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APPENDICES

Appendix A Adsorbent Physical Characterization
T h e  te c h n ic a l  s p e c i f i c a t io n  o f  th e  a d s o r b e n t s  th a t  w a s  c e r t i f ie d  b y  C a r b o k a m  

C o .,  L td . is s u m m a r iz e d  in  T a b le  A 1 .

Table A 1 P h y s ic a l  c h a r a c te r i s t ic  p r o p e r t ie s  o f  in v e s t ig a te d  a d s o r b e n ts

A d s o r b e n t  S p e c i f ic a t io n

P h y s ic a l  C h a r a c te r iz a t io n C o c o n u t  S h e ll 
A c t iv a te d  C a rb o n  

( C S A C )

P a lm  S h e ll  
A c t iv a te d  C a rb o n  

( P S A C )

A p p a r e n t  D e n s i ty  ( g /c m 3) > 0 . 4 8 > 0 . 4 8
M o is tu r e  C o n te n t  ( % พ /พ ) < 8 . 0 < 8 . 0

A s h  C o n te n t  (%■ พ /พ ) < 3 .5 < 5 . 0
p H 9 -11 9 -1 1
I o d in e  N u m b e r  (m g /g ) >  1 , 1 0 0 >  1 , 1 0 0

H a r d n e s s  N u m b e r  (% ) > 9 8 . 0 > 9 8 . 0

T h e  z e ta  p o te n t ia l  o f  a l l  s a m p le s  a s  a  f u n c t io n  o f  p H  (pHpzc) is  s u m m a r iz e d  in
T a b le  A 2 .
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Table A2 Z e ta  p o te n t ia l  m e a s u r e m e n ts  o f  a c t iv a te d  c a r b o n

Adsorbents pH pzc Adsorbents pH pzc

C S A C  -  U n trea ted 4.5 C S A C  -  T rea ted  by  H 2 S O 4 3.3

C S A C  -  T rea ted  by K O H 7.6 C S A C  -  T rea ted  by  H N O 3 _ 2.5

C S A C  -  T rea ted  by  N aO H 7.5 C S A C  -  T rea ted  b y  H 3P O 4 2.7

C S A C  -  T re a te d  by N H 4O H 7.3 PS A C  -  U n trea ted 5.2

N i t r o g e n  a d s o r p t io n - d e s o r p t io n  i s o th e r m s  o f  th e  a d s o r b e n t s  w e r e  c o n d u c te d  
u s in g  a n  A u to s o r b - I M P  ( Q u a n ta c h r o m e  I n s t r u m e n t )  in  T a b le  A 3 .
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Table A3 B E T  s u r fa c e  a r e a ,  m ic r o p o re  
in v e s t ig a te d  a d s o rb e n ts

v o lu m e , a n d a v e r a g e  p o r e  d i a m e te r  o f

Physical Characterization

Adsorbent _ BET

Surface 
area (m2/g)

Micropore

volume
(cm3/g)

Total
pore

volume
(cm3/g)

Average
pore

diameter
(Â )

C S A C  -  U n trea ted 1,062 0.57 0.59 22 .45

C S A C  -  T re a te d  by K O H 900 0.48 0.50 22 .29

C S A C  -  T re a te d  by  N aO H 1,019 0.55 0.57 2 2 . 2 0

C S A C  -  T re a te d  by  N H 4O H 1 , 0 2 2 0.55 0.57 22 .15

C S A C  -  T re a te d  by H 2S 0 4 996 .  0.53 0.55 22 .26

C S A C  -  T re a te d  by H N O 3 988 0.53 0.55 22 .30

C S A C  -  T re a te d  by H 3P O 4 922 0.49 0.51 22 .28

P S A C  -  U n trea ted 1,058 0.56 0.59 22 .28

F o u r ie r  t r a n s f o r m  in f r a r e d  s p e c t r o s c o p y  (F T IR )  w a s  u s e d  to  q u a l i ta t iv e ly  
e v a lu a te  th e  c h e m ic a l  s t r u c tu r e  o f  c a r b o n  m a te r ia ls  in  T a b le  A 4 .
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Table A 4  IR  a s s ig n m e n ts  o  f u n c t io n a l  g r o u p s  o n  c a r b o n  s u r f a c e s

