
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Greenhouse Gas

G re e n h o u s e  g a s  is  a  g a s  in  a n  a tm o s p h e r e  th a t  a b s o rb s  th e rm a l r a d ia t io n  
f ro m  th e  e a r th  s u r fa c e  a n d  r e - r a d ia te s  w i th in  th e  th e rm a l  in f ra re d  r a n g e . S in c e  p a r t  o f  
th e  r e - r a d ia t io n  is b a c k  to w a r d  th e  e a r th ,  th is  p r o c e s s  c a n  c a u s e  th e  e le v a t io n  o f  th e  
a v e ra g e  s u r f a c e  t e m p e r a tu r e  a n d  it is tile  f u n d a m e n ta l  c a u s e  o f  th e  g r e e n h o u s e  e f fe c t . 
T h e  p r im a r y  g r e e n h o u s e  g a s e s  in  th e  E a r th 's  a tm o s p h e r e  a re  w a te r  v a p o r ,  c a r b o n  d i ­
o x id e , m e th a n e ,  n i t r o u s  o x id e  a n d  f lu o r in a te d  g a s e s .  A s  sh o w n  in  F ig u r e  2 .1 , c a r b o n  
d io x id e  a c c o u n te d  fo r  a b o u t  8 4 %  o f  th e  g r e e n h o u s e  g a s  e m is s io n  in  th e  U n ite d  S ta te s  
in  2 0 1 0 .T h e  c o n c e n t r a t io n  o f  c a r b o n  d io x id e  in  th e  a tm o s p h e r e  h a s  in c re a s e d  f ro m  
2 8 0  p p m  to  3 9 7  p p m  f ro m  th e  b u rn in g  o f  fo s s il  f u e ls ,  s in c e  th e  b e g in n in g  o f  th e  I n ­
d u s tr ia l  R e v o lu t io n  ( e n .w ik ip e d ia .o rg ) .
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Figure 2.1 U n ite d  S ta te s  G r e e n h o u s e  g a s  e m is s io n s  in  2 0 1 0  (w w w .e p a .g o v ).

2.2 Carbon Dioxide

C a r b o n  d io x id e  ( C O 2 ) is  a  n a tu r a l ly  o c c u r r in g  g a s  th a t  c a n  b e  fo u n d  in  th e  
a tm o s p h e r e .  E a c h  m o le c u le  o f  C O 2 c o n s is t s  o f  tw o  o x y g e n  a to m s  a n d  o n e  c a r b o n  a t-

http://www.epa.gov


4

o m  ( 0 = c = 0 ) .  T h e  b o n d in g  b e tw e e n  c a rb o n  a n d  o x y g e n  a to m s  is  c o v a le n t ly  b o n d s  
( e n .w ik ip e d ia .o rg ) .  T h e  p r o p e r t ie s  o f  c a rb o n  d io x id e  a re  p r e s e n te d  in  T a b le  2 .1 .

T a b l e  2 .1  P ro p e r t ie s  o f  c a rb o n  d io x id e  ( e n .w ik ip e d ia .o rg )

P ro p e r t ie s V a lu e

M o le c u la r  w e ig h t 4 4 .0 1  g /m o l

D e n s ity 1 .9 7 7  k g /m 3 (g a s  a t 1 a tm  a n d  0 ๐C )

M e l t in g  p o in t -  -7 8  ๐c

B o il in g  p o in t -5 7  ° c  a t 5 .1 8 5  b a r

V is c o s i ty 0 .0 7  c P  a t  -7 8 .5  ° c
A p p e a r a n c e c o lo r le s s  g a s
A c id i ty 6 .3 5 , 10 .3 3  p Ka
D ia m e te r 2 .8 -3 .4  À

C O 2 is  c o n s id e re d  a s  a n  a p p o r ta n t  g r e e n h o u s e  g a se s . A s  s h o w n  in  F ig u re
2 .2 , th e  e m is s io n  o f  c a r b o n  d io x id e  is  in c re a s in g  e v e ry  y e a r  f ro m  1971 to  2 0 1 0 . 
T h e r e fo re ,  th e  e n v ir o n m e n ta l  e f f e c ts  o f  c a rb o n  d io x id e  a re  o f  in te r e s t .  S in c e  th e  in ­
d u s tr ia l  r e v o lu t io n ,  c a r b o n -b a s e d  f u e ls  h a v e  b e e n  b u rn e d  to  g e n e ra te  e n e r g y ,  a n d  
c a u s e d  th e  c o n c e n t r a t io n  o f  c a r b o n  d io x id e  in  th e  a tm o s p h e r e  to  r a p id ly  in c re a s e ,  
a n d , c o n s e q u e n t ly ,  c a u s e d  g lo b a l  w a r m in g  a n d  th e  a n th r o p o g e n ic  c l im a te  c h a n g e . 
C O 2 is  a ls o  a  m a jo r  s o u rc e  o f  o c e a n  a c id if ic a t io n  w h e n  it d i s s o lv e s  in  w a te r  to  fo rm  
c a rb o n ic  a c id .

E3 Coal/peat ท  Oil SB Natural gas mi Olhei***

F ig u r e  2 .2  W o r ld  C O 2 E m is s io n  b y  fu e l f ro m  1971 to  2 0 1 0  ( IE A , K e y  W o r ld  E n e r ­
g y  S ta t is t ic s ,  2 0 1 2 ) .
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T h e  e f fe c t  o f  c lim a te  c h a n g e  is  in c re a s in g  ra p id ly  a n d  h a s  b e c o m e  a  g lo b a l 
c o n c e r n  o n  th e  e m is s io n  o f  g r e e n h o u s e  g a s e s  p a r t i c u la r ly  th e  e m it t in g  o f  C O 2 . C a r ­
b o n  c a p tu r e  a n d  s e q u e s t r a t io n  is  a  p ro c e s s  o f  c a p tu r e  a n d  lo n g - te rm  s to ra g e  o f  a tm o s ­
p h e r ic  c a r b o n  d io x id e  a n d  m a y  r e fe r  s p e c i f ic a l ly  to  th e  p r o c e s s  o f  r e m o v in g  c a rb o n  
d io x id e  f ro m  f lu e  g a s e s ,  s u c h  a s  f ro m  p o w e r  p la n t s  o r  r e f in e r ie s ,  b e fo re  b e in g  s to re d  
in  u n d e r g r o u n d  r e s e rv o ir s .  In  th is  s tu d y  th e  f o c u s  is  o n  C O 2 c a p tu re .  A d s o r p t io n  is 
o n e  o f  th e  p r o m is in g  te c h n iq u e s  th a t  c a n  b e  u s e d  f o r  C O 2 c a p tu re .

Table 2.2 A n n u a l  e n e r g y - r e la te d  C O 2 e m it te r s  in  2 0 0 9  ( e n .w ik ip e d ia .o rg )

C o un try
%  o f  g lo b a l to ta l  a n n u a l  e m is ­

s io n
T o n e s  o f  G H G  p e r  c a p ­

ita

P e o p le 's  R e p . o f  C h in a 2 3 .6 5.1
U n i t e d  S ta te s 17 .9 1 6 .9
I n d ia 5 .5 1.4
R u s s ia n  F e d e r a t io n 5.3 1 0 . 8

J a p a n 3 .8 8 . 6

G e r m a n y 2 . 6 9 .2
I s la m ic  R e p . o f  I ra n 1 . 8 7 .3
C a n a d a 1 . 8 1 5 .4
K o r e a 1 . 8 1 0 . 6

U n ite d  K in g d o m 1 . 6 7 .5

2.3 Carbon Capture and Storage

C a rb o n  c a p tu r e  a n d  s to ra g e  (C C S )  s t r a te g y  h a s  b e e n  in v e n te d  in  o r d e r  to  r e ­
d u c e  C O 2 e m is s io n . C C S  a s s o c ia te  w ith  a  w id e  r a n g e  o f  t e c h n o lo g ie s  th a t  a r e  im p lie d  
to  r e m o v e  a n d  s to re  C O 2 . T h e  a p p l ic a t io n  o f  th is  s tr a te g y  is  a n  e f f e c t iv e  w a y  to  r e ­
m o v e  C O 2 f ro m  la rg e  e m is s io n  s o u rc e  s u c h  a s  fo s s i l  p la n t ,  c e m e n t  a n d  i ro n  p la n t . 
H o w e v e r ,  th e re  a r e  s o m e  p e n a l t ie s  o n  th e  e n e r g y  c o n s u m p t io n  a n d  th e  o p e r a t in g  c o s t ,



6

th e re f o r e ,  th e  d e v e lo p m e n t  o f  n e w  te c h n o lo g ie s  is  r e q u ire d . C C S  c a n  b e  d iv id e d  in to  
th re e  b a s i c  r o u te s  (L e e  et al, 2 0 1 2 ) .

