
R E S U L T  A N D  D I S C U S S I O N
CHAPTER IV

4.1 C h a r a c t e r i z a t i o n  o f  t h e  M a t e r i a l s

4 .1 .1  B e n z o x a z in e  M o n o m e r s  C h a r a c te r i z a t io n
T h e  F T - I R  s p e c t r o s c o p y  w a s  - e m p lo y e d  to  id e n t i f y  th e  fu n c t io n a l  

g ro u p s  o f  th e  b e n z o x a z in e  m o n o m e rs  s y n th e s iz e d  f ro m  u s in g  d i e th y le n e t r ia m in e  
( D E T A )  a s  th e  a m in e  r e a c ta n t  s h o w n  in  F ig u re  4 .1  a n d  u s in g  p e n ta e th y le n e h e x a m in e  
( P E H A )  a s  th e  a m in e  r e a c ta n t  s h o w n  in  F ig u r e  4 .2 . T h e  F T - I R  s p e c t r a  i l lu s t r a te d  th e  
a b s o rp t io n  c h a r a c te r i s t ic  a t  9 2 4  c m ' 1 f ro m  F ig u r e  4.1 a n d  941 c m ' 1 f ro m  F ig u re  4 .2  o f  
th e  b e n z e n e  r in g  to  w h ic h  o x a z in e  r in g  is  a t ta c h e d  T h e  b a n d  a t  1 4 8 6  c m ' 1 a n d  14 5 5  
c m ' 1 f ro m  F ig u r e  4.1 a n d  1461 c m ' 1 f ro m  F ig u r e  4 .2  c o r r e s p o n d e d  to  th e  in -p la n e  
c a r b o n - c a r b o n  s t r e tc h in g  o f  t r i - s u b s t i tu te d  b e n z e n e  r in g . W h e re a s  th e  b a n d  b e tw e e n  
1 2 2 0  c m ' 1 a n d  1 1 0 6  c m ' 1 in  F ig u re  4.1 a n d  1 2 5 7  c m ' 1 in  F ig u r e  4 .2  w e r e  r e la te d  to  
th e  C - O - C  a s y m m e tr ic  s t r e tc h in g  m o d e s  w h ic h  c o n f i r m  th e  p r e s e n c e  o f  th e  a r o m a tic  
e th e r  s t r e tc h in g .  A ll o f  th e  a b s o rp t io n  b a n d s  in d ic a te d  to  b o th  b e n z o x a z in e  m o n o 
m e rs  w e re  a g r e e d  w i th  th e  p r e v io u s  w o rk s  ( A g a g  et a l,  2 0 0 9 . B a q a r  et al. , 2 0 1 2 . a n d  
H u a n g  et al. . 2 0 1 3 )  a n d  th e  b a n d  a t  7 4 6  c m ' 1 in  F ig u r e  4.1 a n d  7 5 7  c m ' 1 in  F ig u re  4 .2  
m a y  b e  a s s ig n e d  to  c h lo r o f o r m . C o m p a r in g  b e tw e e n  th e  tw o  b e n z o x a z in e  m o n o m e rs ,  
P E H A - d e r iv e d  b e n z o x a z in e  r e v e a ls  m o r e  b a n d s  b e tw e e n  3 5 0 0  c m ' 1 a n d  3 1 0 0  c m ' 1 

d u e  to  th e  h ig h e r  n u m b e r  o f  n i t r o g e n  in  th e  s t r u c tu r e  o f  P E H A  th a n  th a t  in  th e  D E 
T A .
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พ  a  VC ท um b  c r (c m "1 )

F i g u r e  4 .1  F T - I R  s p e c t ru m  o f  th e  b e n z o x a z in e  m o n o m e r  b y  D E T A  a s  re a c ta n t .

W a v e n u m b e r  (cm "1 )

F i g u r e  4 .2  F T - I R  s p e c tru m  o f  th e  b e n z o x a z in e  m o n o m e r  b y  P E H A  a s  r e a c ta n t .

4 .1 .2  P o lv b e n z o x a z in e s  C h a r a c te r iz a t io n
A f te r  c u r in g  b o th  b e n z o x a z in e  m o n o m e r s  a t 180 °c f o r  90 m in , th e  

F T - I R  s p e c t r o s c o p y  w a s  e m p lo y e d  to  d e t e r m in e  th e  f o r m a t io n  o f  p o ly b e n z o x a z in e .  
F ig u r e  4 .3  a n d  F ig u r e  4 .4  s h o w  th e  F T - I R  s p e c t ru m  o f  D E T A - d e r iv e d  p o ly b e n z o x a 
z in e  a n d  P E H A - d e r iv e d  p o ly b e n z o x a z in e .  r e s p e c t iv e ly .  T h e  a b s o r p t io n  b a n d  c h a r a c 
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te r is t ic s  b e tw e e n  15 0 0  c m ' 1 a n d  17 00  c m ' 1 in  F ig u re s  4 .3  a n d  4 .4  a p p e a re d  h ig h e r  
th a n  b o th  b e n z o x a z in e  m o n o m e rs ,  s h o w in g  th e  c o m p le te  p o ly m e r iz a t io n  f ro m  th e  
l i n g - o p e n in g  m e c h a n is m . A  te t r a - s i ib s t i tu te d  b e n z e n e  r in g  a n d  h y d r o g e n - b o n d e d  h y 
d ro x y l  g ro u p  w e r e  g e n e ra te d  a s  c o n f i rm e d  b y  th e  w o rk  f ro m  H u a n g  et al. (2 0 1 3 ) .  
T h e  a b s o rp t io n  b a n d  b e tw e e n  3 5 0 0  c m ’ 1 a n d  2 5 0 0  c m ' 1 w e r e  d u e  to  th e  O H  s t r e tc h 
in g  m o d e . T h e  r in g  o p e n in g  p o ly m e r iz a t io n  w a s  a ls o  c o n f i r m e d  b y  th e  d i s a p p e a ra n c e  
o f  th e  a b s o rp t io n  b a n d  a t 9 2 4  c m ' 1 f ro m  F ig u r e  4.1 a n d  94 1  c m ' 1 f ro m  F ig u re  4 2  a f 
te r  th e  c u r in g  s te p .

T h e  d e c o m p o s i t io n s  o f  b o th  p o ly b e n z o x a z in e s  w e re  s h o w n  in  F ig u re
4 .5  a n d  F ig u re  4 .6 .  T h e  r e s u l t s  s h o w e d  th a t  D E T A - d e r iv e d  p o ly b e n z o x a z in e  s ta r te d  

d e c o m p o s e d  a t  2 0 0  °c a n d  P E H A -d e r iv e d  p o ly b e n z o x a z in e  s ta r te d  d e c o m p o s e d  a t 

2 5 0  °c. T h e r m a l  s ta b i l i ty  o f  P E H A -d e r iv e d  p o ly b e n z o x a z in e  w a s  h ig h e r  th a n  D E 
T A - d e r iv e d  p o ly b e n z o x a z in e  th a t c a u s e d  b y  m o re  h y d r o g e n  b o n d in g  e f f e c ts  f ro m  
a l ip h a t ic  c h a in s  in  P E H A -d e r iv e d  p o ly b e n z o x a z in e .  T h e y  h a d  th e  d i f f e r e n t  c h a r  y ie ld  
a t th e  las t t e m p e r a tu r e  (8 0 0  ° C )  o f  th e  e x p e r im e n t .  T h e  r e s id u e  m a s s  o f  D E T A -  
d e r iv e d  p o ly b e n z o x a z in e s  a n d  P E H A -d e r iv e d  p o ly b e n z o x a z in e  w e r e  a r o u n d  3 0 w t%  
a n d  1 5 w t% . r e s p e c t iv e ly .  T h e  P E H A - d e r iv e d  p o ly b e n z o x a z in e  y ie ld e d  le s s  c h a r  
y ie ld  b e c a u s e  th is  p o ly m e r  c o n ta in s  lo n g e r  a l ip h a t ic  c h a in s  f ro m  th e  P E H A  a n d  a t 
h ig h e r  te m p e r a tu r e  th e s e  lo n g e r  a l ip h a tic  c h a in s  w e re  m o r e  d i f f ic u l t  to  f o rm  a ro m a tic  
r in g s  w h ic h  f in a l ly  r e s u lte d  in  b o n d  b r e a k a g e  a n d  le s s  c h a r s  w e r e  f o rm e d .
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W a v e n u m b e r  (c m ’ 1 )

re  4 .3  F T - I R  s p e c t r u m  o f  th e  p o lv b e n z o x a z in e  b y  D E T A  a s  re a c ta n t .