A d s o r p t io n  p e a k s  ( c m -1 )

S u r fa c e
g ro u p

In  r e f e r e n c e T h is  w o rk
V

1
C S A C C S A C /N a O H C S A C /N H 4 O H c s a c / h 2 s o 4 c s a c / h n o 3 C S A C /H 3 P O 4

-O H 3 4 3 5 3 4 3 0 3 4 0 0 3 4 0 8 3 4 0 9 3 3 9 4 3 4 3 6
c h 2

2 9 2 0 2 9 2 5 2 9 2 2 2 9 2 5 2 9 1 8 2 9 2 1 2 9 2 3

c= c 1 6 2 9 16 33 1 6 2 8 1 6 3 0 1 6 2 9 16 1 5 1631

c = 0 1 5 5 8 - 15 5 8 1 5 7 2
1

1 5 6 6 -

C O O H 1 3 8 2 -1 3 9 2 - 13 85 - 1 3 9 0 1 3 8 4

c o c 1 1 5 7 - 1 - - 1 1 3 4 -

C O H 11 1 8 11 15 1 1 2 0 11 33 11 1 8 - 1 1 3 0
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Appendix B Adsorption and Desorption Curves in Different Scale

T h e  b r e a k th r o u g h  c u rv e s  o f  m e th a n e  a n d  c a rb o n  d io x id e  w e r e  p lo t te d  in  
te rm s  o f  c o n c e n t r a t io n  r a t io  v e r s u s  t im e ,  a s  s h o w n  in  F ig u re s  4 .3  a n d  4 .4  a r e  s h o w n  
in  F ig u r e  B1 a n d  B 2 .

Figure B1 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  f ro m  th e  a d s o rp t io n  o n  th e  C S A C  w i th  
th e  in i t ia l  c o n c e n t r a t io n  o f  m e th a n e  a t  7 5 , 8 0 , a n d  8 5  v o l%  a t ro o m  te m p e r a tu r e .
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Figure B2 B r e a k th r o u g h  c u rv e s  o f  c a r b o n  d io x id e  f ro m  th e  a d s o r p t io n  o n  th e  C S A C  
w i th  th e  in itia l 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  a t  5 , 10 , 15 , a n d  2 0  v o l%  a t ro o m  
te m p e r a tu r e .

S o m e  o f  th e  a d s o r p t io n  a n d  d e s o r p t io n  c u rv e s  f ro m  th e  b r e a k th r o u g h  
e x p e r im e n ts  a re  r e w r i t t e n  in  a  d i f f e r e n t  s c a le . T h e  b r e a k th r o u g h  c u r v e s  in  F ig u r e  4 .8  
a r e  s h o w n  h e re  in  F ig u r e  B 3 .
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Figure B3 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a rb o n  d io x id e  f ro m  th e  c o m p e t i t iv e  
a d s o r p t io n  o n  th e  C S A C  w i th  th e  in i t ia l  c o n c e n t r a t io n  o f  m e th a n e  a t  10  v o l%  a n d  
c a r b o n  d io x id e  a t  10 , 2 0 , a n d  3 0  v o l%  a t r o o m  te m p e ra tu re .

C o m p e t i t iv e  a d s o r p t io n  a t  10 v o l%  a n d  c a rb o n  d io x id e  c o m p o s i t io n  w a s  
v a r ie d  f ro m  10 to  3 0  v o l%  p r o f i l e s  in  F ig u r e s  4 .5  to  4 .7  a r e  s h o w n  in  F ig u r e s  B 4  to  
B 6 .
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Figure B4 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  c o m p e t i t iv e  
a d s o r p t io n  o n  th e  C S A C  w i th  th e  in i t i a l  c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  
c a r b o n  d io x id e  a t  1 0  v o l%  a t r o o m  te m p e ra tu re .

Figure B5 Breakthrough curves o f methane and carbon dioxide from the competitive
adsorption on the CSAC with the initial concentration of methane at 10 vol% and
carbon dioxide at 20 vol% at room temperature.
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Figure B6 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  c o m p e t i t iv e  
a d s o r p t io n  o n  th e  C S A C  w i th  th e  in i t ia l  c o n c e n t r a t io n  o f  m e th a n e  a t  10  v o l%  a n d  
c a r b o n  d io x id e  a t  3 0  v o l%  a t  r o o m  te m p e ra tu re .

