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

4.1 B e n z o x a z in e  M o n o m e r  C h a r a c te r iz a t io n

B Z  s y n th e s iz e d  b y  u s in g  p h e n o l, p - fo rm a ld e h y d e , and  te tra e th y le n e p e n ta m in e  
(T E P A ). 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  are  c o n f irm e d  by  F T IR  
sp e c tro sc o p y , as sh o w n  in F ig u re  4 .1 . T h e  p re se n c e  o f  c y c lic  e th e r  o f  b e n z o x a z in e  
s tru c tu re  is c o n firm e d  b y  th e  a b s o rb a n c e  p eak  a t 1 ,248 c m -1 a s s ig n e d  to  th e  
a sy m m e tr ic  s tre tc h in g  m o d e  o f  th e  C -O -C  g ro u p . T h e  c h a ra c te r is t ic  v ib ra tio n  o f  
b e n z e n e  w ith  a n  a tta c h e d  o x a z in e  r in g  is lo ca ted  a t 9 3 3  c m -1. T h e  fin a l s tru c tu re  o f  
b e n z o x a z in e  is a lso  re v e a le d  by  th e  p e a k  a t 1 ,486 c m -1, w h ich  is s ig n if ic a n t fo r  th e  
v ib ra tio n  o f  th e  tr isu b s ti tu te d  b e n z e n e  r in g . A s  e x p e c te d , sh a rp  p e a k s  a re  o b se rv e d  a t 
1 ,344 cm  1 a ttr ib u te d  to  th e  C -N  s tre tc h in g  v ib ra tio n .

Wavelength (cm1)

F ig u r e  4.1 F T IR  sp e c tra  o f  B Z .
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In o rd e r  to  in v e s tig a te  th e  d e g re e  o f  c u r in g , th e  u n c u re d  a n d  c u re d  s a m p le s  
a re  su b je c te d  to  th e rm a l a n a ly s is . T h e  D S C  th e rm o g ra m s  o f  th e  u n c u re d  an d  c u re d  
B Z  a re  g iv e n  in F ig u re s  4 .2  an d  4 .3 , re sp e c tiv e ly . A s  seen  in F ig u re  4 .2 , an  
e x o th e rm ic  p e a k  is o b s e rv e d  d u e  to  th e  r in g  o p e n in g  p o ly m e r iz a t io n . T h e  o n s e t o f  th e  
e x o th e rm  s ta r ts  a t 15 0 .6  ๐c  a n d  re a c h e s  th e  m a x im u m  a t 180.2  ๐c .  O n  th e  o th e r  
h a n d , no  e x o th e rm ic  p e a k  a ro u n d  180 ๐c  is se e n  in th e  c u re d  B Z , a s  s h o w n  in F ig u re  
4 .3 . It can  b e  e x p la in e d  th a t th e  m o n o m e r  p o ly m e r iz a t io n  is a lre a d y  f in is h e d  p r io r  to  
th e  D S C  a n a ly s is . T h e  D S C  th e rm o g ra m s  c o n firm  th a t  th e  B Z  m o n o m e r  c a n  
p o ly m e r iz e  to  P B Z  at 180 ° c .

F ig u r e  4 .2  D S C  th e rm o g ra m  o f  B Z .
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F ig u r e  4 .3  D S C  th e rm o g ra m  o f  P B Z .

4 .2  A d s o r b e n t  C h a r a c te r iz a t io n

B Z  w ith  d if fe re n t lo a d in g s  w e re  im p re g n a te d  o n  th e  C S A C . T h e  a m o u n ts  o f  
B Z  im p re g n a te d  o n  th e  C S A C  w e re  d e te rm in e d  by  U V -V is  s p e c tro s c o p y . T h e  
c o n c e n tra t io n s  o f  B Z  so lu tio n s  w e re  m e a s u re d  u s in g  a b s o rb a n c e  a t 3 7 6  n m  fo r  
m e th a n o l and  a t 2 7 9  nm  fo r  c h lo ro fo rm , w h ic h  a re  u se d  a s  a s o lv e n t fo r  th e  
im p re g n a tio n . A c c o rd in g  to  B e e r -L a m b e r t law , a  c a lib ra tio n  c u rv e  w as  c o n s tru c te d  
b y  a b s o rb a n c e  a t d i f fe re n t B Z  c o n c e n tra t io n s . T h e  a b s o rb a n c e  o f  th e  B Z  s o lu tio n s , 
w h ic h  w a s  f ilte re d  a f te r  im p re g n a tio n , w a s  m e a s u re d  a n d  c o u ld  be  c a lc u la te d  to  th e  
f in a l c o n c e n tra t io n . T a b le  4.1 s h o w s  th e  a m o u n ts  o f  B Z  im p re g n a te d  o n  th e  C S A C , 
w h ic h  w e re  c a lc u la te d  by m a ss  b a la n c e . H ig h e r  c o n c e n tra t io n  o f  th e  B Z  s o lu tio n  
in c re a s e s  th e  a m o u n t o f  im p re g n a te d  B Z  d u e  to  th e  in c re a s e d  d r iv in g  fo rc e  
( c o n c e n tra tio n  g ra d ie n t)  o f  d if fu s io n  in th e  im p re g n a tio n  s tep .
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T a b le  4.1 A m o u n ts  o f  B Z  im p re g n a te d  on  th e  C S A C

S o lv e n t
I n it ia l c o n c e n tr a t io n  o f  B Z  

so lu t io n
(g /L )

B Z  im p r e g n a te d  on

0.1 0 .2 7
M e th a n o l 0.5 0 .9 2

2 .5 2 .6 0
0.1 0 .1 9

C h lo r o fo r m 0.5 0 .5 8
2 .5 1.97

In te re s tin g ly , a t th e  s a m e  in itia l c o n c e n tra t io n  o f  B Z  so lu tio n , u s in g  
c h lo ro fo rm  as a  s o lv e n t  re su lts  in th e  lo w e r  B Z  im p re g n a tio n  o n  C S A C  th a n  u s in g  
m e th a n o l .

