
RESULTS AND DISCUSSION
CHAPTER IV

T h e  fir s t s e c t io n  o f  th is  c h a p te r  p r o v id e s  th e  in fo r m a tio n  o f  p r o c e s s  
d e sc r ip t io n  an d  k e y  p r o c e s s  s im u la t io n  s p e c if ic a t io n  o f  M E A -b a s e d  C O 2 ca p tu re  
p r o c e s s . S e c t io n  4 .2  f o c u s e s  o n  s c r e e n in g  io n ic  l iq u id s  w h ic h  h a v e  th e  p o te n tia l to  
ca p tu re  C O 2 from  p o st c o m b u s t io n  f lu e  g a s . T h e  m a jo r  fa c to r s  o f  c o n s id e r a t io n  are  
its ca p tu re  c a p a c ity  o f  1L. S e c t io n  4 .3  fo c u s e s  o n  th e  m e th o d  to  d e f in e  p h y s ic a l  
p r o p er tie s , th e r m o d y n a m ic  p r o p e r tie s  a n d  e q u ilib r iu m  c a lc u la t io n  o f  c h o s e n  IL in to  
th e  A s p e n  P lu s .  S e c t io n  4 .4  p r o v id e s  in fo r m a tio n  o f  p r o c e s s  d e s c r ip t io n  and k e y  

p r o c e s s  s p e c if ic a t io n  o f  I L -b a se d  C O 2 ca p tu re  p r o c e s s .  T h e  c o m p a r is o n  o f  b o th  
-p r o c e s se s  is  d is c u s s e d  in  la s t  s e c t io n .

4.1 MEA-based CO2 Capture Process

4 .1 .1  P r o c e s s  D e s c r ip t io n
T h e  C O 2 ca p tu re  u n its  in th is  th e s is  a re  s im u la te d  to  ca p tu re  C O 2 

b a sed  on  th e  f lu e  g a s  from  1 8 0  M W e c o a l  b u rn in g  p o w e r  p la n t ( f lu e  g a s  f lo w  rate o f  
3 2  to n s /h , g a s  c o m p o s i t io n  o f  8 4  %  N 2 , 1 2  %  C O 2 , a n d  4  %  w a ter  v a p o r  p e r  stan d ard  
v o lu m e ) .  T h e  M E A -b a s e d  C O 2 ca p tu re  p r o c e s s  is  d e s ig n e d  to  m e e t  th e  ta rg et o f  9 0  
%  ca p tu re  c a p a c ity  w ith  9 8  %  p u rity  o f  C O 2 b y  u s in g  2 5  w t%  M E A .

T a b le  4 .1  P o s t - c o m b u s t io n  f lu e  g a s  c o m p o s i t io n  u se d

T e m p e r a tu r e  (°C ) 4 6 .1
P ressu re  (k P a ) 1 1 5 .1
V a p o r  F r a c tio n 1 . 0

C o m p o s it io n  (m o l % )
n 2 7 7 .9 3
C 0 2 1 3 .1 4
h 20 8 .9 2
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Table 4.2a Stream summary of MEA-based CO2 capture process

Stream C 02 FLUEGAS H 20M K LEANMEA MEAMK RICHMEA SI
Temperature (°C) 30 142 35 35 35 51.7 30
Pressure (bar) 1 11.146 1.358 1.358 1.358 1.013 1.289
Vapor Fraction 1 1 0 0 0 0 0
Solid Fraction 0 0 0 0 0 0 0
Mole Flow (kmol/hr) 137.608 1044.899 46.736 6533.68 0.021 6493.086 100.713
Mass Flow (kg/hr) 5901.685 31297.87 841.96 150422.7 1.3 155481.2 1814.369
Volume Flow (cum/hr) 3451.249 3231.021 0.847 154.852 0.001 163.887 1.822
Enthalpy (Gcal/hr) -12.72 -14.685 -3.184 -462.197 -0.001 -472.259 -6.871
Mole Flow (kmol/hr) i

H 20 5.928 31.347 46.736 5935.623 0 5863.532 100.713
C 02 131.66 146.286 0 0 0 0.212 0
N2 0.021 867.266 0 0 0 0.021 0
MONOE-Ol 0 0 0 265.76 0.021 35.184 0
MEA+ 0 0 0 168.041 0 298.45 0
H 30+ 0 0 ' 0 0 0 0 0
MEACOO- 0 0 0 158.015 1 0 258.16 0
H C 03- 0 ‘ 0 0 2.438 0 34.761 0
OH- 0 0 0 0.02 0 0.002 0
C 03 — 0 0 0 3.784 « 0 2.764 0



Table 4.2b Stream summary of MEA-based CO2 capture process

Stream S2 S3 S4 S5 S6 S7 S8
Temperature (°C) 46.1 46.1 51.8 75 89 87.7 30
Pressure (bar) 1.151 1.151 2.392 2.392 2.392 1.73 1
Vapor Fraction 0 1 0 0 0 1 0.695
Solid Fraction 0 0 0 0 0 0 0
Mole Flow (kmol/hr) 32.799 1112.813 6493.087 6494.211 6496.502 197.944 197.929
Mass Flow (kg/hr) 590.932 32521.31 155481.2 155481.2 155481.2 6990.459 6990.459
Volume Flow (cum/hr) 0.597* 25627.71 163.883 1 165.939 169.239 3407.601 3452.343
Enthalpy (Gcal/hr) -2.228 -19.327 -472.252 -469.369 -467.575 -16.108 -16.838
Mole Flow (kmol/hr)

H 20 32.797 99.263 5863.526 5859.581 5858.271 66.203 66.189
C 02 0.002 146.284 0.213 1.338 3.628 131.705 131.691
N2 0 867.266 0.021 0.021 0.021 0.021 0.021
MONOE-Ol 0 0 35.194 42.661 49.018 0.014 0
MEA+ 0 0 298.446 296.05 293.293 0 0.014
H 30+ 0 0 0 0 0 0 0
MEACOO- 0 0 258.153 253.083 249.484 0 0
H C 03- 0 0 34.77 39.987- 41.764 0 0.014
OH- 0 0 0.002 0.002 0.002 0 0
C 0 3 - 0 0 2.761 1.489 1.021 0 0



Table 4.2c Stream summary of MEA-based CO2 capture process

Stream ร9 S10 S l l S12 S13 S14 VENTGAS
Temperature (°C) 30 30.1 116.4 116.4 94 35 54.4
Pressure (bar) 1 2.392 1.73 1.358 1.358 1.358 1.013
Vapor Fraction 0 0 0 0 0 0 1
Solid Fraction 0 0 0 0 0 0 0
Mole Flow (kmol/hr) 60.321 60.321 6487.246 6487.246 6486.984 6486.923 1022.06
Mass Flow (kg/hr) 1088.774 1088.774 149579.5 149579.5 149579.5 149579.4 27465.64
Volume Flow (cum/hr) 1.094 1.094 163.171 163.169 160.026 154.005 27446.73
Enthalpy (Gcal/hr) -4.118 -4.118 -448.728 -448.729 -451.612 -459.012 -9.263
Mole Flow (kmol/hr)

H2 0 60.261 60.261 5886.54 5886.54 5888.123 5888.929 140.11
C 02 0.031 0.031 0.321 0.321 0.059 0 14.631
N2 ' O' 0 0 0 0 0 867.289
MONOE-Ol 0 0 272.078 272.077 269.588 265.72 0.03
MEA+ 0.014 0.014 164.372 164.372 165.014 168.017 0
H 30+ 0 0 0 0 0 0 0
MEACOO- 0 0 155.344 155.345 157.192 158.057 0
H C 03- 0.014 0.014 8.135 8.134 6.172 2.419 0
OH- 0 0 0.019 0.019 0.021 0.02 0
C 03-- 0 0 0.437 0.437 0.815 3.761 0
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T h e  f lu e  g a s  g o e s  th r o u g h  th e  s c r u b b e r  to  c o o l  d o w n  th e  te m p e r a tu r e  

to  4 6  °c w ith  th e  p r e s s u r e  n e a r  a t m o s p h e r ic  p r e s s u r e  ( 1 1 5 .1  k P a )  th a t  i s  a p p r o p r ia te  

to  th e  a b s o r b e r . T h e  f lu e  g a s  e n te r s  th e  b o t t o m  o f  th e  a b s o r b e r ,  a n d  th e  le a n  M E A  

( 2 5  w t% ) w i t h  a  C O 2 l o a d in g  o f  0 .2  m o l  C C V m o l  M E A  e n te r s  t h e  to p  o f  th e  

c o l u m n ,  a t p r e s s u r e  1 3 5 .8  k P a  a n d  3 5  °c. T h e  n u m b e r  o f  s t a g e s  f o r  th e  a b s o r b e r  

c o lu m n  in  th is  s t u d y  i s  2 5  to  a c h i e v e  a  r ic h  a m in e  lo a d in g  o f  0 .3 6  m o l  C C V m o l  M E A  

a n d  9 0  %  r e c o v e r y .  V e n t  g a s - f r o m  th e  t o p  o f  a b s o r b e r  c o n s i s t s  o f  C O 2 l e s s  th a n  

0 .0 2  v o l .  % . T h e  r ic h  a m in e  f r o m  th e  b o t t o m  o f  th e  a b s o r b e r  g o e s  to  t h e  r ic h  a m in e  

p u m p  t o  in c r e a s e  th e  p r e s s u r e  to  2 3 9 .2  k P a . T h e n  it  g o e s  to  r ic h / le a n  h e a t  e x c h a n g e r  

w it h  a  t e m p e r a tu r e  a p p r o a c h  5 °c to  e x c h a n g e  th e  d u ty  w i t h  th e  h o t  s tr e a m  th a t  

c o m e s  o u t  th e  s t r ip p e r  c o lu m n .  T h e  r ic h  a m in e  i s  h e a te d  b y  t h e  s tr ip p e r  p r e -h e a t e r  to  

th e  te m p e r a tu r e  c l o s e  to  th e  s tr ip p e r  o p e r a t in g  te m p e r a tu r e  ( 1 1 6 .4  ° C )  a n d  e n te r s  a t 

th e  to p  o f  th e  s t r ip p e r  c o lu m n .  In  t h is  s t u d y ,  th e  s tr ip p e r  h a s  2 4  s t a g e s .  In  th e  s tr ip p e r ,  
th e  r ic h  s o lu t io n  f l o w  d o w n w a r d  a g a in s t  t h e  h o t  s tr e a m  fr o m  th e  r e b o i le r .  C O 2 i s  

t h e r e b y  s tr ip p e d  o f f  f r o m  th e  s o lv e n t  w i t h  p u r ity  o f  9 8 .2  % . T h e  le a n  s o lu t io n  f r o m  

th e  b o t t o m  o f  th e  s tr ip p e r  is  c o o l e d  d o w n  t o  3 5  °c, a n d  r e c y c le d  b a c k  t o  th e  to p  o f  

th e  a b s o r b e r  t o  c o m p l e t e  th e  lo o p .

L o a d in g  =  [ C O ; ]  +  [ H C O j ]  +  [ C 0 32 ] +  [ M E A C O O - ]
[ M E A ]  +  [ M E A - ]  +  [ M E A C O O - ]  ( 4 .1 )

L o a d in g  i s  a n  im p o r ta n t  p a r a m e t e r  th a t a f f e c t s  th e  e n e r g y  p e r f o r m a n c e  

o f  M E A - b a s e d  p r o c e s s ,  r e fe r r in g  t o  m o l  o f  C O 2 c a r r y in g  s p e 'c ie s  o v e r  m o l  o f  M E A  

c a r r y in g  s p e c i e s  a s  d i s p la y e d  in  E q u a t io n  4 .1 .  T h e  M E A - b a s e d  p r o c e s s  i s  o p t im iz e d  

to  m in im iz e  e n e r g y  c o n s u m p t io n  b y  v a r y in g  M E A  m a s s  f l o w  ra te  a n d  M E A  lo a d in g .  
In  t h is  s tu d y , th e  M E A  m a s s  f l o w  ra te  a n d  lo a d in g  o f  th e  s o lu t io n  th a t  m i n i m iz e  th e  

e n e r g y  c o n s u m p t io n  a re  4 1 .7 8  k g / s  a n d  0 .2 ,  r e s p e c t iv e ly .
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A  s u m m a r y  o f  s im u la t io n  in p u ts  a re  d is p la y e d  in  T a b le  4 .3 .
4.1.2 Key Process Simulation Specifications

T a b le  4 .3 a  M E A -b a s e d  C O 2 c a p tu r e  p la n t k e y  p r o c e s s  s im u la t io n  s p e c if ic a t io n s

F L U E G A S
(P o s t-c o m b u s t io n  F lu e  

G a s  S tr e a m )

T e m p e r a tu r e  (°C ) 1 4 2
P r e ssu r e  (k P a ) 1 1 5 .1
M o la r  F lo w  (k m o l/h r ) 1 0 4 4 .9
C o m p o s it io n  ( m o le  fr a c t io n )
N 2 0 .8 3
C O 2 0 .1 4
h 2o 0 .0 3
M E A -

S3
(F lu e  G a s  S tr e a m  fro m  

S c r u b b e r )

T e m p e r a tu r e  (°C ) 4 6 .1
P r e s s u r e  (k P a ) 1 1 5 .1
M o la r  F lo w  (k m o l/h r ) 1 1 1 2 .8 1
C o m p o s it io n  ( m o le  fr a c t io n )
n 2 0 .7 8
C O 2 0 .1 3
h 2o 0 .0 9

L E A N M E A  
(L e a n  A m in e  S tr e a m )

T e m p e r a tu r e  (°C ) 3 5
P r e ssu r e  (k P a ) 1 3 5 .8
M o la r  F lo w  (k m o l/h r ) 6 5 3 3 .7 7
C o m p o s it io n  (m o le  fr a c t io n )
n 2 6 .7 3 E - 0 6
C 0 2 -
h 2o 0 .9 0 8 4 5 9
M E A 0 .0 4 0 6 7 4
M E A + 0 .0 2 5 7 1 9
H 3 0 + 0
M E A C O O ' 0 .0 2 4 1 8 6
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Table 4.3b MEA-based CO2 capture plant key process simulation specifications

A B S O R B E R
(A b s o r b e r )

N u m b e r  o f  S ta g e s 2 5
P ressu re  (k P a ) 1 0 1 .3
C O 2 R e m o v a l  (% ) 9 1 .6 7
R ich  A m in e  L o a d in g 0 .3 6

B1 (R ic h  A m in e  P u m p ) O u tle t P r e ssu r e  (k P a ) 2 3 9 .2

-  C R O S S H X  
(R ic h /L e a n  H E X )

H o t S id e  O u tle t  T e m p e r a tu r e  (°C ) 9 4
C o ld  S id e  O u tle t  T e m p e r a tu r e  (°C ) 7 5
T e m p era tu re  A p p r o a c h  ( ° C ) 5

B 2
(S tr ip p e r  P r e -h e a te r )

-T em p er a tu re  (°C ) 8 9
P ressu re  (k P a ) 2 3 9 .2

S T R IP P E R
(S tr ip p e r )

N u m b e r  o f  S ta g e s 2 4
P ressu re  (k P a ) 173
R e b o ile r  T e m p era tu re  ( ° C ) 1 1 6 .4
L ean  A m in e  L o a d in g 0.2

C O 2

(C O 2 O u t le t  S tr e a m )

T e m p era tu re  (°C ) 3 0
P ressu re  (k P a ) 1 0 1 .3
M o la r  F lo w  (k m o l/h r ) 1 3 7 .6 1
C o m p o s it io n  (m o le  fr a c t io n )

n 2 0 .0 0 0 1 5 3
C 0 2 0 .9 5 6 7 6 9
h 20 0 .0 4 3 0 7 9
M E A -

C O N D E N  (C o n d e n s e r ) T e m p era tu re  (°C ) 3 0
R E F L U X  

(R e f lu x  T a n k )
T e m p e r a tu r e  (°C ) 3 0
P ressu re  (k P a ) 1 0 1 .3
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Table 4.3c MEA-based CO2 capture plant key process simulation specifications

B 6  (R e f lu x  P u m p ) O u tle t  P ressu re  (k P a ) 2 3 9 .2
B 7  (L e a n  A m in e  P u m p ) O u tle t  P ressu re  (k P a ) 1 3 5 .8