T h e  b r e a k th r o u g h  c u r v e s  a n d  th e  d e s o r p t io n  c y c le s  in  F ig u r e s  4 .9  to  4 .2 2  a re  
s h o w n  in  F ig u r e s  B 7  to  B 2 1 .
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Figure B7 B r e a k th r o u g h  c u rv e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o rp t io n  p r o c e s s  o n  u n t r e a te d  C S A C  w ith  th e  in i t i a l  c o n c e n t r a t io n  o f  m e th a n e  a t 
1 0  v o l%  a n d  c a rb o n  d io x id e  a t  1 0  v o l%  a t  ro o m  te m p e ra tu re .

Figure B8 Three desorption cycles of methane and carbon dioxide from the CSAC
with the initial concentration of methane at 10 vol% and carbon dioxide at 10 vol%
at room temperature.
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Figure B9 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o rp t io n  p r o c e s s  o n  th e  C S A C  t r e a te d  b y  s o d iu m  h y d r o x id e  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  1 0  v o l%  a n d  c a r b o n  d io x id e  a t  1 0  v o l%  a t  r o o m  
te m p e r a tu r e .

Figure BIO Three desorption cycles of methane and carbon dioxide from the CSAC
treated by sodium hydroxide with the initial concentration of methane at 10 vol% and
carbon dioxide at 10 vol% at room temperature.
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Figure B ll B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o rp t io n  p r o c e s s  o n  th e  C S A C  tr e a te d  b y  a m m o n iu m  h y d r o x id e  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t  r o o m  
te m p e ra tu re .

o 5 10 15 20 25 30 35 40 45 50 55 60
T i m e  ( m i n )

Figure B12 Three desorption cycles of methane and carbon dioxide from the CSAC
treated by ammonium hydroxide with the initial concentration of methane at 10 vol%
and carbon dioxide at 10 vol% at room temperature.
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Figure B13 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o rp t io n  p r o c e s s  o n  th e  C S A C  tr e a te d  b y  p o ta s s iu m  h y d r o x id e  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10  v o l%  a n d  c a r b o n  d io x id e  a t 10 v o l%  a t r o o m  
te m p e ra tu re .

Figure B14 T h r e e  d e s o rp t io n  c y c le s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  C S A C  
tr e a te d  b y  p o ta s s iu m  h y d r o x id e  w i th  th e  in i t i a l  c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  
a n d  c a rb o n  d io x id e  a t 10 v o l%  a t  ro o m  te m p e r a tu r e .
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Figure B15 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o r p t io n  p r o c e s s  o n  th e  C S A C  tr e a te d  b y  s u l fu r ic  a c id  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  d io x id e  a t  10 v o l%  a t r o o m  
te m p e r a tu r e .

Figure B16 Three desorption cycles of methane and carbon dioxide from the CSAC
treated by sulfuric acid with the initial concentration of methane at 10 vol% and
carbon dioxide at 10 vol% at room temperature.
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Figure B17 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f r o m  th e  3 - c y c le  
a d s o r p t io n  p r o c e s s  o n  th e  C S A C  t r e a te d  b y  n i t r ic  a c id  w i th  th e  in i t ia l  c o n c e n t r a t io n  
o f  m e th a n e  a t  10  v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t r o o m  te m p e ra tu re .

Figure B18 Three desorption cycles of methane and carbon dioxide from the CSAC
treated by nitric acid with the initial concentration of methane at 10 vol% and carbon
dioxide at 10 vol% at room temperature.
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Figure B19 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  3 - c y c le  
a d s o r p t io n  p r o c e s s  o n  th e  C S A C  tr e a te d  b y  p h o s p h o r ic  a c id  w ith  th e  in i t ia l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10  v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t  ro o m  
te m p e r a tu r e .