I  ร  1 ร ิร  f  ร ร  ร ิ 1 1  f  i  ร ิ î  ร ิ ร ิ ร ิ ริ, 1 1 1 1  ร ิ 1 1 1 5  ริ. 1 1  f  a  ริ  ร  I  i
พ  ave n u m b e r  ( c m '1 )

F i g u r e  4 .4  F T - IR  s p e c t r u m  o f  th e  p o lv b e n z o x a z in e  b y  P E H A  a s  r e a c ta n t .
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F ig u r e  4 .5  D e c o m p o s i t io n  o f  p o ly b e n z o x a z in e  w i th  D E J A  a s  r e a c ta n t .

F ig u r e  4 .6  D e c o m p o s i t io n  o f  p o ly b e n z o x a z in e  w i th  P E H A  a s  r e a c ta n t .
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4 .1 .3  A d s o r b e n ts  C h a ra c te r iz a t io n
F ro m  th e  B E T  s u r fa c e  a r e a  a n a ly s is  b y  u s in g  s u r f a c e  a re a  a n a ly z e r  

( S o r p to m a t ic ) ,  T a b le  4 .1  s h o w e d  th e  c h a n g e s  o f  B E T  s u r f a c e  a r e a  o f  u n tr e a te d  a c t i 
v a te d  c a r b o n  a n d  a s e r ie s  o f  b o th  im p re g n a t in g  a d s o r b e n ts ,  p o r e  v o lu m e , a n d  p o re  
s iz e  d i s t r ib u t io n .  T h e  B E T  s u r fa c e  a r e a  a n d  p o re  v o lu m e  o f  u n t r e a te d  a c t iv a te d  c a r 
b o n  a re  1 0 9 0 .0 6  m 2/g  a n d  0 .6 4  c m 3/g . r e s p e c t iv e ly .  T h e r e  w a s  a  d e c r e a s e  in  th e  s u r 
fa c e  a r e a  a n d  p o re  v o lu m e  w ith  h ig h e r  c o n c e n t r a t io n  o f  im p re g n a te d  lo a d in g . T h e  
d e c r e a s e  in  th e  s u r fa c e  a r e a  c o u ld  im p ly  th a t  th e re  w a s  s o m e  a m o u n t  o f  p o ly b e n z o x -  
a z in e  b lo c k in g  in  th e  m ic r o p o r e  w h ic h  r e s u l te d  in  th e  d e c r e a s e  in  p o r e  v o lu m e  th a t  
f o l lo w e d  f ro m  th e  w o rk  o f  X u  et ai. (2 0 0 3 ) .

T a b l e  4 .1  T h e  B E T  s u r f a c e  a re a  a n a ly s is  o f  p u re  a c t iv a te d  c a r b o n  a n d  a s e r ie s  o f  
im p re g n a te d  a d s o rb e n ts

A d s o r b e n ts
B E T  s u r f a c e  
a re a  ( m 2/g )

T o ta l  p o re  
v o lu m e  
( c n r / g )

A v e ra g e  
p o re  s iz e  

(ททา)
A C 1 0 9 0 0 .6 4 0 .7 4

A C +  lw t% P B Z ( D E T A ) 8 7 7 0 .51 0 .7 6
A C +  5 w t% P B Z ( D E T A ) 8 1 0 0 .4 8 0 .7 8

A C +  1 0 w t% P B Z ( D E T A ) 7 6 4 0 .4 7 0 .7 9
A C +  1 0 w t% P B Z ( P E H A ) 8 1 2 0 .4 5 0 .7 9
P B Z - d e r iv e d  A C ( D E T A )  

( C a r b o n iz e d  a t  2 0 0  °C )
134 0 .2 8 0 .6 6

P B Z - d e r iv e d  A C ( D E T A )  
( C a r b o n iz e d  a t  3 0 0  °C )

2 6 7 0 .3 0 0 .7 8

P B Z - d e r iv e d  A C ( D E T A )  
( C a r b o n iz e d  a t  4 0 0  °C )

1 0 2 0 .2 9 0 .8 3

P B Z - d e r iv e d  A C ( P E H A )  
( C a r b o n iz e d  a t  3 0 0  °C )

0 0 . 2 0 -
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F ig u r e  4 .7  s h o w e d  th e  s u r f a c e  m o r p h o lo g y  o f  th e  u n t r e a te d  a c t iv a te d  
c a r b o n  ( F ig u r e  4 .7 a )  a n d  a c t iv a te d  c a r b o n  w i th  I 0 w t%  im p re g n a te d  p o ly b e n z o x a z in e  
( F ig u r e  4 .7 b )  a t  a  m a g n if ic a t io n  o f  9 .0 0 0  t im e s  b y  u s in g  S c a n n in g  E le c t ro n  M ic r o 
s c o p e  ( S E M ) . T h e  re s u lt  s h o w e d  th e  s u r f a c e  a n d  p o r e s  o f  a c t iv a te d  c a rb o n  w ith  
I 0 w t%  im p r e g n a te d  p o ly b e n z o x a z in e  w e r e  b lo c k e d  b y  s o m e  a m o u n t  o f  p o ly b e n z o x 
a z in e  th a t s e e n  th e  s o m e  m a te r ia ls  w e re  in  th e  p o re  f ro m  th e  c o m p a r i s o n  o f  F ig u re  
4 .7 a  a n d  F ig u r e  4 .7 b . T h e s e  r e s u l t s  w e re  c o n f i r m e d  b y  B E T  s u r fa c e  a r e a  a n a ly z e r  a s  
s h o w n  in T a b le  4 .1 . T h e  d e c r e a s e  in th e  s u r f a c e  a re a  a n d  in  p o re  v o lu m e  c o u ld  in d i 
c a te  th a t  th e r e  w a s  s o m e  a m o u n t  o f  p o ly b e n z o x a z in e  b lo c k in g ;  h o w e v e r ,  th e s e  r e 
s u l ts  m a y  n o t c o n f i r m  th e  p o ly b e n z o x a z in e  b lo c k in g  a b s o lu te ly  s in c e  th e  m a g n if ic a 
t io n  r a n g e  is  to o  lo w  a n d  m ic r o p o r e  c o u ld  n o t  b e  o b s e rv e d .

TM3000.0668 NL D6.1 x9 Ok 10 um TM3000_06/2 NL D 6 1 x9.0k 10 um

( a )  ( b )
F i g u r e  4 .7  S E M  im a g e s  o f  ( a )  u n tr e a te d  a c t iv a te d  c a r b o n  a n d  (b )  a c t iv a te d  c a r b o n  
w i th  I 0 w t%  im p re g n a te d  p o ly b e n z o x a z in e .

F ro m  F ig u re  4 .8 .  th e  r e s u l t s  s h o w e d  th e  d e c o m p o s i t io n  o f  I0 v v t%  o f  
P E H A - d e r iv e d  p o ly b e n z o x a z in e  im p re g n a t in g  o n  a c t iv a te d  c a rb o n . F ir s t ,  th e  a d s o r 
b e n t  d e c o m p o s e d  a ro u n d  5 0  ° c  b e c a u s e  o f  m o is tu r e  o n  th e  a d s o rb e n t .  T h e  a d s o rb e n t  
c o n ta in s  m o r e  m o is tu r e  th a t  m a y  c a u s e  b y  p r e p a r a t io n  b e f o r e  c h a r a c te r iz e d  n o t g o o d  
e n o u g h  th e n  w e ig h t  c h a n g e  w a s  s ta b le  u n ti l  1 6 0  ° c ,  th e  p o ly b e n z o x a z in e  th a t im 
p r e g n a t in g  o n  th e  s u r fa c e  o f  a c t iv a te d  c a r b o n  d e c o m p o s e d  t i l l  2 2 0  ° c .
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Temperature cC)

F i g u r e  4 .8  D e c o m p o s i t io n  o f  1 0 \v t%  o f  P E H A - d e r iv e d  p o ly b e n z o x a z in e  im p r e g n a t 
in g  o n  a c t iv a te d  c a r b o n .