M E A M K
(M E A  M a k e u p  S tr e a m )

T e m p e r a tu r e  (°C ) 3 5
P r e ssu r e  (k P a ) 1 3 5 .8
M o la r  F lo w  ( k m o l /h r ) - 0.021
C o m p o s it io n  ( m o le  fr a c t io n )
M E A 1

H 2 0 M K
(W a te r  M a k e u p  S tr e a m )

T e m p e r a tu r e  (°C ) 3 5
P r e ssu r e  (k P a ) 1 3 5 .8
M o la r  F lo w  (k m o l/h r ) 4 6 .7 4
C o m p o s it io n  (m o le  fr a c t io n )
h 20 1

C O O L E R O u tle t  T e m p era tu re  (° C ) 3 5

4 .2  S c r e e n in g  IL s  fo r  C O 2 C a p tu r e  P ro cess

T h e  g a s e o u s  s o lu b i l i ty  in  a n y  s o lv e n t  is  a  c r u c ia l  r o le  in  s o lv e n t  s e le c t io n  fo r  

C O 2 c a p tu re . I o n ic  l iq u id s  are , in  g e n e r a l, p h y s ic a l  s o lv e n t s  fo r  c a p tu r in g  C O 2 . 
T h e  C O 2 a b s o r p t io n  p e r fo r m a n c e s  o f  ea ch  1L a re  n o t  eq u a l fo r  e v e r y  ty p e  o f  IL s, 
th e s e  p e r fo r m a n c e s  d e p e n d  o n  m a n y  fa c to rs  su c h  a s  d iffe r e n t  c o m b in a t io n  b e tw e e n  
c a tio n  an d  a n io n  (stru ctu ra l v a r ia t io n );  e f f e c t  o f  a lk y l c h a in  le n g th , e f f e c t  o f  
su b st itu te d  g r o u p  a n d  m a n y  o th e r s . H o w e v e r , C O 2 s o lu b i l ity  in IL s are q u ite  h ig h  
c o m p a r e d  to  o th e r  g a s e s  in p o s t  c o m b u s t io n  f lu e  g a s ;  th e r e fo r e , th e  s e l e c t iv i t y  fo r  

r e m o v in g  C O 2 is  q u ite  g o o d . A s  a  resu lt, IL s th a t p h y s ic a l ly  d i s s o lv e d  C O 2 are  
a ttr a c t iv e  fo r  n a tu ra l g a s  s w e e t e n in g  a n d  p r e -c o m b u s t io n  g a s  s e p a r a tio n . H o w e v e r ,  
large  s c a le  a p p lic a t io n  o f  p h y s ic a l  IL s for  C O 2 ca p tu re  fro m  f lu e - g a s  is  m a in ly  
h in d e r e d  b y  th e  lo w  C O 2 a b so r p tio n  c a p a c ity  at p o s t - c o m b u s t io n  c o n d it io n s .  
T h e  p a rtia l p r e s su r e  o f  C O 2 at p o s t -c o m b u s t io n  c o n d it io n s  is  ra th er  ‘ lo w  
( 7 - 1 6  m o l  % ), h e n c e  C O 2 s o lu b i l ity  is  lo w e r  th an  5  m o l  %  e v e n  fo r  th e  b e s t  p h y s ic a l
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IL s. T o  o v e r c o m e  th is  p r o b le m , th e  a m in e  fu n c tio n a l  g r o u p  is  in c lu d e d  in to  th e  IL  
th at c o u ld  g r e a t ly  im p r o v e  a b so rp tio n  c a p a c ity  b y  r e a c te d  w ith  C O 2 ( fu n c t io n a l iz e d  
io n ic  l iq u id ) . T h e s e  ty p e s  o f  IL s are k n o w n  in  a n o th e r  n a m e  “ ta s k - s p e c i f ic  io n ic  
l iq u id ” (T S I L ) .  H o w e v e r ,  th e  b ig  p r o b le m  o f  th e s e  IL s  is  th e y  g e t  h ig h  v is c o s i t y  a fter  
r e a c tin g  w ith  C O 2 and  c a n n o t  b e  o p er a ted  in th e  rea l p r o c e s s  (S a n c h e z  e t al., 2 0 0 7 ) .  
A n o th e r  o p t io n  is  to  u s e  n o n - fu n c t io n a l iz e d  IL  o r  c o n v e n t io n a l  IL  th at ca n  

c h e m ic a l ly  a b s o r b s  C O 2 ; l - e t h y l - 3 - m e t h y l im id a z o l iu m  a c e ta te  ( [ e m im ] [ A c ] ) :

F ig u r e  4 .2  T h e  e x p e r im e n ta l  P -x  p h a se  d ia g ra m  o f  C O 2 +  [ e m im ] [ A c ]  a t th ree  i s o 
th erm , 2 9 8 .1  ,3 2 3 .1  , a n d  3 4 8 .1  K ; c ir c le , tr ia n g le , an d  sq u a r e , r e s p e c t iv e ly .  X is th e  
m o l fra c tio n  o f  C O 2 d i s s o lv e  in  [ e m im ][A c ] .

R e fe r r in g  to  th e  e x p e r im e n ta l  s tu d y  o f  S h if le t t  et a l ( 2 0 0 9 ) ,  th e y  fo u n d  th at 
C O 2 is  s tr o n g ly  c h e m ic a l ly  a b so rb ed  in th e  IL l - e t h y l - 3 - m e t h y l im id a z o l iu m  a ce ta te  
( [ e m im ] [ A c ] ) ,  w h ic h  is  s im ila r  to  th e ir  p r e v io u s  w o r k  o n  th e  IL  l - b u t y l - 3 -  
m e th y lim id a z o liu m  a c e ta te  ( [ b m im ][ A c ] ) .  IL  [ e m im ] [ A c ]  s h o w s  h ig h ly  u n u su a l  
p h a se  b e h a v io r , at l o w  C O 2 c o n c e n tr a t io n  ( le s s  th a n  2 0  m o l %  o f  C O 2 at a ll 
iso th e r m ), th e  b in a r y  m ix t u r e s  d o  n o t h a v e  h ig h  v a p o r  p r e s su r e s , g iv in g  a  s tr o n g  
a ttra c tiv e  (o r  c o m p le x  fo r m a tio n )  in te r a c tio n  b e tw e e n  th e  C O 2 a n d  [ e m im ][A c ] .  
T h e  a b s o r p t io n -d e s o r p t io n  e x p e r im e n t  w a s  d o n e  to  s h o w  th at th e  c o m p le x  is
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r e v e r s ib le . T h e y  c o n c lu d e d  th a t th is  b e h a v io r  is  s im ila r  to  w h a t th e y  h a v e  p r e v io u s ly  
d e sc r ib e  fo r  th e  C O 2 an d  [b m im ][A c ]  s y s t e m , w h e r e  a  h ig h ly  a s y m m e tr ic  p h a se  
b e h a v io r  w ith  r e s p e c t  to  c o n c e n tr a t io n  w a s  r e p o r ted . S u c h  a  p h a se  b e h a v io r  is  
e x tr e m e ly  rare . F u r th erm o re , r e v e r s ib le  c o m p le x  fo r m a tio n  o f  A B 2 ( A  =  C O 2 and  
B  =  [ b m im ] [ A c ] )  w a s  rep o r ted  fo r  th e  s tr o n g  a b s o r p tio n . In th e  p r e s e n t  c a s e ,  th e y  
c o n c lu d e  th a t th e  C O 2 ( A )  a n d  [ e m im ] [ A c ]  (B )  are a ls o  fo r m in g  a  c o m p le x  ( A B 2)  
(Y o k o z e k i  e t a l., 2 0 0 8 )  b y  a  L e w is  a c id  b a s e  r e a c tio n .

B a s e d  o n  th e  s tu d y  o f  S h if le t t  et al. ( 2 0 0 9 ) ,  IL  [ e m im ] [ A c ]  s h o w s  th e  

p o te n tia l a s  a b s o r b e n t  fo r  C O 2 ca p tu re  fro m  p o s t - c o m b u s t io n  f lu e  g a s  ( l o w  partia l 
p r essu re  o f  C O 2) .  T h e r e fo r e , th e  s im u la t io n  o f  th is  C O 2 ca p tu re  p r o c e s s  is  s tu d ied  
an d  c o m p a r e d  to  th e  r e su lts  w ith  th e  c o n v e n t io n a l  o r g a n ic  s o lv e n t  (M E A ) .  T h e  m a in  
rea so n  o f  s e le c t in g  th is  I L ' i s  d u e  to  its  r e m a r k a b le  a b s o r p t io n  b e h a v io r  and  th e  

a v a i la b i li ty  o f  e x p e r im e n ta l  d a ta .

4 .3  D e f in in g  I o n ic  L iq u id  in  th e  A sp en  P lu s

4 .3 .1  C r it ic a l P r o p e r t ie s  o f  Io n ic  L iq u id  l e m im ï ï À c l
N o r m a lly ,  w h e n  p e r fo r m in g  th e  s im u la t io n  u s in g  A s p e n  P lu s , th e  

p r o p e r tie s  p a r a m e te r s  o f  s e le c t e d  c o m p o n e n ts  w i l l  b e  a u to m a tic a lly  r e tr ie v e d . S in c e  
th e  d a ta b a se s  o f  A s p e n  P lu s  d o  n o t p r o v id e  a n y  p u re  c o m p o n e n t  d ata  fo r  

[ e m im ] [ A c ] ,  th e  d ir e c t  in p u t in fo r m a tio n  a n d  d a ta  r e g r e s s io n  m o d e j n  A s p e n  P lu s  are 
e s s e n t ia l ly  e m p lo y e d .  T o  u s e  th e  d ata  r e g r e s s io n  m o d e  fo r  e x a m in in g  th e  b in a ry  
in ter a c tio n  p a r a m e te r s  o f  e q u a t io n s  o f  s ta te  a n d  a c t iv ity  c o e f f ic ie n t  m o d e l  o r  d o in g  
a n y  s im u la t io n , th e  c r it ic a l p r o p e r t ie s  o f  s e le c te d  c o m p o n e n ts  are r e q u ired . S in c e , th e  
c r it ic a l p r o p e r t ie s  o f  IL s are  n o t  a v a ila b le  an d  d i f f ic u lt  to  m e a su r e  e x p e r im e n ta l ly  
b e c a u s e  it w i l l  d e c o m p o s e  a t th e  te m p e r a tu r e  n ea r  th e ir  n o rm a l b o i l in g  p o in t . 
T h e  e x te n d e d  g r o u p  c o n tr ib u tio n  m e th o d , w h ic h  is  c a l le d  “th e  m o d if ie d  L y d e r s e n -  
J o b a c k -R e id ” m e th o d , is  u s e d  to  e s t im a te  th e  cr it ic a l p r o p e r t ie s  o f  IL  [ e m im ] [ A c ] .  
T h e  rea so n  o f  s e le c t io n  th is  m e th o d  w a s  p r o v e n  to  g iv e  g o o d  r e su lts  fo r  m o le c u le s  o f  
h ig h  m o le c u la r  w e ig h t  an d  th is  m e th o d  is  r e la t iv e ly  s im p le  b e c a u s e  it r e q u ir e s  a  b a s ic  
k n o w le d g e  o f  m o le c u la r  s tru c tu re  and  m o le c u la r  w e ig h t  (V a ld e r r a m a  a n d  R o b le s ,  
2 0 0 7 ) .  T h is  g r o u p  c o n tr ib u t io n  m e th o d  a ls o  u se d  to  e s t im a te  th e  o th e r  p u re
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c o m p o n e n t  p r o p e r t ie s  o f  IL th a t are e s s e n t ia l  to  d o  th e  s im u la t io n  s u c h  a s  H e a t o f  
fo r m a tio n , G ib b s  E n e r g y  o f  F o r m a tio n  and  H e a t  o f  V a p o r iz a t io n  (a t n o r m a l b o il in g  
p o in t ) .  T h e  e s t im a te d  p r o p e r t ie s  in c lu d e s  n o r m a l b o i l in g  te m p e r a tu r e  (Tb), cr itica l  
te m p e r a tu r e  (T c) , c r it ic a l  p r e ssu r e  (P c), c r it ic a l v o lu m e , th e  a c e n tr ic  fa c to r  (G O ), h eat 

o f  fo r m a tio n  (Hform), G ib b s  E n e r g y  o f  F o r m a tio n  (Gform), a n d  h e a t  o f  V a p o r iz a t io n  
(Hvap) o f  IL [ e m im ] [ A c ]  are s h o w n  in  T a b le  4 .4 .

T a b le  4 .4  P u re  c o m p o n e n t  p r o p e r t ie s  o f  io n ic  l iq u id  [ e m im ] [ A c ]

P r o p e r t ie s V a lu e P r o p e r t ie s V a lu e
M o le c u la r  w e ig h t  ( M w ) 1 7 0 .2 1 A c e n tr ic  fa c to r  (co) 0 .5 4 9 2

B o i l in g  te m p e r a tu r e  (Tb), K 5 6 8 .2 1 H e a t  o f  F orm ation  (Hform), 
k j /m o l

-4 0 2 .3 1

C r it ic a l  te m p e r a tu r e  (T c) ,  K 7 9 7 .8 5 G ib b s  e n e r g y  o f  fo r m a t io n
(Gform), k J /m o l

- 1 7 7 .7 7

C r it ic a l p r e ssu r e  (P c), bar 2 9 .1 4 3 H e a t  o f  v a p o r iz a t io n  (Hvap), 
k J /m o l

5 4 .9 6 6

C r it ic a l v o lu m e  ( c m 3/m o l ) 5 6 1 .0 0

S in c e ,  n o  e x p e r im e n ta l  c r it ic a l p r o p e r t ie s  w e r e  a v a i la b le  to  e v a lu a te  th e  
a c c u r a c y  o f  th e  e s t im a te d  v a lu e , th e  liq u id  d e n s i ty  o f  IL [ e m im ] [ A c ]  is  d e te r m in e d  as  

a  c o n s i s t e n c y  t e s t  fo r  th e  p r e d ic te d  p r o p e r t ie s  b y  u s in g  a  g e n e r a liz e d  c o r r e la tio n  
b a s e d  o n  th e  e q u a t io n  o f  s p e n c e r  an d  D a n n e r  E q u a tio n  2 .5  a n d  2 .6 .

o
C H 3

F ig u r e  4 .3  M o le c u la r  s tru ctu re  o f  io n ic  liq u id  [ e m im ] [ A c ] .
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T h e  e x p e r im e n ta l  l iq u id  d e n s ity  o f  IL  [ e m im ] [ A c ]  is  b r o u g h t fro m  th e  
s tu d y  o f  H u g o  e t a l. ( 2 0 1 2 ) .  T h e y  m e a su r e d  th e r m o -p h y s ic a l  p r o p e r t ie s  o f  f iv e  
a c e ta te -b a s e d  io n ic  l iq u id , s p e c i f i c a l ly ,  d e n s ity , v is c o s i t y ,  r e fr a c t iv e  in d e x , and  
s u r fa c e  t e n s io n . T h e  d e n s i ty  o f  IL  [ e m im ][A c ]  w a s  m e a su r e d  in  th e  tem p era tu r e  
ra n g e  o f  2 8 3 .1 5  to  3 6 3 .1 5  K . T h e  c o m p a r is o n  o f  th e  e x p e r im e n ta l  a n d  e s t im a te d  
d e n s ity  v a lu e s  a re  s h o w n  in T a b le  4 .5 .  In th is  w o r k , th e  a v e r a g e  a b s o lu te  d e v ia t io n  
( A A D )  b e tw e e n  th e  e x p e r im e n ta l  an d  e s t im a te d  d e n s i ty  o f  IL [ e m im ] [ A c ]  is  0 .2 1  % , 
w h ic h  is  in  th e  a c c e p t a b le  r a n g e  o f  error. S o , th e s e  p u re c o m p o n e n t  a n d  c r it ic a l  
p r o p e r t ie s  fro m  th e  e s t im a t io n  o f  [ e m im ] [ A c ]  c a n  b e  u s e d  in  th e  s im u la t io n .

