
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characterization

A c t iv a t e d  c a r b o n  a n d  m o d i f i e d  a c t iv a t e d  c a r b o n  w e r e  c h a r a c t e r iz e d  b y  

t h e r m o g r a v im e t r ic  ( T G )  a n d  B E T  s u r f a c e  a r e a  a n a ly s i s .  T h e  s u r f a c e  a r e a  a n d  p o r e  

v o lu m e  o f  t h e  a d s o r b e n t s  a re  s h o w n  in  T a b le  4 .1 .  A c t iv a t e d  c a r b o n  s h o w s  a  s p e c i f i c  

s u r f a c e  a r e a  o f  1 ,3 3 2  m 2/ g  a n d  a  p o r e  v o lu m e  o f  0 .7 3 3 5  c m 3/ g .  A t  th e  1 0 %  lo a d in g ,  
th e  B E T  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  a c t iv a t e d  c a r b o n  a re  s h a r p ly  r e d u c e d .  
W h e n  th e  a m o u n t  o f  p ip e r a z in e ,  M f P A , N M E A ,  a n d  K 2C O 3 in c r e a s e s ,  th e  s u r f a c e  

a r e a  a n d  p o r e  v o lu m e  d e c r e a s e s  b u t  n o t  a s  m u c h  a s  a t th e  3 0 %  lo a d in g .  A t  th e  3 0 %  

lo a d in g ,  th e  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  a re  v e r y  l o w  b e c a u s e  o f  th e  p o r e  f i l l i n g  

e f f e c t .  T h e  r e d u c t io n  o f  th e  s u r f a c e - a r e a  a n d  p o r e  v o lu m e  fr o m  th e  th r e e  a m in e s  

s h o w  th e  s a m e  tr e n d . T h e s e  r e s u lt s  c o n f ir m  th a t  th e  th r e e  a m in e s  w e r e  s u c c e s s f u l l y  

l o a d e d  in to  th e  p o r e  o f  th e  a c t iv a t e d  c a r b o n .

Table 4.1 S u r f a c e  a r e a  a n d  p o r e  v o lu m e  a n a ly s i s  o f  a d s o r b e n t s

A d s o r b e n t s
B E T  s u r f a c e  

a r e a  ( m 2/ g )
P o r e  v o lu m e  

( c m 3/ g )

A c t iv a t e d  c a r b o n 1 ,3 3 2 0 .7 3 3 5
A c t iv a t e d  c a r b o n  w i t h  10 % M I P A 2 2 1 0 .1 3 3 5

A c t iv a t e d  c a r b o n  w i t h  1 0 % N M E A 1 6 0 0 .0 9 6 2

A c t iv a t e d  c a r b o n  w i t h  1 0 % P ip a r a z in e 2 2 2 0 .1 3 1 5
A c t iv a t e d  c a r b o n  w i t h  10 % K 2C C >3 5 0 9 0 .2 8 0 1
A c t iv a t e d  c a r b o n  w i t h  3 0 % M I P A 21 0 .0 2 0 1

A c t iv a t e d  c a r b o n  w i t h  3 0 % N M E A 2 8 0 .0 2 1 0

A c t iv a t e d  c a r b o n  w i t h  3 0 % P ip a r a z in e 2 9 0 .0 2 6 0
A c t iv a t e d  c a r b o n  w i t h  30% K .2C O 3 3 8 7 0 .1 7 8 9
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In Figure 4.1, the TGA profile of the unmodified activated carbon is
shown. There is only one step with continuous weight loss from room temperature to
110°c, which can be attributed to the desorption of moisture.
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Figure 4.1 T G A  p r o f i l e  o f  a c t iv a t e d  c a r b o n .

F ig u r e s  4 .2 - 4 .4  s h o w  th e  T G A  d a ta  fo r  th e  a c t iv a t e d  c a r b o n  m o d i f i e d  w i t h  

