
4.1 Abstract

P o ly b e n z o x a z in e ,  a  n e w  c la s s  o f  p h e n o l ic  r e s in ,  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  v ia  a  f a c i le  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  s ta r t in g  m a te r ia l  fo r  
p r o d u c in g  n a n o - p o r o u s  c a r b o n  w i th  p o re  s iz e s  o f  a b o u t  4 0 -2 0 0  n m . T h is  p o ro u s  
c a r b o n  is  p r e p a r e d  v ia  a  s o l-g e l  p r o c e s s ,  u s in g  d io x a n e  a s  a  s o lv e n t  ( C X D I)  a n d  is  
u s e d  a s  a  h a rd  te m p la te  c o n f in e m e n t  to  p r o d u c e  c r y s ta l l in e  n a n o s iz e d  M F I  o r  Z S M -5  
w i th  a  m o la r  c o m p o s i t io n  o f  1 0 N a 2 0 :2 0 0 S i0 2 :A l2 0 3 :2 0 T P A B r : 1 2 ,6 0 0 H 2 0  v ia  
h y d r o th e r m a l  m ic r o w a v e  i r r a d ia t io n  te c h n iq u e  w ith in  6 h  o f  s y n th e s i s  t im e . T h e  
X R D  p a t te r n s  s h o w  a  w e l l - o r d e r e d  c r y s ta l l in e  p h a s e  o f  n a n o s iz e d  Z S M -5 . In  
a d d i t io n ,  F T IR  r e s u l t  s h o w s  th e  w e a k  a b s o r p t io n  b a n d  a t  5 5 0  c m '1, in d ic a t in g  th e  
p r e s e n c e  o f  n a n o s iz e d  Z S M -5 . P a r t ic le  s iz e  d i s t r ib u t io n  o b ta in e d  f ro m  d y n a m ic  l ig h t  
s c a t t e r in g  a n d  T E M  im a g e s  r e v e a l  th a t  th e  c r y s ta l  s iz e  o f  Z S M -5  s y n th e s iz e d  u s in g  
C X D I  a s  a  h a r d  t e m p la te  ( Z S M -5 - C X D I )  is  in  th e  ra n g e  o f  2 7 - 7 0  n m . Z S M - 5 -C X D I  
a ls o  s h o w s  la rg e  e x te rn a l  s u r f a c e  a r e a  o f  2 1 7  m 2 /g .

CHAPTER IV
NOVEL TEMPLATE CONFINEMENT DERIVED FROM

POLYBENZOXAZINE-BASED CARBON XEROGELS FOR SYNTHESIS OF
ZSM-5 NANOPARTICLES VIA MICROWAVE IRRADIATION
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4.2 Introduction

Z e o l i te  S ie v e  o f  M o le c u la r  p o ro s i ty  -  5 , ( s t ru c tu re  ty p e  M F I  -  m o r d e n i te  
f r a m e w o r k  in v e r te d ) ,  Z S M - 5 , h a s  b e e n  u s e d  in  v a r io u s  a p p l ic a t io n s  e s p e c ia l ly  a s  a  
c a ta ly s t  in  o r g a n ic  s y n th e s e s ,  o il r e f in in g ,  e n v ir o n m e n ta l  m a n a g e m e n t ,  a n d  
p e t r o c h e m ic a l  in d u s try  [1 -6 ] , b e c a u s e  o f  i t s  o u ts ta n d in g  p ro p e r t ie s .  S o m e  o f  th e s e  
p r o p e r t i e s  a re :  s h a p e - s e le c t iv i ty ,  s u r fa c e  a c id i ty ,  w e l l - o r d e r e d  p o re  n e tw o r k ,  h ig h  
th e rm a l  s ta b i l i ty ,  a n d  c a t io n -e x c h a n g e  c a p a b il i ty .  G e n e ra l ly ,  Z S M - 5  is  a  
m ic r o p o r o u s ,  a lu m in o s i l i c a te  m a te r ia l ,  h a v in g  c ry s ta l  s iz e  in  a  m ic r o m e te r  r a n g e . 
T h e s e  p r o p e r t ie s  c o u ld  in f lu e n c e  th e  c a ta ly t ic  p e r f o rm a n c e  fo r  s y n th e s i s  o f  la rg e  
m o le c u le s  d u e  to  a  l im i ta t io n  o f  m a s s  t r a n s f e r  [5 , 7 ], T h e r e fo re ,  m a n y  r e s e a rc h e r s  
h a v e  b e e n  in te r e s te d  in  s y n th e s iz in g  m e s o p o r o u s  Z S M -5 , fo r  th e  im p r o v e m e n t  o f  
c a ta ly t ic  p r o p e r t ie s  u s in g  c a r b o n  a e ro g e l  [ 8 -1 0 ] ,  p o ly m e r  [1 1 -1 2 ] , s u r f a c ta n t  [1 3 -1 4 ]  
a s  a  te m p la te .

A n o th e r  w a y  to  im p ro v e  th e  c a ta ly t ic  p e r f o rm a n c e  o f  Z S M -5  is  d e c r e a s in g  
th e  c r y s ta l  s iz e  to  n a n o s c a le  to  e n a b le  m o r e  a c t iv e  s ite s , r e s u l t in g  in  th e  in c re a s e d  
c a ta ly t ic  e f f ic ie n c y  [2 , 15 ]. U s in g  th is  Z S M -5  n a n o c a ta ly s t ,  S e r ra n o  et al. [2 ] s tu d ie d  
th e  e p o x id a t io n  r e a r r a n g e m e n t  r e a c t io n s  a n d  fo u n d  th a t  n a n o c r y s ta l l in e  Z S M - 5  w ith  
th e  c r y s ta l  s iz e  in  th e  ra n g e  o f  2 0 -5 0  n m  s h o w e d  h ig h e r  e p o x id e  c o n v e r s io n  th a n  
m ic r o c r y s ta l l in e  Z S M -5  w i th  th e  c ry s ta l  s iz e  o f  5 / a ท. F u r th e rm o r e ,  Z S M -5  
n a n o p a r t ic le s  w e r e  a ls o  u s e d  a s  a  m e m b ra n e  to  e f fe c t iv e ly  s e p a ra te  b u ta n e  is o m e r s  a t 
h ig h  te m p e r a tu r e  [1 6 ] .

M e s o p o ro u s  Z S M -5  a n d  Z S M -5  n a n o p a r t ic le s  w e r e  g e n e ra l ly  s y n th e s iz e d  
b y  u s in g  r e s o rc in o l - f o r m a ld e h y d e  ( R F ) - b a s e d  c a r b o n  a e ro g e l  ( o r  c a rb o n  x e r o g e l )  a s  a  
t e m p la t in g  c o n f in e m e n t  to  c o n t r o l  th e  s iz e  a n d  th e  p o re s  o f  th e  Z S M -5  c r y s ta l s  [8 -1 0 , 
1 7 -1 8 ] , In  th is  w o rk , w e  p r o p o s e d  a  n o v e l  h a rd  te m p la te  d e r iv e d  f ro m  
p o ly b e n z o x a z in e .  P o ly b e n z o x a z in e  ( P B Z )  w a s  c h o s e n  a s  a  s ta r t in g  m a te r ia l  to  
p r o d u c e  c a r b o n  a e r o g e l /x e ro g e l  s in c e  it h a s  m a n y  p r o m in e n t  a d v a n ta g e s  in c lu d in g  
r in g - o p e n in g  p o ly m e r iz a t io n  w i th o u t  a d d e d  in i t ia to rs  o r  c a ta ly s t ,  n o  r e le a s e  o f  
v o la t i le s  d u r in g  p o ly m e r iz a t io n ,  n e a r - z e ro  v o lu m e tr ic  c h a n g e  u p o n  p o ly m e r iz a t io n ,  
a n d  lo w  w a te r  a d s o rp t io n .  O f  p a r t i c u la r  in te r e s t  in  th e  c u r r e n t  p r o je c t  is  th e  e x c e l le n t  
m o le c u la r  d e s ig n  f le x ib i l i ty  o f  th e  b e n z o x a z in e  c h e m is t ry  b y  v a r y in g  ty p e s  o f  a m in e s
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a n d  p h e n o ls  [1 9 -2 8 ]  w h ic h  c o u ld  ta i lo r  th e  p o re  s tru c tu re  o f  P B Z -b a s e d  o r g a n ic  
x e ro g e l  a n d  c a r b o n  x e r o g e l  a f te r  c a r b o n iz a t io n  [2 9 -3 1 ] . P B Z  is  e a s i ly  s y n th e s i z e d  b y  
th e  M a n n ic h  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 r o p o s e d  b y  I s h id a  [3 2 ] . 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 rc r i t ic a l  C O 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 te p s  is  r e q u ire 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  a e r o g e l /x e ro g e l  p r e p a r a t io n .