2 .3 .1  P r e - c o m b u s t io n  C a p tu r e
F ig u re  2 .3  i l lu s t r a te  th e  s c h e m a t ic  o f  p r e - c o m b u s t io n  p r o c e s s .  T h e  

c o n c e p t  o f  th is  p r o c e s s  is  a p p ly in g  th e  d e c a rb o n iz in g  fu e l. F ir s t ly ,  S y n g a s  ( C O  a n d  
~ H 2) is  p r o d u c e d  f ro m  th e  fo s s il  fu e l. T h e n , s y n g a s  p a s s  th ro u g h  th e  s h if t  r e a c to r  to  

p r o d u c e  C 0 2 a n d  C O 2 is  s e p a r a te d  b e f o r e  fe e d in g  in to  a  c o m b u s t io n  fu rn a c e .

To Stack

Air/Steam/O;

Coat’gas

F ig u r e  2 .3  P r e - c o m b u s t io n  C 0 2 r e m o v a l .

2 .3 .2  O x y - fu e l  C o m b u s t io n  C a p tu re
O x y - fu e l  c o m b u s t io n  p ro c e s s  n e e d s  h ig h  p u r i ty  o x y g e n  to  c o m b u s t  

w i th  fu e l  in s te a d  o f  a m b ie n t  a ir . F u e l  g a s  p r o d u c e d  f ro m  th e  c o m p le te  c o m b u s t io n  
c o n ta in s  m a in ly  C O 2 a n d  w a te r  w h e r e  C O 2 c a n  b e  s e p a r a te d  e a s i ly .

To Stack

'A i r  S e p a r a t io n  U n it

F i g u r e  2 . 4  O x y - fu e l  c o m b u s t io n  C O 2 r e m o v a l .



7

2 .3 .3  P o s t - c o m b u s t io n  C a p tu r e
C O 2 c a p tu r e  f ro m  fu e l  g a s  is  o c c u r r e d  a f te r  c o m b u s t io n .  T h is  is  th e  

m o s t  f e a s ib le  a p p ro a c h  p r o c e s s  b e c a u s e  it c a n  b e  r e t ro f i t te d  in to  th e  e x is t in g  p r o c e s s ­
e s  w i th o u t  m u c h  m o d if ic a t io n .  T h e  p r o c e s s  o f  p o s t - c o m b u s t io n  m a in ly  in v o lv e s  to  
a b s o r p t io n ,  a d s o rp t io n ,  c ry o g e n ic  s e p a r a t io n  a n d  m e m b ra n e .

To Slack

Coal/'gas

Air

F i g u r e  2 .5  P o s t - c o m b u s t io n  C O 2 r e m o v a l .

2 .4  C O 2 C a p t u r e  T e c h n iq u e s

T h e r e  a re  4  m a in ly  t e c h n iq u e s  u s e d  to  c a p tu r e  C O 2 f ro m  fu e l g a s  o f  p o s t ­
c o m b u s t io n  n a m e ly  a b s o r p t io n ,  a d s o r p t io n ,  c r y o g e n ic  s e p a r a t io n  a n d  m e m b ra n e . A b ­
s o r p t io n  s e e m s  to  b e  a  p r o m is in g  te c h n iq u e  b e c a u s e  o f  th e ir  r a p id  r e a c t io n s  ( C h a p e l  
et al., 1 9 9 9 ); h o w e v e r ,  th is  p ro c e s s  h a s  m a n y  d r a w b a c k s  in c lu d in g  th e  lo s s  o f  a b s o r ­
b e n t  d u r in g  th e  r e g e n e r a t io n  b e c a u s e  o f  its  h ig h  v o la t i l i t ie s ,  a n d  th e  d e g r a d a t io n  o f  
a m in e  b y  s m a ll  a m o u n t  o f  s u lfu r  c o n te n t  in  th e  f lu e  g a s  (L e e  et al., 2 0 1 0 ) . F u r th e r ­
m o re , th e  o p e ra t in g  c o s t  a n d  c a p i ta l  c o s t  a re  r e la t iv e ly  h ig h  a s  s a m e  a s  c r y o g e n ic  
s e p a r a t io n  a n d  m e m b r a n e .  T h e r e fo re ,  a d s o rp t io n  is  m o re  p r e f e r r e d  te c h n iq u e .

A d s o r p t io n  is  a  p ro c e s s  to  e n r ic h  o n e  o r  m o re  c o m p o n e n ts  in  an  in te r f a c ia l  
la y e r , n o r m a l ly  p r e s e n t  in  o n e  p h a s e . T h e  te rm  o f  a d s o rp t io n  m a y  a ls o  b e  u s e d  to  d e ­
n o te  th e  p r o c e s s  in  w h ic h  a d s o rp t iv e  m o le c u le s  a re  t r a n s f e r r e d  to , a n d  a c c u m u la te d  
in , th e  in te r f a c ia l  la y e r .  In  m o n o la y e r  a d s o rp t io n ,  a ll  th e  a d s o rb e d  m o le c u le s  a r e  in  
c o n ta c t  w i th  th e  s u r f a c e  la y e r  o f  th e  a d s o rb e n t .  In  m u l t i la y e r  a d s o rp t io n ,  th e  a d s o r p ­
t io n  s p a c e  a c c o m m o d a te s  m o re  th a n  o n e  la y e r . F o r  th e  c a p i l la ry  c o n d e n s a t io n ,  th e  
r e s id u a l  p o r e  s p a c e  w h ic h . r e m a in s  a f te r  m u l t i l a y e r  a d s o rp t io n  h a s  o c c u r re d  is  f i l le d  
w i th  c o n d e n s a te .  T h e  b in d in g  to  th e  s u r f a c e  is u s u a l ly  r e v e r s ib le .  T h e  d r iv in g  fo rc e
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fo r  a d s o rp t io n  is  th e  r e d u c t io n  in  in te r fa c ia l  t e n s io n  b e tw e e n  th e  f lu id  a n d  th e  s o l id  
a d s o r b e n t  a s  a  r e s u l t  o f  th e  a d s o rp t io n  o f  th e  a d s o rb a te  o n  th e  s u r fa c e  o f  th e  s o l id . 
U s u a l ly  a d s o r p t io n  is  d e s c r ib e d  th o u g h  i s o th e r m s  w h ic h  a re  th e  a m o u n t  o f  a d s o rb a te  
a d s o r b in g  o n to  th e  a d s o r b e n t  a s  a  f u n c t io n  o f  i ts  p re s s u re  fo r  g a s  o r  c o n c e n t r a t io n  fo r  
l iq u id  a t c o n s ta n t  te m p e ra tu re .  T h e r e  a re  s ix  ty p e s  o f  th e  m a jo r i ty  o f  is o th e r m  s h o w n  
in  F ig u re  2 .6  ( S in g  et al., 1 9 8 5 ).

R e la tive  p re s s u re -------►

F i g u r e  2 .6  T y p e s  o f  is o th e rm  ( S in g  et al., 1 9 8 5 ).

T y p e  1 i s o th e r m s  a re  g iv e n  b y  m ic r o p o ro u s  s o l id s  h a v in g  r e la t iv e ly  s m a ll  
e x te rn a l  s u r fa c e  s u c h  a s  a c t iv a te d  c a rb o n , m o le c u la r - s i e v e  z e o l i te  a n d  c e r ta in  p o ro u s  
o x id e .  T h e  a d s o r p t io n  is  l im i te d  b y  th e  f i l l in g  o f  m ic o rp o re  v o lu m e  r a th e r  th a n  b y  th e  
in te r n a l  s u r fa c e  a r e a .

T y p e  II i s o th e r m s  n o r m a l ly  o b ta in  b y  a  n o n - p o ro u s  o r  m a c r o p o r o u s  a d s o r ­
b e n t .  T h e  ty p e  II i s o th e r m  r e p r e s e n ts  u n r e s t r i c te d  m o n o la y e r - m u l t i la y e r  a d s o rp t io n . 
P o in t  B  is  o f te n  in d ic a te d  th e  s ta g e  w h e re  m o n o la y e r  c o v e ra g e  is  c o m p le te  a n d  m u l t i ­
la y e r  is  b e g in n in g  a t  th is  p o in t.

