
CHAPTER IV  
RESULTS AND DISCUSSION

4.1 c c >2 Absorption by MEA Single Solvent

In  th is  r e s e a r c h , th e  C O 2 a b s o r p t io n  fr o m  f lu e  g a s  b y  u s i n g  M E A  s in g le  

s o lv e n t  w i t h  v a r io u s  c o n c e n t r a t io n s  w a s  f ir s t ly  i n v e s t ig a t e d  t o  o b t a in  a  s u i t a b le  

c o n c e n t r a t io n  th a t p r o v id e d  th e  h ig h  C O 2 r e m o v a l  e f f i c i e n c y  a n d  h ig h  C O 2 lo a d in g  

c a p a c i t y .

4 .1 .1  E f f e c t  o f  A b s o r p t io n  T im e
f i g u r e  4 .1  s h o w s  th e  c h a n g e  in  o u t l e t  a m o u n t s  o f  C O 2 , O 2 , a n d  N 2 

w it h  r e s p e c t  to  a b s o r p t io n  t im e  b y  u s i n g  th e  M E A  a q u e o u s  s o lu t i o n s  w i t h  v a r io u s  

M E A  c o n c e n t r a t io n s  ( 2 0 ,  2 5 ,  3 0 ,  3 5 ,  a n d  4 0  w t .% ) .  T h e  a b s o r p t io n  s y s t e m  w a s  

o p e r a t e d  a t a n  in i t ia l  a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C  a n d  a  f lu e  g a s  f l o w  r a te  o f  1 8 0  

c m 3/m in .  T h e  0 2 a n d  N 2 c o n c e n t r a t io n s  in  th e  o u t l e t  g a s  r e m a in e d  a lm o s t  in v a r ia n t ,  
w h e r e a s  th e  C O 2 c o n c e n t r a t io n  s t r o n g ly  d e p e n d e d  o n  th e  a b s o r p t io n  t im e .  T h e  r e s u lt s  

c le a r ly  in d ic a t e  th a t th e  M E A  a q u e o u s  s o lu t io n s  s e l e c t i v e l y  a b s o r b e d  C O 2 ra th e r  th a n  

O 2 a n d  N 2, e v e n  t h o u g h  th e y  c o u ld  s o l u b i l i z e  in  t h e  s o lu t i o n s ,  p o s s i b l y  w i t h  l o w  

c o n t e n t s  u n d e r  th e  c o n d i t io n s  o f  c o n t in u o u s  f lu e  g a s  b u b b l in g  c o m b i n e d  w i t h  

s o lu t io n  s t ir r in g . It c a n  b e  s e e n  th a t  th e  a b s o r p t io n  t im e  r e q u ir e d  to  r e a c h  a  m a x im u m  

C 0 2 r e m o v a l  w a s  in  th e  r a n g e  o f  1 0 - 3 0  m in . A t  th e  M E A  c o n c e n t r a t io n  o f  3 0  w t .% ,  
th e  o u t l e t  C O 2 a m o u n t  r e a c h e d  a  z e r o  l e v e l ,  w h i c h  c o r r e s p o n d s  t o  1 0 0  %  C O 2 

r e m o v a l .  It w a s  a l s o  f o u n d  th a t  th e  h ig h  C O 2 r e m o v a l  e f f i c i e n c y  a t th e  M E A  

c o n c e n t r a t io n  o f  3 0  w t .%  w a s  m a in t a in e d  fo r  a  l o n g e r  a b s o r p t io n  t im e  th a n  th e  o th e r  

c o n c e n t r a t io n s .
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Figure 4.1 E f f e c t  o f  a b s o r p t io n  t im e  o n  o u t le t  a m o u n t s  o f  (a )  C O 2 , ( b )  O 2 , a n d  ( c )
N 2 u s i n g  M E A  a q u e o u s  s o lu t i o n s  w i t h  v a r io u s  M E A  c o n c e n t r a t io n s  ( F lu e  g a s  f l o w  

r a te  o f  1 8 0  c m 3/ m in ,  in le t  C O 2 c o n c e n t r a t io n  o f  1 5  v o l .%  ( 1 . 2  m m o l / m i n ) ,  in l e t  O 2 

c o n c e n t r a t io n  o f  5  v o l .%  ( 0 .4  m m o l /m in ) ,  in le t  N 2 c o n c e n t r a t io n  o f  8 0  v o l .%  ( 6 .4  

m m o l / m i n ) ,  M E A  c o n c e n t r a t io n  o f  2 0 - A 0  w t .% , a n d  in i t ia l  a b s o r p t io n  t e m p e r a tu r e  o f  

2 5  ° C ) .
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A lt h o u g h  th e  in it ia l  a b s o r p t io n  t e m p e r a tu r e  w a s  k e p t  c o n s ta n t ,  th e  

te m p e r a tu r e  v a r ia t io n s  in  th e  a b s o r p t io n  r e a c to r  w e r e  u n a v o id a b le  d u e  to  th e  

e x o t h e r m ic  r e a c t io n  b e t w e e n  C O 2 a n d  M E A . T h e  te m p e r a tu r e  v a r ia t io n s  o f  M E A  

s o lu t i o n  t e m p e r a tu r e  a s  a  f u n c t io n  o f  a b s o r p t io n  t im e  a re  s h o w n  in  F ig u r e  4 .2 .  A s  

c l e a r ly  s e e n ,  th e  te m p e r a tu r e  v a r ia t io n s  fo r  a ll  M E A  c o n c e n t r a t io n s  w e r e  in  th e  s a m e  

tr e n d . T h e  te m p e r a tu r e  g r a d u a l ly  in c r e a s e d  to  r e a c h  a  m a x im u m  v a lu e  in  th e  r a n g e  o f  