A  h o m o g e n e o u s  o r th o r h o m b ic  M F I  z e o l i te  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  u s in g  s i l a t r a n e ,  a  n o v e l o r g a n o s i l ic a te  m a te r ia l ,  a s  a  S i s o u rc e  v i a  s o l -g e l  
p r o c e s s  a t  15 0  °c m ic r o w a v e  te m p e r a tu r e  fo r  20 h  b y  P h i r iy a w ir u t  et al. w h o  fo u n d  
th a t  th e  fo rm a t io n  r a te  o f  M F I d e p e n d e d  o n  O H "  c o n c e n t r a t io n ,  N a + c o n c e n t r a t io n ,  
a n d  o r g a n ic  te m p la te  c o n c e n t ra t io n . M o re o v e r ,  th e y  a ls o  fo u n d  th a t  th e  r e a c t io n  
te m p e ra tu re  w a s  r e la te d  to  b o th  a g in g  a n d  h e a t in g  t im e . T h e  lo n g e r  a g in g  t im e  is 
m o re  im p o r ta n t  f o r  o b ta in in g  h ig h  c r y s ta l l in i ty  M F I  th a n  th e  h e a t in g  t im e  [3 3 ] ,

In  th is  w o rk ,  w e  u s e d  P B Z -b a s e d  c a r b o n  x e r o g e ls  a s  a  n o v e l te m p la t in g  
c o n f in e m e n t  to  p r o d u c e  Z S M -5  n a n o p a r t ic le s  v ia  m ic r o w a v e  ir ra d ia t io n . T h e  e f f e c ts  
o f  th e  r e s u l t in g  h a r d  c a r b o n  te m p la te  o n  th e  m ic r o s t r u c tu r e  o f  Z S M -5  w e r e  a ls o  
in v e s t ig a te d .

4.3 Experimental

4.3.1 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  ( M C B P )  w i th  b e n z o x a z in e  
g ro u p  a s  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  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 .  
T h e  M C B P  w a s  s y n th e s iz e d  f ro m  b is p h e n o l -A  ( B A , 9 7 % , A ld r ic h ) ,  
t r ie th y le n e te t r a m in e  (T E T A , F A C A I  G ro u p  L im ite d ,  T h a i la n d )  a n d  f o r m a ld e h y d e  
(3 7 %  พ /พ ,  M e r c k  L im i te d ,  G e rm a n y )  u s in g  d io x a n e  a n d  d im e th y l f o r m a m id e  ( D M F )  
a s  s o lv e n ts  a n d  th e  p o ly m e r  is  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 ) .  D io x a n e  
a n d  D M F  w e r e  p u r c h a s e d  f ro m  L a b s c a n  A s ia  C o ., L td ., T h a i la n d  ( a n a ly t ic a l  g ra d e ) .  
A ll c h e m ic a ls  w e r e  u s e d  w i th o u t  f u r th e r  p u r i f ic a t io n .
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F o r  s y n th e s i s  o f  n a n o s iz e d  Z S M - 5 , te t r a e th y lo r th o s i l ic a te  (T E O S , 
> 9 8 % , F lu k a ) ,  te t r a p r o p y la m m o n iu m  b ro m id e  (T P A B r ,  > 9 8 % , F lu k a ) ,  s o d iu m  
h y d r o x id e  p e l le ts  (N a O F I. > 9 9 % , L a b s c a n  A s ia  C o .,  L td .,  T h a i la n d ) ,  a n d  a lu m in u m -  
t r i - i s o p r o p o x id e  ( A l( iP r O ) 3 , 9 7 %  , A ld r ic h )  w e re  u s e d  w ith o u t  p u r i f ic a t io n .

4.3.2 Synthesis o f polybenzoxazine-based carbon xerogels

4.3.2.1 Synthesis o f organic gels
T h e  q u a s i - s o lv e n t le s s  m e th o d  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 r o p o s e d  b y  I s h id a  [3 2 ] w a s  u s e d  to  s y n th e s iz e  b e n z o x a z in e  p r e p o ly m e r  w ith  
a  m o le  r a t io  o f  1 :1 :4  b i s p h e n o l - A :T E T A :f o r m a ld e h y d e .  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 o u rs , 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  [2 4 ] , 
B is p h e n o l - A  a n d  f o rm a ld e h y d e  w e r e  s e p a r a te ly  d is s o lv e d  in d io x a n e  a n d  D M F  a n d  
m a g n e t ic a l ly  s tir re d  fo r  2 0  m in  b e f o r e  s lo w ly  d r o p p in g  T E T A  in to  th e  m ix tu r e .  T h e  
m ix tu r e  w a s  c o n t in u o u s ly  s t i r r e d  in  a n  ice  b a th  fo r  1 h  u n til  t r a n s p a re n t  y e l lo w  
b e n z o x a z in e  p r e p o ly m e r  w a s  o b ta in e d .  T h e  p r e p o ly m e r  w a s  th e n  p u t  in  a  c lo s e d  

s y s te m  a n d  le f t  fo r  o n e  d a y , f o l lo w e d  b y  h e a t in g  a t  8 0  °c fo r  2  d a y s  in  a n  o i l  b a th  to  
le t th e  g e l s e t .  A f te r  th a t ,  w h i te  o p a q u e  b e n z o x a z in e  g e l w a s  im m e rs e d  in  a c e to n e  fo r  
3 d a y s  b e f o r e  s o lv e n t r e m o v a l  b y  a m b ie n t  p r e s s u r e  d ry in g . T h e  r e s u l t in g  o r g a n o g e l  

w a s  th e n  c u r e d  a t  160  ๐ c  a n d  180  °c fo r  3 h  a t e a c h  te m p e ra tu re ,  a n d  2 0 0  ๐c  f o r  1 h 
to  o b ta in  th e  fu l ly - c u r e d  p o lÿ b e n z o x a z in e  w ith  h ig h  p o ro s i ty  [3 0 ] . Note: T h e  
c o n c e n t r a t io n  o f  b e n z o x a z in e  p r e p o ly m e r  w a s  k e p t  a t  4 5 %  พ /พ . 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  u s in g  d io x a n e  a n d  D M F  a s  s o lv e n ts  w e r e  a b b re v ia te d  a s  
C X D I  a n d  C X D M , r e s p e c t iv e ly .

4.3.2.2 Pyrolysis process
F u l ly - c u r e d  p o lÿ b e n z o x a z in e  x e ro g e ls  w e re  p y ro ly z 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  f o l lo w in g  s te p  p y ro ly s is :  3 0 - 2 5 0  ๐c  f o r  1 h , 

2 5 0 - 6 0 0  °c fo r  5 h , 6 0 0 - 8 0 0  °c f o r  1 h  a n d  h o ld  a t  8 0 0  ๐c  f o r  2  h , f o l lo w e d  b y  . 
c o o l in g  to  ro o m  te m p e r a tu r e  u n d e r  n i tro g e n  a tm o s p h e r e . A l l  p r o c e s s e s  a re  
s u m m a r iz e d  in  S c h e m e  4 .1 .
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Scheme 4.1 S y n th e s i s  d ia g ra m  o f  P B Z -b a s e d  c a r b o n  x e ro g e ls .

4.3.3 Synthesis o f ZSM-5 nanoparticles

T h e  m ix tu r e  o f  10 N a 2 0 : 2 0 0  S iO 2 :A l2 O 3:2 0  T P A B r :  1 2 ,6 0 0  H 20  [1 7 , 
3 4 ]  w a s  p r e p a r e d  b y  m ix in g  T E O S  a n d  A l ( iP r O ) 3, N a O H , a n d  T P A B r . T h e n ,  1 g  o f  
P B Z -b a s e d  c a r b o n  x e r o g e ls  w a s  a d d e d  a n d  e v a c u a te d  u n til n o  b u b b le  w a s  o b s e rv e d
[1 7 ]  a n d  a g e d  f o r  5 h  b e f o r e  h e a t in g  in  a  m ic r o w a v e  (M IL E S T O N E , E T H O S  S E L , 
T y p e  E T H O S  P lu s  2 , O p e ra t in g  p o w e r  o f  6 0 0  พ )  a t  1 5 0  °c f o r  6  h . T h e  
c r y s ta l l iz a t io n  r e a c t io n  to o k  p la c e  in  a  c lo s e d  v e s s e l  d u r in g  m ic r o w a v e  i r r a d ia t io n . 
A f te r  th e  r e a c t io n ,  th e  m ix tu r e  w a s  c o o le d  to  r o o m  te m p e ra tu re  a n d  f i l te r e d .  T h e  
p r e c ip i ta t e  w a s  w a s h e d  w ith  d is t i l le d  w a te r  u n ti l  p H  b e c a m e  n e u tr a l  (=7) a n d  d r ie d  a t 

11 0  °c fo r  2  d a y s  to  r e m o v e  w a te r  p r io r  to  c a lc in a t io n  a t 5 5 0  ๐c  fo r  18 h  w i th  a  

h e a t in g  r a te  o f  1 ๐c / m i n  to  r e m o v e  a ll o r g a n ic s  a n d  c a r b o n  x e r o g e ls  te m p la te .  
F in a l ly ,  w h i te  p o w d e r  o f  Z S M -5  w a s  o b ta in e d .
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4.3.4 Characterization

T h e  m o r p h o lo g y  a n d  m ic r o s t r u c tu r e  o f  c a rb o n  x e r o g e ls  a n d  Z S M - 5  
w e re  o b s e r v e d  b y  u s in g  f ie ld  e m is s io n  s c a n n in g  e le c t ro 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  201  OF). 
X - ra y  d i f f r a c to m e te r  ( B r u k e r  A X S , G e r m a n y  M o d e l  D 8  A d v a n c e )  w i th  C u K a 
r a d ia t io n , a  g e n e ra to r  v o l ta g e  o f  4 0  k v ,  a n d  c u r r e n t  o f  3 0  m A , w a s  u s e d  to  o b s e rv e  
th e  c r y s ta l l in i ty  o f  Z S M -5 . T h e  s c a n  s p e e d  o f  1° ( 2 0 / m i n  w ith  a  s c a n  s te p  o f  0 .0 1 °  

