
R E S U L T S  A N D  D IS S C U S S IO N
CHAPTER IV

4.1 E x ten d ed  H ild e b r a n d  S o lu b ility  P a r a m e te r  G rou p  C o n tr ib u tio n

A c c o r d i n g  t o  t h e  p r e v i o u s  w o r k ,  R o u g h t o n  et al. ( 2 0 1 2 )  p r o p o s e d  t h e  g r o u p  

c o n t r i b u t i o n  s o l u b i l i t y  p a r a m e t e r  m o d e l  f o r  I L s  ( 0 IL)  a s  s h o w n ,  in  e q u a t i o n  ( 4 .1 )  

w h i c h  w a s  u s e d  t o  p r e d i c t  t h e  s o l u b i l i t y  p a r a m e t e r  ร a t  2 9 8 .1 5  K .

^IL — ^Alkyl chain-4" ^Cation 4" ^Anion
— ZiAlkyl chain tljCj 4" ^Cation ftjCj 4" ZiAnion Itk^k 4* b (4 -1 )

W h e r e ,  s u b s c r i p t  i ,  j ,  a n d  k  r e p r e s e n t  a l k y l  c h a i n  g r o u p s ,  c a t i o n  g r o u p s ,  a n d  

a n i o n  g r o u p s  r e s p e c t i v e l y ,  nj d e s c r i b e s  t h e  n u m b e r  o f  g r o u p s  o f  t y p e  i , Cj i s  t h e  

c o n t r i b u t i o n  o f  g r o u p  i t o  t h e  o v e r a l l  s o l u b i l i t y  p a r a m e t e r  v a l u e ,  a n d  b  is  a  c o n s t a n t  

v a l u e .

I n  t h i s  w o r k ,  t h e  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r  g r o u p  c o n t r i b u t i o n s  ( G C )  

o f  I L s  a r e  e x t e n d e d .  E x p e r i m e n t a l  v a l u e s  f o r  3 9  d i f f e r e n t  I L s  a t  2 9 8 .1 5  K  w e r e  u s e d  

f o r  t h e  d e v e l o p m e n t  o f  t h e  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r  G C  m o d e l  ( M a r c i n i a k ,  

2 0 1 0 ,  M a r c i n i a k ,  2 0 1 1 ,  W e e r a c h a n c h a i  et a i ,  2 0 1 2 ,  Y o o  et a l., 2 0 1 2 ) .  T h e s e  I L s  c a n  

b e  b r o k e n  d o w n  i n t o  5  a l k y l  c h a i n s ,  8 c a t i o n s  a n d  2 0  a n i o n s  g r o u p s  a n d  w e r e  u s e d  to  

d e s c r i b e  t h e  I L s  in  t h e  d a t a  s e t .  T h e  c o n t r i b u t i o n  p a r a m e t e r s  f o r  e a c h  g r o u p  a r e  g iv e n  

in  T a b l e  4 .1 .  T h e  t o t a l  n u m b e r s  o f  i n d e p e n d e n t  v a r i a b l e s  in  t h e  m o d e l  a r e  3 4  

( i n c l u d i n g  a  c o n s t a n t  t e r m ) .  T h e  d e v e l o p e d  m o d e l  ( s e e  e q u a t i o n  4 .1 )  p r o v i d e s  a  g o o d  

f i t  o f  e x p e r i m e n t a l  d a t a  w i th  a  v a l u e  o f  0 .3 1 9 % A A R D  ( p e r c e n t  a v e r a g e  a b s o lu t e  

r e l a t i v e  d e v i a t i o n )  b e t w e e n  t h e  p r e d i c t e d  a n d  e x p e r i m e n t a l  s o l u b i l i t y  p a r a m e t e r  

v a l u e s  a s  s h o w n  in  F i g u r e  4 .1  ( s e e  m o r e  c a l c u l a t i o n  d e t a i l s  in  A p p e n d i x  A ) .  T h e  

m a x i m u m  r e l a t i v e  d e v i a t i o n  o b s e r v e d  w a s  3 .2 9 .  F o r  e x a m p l e .  l - E t h y l - 3 -  

m e t h y l i m i d a z o l i u m  t e t r a f l u o r o b o r a t e ,  [ C 2m i m ] [ B F 4] ,  c o n s i s t s  o f  2  C H 3 g r o u p s  ( i ) ,  1 