4 .1 .4  U l t im a te  A n a ly s is
T a b le  4 .2  s h o w e d  th e  u l t im a te  a n a ly s is  o f  u n t r e a te d  a c t iv a te d  c a rb o n  

a n d  a  s e r ie s  o f  a c t iv a te d  c a rb o n  im p re g n a te d  b y  b e n z o x a z in e  d e r iv e d  f ro m  d ie th y r  
le n e t r ia m in e  ( D E T A ) .  V a r io u s  im p re g n a t io n  m e th o d s  w e r e  e m p lo y e d  in c lu d in g  v ig 
o ro u s  s t i r  u s in g  m a g n e t ic  s t i r r e r ,  s h a k e  u s in g  in c u b a t in g  s h a k e r  a n d  a g i ta t io n  u s in g  
s o n ic  b a th . A f te r  im p re g n a t io n ,  th e  a d s o rb e n ts  w e r e  s u b je c te d  to  c u r e  a t 1 2 0  ° c  fo r  
9 0  m in  a n d  f o l lo w in g  b y  180  ๐c  fo r  9 0  m in .
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Table 4.2 Ultimate analysis of all adsorbents in each preparation methods

I m p r e g n a t io n
M e th o d

M a te r ia l % c % H % N

U n tr e a te d  a c t iv a te d  c a rb o n 8 4 .2 8 0 .6 5 0 .0 4
A c t iv a te d  c a r b o n +  5 w t% P B Z 7 9 .9 4 0 . 5 1 0 .2 5

A c t iv a te d  c a r b o n +  1 O w t% P B Z 7 9 .8 9 0 . 6 1 0 .8 5
S t i r r e d A c t iv a te d  c a r b o n +  2 0 w t% P B Z 7 3 .2 6 0.81 1.55

A c t iv a te d  c a r b o n +  3 0 w t% P B Z 7 5 .5 2 0 . 9 1 2 .3 2
A c t iv a te d  c a r b o n +  4 0 w t% P B Z 7 8 .6 1 l .72 3 .2 5
A c t iv a te d  c a r b o n +  5 w t% P B Z 7 9 .2 2 0 .4 5 0 . 1 1

A c t iv a te d  c a r b o n +  1 0 w t% P B Z 7 4 .5 3 0 .5 9 0 .1 8
S h a k e A c t iv a te d  c a r b o n +  2 0 w t% P B Z 7 4 .4 0 0 .8 9 0 .7 0

A c t iv a te d  c a r b o n +  3 0 w t% P B Z 7 8 .8 8 0 .9 5 0 .9 8
A c t iv a te d  c a r b o n +  4 0 w t% P B Z 7 5 .6 3 1.1 9 1 .26
A c t iv a te d  c a r b o n +  5 w t% P B Z 7 0 .0 9 0 .5 4 0 .0 5

S o n ic  b a th
A c t iv a te d  e a r b o n +  lO w t% P B Z 7 0 .9 8 0 .6 4 0 .0 8
A c t iv a te d  c a r b o n +  2 0 w t% P B Z 6 9 .4 5 0.81 0 .2 9
A c t iv a te d  c a r b o n +  3 0 w t% P B Z 6 9 .4 2 0 .9 3 0 .6 7

T h e  r e s u l t s  s h o w e d  th e  in c re a s in g  a m o u n t  o f  n i t r o g e n  c o n te n t  w i th  in 
c r e a s in g  c o n c e n t r a t io n  o f  p o lv b e n z o x a z in e  im p re g n a te d  o n  th e  a c t iv a te d  c a r b o n .  T h e  
s a m e  t r e n d  w a s  o b s e r v e d  fo r  a ll im p re g n a t io n  m e th o d  u s e d , s h o w in g  th e  s u c c e s s f u l  
o f  im p re g n a t io n .  T h e  m a x im u m  a m o u n t  o f  n i t r o g e n  c o m p o n e n t  is  3 .2 5 %  f ro m  a c t i 
v a te d  c a r b o n  w ith  4 0 w t% P B Z  b y  s t i r r in g  m e th o d . T h e n  th e  s t i r r in g  m e th o d  w a s  u s e d  
fo r  m e c h a n ic a l  m ix in g  in  th e  im p re g n a t io n  m e th o d  in  th is  w o rk .

T a b le  4 .3  s h o w e d  th e  u l t im a te  a n a ly s is  o f  u n t r e a te d  a c t iv a te d  c a r b o n ,  
b o th  b e n z o x a z in e  m o n o m e r s  f ro m  d i f f e r e n t  a m in e  r e a c ta n t  ( D E T A  a n d  P E H A ) , b o th  
p o ly b e n z o x a z in e s  f ro m  d i f f e re n t  a m in e  r e a c ta n t  ( D E T A  a n d  P E H A ) , a n d  a  s e r ie s  o f  
a c t iv a te d  c a r b o n  im p re g n a te d  b y  b o th  b e n z o x a z in e  m o n o m e r s .  T h e  im p r e g n a t io n  
m e th o d  w a s  s t i r r in g  a n d  v a ry in g  b e n z o x a z in e  lo a d in g  (1 w t% . 5 w t% . a n d  1 0 w t% ).
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Table 4.3 Ultimate analysis of all materials

M a te r ia l % c % H % N % ร % 0

U n tr e a te d  A C 8 4 .2 8 0 .6 5 0 .0 4 0 .0 3 1 5 .0 0
B Z ( D E T A ) 5 9 .6 9 6 .2 3 9 .1 7 0 .0 0 2 4 .9 1
B Z  ( P E H A ) 4 3 .7 2 6 .4 6 13.81 0 .0 0 36 .0 1

P B Z ( D E T A ) 6 8 .2 4 6 .3 7 9 .0 6 0 .0 0 1 6 .3 3
P B Z ( P E H A ) 6 7 .3 7 7 .2 8 1 4 .7 8 0 .0 0 1 0 .5 7

P B Z - d e r iv e d  A C ( D E T A )
77 .2 1 0 .5 6 4 .4 4 0 .0 0 1 7 .7 9

( C a r b o n iz e d  a t 2 0 0  ° C )
P B Z - d e r iv e d  A C ( D E T A )

8 0 .0 0 0 .2 8 4.31 '  0 .0 0 15.41
( C a r b o n iz e d  a t  3 0 0  ° C )

P B Z - d e r iv e d  A C ( D E T A )
8 3 .6 5 0 . 2 2 3.61 0 .0 0 1 2 .5 2

( C a r b o n iz e d  a t  4 0 0  ° C )
P B Z - d e r iv e d  A C ( P E H A )

7 9 .9 5 0 .1 6 6 .6 0 0 .0 0 1 3 .2 9
( C a r b o n iz e d  a t 3 0 0  ๐C )

A C + 1  w t% P B Z  ( D E T A ) 7 9 .6 4 0 .2 5 0 . 1 1 0 .0 3 1 9 .9 7
A C + 5 w t% P B Z  ( D E T A ) 7 9 .9 4 0.51 0 .2 5 0 .0 3 ,1 9 .2 7

A C + 1 0 w t% P B Z  ( D E T A ) 7 9 .8 9 0.61 0 .8 5 0 .0 2 18 .6 3
A C + 1 w t% P B Z  ( P E H A ) 8 1 .2 5 0 . 2 1 0 .1 7 0 .0 2 18 .3 5
A C + 5 w t% P B Z  ( P E H A ) 8 0 .2 7 0 .2 5 0 .7 2 0 .0 2 1 8 .7 4

A C + 1 0 w t% P B Z  ( P E H A ) 8 1 .1 9 0 .7 8 1.25 0 .0 2 1 6 .7 6
* A C  =  A c t iv a te d  c a r b o n ,  B Z  =  B e n z o x a z in e  m o n o m e r ,  P B Z  =  P o ly b e n z o x a z in e

T h e  r e s u l t s  s h o w e d  th a t  th e  in c r e a s in g  a m o u n t o f  n i t r o g e n  c o n te n t  
w i th  in c r e a s in g  c o n c e n t r a t io n  o f  p o ly b e n z o x a z in e  im p re g n a te d  o n  th e  a c t iv a te d  c a r 
b o n . T h e  a m o u n t  o f  n i t r o g e n  c o n te n t  o f  im p re g n a te d  a d s o r b e n ts  b y  P E H A  w e r e  
h ig h e r  th a n  th e  im p r e g n a te d  a d s o rb e n ts  b y  D E T A  a ll o f  c o n c e n t r a t io n s  b e c a u s e  p u re  
P E E lA -d e r iv e d  b e n z o x a z in e s  h a s  m o re  a m o u n t  o f  n i t r o g e n  e le m e n t  c o n te n t  th a n  D E - . 
T A - d e r iv e d  b e n z o x a z in e s  (1 3 .8 1  a n d  9 .1 7 % , r e s p e c t iv e ly ) .  In  b e n z o x a z in e  lo a d in g , 
th e  u l t im a te  a n a ly s is  s h o w e d  th a t th e y  w e r e  s u c c e s s f u l .  In  th e  e x a m p le  o f  a c t iv a te d
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c a r b o n  w ith  l w t %  p o ly b e n z o x a z in e  ( P E H A ) , n i t r o g e n  c o n te n t  o f  p u r e  a c t iv a te d  c a r 
b o n  (0 .0 4 % )  a n d  1 w t%  p o ly b e n z o x a z in e  (0 .1 4 % )  a s  e q u iv a le n t  a s  c o m p a re d  w i th  
n i t r o g e n  c o n te n t  o f  a c t iv a te d  c a rb o n  w ith  l w t%  p o ly b e n z o x a z in e  ( P E H A )  (0 .1 7 % ).