-{20) w a s  u s e d  to  c o n t in u o u s ly  ru n  b e tw e e n  5 °  a n d  5 0 °  ( 2 9) r a n g e .  T h e  b r o a d  

a m o r p h o u s  ( lo c a te d  a t  2  6 = 1 7 ° - 2 9 ° )  a n d  c r y s ta l l in e  c o n tr ib u t io n s  w e r e  u s e d  to  
c a lc u la te  th e  r e la t iv e  f r a c t io n  o f  c r y s ta l l in e  p h a s e  o f  th e  s a m p le , u s in g  th e  r a t io  o f  
p e a k  h e ig h t  ( Z /T ) ,  w h e re  z  r e p r e s e n ts  th e  p e a k  h e ig h t  o f  th e  (5 0 1 }  c r y s ta l l in e  p la n e  
c o n tr ib u t io n  o f  Z S M -5  a n d  T  r e p r e s e n ts  th e  to ta l  p e a k  h e ig h t , in c lu d in g  th e  
a m o r p h o u s  h e ig h t ,  a t th e  s a m e  a n g le , r e s p e c t iv e ly  [1 7 ] . T h e  p a r t ic le  s iz e  d is t r ib u t io n  
o f  Z S M -5  n a n o p a r t ic le s  w a s  m e a s u r e d  b y  d y n a m ic  l ig h t s c a t t e r in g  te c h n iq u e  
(M a lv e rn  Z e ta s i z e r  N a n o  S e r ie s , M a lv e r n  I n s t r u m e n ts  L td .) . T h 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  m e a s u r e m e n t  a p p a ra tu s  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  c a r b o n  x e r o g e ls  a n d  Z S M -5 , u s in g  Q u a n ta c h o m e - A u to s o r p l - M P . T h e  
s a m p le s  w e r e  d e g a s s e d  a t 3 0 0  °c  fo r  15 h  b e f o r e  e a c h  m e a s u r e m e n t .  T h e  
m ic r o p o ro u s  p r o p e r t ie s  a n d  e x te rn a l  s u r f a c e  a r e a  w e r e  c a lc u la te d  f ro m  th e  t - p lo t  
m e th o d  [3 5 ] . T h e  m e s o p o ro u s  p r o p e r t ie s  w e r e  a n a ly z e d  b y  th e  B JH  m e th o d  [ 3 6 -3 7 ] ,  
a n d  th e  s p e c i f i c  s u r fa c e  a r e a  w a s  d e te rm in e d  b y  th e  B E T  th e o ry . F T - I R  s p e c t r a  a n d  
' h  N M R  s p e c t r a  w e re  r e c o r d e d  o n  T h e r m o  N ic o le t  N e x u s  6 7 0  m o d e l  a n d  V a r ia n  
M e r c u r y  3 0 0  ( 3 0 0  M H z )  a p p a ra tu s ,  r e s p e c t iv e ly .  ■

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

4.4.1 Confirmation o f polybenzoxazine structure

T h e  c h e m ic a l  s tru c tu re  o f  th e  b e n z o x a z in e ,  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  d e r iv e d  f ro m  b is p h e n o l  A  a n d  te ta ,  h e r e in a f te r  a b b re v ia te d  a s
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M C B P ( B A - te ta ) ,  w a s  c o n f i rm e d  b y  F T IR  a n d  * H -N M R . T h e  in te n s i ty  o f  
t r i s u b s t i tu t e d  b e n z e n e  r in g  a t  15 0 4  c m ' 1 a n d  o u t - o f - p la n e  b e n d in g  v ib r a t io n s  o f  th e  
b e n z e n e  r in g  a t  9 3 6  c m ' 1 c o n f i rm e d  th a t  th e  m a in - c h a in  ty p e  b e n z o x a z in e  p r e c u r s o r  
w a s  s u c c e s s f u l ly  o b ta in e d  [3 8 ] , A f te r  th e  p r e c u r s o r s  w e re  fu l ly  c r o s s - l in k e d ,  th e  
in te n s i t ie s  o f  th e s e  tw o  b a n d s  s ig n i f ic a n t ly  d e c r e a s e d ,  in d ic a t in g  th a t  th e  r in g ­
o p e n in g  o f  o x a z in e  r in g  to o k  p la c e . T h e  ]H - N M R  r e s u l t  in d ic a te s  th e  o x a z in e  r in g  
f o rm a t io n , a s  c a n  b e  s e e n  f r o n r t h e  c h a r a c te r i s t ic  p e a k s  a t  4 .8 2  p p m  ( 0 - C H 2 -N )  a n d
3 .9 4  p p m  ( A r - C H 2 -N ) , r e p r e s e n t in g  th e  p r o to n s  o f  m e th y le n e  b r id g e  in  o x a z in e  r in g . 
T h e  p e a k  a t  1 .5 5  p p m  c o r r e s p o n d s  to  th e  p r o to n s  o f  m e th y l  g r o u p s  in  b is p h e n o l -A . 
M o re o v e r ,  th e  p r o to n  r e s o n a n c e  b e lo n g in g  to  a l ip h a t ic  a m in e  is  f o u n d  a t  2 .8 6  p p m  
a n d  th e  r e s o n a n c e  a t 3 .7 0  p p m  re p r e s e n ts  th e  p r o to n s  o f  - C H 2 - o f  th e  o p e n e d  o x a z in e  
r in g , in d ic a t in g  th a t  M C B P (B A - te ta )  w a s  in  a  p a r t i a l ly -c u re d  s ta te .  A ll d a ta  f ro m  
F T IR  a n d  'f l - N M R  a re  c o n s is te n t  to  th e  r e s u l t s  o f  K a ta n y o o ta  e t a l. [3 0 ] ,

4.4.2 Microstr uct lire o f PBZ-based carbon xerogels

G e n e ra l ly ,  R F - b a s e d  c a r b o n  a e r o g e ls  a re  u s e d  a s  a  te m p la t in g  
c o n f in e m e n t  to  p r o d u c e  m e s o p o ro u s  Z S M - 5 . T h e s e  c a r b o n  m a te r ia ls  h a v e  th e  p o r e  
d ia m e te r  in  th e  r a n g e  o f  1 0 - 3 0  n m  [8 -1 0 ] . In  th is  w o rk ,  P B Z -b a s e d  c a r b o n  x e r o g e ls ,  
C X D I  a n d  C X D M , w e r e  p r e p a r e d  u s in g  d io x a n e  a n d  D M F  as  s o lv e n ts ,  r e s p e c t iv e ly ,  
v ia  a m b ie n t  p r e s s u r e  d r y in g . T h e  p h y s ic a l  p r o p e r t ie s  o f  th e s e  c a r b o n  x e ro g e ls  a r e  
g iv e n  in  T a b le  4 .1 . T h e  s p e c i f ic  s u r fa c e  a r e a  o f  b o th  s a m p le s  a r e  a r o u n d  3 1 1 - 3 1 2  
m 2 /g . A l th o u g h  b o th  s a m p le s  p ro v id e d  a lm o s t  th e  s a m e  s p e c if ic  s u r f a c e  a r e a , th e  
m e s o p o re  s u r f a c e  a re a  a n d  m e s o p o re  v o lu m e  o f  C X D I  a re  h ig h e r ,  a r o u n d  35  m 2 /g ,  
a n d  0 .2 7  c c /g ,  r e s p e c t iv e ly ,  th a n  th o s e  o f  C X D M . T h e  a v e r a g e  m e s o p o r e  d ia m e te r  o f  
C X D I  a n d  C X D M  is  3 .7 0  a n d  3 .6 6  n m , r e s p e c t iv e ly ,  w h e re a s  th e  a v e ra g e  p o re  
d ia m e te r  is  5 .4 0  a n d  2 .6 7  n m , r e s p e c t iv e ly .  C X D I  h a s  a n  a v e r a g e  p o re  d ia m e te r  
la r g e r  th a n  a n  a v e r a g e  m e s o p o r e  d ia m e te r ,  in d ic a t in g  th a t  m a c ro p o re s  a re  p r e s e n t  in  
C X D I  a s  c o n f i r m e d  b y  th e  N 2 a d s o rp t io n  is o th e r m  in  F ig u re  4 .1 ,  in  w h ic h  th e  
a d s o rp t io n  b r a n c h  d id  n o t  r e a c h  th e  p la te a u  r e g io n  a t  th e  h ig h  r e la t iv e  p re s s u re .
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T a b l e  4 .1  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 ro g e ls  u s in g  D M F  a n d  d io x a n e  
a s  s o lv e n ts  v i a  a m b ie n t  p r e s s u r e  d r y in g  a t  c o n c e n t r a t io n  o f  4 5 %  พ /พ

S a m p le S bet
(m2/g)

Smeso(m2/g) (cm/g)
Vmeso

(c m 3/g ) (cm /2 )
A P D micr0 

(n m )
APDmeso

(n m )
A P D
(n m )