C H 2 g r o u p  ( i ) ,  1 I m i d a z o l i u m  [ I m ]  c a t i o n  g r o u p  ( j )  , a n d  1 T e t r a f l u o r o b o r a t e  [ B F 4]
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a n i o n  g r o u p  ( k ) .  B y  u s i n g  E q u a t i o n  4 .1  a n d  T a b l e  4 .1 ,  t h e  s o l u b i l i t y  p a r a m e t e r  o f  

[ C 2m i m ] [ B F 4] i s  3 2 .0 7  M P a 1/2.

F i g u r e  4 .1  C o m p a r i s o n  b e t w e e n  e x p e r i m e n t a l  a n d  p r e d i c t e d  s o l u b i l i t y  p a r a m e t e r  

v a l u e s .

T a b l e  4 .1  E x t e n d e d  G C  v a l u e s  f o r  I L s  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r  m o d e l

I o n i c  L i q u i d  g r o u p s c  i ( M P a 1/2]

A l k y l  c h a i n  g r o u p  ( i ) c h 3 1 .2 8

c h 2 - 0 .2 4

C H - 0 .0 4

c h 2o - 2 .2 2

O H 3 .0 4

C a t i o n  g r o u p s  ( j ) I m i d a z o l i u m  [ Im ] 5 .1 4

P y r i d i n i u m  [P y ] 4 .9 5

P y r r o l i d o n i u m  [P y r ] 5 .3 1

P h o s p h o n i u m  [P ] - 0 .0 5
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T a b l e  4 .1  E x t e n d e d  G C  v a l u e s  f o r  I L s  H i l d e b r a n d  s o l u b i l i t y  p a r a m e t e r  m o d e l  

( C o n t i n u e d )

I o n i c  L i q u i d  g r o u p s C i  [ M P a 1/2]

S u l f o n i u m  [ร ] - 0 .7 9

P i p e r i d i n i u m  [P ip ] 2 .8 4

A m m o n i u m  [A ] 3 .3 2

I s o q u i n o l i n i u m  [ I s o q ] 4 .1 6

A n i o n  g r o u p s  ( k ) T r i f l u o r o a c e t a t e  [ C F 3C O O ] 0 .6 2

T h i o c y a n i d e  [ S C N ] 0 .2 5

T r i f l u o r m e t h a n e  s u l f o n a t e  [ C F 3S O 3] -1 .8 1

2 - ( 2 - M e t h o x y e t h o x y ) e t h y l  

s u l f a t e  [ M D E G S O 4]

0 .3 3

O c t y l  s u l f a t  [O C S O 4] 0 .3 3

T o s y l a t e  [ T O S ] - 1 .2 2

B i s ( t r i f l u o r o m e t h y l s u l f o n y l ) i m i d e  [ T f 2N ] 1 .2 4

D i m e t h y l  p h o s p h a t e  [ D M P ] 1 .9

D i e th y l  p h o s p h a t e  [ D E P ] 1 .0 1

T e t r a f l u o r o b o r a t e  [ B F 4] 7 .1 3

H e x a f l u o r o p h o s p h a t e  [P F ô ] 4 .6 1

C h l o r i d e  [ C l] - 0 .3 3

A c e t a t e  [ A c ] 0 .2 2
- D i c y a n a m i d e  [ N ( C N ) 2] 0 .9

N i t r a t e  [ N O 3] 3 .3 2

[ M e S 0 4] 1 .1 8

E t h y l s u l f a t e  [ E t S 0 4 ] - 0 .4 9

M e t h y l s u l f a t e  [ T C B ] 0 .9 6

T r i f l u o r o t r i s ( p e r f l u o r o e t h y l ) p h o s p h a t e

[ F A P ]

0 .2 4

H e x a f l u o r o a n t i m o n a t e  [S b F f ,] 7 .0 3

C o n s t a n t  v a l u e b 1 7 .4 8
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A  s y s t e m a t i c  m e t h o d o l o g y  f o r  t h e  s c r e e n i n g  o f  I L s  a s  e n t r a i n e r s  a n d  f o r  t h e  

d e s i g n  o f  I L s - b a s e d  s e p a r a t i o n  p r o c e s s e s  in  v a r i o u s  h o m o g e n e o u s  b i n a r y  a z e o t r o p i c  

m i x t u r e s  h a s  b e e n  d e v e l o p e d .  T h e  o v e r a l l  m e t h o d o l o g y  is  p r e s e n t e d  in  F i g u r e  4 .2 .