T y p e  III i s o th e r m s  a re  n o t  c o m m o n , b u t  s y s te m  ty p ic a l ly  o f  n i t r o g e n  o n  p o l ­
y e th y le n e .  T h is  ty p e  is  c o n v e x  s h a p e  a n d  th e r e f o r e  th e re  is  n o  p o in t  B .
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T y p e  IV  is o th e r m s  h a v e  th e ir  h y s te r e s is  lo o p , w h ic h  is  a s s o c ia te d  w ith  c a p i l ­
la r y  c o n d e n s a t io n  ta k in g  p la c e  in  m e s o p o re s .  T h e  in i t ia l  p a r t  is  a t t r ib u te d  to  m o n o ­
la y e r - m u l t i la y e r  a d s o rp t io n  s in c e  it f o l lo w s  th e  s a m e  p a th  a s  th e  c o r r e s p o n d in g  p a r t  
o f  ty p e  II.

T y p e  V  is o th e r m s  a re  n o t c o m m o n . T h is  ty p e  is  r e la te d  to  ty p e  III is o th e r m  
in  c a s e  o f  th e  in te r a c t io n s  b e tw e e n  a d s o rb e n t  a n d  a d s o rb a te  a re  w e e k ,  b u t  th is  ty p e  is 
o b ta in e d  w ith  c e r ta in  p o r o u s  a d s o rb e n ts .  -

T y p e  V I  i s o th e r m s ,  in  w h ic h  th e  s te p  d e p e n d s  o n  th e  s y s te m  a n d  te m p e r a ­
tu re ;  r e p r e s e n t  s te p w is e  m u l t i l a y e r  a d s o r p t io n  o n  a  u n if o r m  n o n - p o r o u s  s u r fa c e . T h e  
e x a m p le  o f  th is  ty p e  is  o b ta in e d  w ith  a r g o n  o r  k r y p to n  o n  g r a p h i t i z e d  c a r b o n  b la c k s  
a t  l iq u id  n i t r o g e n  te m p e ra tu re .

2 .4 .1  C h e m is o r p t io n
T h e r e  a r e  tw o  ty p e s  o f  a d s o r p t io n  d e p e n d in g  o n  th e  in te r a c t io n  b e ­

tw e e n  th e  a d s o rb a te  a n d  a d s o rb e n t .  F ir s t ,  c h e m is o rp t io n ,  o r  c h e m ic a l  a d s o r p t io n ,  is  a  
k in d  o f  a d s o rp t io n  w h ic h  in v o lv e s  a c h e m ic a l  r e a c t io n  b e tw e e n  th e  a d s o r b a te  a n d  th e  
s u r fa c e . T h e  c h e m ic a l  b o n d in g ,  io n ic  o r  c o v a le n t ,  d e p e n d in g  o n  th e  r e a c t iv e  c h e m ic a l  
s p e c ie s ,  is  g e n e ra te d  o n  th e  s u r fa c e  o f  th e  a d s o rb e n t .  T h e  c h e m ic a l  id e n t i ty  a n d  th e  
s u r f a c e  s t r u c tu r e  a re  in d ic a t in g  th e  a b i l i ty  o f  c h e m is o r p t io n  p ro c e s s .

2 .4 .2  P h v s is o r p t io n
P h y s is o r p t io n ,  o r  p h y s ic a l  a d s o rp t io n ,  is  o n e  o f  th e  a d s o rp t io n  p r o ­

c e s s e s  th a t  a re  a b s e n c e  o f  th e  c h e m ic a l  b o n d in g  in te r a c t io n . T h e  in te r a c t in g  fo rc e  o f  
p h y s i s o r p t io n  is  c a u s e d  b y  v a n  d e r  W a a ls  fo rc e  in c lu d in g  a t t r a c t io n s  a n d  r e p u ls io n s  
b e tw e e n  a to m s , m o le c u le s ,  a n d  s u r fa c e s .  T h e  in te r a c t io n  e n e r g y  is  r e la t iv e ly  lo w  
( - 1 0 - 1 0 0  m e V )  in  p h y s i s o r p t io n  a s  c o m p a r e d  to  th e  c h e m is o rp t io n  ( - 1 - 1 0  e V ) . T h e  
d i f f e r e n c e s  b e tw e e n  th e s e  tw o  p r o c e s s e s  a r e  s u m m a r iz e d  in  T a b le  2 .3 .
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T a b l e  2 .3  C o m p a r i s o n  b e tw e e n  c h e m is o rp t io n  a n d  p h y s i s o rp t io n  ( R u th v e n ,  1 9 8 4 )

C h e m is o r p t io n P h y s is o r p t io n
T e m p e r a tu r e h ig h  te m p e ra tu re c lo s e  to  b o i l in g  p o in t  o f  a d s o rb a te

I n te r a c t io n c o v a le n t  b o n d v a n  d e r  W a a l  fo rc e
B in d in g  e n e r g y 1 -10  eV 1 0 - 1 0 0  m e V
A d s o r p t io n  ra te m a y b e  s lo w  a n d  i r ­

re v e r s ib le
ra p id  a n d  r e v e r s ib le

T y p e s  o f  a d s o rp t io n m o n o la y e r m o n o la y e r  o r  m u l t i l a y e r

T h e  a d s o rp t io n  a b i l i ty  is  d e p e n d e n t  o n  th e  p r o p e r t ie s  o f  th e  a d s o rb e n t .  T h e y  
m u s t  h a v e  h ig h  r e s is ta n c e , h ig h  th e rm a l s ta b i l i ty  a n d  s m a ll  p o re  d i a m e te r s ,  w h ic h  r e ­
s u l ts  in  h ig h e r  e x p o s e d  s u r f a c e  a re a  a n d  h ig h  s u r fa c e  c a p a c i ty  f o r  a d s o rp t io n .  T h e  
a d s o rb e n ts  m u s t  a lso  h a v e  a  d is t in c t  p o re  s tru c tu re  th a t  e n a b le s  f a s t  t r a n s p o r t .

2 .5  A d s o r b e n t

M a n y  o f  th e  a d s o r b e n ts  a re  p o r o u s  m a te r ia ls  w h ic h  h a v e  h ig h  s u r fa c e  a r e a . 
T h e  a d s o r b e n t  is  o f te n  u s e f u l  to  d is t in g u is h  b e tw e e n  th e  e x te rn a l  a n d  in te r n a l  s u r fa c e . 
T h e  e x te rn a l  s u r fa c e  is  u s u a l ly  c o n s id e re d  a s  th e  e n v e lo p e  s u r r o u n d in g  th e  d i s c r e te  
p a r t ic le s .  T h e  e x te rn a l  s u r f a c e  c o m p r is e s  th e  c r a c k s  w h ic h  a re  w id e r  th a n  th e y  a r e  
d e e p ;  o n  th e  o th e r  h a n d , th e  in te rn a l s u r f a c e  c o m p r is e s  th e  w a ll o f  c r a c k s ,  p o re s  a n d  
c a v i t ie s  w h ic h  a re  d e e p e r  th a n  th e y  a re  w id e . T h e  d if f e r e n c e  b e tw e e n  e x te rn a l  a n d  
in te rn a l  s u r fa c e  is  d e p e n d in g  o n  th e  m e th o d s  o f  th e  a s s e s s m e n t  a n d  th e  n a tu re  o f  th e  
p o re  s iz e  d i s t r ib u t io n  b e c a u s e  th e  a c c e s s ib i l i ty  o f  p o re s  d e p e n d  o n  th e  s iz e  a n d  s h a p e  
o f  th e  g a s  m o le c u le s  ( S in g  et al., 1 9 8 5 ). T h e  s iz e  a n d  v o lu m e  o f  p o r e s  a r e  im p o r ta n t ,  
th u s  m ic r o p o ro u s  m a te r ia ls  a r e  u s e d  fo r  th e  s o rp t io n  o f  l ig h t  g a s e s ,  w h e r e a s  th e  la r g e r  
p o re  s iz e  d i s t r ib u t io n s  a re  u s e d  fo r  r e m o v a l  o f  to x in s  o r  o th e r  la rg e  m o le c u le s  ( D ra g e  
et al., 2 0 0 7 ) .  T o  c la s s i fy  th e  p o re ^ s iz e , R u th v e n  (1 9 8 4 )  h a d  c o n c lu d e d  in  th e  T a b le
2 .4 .