3 5 - 4 0  ° c  a n d  th e n  d e c r e a s e d  to  it s  o r ig in a l  c o n t r o l l e d  t e m p e r a tu r e  o f  a b o u t  2 5  ° c  o r  

e v e n  s l i g h t ly  lo w e r .  T h e  r e s u l t s  in d ic a t e d  th a t  th e  e x o t h e r m ic  r e a c t io n  p r o c e s s  w a s  

d o m in a n t  fo r  t h e  C O 2 - M E A  r e a c t io n .

Figure 4.2 E f f e c t  o f  a b s o r p t io n  t im e  o n  t e m p e r a tu r e  o f  M E A  a q u e o u s  s o lu t i o n s  w it h  

v a r io u s  M E A  c o n c e n t r a t io n s  ( F lu e  g a s  f l o w  r a te  o f  1 8 0  c n r V m in , in l e t  C O 2 

c o n c e n t r a t io n  o f  15  v o l .%  ( 1 .2  m m o l /m in ) ,  M E A  c o n c e n t r a t io n  o f  2 0 —4 0  w t .% , a n d  

in i t ia l  a b s o r p t io n  te m p e r a tu r e  o f  2 5  ๐C ) .

T h e  c u r v e s  s h o w n  in  F ig u r e  4 .1  a re  q u i t e  s im i la r  to  th e  b r e a k th r o u g h  

c u r v e s  r e p o r te d  in  a  p r e v io u s  r e s e a r c h  w o r k  ( C h o i  et al., 2 0 0 9 ) .  T h e  p o in t ,  a t w h ic h  

th e  o u t le t  C O 2 c o n c e n t r a t io n  r e tu r n s  to  b e c o m e  e q u a l  t o  th e  in le t  C O 2 c o n c e n t r a t io n ,  
i s  c o n s id e r e d  to  b e  th e  b r e a k th r o u g h  p o in t  fo r  th e  C O 2 a b s o r p t io n  p r o c e s s .  W h e n  th e  

b r e a k th r o u g h  p o in t  i s  r e a c h e d ,  th e  C O 2 a b s o r p t io n  c a n  b e  n o  l o n g e r  a c h ie v e d .  T h e  

t im e  to  r e a c h  th e  b r e a k th r o u g h  p o in t  fo r  e a c h  e x p e r im e n t  in  th is  r e s e a r c h  w a s
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d i f f e r e n t ,  d e p e n d in g  o n  t h e  o p e r a t in g  c o n d i t io n s .  It w a s  e x p e r im e n t a l ly  o b s e r v e d  th a t  

th e  b r e a k th r o u g h  t im e  v a r ie d  fr o m  1 0 0  to  2 0 0  m in .  T h e  to ta l  q u a n t i t y  o f  th e  a b s o r b e d  

C O 2 w a s  a l s o  c a lc u la t e d  b y  u s i n g  th e  b r e a k th r o u g h  c u r v e s ,  a n d  th e  C O 2 lo a d in g  

c a p a c i t y  e x p r e s s e d  in  m o l  C C V m o l  M E A  (o r  m o l  C C V m o l  a m in e  in  c a s e  o f  b le n d e d  

a m in e s )  w a s  th e n  o b t a in e d ,  a s  e x p la in e d  n e x t .

4 .1 .2  E f f e c t  o f  M E A  C o n c e n t r a t io n
In o r d e r  to  a s s e s s  th e  p e r f o r m a n c e  o f  t h e  M E A  a q u e o u s  s o lu t io n s  w it h  

v a r io u s  M E A  c o n c e n t r a t io n s ,  th e ir  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c i e s  a re  

c o m p a r a t iv e ly  s h o w n  in  F ig u r e  4 .3 .  It c o u ld  b e  o b s e r v e d  th a t  w i t h  a n  in c r e a s e  in  

M E A  c o n c e n t r a t io n  f r o m  2 0  t o  3 0  w t .% , th e  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y  

in c r e a s e d  fr o m  7 9 .6  to  1 0 0  % ; h o w e v e r ,  th e  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y  

d e c r e a s e d  w i t h  fu r th e r  in c r e a s in g  M E A  c o n c e n t r a t io n  g r e a te r  th a n  3 0  w t .% . N o t  o n ly  

th e  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y  b u t  a ls o  th e  C O 2 a b s o r p t io n  ra te  a n d  C O 2 

l o a d in g  c a p a c i t y  w o u l d  h a v e  to  b e  c o n s id e r e d  fo r  d e t e r m in in g  th e  s u i t a b le  M E A  

c o n c e n t r a t io n .

