e  a s  d e s c r ib e d  in  s e c t io n  3.1 o f  th e  C T A B  
s y s te m  [2 2 ] , F ig u r e  5 .2 b  i l lu s t ra te s  th e  f o rm a t io n  m o d e l o f  p o ly b e n z o x a z in e  x e ro g e l  
m ic r o s p h e re s  fo rm e d  in s id e  th e  in te r io r  r e g io n  o f  S y n p e r o n ic  N P 3 0  m ic e l le s .  In
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2 0 1 1 ,  W a n g  e t  a l. fo u n d  th a t  c a r b o n  a e ro g e l  m ic r o s p h e re s  c o u ld  b e  p r o d u c e d  b y  
u s in g  n o n - io n ic  s u r fa c ta n t ,  c a l l e d  S P A N  8 0 , in  th e  r a n g e  o f  2 -5 0  /u m  in  s iz e s  [4 8 ]. 

A s  m e n t io n  a b o v e , C X - N P 3 0 - 0 .1 8 0  w a s  th e  c a r b o n  x e ro g e l  m ic r o s p h e r e s  im p ly in g  
th a t  th e  S y n p e ro n ic  N P 3 0  m o le c u le s  s ta r t  to  fo rm  s p h e r ic a l  m ic e l le s  a t  0 .1 8 0  M . 
A l th o u g h  th e  c a r b o n  x e ro g e l m ic r o s p h e re s  w e r e  s p h e r ic a l  l ik e  th o s e  d e r iv e d  f ro m  th e  
C T A B  s y s te m , th e  c a rb o n  x e r o g e l  m ic r o s p h e re s  o b ta in e d  f ro m  S y n p e r o n ic  N P 3 0  
s y s te m  w e r e  a ls o  b ig g e r . T h e  r e a s o n  fo r  th is  p h e n o m e n o n  c a n  b e  d e s c r ib e d  b y  th e  
f o r m a t io n  o f  b ig g e r  m ic e l le s  o f  S y n p e ro n ic  N P 3 0  m o le c u le s  c o m p a r in g  to  th o s e  o f  
C T A B  m o le c u le s ,  a s  p r o p o s e d  in  F ig u re  5 .2 .