T a b le  4 .5  E x p e r im e n ta l  an d  e s t im a te d  d e n s ity  o f  io n ic  liq u id  [ e m im ] [ A c ]

T e m p e r a t u r e  ( K ) p e x p  ( g /c m 3 ) p e a l  ( g / c m 3 ) % A p c a l

2 8 3 .1 5 1 .0 4 7 2 1 .1 5 6 1 6 3 1 0 .4 0 5 1 8
2 8 8 .1 5 1 .0 4 2 9 1 .1 5 2 0 3 7 1 0 .4 6 4 7 8
2 9 3 .1 5 1 .0 3 8 5 1 .1 4 7 8 9 7 1 0 .5 3 4 1 5
2 9 8 .1 5 1 .0 3 4 2 1 .1 4 3 7 4 3 1 0 .5 9 2 0 3
3 0 3 .1 5 1 .0 2 9 9 1 .1 3 9 5 7 4 1 0 .6 4 8 9 8
3 0 8 .1 5 1 .0 2 5 6 1 .1 3 5 3 9 1 0 .7 0 4 9 5
3 1 3 .1 5 1 .0 2 1 3 1 .1 3 1 1 9 1 1 0 .7 5 9 9 2
3 1 8 .1 5 1 .0 1 7 1 .1 2 6 9 7 7 1 0 .8 1 3 8 5
3 2 3 .1 5 1 .0 1 2 7 1 .1 2 2 7 4 7 10.86668
3 2 8 .1 5 1 .0 0 8 4 1 .1 1 8 5 0 1 1 0 .9 1 8 4
3 3 3 .1 5 1 .0 0 4 1 1 .1 1 4 2 3 9 1 0 .9 6 8 9 5
3 3 8 .1 5 0 .9 9 9 8 1 .1 0 9 9 6 1 1 1 .0 1 8 2 8
3 4 3 .1 5 0 .9 9 5 8 1 .1 0 5 6 6 6 1 1 .0 3 2 9 0
3 4 8 .1 5 0 .9 9 1 5 1 .1 0 1 3 5 3 1 1 .0 7 9 5 2
3 5 3 .1 5 0 .9 8 7 2 1 .0 9 7 0 2 4 1 1 .1 2 4 7 8
3 5 8 .1 5 0 .9 8 2 8 1 .0 9 2 6 7 7 1 1 .1 7 9 9 6
3 6 3 .1 5 0 .9 7 8 5 1 .0 8 8 3 1 1 1 1 .2 2 2 4 2

A A D  (% ) 0 .2 1 4 3 9 8
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4 .3 .2  T e m p e r a tu r e -d e p e n d e n t  P r o p e r tie s
S a m e  w ith  th e  c r it ic a l p r o p e r t ie s  o f  IL , A s p e n  P lu s  d o e s  n o t p r o v id e  

a n y  th e r m o -p h y s ic a l  p r o p e r t ie s  o f  IL . T h e r e fo r e , th e  e x p e r im e n ta l  d a ta  fro m  th e  
lite ra tu re  h a v e  to  b e  in p u t in to  th e  A s p e n  P lu s  in  form  o f  p a ra m eters  c a l le d  
“te m p e r a tu r e -d e p e n d e n t  c o r r e la t io n  p a ra m eter” . R e g r e s s io n  m o d e  in  A s p e n  P lu s  is  
e m p lo y e d  fo r  th is  p u r p o s e . T h e  p r o p e r tie s  o f  IL  at v a r io u s  te m p e r a tu r e s  are  
c o r r e la te d  a s  a fu n c t io n  o f  te m p e r a tu r e  w ilh  e a c h  p r o p e r ty ’s  e q u a t io n  in s ta l le d  in  
A s p e n  P lu s . T h e  te m p e r a tu r e -d e p e n d e n t  p r o p e r t ie s  o f  IL  [ e m im ] [ A c ]  w h ic h  a re  u se d  
in th is  s tu d y  are c o m p o s e d  o f  s p e c i f i c  h e a t c a p a c ity ,  liq u id  v a p o r  p r e ssu r e , liq u id  
d e n s ity , l iq u id  v i s c o s i t y ,  a n d  liq u id  s u r fa c e  t e n s io n . T h e  e q u a t io n s  in  A s p e n  P lu s  th at 

r e p r e se n t  th e s e  p r o p e r t ie s  are C P IG D P , P L X A N T , D N L D I P , M U L D I P , a n d  S I G D IP .  
T h e  d e ta i l s  o f  th e  p r o p e r t ie s  r e g r e s s io n  a re  d i s c u s s e d  in th e  fo l lo w in g :

4.3.2.1 S p ec ific  H ea t C apacity
F o r  th e  s p e c i f i c  h e a t c a p a c ity  o f  IL  [ e m im ] [ A c ] ,  th e  J o b a c k  

m e th o d  is  u s e d  to  e s t im a te  s p e c i f i c  h e a t  c a p a c ity  o f  io n ic  l iq u id  [ e m im ] [ A c ] ;  d u e  to  
th is  p r o p e r ty  is  n o t  a v a i la b le  in th e  litera tu re . T h e  J o b a c k  m e th o d  u s e s  a  fo u r  
p a r a m e te r  p o ly n o m ia l  to  d e sc r ib e  th e  te m p e r a tu r e  d e p e n d e n c y  o f  th e  id ea l g a s  h e a t  
c a p a c ity  a s  s h o w n  in  E q u a tio n  4 .2 .  T h e s e  p a r a m e te r s  are v a l id  fro m  2 7 3  K  to  

a p p r o x im a te ly  1 0 0 0  K . T a b le  4 .6  s h o w s  th e  e s t im a te d  s p e c i f i c  h e a t  c a p a c ity  o f  IL  
[ e m im ] [ A c ]  in  th e  te m p e r a tu r e  r a n g e  fro m  2 7 3 .1 5  to  3 6 8 .1 5  K .

Cp =  £ » -  3 7 .9 3  +  E b i +  0 . 2 1]T +  E e l  -  3 .9 1 .1 0 - 4 ] T 2 
+  E d i  +  2 .0 6 .1 0 - 7 ] T 3 ( 4 .2 )
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T a b le  4 .6  E st im a te d  s p e c i f i c  h ea t c a p a c ity  o f  io n ic  l iq u id  [ e m im ] [ A c ]  at a  ra n g e  o f  
tem p era tu r e  from  2 7 3  K  to  4 7 3  K .

T e m p e r a tu r e  (K ) S p e c if ic  h e a t  c a p a c ity  (J /m o l.K )

27 3 19 3 .6 4
2 7 8 1 9 6 .2 0
283 198.75
2 8 8 2 0 1 .3 0
29 3 2 0 3 .8 5
2 9 8 2 0 6 .3 9
303 2 0 8 .9 3
30 8 2 1 1 .4 7
313 21 4 .0 1
31 8 2 1 6 .5 4
323 2 1 9 .0 7
3 2 8 2 2 1 .5 9
333 224 .11
33 8 2 2 6 .6 3
343 2 2 9 .1 4
34 8 2 3 1 .6 5
353 2 3 4 .1 5
35 8 2 3 6 .6 5
363 2 3 9 .1 5
3 6 8 2 4 1 .6 3

N e x t ,  th e  d ata  r e g r e s s io n  m o d e  in  A s p e n  P lu s  is  u se d . T h e  
te m p e r a tu r e -d e p e n d e n t c o r r e la t io n  p a r a m eters  o f  e q u a t io n  C P I G D P , w h ic h  is  th e  
eq u a tio n  th a t re p r e se n ts  s p e c i f i c  h e a t  c a p a c ity  o f  th e  s u b s ta n c e , a re  f itte d  w ith  th e  
e s t im a te d  d a ta . T h e  c o r r e la t io n  e q u a t io n  is  s h o w n  in  E q u a t io n  4 .3 .
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Cp*1 *= Cu + C2iT + C3iT2 + C4iT3 + CsiT4 + c 6ip  for c 7i < T < Csi
Cp =̂ c9i + Cl0iTc lliforT < c 7i (4.3)

Cl to  C9 in E q u a tio n  4.3 are te m p e r a tu r e  d e p e n d e n t-c o r r e la t io n  
p a ra m eters  f o r  th e  CPIGDP m o d e l . In th is  s tu d y , th e s e  p a r a m e te r s  a re  f it te d  w ith  th e  
e s t im a te d  s p e c i f i c  h ea t c a p a c ity  o f  IL  [ e m im ] [ A c ]  in  th e  te m p e r a tu r e  r a n g e  fro m  2 9 3  
to  318 K , w h ic h  is  th e  te m p era tu r e  r a n g e  th a t w a s  o p e r a te d  in  th is  s im u la t io n  w o r k .  
T h e  v a lu e s  o f  th e s e  p a ra m eters  are s h o w n  in  T a b le  4.7.

T a b le  4 .7  T e m p e r a tu r e -d e p e n d e n t  c o r r e la t io n  p a r a m e te r s  o f  s p e c i f i c  h e a t  c a p a c ity  o f  
io n ic  liq u id  [ e m im ] [ A c ]  fro m  r e g r e ss io n

P a r a m e te r /  N a m e S y m b o l V a lu e  (K ; J /k m o l.K )

C P IG /1 C l i 4 2 9 7 2 .1 6
C P I G /2 C 2 i 5 8 4 .7 0 6 8
C P IG /3 C 3 i - 0 .1 2 1 3 8
C P I G /4 C 4 i 0
C P IG /5 C 5 i 0
C P I G /6 C 6 i 0
C P I G /7 C 7 i 0
C P I G /8 C 8 i 1000
C P I G /9 C 9 i 0

C P I G /1 0  - C lO i 0
C P I G /1 1 C l  l i 0

T o  a sc e r ta in  th e  a c c u r a c y  o f  th e s e  p a r a m e te r s , th e  r e g r e s s io n e d  
p a ra m eters  m u s t  b e  c h e c k e d  b y  u s in g  t h e s e  p a ra m eters  to  c a lc u la te  b a c k  th e  s p e c i f i c  
h e a t c a p a c ity  o f  [ e m im ] [ A c ]  an d  th en  c o m p a r e  it w ith  th e  e s t im a te d  d a ta . F ro m  th e  
r e su lts , t h e s e s  r e g r e s s io n e d  p a ra m eter  g iv e  th e  c o n s i s t e n c y  r e su lt  w ith  th e  e s t im a te d
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data; and  w ith  th e  c o r r e la t io n  c o e f f ic ie n t  (R 2) e q u a ls  0 .9 9 9 .  T h e  c o n s i s t e n c y  o f  re -  
g r e s s io n e d  a n d  e s t im a te d  v a lu e s  is  s h o w n  in  F ig u r e  4 .4 .

Specific Heat Capacity of [emim][Ac]

290 295 300 305 310 315 320
Temperature (K)

♦ Estimation 

—“ •Regression

F ig u r e  4 .4  T h e  c o n s i s t e n c y  o f  s p e c if i c  h e a t c a p a c ity  b e tw e e n  th e  e s t im a t io n  and  
r e g r e ss io n  d a ta  o f  io n ic  liq u id  [e m im ][A c ]

4 .3 .2 .2  L iq u id  V apor Pressure
S in c e  IL s  are c o n s id e r e d  s u b s ta n c e  w ith  z e r o  v a p o r  p r essu re  

(n e g l ig ib le  v a p o r  p r e s su r e ) , th e  e x p e r im e n ta l v a p o r  p r e ssu r e  m e a s u r e m e n ts  o f  IL s are  
d if f ic u lt ,  and th e  v a p o r  p r e ssu r e  d a ta  o f  IL s  a re  rare. T o  o v e r c o m e  th is  p r o b le m , th e  

c o n c e p t  o f  R u d k in  ( 1 9 6 1 )  is  a p p lie d  to  e s t im a te  th e  v a p o r  p r e s su r e  o f  IL  [ e m im ] [ A c ] .  
R u d k in , c o n s id e r e d  w a te r  a s  r e fe r e n c e  f lu id  and u s e d  th e  A n t o in e  eq u a tio n  
(L o g  p s =  A - B / [ T + C ] )  to  re la te  th e  v a p o r  p r essu re  p s o f  a n y  f lu id  w ith  th e  
tem p era tu r e  T . R u d k in  u se d  a  v a lu e  c  =  4 3  (w ith  T  in K e lv in ) ,  v a lu e  c o r r e sp o n d in g  
to  w a ter , th e  r e fe r e n c e  f lu id . T h e  e q u a tio n  is  s h o w n  in E q u a tio n  4 .4 .

l o g P s =  A  -  B
T - 43 (4.4)
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The constant A and B are the function of boiling temperature 
(Tb), critical temperature (Tc), and critical pressure (Pc) as shown in Equation 4.5 and
4.6. The estimated vapor pressure of IL [emim][Ac] in the temperature range from 
273.15 to 523.15 K is shown in Table 4.8.

A = log (PC)*(TC -  43>'CTc -Tb) (4.5)
B = log (PC)*(TC -  43y(Tb -  43),'(Tc -  Tb) -  (4.6)

Table 4.8 The estimated liquid vapor pressure of IL [emim][Ac] in the temperature 
range from 273.15 to 523.1 SK

Temperature (K) Pressure (Pa) Temperature (K) Pressure (Pa)

273.15 6.73248E-07 403.15 0.006218116
283.15 1.93035E-06 413.15 0.009623285
293.15 5.0877E-06 423.15 0.014554907
303.15 1.24466E-05 433.15 0.021551843
313.15 2.8498E-05 443.15 0.031292397
323.15 6.15028E-05 453.15 0.044616543
333.15 0.000125877 463.15 0.062548886
343.15 0.000245626 473.15 0.086321954
353.15 0.00045907 483.15 0.117399418
363.15 0.000825118 493.15 0.157498813
373.15 0.00143129 503.15 0.208613359
383.15 0.002403667 513.15 0.273032506
393.15 0.003918871 523.15 0.353360857

Next, the Data regression mode in the Aspen Plus is used. 
The temperature-dependent correlation parameters of equation PLXANT, which is
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the equation that represents liquid vapor pressure of substance; are fitted with the 
estimated data. The correlation equation is shown in Equation 4.7.

In Pi* 1 = Cti+ c 2i + C4iT + C 5ilnT =  C6iTC7i forCsi< T < C 9i

T + c 3i (4.7)
Cl to C9 in Equation 4.7 are temperature dependent-correlation 

parameters for the PLXANT model. In this study, these parameters are fitted with the 
estimated liquid vapor pressure of IL [emim][Ac] in the temperature range from 
273.15 to 523.15 K. The values of these parameters are shown in Table 4.9.

Table 4.9 Temperature-dependent correlation parameters of liquid vapor pressure of 
ionic liquid [emim][Ac]~from regression

Parameter/ Name Symbol Value (K; Pa)

PLXANT/1 Cli 5.549195
PLXANT/2 C2i -5756.1
PLXANT/3 C3i -43.715
PLXANT/4 C4i -2.78E-04
PLXANT/5 C5i 0.518242
PLXANT/ 6 C6 i 4.738097
PLXANT/7 C7i -0.11424
PLXANT/ 8 C8 i 0

PLXANT/9 C9i 1 0 0 0

From the results, IL [emim][Ac] shows very extremely low 
vapour pressure (negligible vapour pressure) that is consistence with the nature of 
ILs mentioned in the literature review section. The regressed parameter give the 
consistency result with the estimated data, and with the correlation coefficient (R2)
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equals 0.587. The consistency of regressed and estimated values is shown in 
Figure 4.5.

Vapor pressure of [emim][Ac]

♦  Estimation 

■— Regression

Figure 4.5 The consistency of liquid vapor pressure between the estimation and 
regression data of ionic liquid [emim][Ac],

4.3 .2 .3  L iq u id  D ensity
The experimental liquid density of IL [emim][Ac] is brought 

from the study of Hugo e t al. (2012). The temperature-dependent correlation 
parameters of equation DNLDIP, which is the equation that represents liquid density 
of substance, are regressed and fitted with the experimental data. The correlation 
equation is shown in Equation 4.8.

Pi* 1 = Cu/C2i{1 + (l - t;c30C4O £01 c 6i < T < c ?i (4.8)

C| to C7 in Equation 4.8 are temperature dependent-correlation 
parameters for the DNLDIP model. In this study, these parameters are fitted with the
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experimental liquid density of IL [emim][Ac] in the temperature range from 283.15 
to 363.15 K. The values of these parameters are shown in Table 4.10.