T h e  th e rm a l s ta b il i ty  o f  th e  a d s o rb e n ts  w a s  in v e s tig a te d  b y  
th e rm o g ra v im e tr ic  a n d  d if fe re n tia l th e rm a l a n a ly s is  (T G -D T A ). T h e  th e rm o g ra m s  o f  
th e  a d s o rb e n ts  a re  sh o w n  in F ig u re s  4 .4  -  4 .5 . F ig u re  4 .4  sh o w s  th e  th e rm o g ra m  o f  
th e  u n m o d if ie d  C S A C  w ith  o n e  s te p  w e ig h t lo ss  d u e  to  th e  re m o v a l o f  v o la t i le  an d  
m o is tu re . F u r th e rm o re , th e  u n m o d if ie d  C S A C  c o n tin u e s  to  b e  d e g ra d e d  o r  
c a rb o n iz e d  till 80 0  °c b u t c a n n o t b e  d e te c te d  as a s te p  o f  w e ig h t lo s s  d u e  to  th e  s lig h t 
c h a n g e  in th e  w e ig h t lo ss  an d  h e a t f lo w . F ro m  F ig u re s  4 .5 , th e  th e rm o g ra m s  s h o w  
th e  w e ig h t  lo ss  in m o re  th a n  o n e  s tep . T h e  f irs t  s te p  is b e lo w  100 °c fo r  b o th  
im p re g n a te d  C S A C s  w ith  m e th a n o l a n d  c h lo ro fo rm  as a so lv e n t, w h ic h  is f ro m  th e  
d e s o rp tio n  o f  v o la tile  a n d  m o is tu re . T h e  se c o n d  s te p  o f  th e  im p re g n a te d  C S A C .u s in g  
m e th a n o l a s  a s o lv e n t is a ro u n d  2 0 0  °c, w h ic h  is fro m  th e  P B Z  d e g ra d a tio n . T h e  
se c o n d  s te p  o f  th e  im p re g n a te d  C S A C  u s in g  c h lo ro fo rm  as a s o lv e n t is a ro u n d  100 - 
200 °c, w h ic h  is f ro m  th e  d e so rp tio n  o f  c h lo ro fo rm  th a t a d so rb s  o n  th e  su rfa c e  o f  th e  
C S A C  (A b e  et al., 2 0 0 1 ) . T h e  P B Z  d e g ra d a tio n  o f  th e  im p re g n a te d  C S A C  u s in g  
c h lo ro fo rm  as  a s o lv e n t is a ro u n d  200 ๐c, an d  th is  is th e  th ird  s te p  o f  w e ig h t lo ss .
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F ig u r e  4 .4  T G A  th e rm o g ra m  o f  th e  u n m o d if ie d  C S A C .

F ig u r e  4 .5  T G A  th e rm o g ra m s  o f  th e  u n m o d if ie d  C S A C  a n d  P B Z  g ra f te d  C S A C .
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F ro m  th e  th e rm a l a n a ly s is  re su lts , th e  w e ig h t lo s se s  o f  bo th  m o d if ie d  C S A C  
a re  h ig h e r  w ith  th e  in c re a se  in th e  a m o u n t o f  g ra f te d  P B Z . F o r  th e  e f fe c t  o f  so lv e n t, 
a t th e  s a m e  in itia l c o n c e n tra t io n  o f  B Z  s o lu tio n , th e  im p re g n a te d  C S A C  u s in g  
c h lo ro fo rm  h a s  h ig h e r  w e ig h t lo ss  th an  u s in g  m e th a n o l , a s  sh o w n  in F ig u re  4 .5 . T h e  
w e ig h t lo ss  o f  im p re g n a te d  C S A C  u s in g  c h lo ro fo rm  m a y  b e  du e  to  d e s o rp tio n  o f  
c h lo ro fo rm . A lth o u g h  th e  b o il in g  p o in t o f  c h lo ro fo rm  is a ro u n d  62 ๐c ,  c h lo ro fo rm  
can  a d s o rb  o n  th e  su rfa c e  o f  th e  C S A C  (T sa i et al., 2 0 0 8 ) . T h e re  a re  s o m e  b o n d in g s  
b e tw e e n  th e  s u r fa c e  an d  c h lo ro fo rm  so it m u s t u se  h ig h e r  te m p e ra tu re  a ro u n d  100 - 
2 0 0  ๐c  fo r  th e  d e s o rp tio n .

T h e  fu n c tio n a l g ro u p s  in  th e  a d s o rb e n ts  w e re  d e te c te d  by  F o u r ie r  tra n s fo rm  
in fra re d  s p e c tro s c o p y  (F T IR ). T h e  F T IR  sp e c tra  o f  a ll a d so rb e n ts  a re  sh o w n  in 
F ig u re  4 .6 . T h e  w a v e le n g th  a t a ro u n d  1 ,5 8 0  c m '1 s lîo w s  th e  s ig n a l o f  N -FI b o n d , 
w h ic h  c o u ld  r e p re s e n t  th e  N -H  fu n c tio n a l g ro u p  in th e  P B Z  s tru c tu re . In a d d it io n , th e  
b a n d  o f  C -N  s tre tc h in g  a t a ro u n d  1 ,100  cm "1 can  be  se e n . T h e  p re se n c e  o f  th e  p e a k  at 
1 ,550  cm "1 r e p re se n ts  th e  c = c  b e n d in g  o f  a ro m a tic s  in th e  C S A C . T h e  s tre tc h in g  
v ib ra tio n s  f ro m  a p p ro x im a te ly  3 ,2 0 0  to  3 ,6 0 0  c m -1 a re  p o s s ib ly  d u e  to  th e  p re se n c e  
o f  su rfa c e  h y d ro x y lic  g ro u p s  a n d  c h e m iso rb e d  w a te r  (S w ia tk o w s k i et al., 2 0 0 4 ) .