CXDM* 312 1 0 0.14 0.05 0.19 1 .10 3.66 2.67
CXDI 311 3 5 0.13 0.27 0.40 1.30 3.70 5.40

Notes : *: r e f  19 ; S b et : b e t  s u r fa c e  a r e a ;  Smes0: m e s o p o r e  s u r fa c e  a r e a ;  V mjCr0: 
m ic r o p o re  v o lu m e ;  V meso: m e s o p o r e  v o lu m e ;  Vtotal: to ta l  p o re  v o lu m e ;  A P D mjcro: 
a v e r a g e  m ic r o p o r e  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 re  d ia m e te r

O n  th e  o th e r  h a n d ,  fo r  C X D M , an  a v e r a g e  p o re  d ia m e te r  is  s m a l le r  
th a n  a n  a v e r a g e  m e s o p o re  d i a m e te r  im p ly in g  th a t  a  la rg e  a m o u n t o f  m ic r o p o r e s  is  
p r e s e n t  in  C X D M  as  s h o w n  in  T a b le  4 .1 . H o w e v e r ,  C X D M  s till c o n ta in s  a  s m a ll  
a m o u n t  o f  m a c r o p o r e s  a s  c o n f i r m e d  b y  th e  N 2 a d s o rp t io n  is o th e rm  ( F ig u r e  4 .1 ) . A t 
th e  h ig h  r e la t iv e  p r e s s u r e ,  th e  a d s o rp t io n  b r a n c h  o f  C X D M  d o e s  n o t r e a c h  th e  p la te a u  
r e g io n  a s  w e l l  a s  th a t  o f  C X D I  b u t  th e  a m o u n t  o f  u p ta k e  is  d if fe re n t.

F i g u r e  4 .1  A d s o r p t io n  is o th e r m s  o f  P B Z -b a s e d  c a rb o n  x e r o g e ls  p r e p a r e d  f ro m  4 5 %  
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  ( A )  D M F  (C X D M )  [1 9 ]  a n d  ( O )  D io x a n e  
( C X D I)  a s  s o lv e n ts  v ia  a m b ie n t  p r e s s u r e  d ry in g .
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F ig u r e  4 .2 a  i l lu s t r a te s  th e  m o r p h o lo g y  o f  C X D M , s h o w in g  v e r y  la rg e  
o p e n e d  n e tw o rk  s t r u c tu r e  ( 5 0 0  n m - 2  /vm ) [1 9 ] . I l lu s tra te d  in  F ig u re  4 .2 b  a re  th e  S E M  
m ic r o g r a p h  a n d  T E M  im a g e  ( in s e t )  o f  C X D I  w h ic h  s h o w s  th a t  th is  p o r o u s  c a r b o n  
a ls o  c o n ta in s  m a c r o p o r e s  (> 5 0  n m )  in  th e  s tru c tu re .  H o w e v e r ,  la rg e  m a c r o p o r e s  
c o u ld  n o t  b e  d e te c te d  b y  พ 2 a d s o rp t io n  d u e  to  th e  l im i ta t io n  o f  th e  K e lv in  e q u a t io n  
[ 3 9 -4 1 ]  s in c e  C X D I  m o s t ly  c o n ta in  m e s o p o r e s  a n d  m a c ro p o re s  ( 4 0 - 2 0 0  n m ) . 
A c c o r d in g  to  th e  I U P A C  c la s s i f ic a t io n ,  it w a s  fo u n d  th a t  th e  a d s o rp t io n  i s o th e r m s  o f  
b o th  s a m p le s  a re  a  c o m b in a t io n  o f  th e  s ta n d a r d  is o th e rm  b e tw e e n  ty p e  l i b  is o th e r m  
w i th  a  H 3  h y s te r e s is  lo o p  a n d  ty p e  Ic  i s o th e r m  w ith  lo w  r e la t iv e  p r e s s u r e  h y s te r e s is  
lo o p  d u e  to  a  c a p i l la r y  c o n d e n s a t io n ,  in  w h ic h  ty p e  Ic  r e p r e s e n ts  m ic r o p o r o u s  
a d s o r b e n t  c o n ta in in g  m e s o p o re s  a n d  ty p e  l i b  r e p r e s e n ts  m a c r o p o r o u s  a d s o r b e n t  [4 0 -  
4 2 ] ,  T h e  c o m b in a t io n  o f  m ic r o p o r e s , 'm e s o p o r e s ,  a n d  m a c ro p o ro re s  in  b o th  s a m p le s  
is  th e  c a u s e  o f  a  d e v ia t io n  f ro m  th e  id e a l is o th e rm  a n d  lo w  r e la t iv e  p r e s s u r e  
h y s te r e s i s  lo o p , a s  d e s c r ib e d  b y  L o r ja i  e t  a l. [2 9 ]  w h o  p r e p a r e d  p o ro u s  c a r b o n  f ro m  
b is p h e n o l - A  a n d  a n i l in e  b a s e d  p o ly b e n z o x a z in e .  H ig h e r  a m o u n t  o f  a d s o rp t io n  
v o lu m e  a n d  la g e r  h y s te r e s is  lo o p  a t  h ig h  r e la t iv e  p re s s u re  o f  C X D I  a re  th e  e v id e n c e  
c o n f i r m in g  th e  p r e s e n c e  o f  la r g e r  m e s o p o re  o f  C X D I , a s  s h o w n  in  F ig u r e  4 .1 ,  th a n  
C X D M .

F i g u r e  4 .2  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 ro g e ls  p r e p a r e d  f ro m  4 5 %  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  (a )  D M F  ( C X D M )  [1 9 ]  a n d  (b )  D io x a n e  ( C X D I)  a s  
s o lv e n ts  v ia  a m b ie n t  p r e s s u r e  d ry in g .
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O n e  o f  th e  im p o r ta n t  p a r a m e te r s  a f f e c t in g  th e  p o re  s t r u c tu r e  is  th e  
d i f f e r e n c e  in  th e  s o lu b i l i ty  p a r a m e te r  o f  th e  s o lv e n ts  u s e d  s in c e  th e  f o rm a t io n  o f  
p o ly m e r  c lu s te r  d u r in g  p h a s e  s e p a r a t io n  v a r ie s  w i th  d i f f e r e n t  s o lv e n ts .  T h e  t im e  
c o r r e s p o n d in g  s o l -g e l  t r a n s i t io n  w a s  r e la te d  to  th e  ra te  o f  c lu s te r  g r o w th  a s  in d ic a te d  
b y  th e  g e la t io n  t im e . D u r in g  th e  s o l-g e l  p ro c e s s ,  th e  m o le c u la r  w e ig h t  o f  
b e n z o x a z in e  p r e c u r s o r  in  th e  s o lu t io n  w a s  in c re a s e d  r e la t in g  to  th e  t im e ,  r e s u l t in g  in  
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  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 .  
F in a l ly ,  th e  m a c r o s c o p ic  g e la t io n  p o in t  w a s  o b ta in e d  b y  in te r - c o n n e c te d  b e n z o x a z in e  
c lu s te r s ,  a s  in d ic a te d  b y  th e  g e la t io n  t im e , r e s u l t in g  in  -the  c r e a t io n  o f  p o re s  a f te r  
s o lv e n t  r e m o v a l p ro c e s s .

B y  u s in g  D M F  a s  a  s o lv e n t ,  C X D M  s h o w e d  s h o r te r  g e la t io n  t im e  (3
h )  in d ic a t in g  th a t  w h e n  b e n z o x a z in e  p r e c u r s o r s  p o ly m e r iz e d  in to  la r g e r  m o le c u le s  in  
D M F , th e  r e s u l t in g  p o ly b e n z o x a z in e s  p r e f e r r e d  to  s e p a r a te  f ro m  D M F  d u e  to  th e  
im m is c ib i l i ty  o f  p o ly b e n z o x a z in e  in  D M F . T h e  o p e n e d  n e tw o rk  s t r u c tu r e  w a s  
c r e a te d  b y  la rg e  p o ly b e n z o x a z in e  c lu s te r s  a f te r  th e  s o lv e n t  r e m o v a l  p r o c e s s .

O n  th e  c o n tr a ry ,  b y  u s in g  d io x a n e  a s  s o lv e n t ,  C X D I  s h o w e d  a  lo n g e r  
g e la t io n  t im e  ( 1 2 0  h )  a n d  th e  p o re  s iz e  w a s  in  th e  r a n g e  o f  m e s o - m a c r o p o r e  w h ic h  
w a s  s m a l le r  th a n  th e  o p e n e d  n e tw o rk  s t r u c tu r e  o f  C X D M . T h is  is  in  p a r t  r e la te d  to  
th e  te n d e n c y  o f  o x a z in e  r in g  o p e n in g . O x a z in e  r in g s  te n d  to  o p e n  in  s o lv e n ts  w i th  
la r g e  d ie le c t r ic  c o n s ta n ts  s u c h  a s  h y d r o p h i l ic  s o lv e n ts ,  w h e r e a s  in  a  s o lv e n t ,  s u c h  a s  
d io x a n e  w ith  lo w  d ie le c t r ic  c o n s ta n t ,  it is  m o r e  d if f ic u l t  to  o p e n . T h u s , th e  f o rm a t io n  
o f  e x te n d e d  m o le c u la r  s t r u c tu r e  is  e a s ie r  to  a c h ie v e  in  D M F  th a n  in  d io x a n e .  T h e  
p h a s e  s e p a r a t io n  to o k  p la c e  a f te r  m u c h  la r g e r  c r o s s l in k e d  p o ly m e r  m o le c u le s  w e r e  
fo rm e d . T h e n , s m a l l  c lu s te r s  o f  p o ly b e n z o x a z in e  a n d  m e s o - m a c r o p o r e  w e r e  o b ta in e d  
a f te r  th e  r e m o v a l  o f  s o lv e n t  (F ig u re  4 .2 b ) .  S c h e m e  4 .2  s h o w s  th e  f o rm a t io n  o f  
b e n z o x a z in e  w e t  g e l d u r in g  th e  s o l-g e l  p ro c e s s .