Table 2.4 The classification of pore size (Ruthven, 1984)

M ic ro p o re M e s o p o re M a c r o p o r e

D ia m e te r  (À ) < 2 0 2 0 -5 0 0 > 5 0 0
P o re  v o lu m e  ( c m 3/g ) 0 .1 5 -0 .5 0 .0 2 - 0 . 1 0 .2 - 0 .5
S u r fa c e  a re a  ( m 2 /g ) 1 0 0 - 1 0 0 0 1 0 - 1 0 0 0 .5 -2

A c t iv a te d  c a r b o n  ( A C )  is  o n e  o f  th e  m o s t  p o p u la r  m a s s  p r o d u c e d  a d s o rp t io n  
m a te r ia ls  d u e  to  its  h ig h -d e g r e e  o f  m ic r o p o ro s i ty .  A c t iv a te d  c a rb o n  is  ty p ic a l ly ,  p o w ­
d e r e d ,  g r a n u la r  o r  p e l le te d  b y  e x t re m e ly  p o r o u s  a n d  v e ry  h ig h  s u r f a c e  a re a . T h e  
s t r u c tu r e  o f  a c t iv a te d  c a r b o n  is  s h o w n  in  F ig u r e  2 .7 . A c t iv a te d  c a r b o n  is  p r o d u c e d  v ia  
n o r m a l ly  2 s te p s  w h ic h  a re  c a r b o n iz a t io n  a n d  f o l lo w in g  b y  a c t iv a t io n  s te p . C a r b o n i ­
z a t io n  is  p y ro ly s is  o f  r a w  m a te r ia ls  su c h  a s  n u ts h e l l s ,  c o c o n u t  h u s h , p e a t ,  w o o d  a n d  
c o a l to  fo rm  c a r b o n a c e o u s  m a te r ia ls .  T h e  d i f f e r e n t  ra w  m a te r ia ls  le a d  to  v a r ia t io n s  o f  
p o re  s iz e  d i s t r ib u t io n ,  p o re  s t r u c tu r e ,  s u r fa c e  a r e a , e tc . (C h o i et al., 2 0 0 9 ) .  In  th e  a c t i ­
v a t io n  s te p , th e  c a r b o n a c e o u s  m a te r ia ls  a re  e x p o s e d  to  o x id iz in g  a tm o s p h e r e  a t te m ­
p e r a tu r e  a b o v e  2 5 0  ๐c .  A d s o r p t io n  o n  a c t iv a te d  c a rb o n  is  c o n s id e re d  a s  o n e  o f  th e  
p o te n t ia l  te c h n iq u e s  b e c a u s e  o f  c o s t  a d v a n ta g e ,  w id e  r a n g e  o f  o p e r a t io n  c o n d i t io n  
a n d  lo w  e n e rg y  r e q u i r e m e n t .

Figure 2.7 Activated carbon structure (www.afssociety.org).

http://www.afssociety.org
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2.6 Surface Properties of Carbon Materials

T h e  c h e m ic a l  c h a r a c te r is t ic s  o f  th e  c a r b o n  m a te r ia l  a re  la rg e ly  d e te rm in e d  
b y  s u r fa c e  c h e m ic a l  h e te ro g e n e i ty ,  w h ic h  is  r e la te d  to  th e  p r e s e n c e  o f  h e te ro a to m s  a s  
r e f e r r e d  to  th o s e  n o n - c a rb o n  a to m s  p re s e n t  in  th e  c a rb o n  s tru c tu re  s u c h  a s  o x y g e n , 
n i t r o g e n  a n d  s u l fu r .  T h e  ty p e s  a n d  q u a n t i t ie s  o f  th o s e  e le m e n ts  a re  d e r iv e d  f ro m  th e  
n a tu r e  m a te r ia ls  o r  in tro d u c e d  d u r in g  th e  a c t iv a t io n  p r o c e s s .  T h e s e  h e te r o a to m s  a re  
fo rm e d  a s  th e  s u r f a c e  fu n c t io n a l  g r o u p s  o n  th e  c a rb o n  s t r u c tu r e .  F ig u re  2 .8  i l lu s t ra te s  
th e  a c id ic  a n d  b a s ic  fu n c t io n a l  g r o u p s  o n .th e  c a r b o n  m a te r ia l .

Acidic Groups

Figure 2.8 A c id ic  a n d  b a s ic  su T face  f u n c t io n a l i t ie s  o n  a  c a r b o n  m a te r ia l  ( S h a f e e y a n  
et al., 2 0 1 0 ).

T h e  r o le  o f  C O 2 a s  a  w e a k  L e w is  a c id  is w e ll e s ta b l is h e d  ( S h a f e e y a n  et al., 
2 0 1 0 ) .  It is  e x p e c te d  th a t  th e  in t r o d u c t io n  o f  L e w is  b a s e s  o n to  th e  a c t iv a te d  c a r b o n  
m a y  f a v o r  th e  C O 2 c a p tu re  p r o c e s s  ( P la z a  et al., 2 0 0 9 ) . O n e  o f  th e  w a y s  u s e d  to  p r e ­
p a r e  a c t iv a te d  c a r b o n  w ith  in c re a s e d  b a s ic i ty  is  to  r e m o v e  o r  n e u t r a l iz e  th e  a c id ic  
fu n c t io n a l i t ie s ,  a n d  a n o th e r  w a y  is  to  r e p la c e  a c id ic  g r o u p s  w ith  p r o p e r  b a s ic  g ro u p s  
fo r  in s ta n c e  a m m o n ia ,  n itr ic  a c id  a n d  a m in e . W h e n  th e  c a r b o n  m a te r ia ls  a re  t r e a te d  
w i th  a m m o n ia ,  a m m o n ia  w il l  r e a c t  w i th  th e  s u r fa c e  o x id e , th e re fo re ,  f o r m in g  a m m o ­
n ia  s a l ts  a n d  a m id e  g ro u p s  th ro u g h  d e h y d r a t io n  a n d  d e h y d ro g e n a t io n  r e a c t io n s .  P o s ­
s ib le  s t r u c tu r e s  o f  th e  n i t r o g e n  f u n c t io n a l i t ie s  in c lu d e  th e  fo l lo w in g :  a m in e  g r o u p ,
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im id e  g ro u p , la c ta m e  g r o u p , p y r ro l ic  g ro u p  a n d  p y r id in ic  g ro u p . A t h ig h  te m p e ra tu re ,  
a m m o n ia  a ls o  d e c o m p o s e s  to  f re e  ra d ic a ls  s u c h  a s  N H 2 , N H , a n d  a to m ic  h y d ro g e n  
a n d  n i tro g e n . T h e s e  f re e  r a d ic a l s  m a y  g a s i fy  th e  c a r b o n  c a u s in g  H C N , C H 4 a n d  แ 2 to  
b e  r e le a s e d  ( S h a fe e y a n  et a i,  2 0 1 0 ) . T h e  a p p r o p r ia te  a c t iv a t io n  p r o c e s s  to  in tro d u c e  
b a s ic i ty  o n  th e  s u r f a c e  is h e a t  t r e a tm e n t ,  a m m o n ia  t r e a tm e n t  a n d  a ls o  c h e m ic a l  a c t i ­
v a t io n . T h e s e  p r o c e s s e s  in c r e a s e  b a s ic ity  b y  r e m o v in g  s o m e  o f  s u r f a c e  a c id ic  f u n c ­
t io n a l i t ie s  a n d  in t r o d u c in g  b a s ic  n i tro g e n  f u n c t io n a l i t ie s  o n  th e  c a rb o n  s u r fa c e .

2.7 Activation of Carbon Materials

A c t iv a te d  c a r b o n  is  a  h ig h ly  p o ro u s ,  a m o r p h o u s  s o l id  c o n s is t in g  o f  m ic ro -  
'  c r y s ta l l i t e s  w i th  a  g r a p h i te  la t t ic e ,  u s u a lly  p r e p a r e d  in  s m a ll  p e l le ts  o r  a  p o w d e r  fo rm . 

I t is  n o n - p o la r  a n d  c h e a p . O n e  o f  its  m a in  d r a w b a c k s  is th a t  it r e a c ts  w i th  o x y g e n  a t 
m o d e ra te  t e m p e r a tu r e s  ( o v e r  3 0 0  °C ). A c t iv a te d  c a rb o n  c a n  b e  m a d e  f ro m  c a r b o n a ­
c e o u s  m a te r ia l ,  in c lu d in g  c o a l ,  p e a t , c o k e  a n d  w o o d  (Y a n g , 2 0 0 3 ) . T h e  a d v a n ta g e s  o f  
a c t iv a te d  c a r b o n  a s  a d s o r b e n t  in c lu d e  h ig h  C O 2 a d s o rp t io n  c a p a c i ty ,  e a s y  to  r e g e n e r ­
a te , a n d  n o t r e q u i r in g  a n y  m o is tu r e  r e m o v a l ;  th e re fo re ,  a c t iv a te d  c a r b o n  is  b e in g  p r o ­
p o s e d  a  g o o d  c a n d id a te  f o r  C O 2 a d s o rp tio n  (S h a fe e y a n  et al., 2 0 1 0 ) . T h e r e  a re  tw o  
m e th o d s  to  p r o d u c e  a c t iv a te d  c a rb o n : p h y s ic a l  a n d  c h e m ic a l  a c t iv a t io n s .