T h e  e le m e n ta l a n a ly s is  o f  th e  u n m o d if ie d  C S A C  a n d  P S A C  w a s  in v e s tig a te d , 
as sh o w n  in T a b le  4 .2 . T h e  re su lts  sh o w  th a t  th e  a m o u n ts  o f  each  e le m e n t o f  bo th  
A C s  a re  s im ila r . T h e  m a in  e le m e n ts  o f  b o th  A C s  a re  c a rb o n  a n d  o x y g e n . M o re o v e r , 
th e y  h a v e  l i ttle  h y d ro g e n  an d  n itro g e n . T h e  s u lfu r  c o m p o n e n t  can  be  d e te c te d  in th e  
u n m o d if ie d  C S A C , b u t n o t in  th e  P S A C .
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Wavelength ( c m 1)

Figure 4.6 FTIR S p e c tra  o f  th e  (a )  C S A C , (b )- (d )  0 .2 7 , 0 .9 2 , an d  2 .6 0  w t%  
P B Z /C S A C  u s in g  m e th a n o l , ( e ) - (g )  0 .1 9 , 0 .5 8 , a n d  1.97 w t%  P B Z /C S A C  rising  
c h lo ro fo rm  as a s o lv e n t.

Table 4 .2  E le m e n ta l a n a ly s is  o f  th e  A C

Adsorbent %Carbon % Hydrogen %Nitrogen % Oxygen %Sulfur
CSAC 70.29 0.33 .0.54 28.82 0.02
PSAC 74.15 0.16 0.46 25.23 -

T h e  u n m o d if ie d  P S A C , C S A C  an d  P B Z  g ra f te d  C S A C  w e re  c h a ra c te r iz e d  
fo r  s u r fa c e  a re a  a n d  p o re  s ize  a n a ly s is . S u rfa c e  a re a , p o re  v o lu m e , an d  p o re  d ia m e te r  
o f  th e  a d s o rb e n ts  a re  sh o w n  in T a b le  4 .3 . T h e  re su lts  sh o w  th a t  th e  g ra f tin g  o f  P B Z  
o n  th e  C S A C  c h a n g e s  th e  s u r fa c e  p ro p e r t ie s  a n d  p o ro s ity . T h e  s u r fa c e  a re a  a n d  p o re  
v o lu m e  d e c re a s e  w ith  th e  in c re a s e  in  th e  a m o u n t o f  P B Z  w ith  b o th  so lv e n ts . F o rm  
th e  s u r fa c e  a re a  re su lt ,  th e  su r fa c e  a re a  o f  0 .2 7  w t%  P B Z /C S A C  u s in g  m e th a n o l a s  a 
s o lv e n t is 1 ,049  m 2/g , w h ic h  is h ig h e r  th a n  0 .1 9  w t%  P B Z /C S A C  u s in g  C h lo ro fo rm
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as a so lv e n t, 94 3  m 2/g , e v e n  th e  a m o u n t o f  P B Z  o n  th e  su rfa c e  a r e a  is h ig h e r. T h is  
re su lts  a re  c o n s is te n t w ith  th e  th e rm a l a n a ly s is . T h a t  is c h lo ro fo rm  c a n  a d so rb  o n  th e  
su rfa c e  o f  C S A C  an d  in te r ru p t a d s o rp tio n  o f  B Z .

Table 4.3 S u rfa c e  a re a , p o re  v o lu m e , a n d  p o re  d ia m e te r  o f  a d s o rb e n ts

Adsorbent
Surface 

area 
(ท'2/g)

Pore volume
(cm3/g)

Pore
Diameter

(A)
PSAC 1,062 0 .5 3 3 6 9 .2 6

CSAC 1,058 0 .5 2 7 7 10.07

0 .2 7  w t° /o  P B Z /C S A C  Methanol 1 ,049 0 .5 1 6 9 6 .6 6

0.92 w t°/o  PBZ/CSAC Methanol 94 4 0 .4 7 1 7 6 .1 4

2.60 wt°/o PBZ/CSAC Methanol 77 2 0 .3821 6 .1 4

0.19 wt% PBZ/CSAC Chloroform 943 0 .4 6 7 8 6 .6 6

0.58 wt% PBZ/CSAC Chloroform 83 6 0 .4 1 5 2 6 .1 4

1.97 wt% PBZ/CSAC Chloroform 772 0 .3 8 1 7 6 .1 4

N itro g e n  a d s o rp tio n  w as  a c o m m o n  te c h n iq u e  to  c h a ra c te r iz e  p o ro u s  
m a te r ia ls . T h e  a d s o rp tio n  iso th e rm s  c o u ld  d e s c r ib e  a  ty p e  o f  m a te r ia l .  N i tro g e n  
iso th e rm s  o f  th e  a d s o rb e n ts  a re  sh o w n  in F ig u re  4 .7  -  4 .9 . T h e  re s u lt  sh o w s  th a t 7 0 %  
o f  p o re  v o lu m e  is f ille d  b e lo w  p /p °  =  0.1 in all a d s o rb e n ts . T h is  in d ic a te s  th a t a ll th e  
a d so rb e n ts  a re  h ig h ly  m ic ro p o ro u s  m a te r ia ls . In a d d it io n , th e  a d s o rb e n ts  sh o w  th e  
IU P A C  ty p e  I o r  L a n g m u ir  iso th e rm .
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Figure 4 .7  N itro g e n  a d s o rp tio n  iso th e rm s  o f  u n m o d if ie d  C S A C  a n d  P S A C  at 
-1 9 6  ° c .