Table 4.10 Temperature-dependent correlation parameters of liquid density of ionic 
liquid [emim][Ac] from regression

Parameter/ Name Symbol
Value

(K; kmol/cum)

DNLDIP/1 Cli 0.37252
DNLDIP/2 C2i 0.220678
DNLD1P/3 C3i 1110.037
DNLDIP/4 C4i 0.528581
DNLDIP/5 C5i 0

DNLDIP/ 6 C6 i 0

DNLDIP/7 C7i 1 0 0 0

Figure 4.6 The consistency of liquid density between the experiment and regression 
data of ionic liquid [emim][Ac].
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4 3 .2 .4  L iq u id  V iscosity
The experimental liquid viscosity of IL [emim][Ac] is brought 

from the study of Hugo et al. (2012). The temperature-dependent correlation 
parameters of equation MULD1P, which is the equation that represents liquid 
viscosity of substance; are regressed and fitted with the experimental data.

In 1 =  C h  + c 2i/r  + c 3i InT  +  C 4iT C5i for c 6i < T  < c 7i ( 4 .9 )

The regressioned parameter give the consistency result with
the experimental data, and with the correlation coefficient (R2) equals 0.999.
The consistency of regressioned and estimated values is shown in Figure 4.6.

Cl to C7 in Equation 4.9 are temperature dependent-correlation 
parameters for the MULDIP model. In this study, these parameters are fitted with the 
experimental liquid viscosity of IL [emim][Ac] in the temperature range from 283.15 
to 363.15 K. The values of these parameters are shown in Table 4.11.

Table 4.11 Temperature-dependent correlation parameters of liquid viscosity of ion
ic liquid [emim][Ac] from regression

Parameter/ Name Symbol Value
(K; N-sec/sqm)

MULDIP/1 Cli -321.912
MULDIP/2 C2i 20301.95
MULDIP/3 C3i 46.42677
MULDIP/4 C4i -7.05354
MULDIP/5 C5i -0.06058
MULDIP/ 6 C6 i 0

MULDIP/7 C7i 1 0 0 0
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The regressed parameter give the consistency result with the
experimental data, and with the correlation coefficient (R2) equals 0.634.
The consistency of regressioned and estimated values is shown in Figure 4.7.

Liquid Viscosity of [emim][Ac]

Experiment

Regression

Figure 4.7 The consistency of liquid viscosity between the experiment and 
regression data of ionic liquid [emim][Ac].

4 .3 .2 .5  L iq u id  Surface Tension
The experimental liquid surface tension of IL [emim][Ac] is 

brought from the study of Hugo et al. (2012). The temperature-dependent correlation 
parameters of equation SIGDIP, which is the equation that represents liquid surface 
tension of substance; are fitted with the experimental data. The correlation equation 
is shown in Equation 4.10.

Oi* '1 = Cii(l — Trj)(C2i + C3jTri+ C4iT2ri+ C 5iT3ri)forC6i< T  < c 7i (4.10)

Cl to c 7 in Equation 4.10 are temperature dependent- 
correlation parameters for the MULDIP model. Tr is reduced temperature, which is 
temperature over critical temperature of IL. In this study, these parameters are fitted
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with the experimental liquid surface tension of IL [emim][Ac] in the temperature 
range from 298.1 to 344.2 K. The values of these parameters are shown in 
Table 4.12.

Table 4.12 Temperature-dependent correlation parameters of liquid surface tension 
of ionic liquid [emim][Ac] from regression

Parameter/ Name Symbol Value 
(K; N/m)

SIGDIP/1 Cli 0.027268
SIGDIP/2 C2i -2.89365
SIGDIP/3 C3i 5.889673
SIGDIP/4 C4i 0

SIGDIP/5 C5i 0

SIGD1P/6 C6 i 0

SIGD1P/7 C7i 1 0 0 0

Liquid Surface Tension of [emim][Ac]

290 300 310 320 330 340 350

♦  E xp erim ent 
a  " R egression

T emp culture (K)

Figure 4.8 The consistency of liquid surface tension between the experiment and 
regression data of ionic liquid [emim][Ac].
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4.3.3 Thermodynamic Model (Binary Interaction Parameter)
The IL-based system involves the mixture system, which is composed 

of the solubility of gases in IL (N2 and CO2 in [emim][Ac]) and solubility of liquid in 
liquid ([emim][Ac] in water). The binary interaction parameters of Non-Random 
Two Liquid (NRTL) are used to calculate the activity coefficient of each substance in 
the binary system ([emim][Ac] + water). The standard Peng-Robinson (PR-EoS), the 
Redlich-Kwong-Aspen (RK ASPEN-EoS), and the Henry’s constant model is used to 
calculate the solubility of N2 and CO2 in IL [emim][Ac]. Binary interaction 
parameters of the thermodynamic models in this study are taken from the regression 
of the experimental data (P-x diagram) reported in the literature.

Many thermodynamic models have been proposed for modeling the 
phase behavior of ionic liquid + cc>2 systems. In this study, three thermodynamic 
models available in the Aspen Plus process simulator have been correlated with the 
experimental data. Then, the results of these three models are compared to find the 
best one, which has the highest consistency between correlated and experimental 
data. The experimental CO2 solubility data is correlated using the two well-known 
equation of state, the standard Peng-Robinson (PR-EoS) and the Redlich-Kwong- 
Aspen (RK ASPEN-EoS); and one Henry’s constant model.

4.3.3.1 The S ta n d a rd  P eng-R obinson  (P R -E oS)
In case of the correlation with the standard PR-EoS, the model 

parameters, kij(l), kij(2), kij(3) and binary interaction parameter (kij) from 298.1 to
348.2 K of CO2 + [emim][Ac] system are given in Table 4.13. Parameter kij is fitted 
to the binary system as a function of temperature with minimized standard deviation. 
The calculated results from the standard PR-EoS is illustrated in Figure 4.9 along 
with the experimental data for the binary system CO2 + [emim][Ac].

The regressioned parameter give the consistency result with
the experimental data; and with the correlation coefficient (R2) equals 0.997.
The consistency of regressioned and estimated values is shown in Figure 4.8.
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Table 4.13 Binary interaction parameters of the standard PR-EoS for the ionic 
liquid [emim][Ac] (1) + CO2 (2 )

Parameter/ Name Symbol Value
(SI-unit/K)

PRKBV/1 kij(l) -74.9236
PRKBV/2 kij(2 ) 0.137299
PRKBV/3 kij(3) 1 0 0 0 0

PRKBV/4 Tlower 1.26E-08
PRKBV/5 Tuppper 1 0 0 0

Binary
interaction parameter

Kij = kij(L) + kij(2)T + kij(3)/T (Equation 2.15)
Kij =-74.9236 + (0.137299 X T(K)) + 
(10000/T(K))

Table 4.14 Average absolute deviation (AAD %) between experimental and 
estimated values of mol fraction by the standard PR-EoS for the ionic liquid 
[emim][Ac] + cc>2

Temperature (K) Binary interaction AAD (%)
parameter values (Kij)

298.1 -0.44913 0.177253
323.1 0.387714 0.239417
348.2 1.602867 0.213991

Average AAD (%) 0.210021
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Figure 4.9 P-x diagram of the system CO2 and ionic liquid [emim][Ac] at three 
isotherm; 298.2, 323.2, and 348.2 K. Symbols represent the experimental data. Lines 
represent the estimations by the standard PR-EoS.

Deviation between the experiment and correlated mol fraction 
are shown in Table 4.14. The AADs are calculated in percent at each isothermal 
temperature. The AADs at temperature 298.1, 323.1, and 348.2 are 0.177 %, 
0.239 %, and 0.214 %, respectively. The average value of AADs is 0.21 %. 
The standard PR-EoS correlates the data in agreement with the experimental data 
(average AAD less than 2.0 %). It can be concluded that the use of the standard 
PR-EoS is acceptable for modeling the solubility of CO2 in [emim][Ac] over a range 
of pressure up to 20 bar.

4 .3 .3 .2  The R ed lich-K w ong-A spen  (R K  A SP E N -E oS)
In this equation of state, quadratic mixing rules which are 

based on the two-interaction parameters ka,ij and kb,ij are applied. The mixing rules 
are adequate for mixtures containing polar components that are highly asymmetric 
with respect to size. The SRK with quadratic mixing rules can describe the 
experimental data of the solubility of CO2 in [emim][Ac].
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Table 4.15 Binary interaction parameters of the standard PR-EoS for the ionic 
liquid [emim][Ac] (1) + CO2 (2)

Parameter/ Name Symbol Value
(SI-unit/K)

RKAKAO ka,ij0 -25.6437
RKAKA1 ka,ijl 47.4795
RKAKBO kb,ij0 -9.60394
RKAKB1 kb,ijl 18.19093

Binary
interaction parameter

ka, ij = ka,ij0 + (ka,ij 1 *T(K)/1000)
kb, ij = kb,ij0 + (kb,ij 1 *T(K)/1000)
ka, ij ='-25.6437 + (47.4795*T(K)/1000)
kb, ij = -9.60394 + (18.19093*T(K)/1000)

The two binary interaction parameters (kajj and kbjj) in the 
mixing rules are optimized using the experimental CO2 solubility data. Table 4.15 
summarizes the binary interaction parameter of the SRK with quadratic mixing rules 
at three different temperatures. Figure 4.10 shows the graphical representation of the 
modeling result and the experimental solubility for the CO2 + [emim][Ac] system.

The AADs values at the temperature 298.1, 323.1, and 348.2 
are 0.819 % , 3.019 %, and 6.720 %, respectively. The binary interaction of the 
SRK-EoS at high temperature does not seem to be the norm -  the higher the 
temperature, the more deviation from the norm. The average value of AADs is 
3.52 %. The average AAD % for the correlation with the SRK-EoS is higher 
compared to standard PR-EoS. SRK-EoS cannot consistently estimate the solubility 
of the CO2 + [emim][Ac] system with the experimental solubility data; especially at 
high temperature. In conclusion, the standard PR-EoS predicts better CO2 solubility 
for CO2 + [emim][Ac] system than the standard SRK-EoS.



77

Table 4.16 Average absolute deviation (AAD %) between experimental and 
estimated values of mol fraction by the standard SRK-EoS for the ionic liquid 
[emim][Ac] + cc>2

Temperature (K) Binary interaction parameter 
values (Kij)

AAD (%)

ka,ij kb,ij
298.1 -11.4901 -4.18122 0.819231
323.1 -10.3031 -3.72645 3.019835
348.2 -9.11134 -3.26986 6.720232

Average AAD (%) 3.519766

P-x diagram of the system [emim][Ac] + C 02

♦  EXP-298.1 K 

■  EXP-323.1 K 

A EXP-348.2 K 

—  EST-298.1K

----- EST-323.1 K

----- EST-348.2 K

Figure 4.10 P-x diagram of the system CO2 and ionic liquid [emim][Ac] at three 
isotherm; 298.2, 323.2, and 348.2 K. Symbols represent the experimental data. 
Lines represent the estimations by the standard SRK-EoS.
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4 .3 .3 .3  H en ry  ’ร C onstan t M odel
T h e  H e n r y 's  c o n s ta n t  m o d e l  is  u s e d  w h e n  H e n r y 's  L a w  is  

a p p lie d  to  c a lc u la te  K - v a lu e s  fo r  d i s s o lv e d  g a s  c o m p o n e n t s  in a  m ix tu r e . H en ry 's  
L a w  is  a v a i la b le  in a ll a c t iv it y  c o e f f ic ie n t  p r o p er ty  m e th o d s  in A s p e n  P lu s . In th is  
s tu d y , H e n r y ’ s c o n s ta n t  m o d e l  in N o n -R a n d o m  T w o  L iq u id  ( N R T L )  m o d e l is  
a p p lie d  to  c o r r e la te  w ith  th e  e x p e r im e n ta l  d a ta . T h e  m o d e l  c a lc u la t e s  H en ry 's  
c o n s ta n t  fo r  a  d is s o lv e d  g a s  c o m p o n e n t  in  th e  s o lv e n t .  T h e  g e n e r a l e q u a tio n  o f  
H e n r y ’s c o n s ta n t  o f  th e  A s p e n  is  s h o w n  a s  E q u a tio n  4 .1 1  :

In Hi = ajA + biA-T + c-L-ylnT + d 1aT + CiA/T2 for Tl < T < Th (4.11)

T h e  m o d e l  p a ra m eters  “ a ” to  “e ” a re  f it te d  to  th e  e x p e r im e n ta l  
data; th e s e  v a lu e s  are s h o w n  in  T a b le  4 .1 7 .

Table 4.17 P a r a m e te r s  o f  th e  H e n r y ’s la w  c o n s ta n t  m o d e l  fo r  th e  b in a r y  s y s te m  
io n ic  l iq u id  [ e m im ] [ A c ]  +  cc >2

Parameter/ Name Symbol Value
(SI-unit/K)

H E N R Y /1 aij - 9 5 8 .8 4 3
H E N R Y /2 bij -  - -10000
H E N R Y /3 cij 1 7 1 .3 4 3 1
H E N R Y /4 dij 0
H E N R Y /5 T lo w e r 0
H E N R Y /6 T u p p e r 2000
H E N R Y /7 eij 0
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Figure 4.11 P - x  d ia g r a m  o f  th e  s y s te m  N 2 a n d  io n ic  l iq u id  [ e m im ] [ A c ] .  S y m b o ls  
rep resen t th e  e x p e r im e n ta l  d a ta . L in e s  r e p r e se n t  th e  e s t im a t io n s  b y  H e n r y ’ s  c o n s ta n t  

m o d e l.

T h e  c o r r e la te d  r e s u lts  from  th e  H e n r y ’s  la w  m o d e l  a lo n g  w ith  

th e  e x p e r im e n ta l  d a ta  fo r  th e  b in a ry  s y s t e m  C 0 2 +  [ e m im ] [ A c ]  are s h o w n  in F ig u r e
4 .1 1 .  T h e  A A D s  v a lu e s  a t th e  te m p e r a tu r e  2 9 8 .1 ,  3 2 3 .1 ,  a n d  3 4 8 .2  a re  0 .2 6 4  % ,
0 .1 1 7  % , a n d  0 .0 8 7  % , r e s p e c t iv e ly .  T h e  a v e r a g e  v a lu e  o f  A A D s  i s -0 .1 6  % . F o r  a ll 
th e r m o d y n a m ic  m o d e l  u s e d  in  th is  s tu d y , H e n r y ’s c o n s ta n t  m o d e l  p r o v id e s  th e  
lo w e s t  a v e r a g e  A A D  fo r  th e  e x p e r im e n ta l  s o lu b i l i t y  c o r r e la tio n .  
A s  a  r e su lts , H e n r y ’s c o n s ta n t  is  d e te r m in e d  th e  b e s t  m o d e l  to  r e p r e se n t  th e  C O 2 

s o lu b i l ity  in  IL  [ e m im ] [ A c ]  at lo w  p r e s su r e  u p  to  2 0  b a r  a n d  te m p e r a tu r e  o f  2 9 8 .1 ,
3 2 3 .1 ,  an d  3 4 8 .2  K .

H e n r y ’s  la w  m o d e l  is  a ls o  u se d  to  c o r r e la te  th e  s o lu b i l i t y  o f  N 2 

in [ e m im ][A c ]  b e c a u s e  it is  p r e s e n c e  in  th e  f lu e  g a s  c o m p o s i t io n .  T h e  m o d e l  
‘ p a ra m eters  a re  s h o w n  in  T a b le  4 .1 8 .  R e fe r s  to  th e  s tu d y  o f  S h if le t t  e t a l  ( 2 0 1 0 ) ,  th e  

s o lu b i l ity  o f  N 2 in  io n ic  liq u id  l - b u t y l- 3 - m e t h y l im id a z o l iu m  te tr a f lu o r o b o r a te
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[ b m im ][B f4 ]  is  u se d  in s te a d  o f  [ e m im ] [ A c ]  b e c a u s e  th e  s o lu b i l i ty  o f  N 2 in 
[ e m im ] [ A c ]  h a v e  n o t  b e en  r ep o r ted  in a n y  lite ra tu re . In th is  s tu d y , th e  N 2 s o lu b i l i ty  is  
ta k en  from  th e  s tu d y  o f  jo h a n  et al. ( 2 0 0 6 ) .