T h e  m e t h o d o l o g y  o f  t h i s  w o r k  c o n s i s t s  o f  f o u r  m a i n  s t e p s  ( F i g u r e  4 .2 ) .  

S te p - 1  i s  d e d i c a t e d  t o  t h e  s t a b i l i t y  o f  t h e  I L s  b y  c o n s i d e r i n g  t h e i r  c h e m i c a l  s t a b i l i t y  

( h y d r o l y s i s )  a n d  t h e r m a l  s t a b i l i t y  ( t h e r m a l  d e c o m p o s i t i o n ) .  T h e  i n f o r m a t i o n  o f  t h e  

s t a b i l i t y  o f  t h e  I L s  w a s  c o l l e c t e d  f r o m  l i t e r a t u r e  s e a r c h .  S t e p - 2  i s  d e d i c a t e d  t o  th e  

m i s c i b i l i t y  o f  t h e  I L s  a n d  t h e  t a r g e t  c o m p o n e n t ,  t h e  m a i n  c o n c e p t  o f  m i s c i b i l i t y  

b e t w e e n  I L s  a n d  t a r g e t  c o m p o n e n t  c a n  b e  s u m m a r i z e d  a s  s h o w n  i n  F i g u r e  4 .3 .  T h e  

t a r g e t  s o l u t e  c o m p o n e n t  w a s  c o n s i d e r e d  a s  a  k e y  t a r g e t  p r o p e r t y  t o  f u r t h e r  s c r e e n  th e  

c a n d i d a t e s  t h r o u g h  t h e  p l o t  b e t w e e n  t h e  m o l e  f r a c t i o n  o f  t h e  I L s  in  t h e  t a r g e t  

c o m p o n e n t  a n d  t h e  s o l u b i l i t y  p a r a m e t e r  o f  t h e  I L s  a s  i l l u s t r a t e d  in  F i g u r e  4 .4  a n d  

F i g u r e  4 .5 .  F r o m  t h i s  s t e p  t h e  b e s t  c a n d i d a t e s  f o r  a q u e o u s  s y s t e m s  a n d  n o n - a q u e o u s  

s y s t e m s  h a v e  b e e n  f o u n d .  S t e p - 3  is  d e d i c a t e d  t o  t h e  d e s i g n  a n d  s i m u l a t i o n  o f  

s e p a r a t i o n  f e a s i b i l i t y  a n d  e n e r g y  r e q u i r e m e n t  b a s e d  o n  m i n i m u m  e n e r g y  

r e q u i r e m e n t .  T h e  b e s t  c a n d i d a t e s  f o r  a q u e o u s  s y s t e m s  ( n o  m o r e  t h a n  5 I L s )  w e r e  

u s e d  a s  e n t r a i n e r s ,  a n d  t h e n  a n  e x t r a c t i v e  d i s t i l l a t i o n  c o l u m n  ( E D C )  a n d  I L s  r e c o v e r y  

c o l u m n  w e r e  d e s i g n e d  a n d  s i m u l a t e d  w i th  t h e  P r o / I I  9 .1  ( P R O  II U s e r 's  G u id e ,  

2 0 0 6 )  s i m u l a t o r  t o  d e t e r m i n e  t h e  o v e r a l l  e n e r g y  c o n s u m p t i o n  o f  t h e  I L s - b a s e d  

s e p a r a t i o n  p r o c e s s e s .  T h e  N o n  R a n d o m  T w o  L i q u i d s  ( N R T L )  t h e r m o d y n a m i c  m o d e l  

( R e n o n  a n d  P r a u s n i t z ,  1 9 6 8 )  w a s  u s e d  to  p r e d i c t  t h e  v a p o r - l i q u i d  e q u i l i b r i u m  o f  th e  

t e r n a r y  s y s t e m s  c o n t a i n i n g  s e l e c t e d  I L s  b y  u s i n g  I n t e g r a t e d  C o m p u t e r  A i d e d  S y s t e m ,  