In  2 0 0 6 , O z a k i  et al. [1 7 ] fo u n d  th a t th e  p e r c e n ta g e  o f  in o r g a n ic  
c o n te n t  (Z S M -5  n a n o p a r t ic le s )  in c re a s e d  w i th  th e  in c re a s e  o f  m e s o p o r o u s  s u r fa c e  
a r e a  o f  R F -b a s e d  c a r b o n  a e r o g e ls .  T h u s , s o m e  m a c ro p o re s  c o n ta in e d  in  m e s o p o r o u s  
c a r b o n  m ig h t  h a v e  a  s ig n i f ic a n t  e f fe c t  o n  th e  s y n th e s is  o f  m e s o p o ro u s  Z S M -5  a n d  
Z S M - 5  n a n o p a r t ic le s  d u e  to  h ig h  a c c e s s ib i l i ty  o f  r e a c t io n  m ix tu r e  in to  th e  p o re s  o f  
c a r b o n  [8 -1 0 , 17 , 4 3 -4 4 ] .  A s  a  r e s u l t ,  c a r b o n  x e r o g e ls  d e r iv e d  f ro m  u s in g  d io x a n e  a s
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a  s o lv e n t ,  C X D I , c o u ld  b e  s u i ta b le  a s  a  te m p la te  c o n f in e m e n t  d u e  to  th e i r  la rg e r  
m e s o p o r e  a n d  m a c r o p o r e  v o lu m e .
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S c h e m e  4 .2  F o r m a t io n  o f  b e n z o x a z in e  w e t g e l d u r in g  th e  s o l -g e l  p ro c e s s .

4.4.3 Synthesis o f nanosized ZSM-5 in the presence o f PBZ-based carbon 
xerogels

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  w e r e  u s e d  a s  th e  h a rd  
te m p la te  fo r  th e  s y n th e s i s  o f  Z S M -5  n a n o p a r t ic le s ,  a b b re v ia te d  a s  Z S M - 5 -C X D I  a n d  
Z S M - 5 -C X D M  f o r  Z S M -5  s y n th e s iz e d  u s in g  C X D I a n d  C X D M  a s  th e  h a rd  
t e m p la te ,  r e s p e c t iv e ly .  T h e  X R D  d i f f r a c t ro g r a m s  in  F ig u re  4 .3  i l lu s t ra te  th e  p a t te r n s  
o f  Z S M - 5  (2(9 =  7 .8 9 ° ,  8 .8 2 ° , a n d  2 3 .2 3 ° )  s u c c e s s f u l ly  s y n th e s iz e d  in  th e  p r e s e n c e  o f  
C X D M  a n d  C X D I  h a r d  te m p la te .  T h e  d i f f r a c t r o g r a m  p e a k s  o f  Z S M - 5 -C X D I  (F ig u re  
4 .3 a )  a r e  s l ig h t ly  b r o a d e r  a n d  a p p a re n t ly  s h o w  th e  lo w e s t  in te n s i ty  o f  c r y s ta l l in e  
p e a k s ,  c o m p a r in g  to  th o s e  o f  Z S M - 5 -C X D M  a n d  Z S M -5  r e fe r e n c e ,  im p ly in g  th e  
p r e s e n c e  o f  n a n o s iz e d  Z S M -5  [1 5 , 4 4 -4 7 ] . T h e  r e la t iv e  f r a c t io n s  o f  c r y s ta l l in e  p h a s e  
o f  Z S M - 5 -C X D I  a n d  Z S M - 5 -C X D M  w e re  0 .8 8  a n d  0 .9 4 , r e s p e c t iv e ly .
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F i g u r e  4 .3  X R D  p a t te r n s  o f Z S M - 5  fo rm e d  a t  1 5 0  °c fo r  6  h  a f te r  5 h  a g in g  t im e  
u s in g  (a )  C X D I , ( b )  C X D M  a s  h a r d  te m p la te ,  ( c )  r e f e r e n c e  Z S M - 5  w i th o u t  h a rd  
te m p la te  c a rb o n , F C P  =  f ra c tio n  o f  c r y s ta l l in e  p h a s e .

F i g u r e  4 .4  S E M  m ic r o g r a p h s  o f  Z S M - 5  fo rm e d  a t  150  ๐c  f o r  6  h  a f te r  5 h  a g in g  
t im e ;  (a )  m ic r o s iz e d  Z S M -5  f o rm e d  in  th e  o p e n e d  s t r u c tu r e  o f  C X D M , (b )  
m ic r o s iz e d  Z S M -5  w i th  m o n o li th ic  p o re  a f te r  c a lc in a t io n s ,  ( c ) - (d )  n a n o s iz e d  Z S M - 5  
fo rm e d  in  th e  p o re s  o f  C X D I.



6 8

T h e  S E M  m ic r o g r a p h s  in  F ig u re s  4 .4 c  a n d  d  r e v e a l  th a t  n a n o s iz e d  
Z S M -5  z e o l i te s  w e r e  a c h ie v e d  b y  u s in g  th e  C X D I  h a rd  t e m p la te  b e c a u s e  th e  
o p t im u m  p o r e  s iz e  o f  C X D I  w a s  in  th e  r a n g e  o f  n a n o s c a le  to  c o n f in e  th e  Z S M - 5  
p a r t i c le s  a s  s h o w n  in  F ig u r e  4 .2 b , g e n e ra t in g  n a n o s iz e d  Z S M -5  w h e r e a s  m o s t  o f  th e  
p o re s  o f  C X D M  w e re  o p e n e d  s t r u c tu r e  w ith  a  m ic r o m e te r - s iz e  s c a le  a s  s h o w n  in  
F ig u re  4 .2 a ,  r e s u l t in g  in  th e  m ic r o m e te r - s iz e d  Z S M - 5  fo rm e d  in  th e  o p e n e d  s t r u c tu r e  
o f  C X D M  a s  s h o w n  in  F ig u re  4 .4 a . A f te r  c a lc in a t io n ,  th e  m ic r o m e te r - s iz e d  Z S M -5  
w i th  m o n o l i th ic  p o re s  w e r e  o b ta in e d ,  a s  a  r e s u l t  o f  th e  g r o w th  o f  Z S M -5  c r y s ta l  
p a r t i a l ly  o r  e n t ir e ly  e n c a p s u la te d  in  la rg e  c a r b o n  p a r t ic le s ,  a s  r e p r e s e n te d  in  F ig u r e  
4 .4 b .

I
y .

Size (d.nm)

F i g u r e  4 .5  T E M  im a g e s  o f  Z S M -5  fo rm e d  a t 15 0  ๐c  fo r  6  h  a f te r  5 h  a g in g  t im e , 
u s in g  c a r b o n  x e ro g e ls  a s  h a rd  te m p la te ;  ( a ) - (b )  Z S M - 5 -C X D I  (c )  Z S M - 5 - C X D M  (d )  
P a r t ic le  s iz e  d i s t r ib u t io n  o f  Z S M - 5 - C X D I  o b ta in e d  f ro m  d y n a m ic  l ig h t  s c a t te r in g .

T E M  im a g e s  in  F ig u r e s  4 .5 a -c  a n d  S E M  m ic r o g r a p h s  in  F ig u r e  4 .4  
w e re  u s e d  to  c o n f i rm  th e  s iz e  o f  Z S M - 5  p r o d u c e d  b y  C X D I  a n d  C X D M  in  w h ic h  th e  
p a r t i c le  s iz e  o f  e a c h  Z S M - 5  w a s  id e n t ic a l  w i th  th e  p o re  s iz e  o f  its  o w n  c a r b o n  
te m p la te  a s  s u p p o r te d  b y  p o re  s t r u c tu r e  o f  c a r b o n  x e r o g e l  in  F ig u r e  4 .2 . A c c o r d in g  to  
th e  T E M  im a g e s  a n d  p a r t i c le  s iz e  d is t r ib u t io n  o b ta in e d  f ro m  d y n a m ic  l ig h t  s c a t t e r in g
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( F ig u re  4 .5 a ,  b  a n d  d ) , th e  c ry s ta l  s iz e  o f  Z S M - 5 -C X D I  is  in  th e  r a n g e  o f  2 7 - 7 0  n m , 
a n d  its  m e a n  p a r t i c le  s iz e  is  a ro u n d  4 1 .2  n m  w h ic h  c o r r e s p o n d s  to  th e  p o re  s iz e  o f  
C X D I  in  F ig u r e  4 .2 b . H o w e v e r ,  in  F ig u r e s  4 .4 c -d  a n d  4 .5 a , a n  a g g lo m e r a t io n  o f  
Z S M -5  n a n o p a r t ic le s  w i th  s o m e  in te r - g r o w th s  b e tw e e n  s m a ll  c r y s ta l s  is  o b s e rv e d .  