MEA concentration (wt.%)

Figure 4.3 E f f e c t  o f  M E A  c o n c e n t r a t io n  o n  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y  o f  

M E A  a q u e o u s  s o lu t i o n s  ( F lu e  g a s  f l o w  r a te  o f  1 8 0  c m 3/ m in ,  in l e t  C O 2 c o n c e n t r a t io n  

o f  15  v o l .%  ( 1 .2  m m o l / m i n ) ,  M E A  c o n c e n t r a t io n  o f  2 0 - 4 0  w t .% , a n d  in it ia l  

a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C ) .
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F ig u r e  4 .4  s h o w s  th e  C O 2 a b s o r p t io n  ra te  a n d  v i s c o s i t y  o f  th e  M E A  

a q u e o u s  s o lu t io n s  w i t h  v a r io u s  M E A  c o n c e n t r a t io n s .  It c o u l d  b e  c l e a r l y  s e e n  th a t th e  

s o lu t i o n  v i s c o s i t y  l in e a r ly  in c r e a s e d  w it h  in c r e a s in g  M E A  c o n c e n t r a t io n  f r o m  2 0  to  

4 0  w t .% , w h e r e a s  th e  C O 2 a b s o r p t io n  r a te  o n l y  s l ig h t ly  d e c r e a s e d  w i t h  in c r e a s in g  

M E A  c o n c e n t r a t io n  f r o m  2 0  to  3 5  w t .%  a n d  th e n  s h a r p ly  d e c r e a s e d  W'ith fu r th e r  

in c r e a s in g  M E A  c o n c e n t r a t io n  to  4 0  w t .% . T h e  r e s u lt s  i n d ic a t e  th a t  a  l im i t e d  m a s s  

tr a n s fe r  o f  C O 2 in t o  a  m o r e  v i s c o u s  s o lu t io n  a t a  h ig h e r  M E A  c o n c e n t r a t io n  le d  to  a  

l o w e r  C O 2 a b s o r p t io n  r a te , e s p e c i a l l y  at a  v e r y  h ig h  M E A  c o n c e n t r a t io n  o f  4 0  w t.% .
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Figure 4.4 E f f e c t  o f  M E A  c o n c e n t r a t io n  o n  C O 2 a b s o r p t io n  r a te  a n d  v i s c o s i t y  o f  

M E A  a q u e o u s  s o lu t i o n s  (F lu e  g a s  f l o w  r a te  o f  1 8 0  c m 3/ m in ,  in l e t  C O 2 c o n c e n t r a t io n  

o f  15 v o l .%  ( 1 .2  m m o l / m i n ) ,  M E A  c o n c e n t r a t io n  o f  2 0 - 4 0  w t .% , a n d  in it ia l  

a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C ) .

M o r e o v e r ,  th e  C O 2 l o a d in g  c a p a c i t y  o f  t h e  M E A  a q u e o u s  s o lu t io n s  

w it h  v a r io u s  M E A  c o n c e n t r a t io n s  is  s h o w n  in  F ig u r e  4 .5 .  It w a s  f o u n d  th a t  th e  C O 2 

l o a d in g  c a p a c i t y  w a s  a p p r o x im a t e ly  in  th e  r a n g e  o f  0 . 2 0 - 0 . 3 5  m o l  C C b /m o l  M E A  fo r  

th e  M E A  c o n c e n t r a t io n  r a n g e  o f  2 0 - 4 0  w t .% . P a r t ic u la r ly ,  w h e n  th e  M E A  

c o n c e n t r a t io n  w a s  g r e a te r  th a n  3 0  w t .% , th e  C O 2 l o a d in g  c a p a c i t y  te n d e d  to  

s ig n i f ic a n t ly  d e c r e a s e .  T h e o r e t i c a l ly ,  th e  C O 2 l o a d in g  c a p a c i t y  o f  th e  M E A  a q u e o u s  

s o lu t i o n s  s h o u ld  n o t  b e  a f f e c t e d  b y  th e  M E A  c o n c e n t r a t io n  b e c a u s e  th e  C O 2 lo a d in g
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c a p a c i t y  o f  M E A  c a n  b e  a s  h ig h  a s  th e  s t o ic h io m e t r y  o f  0 .5  m o l  C 0 2/ m o l  M E A , a s  

e x p r e s s e d  in  E q u a t io n s  ( 4 .1 )  a n d  ( 4 .2 ) ,  in  w h i c h  2  m o l e s  o f  M E A  c a n  b e  u s e d  to  

e x tr a c t  1 m o le  o f  C O 2 .

C 0 2 +  R N H 2 « — >  R N H / C O O '  ( Z w i t t e r io n s )  ( 4 .1 )

R N H 2+C O O ' +  R N H 2 ◄ — I►  R N H C O O "  +  R N l V  ( 4 .2 )
( C a r b a m a te )  ( P r o t o n a t e d  a m in e )

T h e r e  a re  t w o  p o s s i b l e  r e a s o n s  th a t  c o u ld  m a k e  t h e  C 0 2 a b s o r p t io n  

c a p a c i t y  s ig n i f i c a n t ly  d e c r e a s e  w h e n  in c r e a s in g  th e  M E A  c o n c e n t r a t io n  h ig h e r  th a n  

3 0  w t .% .

1. T h e  r e a c t io n  ra te  o f  M E A  fo r  th e  C 0 2 a b s o r p t io n  d e c r e a s e s  d u e  

to  th e  m a s s  tr a n s fe r  l im i t a t io n  s in c e  th e  M E A  a q u e o u s  s o lu t io n  

b e c o m e s  m o r e  v i s c o u s  a t s u c h  h ig h  M E A  c o n c e n t r a t io n .
2 .  T h e  0 2 m o le c u l e s  in  th e  f lu e  g a s  l e a d  to  a  m o r e  p r o b a b i l i t y  o f  

M E A  d e g r a d a t io n .