I C A S — u t i l i t y  t o o l b o x  ( G a n i ,  2 0 0 6 ) .  S t e p - 4  i s  d e d i c a t e d  to  t h e  m o d i f i c a t i o n  o f  th e  

s e p a r a t i o n  p r o c e s s  t o  o b t a i n  d e s i g n  f l e x i b i l i t y  f o r  o t h e r  a z e o t r o p i c  s e r i e s ,  f o r  a q u e o u s  

s y s t e m s ,  t h e  i s o p r o p a n o l  +  w a t e r  a z e o t r o p i c  m i x t u r e  w a s  i n v e s t i g a t e d .  T h e  f ix e d  

v a r i a b l e  w a s  k e p t  a s  t h e  e t h a n o l  +  w a t e r  s e p a r a t i o n  ( th e  s a m e  i o n i c  l i q u i d  e n t r a i n e r  

a n d  p r o d u c t  p u r i t y ) .  T h e  d e s i g n  f l e x i b i l i t y  s u c h  a s  r e f l u x  r a t i o  ( R R ) ,  n u m b e r  o f  

s t a g e s  ( N s) ,  f e e d  s t a g e  l o c a t i o n  ( N f ) ,  a n d  I L s  f l o w r a t e  h a v e  b e e n  i n v e s t i g a t e d  w i th

4.2 A Systematic Methodology for the Screening of ILs as Entrainers and the
Design of ILs-Based Separation Processes



50

respect to the change in size of the alcohol, for instance, ethanol (CH3 CH2OH), and
isopropanol (CH3CH2CH2OH).

C hoose azeotrop ic series for separation

Final IL s-baesd separation

Figure 4.2 O v era ll m e th o d o lo g y  for  th e  s c r e e n in g  o f  IL s and fo r  th e  d e s ig n  o f  IL s- 
b ased  sep a ra tio n  p r o c e s s e s .
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List of the candidates from step 1

A queous system s

a  3 s

รจ๒î*$iy Parameter {MPa6 5}
Figure 4.4

N on -aq u eou s system s

S o lu b ility  o f  ILs in B esnzene
1.2
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F igure 4.5

List of the best candidates (no more than 5 ILs) 
to be examine in the step 3

Figure 4 .3  S u m m a ry  o f  th e  m isc ib ility  b e tw e e n  IL s an d  target c o m p o n e n t  sc r e e n in g  
c o n c e p t  (s te p  2 ).

4 .2 .1  S tep -1  : S ta b ility  o f  the Io n ic  L iqu id
W ith  regard to  the en v iro n m en ta l s ta b ility , the h y d r o ly tic  s ta b ility  and  

th erm al s ta b ility  o f  IL s are c o n s id e r e d  first. From  th e literatu re search , th e  s ta b ility  o f  
th e  IL s s tr o n g ly  d ep en d s o n  the an ion s. T y p ica l IL s c o n s is t  o f  h a lo g e n -c o n ta in in g  
a n io n s  su ch  a s  [A lC L ], [PF ô], [B F 4 ] , [C F 3 S O 3 ] or [(C F sS C h ^ N ], w h ic h  in so m e  
regard lim its  th e ir  ‘g r e e n n e s s ’. T h e p r e se n c e  o f  h a lo g e n  a to m s m a y  c a u se  se r io u s  
c o n c e r n s  i f  th e  h y d ro ly tic  s ta b ility  o f  the an io n  is p o o r  ( e .g . ,  for  [A IC I4 ] and [P F 6])  or  
i f  a therm al treatm en t o f  sp en t ILs is requ ired . In b o th  c a se s , a d d it io n a l e ffo r t  is  
n eed ed  to a v o id  the lib era tio n  o f  to x ic  and c o r r o s iv e  h y d ro flu o r ic  a c id  (H F ) or  
h y d ro ch lo r ic  a c id  (H C1) in to  the e n v iro n m en t (S o w m ia h  et ah , 2 0 0 9 ) .  F reire et al.
(2 0 0 9 )  in d ica ted  that th e  u se  o f  IL s b ased  o n  T etra flu o ro b o ra te  [PFô]-  and  
F lex a flu o ro p h o sp h a te  [BF.|]~ a n io n s  can  h y d r o ly z e  in w a ter  and at h ig h  tem p era tu re
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th ey  lead  to  th e  fo rm atio n  o f  H F — v e r y  to x ic  and c o r r o s iv e  c o m p o u n d . W ith  
in cr e a s in g  le n g th  o f  th e  a lk y l ch a in , the e x te n t  o f  the a n io n  h y d r o ly s is  is  in crea sed .