F irs t, p h y s ic a l  r e a c t iv a t io n  p ro c e s s  c o n s is ts  o f  tw o  p h a s e s ,  c a r b o n iz a t io n  a n d  
a c t iv a t io n . T h e  c a r b o n iz a t io n  p ro c e s s  in c lu d e s  d r y in g  a n d  th e n  h e a t in g  to  s e p a ra te  
b y -p ro d u c ts ,  in c lu d in g  ta r s  a n d  o th e r  h y d r o c a r b o n s  f ro m  th e  r a w  m a te r ia l ,  a s  w e ll a s  
to  d r iv e  o f f  a n y  g a s e s  g e n e ra te d .  T h e  p r o c e s s  is  c o m p le te d  b y  h e a t in g  th e  m a te r ia l  
o v e r  4 0 0  ° c  in  th e  a b s e n c e  o f  a ir  th a t c a n n o t  s u p p o r t  c o m b u s t io n . T h e  c a r b o n iz e d  
p a r t i c le s  a re  th e n  a c t iv a te d  b y  e x p o s in g  th e m  to  an  o x id iz in g  a g e n t, u s u a l ly  s te a m  o r  
c a r b o n  d io x id e  a t  h ig h  te m p e ra tu re .  T h e s e  a g e n ts  b u rn  o f f  th e  p o re  b lo c k in g  s t r u c ­
tu r e s  c re a te d  d u r in g  th e  c a r b o n iz a t io n  p h a s e  a n d , h e n c e , a  p o ro u s , th r e e - d im e n s io n a l  
g r a p h i te  la t t ic e  s t r u c tu r e  is  d e v e lo p e d . T h e  s iz e  o f  th e  p o re s  d e v e lo p e d  d u r in g  a c t iv a ­
t io n  is  a  f u n c t io n  o f  th e  t im e  th a t  it s p e n d s  in  th is  s ta g e . T h e  lo n g e r  th e  e x p o s u re  
t im e ,  th e  la r g e r  p o re  s iz e s  o f  th e  a c t iv a te d  c a r b o n  a re  o b ta in e d .

A n o th e r  m e th o d  is  c h e m ic a l a c t iv a t io n  w h ic h  is  p r e fe r r e d  b e c a u s e  th is  
m e th o d  o p e ra te s  a t  r e la t iv e ly  lo w  te m p e ra tu re .  In  c a r b o n iz a t io n  s te p , a  r a w  m a te r ia l ,
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w h ic h  is  im p re g n a te d  w i th  s o m e  c h e m ic a l  c o m p o u n d s  s u c h  a s  p h o s p h o r ic  a c id ,  p o ­
ta s s iu m  h y d r o x id e  a n d  s o d iu m  h y d r o x id e ,  is  c a r b o n iz e d  a t  4 5 0 -9 0 0  ๐c  (P ic h -  
a ic h a n le r t ,  2 0 1 1 ) . T h e  c o n d i t io n s  o f  th e  p y ro ly s is  a n d  o x id a t io n  s te p  a re  th e  m a in  f a c ­
to r  to  d e te rm in e  th e  to ta l  p o re  v o lu m e  a n d  th e  p o re  s iz e  d is t r ib u t io n .  T h e  m o s t  p o p u ­
la r  a q u e o u s  p h a s e  c a r b o n s  a re  b i tu m in o u s  b a s e d  b e c a u s e  o f  th e i r  h a r d n e s s ,  a b r a s io n  
r e s is ta n c e ,  p o re  s iz e  d i s t r ib u t io n ,  a n d  lo w  c o s t . A c t iv a te d  c a r b o n  is  u s e d  f o r  a d s o r p ­
t io n  o f  o rg a n ic  s u b s ta n c e s  a n d  n o n - p o la r  a d s o rb a te s  a n d  it is  a ls o  u s u a lly  u s e d  fo r  
w a s te  g a s  t r e a tm e n t .  I t is  th e  m o s t  w id e ly  u s e d  a d s o rb e n t  s in c e  m o s t  o f  its  c h e m ic a l  
(e .g . s u r fa c e  g r o u p s )  a n d  p h y s ic a l  p r o p e r t ie s  ( e .g . p o re  s iz e  d is t r ib u t io n  a n d  s u r fa c e  
a re a )  c a n  b e  tu n e d  a c c o rd in g  to  w h a t  is  n e e d e d . I ts  u s e f u ln e s s  a ls o  d e r iv e s  f ro m  its  
la rg e  m ic r o p o re  ( a n d  s o m e tim e s  m e s o p o re )  v o lu m e  a n d  th e  r e s u l t in g  h ig h  s u r f a c e  
a re a .

D ra g e  et al. (2 0 0 7 )  u s e d  K 2 C O 3 a s  a  c h e m ic a l  a c t iv a t io n  a g e n t in c o r p o r a te d  
in to  th e  re s in  o n  p o ly m e r iz a t io n  o f  u r e a - fo r m a ld e h y d e  (U F )  a n d  m e la m in e -  
f o rm a ld e h y d e  ( M F )  r e s in s .  T h e  a c t iv a t io n  te m p e ra tu re  r a n g e d  f ro m  4 0 0  to  7 0 0  ๐c  fo r  
1 h o u r  u n d e r  a  c o n s ta n t  f lo w  o f  n i t r o g e n  g a s . T h e  re su lts  o f  b o th  r e s in s  r e v e a le d  th a t  
th e  r e s in  w ith  lo w e r  a c t iv a t io n  te m p e ra tu re  g a v e  a  h ig h e r  a d s o r p t io n  c a p a c i ty  in  sp i te  
o f  its  lo w e r  s u r fa c e  a r e a . It is  c le a r ly  e v id e n t  th a t  s u r fa c e  a r e a  is  n o t th e  m a in  d e te r ­
m in a n t  o f  C O 2 a d s o r p t io n  p o te n tia l .  D ra g e  a n d  c o - w o r k e r  c o n c lu d e d  th a t th e  h ig h  a c ­
t iv a t io n  te m p e ra tu re  le d  to  th e  e l im in a t io n  o f  n i t ro g e n  g ro u p , r e s u l t in g  in  a  d e c r e a s e  
in  a f f in i ty  fo r  C O 2 c a p tu re .

H a y a s h i  et al. (1 9 9 9 )  p re p a re d  a c t iv a te d  c a r b o n s  b y  c h e m ic a l  a c t iv a t io n  
a n d  e x a m in e d  th e  in f lu e n c e  o f  p r e p a r a t io n  c o n d i t io n s .  T h e  s u r f a c e  a re a  o f  a c t iv a te d  
c a r b o n  w a s  p r e p a r e d  a t  d i f f e re n t  t e m p e ra tu re  u s in g  Z n C f ,  H 3 P O 4 a n d  s o m e  a lk a li  
m e ta l  a s  th e  a c t iv a t in g  r e a g e n t . U s in g  o f  Z n C F  a n d  H 3 P O 4 a s  th e  r e a g e n t ,  it  is  o b ­
s e rv e d  th a t  th e  s u r f a c e  a re a  w a s  m o r e  th a n  1 0 0 0  m 2/g  a t 6 0 0  ๐บ . T h is  in d ic a te s  th a t  
Z n C f  a n d  H 3 P O 4 w o rk  e f f e c t iv e ly  a t  lo w  te m p e ra tu re .  O n  th e  o th e r  h a n d , th e  a c t iv a ­
t io n  w i th  a lk a li  m e ta l  o b ta in e d  a  la r g e r  s u r fa c e  a r e a  th a n  Z n C l 2 a n d  H 3 P O 4 p a r t i c u la r ­
ly  K 2 C O 3 . T h e  c a r b o n  p r e p a r e d  b y  K 2 C O 3 a c t iv a t io n  h a s  a  s u r fa c e  o f  a b o u t  2 0 0 0
m 2/g  a t  8 0 0  ° c .
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P la z a  et al. (2 0 0 9 )  d e v e lo p e d  a d s o rb e n ts  f ro m  lo w  c o s t m a te r ia ls  b y  p h y s ic a l  
a c t iv a t io n  w i th  C O 2 a n d  h e a t  t r e a tm e n t  w i th  a m m o n ia  g a s . T h e  a c t iv a t io n  w ith  C O 2 

w a s  c o n d u c te d  a t  8 0 0  ๐c  w i th  d i f f e re n t  d e g re e s  o f  b u rn -o f f .  T h e  r e s u l t  o f  Ç O 2 a c t i v a ­
t io n  fo r  3 h o u r s  o b ta in e d  th e  h ig h e s t  s u r fa c e  a re a  a n d  p o re  v o lu m e  (8 2 2  m 2/g  a n d
0 .3 7 1  c m 3 /g , r e s p e c t iv e ly ) .  F o r  h e a t  t r e a tm e n t  w i th  a m m o n ia ,  a m m o n ia  t r e a tm e n t  c a n  
b e  c a r r ie d  o u t  in  p u re  a m m o n ia  f lo w  r e fe r re d  to  a m in a t io n  o r  in  a  m ix tu r e  o f  a m m o ­
n ia  a n d  a ir  r e f e r r e d  to  a m m o x id a t io n  a t  r a t io  o f  1 :2. T h e  a m in a t io n  in c r e a s e d  th e  s u r ­
f a c e  a r e a  a n d  p o re  v o lu m e , w h e re a s  a m m o x id a t io n  te n d s  to  re d u c e  th e s e  p a r a m e te r s .