T h e  c ry s ta l  s iz e  o f  Z S M - 5 -C X D M  is  m o s t ly  in  th e  r a n g e  o f  3 - 1 0  /ฟ็ฑ ( F ig u re s  4 .4 b  
a n d  4 .5 c ) ,  w h ic h  is  id e n t ic a l  to  th e  s iz e  o f  th e  o p e n e d  s tru c tu re  o f  C X D M  ( F ig u re s  
4 .4 a  a n d  4 .2 a ) .  T h e  p r e c u r s o r  o f  Z S M -5  w a s  in  th e  l iq u id  s ta te  w h ic h  c o u ld  p e n e tr a te  
in to  p o re s  o f  C X D M  a n d  C X D I  a f te r  e v a c u a t io n .  D u r in g  th e  c r y s ta l l iz a t io n  r e a c t io n ,  
th e  c ry s ta l  s iz e  o f  th e  o b ta in e d  Z S M -5  w a s  c o n f in e d  b y  th e  p o re  s iz e  o f  c a r b o n  
x e r o g e ls  te m p la te s .  T h e r e fo re ,  th e  s iz e  o f  Z S M -5  c ry s ta l  w a s  id e n t ic a l  w i th  th e  p o re  
s iz e  o f  its  o w n  c a r b o n  x e r o g e l  te m p la te .  A c c o rd in g  to  th e  o b ta in e d  r e s u l t s  o f  Z S M - 5 , 
it  w a s  s h o w n  th a t  th e  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 ro g e ls  h a d  s ig n i f ic a n t  
e f f e c t  o n  th e  s iz e  o f  a s - s y n th e s iz e d  Z S M - 5 . B y  v a r y in g  th e  ty p e s  o f  s o lv e n ts ,  
d i f f e r e n t  p o r e  s t r u c tu r e s  o f  c a rb o n  x e r o g e ls  W'ere e a s i ly  a c h ie v e d . F ig u r e  4 .6  r e v e a ls  
th e  c ry s ta l  la t t ic e  o f  Z S M - 5 -C X D I  o f  0 .3 - 0 .5  n m  w h ic h  is  in  g o o d  a g r e e m e n t  w i th  
C h e n g  et al.'s w o r k  in  w h ic h  n a n o s iz e d  Z S M - 5  w ith  th e  c ry s ta l  la t t ic e  o f  0 .3  n m  w a s  
p r o d u c e d  in  th e  a b s e n c e  o f  o r g a n ic  te m p la te  v ia  h y d r o th e r m a l  t r e a tm e n t  a t  
te m p e r a tu r e  o f  1 8 0  ๐c  fo r  2 4  h  [4 8 ].

F i g u r e  4 .6  C r y s ta l  la t t ic e  o f  n a n o s iz e d  Z S M - 5  fo rm e d  a t  15 0  ๐c  fo r  6  h  a f te r  5 h 
a g in g  t im e , u s in g  C X D I  a s  h a rd  te m p la te .
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F i g u r e  4 .7  F T IR  s p e c t ra  o f  ZSM-5 f o rm e d  a t 150 °c f o r  6 h  a f te r  5 h  a g in g  t im e ;
(a )  Z S M -5  r e f e r e n c e  (b )  Z S M - 5 - C X D M  (c )  Z S M -5 -C X D I .

F T IR  s p e c t r a  a r e  a lso  u s e d  to  c o n f irm  th e  p re s e n c e  o f  n a n o s iz e d  Z S M -
5. F ro m  F ig u r e  4 .7 , a ll s a m p le s  s h o w  ty p ic a l  a b s o r p t io n  p e a k s  o f  h ig h ly  s i l ic e o u s  
m a te r ia l  a t  th e  w a v e n u m b e r  o f  1 2 2 9  c m ’ 1 (e x te rn a l a s y m m e tr ic  s t r e tc h  v ib r a t io n  o f  
th e  T - 0  b o n d ) ,  1 1 5 0 - 1 0 5 0  c m ’ 1 ( in te rn a l  a s y m m e tr ic  s tre tc h  o f  T -O ) , 7 9 8  c m ' 1 

( e x te rn a l  s y m m e tr ic  s t r e tc h  o f  T -O ) , a n d  4 5 0  c m ' 1 ( T - 0  b e n d )  [ 4 9 -5 4 ] ,  In  p a r t i c u la r ,  
th e  a b s o r p t io n  p e a k  a t 5 5 0  c m ’ 1 (d y a d  f iv e - m e m b e r  r in g )  is  th e  c h a r a c te r i s t ic  p e a k  o f  
Z S M -5 , r e p r e s e n t in g  th e  v ib r a t io n  o f  f ra m e w o rk  f o rm e d  b y  te t r a h e d r a l  S i0 4  a n d  
A IO 4 u n i t  [4 9 , 5 5 ] . T h e  p e a k  in te n s i ty  r a t io  o f  5 5 0  c m ' 1 a n d  4 5 0  c m ’ 1 ( I 5 50  / I 4 5 0 ) , o r  
th e  s o - c a l le d  o p tic a l  d e n s i ty  ra tio , c a n  a p p ro x im a te ly  e s t im a te  th e  r e la t iv e  d e g r e e  o f  
c r y s ta l l in i ty  [4 3 , 5 6 -5 8 ] , T h e  o p tic a l  d e n s i ty  ra tio  o f  a ll s a m p le s  is  0 .7 8 , 0 .7 5 ,  a n d  
0 .6 8  fo r  th e  Z S M -5  r e fe r e n c e ,  Z S M - 5 -C X D M , a n d  Z S M - 5 -C X D I , r e s p e c t iv e ly .  
F u r th e rm o r e ,  th e  o b ta in e d  o p tic a l  d e n s i ty  ra tio  o f  0 .7 8  o f  th e  Z S M -5  r e fe r e n c e  is  
a lm o s t  th e  s a m e  a s  th a t  o f  p u re  p e n ta s i l  s a m p le  in  th e  l i te r a tu re ,  w h ic h  is  0 .8 0  [5 8 ] , 
T h e  w e a k  a b s o r p t io n  b a n d s  a t  5 5 0  a n d  4 5 0  c m ’ 1 o f  Z S M - 5 - C X D I  c o m p a re d  to  th a t  o f  
th e  Z S M -5  r e fe r e n c e  (F ig u re  4 .7 c )  a re  e v id e n c e  o f  th e  n a n o s iz e d  Z S M - 5  f o r m a t io n
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o f  th e  le s s - o r d e r e d  f ra m e  s tr u c tu r e ,  w h ic h  is  h ig h ly  c o n s is te n t  w i th  th e  r e s u l t s  
r e p o r te d  in  th e  l i te r a tu r e  th a t  th e  n a n o s iz e d  Z S M -5  s h o w e d  w e a k  f r a m e w o rk  
v ib r a t io n s  a t 5 5 0  a n d  4 5 0  c m ’1, a n d  lo w e r  in te n s i t ie s  o f  X R D  d i f f r a c t r o g r a m s  th a n  
th o s e  o f  th e  m ic r o m e te r - s iz e d  Z S M -5  [1 5 , 4 4 -4 7 ] ,  T h e  r e s u l t  s h o w s  th a t  th e  le s s -  
o r d e r e d  f ra m e  s t r u c tu r e  w a s  o b s e rv e d  w i th  d e c r e a s e d  c ry s ta l  s iz e , w h ic h  is  s t r o n g ly  
s u p p o r te d  b y  th e  X R D  d a ta , T E M  im a g e s , a n d  F T IR  s p e c t ra .  A ll d a ta  s u g g e s t  th a t  
C X D I  is  a n  a p p r o p r ia te  te m p la te  to  p r o d u c e  Z S M -5  in  n a n o s c a le  w h e r e a s  C X D M  
p r o d u c e s  m o s tly  Z S M -5  in  th e  m ic r o m e te r - s c a le .