In term  o f  th erm al s ta b ility  o f  IL s, d e c o m p o s it io n  tem p era tu re  (T d )  
d e p e n d s  on  th e  ty p e  o f  ca tio n . F or e x a m p le , th e  im id a z o liu m -b a se d  IL s appear to  
h a v e  a b etter th erm a l s ta b ility  than  the p y r id in iu m -b a se d  an d  te tra a lk y la m m o n iu m -  
b a sed  IL s (L a z z ü s , 2 0 1 2 ) . In g en era l, rem ark ab le  d if fe r e n c e s  in  T d  are o b se r v e d  b y  
c h a n g in g  th e  a n io n s , a s im p le  e x te n s io n  o f  a lk yl c h a in  h ard ly  a f fe c ts  the T d in  
im id a z o liu m  c a t io n . C o m p arin g  th e  a n io n s , IL s c o m p o se d  o f  B F 4 , PFô, an d  T f2 N  are  
th erm a lly  m o r e  s ta b le  than co rr e sp o n d in g  h a lid e s  (I, B r, C l) . T h e r e la tiv e  an ion  
sta b ility  f o l lo w s  th e  order: PFô> B F 4  >  A sF é  »  I, Br, C l (S o w m ia h  e t a l., 2 0 0 9 ) .

T h e re fo re , IL s as en tra in ers sh o u ld  c o n s is t  o f  im id a z o liu m -b a se d  
c a t io n s  and n o n -h a lo g e n  c o n ta in in g  a n io n s  w ith  resp ect to  th e  s ta b ility  o f  IL s

4 .2 .2  S te p -2  : M isc ib il ity  o f  th e  Io n ic  L iqu id  and  T a rget C o m p o n e n t
T h e  c o n c e p t  o f  m is c ib ility  b e tw e e n  IL s and  target c o m p o n e n t  can  b e  

su m m a rized  in  F ig u re  4 .3 . T h e  m isc ib ility  o f  th e  ILs and  th e  target c o m p o n e n t  w a s  
p lo tted  a g a in st  th e  H ild eb ran d  s o lu b ility  p aram eter  as illu stra ted  in F ig u re  4 .4  and  
F ig u re  4 .5 . T h e  H ild eb ran d  so lu b ility  p aram eter  G C m o d e l w a s  req u ired  to  p red ict 
th e  s o lu b ility  p ara m eter  o f  th e  IL s.

4 .2 .2 .1  A queous System s
S o lu b ility  o f  IL s in w ater  e x p r e sse d  as a fu n c tio n  o f  the  

so lu b ility  p aram eters o f  the IL s w a s  illustrated  in F igure 4 .4 . T h e  m o le  fraction  o f  IL s 
in w ater  w a s  o b ta in ed  from  the literature (se e  m ore in A p p e n d ix  B ) and th e  so lu b ility  
param eter o f  th e  IL s w a s  ca lcu la ted  from  the H ildebrand  so lu b ility  p aram eter G C  
(eq u a tio n  4 .1 ) . T o  a v o id  p h ase sp littin g  o f  liq u id  m ix tu res, the best su ita b le  entrainers  
sh o u ld  h ave  a so lu b ility  param eter c lo se  to or sim ilar  to the so lu b ility  param eter o f  
w ater as the target com p o n en t and be c o m p le te ly  m isc ib le  w ith  w ater. F or w ater  as the 
target c o m p o n e n t, the so lu b ility  p aram eter o f  w ater is 4 8  M P a l / 2  (B arton , 1 9 9 1 ). T h e  
c lo se s t  ILs are l-e th y l-3 -m e th y lim id a z o liu m  tetraflu orob orate. [C 2 m im ][B F 4 ] ( 8 ] L =

3 2 .0 7  M P a 1/2) and  l-b u ty l-3 -m e th y lim id a z o liu m  tetraflu orob orate, [C 4 m im ][B F 4 ] ( 8 i l =  