F i g u r e  4 .5  E f f e c t  o f  M E A  c o n c e n t r a t io n  o n  C 0 2 l o a d in g  c a p a c i t y  o f  M E A  a q u e o u s  

s o lu t i o n s  ( F lu e  g a s  f l o w  r a te  o f  1 8 0  c m 3/ m in ,  in le t  C 0 2 c o n c e n t r a t io n  o f  15 v o l .%  

( 1 .2  m m o l / m i n ) ,  M E A  c o n c e n t r a t io n  o f  2 0 ^ 4 0  w t .% , a n d  in i t ia l  a b s o r p t io n  

te m p e r a tu r e  o f  2 5  ° C ) .
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In  o v e r a l l ,  th e  M E A  c o n c e n t r a t io n  o f  3 0  w t .%  w a s  c o n s id e r e d  to  b e  

th e  m o s t  s u i t a b le  v a lu e  f o r  th e  C O 2 r e m o v a l  fr o m  f l u e  g a s  b e c a u s e  o f  th e  o b s e r v e d  

m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y ,  a s  w e l l  a s  c o m p a r a t iv e ly  h ig h  C O 2 a b s o r p t io n  

ra te  a n d  C O 2 l o a d in g  c a p a c i t y .

4 .1 .3  E f f e c t  o f  F lu e  G a s  F l o w  R a te
T h e  f lu e  g a s  f l o w  r a te  e v a lu a t e d  in  t h i s  r e s e a r c h  w a s  in  th e  r a n g e  o f  

5 0 - 1 8 0  c m 3/ m in  d u e  to  t h e  p r e c i s e  c o n t r o l  l im i t a t io n  o f  th e  m a s s  f l o w  c o n t r o l le r ,  
w h e r e a s  th e  M E A  c o n c e n t r a t io n  w a s  m a in t a in e d  3 0  w t .% . T h e  b r e a k th r o u g h  c u r v e s  

o f  C O 2 a b s o r p t io n  a t v a r io u s  f lu e  g a s  f l o w  r a te s  a re  s h o w n  in  F ig u r e  4 .6 .  It c a n  b e  

s e e n  th a t  a n  in c r e a s e  in  th e  f lu e  g a s  f l o w  r a te  r e s u l t e d  in  a  d e c r e a s e  in  th e  

b r e a k th r o u g h  t im e .  T h is  i s  p o s s i b l y  b e c a u s e  o f  a  fa s te r  m a s s  t r a n s fe r  o f  C O 2 in to  th e  

s o lu t io n  t o  r e a c t  w i t h  th e  M E A . F ig u r e  4 .7  s h o w s  th e  e f f e c t  o f  f lu e  g a s  f l o w  r a te  o n  

th e  C O 2 a b s o r p t io n  r a te  a n d  C 0 2 lo a d in g  c a p a c i t y  o b t a in e d  f r o m  th e  b r e a k th r o u g h  

c u r v e s .  T h e  r e s u lt s  r e v e a l  th a t  b o th  t h e  C O 2 a b s o r p t io n  r a te  a n d  C O 2 l o a d in g  c a p a c i t y  

g r a d u a lly  in c r e a s e d  w i t h  in c r e a s in g  f lu e  g a s  f l o w  r a te . T h e s e  r e s u l t s  im p ly  th a t  th e  

m a s s  tr a n s fe r  l im i t a t io n  w a s  n o t  y e t  r e a c h e d  u n d e r  t h e  i n v e s t ig a t e d  f lu e  g a s  f l o w  ra te  

r a n g e  a t th e  M E A  c o n c e n t r a t io n  o f  3 0  w t .% , c a u s i n g  a  h ig h e r  C O 2 a b s o r p t io n  

e f f i c i e n c y  a t a  h ig h e r  f l u e  g a s  f l o w  ra te . In th e  o t h e r  w o r d s ,  th e  C O 2 - M E A  r e a c t io n  

p o s s i b i l i t y  m o r e  s ig n i f i c a n t ly  c o n t r o l l e d  th e  C O 2 a b s o r p t io n  r a te  a n d  C O 2 lo a d in g  

c a p a c i t y  o f  th e  M E A  a q u e o u s  s o lu t i o n  a s  c o m p a r e d  t o  th e  m a s s  tr a n s fe r  l im i t a t io n  o f  

C O 2 . H o w e v e r ,  f r o m  F ig u r e s  4 .6  a n d  4 .7 ,  th e  f lu e  g a s  f l o w  r a te  o f  5 0  c m 3/m in  w a s  

s e l e c t e d  fo r  fu r th e r  e x p e r im e n t s  to  im p r o v e  th e  C O 2 a b s o r p t io n  e f f i c i e n c y  o f  th e  

M E A  a q u e o u s  s o lu t io n  b y  u s in g  o th e r  a m in e  a d d i t iv e s  s in c e  i t s  c o r r e s p o n d in g  C O 2 

a b s o r p t io n  r a te  a n d  C O 2 lo a d in g  c a p a c i t y  w e r e  n o t  s o  h ig h  th a t  r e s u lt s  in  a n y  

d i f f i c u l t y  in  th e  a b s o r p t io n  e f f i c i e n c y  c o m p a r is o n .
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Figure 4.6 E f f e c t  o f  f lu e  g a s  f l o w  ra te  o n  o u t le t  C O 2 a m o u n t  u s i n g  M E A  a q u e o u s  

s o lu t i o n s  ( I n le t  C O 2 c o n c e n t r a t io n  o f  15  v o l .% , M E A  c o n c e n t r a t io n  o f  3 0  w t .% , a n d  

in i t ia l  a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C ) .