Table 4 .1 8  P a r a m e te r s  o f  th e  H e n r y ’s c o n s ta n t  m o d e l fo r  th e  b in a r y  s y s t e m  io n ic  
liq u id  [ e m im ] [ A c ]  + N 2

Parameter/ Name Symbol Value
(SI-unit/K)

H E N R Y / 1 aij - 2 1 2 .8 9 9
H E N R Y /2 bij 9 3 7 7 .8 0 6
H E N R Y /3 c ij 3 3 .6 1 9 1 6
H E N R Y /4 dij 0 '
H E N R Y /5 T lo w e r 0
H E N R Y /6 T u p p e r 2000
H E N R Y /7 eij 0

T h e  c a lc u la te d  r e s u lts  fro m  th e  H e n r y ’s la w  m o d e l  are  

i llu s tr a te d  in  F ig u r e  4 .1 2  a lo n g  w ith  th e  e x p e r im e n ta l  d a ta  fo r  th e  b in a r y  s y s te m  
C O 2 +  N 2. T h e  A A D  o f  th is  s y s t e m  is  0 .3 1 1  % .
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F ig u r e  4 .1 2  T - x  d ia g r a m  o f  th e  s y s te m  N  2 and  io n ic  liq u id  [ e m im ] [ A c ] .  S y m b o ls  
re p r e se n t th e  e x p e r im e n ta l  d a ta . L in e s  re p r e se n t th e  e s t im a t io n s  b y  th e  H e n r y ’s 
c o n s ta n t  m o d e l .

4 3 .3 .4  The N on-R andom  Two L iq u id  (NRTL)
A p a r t from  th e  g a s e s  s o lu b i l i t y  in io n ic  l iq u id , liq u id  s o lu b i l ity  

in io n ic  l iq u id  is  a ls o  c o n s id e r e d  b e c a u s e  o f  e x i s t in g  w a te r  in  th e  s y s t e m . In th is  

s tu d y , th e  w e l l - k n o w n  N R T L  a c t iv ity  c o e f f ic ie n t  m o d e l  is  u s e d  to  c o r r e la te  th e  
s o lu b i l i ty  o f  w a te r  in  [ e m im ] [ A c ] .  T a b le  4 .1 9  s h o w s  th e  b in a r y  in te r a c tio n  
p a ra m eters  a d ju sted  to  th e  e x p e r im e n t  s o lu b i l ity  d a ta  o f  w a te r  in [ e m im ] [ A c ] ,  w h ic h  

are ( g i 2 - g 22) /R  and  ( g 2 i - g n ) / R .  B o th  b in a ry  p a r a m e te r s  are r e la te d  to  T|2 a n d  T2 1 , 
r e s p e c t iv e ly .  In th is  w o r k , th e  p a ra m eter  a  is a s s u m e d  to  b e  c o n s ta n t  v a lu e  o f  
0 .3 3 8 3 5 4  in  o rd er  to  o b ta in  th e  a c c u r a te  r e su lts  ( A l-R a s h e d  e t a l.,  2 0 1 2 ) .  T h e  P -x  

d ia g ra m  o f  [ e m im ] [ A c ]  +  w a te r  m ix tu r e  at 7  te m p e r a tu r e s  ( 2 9 3 .1 5 ,  3 0 3 .1 5 ,  3 1 3 .1 5 ,  
3 2 3 .1 5 ,  3 3 3 .1 5 ,  3 4 3 .1 5 ,  a n d  3 5 3 .1 5  K ) are d e p ic te d  in  F ig u re  4 .1 3 .  T h e  s o lu b i l i ty  o f  
w a te r  in  [ e m im ] [ A c ]  a re  ta k e n  fro m  th e  s tu d y  o f  C h r is t ia n  et al. ( 2 0 1 2 ) .
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Table 4 .1 9  B in a r y  in te r a c t io n  p a ra m eters  o f  th e  N R T L  fo r  th e  io n ic  liq u id  
[ e m im ] [ A c ]  +  H 20  s y s te m

Parameter/ Name Symbol Value
(Si-Unit/ K)

NRTL/1 -  A ij 80
NRTL/1 A ji 9.789126
NRTL/2- B ij 10000
NRTL/2 B ji -3521.07
NRTL/3 C i i 0.338354
NRTL/4 D ij 0
NRTL/5 E ij 0
NRTL/5 E ji 0
NRTL/6 Fij 0
NRTL/6 Fij 0

B in a r y
in te r a c tio n  p a ra m eter

X|2 = (gl2-g22)/RT 
X2I = (g2|-gll)/RT
(g 12-g21 )/R = [80 X T(K)] + 10000
(g21 -g 12)/R = [9.789126 X T(K)] -  3521.02

T h e  c o r r e la te d  p r e s su r e s  o b ta in e d  fr o m  th e  N R T L  a re in g o o d  
a g r e e m e n t w ith  th e  e x p e r im e n ta l  e q u ilib r iu m  p r e ssu r e s . T h e  A A D s  o f  th e  e s t im a t io n  

and  r e g r e s s io n  are  s h o w n  in  T a b le  4 .2 0 .  T h e  a v e r a g e  A A D  o f  th is  b in a r y  s y s t e m  is
0.75 %.
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Table 4.20 A v e r a g e  a b s o lu te  d e v ia t io n  (A A D  % ) b e tw e e n  e x p e r im e n ta l  and  
e s t im a te d  v a lu e s  o f  p r e s su r e  b y  th e  N R T L  fo r  th e  [ e m im ] [ A c ]  +  F L O  sy s te m

T e m p e r a t u r e
( K )

B in a r y  in t e r a c t io n  p a r a m e t e r  
v a lu e s  ( K ij )

.A A D  ( % )

(g l2 -g 2 2 )/R ( g 2 I -g l l ) /R a
2 9 3 .1 5 3 3 4 5 2 -6 5 1 .3 9 1 0 .3 3 8 3 5 4 0 .4 9 9 5 2 8
3 0 3 .1 5 3 4 2 5 2 - 5 5 3 .5 0 0 0 .3 3 8 3 5 4 0 .2 9 3 2 7 5
3 1 3 .1 5 3 5 0 5 2 - 4 5 5 .6 0 8 0 .3 3 8 3 5 4 0 .2 1 3 7 0 6
3 2 3 .1 5 3 5 8 5 2 - 3 5 7 .7 1 7 0 .3 3 8 3 5 4 0 .4 9 8 8 8 7
3 3 3 .1 5 3 6 6 5 2 - 2 5 9 .8 2 6 0 .3 3 8 3 5 4 0 .8 8 8 9 1 6
3 4 3 .1 5 3 7 4 5 2 - 1 6 1 .9 3 5 0 .3 3 8 3 5 4 1 .2 4 6 6 9 9
3 5 3 .1 5 3 8 2 5 2 - 6 4 .0 4 3 4 0 .3 3 8 3 5 4 1 .5 7 4 4 3 6

A v e r a g e  A A D  (% ) 0 .7 4 5 0 6 4

P - x  d ia g r a m  o f  t h e  s y s t e m  [ e m im ] [ A c ]  +  H 20
500 

450 

400 

350

f  300

1
* 250

I  200

150 

100 

50

0
0.4 0.6 0.7 0.8

M o le  fra c tion  o f  w a te r (Xw )

♦  EXP-293.15 K

------- EST-293.15 K

A EXP-303.15 K

-------EST303.15K

■  EXP-313.15 K

------- EST-313.15K

m EXP-323.15 K

-------E5T-323.15 K

ร  EXP-333.15 K

------- EST-333.15 K

»  EXP-343.15 K

-------ESR-343.15 K

»  EXP-353.15 K 

------- E5T-353.15 K

Figure 4.13 P -x  d ia g r a m  o f  th e  s y s te m  H 2O  and  io n ic  liq u id  [ e m im ] [ A c ]  at s e v e n  
iso th e r m ; 2 9 3 .1 5 ,  3 0 3 .1 5 ,  3 1 3 .1 5 ,  3 2 3 .1 5 ,  3 3 3 .1 5 ,  3 4 3 .1 5 ,  an d  3 5 3 .1 5  K . S y m b o ls  
rep resen t th e  e x p e r im e n ta l  d a ta . L in e s  rep resen t th e  e s t im a t io n s  b y  th e  N R T L .
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4 .3 .4  E q u ilib r iu m  M o d e l
In th is  s tu d y , IL  ( [ e m im ] [ A c ] )  s h o w s  c h e m ic a l  a b so r p tio n  b e h a v io r  

w h ic h  d if f e r s  fro m  o th e r  IL s , th e  r e a c t io n  c a lc u la t io n  m o d e  in A s p e n  P lu s  is  
th ere fo re  r e q u ir e d . M a n y  r e se a r c h e s  o n  re a c tio n  m e c h a n is m  o f  [ e m im ][A c ]  h a v e  
b een  d o n e , b u t real r e a c t io n  m e c h a n ism  h a s n o t b e e n  c o n f ir m e d . T h e r e fo r e , th is  
stu d y  is  b a se d  o n  th e  p o s s ib le  rea c tio n  p a th s  a s  s h o w n  in  F ig u r e s  4 .1 4  a n d  4 .1 5 .

Figure 4.14 P o s s ib le  r e a c t io n  p a th s  le a d in g  to  e ith e r  p h y s ic a l  o r  c h e m ic a l  
a b so r p tio n s  o f  io n ic  liq u id  [ e m im ][A c ]  ( H o l lo c z k i  e t a l., 2 0 1 3 ) .

IL  [ e m im ] [ A c ]  c o n s is t s  o f  im id a z o liu m  c a t io n  a n d  a c e ta te  a n io n . 
T h e  c h e m ic a l  r e a c tio n  o f  [ e m im ] [ A c ]  o c c u r r e d  v ia  p r o to n  tra n sfe r  p r o c e s s .  H y d r o g e n  
a to m  at C 2  p o s i t io n  o n  th e  im id a z o liu m  c a tio n  is tra n sfe r r e d  a n d  fo r m s  th e  io n  p a ir  
w ith  [ e m im ] [ A c ]  ( [ C 2 C lI m ] [ H O A c ] ) ,  s u c h  m o le c u le  c a l le d  “ c a r b e n e ” is  s h o w n  in  
s tep  2  o n  F ig u r e  4 .1 5 .  T h e n , c a rb en e  m o le c u le  d o n a te s  th e  e le c tr o n  p a ir  to  ca rb o n  
d io x id e  m o le c u le ,  c a u s in g  th e  a c e ta te -h y d r o g e n  a n io n  to  b e  e l im in a te d  from  th e  
c a rb en e  m o le c u le  and  fo r m s  th e  a c e t ic  a c id . T h is  r e a c t io n  is  a  r e v e r s ib le  p r o c e s s .



[emim][Ac] carbene imidazoliumcarboxylate
F i g u r e  4 . 1 5  F o r m a t io n  o f  i m id a z o l iu m  c a r b o x y la t e  a n d  a c e t ic  a c id .

H O A c

acetic acid

In  th e  l it e r a tu r e , c a r b o n  d i o x id e  s o lu b i l i t y  in  i o n i c  l iq u id  [ e m im ] [ A c ]  

s h o w  e x t r e m e ly  u n u s u a l  p h a s e  b e h a v io r ,  ( C O 2 )  d i s s o l v e s  in  th e  i o n i c  l iq u id  a t a 

la r g e  c o n c e n t r a t io n  ( u p  t o  a b o u t  2 0  m o l  %  o f  C O 2 w i th  a lm o s t  n o  v a p o r  p r e s s u r e  

a b o v e  t h e  m ix t u r e ) .  S u c h  b e h a v io r  o f  [ e m i m ] [ A c ]  is  s im ila r  t o  [ b m im ] [ A c ]  a n d  

[ e e m i m ] [ A c ] ,  In  a ll  th r e e  c a s e s ,  C O 2 f o r m s  m o le c u la r  c o m p l e x e s  (o r  c h e m ic a l  

c o m p o u n d s )  w ith  i o n i c  l iq u id . N M R  s p e c t r o s c o p y  h a s  id e n t i f i e d  th e  s tr u c tu r e  

im id a z o i l u m - 2 - c a r b o x y la t e  a s  s h o w n  in  s te p  3 o f  F ig u r e  4 .1 5 .  S h i f le t t  a n d  e t al.
( 2 0 1 0 )  p r o p o s e d  th e  e q u i l ib r iu m  c a lc u la t io n  b a s e d  o n  th e ir  e x p e r im e n t  m e a s u r e m e n t  

( C O 2 +  [ b m im ] [ A c ] )  a s  s h o w n  in  F ig u r e  4 . f 6 .  D u e  to  th e  s im i la r it y  o f  C O 2 

a b s o r p t io n  b e h a v io r s  b e t w e e n  [ b m im ] [ A c ] ,  [ e m im ] [ A c ]  ,a n d  [ e e m i m ] [ A c ] .  
T h e  e q u i l ib r iu m  c a lc u la t io n  o f  [ e m i m ] [ A c ]  is  a s s u m e d  e q u iv a le n t  t o  [ b m im ] [ A c ]  b e 
c a u s e  th e r e  i s  n o  r e p o r te d  e x p e r im e n t  fo r  [ e m i m ] [ A c ] .

R xnl: emimAc + CO? «-* emimCC>2 

Rxn2: emimCOo + emimAc «-*• emmiiCCh 

Rxn.3: emim2C02 + emimAc <-*■ emim3C02

F i g u r e  4 . 1 6  T h e  r e a c t io n s  o f  [ e m i m ] [ A c ]  w i t h  C O 2 .

T h e  r e a c t io n  o f  [ e m i m ] [ A c ]  a n d  C O 2 c o n s i s t s  o f  th r e e  m in o r  

r e a c t io n s .  O n e  m o le c u l e  o f  [ e m i m ] [ A c ]  r e a c ts  w i t h  o n e  m o le c u l e  o f  C O 2 a n d  fo r m  

th e  im id a z o l i u m  c a r b o x y la t e .  T h e n , t h e  im id a z o l iu m  c a r b o x y la t e  c o n t in u e s  t o  r e a c t  

w ith  a n o t h e r  m o le c u l e s  o f  [ e m i m ] [ A c ]  a n d  f o r m s  t h e  n e w  i m id a z o l iu m  c a r b o x y la t e ,
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w h ic h  c o n s i s t  o f  t w o  m o l e s  o f  [ e m im ] [ A c ]  in  t h e  m o l e c u l e .  T h is  m o le c u l e  c o n t in u e s  

t o  r e a c t  w i t h  a n o t h e r  m o l e c u l e  o f  [ e m i m ] [ A c ] ,  a n d  f i n a l ly  th e  im id a z o l iu m  c a r b o x -  

y la t e  w i t h  th r e e  m o le s  o f  [ e m im ] [ A c ]  is  f o r m e d .
In  th is  s t u d y ,  e q u i l ib r iu m  c o n s t a n t  r e a c t io n  m o d e l  is  e m p lo y e d  to  

c a lc u la t e  t h e  r e a c t io n  o f  [ e m im ] [ A c ]  in  t h e  s im u la t io n .  T h e  A s p e n  P h y s ic a l  P r o p e r ty  

S y s t e m  c a n  c a l c u l a t e  t h e s e  e q u i l ib r iu m  c o n s t a n t s  f r o m  th e  c o r r e la t io n s  ( a s  a  f u n c t io n  

o f  te m p e r a tu r e )  a s  s h o w n  in  E q u a t io n  4 .1 2 .

In K k5 =  A  +  B / r  +  c  In T  +  D T : T  in  K e lv in  ( 4 .1 2 )

A ,  B ,  c, a n d  D  are  a d ju s ta b le  c o n s t a n t  p a r a m e te r s  f o r  th e  e q u i l ib r iu m  

c o n s t a n t s .  T h e s e  p a r a m e t e r s  a re  c o r r e la te d  to  th e  c o m p o s i t io n  m e a s u r e m e n t  o f  th e  

r e a c t io n  a t e q u i l ib r iu m  c o n d i t io n .  T h e  e q u i l ib r iu m  c o n s ta n t s  o f  a l l  r e a c t io n s  a t  

te m p e r a tu r e  o f  2 7 3 .1 5  t o  3 6 8 .1 5 ,  a n d  e q u i l ib r iu m  c o n s t a n t  p a r a m e te r s  a re  s h o w n  in  

T a b le  4 .2 1 .  E q u i l ib r iu m  c o n s t a n t  in  th is  s tu d y  i s  d e f in e d  a s  m o le  f r a c t io n  o f  p r o d u c ts  

o v e r  m o le  f r a c t io n  o f  r e a c ta n t s ,  s h o w n  in  F ig u r e  4 .1 7 .  T h e  “ R E A C - D I S T ” t y p e  

e q u i l ib r iu m  m o d e l  is  u s e d  fo r  r e a c t io n  c a l c u l a t i o n  in  th e  a b s o r b e r ,  w h i l e  th e  

“ P O W E R  L A W ” i s  u s e d  f o r  R C S T R /F L A S H  u n it .