4 .1 .5  S u r fa c e  A n a ly s is  bv  X P S
F ro m  th e  X P S  a n a ly s is , th e  w id e  s c a n s  c o n f i r m e d  th a t  th e  s u r fa c e  w a s  

c o m p o s e d  m a in ly  o f  c a r b o n ,  o x y g e n , a n d  n i t r o g e n  th e n  th e  n a r r o w  s c a n s  c o n f i rm e d  
th e  fu n c t io n a l  g r o u p s . T a b le  4 .4  -  4 .7  s h o w e d  th e  p e r c e n ta g e s  o f  d e c o n v o lu te d  p e a k s  
s p e c i f ie d  b y  ty p e s  o f  p o s s ib l e  b o n d in g s  a s  a s s ig n e d  in  T a b le  4 .8  in  th is  w o rk .

T a b l e  4 .4  D e c o n v o lu t io n  r e s u l t s  o f  u n tr e a te d  a c t iv a te d  c a r b o n  a n d  p o ly b e n z o x a z in e

A C ' P B Z (D E T A ) P B Z ( P E H A )
B in d in g B in d in g B in d in g

R e g io n
E n e r g y % E n e rg y % E n e r g y %

( e V ) (e V ) (e V )
2 8 4 .6 1 9 6 7 .8 0 % 2 8 4 .4 0 7 4 7 .9 0 % 2 8 4 .5 6 5 6 5 .9 0 %

- - 2 8 5 .5 1 4 1 6 .6 0 %  ' 2 8 5 .5 9 3 2 3 .0 0 %
2 8 6 .3 4 0 8 .7 0 % 2 8 6 .5 7 9 1 2 .8 0 % 2 8 6 .1 9 9 6 .5 0 %

c  I s
2 8 7 .3 0 2 4 .4 0 % 2 8 7 .4 5 0 9 .4 0 % 2 8 7 .2 9 7 2 . 1 0 %
2 8 8 .7 9 7 9 .5 0 % 2 8 8 .9 2 1 1 3 .3 0 % 2 8 8 .7 0 7 2 .5 0 %
2 9 2 .5 7 8 9 .5 0 % - - -

5 3 1 .4 9 9 6 8 . 1 0 % 5 3 1 .6 4 8 5 0 .7 0 % 5 3 1 .7 7 1 8 2 .2 0 %
0  I s

5 3 3 .3 9 8 3 1 .9 0 % 5 3 3 .2 0 2 4 9 .3 0 % 5 3 3 .3 0 7 1 7 .8 0 %
N  I s - - 4 0 0 .3 0 0 1 0 0 .0 0 % 4 0 0 .2 7 4 1 0 0 .0 0 %
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Table 4.5 Deconvolution results of DETA-derived PBZ impregnating on AC

A C + 1 w t% P B Z ( D E T  A ) A C + 5  w t% P B Z ( D E T  A ) A C + 10 w t% P B Z ( D E T  A )

R e g io n
B in d in g B in d in g B in d in g
E n e r g y % E n e rg y % E n e r g y %

( e V ) (e V ) (e V )
2 8 4 .6 0 0 6 0 .9 0 % 2 8 4 .5 6 3 5 9 .4 0 % 2 8 4 .5 7 7 5 7 .2 0 %
2 8 5 .6 2 1 1 0 .9 0 % 2 8 5 .6 0 0 1 1 .9 0 % 2 8 5 .6 1 2 1 3 .4 0 %
2 8 6 .4 0 7 7 .7 0 % 2 8 6 .4 8 1 7 .2 0 % 2 8 6 .4 8 2 7 .4 0 %

c  Is
2 8 7 .4 0 7 6 .5 0 % 2 8 7 .3 8 2 3 .0 0 % 2 8 7 .3 7 8 4 .0 0 %
2 8 8 .9 4 3 8 .0 0 % 2 8 8 .9 2 0 1 1 .9 0 % 2 8 8 .9 8 4 1 1 .0 0 %
2 9 2 .3 7 0 6 . 1 0 % 2 9 2 .6 4 6 6 .6 0 % '292.959 7 .1 0 %
5 3 1 .5 0 0 6 8 .7 0 % 5 3 1 .5 9 0 7 0 .5 0 % 5 3 1 .6 0 8 7 1 .8 0 %

0  I s
5 3 3 .2 9 8  ' 3 1 .3 0 % 5 3 3 .2 9 8 2 9 .5 0 % 5 3 3 .2 2 4 2 8 .2 0 %

N  I s 4 0 0 .1 1 2 1 0 0 .0 0 % 4 0 0 .0 0 9 1 0 0 .0 0 % 3 9 9 .9 6 8 1 0 0 .0 0 %

T a b l e  4 .6 D e c o n v o lu t io n  r e s u l t s  o f  P E H A -d e r iv e d  P B Z  im p r e g n a t in g  o n  A C

A C + lw t% P B Z ( P E H A ) A C + 5 w t% P B Z ( P E H A ) A C + 1 0 w t% P B Z ( P E H A )
B in d in g B in d in g B in d in g

R e g io n
E n e r g y % E n e rg y % E n e r g y %

( e V )  - ( e V ) (e V )
2 8 4 .6 2 3  - 6 0 .4 0 % 2 8 4 .6 0 4 5 6 .8 0 % 2 8 4 .5 7 4 5 6 .6 0 %
2 8 5 .6 2 5 9 .9 0 % 2 8 5 .5 9 4 1 3 .0 0 % 2 8 5 .6 3 2 1 2 .6 0 %
2 8 6 .4 8 9 7 .9 0 % 2 8 6 .4 2 2 7 .9 0 % 2 8 6 .4 5 0 1 0 .5 0 %

c  I s
2 8 7 .4 3 1 3 .9 0 % 2 8 7 .4 0 7 4 .6 0 % 2 8 7 .4 0 9 4 .3 0 %
2 8 8 .8 9 7 1 0 .0 0 % 2 8 8 .8 9 6 1 3 .3 0 % 2 8 8 .9 5 9 1 2 .4 0 %
2 9 1 .9 4 4 7 .9 0 % 2 9 3 .0 8 3 4 .5 0 % 2 9 2 .3 0 5 3 .7 0 %
5 3 1 .5 7 6 7 2 .0 0 % 5 3 1 .5 8 3 6 3 .8 0 % 5 3 1 .5 7 4 6 9 .9 0 %

0  I s
5 3 3 .2 8 5 2 8 .0 0 % - 5 3 3 .2 7 8 3 6 .2 0 % 5 3 3 .2 7 8 3 0 .1 0 %

N  I s 4 0 0 .2 7 9 1 0 0 .0 0 % 4 0 0 .1 8 3 1 0 0 .0 0 % 4 0 0 .2 5 0 1 0 0 .0 0 %



51

T a b l e  4 .7  D e c o n v o lu t io n  r e s u l t s  o f  a c t iv a te d  c a r b o n  f ro m  p o ly b e n z o x a z in e

P B Z - d e r iv e d  A C P B Z -d e r iv e d  A C P B Z -d e r iv e d  A C
( D E T A )  (2 0 0 ° C ) ( D E T A )  ( 3 0 0 ° C ) ( D E T A )  (4 0 0 ° C )