F i g u r e  5 .6  S E M  m ic r o g r a p h s  o f  P B Z -b a s e d  c a r b o n  x e r o g e ls  p r e p a r e d  f ro m  1 0 %  
พ /พ  o f  b e n z o x a z in e  p r e c u r s o r  u s in g  d if f e re n t  c o n c e n t r a t io n s  o f  S y n p e r o n ic  N P 3 0 ;  
(a )  n o  a d d e d  C T A B , (b )  0 .0 0 3  M , (c )  0 .0 0 9  M , (d )  0 .0 3 0  M , (e )  0 .0 9 0  M , a n d  (f)  
0 .1 8 0  M ; 1: lo w  m a g n if ic a t io n ;  2 : h ig h  m a g n if ic a t io n .
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T h e  p o r o u s  s t r u c tu r e s  o f  P B Z -b a s e d  c a rb o n  x e r o g e ls  u s in g  S y n p e r o n ic  
N P 3 0  a s  a  s u r f a c ta n t  w e r e  ta b u la te d  in  T a b le  5 .2 . A l l  s a m p le s  s h o w  th e  c o m p a r a t iv e  
B E T  s u r f a c e  a r e a  a b o u t  2 6 2 - 2 9 0  m 2 /g . H ig h e r  a m o u n t  o f  m e s o p o re  v o lu m e  
c o m p a r in g  to  m ic r o p o r e  v o lu m e  w a s  o b ta in e d ,  a b o u t  0 . 2 0  c c /g  fo r  r e fe re n c e  c a r b o n  
x e ro g e l  ( C X )  a n d  0 .3 4  c c /g  fo r  C X -N P 3 0 - 0 .0 0 3 .  H o w e v e r ,  w h e n  th e  c o n c e n t r a t io n  o f  
S y n p e ro n ic  N P 3 0  w a s  c h a n g e d  f ro m  0 .0 0 9  M  to  0 .0 9 0  M , th e  s a m p le s  s h o w e d  
h ig h e r  a m o u n t  o f  m ic r o p o re  v o lu m e , a b o u t  0 .1 3  c c /g  c o m p a r in g  to  a m o u n t  o f  
m e s o p o re  v o lu m e . M o re o v e r ,  a f te r  th e  c o n c e n t r a t io n  o f  S y n p e r o n ic  N P 3 0  r e a c h e d  
0 .1 8 0  M , C X - N P 3 0 - 0 .1 8 0  w a s  a lm o s t  d o m in a te d  b y  m ic r o p o r e  v o lu m e  in  th e  
s t r u c tu r e ,  a b o u t  0 .1 2  c c /g  c o m p a r in g  to  m e s o p o re  v o lu m e  o f  0 .0 4  c c /g . P o in t in g  to  an  
a v e ra g e  m e s o p o re  d i a m e te r  o f  a ll  s a m p le s ,  w e  fo u n d  th a t  a n  a v e ra g e  m e s o p o r e  
d ia m e te r  w a s  in c r e a s e d  f ro m  3 4 .7 8  n m  fo r  r e f e r e n c e  c a rb o n  x e r o g e l  (C X )  to  5 6 .7 8  
n m  f o r  lo w  c o n c e n t r a t io n  o f  S y n p e ro n ic  N P 3 0  (0 .0 0 3  M ). H e n c e , th e  la rg e  m e s o p o r e  
o b ta in e d  f ro m  C X  a n d  C X -N P 3 0 - 0 .0 0 3  s h o u ld  b e  g e n e ra te d  b y  th e  in te r - c o n n e c te d  
s t r u c tu r e  o f  c a r b o n  x e r o g e l  p a r t ic le s  l ik e  th o s e  p r o p o s e d  b y  W a n g  e t  a l. [1 6 ] . T h e  
e x p a n s io n  o f  m e s o p o r e  d ia m e te r  f ro m  3 4 .7 8  n m  fo r  C X  to  5 6 .7 8  n m  fo r  C X - N P 3 0 -  
0 .0 0 3  c o u ld  b e  e x p la in e d  b y  th e  e n la r g e m e n t  o f  b e n z o x a z in e  c h a in  s p a c in g  r e s u l te d  
f ro m  th e  S y n p e ro n ic  N P 3 0  m o le c u le s ,  a s  m e n t io n e d  in  s e c t io n  3.1 a n d  p r o p o s e d  b y  
N is h iy a m a  e t a l. [ 4 5 ] . T h e n , in c re a s in g  c o n c e n t r a t io n s  o f  S y n p e ro n ic  N P 3 0 ,  
m e s o p o re s  d ia m e te r  w e r e  a ls o  d e c r e a s e d  in to  s m a ll  m e s o p o re  d i a m e te r  in  th e  r a n g e  
o f  3 .5 7 - 6 .2 0  n m  f o r  th e  c o n c e n t r a t io n s  o f  0 .0 0 9 -0 .1 8 0  M  ( C X - N P 3 0 - 0 .0 0 9  to  C X -  
N P 3 0 - 0 .1 8 0 ) .  F u r th e rm o r e ,  w h e n  th e  c o n c e n t r a t io n  w a s  in c re a s e d  f ro m  0 .0 0 9  M  to  
0 .1 8 0  M , th e  la rg e  o p e n e d  n e tw o rk  a n d  th e  lo o s e  s t r u c tu r e  in  th e  r a n g e  o T m ic r o m e te r  
s c a le  w e r e  o b v io u s ly  o b s e rv e d  b y  F E -S E M  te c h n iq u e  a s  w e l l  ( F ig u re s  5 .6 c - f ) .  
H o w e v e r ,  th e  la rg e  o p e n e d  n e tw o rk  c o u ld  n o t b e  d e te c te d  b y  N 2 a d s o rp t io n  te c h n iq u e  
d u e  to  th e  l im i ta t io n  o f  K e lv in  e q u a t io n  [3 ]. A c c o rd in g  to  th e  m o d e l  p r o p o s e d  b y  
W a n g  e t  a l. [1 6 ] , th e  m ic r o p o re  (2  n m  < )  a n d  s m a ll  m e s o p o re  (2 -5  n m )  w e r e  lo c a te d  
w i th in  th e  c a r b o n  n a n o p a r t ic le s .  T h e r e fo re ,  f ro m  th e  r e s u l t s ,  th e  o b ta in e d  s m a ll  
m e s o p o re  in  th e  r a n g e  o f  3 .5 7 - 6 .2 0  n m  ( fo r  C X - N P 3 0 - 0 .0 0 9  to  C X - N P 3 0 - 0 .18 0 ) 
s h o u ld  b e  m o re  l ik e ly  to  b e  lo c a te d  in  th e  c a r b o n  x e ro g e l  p a r t ic le s  r a th e r  th a n  
g e n e ra te d  b y  th e  in te r - c o n n e c te d  s t r u c tu r e  o f  c a r b o n  p a r t ic le s  l ik e  C X  a n d  C X - N P 3 0 -
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0 .0 0 3 . M o re o v e r ,  an  a v e r a g e  m ic r o p o r e  d ia m e te r  o f  a ll  s a m p le s  w a s  in  th e  r a n g e  o f  
0 .6 6 - 1 . 0 0  n m .