R x n l ;  K kJ =  [ e m i m C 0 2 ] / [ e im m A c ] * [ C 0 2 ]
R x n 2 :  K s q =  [ e m i m 2 C 0 2 ] / [ e m im A c ] * [ e m im C 0 2 ]
R x n 3 :  K e q =  [ e m im 3 C 0 2 ] / [ e m im A c ] * [ e m im 2 C 0 2 ]

F i g u r e  4 . 1 7  E q u i l ib r iu m  c o n s t a n t  o f  th e  r e a c t io n s  o f  [ e m i m ] [ A c ]  w i t h  C Û 2 .

B a s e d  o n  a l l  o f  th e s e  p a r a m e te r s  (p u r e  c o m p o n e n t  p r o p e r t ie s ,  c r i t ic a l  

p r o p e r t ie s ,  t h e r m o d y n a m ic  m o d e l s  fo r  g a s  a n d  l iq u id  s o lu b i l i t y ,  a n d  r e a c t io n  m o d e l )  

a  p r o c e s s  s im u l a t i o n  o f  IL  [ e m i m ] [ A c ]  c a n  b e  c a r r ie d  o u t  t o  m e e t  th e  s a m e  ta r g e t  a s  

M E A - b a s e d  p r o c e s s .
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Table 4.21 E q u i l ib r iu m  c o n s t a n t s  a t a  r a n g e  o f  te m p e r a tu r e  fr o m  2 7 3 .2  t o  3 6 8 .2  K; 
a n d  e q u i l ib r iu m  c o n s t a n t  p a r a m e te r s  fo r  th e  r e a c t io n  o f  C O 2 +  [ e m i m ] [ A c ]  s y s t e m

Temperature (K)
Equilibrium constant (K eq )

Reaction 1 Reaction 2 Reaction 3
2 7 3 .1 5 3 2 .4 5 6 3 6 1 .6 9 8 4 6 1 3 . 4 0 6 4 6 6

2 7 8 .1 5 2 7 .0 9 4 2 4 1 .9 3 0 0 7 3 3 . 2 8 9 4 2 4

2 8 3 .1 5 2 2 .7 6 2 7 2 . 1 8 3 3 9 3 .1 8 0 3 2 9

2 8 8 .1 5 1 9 .2 3 9 6 1 2 .4 5 9 4 0 5 3 .0 7 8 4 5 3

2 9 3 .1 5 1 6 .3 5 5 3 4 2 .7 5 9 0 8 6 2 .9 8 3 1 5 2

2 9 8 .1 5 1 3 .9 7 9 4 1 3 .0 8 3 3 7 2 .8 9 3 8 5 1

3 0 3 .1 5 1 2 .0 1 0 6 6 3 . 4 3 3 1 6 2 .8 1 0 0 4

3 0 8 .1 5 1 0 .3 7 0 1 3 3 .8 0 9 3 2 4 2 .7 3 1 2 6

3 1 3 .1 5 8 .9 9 5 7 7 4 .2 1 2 6 9 4 2 .6 5 7 1

3 1 8 .1 5 7 .8 3 8 5 0 5 4 .6 4 4 0 6 2 2 .5 8 7 1 9 1

3 2 3 .1 5 6 .8 5 9 2 8 5 5 .1 0 4 1 7 9 2 .5 2 1 2 0 1

3 2 8 .1 5 6 .0 2 6 8 5 2 5 .5 9 3 7 5 6 2 .4 5 8 8 2 9

3 3 3 .1 5 5 .3 1 6 0 4 7 6 .1 1 3 4 6 1 2 .3 9 9 8 0 4

3 3 8 .1 5 4 .7 0 6 5 0 8 6 .6 6 3 9 2 2 .3 4 3 8 8

3 4 3 .1 5 4 . 1 8 1 6 7 4 7 .2 4 5 7 1 5 2 .2 9 0 8 3 2

3 4 8 .1 5 3 .7 2 8 0 0 4 7 .8 5 9 3 8 5 2 .2 4 0 4 5 8

3 5 3 .1 5 3 .3 3 4 3 7 8 8 .5 0 5 4 2 7 2 .1 9 2 5 7 1

3 5 8 .1 5 2 .9 9 1 6 2 9 .1 8 4 2 9 4 2 .1 4 7 0 0 3

3 6 3 .1 5 2 . 6 9 2 1 2 5 9 .8 9 6 3 9 6 2 .1 0 3 5 9 8

3 6 8 .1 5 2 .4 2 9 5 6 4 1 0 .6 4 2 1 2 .0 6 2 2 1 4

Equilibrium constant parameters
Reaction 1 Reaction 2 Reaction 3

A - 6 .5 6 5 5 7 .6 4 1 2 - 0 .7 1 9 3

B 2 7 4 3 .9 - 1 9 4 2 .5 5 3 1 .2 7

c - -
D - - -
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4 .4  I L - b a s e d  C O 2 C a p t u r e  P r o c e s s

4 .4 .1  P r o c e s s  D e s c r ip t io n
T h e  I L -b a se d  C O 2  ca p tu re  p r o c e s s  is  d e s ig n e d  to  a c h ie v e  th e  sa m e  

s p e c if ic a t io n s  a s  th e  M E A  p r o c e s s .  T h e  f l o w  d ia g ra m  o f  IL  p r o c e s s  is  s h o w n  in  
F ig u r e  4.18. T h e  p la n t is  s im ila r  to  th e  o n e  u s e d  b y  S h if le t t  e t  a l. (2010). E v e n  th e  IL  
[ e m im ][A c ]  s h o w s  c h e m ic a l  a b so r p tio n  b e h a v io u r  a n d  h a s  v e r y  h ig h  C O 2  cap tu re  
c a p a c ity  c o m p a r e d  to  m o s t  o f  IL s, b u t [ e m im ] [ A c ]  h a s  lo w e r  c a p a c ity  w h e n  
c o m p a r e d  to  M E A . T o  im p r o v e  th e  s o lu b i l i t y  o f  C O 2  in  [ e m im ] [ A c ] ,  th e  scru b b er  
s y s te m  are o p e r a te d  u n d e r  h ig h  p r essu re  a n d  lo w  te m p e r a tu r e . In th is  s tu d y , th e  
a b so r b e r  is o p e r a te d  u n d e r  p r e s su r e  at 618 k P a . T h e  a b s o r b e r  p r e ssu r e  a n d  IL  f lo w  
rate are o p t im iz e d  to  m in im iz e  th e  e n e r g y  c o n s u m p t io n  a n d  m e e t  th e  s a m e  ta rg et as  
M E A  p r o c e s s . F ro m  th e  p r o c e s s  f lo w  d ia g r a m , C O 2  is  c h e m ic a l ly  a b s o r b e d  b y  
[ e m im ][A c ]  to  g e t  th e  s a m e  c o m p o s i t io n  o f  C O 2  in th e  v e n t  g a s  c o m p a r e  to  M E A  
p r o c e s s .  R ic h  IL  s o lv e n t  is  h e a te d  u p  b e fo r e  e n te r in g  th e  r e g e n e r a t io n  u n it. 
R e g e n e r a t io n  p r o c e s s  is  d if fe r e n t  fro m  M E A  b y  u s in g  f la s h  te c h n iq u e  in s te a d  o f  
str ip p er  c o lu m n  (A s p e n  P lu s  R C S T R ). IL -r ich  s o lu t io n  is  r e g e n e r a te d  b y  
d e c r e a s in g  th e  p r e s su r e  to  th e  a tm o sp h e r ic  p r e s su r e  and  in c r e a s in g  te m p e r a tu r e  to  
a b o u t  80 °c, w h ic h  is  th e  tem p era tu r e  th a t C O 2  is  s tr ip p e d  o f f  c o m p le te ly .  
I L -le a n  s o lu t io n  is  p u m p e d  b a c k  and  c o o le d  d o w n  to  -2 °c b y  u s in g  r e fr ig e r a tio n  
s y s t e m . D ic h lo r o d if lu o r o m e th a n e  is  s e le c te d  a s  th e  r e fr ig era n t b y  c o n s id e r in g  o f  its  
n o r m a l b o i l in g  p o in t  a n d  o u t le t  te m p e r a tu r e  o f  c o o le d  s tr e a m . S o lv e n t  

a fte r  e x it in g  th e  r e fr ig e r a tio n  is  r e c y c le d  b a c k  to  th e  to p  o f  th e  a b so rb er . 
T h e  s im u la t io n  s p e c i f i c a t io n s  o f  IL p r o c e s s  are s h o w n  in T a b le  4.23.
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Figure 4.18 I L -b a se d  C O 2  ca p tu r e  f lo w  d ia g r a m  b y  A s p e n  P lu s  s im u la t io n .

I 00
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T a b le  4 .2 2 a  S trea m  s u m m a r y  o f  I L -b a se d  C O 2 c a p tu r e  p r o c e s s

S tr e a m C 0 2 F L U E G A S R 1 R 2 R 3 R 4
T e m p e r a tu r e  ( ° C ) 8 0 .8 142 - 3 0 .4 - 3 0 .4 51 16
P r e s s u r e  (b a r ) 1 .0 1 3 1 .0 1 3 0 .9 8 9 0 .9 8 9 5 .7 9 5 .7 9
V a p o r  F r a c t io n 1 1 0 .2 5 2 1 1 0
M o le  F lo w  (k m o l/h r ) 1 3 3 .2 2 6 1 0 1 3 .5 2 6 8 5 1 .5 2 8 5 1 .5 2 8 5 1 .5 2 8 5 1 .5 2
M a ss  F lo w  (k g /h r ) 5 8 3 6 .3 1 5 3 0 7 3 2 .0 1 1 0 2 9 6 0 1 0 2 9 6 0 1 0 2 9 6 0 1 0 2 9 6 0
V o lu m e  F lo w  (c u m /h r ) 3 8 5 6 .9 3 4 3 4 5 3 2 .3 8 4 2 8 4 .1 8 1 6 7 9 1 .4 3 5 9 4 .0 1 6 7 2 .5 2
E n th a lp y  (G c a l/h r ) - 1 2 .3 1 3 - 1 2 .8 7 7 - 1 0 3 .8 4 3 - 1 0 0 .7 9 9 - 9 9 .7 4 1 - 1 0 3 .8 4 3
M o le  F lo w  (k m o l/h r )

N 2 1 .4 4 6 8 6 7 .2 6 6 0 0 0 0
0 2 0 0 0 0 0 0
C O 0 0 0 0 0 0
C 0 2 1 3 1 .6 3 4 1 4 6 .2 6 0 0 • 0 0
C H 4 0 0 0 0 0 0
H 2 0 0 .1 4 6 0 0 0 0 0
B M I M A C 0 0 0 0 0 0
B M I M C 0 2 0 0 0 0 0 0
B M I M 2 C 0 2 0 0 0 0 0 0
B M I M 3 C 0 2 ■ 0 8 6 7 .2 6 6 0 0 0 0
D I C H L -0 1 ' 1 0 0 8 5 1 .5 2 8 5 1 .5 2 8 5 1 .5 2 8 5 1 .5 2
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T a b le  4 .2 2 b  S trea m  s u m m a r y  o f  I L -b a s e d  C O 2 ca p tu re  p r o c e s s

*

S tr e a m S I S2 S3 S 4 S5 S 6
T e m p e r a tu r e  ( ° C ) 5 4 0 .6 3 9 -2 3 .3 9 .9 5 8 .1 8 0 .8
P r e s s u r e  (b a r ) 7 .9 0 8 7 .9 0 8 6 .1 8 6 .1 8 6 .1 8 1 .0 1 3
V a p o r  F r a c t io n 1 1 0 0 0.001 0
M o le  F lo w  (k m o l/h r ) 1 0 1 3 .5 2 6 1 0 1 3 .5 2 6 6 6 3 .7 8 6 6 6 3 .7 8 6 6 6 3 .7 8 6 6 9 9 .9 7 2
M a ss  F lo w  (k g /h r ) 3 0 7 3 2 .0 1 3 0 7 3 2 .0 1 1 7 8 5 4 5 .2 1 7 8 5 4 5 .2 1 7 8 5 4 5 .2 1 7 2 7 0 8 .8
V o lu m e  F lo w  (c u m /h r ) 8 6 9 3 .9 6 2 3 3 1 1 .6 2 2 4 9 .2 8 8 1 2 5 0 .3 9 7 2 5 3 .4 7 8 2 6 5 .9 5 5
E n th a lp y  (G c a l/h r ) - 9 .7 1 7 - 1 3 .6 6 3 - 1 5 3 .9 2 5 - 1 5 2 .5 7 6 - 1 4 8 .6 1 2 - 1 3 6 .2 9 9
M o le  F lo w  (k m o l/h r )

N 2 8 6 7 .2 6 6 8 6 7 .2 6 6 1 .4 4 8 1 .4 4 8 1 .4 4 8 0 .0 0 2
0 2 0 0 0 0 0 0
C O 0 0 0 0 0 0
C 0 2  “ 1 4 6 .2 6 1 4 6 .2 6 2 .9 3 9 2 .9 3 9 2 .9 3 9 4 .1 7 8
C H 4 0 0 0 0 0 0
H 2 0 0 0 0 .5 3 9 0 .5 3 9 0 .5 3 9 0 .3 9 3
B M I M A C 0 0 3 4 7 .6 7 7 3 4 7 .6 7 7 3 4 7 .6 7 7 5 1 7 .0 8 8
B M I M C 0 2 0 0 1 2 7 .6 6 1 2 7 .6 6 1 2 7 .6 6 1 0 .1 1 6
B M I M 2 C 0 2 0 0 5 8 .4 5 4 5 8 .4 5 4 5 8 .4 5 4 6 4 .3 3 5
B M I M 3 C 0 2 0 0 1 2 5 .0 7 1 2 5 .0 7 1 2 5 .0 7 1 0 3 .8 6
D IC H L -0 1 0 0 0 0 0 0

I



T a b le  4 .2 2 c  S trea m  s u m m a r y  o f  I L -b a se d  C O 2 ca p tu r e  p r o c e s s

S tr e a m ร ? S8 S 9 S 1 0 V E N T G A S
T e m p e r a tu r e  ( ° C ) 81 5 0 .4 4 5 -2 7 .4
P r e s s u r e  (b a r ) 7 .9 0 8 7 .9 0 8 7 .9 0 8 7 .9 0 8 6 .1 8
V a p o r  F r a c t io n 0 0 0 0 1
M o le  F lo w  (k m o l/h r ) 6 9 9 .9 7 2 6 9 9 .9 7 2 6 9 9 .9 7 2 6 9 9 .9 7 2 8 8 0 .4 6 8
M a ss  F lo w  (k g /h r ) 1 7 2 7 0 8 .8 1 7 2 7 0 8 .8 1 7 2 7 0 8 .8 1 7 2 7 0 8 .8 2 4 8 9 8 .8 4
V o lu m e  F lo w  (c u m /h r ) 2 6 5 .9 4 1 2 6 5 .3 6 5 2 6 4 .8 9 6 2 6 3 .6 3 2 3 3 1 1 .9 6 9
E n th a lp y  (G c a l/h r ) - 1 3 6 .2 4 3 - 1 3 7 .5 9 2 - 1 3 8 .7 0 3 - 1 4 1 .7 4 8 - 1 .4 9 6
M o le  F lo w  (k m o l/h r ) \

N 2 0 .0 0 2 0 .0 0 2 0 .0 0 2 0 .0 0 2 8 6 5 .8 2 3
0 2 0 0 0 0 0
C O 0 0 0 0 0
C 0 2 4 .1 7 8 4 .1 7 8 4 .1 7 8 4 .1 7 8 1 4 .6 3
C H 4 0 0 0 0 1 0
H 2 0 0 .3 9 3 0 .3 9 3 0 .3 9 3 1 0 .3 9 3 0 .0 1 4
B M I M A C 5 1 7 .0 8 8 5 1 7 .0 8 8 5 1 7 .0 8 8 5 1 7 .0 8 8 0
B M I M C 0 2 1 0 .1 1 6 1 0 .1 1 6 1 0 .1 1 6 1 0 .1 1 6 0
B M I M 2  c  0 2 6 4 .3 3 5 ' 6 4 .3 3 5 6 4 .3 3 5 6 4 .3 3 5 0
B M I M 3 C 0 2 1 0 3 .8 6 1 0 3 .8 6 1 0 3 .8 6 1 0 3 .8 6 0
D IC H L -0 1 0 0 0 0 0 VO

t-o
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A  su m m a r y  o f  s im u la t io n  in p u ts are d is p la y e d  in T a b le  4 .2 3 .