R e g io n B in d in g B in d in g B in d in g
E n e r g y % E n e rg y % E n e rg y %

( e V ) - (e V ) (e V )
2 8 4 .5 7 9 5 1 .2 0 % 2 8 4 .4 5 0 5 7 .6 0 % 2 8 4 .6 3 6 6 8 .7 0 %
2 8 5 .5 5 7 1 8 .2 0 % 2 8 5 .6 2 1 1 6 .3 0 % 2 8 5 .7 0 0 9ไ80%
2 8 6 .5 7 9 1 3 .0 0 % 2 8 6 .5 3 6 1 0 .4 0 % 2 8 6 .5 5 0 8 .2 0 %

c  Is
2 8 7 .4 2 9 6 .2 0 % 2 8 7 .4 2 9 7 .4 0 % 2 8 7 .3 5 7 4 .8 0 %
2 8 8 .9 4 7 7 .2 0 % 2 8 8 .9 8 5 4 .9 0 % 2 8 8 .9 3 5 6 . 1 0 %
2 9 1 .0 7 7 4 .2 0 % 2 9 1 .1 6 3 3 .4 0 % 2 9 1 .6 4 8 2 .4 0 %

0  I s
5 3 1 .6 8 6 5 0 .9 0 % 5 3 1 .3 8 4 7 3 .1 0 % 5 3 1 .4 6 5 8 1 .1 0 %
5 3 3 .2 1 8 4 9 .1 0 % 5 3 3 .2 8 1 2 6 .9 0 % 5 3 3 .2 8 6 1 8 .9 0 %

N  I s 3 9 9 .9 4 6 1 0 0 .0 0 % 4 0 0 .1 1 1 1 0 0 .0 0 % 4 0 0 .1 8 8 1 0 0 .0 0 %

T a b l e  4 .8  A s s ig n m e n ts  o f  d e c o n v o l v e d  p e a k s  a s  a n a ly z e d  b y  X P S

R e g io n
B in d in g  

E n e r g y  ( e V )
A s s ig n m e n t

2 8 4 .5 5 0 ± 0 .1 C a rb o n
2 8 5 .6 0 0 ± 0 .1 c  w ith  N

c  Is 2 8 6 .3 9 0 ± 0 .2 c  w i th  N  o r  E ly d ro x y l o r  E th e r
2 8 7 .3 9 0 ± 0 .1 C a rb o n y l
2 8 8 .8 0 0 ± 0 .2 C a rb o x y l  o r  E s te r

0  I s
5 3 1 .5 2 0 ± 0 .2 5
5 3 3 .2 5 0 ± 0 .2

H y d r o x id e  o r  A m id e  
E th e r  o r  A lc o h o l o r  C a r b o n y l

N  I s 4 0 0 .1 0 0 ± 0 .2 A m id e  o r  L a c ta m e  o r  P y r id o n e
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F ro m  th e  r e s u l t s ,  a ll o f  a d s o r b e n ts  h a d  s im i l a r  s u r f a c e  f u n c t io n a l i t ie s .  C l s  
w a s  d e c o n v o l v e d  in to  f iv e  c o m p o n e n ts  c o m m o n ly  a s s ig n e d  in  th e  a n a ly s is  o f  c a rb o n  
m a te r ia ls :  ( a )  C a r b o n , (b )  c  w i th  N , (c )  c  w ith  N /H v d r o x y l /E th e r .  (d )  C a r b o n y l  a n d  
(e )  C a r b o x y l /E s te r .  T h e  a n a ly s is  o f  c a rb o n  m a te r ia ls  a re  f o l lo w e d  b y  X P S  r e fe r e n c e  
a n d  P la z a  et al. (2 0 1 3  ). T h e  0 1  ร s p e c t r a  is  le s s  c o m p l ic a t e d ,  w i th  o n ly  tw o  c o m p o 
n e n ts , n a m e ly  H y d r o x id e /A m id e  a n d  E th e r /A lc o h o l /C a r b o n y l  th a t  f o l lo w e d  b y  X P S  
re fe r e n c e  a n d  F ig u e i r e d o  et al. ( 1 9 9 9 ) .  A n d  th e  N l s  s p e c t r a  a s s ig n e d  to  o n ly  o n e  
c o m p o n e n t  n a m e ly  A m id e /  L a c ta m e /P y r id o n e  a s  s u g g e s te d  b y  B u rg  et al. ( 2 0 1 2 )  a n d  
P e ls  et al. ( 1 9 9 5 ) .  A f te r  b e n z o x a z in e  im p re g n a t io n  o n  th e  u n t r e a te d  a c t iv a te d  c a rb o n , 
th e  c  w i th  N  p e a k s  a p p r o x im a te ly  a t  2 8 5 .6  a n d  2 8 6 .4  e V  in  th e  C l s  r e g io n  o f  im 
p r e g n a t in g  a d s o r b e n ts  h a d  m o re  th a n  th e  u n tr e a te d  a c t iv a te d  c a r b o n  a n d  th is  e v id e n c e  
c o n f i rm s  th e  im p re g n a t io n  o n  th e  s u r f a c e  o f  u n t r e a te d  a c t iv a te d  c a r b o n  w a s  s u c c e s s 
fu l. M o r e o v e r ,  th e  a m o u n ts  o f  th o s e  tw o  p e a k s  in c r e a s e d  w h e n  th e  D E T A -d e r iv e d  
b e n z o x a z in e  lo a d in g  o r  P E H A -d e r iv e d  b e n z o x a z in e  lo a d in g  w e r e  in c re a s e d .  T h e  
X P S  a n a ly s i s  r e s u lt s  f ro m  T a b le  4 .7  s h o w e d  th a t  th e  a m o u n t  o f  n i t r o g e n  f u n c t io n a l i 
tie s  a t  b in d in g  e n e r g y  o f  2 8 5 .6  e V  o f  th e  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a rb o n  
w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t  2 0 0  ° c  w a s  c o m p a r a b le  to  th e  p o ly b e n z o x a z in e -  
d e r iv e d  a c t iv a te d  c a r b o n  c a r b o n iz e d  a t 3 0 0  ° c .  In  th e  p o ly b e n z o x a z in e - d e r iv e d  a c t i 
v a te d  c a r b o n  w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t 4 0 0  ° c .  th e  a m o u n t  o f  n i t r o g e n  f u n c 
t io n a l i t ie s  w a s  th e  lo w e s t  c o m p a re d  w i th  o th e rs .

4 .2  E f f e c t  o f  P r e p a r a t i o n  M e t h o d  o n  C O :  A d s o r p t i o n  P e r f o r m a n c e

T h r e e  m e th o d s  o f  m e c h a n ic a l  m ix in g , i.e . s t i r r e d , s h a k e  a n d  s o n ic  b a th ,  b e 
tw e e n  a c t iv a t e d  c a r b o n  a n d  b e n z o x a z in e  a t v a r io u s  b e n z o x a z in e  c o n c e n t r a t io n s  lo a d 
in g  w e r e  e m p lo y e d  fo r  th e  p r e p a r a t io n  o f  p o ly b e n z o x a z in e  im p r e g n a te d  a d s o rb e n ts .  
F ro m  T a b le  4 .1 . th e  r e s u l t s  s h o w e d  th a t  th e  s t i r r in g  m e th o d  o b ta in e d  th e  h ig h e s t  
a m o u n t o f  n i t r o g e n  c o m p o n e n t  in  a ll b e n z o x a z in e  lo a d in g  c o n c e n t r a t io n s .  T h e  g r a v 
im e tr ic  t e c h n iq u e  w a s  e m p lo y e d  b y  u s in g  S T A  a n a ly z e r  to  m e a s u r e  C O : a d s o r p t io n  
c a p a c ity .  T h e  C O 2 a d s o r p t io n  p e r f o r m a n c e  o f  a c t iv a te d  c a r b o n  W'ith 1 0 w t% P B Z  a t 4 0  
° c  m e a s u r e d  fo r  a ll im p r e g n a t io n  m e th o d s  i.e . s t i r r e d  fo r  o v e r n ig h t ,  s t i r r e d  fo r  3 0  
m in , s h a k e  f o r  o v e r n ig h t  a n d  s o n ic  f o r  3 0  m in . T h e  h ig h e s t  C O :  a d s o r p t io n  c a p a c i ty



is  o b ta in e d  a t  0 .9 5  m m olcW gadsorbent f ro m  th e  s a m p le  w ith  s t i r r in g  fo r  3 0  m in  a s  
s h o w n  in  F ig u r e  4 .9 . H e n c e , a m o n g  a ll th e  im p re g n a t io n  m e th o d  te s te d  in  th is  w o rk . 
3 0  m in  s t i r r in g  m e th o d  w a s  s e le c te d  f o r  m e c h a n ic a l  m ix in g  in  th e  im p re g n a t io n  
m e th o d .