Z h a n g  et al. ( 2 0 0 3 )  s tu d ie d  th e  s te a m  a c t iv a t io n  o f  h ig h - u n b u r n e d - c a r b o n  f ly  _ 
a s h  f ro m  d i f f e r e n t  c o m b u s to r  ty p e s . T h e  a c t iv a t io n  t im e  w a s  k e p t  c o n s ta n t  a t 9 0  m in , 
th e  p o re  v o lu m e  a n d  th e  s u r f a c e  a re a  in c re a s e d  w ith  th e  r is e  in  th e  a c t iv a t io n  te m p e r ­
a tu re . T h is  w a s  a s s o c ia te d  w i th  th e  in c re a s e  in  b u r n - o f f  o f  th e  w a l l ,  w h e re  th e  in ­
c r e a s e  in  p o re  v o lu m e  w a s  a s s o c ia te d  w ith  th e  d e v e lo p m e n t  o f  b o th  m ic r o p o re s  a n d  
m é s o p o re s .  T h e  h ig h e s t  s u r f a c e  a re a  a n d  p o re  v o lu m e  o c c u r r in g  a t  9 0 0  ๐c  w e re  1 2 7 0  
m 2/g  a n d  0 .8 1 5  m L /g , r e s p e c t iv e ly .  B u t a t  th a t  h ig h  te m p e ra tu re  th e  m ic r o p o r o s i ty  
d r o p p e d  to  a r o u n d  2 5 % , w h i le  th e  b u r n - o f f  w a s  8 8 % . T h e r e fo re ,  to  d e v e lo p  a c t iv a te d  
c a r b o n s  w i th  a h ig h  s u r fa c e  a r e a  a n d  h ig h  m ic r o p o ro s i ty  a  lo w  a c t iv a t io n  te m p e ra tu re  
( 8 5 0  °C )  s e e m s  to  b e  p r e f e r r e d .

M a r o to - V a le r  et al. (2 0 0 5 )  p r e p a r e d  h ig h  s u r f a c e  a re a  a c t iv a te d  a n th r a c i te s  
b y  s te a m  a c t iv a t io n .  A n th ra c i te  w a s  a c t iv a te d  b y  u s in g  f lu id iz e d  b e d  r e a c to r .  T h e  s u r ­
fa c e  a r e a  a n d  p o re  v o lu m e  w e r e  1071 m 2/g  a n d  0 .5 8 8  m L /g , r e s p e c t iv e ly ,  fo r  a n th r a ­
c i te  a c t iv a te d  a t  8 9 0  ° c  f o r  2  h o u rs . T h e  h ig h e s t  C O 2 a d s o rp t io n  c a p a c i ty  (6 5 .7  m g  

C C b /g  s o r b e n t)  w a s  o b ta in e d  w h e n  th e  a n th r a c i te  w a s  a c t iv a te d  a t 8 0 0  ๐c  fo r  2  h o u r s ,  
r e s u l t in g  in  a  s u r fa c e  a r e a  o f  5 4 0  m 2/g .

M a r o to - V a le r  et al. ( 2 0 0 8 )  d e v e lo p e d  a c t iv a te d  f ly  a s h  d e r iv e d  s o r b e n t  fo r  
C O 2 c a p tu re .  T h e  s a m p le s  w e r e  a c t iv a te d  b y  u s in g  s te a m  a t 8 5 0  ๐c  f o r  3 0 , 6 0 , 9 0  a n d  
1 2 0  m in , r e s u l t in g  in  a  s ig n i f ic a n t  in c re a s e  o f  th e  s u r f a c e  a re a  a n d  p o re  v o lu m e  u p  to  
10 75  m 2/g  a n d  0 .7 7 4  m l/g , r e s p e c t iv e ly .  T h e  lo n g e r  a c t iv a t io n  t im e  r e s u l te d  in  a n  in ­
c r e a s e  o f  th e  b u r n - o f f  le v e ls .  T h e  a c t iv a t io n  t im e  w a s  3 0  m in , th e  b u r n - o f f  w a s  1 1 %  
c o m p a re d  to  a f te r  1 2 0  m in  o f  a c t iv a t io n  t im e , a n d  th e  b u r n - o f f  o f  th e  s a m p le  w a s  
6 7 % .
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T a b l e  2 .5  S u m m a r y  o f  th e  p r e v io u s  w o rk  fo r  v a r io u s  a c t iv a t io n  te c h n iq u e s

Type
Reagent or

gas

Temperature

(°C)

Duration

(h)

Surface area (m2/g), 

Pore volume (ml/g)
Reference

Chem ica l Z n C l2 600 ! 1400, 0.60 Hayashi et ai, 2000

HjPCX, 600 1 1100, 0.40 Hayashi et al., 2000

K 2c o 3 800 1 2000, 1.00 Hayashi et al., 2000

K O H 800 1 1500, 0.70 Hayashi et al., 2000

N aO H 800 1 1300,0.75 - Hayashi et ai, 2000

k 2c o 3 500 1 365, 0.21 Drage et al., 2007

Physica l C 0 2 800 3 822, 0.37 Plaza et al., 2009

n h 3 800 3 653, 0.28 Plaza et al., 2009

N H 3/A ir 300 2 1, 0.001 Plaza et al., 2009

Steam 850 1.5 1270, 0.82 Zhang et al., 2003

Steam 800 2 540, 0.19 M aro to -Va ler et al., 2005

Steam 850 2 1075, 0.77 M aro to -Va le r et al., 2008

2 .8  S u r f a c e  T r e a t m e n t

2 .8 .1  N i t r o g e n  F u n c t io n a l  G ro u p s
S e v e ra l  l i te r a tu r e s  w e re  s tu d ie d  to  m o d ify  th e  s u r fa c e  p r o p e r t i e s  o f  th e  

a c t iv a te d  c a r b o n  in  a n  a t t e m p t  to  in c re a s e  th e i r  C O 2 c a p tu r e  c a p a c ity .  T h e r e  a re  a  
n u m b e r  o f  t e c h n iq u e s  u s e d  to  m o d ify  th e  s u r fa c e  b y  in t r o d u c e  n i t r o g e n  f u n c t io n a l  
g r o u p s  s u c h  a s  im p re g n a t io n  w i th  n i tro g e n  c o m p o u n d s  a n d  a m m o n ia  t r e a tm e n t .  A s  
m e n t io n e d  e a r l ie r ,  C O 2 is  a  w e a k  L e w is  a c id . It is  a t t r a c t iv e  to  L e w is  b a s e s ,  th e re b y ;  
C O 2 a d s o rp t io n  c a p a c i ty  c a n  b e  in c re a s e d  b y  in tr o d u c in g  n i t r o g e n  f u n c t io n a l  g r o u p  
o n  th e  a d s o rb e n t  ( M a r o to - V a le r  et ai, 2 0 0 5 ) .
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F ig u r e  2 .9  T y p e s  o f  n i t r o g e n  f u n c t io n a l  g ro u p s : ( a )  p y r ro le ,  (b )  p r im a r y  a m in e ,  (c )  
s e c o n d a r y  a m in e ,  (d )  p y r id in e ,  (e )  in l in e , ( f)  te r t i a r y  a m in e , (g )  n i t r o ,  ( h )  n i t r o s o ,  ( i)  
a m id e , ( j)  p y r id in e ,  (k )  p y r id in e - N - o x id e ,  (1) q u a te r n a r y  n i tro g e n  ( S h a f e e y a n  et al., 
2 0 1 0 ).