T a b le  4 .2 3 a  IL -b a se d  C O 2 ca p tu re  p la n t k e y  p r o c e s s  s im u la t io n  s p e c if ic a t io n s

4.4.2 Key Process Simulation Specifications

F L U E G A S
(P o s t-c o m b u s tio n  F lu e  

G a s S tr e a m )

T e m p era tu re  (°C ) 1 4 2
P r e ssu r e  (k P a ) 1 0 1 .3 -
M o la r  F lo w  (k m o l/h r ) 1 0 1 3 .5 2 6
C o m p o s it io n  (m o le  fra ctio ti)
n 2 0 .8 5 5 6 9 2
C 0 2 0 .1 4 4 3 0 8  -
h 2o -

B1 (F lu e  G a s  C o m p r e sso r ) D is c h a r g e  P ressu re  (k P a ) 7 9 1 .0 3
B 2 (F lu e  G as C o o le r ) O u tle t  T e m p era tu re  (°C ) 3 9

N u m b e r  o f  S ta g e s 2 0
A B S O R B E R P r e ssu r e  (k P a ) 6 1 8 .1 4

(A b so r b e r ) C 0 2  R e m o v a l (% ) 9 0
T e m p e r a tu r e  (°C ) - 2 .0
P r e s su r e  (k P a ) 7 9 0 .8
M o la r  F lo w  (k m o l/h r ) 7 0 0 .1
C o m p o s it io n  (m oTe fra c tio n )
N 2 7 .1 4 1 8 5 E - 0 6

S 10 C 0 2 0 .0 0 5 9 2 6 3 0 5
(A b s o r b e n t  In le t  S tr e a m ) H 2 0 0 .0 0 0 7 9 1 3 1 7

B M I M A C 0 .7 3 8 5 3 6 9 7 8
B M I M C 0 2 0 .0 1 4 5 9 5 0 7 9
B M I M 2 C 0 2 0 .0 9 1 6 8 2 7 4 8
B M I M 3 C 0 2 0 .1 4 8 4 6 0 4 3 2
D I C H L -0 1 -
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Table 4.23b IL-based CO2 capture plant key process simulation specifications

B 4
(R ic h /L e a n  H E X )

H o t S id e  O u tle t T e m p era tu re  (°C ) 5 0 .4
C o ld  S id e  O u tle t  T e m p era tu re  (°C ) 9 .9
T e m p era tu re  A p p r o a c h  (°C ) 5

B 3
(F la sh  P r e -h e a te r )

T e m p era tu re  (° C ) 5 8 .1
P r e ssu r e  (k P a ) 6 1 8 .1 4

F L A S H
(F la sh  T a n k /R C S T R )

T e m p era tu re  (°C ) 81
P r e ssu r e  (k P a ) 1 0 1 .3

B 5  (F la sh  P u m p ) O u tle t  P ressu re  (k P a ) J791 .03
B 6  (C o o le r ) T e m p era tu re  (° C ) 4 5

B 7 (H ea t E x c h a n g e r )
H o t S id e  O u tle t  T e m p e r a tu r e  (°C ) -2
C o ld  S id e  O u tle t  T e m p era tu re  (°C ) - 3 0 .4
T e m p era tu re  A p p r o a c h  (°C ) 5

B 8  (C o m p r e sso r ) D is c h a r g e  P r e ssu r e  (k P a ) 5 7 9

B 9 O u tle t  T e m p era tu re  (°C ) 16
BIO O u tle t  P ressu re  (k P a ) 9 8 .9

* * * N o te
S tr e a m V a p o r  F r a c tio n

R 1 0 .2 5 2
'

R 2 1
R 3 1
R 4 0

4 .5  C o m p a r iso n  o f  M E A  a n d  IL -b a se d  C O 2 C a p tu r e  P r o c e s s

In th is  s tu d y , th e  M E A -b a s e d  p r o c e s s  se p a r a te s  a b o u t 9 0  %  o f  C O 2 w ith  

a n n u a l c a p a c ity  4 7 ,1 0 9  to n s , a n d  p u rity  o f  9 8 .1 8  % . T h e  o p e r a t in g  s p e c if ic a t io n s  o f  

b o th  p r o c e s s e s  a re  d is c u s s e d  in  s e c t io n s  4 .1  a n d  4 .4 .  T h e  s u m m a r ie s  o f  p r o c e s s  

s p e c if ic a t io n  a re  s h o w n  in T a b le  4 .2 4 .  T h is  s tu d y  is  c o m p a r e d  to  th e  c o m m e r c ia l
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M E A -b a s e d  p r o c e s s  w ith  9 0  % ca p tu re , 4 7 ,0 0 0  to n  o f  a n n u a l c a p a c ity , a n d  9 5  %  o f  
p u r ity . T h e  I L -b a s e d  p r o c e s s  is  d e s ig n e d  to  a c h ie v e  th e  s a m e  s p e c if ic a t io n  a s  th e  
M E A -b a s e d  p r o c e s s .  T h e  IL -b a se d  p r o c e s s  s e p a r a te s  4 7 ,1 0 0  to n s /y e a r , w h ic h  resu lts  
in a r e c o v e r y  o f  9 0 .0 1  % o f  C O 2 , and a l itt le  b it h ig h e r  p u r ity  c o m p a r e d  to  M E A  o f  

9 9 .2 6  % . T h e  s u m m a r ie s  o f  sc r u b b in g  p e r fo r m a n c e s  are s h o w n  in  T a b le  4 .2 5 .
T h e  m a s s  f lo w  rate o f  M E A  and  IL -b a se d  p r o c e s s  a re  4 1 .7 8  a n d  4 7 .9 8  k g /s . 

T h e  o p e r a t in g  p r e s su r e  o f  M E A -b a s e  p r o c e s s  is  at th e  p r e s su r e  n ea r  a tm o sp h e r ic  
p r e ssu r e , w h i le  IL -  p r o c e s s  is  o p e r a te d  at a b o u t 6  bars. T h e  h ig h e r  m a ss  f lo w  rate and  
o p e r a t in g  p r e s su r e  o f  IL [ e m im ][A c ]  is d u e  to  its  lo w e r  a b so rp tio n  c a p a c ity  
c o m p a r e d  to  M E A . T h e  c o m p r e s so r  and  r e fr ig e r a tio n  s y s te m  a re e m p lo y e d  to  m a k e  

th e  s u ita b le  o p e r a t in g  c o n d it io n  for IL -b a se d  p r o c e s s . A c c o r d in g  to  S h if le t t  et al. 
( 2 0 1 0 ) ,  th e  a d d it io n a l  e n e r g y  an d  e q u ip m e n ts  fo r  c o m p r e s s in g  th e  f lu e  g a s  and  

c o o l in g  th e  a b s o r b e n t  (r e fr ig e r a t io n )  w ill  b e  p a r t ia lly  o f f s e t  b y  th e  e n e r g y  and  
e q u ip m e n ts  s a v in g  in th e  r eg en era tio n  p r o c e s s .

T h e  u t i l i ty  re q u ir e m e n ts  for  th e  M E A -b a s e d  p r o c e s s  are s te a m  and  
e le c tr ic i ty .  T h e  m a jo r  u t ility  o f  th is  p r o c e s s  is  s te a m , w h ic h  is  u sed  fo r  h e a t in g  up  th e  

r e b o ile r  a n d  s tr ip p e r  p re -h ea ter . T h e  la rg e  a m o u n t o f  d u ty  (s te a m ) is  req u ired -  
b e c a u s e  o f  s tr o n g  c h e m ic a l  in ter a c tio n  b e tw e e n  C O 2 and  M E A  (ca rb a m a te  

fo r m a t io n ) . E le c t r ic i ty  in th e  M E A -b a s e d  p r o c e s s  is  req u ired  fo r  p u m p s . F o r  th e  
I L -b a se d  p r o c e s s ,  th e  m a jo r  req u ired  d u ty  is  e le c tr ic i ty  th at u s e d  fo r  c o m p r e s s o r  and  
r e fr ig e r a t io n , w h i l e  th e  d u ty  fro m  s tea m  is l e s s  th an  M E A  b e c a u s e  [ e m im ] [ A c ]  is  
rep o rted  to  h a v e  lo w e r  h eat o f  a b so r p tio n  c o m p a r e d  to  M E A . T h e  h e a t  d u ty  and  
u t i l i t ie s  r e q u ir e m e n t  fo r  th e  M E A  a n d  I L -b a se d  p r o c e s s  are s u m m a r iz e d  in 
T a b le  4 .2 6  to  4 .2 9 .  T h e  to ta l a m o u n t o f  e n e r g y  r e q u ir e m e n t fo r  th e  IL -b a se d  p r o c e s s  

is  8 ,7 1 0  k w ,  w h ic h  is  1 3 .5  % lo w e r  c o m p a r e d  to  M E A -b a s e d  p r o c e s s .
T o  a s c e r ta in  th e  e c o n o m ic  b e n e f it  o f  th e  IL -b a se  p r o c e s s , th e  e v a lu a t io n  o f  

th e  to ta l in v e s tm e n t  is  e m p lo y e d . T h e  p e r c e n ta g e  o f  d e liv e r e d -e q u ip m e n t  c o s t  m e th 
o d  is  u se d  in  th is  s tu d y . T h e  c o s t  o f  d e l iv e r in g  e q u ip m e n t  is  r e p resen ted  a s  a  p e r c e n t
a g e  o f  th e  p u r c h a se d  e q u ip m e n t c o s t .  T h e  p e r c e n ta g e  a n d  to ta l in v e s tm e n t  c o s t  o f  
M E A  and  I L -b a se d  p r o c e s s  are s h o w n  in T a b le s  4 .3 2  and  4 .3 3 .
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Table 4.24 Process specification of MEA and IL-based process

M E A IL
T ( K ) p ( k P a ) ทา(k g /s ) T ( K ) p  (k P a ) ทา(k g /s )

A b s o r b e r
F lu e  g a s  ~ 3 2 0 .0 115.1 9 .0 3 3 1 3 7 9 0 .8 8 .5 4
V e n t  g a s 3 2 8 .0 1 0 1 .3 7 .6 3 2 81 6 1 8 .0 6 .9 2

A b s o r b e n t  in le t 3 0 9 .0 1 3 5 .8 4 1 .7 8 2 7 2 7 9 0 .8 4 7 .9 8
A b s o r b e n t  o u t le t 3 2 5 .0 1 0 1 .3 4 3 .1 9 2 5 0 6 1 8 .0 4 9 .6
S tr ip p e r /F la s h

C O 2 o u t le t 3 0 2 .0 1 0 1 .3 1 .6 4 3 5 4 1 0 1 .3 1 .6 2
A b s o r b e n t  in le t 3 6 3 .0 2 3 9 .2 4 3 .1 9 3 3 2 6 1 8 .0 4 9 .6

A b s o r b e n t  o u t le t 3 9 0 .0 1 7 3 .0 4 1 .5 5 3 5 4 1 0 1 .3 4 7 .9 8

T a b le  4 .2 5  S c r u b b in g  p e r fo r m a n c e  and c o s t  o f  M E A  and  IL -b a se d  p r o c e s s

M E A IL
C 0 2

C a p a c ity  ( to n s /y e a r ) 4 7 ,1 0 9 4 7 ,1 0 0
R e c o v e r y  (% ) 9 0 .0 3 9 0 .0 1

P u r ity  (% ) 9 8 .1 8 9 9 .2 6
U til it ie s

S te a m  (k g /s ) 5 .0 5 1 .85
C o o l in g  w a te r  (k g /s ) 2 2 6 .3 3 1 5 0 .0 6

E n e r g y
S te a m  (k W ) 1 0 ,0 6 1 3 ,7 3 8

E le c t r ic i t y  (k W ) 8 .5 7 4 ,9 7 2
T o ta l  (k W ) 1 0 ,0 6 9 8 ,7 1 0

T o ta l c a p ita l in v e s tm e n t  (m ill io n  ร) 1 8 ,6 5 6 ,3 2 9 1 7 ,8 9 9 ,5 8 7
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T o  e s t im a te  th e  c o s t ,  th e  n u m b e r  o f  e q u ip m e n t, ty p e  o f  e q u ip m e n t , m a ter ia ls  
o f  c o n s tr u c t io n , an d  s iz e  o f  e q u ip m e n ts  are n e e d e d . S iz e  p a r a m e te r s  are c a lc u la te d  
a n d  p r o v id e d  b y  th e  p r o c e s s  s im u la t io n  p rog ram . T y p e  a n d  m a te r ia ls  o f  c o n str u c tio n  
are b a sed  o n  th e  c o m m e r c ia l  c o n f ig u r a t io n  C O 2 ca p tu re  p la n t rep o rted  in the  
litera tu re . T h e  c o s t s  o f  e q u ip m e n ts  are e s t im a te d  u s in g  an  o n l in e  c o s t  e s t im a to r  
( h t tp : / /h ig h e r e d .m c g r a w -h i l l .c o m ) and  c o n v e r t  a ll c o s t  to  th e  y e a r  2 0 1 2  
( e n g in e e r in g  p la n t in d e x  fo r  th e  y e a r  2 0 1 3 - =  5 7 6 ) .  S i z e  p a ra m eters , ty p e  o f  

e q u ip m e n t, m a te r ia ls  o f  c o n s tr u c t io n  an d  c o s t  o f  in v e s tm e n t  fo r  M E A  a n d  IL -b a se d  
p r o c e s s  are s h o w n  in  T a b le s  4 .3 0  and  4 .3 1 .  T h e  a d d it io n a l e q u ip m e n t  fo r  IL -b a se d  
p r o c e s s  in c lu d in g  c o m p r e s s o r  a n d  re fr ig era tio n  s y s te m , is  n o t  in c lu d e d  w ith  th e  
e n g in e e r e d  e q u ip m e n t  b e c a u s e  it c o u ld  b e  p u r c h a se d  a s  a  r e a d y  to  in s ta l l  p a c k a g e  

(5 9 .3 1  %  o f  to ta l in v e s tm e n t) .  T h e  ra w  m a ter ia ls  (a b so r b e n t  c o s t )  a re  a ls o  in c lu d e d  in 

th e  in v e s tm e n t  c o s t  d u e  to  th e  h ig h  c o s t  o f  IL , w h ic h  is  a p p r o x im a te ly  10  t im e s  

h ig h e r  th an  M E A . T h e  M E A  a n d  IL in itia l c h a r g e  v o lu m e  o f  w o r k in g  f lu id  are  
1 3 ,9 9 2  and  1 9 ,9 0 7  k g ; w ith  th e  c o s t  o f  $ 2 .2 5  and  2 0  $ /k g , r e s p e c t iv e ly .  T h e  in itia l 
c h a r g e  v o lu m e  a n d  c o s t  o f  w o r k in g  flu id  is  e v a lu a te d  b a se d  o n  th e  s tu d y  o f  S h if le tt  
et al. ( 2 0 1 0 ) .  T h e  in v e s tm e n t  c o s t s  o f  M E A  a n d  IL -b a se d  p r o c e s s  are illu str a ted  in 
T a b le s  4 .3 2  an d  4 .3 3 .  IL -b a se d  p r o c e s s  s h o w s  lo w e r  c a p ita l  in v e s tm e n t  c o s t  by  
3 .7 5  %  c o m p a r e d  to  M E A -b a s e d  p r o c e s s .