F ig u r e  4 .9  I s o th e rm a l  a d s o r p t io n /d e s o r p t io n  p r o f i l e s  a t  4 0  ° c  o f  a c t iv a te d  c a r b o n  
im p re g n a te d  w i th  1 0 w t% P B Z  u s in g  v a r io u s  im p r e g n a t io n  m e th o d s .

4 .3  E f f e c t  o f  B e n z o x a z in e  L o a d in g  o n  C O :  A d s o r p t i o n  P e r f o r m a n c e

F ro m  th e  r e s u l t s  b y  g r a v im e tr ic  m e th o d  in  F ig u r e  4 .1 0 , F ig u r e  4 .1 2  a n d  F ig 
u re  4 .1 4 . th e  C O :  a d s o r p t io n  p e r f o rm a n c e  o f  u n tr e a te d  a c t iv a te d  c a r b o n  a n d  th e  s e 
r ie s  o f  D E T A - d e r iv e d  p o ly b e n z o x a z in e s  im p re g n a te d  a d s o rb e n ts  a t  4 0  ° c ,  75  ° c ,  

a n d  140  ° c .  W h e n  in c re a s in g  b e n z o x a z in e  lo a d in g  c o n c e n t r a t io n  to  im p re g n a te  o n  
th e  a c t iv a te d  c a r b o n  s u r f a c e  ( 1 w t% , 5 w t% , a n d  1 0 w t% ). th e  C O : a d s o rp t io n  p e r f o r 
m a n c e  o f  a ll p o ly 'b e n z o x a z in e  im p re g n a te d  a d s o r b e n ts  w a s  d e c r e a s e d  in  th e  s a m e  
tre n d  a t a ll  t e m p e r a tu r e  c o n d i t io n s  (a t 4 0  ° c  c a . 1 .0 9 , 0 .9 3 ,  a n d  0 .8 1  

m m o lç o : /gadsorbent- a t  75  ° c  ca . 0 .7 6 , 0 .6 4 ,  a n d  0 .5 3  m m olcW gadsorbent a n d  a t 1 4 0  ° c  
c a . 0 .3 0 . 0 .2 3 ,  a n d  0 .1 9  m m olcW gadsorbent a t lw t% . 5 w t% , a n d  1 0 w t%  lo a d in g , r e 
s p e c t iv e ly ) .



54

F ro m  F ig u re  4 .1 1 ,  F ig u r e  4 .1 3  a n d  F ig u re  4 .1 5 .  th e  r e s u l t s  s h o w e d  th e  C O 2 

a d s o rp t io n  p e r f o r m a n c e  o f  s a m e  u n tr e a te d  a c t iv a te d  c a r b o n  a n d  th e  s e r ie s  o f  P E H A -  
d e r iv e d  p o ly b e n z o x a z in e s  im p re g n a te d  o n  s u r fa c e  o f  a d s o r b e n t s  a t  4 0  ° c ,  75  ° c ,  a n d  

14 0  ๐c .  W h e n  in c r e a s in g  b e n z o x a z in e  lo a d in g  c o n c e n t r a t io n  to  im p re g n a te  o n  th e  
a c t iv a te d  c a r b o n  s u r f a c e  ( l w t % ,  5 w t% , a n d  1 0 w t% ), th e  C O 2 a d s o rp t io n  p e r f o r 
m a n c e  o f  a ll p o ly b e n z o x a z in e  im p re g n a te d  a d s o r b e n ts  w a s  d e c r e a s e d  in  th e  s a m e  
tre n d  lik e  th e  r e s u l t s  f ro m  a ll p o ly b e n z o x a z in e  w ith  D E T A _ a s  a m in e  re a c ta n t  im 

p re g n a te d  a d s o r b e n t s  a t  a ll t e m p e ra tu re  c o n d i t io n s  (a t  4 0  ° c  ca . 1 .0 7 , 1 .0 1 , a n d  0 .9 9  

m m olau/gadsorbent- a t 75  ° c  ca . 0 .7 7 . 0 .6 2 , -a n d  0 .5 9  m m oItW gndsorbent a n d  a t  140 ° c  
c a . 0 .3 1 . 0 .2 5 ,  a n d  0 .2 3  m m oIcW gadsorbent a t  lw rt% , 5 w t% , a n d  1 0 w t%  lo a d in g , r e 
s p e c t iv e ly ) .

T h e  m a x im u m  C O 2 a d s o rp t io n  c a p a c i ty  is f ro m  th e  u n t r e a te d  a c t iv a te d  c a r 

b o n  (A C )  a t  4 0  ° c  (1 .4 5  m m olcW gadsorbeni)- T h e  d e c r e a s in g  in  C O 2 a d s o rp t io n  w ith  
in c re a s in g  b e n z o x a z in e  lo a d in g  m a y  c a u s e d  b y  p o re  b lo c k in g  e f f e c ts  d u r in g  th e  c u r 
in g  p r o c e s s  o f  p o ly b e n z o x a z in e  a f te r  im p re g n a t io n  a s  e v id e n c e  b y  th e  d ra s t ic  r e d u c 
t io n  o f  B E T  s u r f a c e  a r e a  f ro m  T a b le  4 .1 . T h e  b e n e f i ts  o f  c h e m is o r p t io n  f ro m  im 
p re g n a te d  p o ly b e n z o x a z in e  w e re  n o t c le a r  f ro m  th is  w o rk .

Figure 4.10 Isothermal adsorption/desorption profiles at 40 °c  of activated carbon
impregnated with various PBZ (DETA) loading.



F i g u r e  4 .1 1  I s o th e r m a l  a d s o rp t io n /d e s o r p t io n  p ro f i le s  a t  4 0  ° c  o f  a c t iv a te d  c a rb o n  
im p re g n a te d  w i th  v a r io u s  P B Z  (P E H A )  lo a d in g .

F i g u r e  4 .1 2  I s o th e rm a l  a d s o r p t io n /d e s o r p t io n  p ro f i le s  a t  7 5  ° c  o f  a c t iv a te d  c a rb o n  
im p re g n a te d  w i th  v a r io u s  P B Z  ( D E T A )  lo a d in g .
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F i g u r e  4 .1 3  I s o th e r m a l  a d s o rp t io n /d e s o r p t io n  p ro f i le s  a t  75  ° c  o f  a c t iv a te d  c a rb o n  
im p re g n a te d  w i th  v a r io u s  P B Z  (P E H A )  lo a d in g .

F i g u r e  4 .1 4  I s o th e r m a l  a d s o rp t io n /d e s o r p t io n  p ro f i le s  a t 1 4 0  ° c  o f  a c t iv a te d  c a rb o n  
im p re g n a te d  w i th  v a r io u s  P B Z  ( D E T A )  lo a d in g .
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F i g u r e  4 .1 5  I s o th e rm a l  a d s o rp t io n /d e s o r p t io n  p r o f i l e s  a t 1 4 0  ° c  o f  a c t iv a te d  c a rb o n  
im p re g n a te d  w i th  v a r io n s  P B Z  ( P E H A )  lo a d in g .