M a r o to - V a le r  et al. ( 2 0 0 5 )  m o d if ie d  th e  s u r fa c e  p r o p e r t ie s  o f  th e  a c t i ­
v a te d  a n th r a c i te s  in  a n  a t t e m p t  to  in c re a s e  th e ir  C O 2 c a p tu re  c a p a c i ty  a t h ig h  te m ­
p e r a tu re  in c lu d in g  N H 3  h e a t  t r e a tm e n t  a n d  p o ly e th y le n im in e  ( P E I )  im p re g n a t io n .  T h e  
N H 3  h e a t  t r e a tm e n t  in c re a s e d  th e  s u r f a c e  a re a  a n d  p o re  v o lu m e , e s p e c ia l ly  a t  lo w  
t r e a tm e n t  te m p e ra tu re .  In  c o n tr a s t ,  th e  im p r e g n a t io n  o f  P E I w a s  d r a m a t ic a l ly  d e ­
c re a s e d  th e  s u r fa c e  a r e a ,  a n d  p o re  v o lu m e , p r o b a b ly  d u e  to  th e  p o re  b lo c k a g e  a n d  
s u r fa c e  c o v e r a g e  b y  P E I . B o th  s u r fa c e  t r e a tm e n t  m e th o d s  c a n  in c re a s e  th e  C O 2 c a p ­
tu re  c a p a c i ty  o f  th e  a c t iv a te d  a n th r a c i te s  a t  h ig h e r  a d s o rp t io n  te m p e r a tu r e ,  d u e  to  th e  
in t r o d u c t io n  o f  a lk a l in e  n i t r o g e n  g r o u p  o n  th e  s u r fa c e .

M a r o to - V a le r  et al. ( 2 0 0 8 )  im p re g n a te d  d i f f e r e n t  a m in e  c o m p o u n d s ,  
fo r  in s ta n c e  m o n o e th a n o la m in e ,  d ie th a n o la m in e  a n d  m e th y ld ie th a n o la m in e ,  in to  th e  
a c t iv a te d  f ly  a s h  d e r iv e d  s o r b e n ts  a n d  te s te d  fo r  C O 2 c a p tu re  a t  d i f f e r e n t  t e m p e r a ­
tu re s . T h e  im p r e g n a t io n  p r o c e s s  r e s u l te d  in  a  d e c r e a s e  o f  m ic r o p o r e  a n d  m e s o p o re  
v o lu m e , b e c a u s e  o f  th e  e f f e c t  o f  p o re  f i l l in g . E a c h  a m in e  c o m p o u n d  h a s  i ts  o w n e d  
p o re  f i l l in g  e f fe c t ,  a s s u m e d  th a t  it w a s  d u e  to  th e  d if f e r e n c e  in  th e  m o le c u la r  s iz e  a n d  
s h a p e . T h e  r e s u l t s  s h o w e d  th a t  a t  3 0  a n d  7 0  ° c  th e  a c t iv a te d  s a m p le s  im p re g n a te d
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with MEA had the most adsorption capacities (6 8 . 6  and 49.4 mg CCVg sorbent re­
spectively).

Sarmah e t  a l . (2013) prepared and evaluated two classes of amine fly 
ash based composites for CO2 capture. FAA13 was prepared from primary and tertiary 
amines (monoethanolamine/N,N-dimethylaniline) while FAA23 was prepared from 
secondary and tertiary amines (diethanolamine/N,N-dimethylaniline). The sample 
FAA13 had a high CO2 adsorption capacity compared to FAA23. Due to a higher boil­
ing point and more density of MEA with a greater of hydrogen bonding, as shown in 
the proposed reactions in Figure 2.10. In spite of a higher CO2 capacity, FAA|3 has a 
lower diffusion coefficient, which led to higher activation energy.

Hit ,  >X
ityithKH +

DE A DMA
K'OKHjO 10๙(3.4SI» 1

+ c,H,*m, + { ^
\  MKA DMAtlljF

. CM,ไ KOH/HjO . 

เ ^ .  loov . 4S h| )

Figure 2.10 Possible reaction mechanism (Sarmah e t  a l- , 2013).

- Wang e t  a l . (2011) developed an inexpensive molecular basket 
sorbent (MBS) with high CO2 sorption capacity by loading PEI with wet impregna­
tion method on the carbon-based porous materials. The adsorption capacity was eval­
uated in a thermogravimetric analyzer at 75 °c. The adsorption of PEI impregnated 
onto the carbon black material comparable to that of PEI onto the SBA-15 (135 mg/g 
sorbent v§. 138 mg/g sorbent). In addition, the estimated cost for sorbent preparation 
was significantly reduced from 760 $/kg for SBA-15 to 44 $/kg for carbon-based.



19

The results indicated that carbon-based MBS was a promising for cost-efficient CO2 

capture.
Furthermore, it has been reported that the presence of hydroxyl 

groups enhances the chemical adsorption of CO2 (Arenillas e t a l ., 2005). When only 
the amine groups are present, one mole of CO2 requires two moles of amine. With the 
presence of hydroxyl groups, the CO2 moles adsorbed per mole of amine group was 
1:1. Without the hydroxyl group, the formation of carbamate is favored in the manner 
shown in Eqs. (2.1) to (2.3).

C02 + 2RNFE ^  NH4+ + R2NCOO" (2.1)
CO2 + 2FÇNH <-> R2NH2+ + R2NCOO' (2.2)
C02 + 2R3N ^  R4N+ + R2NCOO' (2.3)

In the presence of hydroxyl groups, the formation of carbamate type zwitterions is 
stabilized in a manner depicted in Eq. (2.4).

-  N' ~ 3 ,
๐ 4  H O  \

๐  " ๐'

Although PEG cannot adsorb CO2, the presence of OH groups in PEG may influence- 
the chemical adsorption mechanism. In the presence of hydroxyl group, the formatiou 
of carbamate type zwitterions maybe promoted and, therefore, amine groups will ad­
sorb more CO2 molecules (Xu e t  a i ,  2003).

Xu e t a l . (2003) prepared the novel CO2 molecular basket adsorbents 
by synthesizing and modifying the mesoporous molecular sieve of MCM-41 type 
with polyethylenimine (PEI) and studied the effect of preparation conditions. At 50 
wt% of PEI loading in MCM-41 by a one-step wet impregnation, the sample obtained 
the highest CO2 adsorption capacity of 246 mg/g sorbent. In the MCM-41 synthesis 
step, the lower Si/Al ratio of MCM-41 support and relative higher methanol/MCM- 
41 weight ratio can lead to a higher CO2 adsorption capacity. The authors also ob­

ะ N = r  \  + ๐ ๐ 2
H O  \

H  ๐ ^
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served that addition of polyethylene glycol (PEG) into the MCM-41-PEI adsorbent 
increased not only the CO2 adsorption capacity but also the rates of CO2 adsorption 
and desorption.

Arenillas e t  a l. (2005) developed the low cost adsorbent derived from 
fly ash that can operate at relatively high temperature (75 °C) for CO2 capture. PEI 
was incorporated into the samples through the development of the impregnation 
method. The.adsorption capacities were measured in a thermogravimetric"analyzer. 
The 60 wt% of PEI loading had the most CO2 uptake capacities and the addition of 
PEG can improve not only the adsorption capacities but also the shape of the adsorp­
tion profile, as shown in the Figure 2.11.

Time (min)

Figure 2.11 Adsorption/desorption profile which has an effect of the PEG loading 
(Arenillas e t a l. , 2005).