Figure B20 Three desorption cycles of methane and carbon dioxide from the CSAC
treated by phosphoric acid with the initial concentration of methane at 10 vol% and
carbon dioxide at 10 vol% at room temperature.
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Figure B21 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  
c o m p e t i t iv e  a d s o r p t io n  o n  th e  u n t r e a te d  C S A C , C S A C  tr e a te d  b y  s u l fu r ic  a c id , 
C S A C  tr e a te d  b y  p h o s p h o r ic  a c id , C S A C  tr e a te d  b y  n i t r ic  a c id ,  C S A C  tr e a te d  b y  
p o ta s s iu m  h y d r o x id e ,  C S A C  tr e a te d  b y  a m m o n iu m  h y d r o x id e  a n d  C S A C  tr e a te d  b y  
s o d iu m  h y d r o x id e  w i th  th e  in i t ia l  c o n c e n t r a t io n  o f  m e th a n e  a t  10  v o l%  a n d  c a r b o n  
d io x id e  a t  10 v o l%  a t r o o m  te m p e r a tu r e .
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T h e  b r e a k th r o u g h  c u r v e s  o f  C S A C  tr e a te d  M E S  o n  v a r ie s  c o n c e n t r a t io n  in  
F ig u r e s  4 .3 1  to  4 .3 4  a r e  s h o w n  in  F ig u r e s  B 2 2  to  B 2 5 .
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Figure B22 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f r o m  th e  
c o m p e t i t iv e  a d s o rp t io n  o n  th e  C S A C  tr e a te d  b y  M E S  a t 15 m g/1  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t  r o o m  
te m p e ra tu re .

Figure B23 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f r o m  th e  
c o m p e t i t iv e  a d s o rp t io n  o n  th e  C S A C  tr e a te d  b y  M E S  a t 5 0  m g /1  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t  r o o m  
te m p e ra tu re .
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Figure B24 B r e a k th r o u g h  c u rv e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  
c o m p e t i t iv e  a d s o r p t io n  o n  th e  C S A C  t r e a te d  b y  M E S  a t  1 5 2 .8  m g/1  w i th  th e  in i t i a l  
c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  d io x id e  a t  10  v o l%  a t  r o o m  
te m p e ra tu re .

Figure B25 B r e a k th r o u g h  c u r v e s  o f  m e th a n e  a n d  c a r b o n  d io x id e  f ro m  th e  
c o m p e t i t iv e  a d s o r p t io n  o n  th e  u n tr e a te d  C S A C , C S A C  tr e a te d  b y  M E S  a t 1 5 m g /l , 5 0  
m g/1 , a n d  1 5 2 .8  m g/1  w i th  th e  in it ia l  c o n c e n t r a t io n  o f  m e th a n e  a t  10 v o l%  a n d  c a r b o n  
d io x id e  a t  10  v o l%  a t  r o o m  te m p e ra tu re .



105

T a b l e  B 1 S u m m a ry  o f  b r e a k th r o u g h  t im e  a d s o rp t io n  c a p a c i ty  a n d  s e le c t iv i ty  o f  
in v e s t ig a te  C S A C

Adsorbent
Breakthrough 

time (min)
Total

adsorption
(mmol/g)

c h 4

adsorption 
(mmol/g) -

c o 2
adsorption
(mmol/g)

Adsorption
selectivity

CR} C 0 2

CSAC 3.46 17.00 3.41 0.58 2.84 0 . 2 0

c sa c /h 2s o 4 1.76 14.64 - 2.74 0.29 2.44 0 . 1 2

CSAC/H3PO4 -2.26 16.53 3.13 0.38 2.76 0.14

CSAC/HNO3 2 . 2 2 20.19 3.74 0.37 3.37 0 . 1 1

CSAC/KOH 4.91 21.80 4.46 0.82 3.64 0.23

CSAC/NH4OH 5.24 19.51 4.13 0.87 3.25 0.27

CSAC/NaOH 4.60 19.41 4.01 0.77 3.24 0.24

CSAC/MES at 15 mg/] 3.92 18.97 3.82 0.65 3.16 0 . 2 1

CSAC/MES at 50 mg/] 3.18 12.80 2.67 0.53 2.13 0.25

CSAC/MES at 152.8 mg/1 2 . 2 1 17.00 3.20 0.37 2.84 0.13
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