น
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Figure 4 .7  E f f e c t  o f  f lu e  g a s  f l o w  ra te  o n  C O 2 a b s o r p t io n  r a te  a n d  C O 2 l o a d in g  

c a p a c i t y  o f  M E A  a q u e o u s  s o lu t i o n s  ( I n le t  C O 2 c o n c e n t r a t io n  o f  15  v o l .% , M E A  

c o n c e n t r a t io n  o f  3 0  w t .% , a n d  in i t ia l  a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C ) .
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4.2 Amine Degradation

G e n e r a l ly ,  th e  o x id a t iv e  d e g r a d a t io n  o f  a m in e  r e q u ir e s  o x y g e n  o r  o th e r  

o x id a n t s  a n d  i s  a l s o  c a t a ly z e d  b y  ir o n . T h is  m e a n s  th a t  th e  d e g r a d a t io n  c a n  o c c u r  in  

th e  p r e s e n c e  o f  d i s s o lv e d  0 2; h o w e v e r ,  it i s  n o t  n o r m a l ly  e n c o u n t e r e d  in  m o s t  a c id  

g a s - t r e a t in g  s y s t e m s ,  s u c h  a s  n a tu ra l g a s  p u r i f ic a t io n .  T h e r e f o r e ,  t h e  d e g r a d a t io n  

p r o c e s s  c a n  p r o v id e  a n  a d d it io n a l  m e c h a n i s m  f o r  M E A  d e g r a d a t io n  s p e c i f i c  to  C O 2 

c a p tu r e  fr o m  f lu e  g a s  a s  it in c r e a s e s  th e  a m in e  l o s s  a n d  d e c r e a s e s  t h e  C O 2 lo a d in g  

c a p a c i t y .  In  th is  r e s e a r c h , s in c e  th e  f lu e  g a s  f e e d  c o n t a in e d  5 v o l .%  0 2; th e  

e x p e r im e n t s  w e r e  p e r fo r m e d  to  in v e s t ig a t e  w h e t h e r  o r  n o t  s u c h  0 2 c o u l d  r e d u c e  th e  

C 0 2 lo a d in g  c a p a c i t y  u n d e r  th e  o p e r a t in g  c o n d i t io n s  a t a t m o s p h e r ic  p r e s s u r e .  T o  

v e r i f y  th e  e f f e c t  o f  0 2 e x p o s u r e ,  th e  3 0  w t .%  M E A  a q u e o u s  s o lu t i o n  w a s  sa tu r a te d  

w it h  0 2 b y  t h o r o u g h ly  b u b b l in g  o v e r n ig h t  w i t h  a ir  ( c o n t a in in g  2 1  %  0 2 a n d  7 9  %  

N 2)  a t a  f l o w  r a te  o f  4 0  c m 3/m in ,  a t r o o m  te m p e r a tu r e  a n d  a t m o s p h e r ic  p r e s s u r e .  
A f t e r w a r d s ,  th e  C 0 2 a b s o r p t io n  ra te  a n d  C 0 2 l o a d in g  c a p a c i t y  o f  th e  3 0  w t .%  M E A  

a q u e o u s  s o lu t i o n s  w it h o u t  a n d  w it h  0 2 e x p o s u r e  w e r e  c o m p a r e d .
F ig u r e  4 .8  s h o w s  th e  c h a n g e  in  o u t le t  a m o u n t s  o f  C 0 2, 0 2, a n d  N 2 w i t h  

r e s p e c t  to  a b s o r p t io n  t im e  b y  u s in g  th e  3 0  w t .%  M E A  a q u e o u s  s o lu t i o n s  w it h o u t  a n d  

w it h  0 2 e x p o s u r e .  It c a n  b e  c le a r ly  s e e n  th a t  th e  tr e n d s  o f  a l l  o u t l e t  g a s e s  b e t w e e n  

b o th  c a s e s  w i t h o u t  a n d  w i t h  0 2 e x p o s u r e  w e r e  a lm o s t  e x a c t l y  t h e  s a m e .  I n t e r e s t in g ly ,  
th e  o b s e r v e d  d is t in c t  d i f f e r e n c e  is  th a t  th e  M E A  a q u e o u s  s o lu t i o n  w i t h  0 2 e x p o s u r e  

c o u l d  c o m p l e t e ly  a b s o r b  C 0 2 a t th e  in i t ia l  s t a g e  ( a b s o r p t io n  t im e  b e l o w  5 0  m in ) ,  
w h e r e a s  th e  o n l y  p a r t ia l C 0 2 a b s o r p t io n  w a s  d e t e c t e d  fo r  th e  M E A  a q u e o u s  s o lu t io n  

w it h o u t  (ว 2 e x p o s u r e .  T h e s e  r e s u lt s  c a n  b e  p o s s i b l y  e x p l a i n e d  in  th a t  th e  a ir  b u b b l in g  

m a y  r e m o v e  s o m e  v o la t i l e  o r g a n ic  c o n t a m in a n t s  i n i t ia l ly  p r e s e n t e d  in  th e  M E A  

a q u e o u s  s o lu t io n .  I f  th a t i s  th e  c a s e ,  s u c h  v o la t i l e  o r g a n ic  c o n t a m in a n t s  m a y  r e d u c e  

th e  in i t ia l  C O 2 a b s o r p t io n  e f f i c i e n c y .  F r o m  th e  b r e a k th r o u g h  c u r v e s  o f  C O 2 s h o w n  in  