Table 2.6 Summary of the previous work üsed amine based solution

Adsorbent Impregnate
Temperature,

(๐๑

Capacity, 

(mg/g sorbent) 
(mmol /g sorbent)

Reference

Activated fly ash PEI 75 40.04 (0.91) Arenillas e t  a l . ,  2005
Activated fly ash PEI 60 wt% 75 44.88(1.02) Arenillas e t  a l . ,  2005

+PEG 20 \vt%



Table 2.6 Summary of the previous work used amine based solution (cont’d)

Adsorbent Impregnate

Temperature,

(°C)

Capacity, 

(mg/g sorbent) 

(mmol /.g sorbent)

Reference

MF - 75 19.8(0.45) Drage e t  a l ., 2007
UF - 75 “ 35.64 (0.81) Drage e t  a l . ,  2007
Activated fly ash MEA 70 49.72 (1.13) Maroto-Valer e t  a l . ,  2008
Activated fly ash MDEA 100 40.6 (0.92) Maroto-Valer e t  a l . ,  2008
Activated anthracite PEI 75 26.4 (0.6) Maroto-Valer e t  a l . ,  2005
Activated anthracite n h 3 75 26.44' (0.6) Maroto-Valer e t  a l . ,  2005
Fly ash MEA+DMA - 293.92 (6.68) Sarmah e t  a l . ,  2013
Fly ash DEA+DMA - 263.56 (5.99) Sarmah e t  a l . ,  2013
SBA-15 PEI 75 136.4 (3.1) Wang e t  a i ,  201 1
Carbon material PEI 75 132(3) Wang e t  a l . ,  2011
MCM-41 PEI 75 wt% 75 132.88 (3.02) Xu e t  a l . ,  2003
MCM-41 PEI 30 wt% 75 68.2 (1.55) Xu e t  a l . ,  2003
MCM-41 PEI 30 wt% 

+PEG 20 wt%
75 85.8 (1.95) Xu e t  a l . ,  2003

2.8.2 Oxygen Functional Groups
Nitrogen functionalities are not the only species capable of acting as 

Lewis bases. Oxygen functional groups such as carbonyl, alcohol and ether contain 
an electron-donating oxygen atom that can also participate in electrostatic interac­
tions with CO2. Carboxylic acids have also shown the strong interaction between 
Lewis acid and Lewis base with CO2 molecule. Not only a carbonyl group presented 
in carboxylic acid that can act as Lewis base towards the carbon atom, as Lewis acid, 
but an acidic proton that can act as Lewis acid towards the oxygen atoms, as Lewis 
base, of the CO2 molecule (Bell e t  a l . , 2003). Hence, the present of oxygen functional 
groups on the carbon surface will enhance to capture CO2 (Plaza e t  a l . , 2013). Oxida-
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tive treatment is one of the ways that can produce oxygen functional groups. A num­
ber of literatures have been worked on oxidative treatment.

Carboxylic Lactone Phenol Carbonyl Anhydride Ether Quinone

Figure 2.12 Surface oxygen containing groups on carbon material (Shafeeyan e t  a l . ,  
2010).

Plaza e t  a l . (20-13) studied the effect of oxidation upon the CO2 cap­
ture performance by using phenolic resin carbon as the base material. Liquid phase 
oxidation, using ammonium persulfate and nitric acid as oxidizing agents, presents'a 
greater amount of oxygen incorporated onto the surface of carbon materials. These 
oxygen functional groups are carboxylic acids, carboxylic anhydrides, lactones, phe­
nols, carbonyls and quinones. On the other hand, the gas treated samples introduce a 
combination of the thermally more stable lactones, phenols, carbonyls and ethers. 
The porous texture of the sample is also affected by oxidation. Pore volume was de­
creased by liquid phase oxidation, whereas air oxidation is slightly developed. The 
authors concluded that carboxylic acids, which are introduced through liquid phase 
oxidation, present strong Lewis acid-Lewis base interaction with CO2 molecule. 
Thus, this might be a possible pathway for increasing the affinity towards CO2 ad­
sorption.

Figueiredo e t  a l. (1999) modified surface chemistry of activated car­
bon including oxidation in gas and liquid phases. They concluded that liquid phase 
treatments have no significant impact on the texture of carbon materials, while gas
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phase oxidation increases the micropore volume, mesopore surface area and the aver­
age micropore width. Moreover, it has been shown that oxidation in liquid phase in­
creases especially carboxylic acids, whereas gas phase oxidation increases mainly 
hydroxyl and carbonyl groups.

2.9 Adsorption Measurement Techniques

2.9.1 Gravimetric Technique
Recently, there are many techniques employed to study the adsorption 

process. The first is called gravimetric technique that is typically carried out with 
about 1-10 mg of sample. This technique determines the adsorption capacity by 
measuring weight change when the sample uptakes CO2 in thermo-gravimetric ana­
lyzer. Because this technique requires very small sample size, consequently, gravi­
metric technique is appropriate for the adsorbents that have high storage capacities 
(Blackman e t  a l . , 2006).

2.9.2 Volumetric Differential Pressure Technique
This method determines the capacity of a material by measuring the 

pressure drop resulting from adsorption after exposing the sample to a gas at constant 
volume. A differential pressure is used to improve the accuracy and reliability of the 
method. This method eradicates many probfems associated with the expansion of 
non-ideal gas, which can introduce large errors, by using simultaneous expansion in 
the reference cell into the sample cell.

Blackman e t a l . (2006) developed the apparatus that is a volumetric 
differential pressure set-up, shown in Figure 7 below. The set-up has two volumetri- 
cally balanced limbs each comprising a reservoir and sample cell. Carbon nanofiber 
and a series of activated carbon were used as the adsorbent. The experiment was done 
by measuring the differential pressure between the sample cell and the reference cell, 
and then the hydrogen adsorption capacity can be evaluated. From this work, the 
amount of hydrogen adsorbed was less than 1 wt% for all the adsorbent.
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Hydrogen Helium

Figure 2.13 Schematic of the volumetric differential pressure hydrogen adsorption 
apparatus (Blackman e t  a l . , 2006).

2.9.3 Pressure Decay Technique
Another technique employed to study gas sorption is “Pressure- 

Decay” which is the original and most popular method for high pressure sorption 
measurements. An experiment is conducted by isolating a sample and a high-pressure 
gas in a closed vessel. As the sample adsorbs the gas, the pressure drop in the vessel 
is monitored as a function of time. An equation of state for gas is-used to convert the 
pressure into the mass uptake. Because pressure decay technique is reliable and suit­
able for laboratory section, this technique will apply in this work.

Davis e t  a l. (2004) developed two new volumetric sorption techniques 
to measure thermodynamic and mass transport properties in polymer-solvent sys­
tems. They compared two types of pressure-decay. In the first type, the initial density 
was measured by extrapolation of the mass uptake curve. In the second type, the ini­
tial density was measured gravimetrically. Solubility and diffusion data were collect­
ed with techniques for carbon dioxide, ethylene and nitrogen in low density polyeth­
ylene at 150 °c. Both types of pressure decay gave identical results. This indicates 
that the simpler extrapolation technique was a valid technique. In some situation



25

where leaks were difficult to eliminate, the extrapolation technique was required be­
cause there were a few fitting.

To
vacuum * Valve I Vapor Headspace 1 ๚ Pressure

transducer

le chamber
Polymer Sample: ■ Air

Figure 2.14 Schematic of the dual-chamber variation of the pressure decay experi­
ment (Davis e t  a h ,  2004).

Activated carbon, a cheap carbon material, is widely used in a large number 
of industrial applications. The properties of activated carbon can be improved and 
could be a potential cheap source of carbon for CO2 adsorption application. Because 
CO2 is a weak Lewis acid, it is hypothesized that the introduction of Lewis bases on­
to the activated carbon will help improve the C02 affinity. Furthermore, the introduc­
tion of Lewis bases, i.e. amine groups, on the acid surface obtained by oxidation, 
which very limited studied, may increase the interaction between amine compound 
and surface of activated carbon and, consequently, increase the CO2 adsorption per­
formance.

The objectives of this thesis were: (1) to prepare the adsorbent derived from 
cheap carbon materials and improve the surface properties. (2) to characterize the 
surface properties and study to understand differences in surface properties of adsor­
bents. And (3) to determine and compare the CO2 adsorption and desorption perfor­
mance of the adsorbent obtained from different surface treatment.
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The scope of this thesis covered the following:

Scope of objective 1 : The surface properties of the activated carbon will be 
improved by various methods such as oxidative treatment in nitric acid and impreg­
nation with polyethylenimine (PEI) in order to enhance CO2 adsorption capacity at 
relatively high temperature. Three approaches of surface treatment were performed 
including (1) acid treatment only, (2) PEI impregnation only and (3) acid treatment 
following by PEI impregnation. Various conditions for nitric acid treatment and PEI 
impregnation were studied such as acid concentration, acid treatment duration and 
loading amount of PEI.

Scope of objective 2: The surface properties will be studied by different 
techniques. Sorptomatic surface area analyzer will be used to measure the surface 
area, pore volume and pore diameter of adsorbents: XPS will be employed to confirm 
that the impregnation process is successful and characterize surface chemistry of the 
adsorbents. Ultimate analysis will be used to measure the elemental composition of 
each different surface treatment. TG/DTA will be used to study the thermal stability 
of adsorbents. And the surface morphology will be studied by SEM.

Scope of objective 3: The CO2 adsorption and desorption performance of 
the modified activated carbon will be determined by using gravimetric technique and 
compared the mole adsorb and desorb of each adsorbents.
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