0.0 .2 .4 .6 .8 1.0
Relative Pressure (P/P^)

F ig u re  4.8 N itrogen  adso rp tion  iso therm s o f  unm odified  C SA C  and m od ified  C SA C
using  m ethanol as so lven t at -196  ๐c .
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Relative Pressure (P/P^)

Figure 4 .9  N itro g e n  a d s o rp tio n  iso th e rm s  o f  u n m o d if ie d  C S A C  an d  m o d if ie d  C S A C  
u s in g  c h lo ro fo rm  as s o lv e n t a t -1 9 6  ° c .

T h e  m o rp h o lo g y  o f  C S A C  a n d  P B Z  g ra f te d  C S A C  w e re  a s s e s s e d  w ith  th e  
a p p lic a tio n  o f  a s c a n n in g  e le c tro n  m ic ro s c o p e . T h e  S E M  w a s  opera ted" a t 15 .0  k v  o f  
an  a c c e le ra tin g  v o lta g e . F ig u re  4 .1 0  sh o w s  th e  S E M  m o rp h o lo g ie s  o f  th e  u n m o d if ie d  
C S A C  an d  P B Z  g ra f te d  C S A C  u s in g  m e th a n o l as a so lv e n t. T h e  u n m o d if ie d  C S A C  
sh o w s  th e  o r ig in a l m o rp h o lo g y  o f  C S A C  w ith  a c le a r  c a rb o n  su rfa c e  (F ig u re  4 .1 0 a ) . 
W h e n  th e  P B Z  is g ra f te d  o n to  th e  C S A C , th e  c a rb o n  s u r fa c e  is n o ta b ly  th ic k e n e d  b y  
th e  P B Z  c o a tin g ; h o w e v e r , th e  so rb e n t s till p o s s e s s e s  c o n s id e ra b le  m e s o p o ro u s  
p o ro s ity , a l lo w in g  th e  t r a n s p o r t  o f  C O 2. F u r th e r  in c re a s in g  th e  P B Z  lo a d in g , ther 
p o re s  a re  b lo c k e d  and  th e  c a rb o n  s u r fa c e  is fu lly  c o v e re d  b y  th e  P B Z , a s  sh o w n  in 
F ig u re s  4 .1 0 b  -  4.1 Od. T h e  P B Z  g ra f te d  C S A C  u s in g  c h lo ro fo rm  h a s  th e  s a m e  
p a tte rn , as sh o w n  in F ig u re  4 .1 1 . T h e s e  re su lts  a re  in  a g re e m e n t w ith  th e  N 2 

a d s o rp tio n  re su lts .
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Figure 4.10 S E M  m ic ro g ra p h s  o f  a ) u n m o d if ie d  C S A C , b )  0 .2 7  w t%  P B Z /C S A C , 
c )  0 .9 2  w t%  P B Z /C S A C , a n d  d ) 2 .6 0  w t%  P B Z /C S A C  u s in g  m e th a n o l a s  a  so lv e n t.
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Figure 4.11 S E M  m ic ro g ra p h s  o f  a ) u n m o d if ie d  C S A C , b ) 0 .1 9  w t%  P B Z /C S A C , 
c ) 0 .5 8  พ t%  P B Z /C S A C , an d  d )  1 .97  w t%  P B Z /C S A C  u s in g  c h lo ro fo rm  a s  a so lv e n t.

4.3 CO2 Adsorption on PSAC and CSAC

C O 2 a d s o rp tio n  is o th e rm s  o f  th e  u n m o d if ie d  C S A C  an d  P S A C  w ere  
c o n s tru c te d  a t 3 0 , 5 0  a n d  75 ๐c ,  a s  sh o w n  in F ig u re s  4 . 1 2 - 4 . 1 4 ,  r e sp e c tiv e ly . T h e  
re su lts  sh o w  th a t th e  u n m o d if ie d  C S A C  has h ig h e r  C O 2 a d s o rp tio n  c a p a c ity  th a n  the  
u n m o d if ie d  P S A C  a t e v e ry  te m p e ra tu re .  F ro m  T a b le  4 .3 , b o th  A C s  h a v e  a b o u t the  
s a m e  B E T  su rfa c e  a re a  (1 ,0 5 8  m 2/g  fo r  th e  u n m o d if ie d  C S A C  an d  1 ,062  m 2/g  fo r  th e  
u n m o d if ie d  P S A C ). O n e  w o u ld  e x p e c t ab o u t th e  sa m e  C O 2 a d s o rp tio n  c a p a c ity  from
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b o th  A C s . T h e  re su lts , h o w e v e r , sh o w  o th e rw is e . T h a t m a y  b e  d u e  to  th e  d if fe re n c e  
in th e  c h e m ic a l c o m p o s it io n  o f  th e  sa m p le s . F ro m  T a b le  4 .2 , th e  u n m o d if ie d  C S A C  
h a s  h ig h e r  a m o u n t o f  o x y g e n  th a n  th e  u n m o d if ie d  P S A C . T h e re  are  r e p o r ts  th a t th e  
o x y g e n -c o n ta in in g  g ro u p s  e n h a n c e  C O 2 s o rp t io n  c a p a c ity . G e n s te rb lu m  et al. (2 0 1 4 ) 
p ro m o te d  th e  h ie ra rc h ic a l a d s o rp tio n  s ite s  to  d e sc r ib e  th e  h ig h  e n e rg e t ic  s ite s  
in d u c e d  b y  th e  o x y g e n -c o n ta in in g  g ro u p s . L iu  a n d  W ilc o x  (2 0 1 2 )  o b s e rv e d  o x y g e n -  
c o n ta in in g  g ro u p s  in d u c e d  an  e f f ic ie n t  s id e -b y -s id e  C O 2 p a c k in g  p a tte rn  b y  G ran d  
C a n o n ic a l M o n te  C a r lo  (G C M C ) s im u la tio n s .