4.4.4 Pore structure o f nanosized ZSM-5

T h e  n i tro g e n  a d s o rp t io n  i s o th e r m s  o f  a ll s a m p le s  a re  s h o w n  in  F ig u re  
4 .8 .  A c c o rd in g  to  th e  c la s s i f ic a t io n  b y  I U P A C  o n  a d s o rp t io n  is o th e r m s ,  Z S M - 5 -  
C X D I  a n d  Z S M - 5 - C X D M  b a s ic a l ly  b e lo n g  to  th e  ty p e  IV  is o th e r m  w i th  H I  
h y s te r e s is  lo o p , r e p r e s e n t in g  th e  p r o p e r t ie s  o f  m e s o p o ro u s  m a te r ia ls  [4 0 -4 1 ] , T h e  
h y s te r e s is  lo o p  o f  FI1 a lso  s u g g e s ts  th a t  Z S M - 5 -C X D I  a n d  Z S M - 5 - C X D M  h a v e  
n a r r o w  d is t r ib u t io n  o f  u n if o r m  p o re s  [4 1 ] w h e re a s  th e  Z S M -5  r e fe r e n c e  e x h ib i t s  ty p e  
I is o th e r m , c o r r e s p o n d in g  to  th e  p r o p e r t ie s  o f  m ic r o p o ro u s  m a te r ia l  [4 0 -4 1 ] .  A ll  
s a m p le s  h a v e  h ig h  u p ta k e  a t  lo w  re la t iv e  p r e s s u r e ,  r e p r e s e n t in g  th e  a d s o rp t io n  b y  th e  
m ic r o p o re s ,  w h i le  th e  a d d i t io n a l  u p ta k e s  a t  a  h ig h  r e la t iv e  p r e s s u r e  r e p r e s e n t in g  th e  
a d s o rp t io n  b y  th e  m e s o p o re s  a n d  m a c ro p o re s .  M e s o p o re  s iz e  d i s t r ib u t io n  o f  Z S M - 5 -  
C X D I  a n d  Z S M - 5 - C X D M  is  a r o u n d  3 - 5 0  n m  w ith  th e  a v e r a g e  m e s o p o re  s iz e  a r o u n d  

-  2 4 .9 5  n m  fo r  Z S M - 5 -C X D I  a n d  3 .5 7  n m  f o r  Z S M - 5 -C X D M . T h e  h ig h e s t  B E T
s u r f a c e  a re a  o f  3 5 6  m 2 /g , m e s o p o r e  v o lu m e  o f  0 .41  c c /g , a n d  m e s o p o re  s u r fa c e  a r e a  
o f  6 8  m 2/g  a re  a ls o  o b ta in e d  f ro m  Z S M - 5 -C X D I . F ro m  F ig u r e  4 .5 d , th e  c ry s ta l  s iz e  
d i s t r ib u t io n  o f  Z S M - 5 -C X D I  is  a ro u n d  2 7 - 7 0  n m . F ig u re  4 .5 b  s h o w s  th e  c r y s ta l  s iz e  
o f  Z S M - 5 -C X D I , c o n ta in in g  s o m e  p o re s  in s id e  th e  s tru c tu re .  M o re o v e r ,  th e re  is  a n  
in d ic a t io n  th a t  d u r in g  th e  c r y s ta l  in te r -g ro w th  in s id e  th e  c a r b o n , Z S M - 5  c r y s ta l s  
e n c a p s u la te d  s o m e  p a r ts  o f  c a r b o n ,  g e n e ra t in g  th e  in t r a -p o r e  s iz e  o f  1 0 - 3 0  n m  a f te r  
c a r b o n  re m o v a l . H o w e v e r ,  fo r  th e  Z S M - 5 -C X D I  w i th  s m a ll  c ry s ta l  s iz e ,  n o  in t r a ­
p o r e s  in  th e  c r y s ta l  a re  o b s e rv e d  a s  s h o w n  in  F ig u re  4 .5 a , b e c a u s e  th e  c r y s ta l s  w e re  
to o  s m a ll  to  e n c a p s u la te  c a r b o n .  A s  a  r e s u l t ,  th e  s m a ll  c r y s ta ls  o f  Z S M - 5 -C X D I
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e x h ib i te d  th e  m ic r o p o ro u s  p r o p e r t ie s  s im ila r  to  th o s e  o f  th e  Z S M -5  r e f e r e n c e .  In  
a d d i t io n ,  s m a ll  c ry s ta ls  o f  Z S M - 5 -C X D I  e x h ib i te d  th e  m e s o p o ro u s  p r o p e r t i e s  d u e  to  
th e  in te r -p o re  b e tw e e n  n a n o c r y s ta ls  g e n e ra te d  b y  th e  a g g re g a t io n  o f  th e  n a n o s iz e d  
c r y s ta l s ,  a s  s h o w n  in  F ig u re  4 .5 a  [2 , 15, 4 5 ] ,

F i g u r e  4 .8  A d s o r p t io n  is o th e r m s  o f  Z S M -5  fo rm e d  a t  15 0  ๐c  fo r  6  h  a f te r  5 h  a g in g  
t im e ;  ( A )  Z S M - 5 -C X D M  ( O )  Z S M - 5 -C X D I  (□ ) R e fe re n c e  Z S M -5 .

B y  u s in g  C X D I  a s  a  h a rd  te m p la te ,  th e  w e l l - d e f in e d  Z S M - 5 - C X D I  
c o n s is t in g  o f  tw o  ty p e s  o f  n a n o p a r t ic le s ;  la rg e  n a n o s iz e d  Z S M -5  w ith  in t r a -p o r e  a n d  
s m a l l  n a n o s iz e d  Z S M -5  w i th o u t  in tr a -p o re  w e r e  o b ta in e d . M o re o v e r ,  th e  m e so p .o re  
o f  Z S M - 5 -C X D I  c o u ld  b e  d iv id e d  in to  tw o  ty p e s ;  th e  in te r -m e s o p o r e s  g e n e r a te d  b y  
a g g r e g a t io n  o f  s m a ll  n a n o s iz e d  Z S M -5  a n d  th e  in t r a -m e s o p o r e s  g e n e r a te d  in s id e  
la r g e  n a n o s iz e d  Z S M -5 . In  a d d i t io n ,  th e re  w a s  n o  m e s o p o r e  o b s e rv e d  in  th e  la rg e  
c r y s ta l s  o f  Z S M - 5 - C X D M  (F ig u re  4 .5 c ) . T h e  la rg e  a m o u n t  o f  m ic ro p o re  v o lu m e  a n d  
T E M  im a g e s  o f  Z S M - 5 -C X D M  p ro v id e  e v id e n c e  to  c o n f i r m  th a t  m o s t  o f  Z S M - 5 -  
C X D M  e x h ib i te d  t r a d i t io n a l  m ic r o p o r e s  s im i la r  to  th e  Z S M - 5  r e fe re n c e . H o w e v e r ,  
Z S M - 5 -C X D M  s ti l l  h a s  a  s m a ll  a m o u n t  o f  m e s o p o re  w h ic h  c a n  b e  d e s c r ib e d  in  te rm s  
o f  c r y s ta l l iz a t io n  o f  Z S M -5  in s id e  th e  c a r b o n  te m p la te s .  A l th o u g h  a  la r g e  a m o u n t  o f
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m ic r o p o r e  v o lu m e  w a s  fo u n d  in  C X D M , C X D M  s ti l l  c o n ta in e d  a  s m a ll  a m o u n t  o f  
m e s o p o r e  a s  w e ll. T h e r e fo re ,  th e re  a re  c h a n c e s  f o r  Z S M -5  p r e c u r s o r s  to  p e n e t r a te  
a n d  c r y s ta l l iz e  in s id e  th e  c a r b o n  s u b s tr a te .  S o , s m a ll n a n o s iz e d  Z S M -5  c a n  b e  
g e n e r a te d .  H e n c e , m e s o p o re  c o u ld  b e  g e n e ra te d  f ro m  th e  a g g r e g a t io n  o f  s m a ll  
n a n o s iz e d  Z S M -5  ( in te r - m e s o p o re s )  o r  c a r b o n  e n c a p s u la t io n  o f  Z S M -5  s h o w in g  
p a r t ia l  c h a r a c te r is t ic  is o th e r m  o f  m e s o p o ro u s  m a te r ia l  in  F ig u re  4 .8 .

T a b l e  4 .2  P o re  s tr u c tu r e  o f  Z S M -5  fo rm e d  a t 1 5 0  ๐c  fo r  6  h  a f te r  5 h  o f  a g in g  t im e

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

Smeso
(m 2/g )

VT micro
( c m 3/g )

Vmeso
(c m 3/g ) ( c m 7 g )

A P D micr0 
(n m )

A P D'  ** meso
(n m )

A P D
(n m )

R ef. Z S M -5 3 3 4 6 0 .1 5 0 .0 2 0 .1 7 0 .5 0 3 .5 7 2 .2 2
Z S M -5 -C X D M 3 2 0 2 0 0 .1 3 0.11 0 .2 4 0 .5 0 3 .5 7 3 .3 2
Z S M -5 -C X D I 3 5 6 6 8 0 .0 7 0.41 0 .4 8 0 .5 0 2 4 .9 5 6 .2 3

Notes: S b e t : b e t  s u r f a c e  a re a ; S meso: m e s o p o re  s u r fa c e  a r e a ;  V mjcro: m ic r o p o r e  
v o lu m e ;  V meso: m e s o p o r e  v o lu m e ;  V totalะ to ta l  p o r e  v o lu m e ; A P D mjcr0: a v e r a g e  
m ic r o p o r e  d ia m e te r ;  A P D mes0: a v e r a g e  m e s o p o r e  d ia m e te r ;  A P D : a v e r a g e  p o re  
d i a m e te r

M o re o v e r ,  th e  s m a ll  a m o u n t  o f  m e s o p o re  v o lu m e  o f  Z S M - 5 - C X D M  
(~ 0 .1 1  c c /g )  w a s  lo w e r  th a n  th a t  o f  Z S M - 5 -C X D I  (0 .4 1  c c /g ) . H o w e v e r ,  in  th e  c a s e  
o f  in t r a -m e s o p o r e  g e n e ra te d  b y  c a r b o n  e n c a p s u la t io n ,  th e  f o rm a t io n  o f  th is  ty p e  w a s  
to ta l ly  r a n d o m  a n d  n o t  r e p ro d u c ib le .  A l th o u g h  th e  r e a s o n  fo r  th e  m e s o p o r o u s  
p r o p e r t ie s  o f  Z S M - 5 -C X D M  w a s  th e  s a m e  a s  th o s e  o f  Z S M - 5 - C X D I ,  th e  p o re  
s t r u c tu r e  o f  Z S M - 5 -C X D I  a n d  Z S M - 5 -C X D M  w a s  d if f e re n t  d u e  to  th e  d i f f e r e n c e  in  
p o re  s t r u c tu r e  o f  its  o w n  c a rb o n  te m p la te  to  c o n f in e  th e  s iz e  o f  Z S M - 5 , r e s u l t in g  in  
d i f f e r e n c e  in  s iz e  a n d  p o re  s tru c tu re  o f  th e  o b ta in e d  Z S M -5 .