4 .4  E f f e c t  o f  S t r u c t u r e  o f  A m in e  f o r  th e  B e n z o x a z in e  S y n t h e s i s  o n  C O :  A d s o r p 
t i o n  P e r f o r m a n c e

F ro m  th e  r e s u l t s  f ro m  g r a v im e tr ic  m e th o d  b y  u s in g  S T A  a n a ly z e r  to  m e a s 
u re  C O :  a d s o r p t io n  c a p a c i ty  in  F ig u re  4 .1 6 . th e  r e s u lt s  s h o w e d  th e  C O : a d s o rp t io n  
c a p a c i ty  o f  1 0 w t%  lo a d in g  o f  p o ly b e n z o x a z in e  d e r iv e d  f ro m  D E T A  a n d  P E H A  as  

im p r e g n a t in g  m a te r ia ls  a t 4 0  ° c ,  75  ๐c ,  a n d  1 4 0  ° c .  T h e  im p re g n a te d  a d s o rb e n ts  
w i th  P E H A - d e r iv e d  b e n z o x a z in e  p e r fo rm  a  h ig h e r  C O : a d s o r p t io n  c a p a c i ty  th a n  
th o s e  im p re g n a te d  a d s o r b e n t s  w i th  D E T A -d e r iv e d  b e n z o x a z in e  a t a ll te m p e ra tu re s .  
T h is  is  d i re c t ly  b e c a u s e  th e  B E T  s u r fa c e  a r e a  f ro m  T a b le  4 .1  a n d  th e  a m o u n t  o f  n i 
t r o g e n  c o n te n t  o f  th e  P E H A - d e r iv e d  b e n z o x a z in e  a re  h ig h e r  th a n  th e  b e n z o x a z in e  
d e r iv e d  f ro m  D E T A  a s  e v id e n c e d  f ro m  th e  n i t r o g e n  c o n te n t  b y  th e  C H N  a n a ly s is  
( 1 3 .8 1 %  a n d  9 .1 7 % . r e s p e c t iv e ly ) .
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Temperature pc)

■  AC

& AC * 10wt%PBZ(DETA) 

AC. 110wt%PBZ(Pf.HA)

F i g u r e  4 .1 6  C O : a d s o r p t io n  p e r f o r m a n c e  o f  m o d if ie d  a d s o r b e n t s  w i th  v a ry in g  
a m in e  a s  re a c ta n t  a t a ll te m p e ra tu re s .

F ro m  F ig u re  4 .1 7 .  F ig u re  4 .1 8 . F ig u re  4 .1 9 .  F ig u re  4 .2 0 .  F ig u re  4 .2 1 .  F ig 
u re  4 .2 2 .  a n d  T a b le  4 .9 .  th e  r e s u lt s  s h o w e d  th a t  th e  a d s o rb e n ts  c a n  b e  r e g e n e r a te d  b u t 
n o t c o m p le te ly  a t low ' te m p e r a tu r e  ( 4 0  ° C ) . h o w e v e r ,  w h e n  in c r e a s in g  te m p e r a tu r e  o f  
a d s o rp t io n /d e s o r p t io n ,  th e  r e g e n e r a t io n  w a s  c o m p le te  b e c a u s e  th e  C O 2 o n  th e  s u r fa c e  
c o u ld  e a s i ly  b e  r e g e n e r a te d  a t h ig h e r  t e m p e r a tu r e .  A n d  w h e n  th e  b e n z o x a z in e  lo a d 
in g  c o n c e n t r a t io n s  in c r e a s e d ,  th e  a d s o r b e n ts  a r e  m o r e  d i f f ic u l t  to  b e  r e g e n e r a te d  d u e  
to  th e  c h e m is o r p t io n  b y  th e  n i t r o g e n  in  p o lv b e n z o x a z in e  a n d  C O :-
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F ig u r e  4 .1 7  I s o th e rm a l r e g e n e r a t io n  p r o f i le s  a t  40 °c o f  a c t iv a te d  c a r b o n  im p r e g 
n a te d  w i th  v a r io u s  P B Z  ( D E T A )  lo a d in g .

Figure 4.18 Isothermal regeneration profiles at 40 °c  of activated carbon impreg
nated with various PBZ (PEHA) loading.
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F i g u r e  4 .1 9  I s o th e rm a l  r e g e n e r a t io n  p r o f i l e s  a t 75  ° c  o f  a c t iv a te d  c a r b o n  im p re g 
n a te d  w ith  v a r io u s  P B Z  ( D E T A )  lo a d in g .

Figure 4.20 Isothermal regeneration profiles at 75 °c  of activated carbon impreg
nated with various PBZ (PEHA) loading.
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F i g u r e  4 .2 1  I s o th e rm a l  r e g e n e r a t io n  p ro f i le s  a t  1 4 0  ° c  o f  a c t iv a te d  c a r b o n  im p re g 
n a te d  w ith  v a r io n s  P B Z  ( D E T A )  lo a d in g .

Figure 4.22 Isothermal regeneration profiles at 140 °c  o f activated carbon impreg
nated with various PBZ (PEHA) loading.
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T a b l e  4 .9  T h e  c o m p a r i s o n  b e tw e e n  b e n z o x a z in e  lo a d in g  a n d  %  o f  r e g e n e r a t io n

T e m p e r a tu r e A d s o r b e n ts % R e g e n e r a t io n
A C  +  1 w t% P B Z  ( D E T A ) 10 0 .0 0
A C  +  5 w t% P B Z  ( D E T A ) 99.98

A C  +  1 0 w t% P B Z  ( D E T A ) 99.98
4 0  c

A C  +  1 w t% P B Z  ( P E H A ) 99.99

A C  +  5\V 1% PB Z  ( P E H A ) 99.99

A C  +  l0 w t% P B Z  ( P E H A ) 99.97

A C  +  l w t% P B Z  (D E T A ) 10 0 .0 0
A C  +  5 w t% P B Z  ( D E T A ) 10 0 .0 0

A C  +  l0 w t% P B Z  ( D E T A ) Î  0 0 .0 075 c
A C  +  lw t% P B Z  (P E H A ) 10 0 .0 0

' A C  +  5 w t% P B Z  (P E H A ) 10 0 .0 0
A C  +  1 0 w t% P B Z  ( P E H A ) 10 0 .0 0
A C  +  l \v t% P B Z  ( D E T A ) 10 0 .0 0
A C  +  5 w t% P B Z  (D E T A ) 10 0 .0 0

A C  +  l0 w t% P B Z  (D E T A ) 10 0 .0 0
140  c

A C  +  l w t% P B Z  (P E H A ) 10 0 .0 0
A C  +  5 w t% P B Z  (P E H A ) 10 0 .0 0

A C  +  l0 w t% P B Z  (P E H A ) 10 0 .0 0
P B Z -d e r iv e d  A C  (D E T A )

99.96

4 0 ° c

( C a rb o n iz e d  a t 2 0 0  °C )  
P B Z -d e r iv e d  A C  (D E T A )

99.98
( C a rb o n iz e d  a t  3 0 0  °C )  

P B Z -d e r iv e d  A C  ( D E T A )  
( C a rb o n iz e d  a t 4 0 0  °C )

99.97

* A C  =  A c t iv a te d  c a r b o n ,  P B Z  =  P o ly b e n z o x a z in e
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4 .5  E f f e c t  o f  T e m p e r a t u r e  o n  C O 2 A d s o r p t i o n  P e r f o r m a n c e

A f te r  v a r y in g  te m p e r a tu r e  o f  a d s o r p t io n  fo r  d e t e r m in in g  C O 2 a d s o rp t io n  
p e r f o r m a n c e .  F ig u r e  4 .2 3  s h o w e d  th e  a d s o r p t io n /d e s o r p t io n  p ro f i le s  o f  th e  s e r ie s  o f  
a c t iv a te d  c a r b o n  w i th  1 0 w t%  lo a d in g  o f  p o ly b e n z o x a z in e  d e r iv e d  f ro m  P E H A  at 4 0  
° c .  75  ° c .  a n d  1 4 0  ° c .  W ith  in c re a s in g  te m p e r a tu r e ,  th e  C O 2 a d s o r p t io n  c a p a c i ty  is 
d e c r e a s e d  d u e  to  th e  p h y s i s o r p t io n  b u t th e  c h e m is o r p t io n  w a s  n o t c le a r ly  o b s e rv e d .

Time (min)
F i g u r e  4 .2 3  I s o th e r m a l  a d s o r p t io n /d e s o r p t io n  p r o f i l e s  a t  v a r io u s  te m p e r a tu r e  o f  a c 
t iv a te d  c a r b o n  im p r e g n a te d  w i th  I O w l" .. P B /  ( P E H A ) .