1 0  a n d  3 0 %  o f  M I P A , N M E A ,  a n d  p ip e r a z in e ,  r e s p e c t i v e ly .  In  F ig u r e  4 .2 ,  th e r e  a re  

t w o  s t e p s  w i t h  d i s t in c t  w e i g h t  l o s s  a t 1 2 0  a n d  2 0 0 ° c .  T h e  m a x im u m  w e i g h t  l o s s  is  

o b s e r v e d  a t 2 0 0 ° c .  A t  th e  te m p e r a tu r e  b e l o w  1 2 0 ° c ,  t h e  s m a l l  w e i g h t  l o s s  c a n  b e  

a ttr ib u te d  t o  th e  d e s o r p t io n  o f  m o is t u r e .  A t  th e  t e m p e r a tu r e  r a n g e  f r o m  1 2 0  to  4 8 0 ° c ,  

t h e  c o n t in u o u s  w e i g h t  l o s s  c a n  b e  a t tr ib u te d  to  th e  v o l a t i l i z a t i o n  o f  a m in e .  A s  c a n  b e  

s e e n  in  F ig u r e  4 .2 ,  th e  d e g r a d a t io n  o f  a m in e  s p e c i e s  a n d  th e  w e i g h t  l o s s  in c r e a s e  

w it h  th e  in c r e a s e  in  th e  a m in e  lo a d in g .  In  F ig u r e s  4 . 3 - 4 .4 ,  th e  w e i g h t  l o s s  d a ta  fr o m  

N M E A  a n d  p ip e r a z in e  o b t a in e d  fr o m  th e  T G A  s h o w  t h e  s a m e  tr e n d . T h e  w e i g h t  l o s s  

a t r o o m  th e  te m p e r a tu r e  to  1 2 0 ° c  is  a ls o  r e la te d  t o  th e  d e s o r p t io n  fr o m  m o is t u r e  a n d  

th e  m a s s  l o s s  a t 1 2 0  to  4 8 0 ° c  c o r r e s p o n d s  to  th e  d e g r a d a t io n  o f  a m in e  s p e c ie s .  In  a ll  
c a s e s ,  th e  d e g r a d a t io n  o f  th e  3 0 %  lo a d in g  s a m p le  is  g r e a te r  th a n  th e  1 0 %  l o a d in g  o n e .
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Figure 4.2 T G A  p r o f i l e s  o f  a c t iv a t e d  c a r b o n  m o d i f i e d  w i t h  M I P A  ( a )  10% l o a d in g  

(b )  30% l o a d in g .
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Figure 4.3 TGA profiles of activated carbon modified with NMEA (a) 10% loading
(b) 30% loading.
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F ig u re  4 .4  T G A  p r o f i l e s  o f  a c t iv a t e d  c a r b o n  m o d i f i e d  w i t h  p ip e r a z in e  (a )  1 0 %  

l o a d in g  ( b )  3 0 %  lo a d in g .
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Figure 4.5 T G A  p r o f i l e s  o f  a c t iv a te d  c a r b o n  m o d if ie d  w i th  K 2 C O 3 ( a )  3 0 %  lo a d in g
(b )  1 0 %  lo a d in g .
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As can be seen in Figure 4.5, the TGA profiles o f the activated carbon 

modified with K 2CO3 are different from those modified with the amines. There is 

only one step with continuous weight loss from 90 to 1 5 0 ° c .  After that, the weight 

stays still. The entire weight loss corresponds to the desorption of moisture and 

K 2CO3 . The weight loss of 30% K 2CO3 , shown in Figure 4.5(b), is not much 

different from the one with 10% K 2CO3 .

4.2 CO2 Adsorption

4.2.1 Effect of Temperature

Figure 4.6 shows the comparison of CO2 adsorption on various 

adsorbents at 30°c. The unmodified activated carbon has the highest adsorption 

capacity at 1 atm because at the ambient temperature, the physical adsorption or 

physisorption is dominant. The important key to the adsorption process at the 

ambient temperature is surface area and pore volume of the adsorbent and the 

unmodified activated carbon has the highest surface area and pore volume. As can 

be seen in Figure 4.7, the adsorption capacities of 30% loading of the three amines at 

1 atm almost unchange compared to the capacities at the low pressure due to the 

limited surface area and pore volume. However, the capacity with the 30% K 2CO3 

loading is a little higher than that with the 1 0 % loading.
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Figure 4.6 CO2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  10% p ip e r a z in e ,  M I P A , N M E A ,  a n d  K2CO3 a t 30°c.

Figure 4.7 CO2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  3 0 %  p ip e r a z in e ,  M I P A , N M E A ,  a n d  K2CO3 at 3 0 ° c .
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However, at the elevated temperatures ( 5 0  and 75°C), the modified 

activated carbon samples show higher adsorption capacities than the unmodified one. 