F ig u r e  4 .8 ( a ) ,  th e  C O 2 a b s o r p t io n  ra te  a n d  C 0 2 l o a d in g  c a p a c i t y  w e r e  c a lc u la t e d ,  a n d  

th e  r e s u lt s  are  c o m p a r a t iv e ly  s u m m a r iz e d  in  T a b le  4 .1 .  น  w a s  s u r p r is in g ly  fo u n d  th a t  

b o th  th e  C 0 2 a b s o r p t io n  ra te  a n d  C 0 2 lo a d in g  c a p a c i t y  o f  th e  M E A  a q u e o u s  

s o lu t io n s  w it h o u t  a n d  w i t h  0 2 e x p o s u r e  W'ere in s i g n i f ic a n t l y  c h a n g e d .  T h e r e f o r e ,  it 

c a n  b e  c o n c lu d e d  th a t th e  l o w  0 2 c o n t e n t  in  th e  H u e g a s  d id  n o t  s ig n i f ic a n t ly  a f f e c t
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t h e  C O 2 a b s o r p t i o n  e f f i c i e n c y  u n d e r  t h e  i n v e s t i g a t e d  o p e r a t i n g  c o n d i t i o n s  a t

a t m o s p h e r i c  p r e s s u r e .

(a)

Absorption time(min)

( b )  ( c )

Absorption timc(min) Absorption time(min)

Figure 4.8 E f f e c t  o f  O 2 e x p o s u r e  o n  o u t le t  a m o u n t s  o f  (a )  C O 2 , ( b )  O 2 , a n d  ( c )  N 2 

u s i n g  3 0  w t .%  M E A  a q u e o u s  s o lu t io n s  ( F lu e  g a s  f l o w  ra te  o f  5 0  c m 3 /m in ,  in le t  C O 2 

c o n c e n t r a t io n  o f  15 v o l .%  ( 0 .3  m m o l /m in ) ,  in le t  O 2 c o n c e n t r a t io n  o f  5  v o l .%  (0 .1  

m m o l / m i n ) ,  in le t  N 2 c o n c e n t r a t io n  o f  8 0  v o l .%  ( 1 .7  m m o l / m i n ) ,  a n d  in it ia l  

a b s o r p t io n  te m p e r a tu r e  o f  2 5  ° C ) .
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Table 4.1 E f f e c t  o f  O 2 e x p o s u r e  o n  C O 2 a b s o r p t io n  ra te  a n d  C O 2 l o a d in g  c a p a c i t y  o f  

3 0  w t .%  M E A  a q u e o u s  s o lu t i o n s  ( F lu e  g a s  f l o w  r a te  o f  5 0  c m 3 /m in ,  in le t  C O 2 

c o n c e n t r a t io n  o f  15  v o l .%  ( 0 .3  m m o l /m in ) ,  a n d  in i t ia l  a b s o r p t io n  te m p e r a tu r e  o f  2 5  

° C ) .

C o n d it io n A b s o r p t io n  ra te  
( m m o l /m i n )

C O 2 lo a d in g  c a p a c i t y  
( m o l  C C b /m o l  a m in e )

W it h o u t  O 2 e x p o s u r e 0 .0 0 2 5 0 . 2 1

W ith  O 2 e x p o s u r e 0 .0 0 2 3 0 . 2 1

4.3 CO 2 Absorption by Hybrid Solvents

T h e  C O 2 a b s o r p t io n  p e r f o r m a n c e  o f  h y b r id  s o l v e n t s  b le n d e d  b e t w e e n  M E A  

a n d  s t e r i c a l ly  h in d e r e d  a m in e  ( A M P ,  A M P D ,  a n d  A E P D ) ,  a s  w e l l  a s  d ia m in e  (P Z ) ,  
w a s  n e x t  in v e s t ig a t e d .  S u c h  s t e r i c a l ly  h in d e r e d  a m in e s  a n d  d ia m in e  h a v e  b e e n  

p r o p o s e d  a s  a t t r a c t iv e  s o lv e n t s  t o  a b s o r b  C O 2 b e c a u s e  o f  th e ir  a d v a n t a g e s  in  

e n h a n c in g  th e  C O 2 l o a d in g  c a p a c i t y .