A ll r e s u l t s  s u g g e s t  th a t  d i f f e r e n c e  in  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 la y s  a n  im p o r ta n t  r o le  in  c o n f in in g  th e  s iz e  o f  Z S M -5  n a n o p a r t ic le s  
a n d  a ls o  th e i r  p o ro u s  p ro p e r t ie s .  B y  u s in g  d io x a n e  a n d  D M F  a s  s o lv e n ts ,  th e  m e s o -  
m a c ro  p o r e  a n d  th e  o p e n e d  n e tw o rk  s tru c tu re  w e r e  a c h ie v e d  f ro m  C X D I  a n d  C X D M , 
r e s p e c t iv e ly .  Z S M -5  n a n o p a r t ic le s  w i th  p a r t i c le  s iz e  o f  2 7 -7 0  n m  w e r e  a c h ie v e d  b y  
u s in g  C X D I  a s  h a rd  te m p la te  b e c a u s e  C X D I  h a d  th e  o p tim u m  p o re  s iz e  in  th e  r a n g e
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o f  n a n o s c a le  to  c o n f in e  th e  c ry s ta l  s iz e  o f  Z S M -5 . W h e re a s ,  Z S M - 5 - C X D M  w i th  th e  
p a r t ic le  s iz e  o f  3 - 1 0  / a n  w a s  c o n f in e d  b y  C X D M  c o r r e s p o n d in g  to  th e  p o r e  s iz e  o f  
i ts  c a r b o n  h a r d  te m p la te .  T h e  p o re  s t r u c tu r e  o f  th e  s y n th e s iz e d  Z S M - 5  is  s u m m a r iz e d  
in  T a b le  4 .2 .  I t w a s  f o u n d  th a t  Z S M - 5 - C X D I  s h o w s  a  la rg e  m e s o p o r e  v o lu m e  w i th  
m e s o p o re  d i a m e te r  o f  2 4 .9 5  n m  a n d  la rg e  e x te rn a l  s u r fa c e  a re a . T h e s e  p r o p e r t ie s  
c o u ld  in f lu e n c e  th e  c a ta ly t ic  p e r f o r m a n c e  fo r  s y n th e s i s  o f  la rg e  m o le c u le s  s u c h  a s  
g o o d  m a s s  t r a n s f e r  o f  r e a c ta n ts  a n d  p r o d u c ts ,  a n d  m o r e  a c t iv e  s i te s  o n  th e  s u r f a c e  to  
in c re a s e  c a ta ly t ic  e f f ic ie n c y . M a n y  r e s e a r c h  g r o u p s  s y n th e s iz e d  Z S M - 5  n a n o p a r t ic le s  
w i th o u t  in t r a - m e s o p o r e s  [2 , 15, 17 , 4 4 -4 5 ] .  H o w e v e r ,  in  2 0 0 8 , F a n g  et al. [4 3 ] 
s y n th e s iz e d  m e s o p o r o u s  M F I  s in g le  c r y s ta l  u s in g  a m b ie n t  d r y in g  R F - b a s e d  c a r b o n  
a e ro g e ls  a s  a  s e c o n d a r y  te m p la te  v ia  h y d r o th e r m a l  t r e a tm e n t  a t  te m p e ra tu re  o f  17 0  

๐c  fo r  4 8  h  a n d  fo u n d  th a t  th e  in t r a - c r y s ta l  m e s o p o r e s  o f  M F I  z e o l i te s  c o u ld  b e  
a c h ie v e d  b y  v a r y in g  th e  c a ta ly s t  c o n c e n t r a t io n s  d u r in g  R F  s y n th e s is .

4 .5  C o n c lu s io n s

B y  ta k in g  a d v a n ta g e  o f  m o le c u la r  d e s ig n  f le x ib i l i ty ,  n o v e l  c a r b o n  x e r o g e ls  
d e r iv e d  f ro m  P B Z  w i th  ta i lo r a b le  p o r e  s t r u c tu r e  w e r e  s u c c e s s f u l ly  s y n th e s iz e d  v ia  a  
fa c ile  s y n th e s i s  p r o c e s s  a n d  u s e d  a s  a  te m p la te  c o n f in e m e n t .  M o re o v e r ,  b y  u s in g  
P B Z  a s  a  p r e c u r s o r ,  th e  p r e p a r a t io n  o f  c a r b o n  x e r o g e ls  w a s  m o re  t im e  e f f ic ie n t  w h e n  
c o m p a re d  w i th  th o s e  p r e p a r e d  f ro m  R F  a s  p r e v io u s ly  r e p o r te d . W h e n  d io x a n e  w a s  
u se d  a s  a  s o lv e n t ,  C X D I  s h o w e d  th e  h ig h e s t  m e s o p o r e  v o lu m e  a n d  m e s o p o re  s u r f a c e  
a re a . In  a d d i t io n ,  s o m e  m e s o p o re s  a n d  m a c ro p o re s  c o n ta in e d  in s id e  th e  s t r u c tu r e  o f  
C X D I , w i th  p o re - d ia m e te r s  o f  4 0 -2 0 0  n m , c o u ld  f a c i l i ta te  th e  p r e c u r s o r s  o f  Z S M - 5  to  
p e n e tr a te  in s id e  p o ro u s  c a r b o n  a n d  c r y s ta l l iz e  a s  n a n o s iz e d  Z S M - 5 . U s in g  th is  n o v e l  
te m p la te  c o n f in e m e n t  a s  a  h a rd  te m p la te ,  C X D I  te m p la te ,  h ig h ly  c r y s ta l l in e  
n a n o s iz e d  Z S M - 5  w a s  s u c c e s s f u l ly  s y n th e s iz e d  a t  15 0  °c f o r  6 h w i th  5 h  a g in g  t im e  
v ia  m ic r o w a v e  ir r a d ia t io n .  T h e  r e s u l t in g  Z S M - 5 - C X D I  w ith  c r y s ta l  s iz e s  o f  2 7 -7 0  
n m  e x h ib i te d , th e  m e s o p o r o u s  p r o p e r t ie s  a n d  h ig h  e x te r n a l  s u r f a c e  a re a . T h e  c r y s ta l  
s iz e  o f  Z S M - 5 - C X D I  w a s  id e n t ic a l  w i th  th e  p o re  s iz e  o f  th e  o r ig in a l  C X D I  te m p la te .  
A c c o rd in g  to  th e  o b ta in e d  r e s u lt s  m e n t io n e d  a b o v e ,  th e  C X D I  te m p la te  w a s  a n
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a p p ro p r ia te  t e m p la te  to  p r o d u c e  Z S M - 5  n a n o p a r t ic le s .  T h e  m o r p h o lo g y  o f  th e  c a r b o n  
x e r o g e ls  p l a y e d  a n  im p o r ta n t  ro le  in  th e  p r o p e r t ie s  o f  th e  s y n th e s iz e d  Z S M -5 . H e n c e ,  
th e  p r o p e r t ie s  o f  s y n th e s iz e d  Z S M -5  c o u ld  b e  e a s i ly  ta i lo re d  b y  c h a n g in g  c a r b o n  
x e ro g e l  t e m p la te s .

4 .6  A c k n o w l e d g e m e n t s
T h is  w o rk  h a s  b e e n  f in a n c ia l ly  s u p p o r te d  b y  th e  N a t io n a l  N a n o te c h n o lo g y  

C e n te r  ( N A N O T E C ) ,  a n d  th e  N a t io n a l  C e n te r  o f  E x c e l le 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 ,  C h u la lo n g k o r n  E ln iv e rs ity . In  a d d i t io n ,  th e  
a u th o r s  w o u ld  l ik e  to  th a n k  P ro f . S u w a b u n  C h ir a c h a n c h a i  fo r  D L S  a p p a ra tu s ,  M r . 
N a th a n  H u n te r  a n d  M r. T o n y  B e n n e t t  f o r  p r o o f - r e a d in g  th is  m a n u s c r ip t ,  a n d  M r. 
N a k a r in  N in ta w e e ,  M r. N a t ta ta p e  J u m p a n o i ,  a n d  M s . P h i tc h a p o m  S u k c h a r o e n  fo r  
f a c i l i ta t in g  th e  w o rk . T h e  a u th o rs  a ls o  w o u ld  l ik e  to  e x p re s s  th e i r  d e e p  a p p re c ia t io n  
to  th e  O f f ic e  o f  H ig h e r  E d u c a t io n  C o m m is s io n  ( O H E C )  fo r  its  f in a n c ia l  s u p p o r t  o n  
th is  p r o je c t  u n d e r  C l im a te  C h a n g e  c lu s te r  ( C C 5 5 7 A )  o f  th e  N a t io n a l  R e s e a r c h  
U n iv e r s i ty  P ro g r a m .
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