In Figures 4.8-4.9, at the beginning, the adsorption capacities of all samples are about 

the same. When the pressure is increased, the adsorption capacities of the modified 

activated carbon with 1 0 % piperazine are significantly higher than the rest even 

though the surface area and pore volume are lower than the unmodified activated 

carbon. At 5 0 ° c  and 1 atm, the activated carbon with 10% piperazine gives the 

highest adsorption capacity because chemisorption plays a major role in the 

adsorption process, while the capacities of the activated carbon and that with K 2CO3 

decrease with the increase in the temperature. This result confirms the enhancement 

in the CO2 adsorption with the introduction of basicity on the activated carbon.

Figure 4.8 CO2 adsorption isotherms of unmodified activated carbon and activated 

carbon modified with 10% piperazine, MIPA, NMEA, and K 2CO3 at 5 0 ° c .
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P r e s s u r e ( a t m )

F i g u r e  4 .9  C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  10 %  p ip e r a z in e ,  M I P A , N M E A ,  a n d  K.2C O 3 a t 7 5 ° c .

In a d d it io n ,  th e  a d s o r p t io n  c a p a c i t i e s  o f  a l l  a d s o r b e n t s  a t 7 5 ° G  h a v e  th e  

s a m e  tr e n d  a n d  c l o s e  to  th e  a d s o r p t io n  c a p a c i t i e s  a t 5 0 ° c .  F ig u r e  4 . 1 0  r e p r e s e n t s  

a d s o r p t io n  i s o t h e r m s  o f  th e  a c t iv a t e d  c a r b o n  a t d i f f e r e n t  t e m p e r a tu r e s .  A g a in ,  th e  

f ig u r e  r e ite r a te s  th e  e f f e c t  o f  t e m p e r a tu r e  o n  th e  CO2 a d s o r p t io n  o n  t h e  a c t iv a t e d  

c a r b o n  th a t  is  th e  h ig h e r  th e  t e m p e r a tu r e ,  th e  l o w e r  th e  CO 2 a d s o r p t io n .  In  F ig u r e  

4 . 1 1 ,  K2CO3 b e c o m e s  l e s s  e f f e c t i v e  a t th e  e l e v a t e d  te m p e r a tu r e  r e s u l t in g  in  th e  

d e c r e a s e  in  th e  a d s o r p t io n  c a p a c i t i e s .  In  c o n t r a s t ,  w i t h  t h e  u n m o d i f i e d  a c t iv a t e d  

c a r b o n  a n d  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %  K2CO3, F ig u r e s  4 . 1 2 - 4 . 1 3  s h o w  th e  

a d s o r p t io n  i s o t h e r m s  o f  th e  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %  p ip e r a z in e  a n d  1 0 %  

M I P A  a t v a r io u s  t e m p e r a tu r e s .  In  b o th  f ig u r e s ,  th e  a d s o r p t io n  c a p a c i t i e s  a t th e  

b e g in n in g  a re  a lm o s t  th e  s a m e .  A t  0 . 4  a tm , th e  a d s o r p t io n  c a p a c i t i e s  a t 5 0  a n d  7 5 ° c  

a re  g e t t in g  h ig h e r  th a n  t h o s e  a t 3 0 ° c .  A  1 a tm , th e  c a p a c i t i e s  a t th e  h ig h  te m p e r a tu r e  

a re  o b v i o u s l y  h ig h e r  th a n  t h o s e  a t 3 0 ° c .  T h is  is  b e c a u s e  c h e m is o r p t io n  p l a y s  th e  

m a jo r  r o le  in  th e  a d s o r p t io n  p r o c e s s .
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F i g u r e  4 .1 0  C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a t  3 0 ,  5 0 ,  a n d

7 5 ° c .

F i g u r e  4 .1 1  C O 2 a d s o r p t io n  i s o t h e r m s  o f  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %
K 2C O 3 a t 3 0 ,  5 0 ,  a n d  7 5 ° c .



F i g u r e  4 .1 2  C O 2 a d s o r p t io n  i s o t h e r m s  o f  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %  

p ip e r a z in e  a t 3 0 ,  5 0 ,  a n d  75°c.