O x y g e n -c o n ta in in g  fu n c tio n a l g ro u p s  s e e m  to  a l lo w  fo r  e n h a n c e d  e le c tro n  
tr a n s p o r t  an d  v e r s a t i l i ty  d e p e n d in g  o n  th e  a c id - b a s e  n a tu re  o f  th e  a d s o rb e n t , w ith  
o x y g e n  a to m s  a c t in g  as a L e w is  b a se  d o n a t in g  th e ir  e le c tro n  d e n s ity  to  th e  a c id ic  
c a rb o n  a to m s  o f  C O 2 m o le c u le s . B e c a u se  o f  th e  h ig h e r  e le c tro n e g a tiv i t ie s  o f  th e  
o x y g e n  a to m s  th a n  th e  c a rb o n  a to m  o f  C O 2 m o le c u le s , th e  c a rb o n  a to m  is m o re  
a t t ra c te d  to  th e  e m b e d d e d  o x y g e n  fu n c tio n a l g ro u p s . T h e  fu n c tio n a li ty - in d u c e d  
p a c k in g  p a t te rn  m a k e s  it m o re  e f f ic ie n t fo r  C O 2 to  o c c u p y  th e  lim ite d  p o re  sp ace , 
w ith  th is  c h a n g e  in p a c k in g  c o n f ig u ra t io n  a l lo w in g  fo r  e n h a n c e d  C O 2 a d so rp tio n  
c a p a c ity  in th e  s l i t  p o re s  w ith  h y d ro x y l an d  c a rb o n y l  fu n c tio n a l g ro u p s  th a n  w ith o u t 
(L iu  a n d  W ilc o x , 2 0 1 2 ).

F ro m  th e  re su lts , th e  u n m o d if ie d  C S A C  h a s  h ig h e r  C 0 2 a d s o rp tio n  c a p a c ity  
th a n  th e  P S A C . T h e  C S A C  is th e n  u se d  fo r fu r th e r  s tu d y .
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Figure 4.12 C O 2 a d s o rp tio n  is o th e rm s  o f  th e  u n m o d if ie d  C S A C  a n d  P S A C  a t 3 0  °c.

Figure 4.13 JC 0 2 a d s o rp tio n  is o th e rm s  o f  th e  u n m o d if ie d  C S A C  a n d  P S A C  a t 5 0  °c.
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Figure 4.14 C 0 2 a d s o rp tio n  iso th e rm s  o f  th e  u n m o d if ie d  C S A C  a n d  P S A C  at 75 °c. 

4.4 Effects of Solvents in the BZ Impregnation on CO2 Adsorption

C O 2 a d so rp tio n  iso th e rm s  o f  th e  im p re g n a te d  C S A C  u s in g  c h lo ro fo rm  a n d  
m e th a n o l as a so lv e n t w e re  c o n s tru c te d  a t 30 , 5 0 , a n d  75 °c, as sh o w n  in F ig u re s
4 .15  - 4 . 1 6 ,  4 . 1 7 - 4 . 1 8 ,  an d  4 . 1 9 -  4 .2 0 , re sp e c tiv e ly . T h e  s o lv e n ts  u se d  fo r  th e  B Z  
im p re g n a tio n  on  th e  C S A C  s u rfa c e  c le a r ly  a f fe c t th e  C O 2 a d s o rp tio n  c a p a c ity . T h e  
m o d if ie d  C S A C  u s in g  c h lo ro fo rm  as  a  so lv e n t h a s  lo w e r  C O 2 a d s o rp tio n  c a p a c ity  
th an  th a t u s in g  c h lo ro fo rm . M o re o v e r , it has lo w e r  C O 2 c a p a c ity  th a n  th e  u n m o d if ie d  
C S A C . T h e re  a re  re p o r ts  th a t c h lo ro fo rm  can  be  .a d so rb e d  b y  a c tiv a te d  c a rb o n . U ra n o  
et al. (1 9 9 1 )  e x a m in e d  th e  c a p a c ity  a n d  ra te  o f  a d s o rp tio n  o f  v a r io u s  c h lo r in a te d  
o rg a n ic  c o m p o u n d s  o n to  c o m m e rc ia l  g ra n u la r  a c tiv a te d  c a rb o n s . R a z v ig o ro v a  et al. 
(1 9 9 8 )  s tu d ie d  c h lo ro fo rm  a d s o rp tio n  o n to  a c t iv a te d  c a rb o n s  m a d e  fro m  a p r ic o t 
s to n e s , lig n ite s , an d  a n th ra c ite . A b e  et al. (2 0 0 1 ) in v e s tig a te d  s o m e  ra w  m a te r ia ls  o f  
a c tiv a te d  c a rb o n , e .g ., e v e rg re e n  o a k , b a m b o o , c o c o n u t  sh e ll, a n d  J a p a n e s e  c e d a r , fo r 
th e  re m o v a l o f  c h lo ro fo rm  an d  o th e r  o rg a n ic  m a tte r s  f ro m  d r in k in g  w a te r. S h in  et al. 
(2 0 0 2 )  in v e s tig a te d  th e  a d so rp tio n  p a t te rn s  o f  fo u r  k in d s  o f  a ro m a tic s  an d  fo u r  k in d s
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o f  c h lo r in a te d  c o m p o u n d s  in ra w  la n d  fie ld  g a s  b y  an  a c tiv a te d  c a rb o n  f ix e d  b ed . 
T sa i et al. (2 0 0 8 )  in v e s tig a te d  th e  a d s o rp tio n  c h a ra c te r is t ic s  o f  a c e to n e , c h lo ro fo rm , 
an d  a c e to n i tr i le  b y  s lu d g e -d e r iv e d  a d s o rb e n t , c o m m e rc ia l  a c tiv a te d  c a rb o n , a n d  tw o  
ty p e s  o f  a c tiv a te d  c a rb o n  fib e rs . F ro m  th e  li te ra tu re , c h lo ro fo rm  c a n  e a s ily  a d s o rb  on  
th e  C S A C  su rfa c e . A s  th e  re su lt , it d e c re a s e s  th e  s u r fa c e  a rea  a n d  b lo c k s  p o re  s iz e  o f  
th e  C S A C . F o rm  T a b le  4 .3 , th e  m o d if ie d  C S A C  u s in g  c h lo ro fo rm  h a s  lo w e r  s u r fa c e  
a rea  th a n  th a t u s in g  m e th a n o l e v e n  th e  a m o u n t o f  B Z  on th e  s u r fa c e  is lo w e r. 
M o re o v e r , c h lo ro fo rm  is e x p e c te d  to  c o m p e tit iv e ly  a d s o rb  on  th e  C S A C  s u r fa c e  w ith  
B Z . F ro m  T a b le  4 .1 , th e  a m o u n t o f  B Z  o n  th e  C S A C  su rfa c e  u s in g  c h lo ro fo rm  as  a 
so lv e n t is lo w e r  th a n  th a t u s in g  m e th a n o l d e sp ite  o f  th e  sam e  in itia l c o n c e n tra t io n  o f  
B Z  so lu tio n .