T a b l e  5 .2  P o r e  s t r u c tu r e  o f  P B Z -b a s e d  c a r b o n  x e r o g e ls  p re p a re d  f ro m  1 0 %  พ /พ  o f  
b e n z o x a z in e  p r e c u r s o r  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  S y n p e ro n ic  N P 3 0

S a m p le S b e t
( m 2 / s )

V  micro 
( c m 3 /g )

Vmeso
( c m 3 /g ) (cm /ร)

A PD m icro
( n m )

A PD m eso
( n m )

C X 2 8 0 0 0 8 0 . 2 0 0 .2 8 0 .7 6 3 4 .7 8
C X -N P 3 0 - 0 .0 0 3 2 8 4 0 .0 8 0 .3 4 0 .4 2 0 . 6 6 5 6 .7 8
C X - N P 3 0 - 0 .0 0 9 2 7 6 0 .1 3 0 .0 8 0 . 2 1 0 .7 0 6 . 2 0

C X - N P 3 0 - 0 .0 3 0 2 9 0 0 .1 3 0 .0 9 0 . 2 2 0 . 6 6 3 .5 7
C X - N P 3 0 - 0 .0 9 0 2 9 2 0 .1 3 0 .0 8 0 . 2 1 0 .7 6 3 .5 7
C X - N P 3 0 - 0 .1 8 0 2 6 2 0 . 1 2 0 .0 4 0 .1 6 1 . 0 0 4 .5 3

Notes \ S beT  b e t  s u r f a c e  a re a ; Smesoi m e s o p o re  s u r fa c e  a re a ;  Vmicrtv m ic r o p o r e  
v o lu m e ;  V meS0: m e s o p o re  v o lu m e ; Vtotaf to ta l p o r e  v o lu m e ; A P D micro: a v e r a g e  
m ic r o p o re  d ia m e te r ;  APDmesc,: a v e r a g e  m e s o p o re  d ia m e te r ;  A P D : a v e r a g e  p o re  
d ia m e te r

F ig u re  5 .7  i l lu s t r a te s  th e  n i t ro g e n  a d s o r p t io n - d e s o r p t io n  i s o th e r m  o f  
a ll s a m p le s .  A c c o rd in g  to  c la s s i f ic a t io n  b y  I U P A C , c x  a n d  C X -N P 3 0 - 0 .0 0 3  
e x h ib i te d  th e  s ta n d a rd  is o th e r m  o f  ty p e  IV  w i th  H 3  h y s te re s is  lo o p . T y p e  IV  
r e p r e s e n ts  th e  c h a r a c te r i s t ic s  o f  m e s o p o ro u s  m a te r ia l  a n d  H 3  r e p r e s e n ts  th e  
a g g r e g a t io n  o f  p la ty  p a r t i c le s  o r  a d s o rb e n ts  c o n ta in in g  s l i t - s h a p e  p o re s  [2 1 , 4 7 ] , 
H o w e v e r ,  a s  th e  c o n c e n t r a t io n  o f  S y n p e ro n ic  N P 3 0  w a s  in c re a s e d  f ro m  0 .0 0 9  to  
0 .1 8 0  M , a ll  s a m p le s  e x h ib i te d  th e  s ta n d a rd  i s o th e r m  o f  ty p e  la  r e p r e s e n t in g  
m ic r o p o r o u s  a b s o rb e n ts  w i th  p o re s  o f  m o le c u la r  d im e n s io n s  (v e ry  s m a ll  m ic r o p o re )
[4 7 ] ,