F i g u r e  4 .1 3  C O 2 a d s o r p t io n  i s o t h e r m s  o f  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %  

M l P A a t  3 0 ,  5 0 ,  a n d  7 5 ° c .
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F ig u r e  4 .1 4  s h o w s  th e  a d s o r p t io n  c a p a c i t i e s  o f  th e  m o d i f i e d  a c t iv a t e d  

c a r b o n  w i t h  1 0 %  N M E A .  T h r e e  a d s o r p t io n  te m p e r a tu r e s  w e r e  s t u d ie d  in  o r d e r  to  

f in d  th e  o p t im u m  c o n d i t io n .  T h e  r e s u l t s  s h o w  th a t  th e  a d s o r p t io n  c a p a c i t i e s  o f  a l l  th e  

p r e s s u r e  r a n g e s  a t t h e  e le v a t e d  t e m p e r a tu r e s  a re  s l ig h t ly  h ig h e r  th a n  t h o s e  a t 30°c 
b e c a u s e  th e  b a s i c i t y  o f  N M E A  is  l o w e r  th a n  M 1 P A  a n d  p ip e r a z in e .  A c c o r d in g ly ,  
N M E A  d o e s  n o t  h e lp  e n h a n c in g  th e  C O 2 a d s o r p t io n .

Pressure (atm)

F i g u r e  4 .1 4  C O 2 a d s o r p t io n  i s o t h e r m s  o f  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  1 0 %  

N M E A  a t 3 0 ,  5 0 ,  a n d  75°c.

4 .2 .2  E f f e c t  o f  L o a d in g

T h e  a d s o r p t io n  i s o t h e r m s  a t 5 0 ° c  o f  th e  a c t iv a t e d  c a r b o n  m o d i f i e d  

w it h  p ip e r a z in e  a r e  s h o w n  in  F ig u r e  4 .1 5 .  A t  th e  b e g in n in g ,  th e  c a p a c i t i e s  o f  a ll  
a d s o r b e n t s  a r e  a lm o s t  th e  s a m e .  W it h  th e  in c r e a s e  in  th e  p r e s s u r e ,  th e  c a p a c i t i e s  o f  

th e  s a m p le  w i t h  1 0 %  l o a d in g  a re  s ig n i f i c a n t ly  h ig h e r  th a n  th e  u n m o d i f i e d  a n d  th e  

o n e  w i t h  3 0 %  lo a d in g .  T h e  1 0 %  lo a d in g  g i v e s  th e  h ig h e s t  a d s o r p t io n  c a p a c i t y  at 

5 0 ° c  a n d  1 a tm . w h i l e  th e  a d s o r p t io n  c a p a c i t y  o f  3 0 %  lo a d in g  i s  l o w e r  th a n  th e  

a d s o r p t io n  c a p a c i t y  o f  th e  u n m o d i f i e d  a c t iv a t e d  c a r b o n . T h is  c a n  b e  a t tr ib u te d  t o  th e
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p o r e  f i l l i n g  e f f e c t .  C O 2 m o l e c u l e s  c a n n o t  d i f f u s e  in t o  th e  p o r e  o f  th e  a d s o r b e n t  

b e c a u s e  o f  a m in e s  b l o c k in g  th e  p o r e s  o f  th e  a d s o r b e n t  (J a d h a v  et a l ,  2 0 0 7 ) .  
A c c o r d in g  to  th a t , th e  a d s o r p t io n  p r o c e s s  m a y  ta k e  p la c e  o n l y  th e  s u r f a c e  o f  th e  

a d s o r b e n t .

Pressure(atm)

F i g u r e  4 .1 5  C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  1 0  a n d  3 0 %  p ip e r a z in e  a t 5 0 ° c .

F ig u r e  4 . 1 6  p r e s e n t s  th e  i s o t h e r m s  a t 7 5 ° c  o f  th e  a c t iv a t e d  c a r b o n  m o d i f i e d  

w it h  p ip e r a z in e .  T h e  r e s u lt s  a re  q u it e  s im i la r  to  th e  a d s o r p t io n  c a p a c i t i e s  o f  th e  

s a m p le  m o d i f i e d  w i t h  p ip e r a z in e  a t 5 0 ° c .  In F ig u r e s  4 .1 7 - 4 . 1 8 ,  t h e  a d s o r p t io n  

c a p a c i t i e s  o f  th e  m o d i f i e d  a c t iv a t e d  c a r b o n  w i t h  10  a n d  3 0  w t%  o f  M I P A  a t 5 0  a n d  