C o n s e q u e n tly , m e th a n o l is th e n  u sed  as th e  s o lv e n t fo r  th e  im p re g n a tio n  fo r  
fu r th e r  s tu d y .

Figure 4.15 C O 2 a d s o rp tio n  is o th e rm s  o f  th e  P B Z /C S A C  a t 3 0  ° c  ( in i t ia l  
c o n c e n tra t io n  o f  B Z  =  0.1 g /L ).
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Figure 4.16 C O 2 a d s o rp tio n  is o th e rm s  o f  th e  P B Z /C S A C  a t 3 0  ° c  ( in itia l 
c o n c e n tra t io n  o f  B Z  =  0 .5  g /L ).

Figure 4.17 C O 2 a d s o rp tio n  iso th e rm s  o f  th e  P B Z /C S A C  a t 5 0  ๐c  ( in itia l 
c o n c e n tra t io n  o f  B Z  =  0.1 g /L ).
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Figure 4.18 C O 2 a d so rp tio n  iso th e rm s  o f  th e  P B Z /C S A C  at 5 0  ๐c  ( in itia l 
c o n c e n tra t io n  o f  B Z  =  0 .5  g /L ).

F ig u re  4.19 C O 2 adsorp tion  iso therm s o f  the  P B Z /C S A C  at 75 ๐c  (initial
concen tra tion  o f  B Z  =  0.1 g/L).
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Figure 4.20 C O 2 a d s o rp tio n  iso th e rm s  o f  th e  P B Z /C S A C  at 75 ๐c  (in itia l 
c o n c e n tra t io n  o f  B Z  =  0 .5  g /L ).

4 .5  Effects of PBZ Loading on c c >2 Adsorption

T h e  in f lu e n c e  o f  P B Z  lo a d in g  o n  th e  C 0 2 a d s o rp tio n  o f  P B Z  g ra f te d  C S A C  
w a s  in v e s tig a te d  a t 3 0  - 75 ๐c ,  a n d  th e  r e s u lts  a re  sh o w n  in F ig u re s  4 .21  - 4 .2 3 . 
B e fo re  P B Z  is g ra f te d , th e  C S A C  a lo n e  s h o w s  C O 2 a d so rp tio n  c a p a c ity  o f  3 .0 2 , 2 .0 8 , 
a n d  1.28 m m o l/g  a t  3 0 , 50 , a n d  75 ๐c  a t 1 a fm , re sp e c tiv e ly . A t 30  ๐c ,  a ll m o d if ie d  
C S A C s  h av e  lo w e r  C O 2 a d s o rp tio n  c a p a c i ty  th a n  th e  u n m o d if ie d  C S A C . It m a y  be 
d u e  to  c h e m ic a l r e a c t io n s  b e tw e e n  th e  a m in e  g ro u p  an d  C 0 2 a re  n o t p re fe rre d  a t th e  
lo w  te m p e ra tu re  (P ip a ts a n tip o n g , 2 0 1 2 ). A ls o  th e  a d s o rp tio n  a t th is  te m p e ra tu re  
d e p e n d s  o n  th e  s u r fa c e  a re a  a s  th e  a d s o rp tio n  is g o v e rn e d  b y  th e  p h y s iso rp tio n . F ro m  
T a b le  4 .3 , th e  s u r fa c e  a re a  o f  0 .2 7 , 0 .9 2 , a n d  2 .6 0  w t%  P B Z /C S A C  a re  1 ,0 4 9 , 94 4 , 
a n d  7 7 2  ทา2/ g, r e s p e c tiv e ly  so  th e  0 .2 7  w t%  P B Z /C S A C  h a s  h ig h e r  C O 2 a d so rp tio n  
c a p a c ity  th a n  0 .9 2  a n d  2 .6 0  w t%  P B Z /C S A C . T o o  h ig h  a  lo a d in g  o f  P B Z  d e c re a se s  
th e  c a p a c ity  b e c a u s e  it d e c re a s e s  th e  s u r fa c e  a rea , h e n c e , th e  e x te n d  o f  th e  
p h y s iso rp tio n .
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Figure 4.21 C O 2 a d s o rp tio n  iso th e rm s  o f  th e  u n m o d if ie d  C S A C  an d  P B Z /C S A C  a t 
3 0  ° c .