F or  c o n c lu s io n ,  th is  s tu d y  fo c u s e s  o n  th e  c o m p a r is o n  o f  th e  e n e r g y  

re q u ir e m e n t an d  c a p ita l  in v e s tm e n t  c o s t  b e tw e e n  c o n v e n t io n a l  M E A  an d  IL -b a se d  
p r o c e s s  u s in g  io n ic  liq u id  [ e m im ] [ A c ]  fo r  p o s t -c o m b u s t io n  c a r b o n  d io x id e  ca p tu re  

p r o c e s s , b a se d  o n  th e  f lu e  g a s  fr o m  c o a l b u rn in g  p o w e r  p la n t 1 8 0  M W e . T h e  resu lts  
s h o w  b o th  lo w e r  e n e r g y  r e q u ir e m e n t and c a p ita l in v e s tm e n t  c o s t  o f  IL -b a se d  
c o m p a r e d  to  M E A  b y  1 3 .5  %  a n d  3 .7 5  %, r e s p e c t iv e ly .  A s  th e  r e s u lts , IL -b a se d  
p r o c e s s  s h o w s  its  p o te n t ia l  to  r e p la c e  c o n v e n t io n a l  M E A -b a s e d  p r o c e s s .  H o w e v e r ,  
fu rth er s tu d ie s  o n  th is  IL  [ e m im ] [ A c ]  are r e c o m m e n d e d  to  a s c e r ta in  th is  p o te n t ia l.

http://highered.mcgraw-hill.com


98

Table 4.26 Unit energy consumption of MEA-based process

U n it D u ty  ty p e D u ty  (k W )

R ich  A m in e  P u m p E le c tr ic ity 8 .4 3
L ea n  A m in e  P u m p E le c tr ic ity _ “

R e flu x  P u m p E le c tr ic ity 0 .1 4
S tr ip p e r  P r e -h e a te r S te a m 2 ,0 8 6 .1 2

R e b o ile r S tea m 7 ,9 7 4 .9 3
T o ta l E n e r g y 1 0 0 6 9 .6 2

T a b le  4 .2 7  U n it  e n e r g y  c o n s u m p t io n  o f  IL -b a se d  p r o c e s s

U n it D u ty  typ e D u ty  (k W )

B l ( F lu e  G a s  C o m p r e sso r ) E le c tr ic ity 3 ,6 7 6 .0
B 5  (F la sh  P u m p ) E le c tr ic ity 6 5 .1 4

B 8 (R e fr ig e r a to r  C o m p r e sso r ) E le c tr ic ity 1 ,2 3 0 .4 1
F L A S H S tea m 3 ,7 3 8 .0 7

T o ta l E n e r g y 8 ,7 0 9 .6 3
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Table 4.28 Summary of unit utilities consumption of MEA-based process

U n it U t il i ty  ty p e V o lu m e  (k g /s )

S c r u b b e r P r o c e s s  W ater 0 .5 0 3 9 9
W a te r  M a k e u p P r o c e s s  W ater 0 .2 3 3 8 8

T o ta l 0 .7 3 7 8 7
C o n d e n s e r C o o l in g  W ater 2 0 .3 3 2 7 8 2

C o o le r C o o l in g  W ater 2 0 6 .0 0 0 8 6 2
T o ta l 2 2 6 .3 3 3 6 4 4

S tr ip p e r  P r e -h e a te r S te a m 1 .0 4 6 7 1 0 7 9
R e -b o ile r S te a m 4 .0 0 1 4 3 0 9 6

T o ta l 5 .0 4 8 1 4 1 7 5

T a b le  4 .2 9  S u m m a r y  o f  u n it u t il it ie s  c o n s u m p t io n  o f  I L -b a se d  p r o c e s s

U n it U t il ity  ty p e V o lu m e  (k g /s )

B 2 (F lu e  G a s  C h ille r ) C o o l in g  W ater 1 3 7 .4 7 7 3 6 6
B 6 (C o o le r ) C o o l in g  W ater 1 2 .5 8 5 4 9 3 5

T o ta l 1 5 0 .0 6 2 8 5 9 5
F L A S H  (F la sh  T a n k ) S te a m 1 .8 5 1 5 0 0 6 5

T o ta l 1 .8 5 1 5 0 0 6 5



Table 4.30 Summary of equipment cost estimation of MEA-based process

E q u ip m e n t ___Type M a te r ia ls U n it S iz e  P a r a m e te r s iz e  u n it C o s t
S p a r e
(1 5 % )

C o st
(sp a r e )

C o st
In d e x C o s t(2 0 1 3 )

1
F lu e  G a s  
S c r u b b e r

H o r iz o n ta l
V e s s e l ss S c r u b b e r

D ia /H  =  2 .1 3 3 6 ,  
3 .6 5 7 6 m 9 2 ,9 0 8 1 .1 5 1 0 6 8 4 4 .2 1 .4 7 5 1 4 3 4 1 5 7 ,6 1 0 .5 2

2 A b s o r b e r P a c k e d

S h e ll:  cs, 
P a c k in g :  

S S A b s o r b e r
D ia /H  =  2 .5 9 0 8 ,  

2 5 .6 0 3 2 m

1

3 3 0 ,5 9 1 1 .1 5 3 8 0 1 7 9 .6 5 1 .4 7 5 1 4 3 4 5 6 0 ,8 1 9 .5 1
3 A b s o r b e r  P u m p C e n tr ifu g a l S S B 1 6 .2 7 7 5 5 4 m 3 .k P a /s 1 3 ,5 1 6 1 .1 5 1 5 5 4 3 .4 1 .4 7 5 1 4 3 4 2 2 ,9 2 8 .7 4

4
R ic h /L e a n  H e a t  

E x c h a n g e r

S h e l l  an d
T u b e

F lo a t in g
H e a d

T u b e : ss, 
S h e ll:  CS C r o s s  H X A =  9 4 .3 4 6 m 2

\

2 0 ,2 2 2 1 .1 5 2 3 2 5 5 .3 1 .4 7 5 1 4 3 4 3 4 ,3 0 4 .9 0

5 S tr ip p e r P a c k e d

S h e ll:  C S ,  
P a c k in g :  

S S S tr ip p e r
D ia /H  = 1 .5 2 4 ,  

2 3 .7 7 4 4 m 1 5 8 ,5 7 2 1 .1 5 1 8 2 3 5 7 .8 1 .4 7 5 1 4 3 4 2 6 9 ,0 0 3 .9 1

6
S tr ip p e r  P r e 

h e a ter H e a te r C S B 2 2 0 8 6 k w 5 9 ,9 2 4 1 .1 5 6 8 9 1 2 .6 1 .4 7 5 1 4 3 4 1 0 1 ,6 5 5 .9 7
7 S tr ip p e r  P u m p C e n tr ifu g a l S S B 7 1 .6 8 6 1 6 m 3.k P a/s< 1 3 ,5 1 6 1 .1 5 1 5 5 4 3 .4 1 .4 7 5 1 4 3 4 2 2 ,9 2 8 .7 4
8 C o n d e n s e r H e a te r C S C O N D E N 8 4 9 .5 2 1 1 9 k W 3 0 ,1 9 9 1 .1 5 3 4 7 2 8 .8 5 1 .4 7 5 1 4 3 4 5 1 ,2 3 0 .0 3

9 R e f lu x  T a n k
H o r iz o n ta l

V e s s e l ss R E F L U X
D ia /H  =  0 .9 1 4 4 ,  

3 .6 5 7 6 m 2 1 ,3 1 1 1 .1 5 2 4 5 0 7 .6 5
1 .4 7 5 1 4 3 4

3 6 ,1 5 2 .2 9
10 R e f lu x  P u m p C e n tr ifu g a l ss B 6 0 .0 4 2 3 0 6 ทา3 .k P a /s 2 ,7 1 5 1 .1 5 3 1 2 2 .2 5 1 .4 7 5 1 4 3 4 4 ,6 0 5 .7 6

n
A b s o r b e r  P r e 

c o o le r H e a te r c s C O O L E R 8 6 0 6 .8 9 3 9 k w 1 7 6 ,6 4 9 1 .1 5 2 0 3 1 4 6 .3 5
1 .4 7 5 1 4 3 4

2 9 ,9 6 7 0 .0 0
12 P a c k in g - ss 1 3 5 .0 2 8 9 + 2 3 .3 6 1 4 m 3 8 4 5 ,7 0 0 1 .1 5 9 7 2 5 5 5 1 .4 7 5 1 4 3 4 1 ,4 3 4 ,6 5 8 .1

* T O T A L 2 ,9 9 5 ,5 6 8 .5

oo

I



Table 4.31 Summary of equipment cost estimation ofIL-based process

E q u ip m e n t T y p e
M a te r i

a ls U n it S iz e  P a r a m e te r s iz e  u n it C o s t
S p a r e
(1 5 % )

C o st
(sp a r e )

C o st
In d e x C o s t(2 0 1 3 )

1
F lu e  G a s  C o m 

p r e s so r C e n tr ifu g a l ss B 1 9 3 6 7 6 .0 0 4 1 k w
5 ,0 6 4 ,9

5 7 1 5 ,0 6 4 ,9 5 7 1 .4 7 5 1 4 3 4 7 4 7 1 5 3 8 .1 0

2
F lu e  G a s  C o o l 

er H e a te r c s B 2 0 4 5 8 9 .2 9 7 4 k W . 1 0 9 ,3 4 3 1 .1 5 1 2 5 7 4 4 .4 5 1 .4 7 5 1 4 3 4 1 8 5 4 9 1 .1 0 0

3 A b s o r b e r P a c k e d

S h e l l:  C S ,  
P a c k in g :  

S S B 2
D i a / H =  1 .5 2 4 ,  

2 1 .3 3 6 m 1 5 5 ,1 6 0 1 .1 5 1 7 8 4 3 4 1 .4 7 5 1 4 3 4 2 6 3 2 1 5 .7 4

4
C r o s s  H e a t  E x 

c h a n g e r

S h e l l  an d  
T u b e  F lo a t 

in g  H e a d
T u b e :  ss, 
S h e l l:  CS B 4 A  =  2 2 .0 2 9 9 4 8 5 m 2 1 1 ,1 7 0 1 .1 5 1 2 8 4 5 .5 1 .4 7 5 1 4 3 4 1 8 9 4 8 .9 5

5 F la s h  T a n k
V e r t ic a l  V e s 

s e l S S B 3
D ia /H  =  1 0 6 6 8 ,  

4 .5 7 2 m 6 4 ,9 4 9 1 .1 5 7 4 6 9 1 .3 5 1 .4 7 5 1 4 3 4 1 1 0 1 8 0 .4 5
6 F la s h  P r e -h e a te r H e a te r C S B 1 4 6 1 0 .5 2 7 9 7 k w 1 0 9 ,7 2 9 1 .1 5 1 2 6 1 8 8 .3 5 1 .4 7 5 1 4 3 4 1 8 6 1 4 5 .9 1
7 F la s h  P u m p C e n tr ifu g a l S S B 5 5 0 .9 3 5 9 6 m 3 .k P a /s 1 6 ,3 2 0 1 .1 5 1 8 7 6 8 1 .4 7 5 1 4 3 4 2 7 6 8 5 .4 9

8
A b s o r b e r  P re 

c o o le r H e a te r C S B 6 1 2 9 2 .5 8 8 1 k w 4 1 ,5 9 4 1 .1 5 4 7 8 3 3 .1 1 .4 7 5 1 4 3 4 7 0 5 6 0 .6 8

9 H e a t  E x c h a n g e r

S h e l l  an d  
T u b e  F lo a t 

in g  H e a d
T u b e :  ss, 
S h e l l:  CS B 7 A  =  8 6 .5 2 9 4 3 m 2 2 1 ,9 1 3 1 2 1 ,9 1 3 1 .4 7 5 1 4 3 4 3 2 3 2 4 .8 1

10 C o m p r e s s o r C e n tr ifu g a l S S B 8 1 2 3 0 .4 1 4 6 5 k w
1 ,8 0 3 ,4

6 7 1 1 ,8 0 3 ,4 6 7 1 .4 7 5 1 4 3 4 2 6 6 0 3 7 2 .5 1
11 C o o le r H e a te r C S B 9 4 7 7 0 .4 1 2 4 k w 1 1 2 ,6 2 0 1 1 1 2 ,6 2 0 1 .4 7 5 1 4 3 4 1 6 6 1 3 0 .6 5
12 P a c k in g - S S 3 8 .9 3 5 5 6 m 3 2 1 4 ,7 3 0 1 .1 5 2 4 6 9 3 9 .5 1 .4 7 5 1 4 3 4 3 6 4 2 7 1 .1 8

T O T A L  (e n g in e e r e d  e q u ip m e n t) 1 ,1 0 9 ,1 6 7 .8

I



Table 4.32 Total capital investment cost of MEA-based process

Total Capital Investment
1 Fixed Capital Investment 15,397,221
2 Working Capital 2,666,056

Total TCI 18,063,278
Direct Factor (%) Dollars (ร)

P u r c h a se d  E q u ip m e n t D e l iv e r e d 1.1 3 ,2 9 5 ,1 2 5
P u r c h e se d  E q u ip m e n t In s ta lla tio n 0 .4 7 1 ,4 0 7 ,9 1 7

In str u m e n ta tio n  and C o n tr o ls  
(In s ta lle d ) 0 .3 6 1 ,0 7 8 ,4 0 4

P ip in g  (In s ta lle d ) 0 .6 8 2 ,0 3 6 ,9 8 6
E le c tr ic a l S y s te m s  (I n s ta l le d ) 0 .1 1 3 2 9 ,5 1 2
B u ild in g  (I n c lu d in g  S e r v ic e s ) 0 .1 8 5 3 9 ,2 0 2

Y a rd  Im p ro v em en t 0.1 2 9 9 ,5 5 6
S e r v ic e  F a c il i t ie s  (I n s ta lle d ) 0 .7 2 ,0 9 6 ,8 9 7

Total 11,083,603
Indirect E n g in e e r in g  a n d  S u p e r v is io n 0 .3 3 9 8 8 ,5 3 7

C o n s tr u c t io n  E x p e n s e s 0 .4 1 1 ,2 2 8 ,1 8 3
L e g a l E x p e n s e s 0 .0 4 1 1 9 ,8 2 2

C o n tra c to r 's  F ees 0 .2 2 6 5 9 ,0 2 5
C o n t in g e n c y 0 .4 4 1 ,3 1 8 ,0 5 0

Total 4,313,618
Working
Capital 0 .8 9 2 ,6 6 6 ,0 5 6

Total 2,666,056
Total Capital Investment (ร) 18,063,278

Working Fluid (ร) 31,482
Total Investment Cost (ร) 18,094,760



Table 4.33 Total capital investment cost of IL-based process

Total Capital Investment
1 Fixed Capital Investment 5,701,121
2 Working Capital 1,597,201

Total TCI 6,688,282
Direct Factor (%) Dollars (ร)

P u rc h a sed  E q u ip m e n t D e liv e r e d 1.1 1 ,2 2 0 ,0 8 4
P u r c h e se d  E q u ip m e n t In sta lla tio n 0 .4 7 5 2 1 ,3 0 8

In str u m e n ta tio n  and  C o n tr o ls  

(I n s ta lle d ) 0 .3 6 3 9 9 ,3 0 0
P ip in g  (In s ta lle d ) 0 .6 8 7 5 4 ,2 3 4

E le c tr ic a l S y s te m s  (In s ta lle d ) 0 .1 1 1 2 2 ,0 0 8
" B u ild in g  ( I n c lu d in g  S e r v ic e s ) 0 .1 8 1 9 9 ,6 5 0

Y a rd  I m p r o v e m e n t 0.1 1 1 0 ,9 1 6
S e r v ic e  F a c il i t ie s  (I n s ta lle d ) 0 .7 7 7 6 ,4 1 7

Total 4,103,921
Indirect E n g in e e r in g  and S u p e r v is io n 0 .3 3 3 6 6 ,0 2 5

C o n s tr u c t io n  E x p e n s e s 0 .4 1 4 5 4 ,7 5 8
L e g a l E x p e n s e s 0 .0 4 4 4 ,3 6 6

C o n tr a c to r 's  F e e s 0 .2 2 2 4 4 ,0 1 6
C o n t in g e n c y 0 .4 4 4 8 8 ,0 3 3

- - Total 1,597,201
Working
Capital 0 .8 9 9 8 7 ,1 5 9

Total 987,159
Total Capital Investment (ร) 6,688,282

Additional Equipment Cost (ร) 10,330,366
Working Fluid (ร) 398,137

Total Investment Cost (ร) 17,416,785
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