7 5 ° c  are  s h o w n .  T h e  r e s u lt s  o f  th e  s a m p le s  m o d i f i e d  w i t h  M I P A  s h o w  th e  s a m e  

tr e n d  w it h  th e  r e s u lt s  o f  th e  s a m p le s  m o d i f i e d  w i t h  p ip e r a z in e .  A c c o r d in g ly ,  b o th  

p ip e r a z in e  a n d  M I P A  a r e  p o t e n t ia l  m o d i f i e r s  to  in c r e a s e  C 0 2 a d s o r p t io n  o f  th e  

a c t iv a t e d  c a r b o n  f r o m  5 0  to  7 5 ° c .
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F i g u r e  4 .1 6  C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f ie d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  10 a n d  30% p ip e r a z in e  at 75°c.

F i g u r e  4 .1 7  C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  1 0  a n d  3 0 %  M I P A  a t 5 0 ° c .
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Pressure (atm)

Figure 4.18 C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  1 0  a n d  3 0 %  M I P A  at 7 5 ° c .

F ig u r e  4 . 1 9  p r e s e n t s  th e  a d s o r p t io n  i s o t h e r m s  o f  th e  m o d i f i e d  a c t iv a t e d  

c a r b o n  w i t h  1 0  a n d  3 0 %  o f  K 2C O 3 a t 3 0 ° c .  T h e  c a p a c i t i e s  o f  th e  u n m o d i f i e d  s a m p le s  

a re  l o w e r  th a n  th e  m o d i f i e d  a c t iv a t e d  c a r b o n  a t l o w  p r e s s u r e .  A t  1 a tm , th e  

a d s o r p t io n  c a p a c i t y  o f  th e  u n m o d i f i e d  a c t iv a t e d  c a r b o n  s u r p a s s e s  t h e  s a m p le  

m o d i f i e d  w i t h  K 2C O 3. F ig u r e  4 .2 0  s h o w s  th e  a d s o r p t io n  c a p a c i t i e s  a t 5 0 ° c .  T h e  3 0 %  

K 2C O 3 l o a d in g  g i v e s  th e  l o w e s t  a d s o r p t io n  c a p a c i t i e s  o v e r  t h e  s t u d ie d  p r e s s u r e  r a n g e .  
T h e  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a ls o  p r o v id e s  h ig h e r  a d s o r p t io n  c a p a c i t i e s .  T h e  

r e s u lt s  im p ly  th a t  K 2C O 3 m a y  n o t  b e  s u i t a b le  fo r  th e  C O 2 a d s o r p t io n  a t t h e  e l e v a t e d  

t e m p e r a tu r e s .
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F igure 4.19 C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  10 a n d  3 0 %  K 2C O 3 a t 30°c.

Pressure (atm)
Figure 4.20 C O 2 a d s o r p t io n  i s o t h e r m s  o f  u n m o d i f i e d  a c t iv a t e d  c a r b o n  a n d  a c t iv a t e d  

c a r b o n  m o d i f i e d  w i t h  1 0  a n d  3 0 %  K 2C O 3 a t 5 0 ° c .
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4 .2 .3  R e g e n e r a tio n
F ig u re  4 .2 1  p r esen ts  th e C 0 2 a d so rp tio n  iso th e r m s  o f  th e  a c t iv a te d  

ca rb on  w ith  10% p ip e r a z in e  and  th e  reg en era ted  a c t iv a te d  ca rb o n  w ith  1 0 %  

p ip e r a z in e  b y  h e a tin g  th e  a d so r b e n ts  at 110°c for 3 hr. T h e  r e su lts  s h o w  th at th e  
a d so rp tio n  c a p a c it ie s  o f  r eg en era ted  a d so rb en t are s ig n if ic a n t ly  lo w e r  th an  th e  
a d so rp tio n  c a p a c it ie s  o f  th e  fresh  a d so rb en t w h ic h  m e a n s  that h e a t in g  m a y  n o t b e  th e  
su ita b le  te c h n iq u e  fo r  reg en era ted  th e  a d so rb en t.

P r e s s u r e  (a tm )

F ig u r e  4 .2 1  C O 2 a d so rp tio n  iso th e r m s  o f  th e  m o d if ie d  a c t iv a te d  ca r b o n  w ith  10%  
p ip e r a z in e  and  th e  reg en era ted  a c tiv a te d  ca rb o n  m o d if ie d  w ith  10%  p ip e r a z in e  at
50°c.
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