A t 5 0  ๐c  (F ig u re  4 .2 2 ) , th e  C O 2 a d s o rp tio n  c a p a c ity  o f  th e  m o d if ie d  C S A C  
ra n g e s  b e tw e e n  2 .2 3 , 2 .0 7 , a n d  1.97 m m o l/g -a d s o rb e n t  a t 1 a tm  fo r  0 .2 7 , 0 .9 2 , an d  
2 .6 0  w t%  P B Z /C S A C , r e sp e c tiv e ly . T h e  0 .2 7  w t%  P B Z /C S A C  h a s  s ig n if ic a n tly  
h ig h e r  C O 2 a d s o rp tio n  c a p a c ity  th a n  th e  u n m o d if ie d  C S A C  th o u g h  th e  s u r fa c e  a re a  
a n d  p o re  v o lu m e  a re  lo w e r. It im p lie s  th a t  th e  c h e m ic a l r e a c t io n  is m o re  fa v o ra b le  a t 
th is  te m p e ra tu re . H o w e v e r , th e  a d s o rp tio n  c a p a c ity  is lo w e r  th a n  th e  u n m o d if ie d  
C S A C  w h en  th e  a m o u n t o f  P B Z  is in c re a s e d  to  0 .9 2 , a n d  2 .6 0  w t% . T h e re fo re , a 
b a la n c e  b e tw e e n  th e  c h e m iso rp tio n  an d  p h y s iso rp tio n  is n e e d e d  to  in c re a s e  th e  C 0 2 
a d so rp tio n  c a p a c ity .



49

Figure 4 .2 2  C O 2 a d s o rp tio n  iso th e rm s  o f  th e  u n m o d if ie d  C S A C  a n d  P B Z /C S A C  a t 
50 ° c .

A t 75  ° c  (F ig u re  4 .2 3 ) , th e  C O 2 a d so rp tio n  c a p a c ity  is 1 .4 2 , 1 .33 , a n d  1.25 
m m o l/g -a d s o rb e n t a t 1 a tm  fo r  0 .2 7 , 0 .9 2 , an d  2 .6 0  w t%  P B Z /C S A C , r e sp e c tiv e ly . 
C o m p a re d  to  th e  re su lts  a t 5 0  ° c ,  it is o n ly  th e  0 .2 7  w t%  P B Z /C S A C  th a t  h as  h ig h e r  
C O 2 a d s o rp tio n  c a p a c ity  th a n  th e  u n m o d if ie d  C S A C . B u t a t 75 ๐c ,  th e  0 .2 7  an d  0 .9 2  
พ t%  P B Z /C S A C  h a v e  h ig h e r  C O 2 a d s o rp tio n  c a p a c ity  th a n  th e  u n m o d if ie d  C S A C . 
H o w e v e r, th e  a d s o rp tio n  c a p a c ity  is lo w e r  th a n  th e  u n m o d if ie d  C S A C  w h e n  th e  
a m o u n t o f  P B Z  is in c re a se d  to  2 .6 0  w t% . T h is  m a y  b e  a ttr ib u te d  to  th e  p o re  f i l l in g  
e f fe c t th a t b lo c k s  th e  p o re s  o f  th e  a d s o rb e n t  p re v e n tin g  C O 2 to  d if fu s e  in to  th e  p o re s  
(X u  et al, 2 0 0 5 a : J a d h a v  et al, 2 0 0 7 ). T h e  re su lts  im p ly  th a t an  a m o u n t o f  P B Z  o n  
th e  C S A C  s h o u ld  be  h ig h  e n o u g h  fo r  th e  re a c tio n  w ith  C O 2 b u t n o t to o  h ig h  to  s h ie ld  
th e  p h y s ic a l p ro p e r t ie s  o f  th e  C S A C .
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Figure 4.23 CO2 adsorption isotherms of the unmodified CSAC and PBZ/CSAC at 
75 ° c .

4.6 Effects of Temperature on CO2 Adsorption

CO2 adsorption isotherms of the unmodified CSAC and PBZ grafted CSAC 
were constructed at 30, 50, and 75 ° c ,  as shown in Figures 4.24 - 4.27. For the 
unmodified CSAC, the increase in the adsorption temperature reduces the CO2 

adsorption capacity because the physisorption of the CSAC is exothermic 
phenomenon or not favorable at the high adsorption temperature.

For the 0.27 wt% PBZ/CSAC (Figure 4.25), it can be observed that the CO2 

adsorption of modified CSAC has lower capacity than the unmodified CSAC at 
30 ๐c. It may be due to chemical reactions between the amine group and CO2 are not 
preferred at low temperature (Pipatsantipong, 2012). But it shows higher adsorption 
capacities than the unmodified CSAC at the 50 and 75 ° c .  The results confirm that 
the increase in the temperature facilitates the transfer of the adsorbed CO2 molecules 
from the surface into the bulk of PBZ by overcoming the kinetic barrier (Ma e t  a l.,
2009).
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F ig u r e  4 .2 4  C O 2 a d s o rp tio n  iso th e rm s  o f  th e  u n m o d if ie d  C S A C  a t 30 , 5 0 , a n d  75 ° c .

F ig u re  4.25 C O 2 adsorp tion  iso therm s o f  the  unm odified  C SA C  and 0 .27 w t%
P B Z /C S A C  at 30, 50, and 75 ° c .
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Fo r the 0.92 w t%  P B Z / C S A C  (F igure  4.26), its adsorption  capac ity  is low e r 

than the unm od ified  C S A C  at 30 and 50 ° c . It m ay be due to the decrease in the 

surface area w ith  the increase in the P B Z  load ing . So the op tim um  am ount o f  P B Z  

load ing  is needed to increase the C O 2 adsorption capacity .

Figure 4.26 C O 2 adsorption  isotherm s o f  the unm od ified  C S A C  and 0.92 w t%  

P B Z / C S A C  at 30, 50, and 75 ° c .

F o r the 2.60 w t%  P B Z / C S A C  (F igure  4.27), it can be observed that the 

- u n m od if ie d  C S A C  has h ighe r C O 2 adsorption  capac ity  than the C S A C  m od ifie d  w ith  

P B Z  at eve ry  temperature. P B Z  cannot im prove the C O 2 adsorption capac ity  even at 

the h igh  temperature. T he  surface area and pore v o lu m e  o f  2.60 w t%  P B Z / C S A C  are 

decreased by  the b lo ckage  o f  P B Z , as shown in Tab le  4.3. The  results fu rther 

con firm  that a balance between the chem iso rp tion  and phys iso rp tion  is essentia l.