T h e  m e s o p o r e  s iz e  d i s t r ib u t io n  o f  a ll s a m p le s ,  c a lc u la te d  b y  B J H  
m e th o d ,  w a s  i l lu s t ra te d  in  F ig u re  5 .8 . c x  a n d  C X -N P 3 0 - 0 .0 0 3  s h o w  h ig h e r  a m o u n t  
o f  m e s o p o r e  v o lu m e  a n d  la g e r  a v e r a g e  m e s o p o re  s iz e  a b o u t 0 .2 0 - 0 .3 4  c c /g  a n d  
3 4 .7 8 -5 6 .7 8  n m , r e s p e c t iv e ly ,  th a n  th o s e  o f  o th e r  s a m p le s .  A n  a v e r a g e  m e s o p o re  s iz e  
w a s  a ls o  s h i f te d  to  s m a l le r  m e s o p o re  d ia m e te r s  r a n g in g  f ro m  3 .5 7  n m  to  6 .2 0  n m , 
w h e n  in c r e a s in g  th e  c o n c e n t r a t io n  o f  S y n p e ro n ic  N P  3 0 . M o re o v e r ,  f ro m  F ig u re  5 .8 ,



95

a m o u n t  o f  m e s o p o r e  v o lu m e  o f  c a r b o n  x e r o g e ls  d e r iv e d  f ro m  S y n p e ro n ic  NP30 a t 
c o n c e n t r a t io n  o f  0.009-0.180 M, w a s  c le a r ly  lo w e r  th a n  th o s e  o f  c x  a n d  CX-NP30- 
0.003 a s  w e ll.

F i g u r e  5 .7  N 2 a d s o r p t io n - d e s o r p t io n  is o th e rm s  o f  p o ly 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 ls  u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  S y n p e r o n ic  N P 3 0 .

F i g u r e  5 .8  M e s o p o r e  s iz e  d i s t r ib u t io n s  o f  p o ly 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 ls  
u s in g  d i f f e r e n t  c o n c e n t r a t io n s  o f  S y n p e ro n ic  N P 3 0 , d e te rm in e d  b y  B JH  m e th o d .
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Figure 5.9 Micropore size distributions of polybenzoxazine-based carbon xerogels 
using different concentrations of Synperonic NP30, determined by MP method.

According to the microporous property of the obtained carbon 
xerogels, micropore size distributions, calculated by MP method (standard micropore 
size distribution), were shown in Figure 5.9. All samples showed the micropore size 
distribution in the range of very small micropores of 0 .6 6 -1 .0 0  nm corresponding to 
the standard isotherm of type la representing the microporous absorbent with pore of 
molecular dimensions (very small micropore) [47], Moreover, when the 
concentration of Synperonic NP30 were in the range of 0.009-0.180, as shown in 
Figure 5.9, the obtained carbon xerogels clearly showed high amount of micropore 
volume comparing to those of c x  and CX-NP30-0.003.

5.5 Conclusions

By using non-ionic surfactant (Synperonic NP30) and cationic surfactant 
(CTAB), the carbon xerogels derived from polybenzoxazine with tunable pore 
structure were successfully synthesized by a facile synthesis process with shorter 
preparation time. When CTAB was used as a surfactant, mesoporous carbon xerogels 
with wide range of mesopore diameters were obtained by changing the
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concentrations of CTAB. The mesopore diameters of 35.85, 36.07, 25.38. 25.25, and 
15.57 nm were achieved for CTAB concentration of 0.003, 0.009, 0.030, 0.090, and 
0.180 M, respectively. Carbon xerogel with the CTAB concentration of 0.090 M 
(CX-CTAB-0090) showed the highest mesoporosity of 0.64 cc/g and the highest 
BET surface area of 369 m2/g. Moreover, the carbon xerogel nanospheres with the 
size of 50-200 nm were obtained through emulsion process since the concentration of 
CTAB was equal to or exceeded 0.030 M. On the other hand, when the Synperonic 
NP30 concentrations were increased, the properties of the obtained carbon xerogels 
were shifted from mesoporous material for reference carbon xerogel (CX) to 
obviously microporous material at higher concentrations of Synperonic NP30 (0.009- 
0.180 M). Furthermore, the carbon xerogel microspheres with size of about 2.5 /J m 
were obtained through the emulsion process when the concentration of Synperonic 
NP30 reached 0.180 M. Therefore, CTAB is a suitable surfactant to produce 
mesoporous carbon xerogels with wide ranges of large mesopore diameters through 
the emulsion process and Synperonic NP30 is suitable for producing the microporous 
carbon xerogels, especially, microporous microspheres. Hence, the porous structure 
of polybenzoxazine-based carbon xerogels could be easily tailored by changing the 
surfactant species and concentrations.
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