4 .3 .1  E f f e c t  o f  B le n d in g  M E A  w it h  V a r io u s  A m i n e  A d d i t iv e s
F ig u r e  4 .9  s h o w s  th e  c h a n g e  in  o u t le t  C O 2 a m o u n t  w i t h  r e s p e c t  to  

a b s o r p t io n  t im e  b y  u s in g  th e  M E A - b a s e d  a q u e o u s  s o lu t i o n s  c o n t a in in g  5 w t.%  

v a r io u s  a m in e  a d d i t iv e s  in  th e  to ta l a m in e  c o n c e n t r a t io n  o f  3 0  w t .% . It c a n  b e  s e e n  

th a t  t h e  a b s o r p t io n  t im e  r e q u ir e d  to  r e a c h  a  m a x im u m  C O 2 r e m o v a l  w a s  in  th e  r a n g e  

o f  5 0 - 1 2 0  m in , d e p e n d in g  o n  th e  t y p e  o f  a m in e  a d d it iv e  in  th e  s o lv e n t .  A s  c o m p a r e d  

to  th e  p u r e  M E A  a q u e o u s  s o lu t io n ,  th e  a d d it io n  o f  A M P D ,  A E P D .  a n d  P Z  d id  n o t  

a f f e c t  th e  m a x im u m  C O 2 r e m o v a l  e f f i c i e n c y  o f  1 0 0  %  ( th e  p o in t ,  at w h ic h  th e  o u t le t  

C O 2 a m o u n t  r e a c h e d  a  z e r o  l e v e l ) ,  w h e r e a s  t h e  a d d e d  A M P  s l i g h t ly  d e c r e a s e d  th e  

m a x im u m  C 0 2 r e m o v a l  e f f i c i e n c y  to  9 7 .6  % . It c a n  b e  a l s o  in t e r e s t in g ly  s e e n  th a t  th e
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M E A - P Z  a q u e o u s  s o l u t i o n  t h e  m o s t  i m p r o v e d  t h e  C O 2 a b s o r p t i o n  a t  t h e  i n i t i a l  s t a g e

( a b s o r p t i o n  t i m e  b e l o w  5 0  m i n ) .

A b s o r p t io n  t i m e ( m i n )

Figure 4.9 E f f e c t  o f  b le n d in g  M E A  w i t h  v a r io u s  a m in e  a d d i t iv e s  o n  o u t le t  C O 2 

a m o u n t  u s in g  M E A - b a s e d  a q u e o u s  s o lu t i o n s  c o n t a in in g  5 พ t.%  v a r io u s  a m in e  

a d d it iv e s  ( F lu e  g a s  f l o w  r a te  o f  5 0  c n r V m in , in le t  C O 2 c o n c e n t r a t io n  o f  15  v o l .%  (0 .3  

m m o l / m i n ) ,  to ta l  a m in e  c o n c e n t r a t io n  o f  3 0  w t .% , a n d  in i t ia l  a b s o r p t io n  te m p e r a tu r e  

o f  2 5  ° C ) .

F ig u r e  4 .1 0  s h o w s  th e  e f f e c t  o f  t y p e  o f  a m in e  a d d i t iv e  o n  th e  C O 2 

a b s o r p t io n  r a te  a n d  C O 2 l o a d in g  c a p a c i t y  o f  th e  M E A - b a s e d  a q u e o u s  s o lu t io n s  

c o n t a in in g  5  w t .%  v a r io u s  a m in e  a d d it iv e s .  It c a n  b e  c l e a r ly  s e e n  th a t  a ll th e  

in v e s t ig a t e d  a m in e  a d d it iv e s  in c r e a s e d  b o th  th e  C O 2 a b s o r p t io n  ra te  a n d  C O 2 lo a d in g  

c a p a c i t y  o f  th e  M E A  a q u e o u s  s o lu t io n .  P a r t ic u la r ly ,  P Z  c o u ld  s i g n i f i c a n t ly  in c r e a s e  

th e  C O 2 a b s o r p t io n  ra te  b e c a u s e  it  p o s s e s s e d  t w o  a m in e  g r o u p s  w i t h  l e s s  s tr u c tu r a l  
b u lk in e s s  a s  c o m p a r e d  to  th e  o th e r  in v e s t ig a t e d  a m in e  a d d i t iv e s ,  a s  s h o w n  in  F ig u r e  

4 . 1 1 .  H o w e v e r ,  i t s  l im i t e d  s o lu b i l i t y  in  a n  a q u e o u s  s o lu t i o n  n e g a t i v e l y  m a k e s  it 

u n a b le  to  b e  e m p lo y e d  a t h ig h  c o n c e n t r a t io n ,  a s  s h o w n  in  th e  n e x t  s e c t io n .  A m o n g  

th e  in v e s t ig a t e d  s t e r ic a l ly  h in d e r e d  a m in e s  a d d e d  to  th e  M E A - b a s e d  s o lu t i o n s ,  th e  

C O 2 lo a d in g  c a p a c i t y  in c r e a s e d  in  th e  f o l l o w i n g  o r d e r :  A M P  <  A M P D  <  A E P D .
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From Figure 4.11, it can be seen that AMP possesses two methyl substituents at the 
a-carbon atom as compared to MEA, whereas AMPD possesses one more hydroxyl 
group than AMP and one less methyl substituent than AEPD at the (3-carbon atom. 
Particularly, the methyl substituent at the a-carbon atom exhibits an 
electron-withdrawing effect on the amine group (Yoon et a i ,  2002); therefore, the 
electron density o f nitrogen donor in the amine group is reduced, resulting in the 
alteration o f the CO2 absorption efficiency. Basically, MEA (a primary amine) 
dominantly produces carbamate when reacting with CO 2, as shown in Equations 
(4.1) and (4.2); however, when its hydrogen groups are substituted by other more 
bulky groups to achieve sterically hindered amines (such as methyl group in the case 
o f AMP), they more preferably produce bicarbonate when reacting with CO2, as 
shown in Equation (4.3), due to the instability o f the carbamate (Satori and Sawage, 
1983). It can be seen that 1 mole o f sterically hindered amine can extract 1 mole of 
CO2, leading to an increased CO2 loading capacity as compared to MEA.