53

Figure 4.27 C O 2 adsorption  isotherm s o f  the unm od ified  C S A C  and 2.60 พ t% 

P B Z / C S A C  at 30, 50, and 75 ° c .

Table 4.4 C O 2 adsorption  capac ity  o f  adsorbents at 30 ° c  and 1 atm

Adsorbent CO2 adsorption capacity (mmol/g adsorbent)
CSAC 3.02

0.27 wt% PBZ/CSAC 3.01

0.92 wt% PBZ/CSAC 2 . 8 8

2.60 wt% PBZ/CSAC 2.57
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Table 4.5 C O 2 adsorption capac ity  o f  adsorbents at 50 °c and 1 atm

Adsorbent CO2 adsorption capacity (mmol/g adsorbent)
CSAC 2.08

0.27 \vt% PBZ/CSAC 2.23

0.92 wt% PBZ/CSAC 2.08

2.60 wt% PBZ/CSAC 1.96

Table 4.6 C O 2 adsorption capac ity  o f  adsorbents at 75 ๐c  and 1 atm

Adsorbent CO2 adsorption capacity (mmol/g adsorbent)
CSAC 1.28

0.27 wt% PBZ/CSAC 1.42

0.92 wt% PBZ/CSAC 1.32

2.60 wt% PBZ/CSAC 1.25

4.7 CO2 Adsorption on Regenerated PBZ/CSAC

The  adsorbent shou ld  not o n ly  have a h igh  adsorption capac ity  and h igh  

se le c tiv ity , but also can be regenerated w ith  re la t iv e ly  constant adsorption  

perform ance. A fte r  the adsorbent saturates w ith  C O 2, the regeneration- is needed to 

rem ove C O 2 from  the adsorbent. The regeneration tem perature o f  120 °c was chosen 

to ensure that the v o la t ile  and adsorbed gas are com p le te ly  desorbed, and the 

structures o f  the A C  and P B Z  are not destroyed (M a  e t  a l., 2009; Goeppert e t  a l .,  
2011). F igu re s  4.28 -  4 .30  illustra te the adsorp tion  capacity  o f  the fresh and 

regenerated unm od ified  C S A C  at 30, 50, and 75 ๐c ,  respective ly . D u r in g  the three 

cyc les, the C O 2 adsorption  capac ity  o f  the unm o d if ie d  C S A C  was not s ig n if ic a n t ly  

changed, in d ica tin g  that the desorption  is com ple te and the desorption o f  C O 2 can be 

ach ieved at 120 ๐c .  T a b le  4.7 show s the surface area o f  the fresh and regenerated
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unm od ified  C S A C .  The surface area o f  regenerated adsorbent is re la t iv e ly  constant 

com pared to the fresh adsorbent.

Table 4.7 Surface area o f  fresh and regenerated C S A C

Adsorption 
Temperature ๐c Adsorbent Surface area 

(m2/g)
30 C S A C 1,058

1st regenerated C S A C 1,051

50 C S A C 1,058

'
1st regenerated C S A C 1,042

75 C S A C 1,058

1st regenerated C S A C 1,011

F ig u re  4 .28 C 0 2 adsorption  iso therm s at 30 ° c  o f  the C S A C  and the regenerated
C SA C .
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Figure 4.29 C O 2 adsorption isotherm s at 50 ๐c  o f  the C S A C  and the regenerated 

C S A C .

F ig u re  4 .30 C O 2 adsorp tion  iso therm s at 75 ° c  o f  the  C S A C  and the regenerated
C SA C .
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The C O 2 adsorption on the regenerated o f  the m od ifie d  C S A C  is show n in 

F igu res 4.31 -  4.39. The figu res illustra te  the adsorption capacity  o f  the fresh and 

regenerated m od ifie d  C S A C  at 30, 50, and 75 ๐c ,  respective ly . D u r in g  the two 

cyc le s , the C O 2 adsorption capac ity  o f  the m od ified  C S A C  was not s ig n if ic a n t ly  

changed. The resu lts show  that both adsorbents, the unm od if ie d  and m o d if ie d  C S A C ,  

are the same e ff ic ie n c y  to recovery. T h is  im p lie s  that the P B Z  grafted C S A C  can be 

recovery  com p le te ly  at 1 2 0  ๐c .

Figure 4.31 C O 2 adsorption iso therm s at 30 ๐ c  o f  the 0.27 w t%  P B Z / C S A C  and the 

regenerated adsorbent.
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Figure 4.32 C 0 2 adsorption isotherm s at 30 ° c  o f  the 0.92 w t%  P B Z / C S A C  and the 

regenerated adsorbent.

F ig u re  4.33 C 0 2 adsorp tion  iso therm s at 30 ๐c  o f  the 2.60 w t%  P B Z /C S A C  and the
regenerated  adsorben t.
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Figure 4.34 C O 2 adsorption isotherm s at 50 ° c  o f  the 0 .27 wt%  P B Z / C S A C  and the 

regenerated adsorbent.

F ig u re  4 .35 C 0 2 adsorp tion  iso therm s a t 50 ๐ c  o f  the 0 .92 w t%  P B Z /C S A C  and the
regenerated  adsorbent.
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Figure 4.36 C O 2 adsorption  isotherm s at 50 ° c  o f  the 2 .60 w t%  P B Z / C S A C  and the 

regenerated adsorbent.

F ig u re  4 .37 C O 2 ad so rp tion  iso therm s a t 75 °c o f  the  0 .27  w t%  P B Z /C S A C  and the
regenerated  adsorbent.
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Figure 4.38 C O 2 adsorption isotherm s at 75 °c o f  the 0.92 wt%  P B Z / C S A C  and the 

regenerated adsorbent.

F ig u re  4 .39 C O 2 adsorp tion  iso therm s at 75 ๐ c  o f  the  2 .60  w t%  P B Z /C S A C  and the
regenerated  adsorbent.
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