4 .6  E f f e c t  o f  P o l y b e n z o x a z in e  C a r b o n i z a t i o n  a n d  A c t iv a t i o n  o n  C O 2 A d s o r p t i o n  
P e r f o r m a n c e

A f te r  c a r b o n iz a t io n  b y  v a r y in g  th r e e  c a r b o n iz a t io n  te m p e r a tu r e  (2 0 0  ° c ,  
3 0 0  ° c ,  a n d  4 0 0  ° C )  u n d e r  N 2 a tm o s p h e r e  a n d  a c t iv a t io n  a t  8 0 0  ° c  b y  C O 2, F ig u re  
4 .2 4  s h o w s  th e  C O 2 a d s o rp t io n  p e r f o r m a n c e  o f  p o lv b e n z o x a z in e - d e r iv e d  a c t iv a te d  
c a r b o n  f ro m  g r a v im e tr i c  m e th o d .
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Tinie(min)
F ig u r e  4 .2 4  CO 2 a d s o r p t io n  p e r f o r m a n c e s  a t  4 0  ° c  o f  u n t r e a te d  a c t iv a te d  c a r b o n  
an d  a c t iv a te d  c a r b o n  f ro m  p o ly b e n z o x a z in e  w i th  v a r y in g  c a r b o n iz a t io n  te m p e ra tu re s .

T h e  r e s u lt  s h o w e d  th a t th e  CO 2 a d s o r p t io n  c a p a c i ty  o f  p o ly b e n z o x a z in e -  
d e r iv e d  a c t iv a te d  c a r b o n  w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t  3 0 0  ๐c  s h o w e d  th e  h ig h 
e s t CO 2 a d s o r p t io n  c a p a c i ty  a t 1 .65  mmolcWgadsorbent- T h e  p o ly b e n z o x a z in e - d e r iv e d  
a c t iv a te d  c a r b o n  f ro m  th re e  c a r b o n iz e d  te m p e r a tu r e  h a d  h ig h e r  CO 2 a d s o r p t io n  p e r 
fo rm a n c e  th a n  th e  u n t r e a te d  a c t iv a te d  c a r b o n  b e c a u s e  th e  a m o u n t  o f  n i t r o g e n  f u n c 
t io n a l i t ie s  f ro m  a ll p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  w e r e  h ig h e r  th a n  f ro m  
th e  u n t r e a te d  a c t iv a t e d  c a rb o n  a s  e v id e n c e d  f ro m  th e  X P S  a n a ly s is  in  T a b le  4 .4  a n d  
T a b le  4 .7 .  A t th e  b in d in g ’ e n e rg y  o f  2 8 5 .6  e V  o f  c  I s  r e g io n  r e f e r r e d  to  th e  b o n d in g  
b e tw e e n  c a r b o n  a n d  n i tro g e n , th e  u n tr e a te d  a c t iv a te d  c a r b o n  d id  n o t c o n ta in  th is  
p e a k . A l th o u g h  th e  B E T  s u r fa c e  a r e a  o f  th e  u n t r e a te d  a c t iv a t e d  c a rb o n  ( 1 0 9 0  m 2/g )  
w a s  h ig h e r  th a n  a ll p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  ( 1 3 4  ทา2/g , 2 6 7  m 2/g , 
a n d  102  m 2/g  a t c a r b o n iz in g  te m p e ra tu re  o f  2 0 0  ๐c ,  3 0 0  ° c  a n d  4 0 0  ๐c ,  r e s p e c t iv e ly ,  
a s  s h o w n  in  T a b le  4 .1 ') . a ll p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  s a m p le s  y ie ld  a 
h ig h e r  CO 2 a d s o r p t io n  p e r fo rm a n c e . T h is  is  c le a r ly  r e v e a le d  th a t  th e  c h e m is o rp t io n  
f ro m  b o n d in g  b e tw e e n  CO 2 a n d  n i t r o g e n  h a s  m o r e  in f lu e n c e  th a n  th e  p h y s i s o rp t io n .
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T h e  c o m p a r i s o n  b e tw e e n  th e  th re e  d i f f e r e n t  c a r b o n iz a t io n  te m p e r a tu r e s  o f  
p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n ,  th e  C O 2 a d s o r p t io n  c a p a c i ty  o f  p o ly b e n -  
z o x a z in e - d e r iv e d  a c t iv a te d  c a rb o n  w i th  c a r b o n iz a t io n  te m p e r a tu r e  o f  3 0 0  ° c  s h o w e d  
th e  h ig h e s t  p e r f o r m a n c e .  T h e  X P S  a n a ly s is  r e s u l t s  f ro m  T a b le  4 .7  s h o w e d  th a t  th e  
a m o u n t  o f  n i t r o g e n  f u n c t io n a l i t ie s  a t b in d in g  e n e r g y  o f  2 8 5 .6  e V  o f  th e  p o ly b e n z o x a 
z in e - d e r iv e d  a c t iv a te d  c a r b o n  w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t  2 0 0  ° c  w a s  c o m p a 
ra b le  to  th e  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  c a r b o n iz e d  a t  3 0 0  ° c  b u t th e  
B E T  s u r f a c e  a r e a  o f  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  w i th  c a r b o n iz a t io n  
te m p e r a tu r e  a t 3 0 0  ° c  w a s  h ig h e r  th a n  a t 2 0 0  ° c  (2 6 7  m 2/g  v s  1 3 4  m 2/g ) . In  th e  
p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t 4 0 0  ° c ,  
th e  a m o u n t  o f  n i t r o g e n  f u n c t io n a l i t ie s  w a s  th e  lo w e s t  c o m p a r e d  w i th  o th e r  p o ly b e n 
z o x a z in e - d e r iv e d  a c t iv a te d  c a rb o n  a n d  th e  B E T  s u r f a c e  a r e a  w a s  s im ila r  to  th e  
p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  w ith  c a r b o n iz a t io n  te m p e r a tu r e  a t 2 0 0  ° c  
(1 0 2  m 2/g  v s  134  m 2/g ) .  T h is  lo w e r  in  th e  n i t r o g e n  f u n c t io n a l i t ie s  in  th e  s a m p le  c a r 
b o n iz e d  a t  4 0 0  ° c  w a s  d i r e c t ly  d u e  to  th e  lo s s  o f  n i t r o g e n  f ro m  th e  h ig h e r  c a r b o n iz 
in g  te m p e r a tu r e .  T h e  th r e e  d i f f e re n t  c a r b o n iz a t io n  te m p e r a tu r e s  o f  p o ly b e n z o x a z in e -  
d e r iv e d  a c t iv a te d  c a r b o n  h a d  th e  d i f f e r e n t  p o re  s iz e  ( 0 .6 6  n m , 0 .7 8  n m , a n d  0 .8 3  n m  
a t c a r b o n iz in g  te m p e r a tu r e  o f  2 0 0  ° c .  3 0 0  ° c  a n d  4 0 0  ° c ,  r e s p e c t iv e ly ,  a s  s h o w n  in  
T a b le  4 .1 )  h o w e v e r ,  th e y  w e re  a ll in  m ic r o p o r o u s  r a n g e s .  In  c o n c lu s io n ,  th e  X P S  r e 
s u l ts  h a v e  r e v e a le d  th a t  th e  n i tro g e n  f u n c t io n a l i t ie s  w e r e  m a in ta in e d  a t  a ll  c a r b o n iz 
in g  te m p e r a tu r e  o f  th e  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n .  C a r b o n iz in g  a t 3 0 0  
° c  w a s  th e  s u i ta b le  te m p e r a tu r e  th a t  o p t im iz e d  th e  B E T  s u r f a c e  a r e a  a n d  th e  a m o u n t  
o f  n i t r o g e n  f u n c t io n a l i t ie s  a n d . h e n c e , g a v e  th e  h ig h e s t  C O 2 a d s o r p t io n  c a p a c ity .

T h e  r e g e n e r a t io n  c a p a c i ty  o f  th e  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  
a t 4 0  ° c  w a s  s h o w n  in  F ig u re  4 .2 5  a n d  T a b le  4 .9 .  T h e  r e s u l t s  s h o w e d  th e  p o ly b e n 
z o x a z in e - d e r iv e d  a c t iv a te d  c a rb o n  a d s o r b e n ts  c a n n o t  b e  r e g e n e r a te d  c o m p le te ly  fo r  
a ll  p o ly b e n z o x a z in e - d e r iv e d  a c t iv a te d  c a r b o n  b e c a u s e  o f  th e  c h e m ic a l  m e c h a n is m  b y  
th e  n i t r o g e n  in  p o ly b e n z o x a z in e  a n d  C O 2.
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F i g u r e  4 .2 5  I s o th e rm a l  r e g e n e r a t io n  p r o f i l e s  a t 4 0  ° c  o f  u n tr e a te d  a c t iv a te d  c a rb o n  
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