RNH2 + C 0 2 + H20  ►  H C 0 3' + RNH3+ (4.3)

The carbamate instability o f the CCVsterically hindered amine 
reaction implies that the bonding strength between nitrogen atom in the amine group 
and CO2 is comparatively W'eak, possibly resulting from the aforementioned electron 
withdrawing effect o f substituent at the a-carbon atom. When considering the 
molecular structures o f the three investigated sterically hindered amines, the 
steric hindrance (structural bulkiness) o f the substituents bonded to the nitrogen atom 
in the amine group increases in the following order: AMP < AMPD < AEPD. 
Therefore, the carbamate stability decreases, while the CO 2 loading capacity 
increases in such order. The results shown in Figure 4.10 for the three sterically 
hindered amines as compared to MEA agree very well with this hypothesis. In the 
case o f PZ, despite its less structural bulkiness, the CO? loading capacity was not 
significantly improved as compared to all the investigated sterically hindered amines. 
However, the CO2 absorption rate was considerably enhanced, possibly because its 
two amine groups can more selectively react with CO 2. This can be confirmed by the
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temperature o f the MEA-PZ aqueous solution, as shown in Figure 4.12, in which its 
high temperature was maintained for a long absorption period. This indicates a 
higher probability o f MEA-PZ aqueous solution to absorb CO2 over the studied range 
o f absorption time. Therefore, PZ was selected an effective amine additive to further 
investigate its suitable content in the MEA-based aqueous solution with the total 
amine concentration o f 30 wt.%.
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T y p e  o f  am in e ad d itive  (5 w t.%  in 30 w t.%  tota l am ine)

F ig u re  4 .1 0  Effect o f type o f amine additive on CO2 absorption rate and CO2 

loading capacity o f MEA-based aqueous solutions containing various 5 wt.% amine 
additives (Flue gas flow rate o f 50 cm 3/min, inlet CO2 concentration o f 15 vol.% (0.3 
mmol/min), total amine concentration o f 30 wt.%, and initial absorption temperature 
o f 25 °C).
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h 2n H2N H2N
1 1 a 1 aOH — CH2— c — H O H — CH2— Ç — CH3 O H — CH2— Ç— c

H c h 3 c h 3

MEA AMP AMPD

H2N
O H — CH2— Ç — CH2 — OH

CH2— c h 3
3

AEPD

^ N H  ^
H2( f ^ ^ C H 2

H2C . c h 2

'N H

PZ

F ig u re  4 .11 M olecular structures o f MEA, AMP, AMPD, AEPD, and PZ.

F ig u re  4 .12  Effect o f blending MEA with various amine additives on temperature o f 
MEA-based aqueous solutions containing 5 wt.% various amine additives (Flue gas 
flow rate o f 50 cm 3/min, inlet C 0 2 concentration o f 15 vol.% (0.3 mmol/min), total 
amine concentration o f 30 wt.%, and initial absorption temperature o f 25 °C).
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4.3.2 Effect o f MEA/PZ Ratio
Due to a limited solubility o f PZ in the MEA-based aqueous solution 

as mentioned above, the PZ concentration was varied in the soluble range o f 0 to 8 

wt.% in the total amine concentration o f 30 wt.%, corresponding to various MEA/PZ 
ratios o f 30/0, 27/3, 25/5, and 22/8 พt.%/wt.%. The CO 2 absorption rate and CO2 

loading capacity o f the MEA-PZ aqueous solutions containing various MEA/PZ 
ratios are shown in Figure 4.13. It can be seen that the CO2 loading capacity tended 
to gradually increase with increasing the PZ concentration up to 8 wt.%. However, 
the CO2 absorption rate increased with increasing PZ concentration to 5 wt.%, 
whereas the further increase in the PZ concentration up to 8 wt.% reduced the CO2 

absorption rate. These results imply that the high PZ concentration o f 8 wt.% 
enhanced the capacity o f CO2 capture with a comparatively slower rate o f reaction. 
This is possibly because the PZ molecules with two amine groups tend to attract each 
other and repulse with แ า0  molecules at the high PZ concentration (as 
experimentally observed by the limited solubility o f PZ), resulting a slower chance to 
react with dissolved CO2 molecules. However, the observed slower absorption rate o f 
PZ at high concentration did not govern its reactivity with CO 2; thus, the CO2 

loading capacity still increased according to the higher number o f PZ molecules 
available. Although the PZ concentration o f 5 wt.% provided a lower CO2 loading 
capacity than that o f 8 wt.%, the former exhibited an acceptably higher CO2 

absorption rate, which is believed to be a prime indicator for the CO 2 removal from 
the continuously flowing stream o f flue gas. Therefore, the M EA/PZ ratio o f 25/5 
wt.%/wt.% was considered to be an optimum value in this research.
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F ig u re  4 .1 3  Effect o f MEA/PZ ratio on CO2 absorption rate and CO2 loading 
capacity o f MEA-PZ aqueous solutions (Flue gas flow rate o f 50 cm3/min, inlet CO2 

concentration o f 15 vol.% (0.3 mmol/min), total amine concentration o f 30 wt.%, and 
initial absorption temperature o f 25 °C).
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