3 1 .6 0  M P a 1/2). H o w e v e r , due to the stab ility  lim ita tion , th e se  tw o  IL s can  fo n n  a 
h y d ro ly s is  in w a te r  and cau se  the form ation  o f  H F. H e n c e , th ey  are not su itab le  as
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entrainers. T h e  cr iter ia  for  sc reen in g  su itab le  IL s are 1) c o m p le te ly  m is c ib le  w ith  
w ater, and  2 ) n o n -h a lo g e n  co n ta in in g  an ion s. F in a lly , fou r IL s, w h ic h  are l- e th y l-3 -  
m e th y lim id a z o liu m  e th y lsu lfa te  [C 2 M IM ][EtSC>4 ], 1 ,3 -d im e th y lim id a z o liu m  d im eth y l 
p h osp h ate  [C iM IM ][D M P ], l-e th y l-3 -m e th y lim id a z o liu m  a ce ta te  [C 2 M IM ][A c ] , and  
l-e th y l-3 -m e th y lim id a z o liu m  d icy a n a m id e  [C 2 M IM ][N (C N ) 2 ] w er e  se le c te d  as b est  
can d id a tes for the a q u e o u s  sy s te m s. T h e  c h e m ic a l structure o f  th ese  fou r b est IL 
can d id a tes is  illu stra ted  in  T ab le  4 .2 .

Table 4 .2  F ou r b e s t  IL  ca n d id a tes  for  th e  a q u e o u s  s y s te m s  (S te p  2 )

Io n ic  L iq u id s A b b r e v ia tio n C h e m ic a l structure 0 iL[M P a ‘“ ]
1,3 d im e th y l [C 1 M IM ][D M P ] CH

3 0
2 7 .0 8

im id a z o liu m  
d im eth y l p h o sp h a te

f r H+
N

- o - p - o c h 3

o c h 3

c h 3

1 -e th y l-3 - [C 2 M I M ][N (C N )2] c h 3 2 5 .8 4
m e th y lim id a z o liu m
d ic y a n a m id e

r  N + 0 Ç N
N~
C N

^ c h 3

1-e th y l-3 - [C 2 M IM ][A c] c h 3 0
2 5 .1 6

m e th y lim id a z o liu m
aceta te

ท - พ ่

Y
O ^ C H 3

^ c h 3

1-e th y l-3 - [C 2 M I M ][E tS 0 4] c h 3 2 4 .4 5
m e th y lim id a z o liu m
e th y lsu lfa te

/ r NŶ
C H 3

9  / - ' ° h 3
- o - s - o

6
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4 .2 .2 .2  N on -aqu eou s S ystem s
F o r  n o n -a q u eo u s sy s te m s , b e n z e n e  is  c o n s id e r e d  as the target  

co m p o n e n t w ith  a s o lu b ility  param eter o f  1 8 .7  M P a 1/2 (B arton , 1 9 9 1 ). F igu re 4 .5  sh o w s  
the m o le  fraction  o f  th e  IL s in  b en zen e  a s  the target co m p o n e n t is  p lo tted  aga in st the  
H ild eb ran d  so lu b ility  p aram eter  G C  ( s e e  m ore in  A p p e n d ix  B ) . T h e criteria  for  
c h o o s in g  th e  b est c a n d id a tes  are the sa m e  as th o se  c o n s id ered  in  th e  aq u eo u s sy stem s. 
T h e b est su ita b le  en tra in ers sh ou ld  b e  c lo s e d  to the so lu b ility  p aram eter  o f  the target 
co m p o n e n t an d  the m o le  fraction  o f  IL s in  b en zen e  is  eq u al to  u n ity . T h e b est tw o  ILs 
w ith  c lo s e s t  so lu b ility  param eter to  b e n z e n e  are T r ih ex y lte tra d ecy lp h o sp h o n iu m  
h ex a flu o ro p h o sp h a te  [3 C 6 C h P ][P F 6 ] (ÔjL =  2 0 .5 0  M P a 1/2) and
T  r ih ex y lte tr a d ecy lp h o sp h o n iu m  b is (tr if lu o r o m e th y lsu lfo n y l)im id e  [3 C 6 C 14P] [T  f 2N ]  
(<5il =  1 7 .1 3  M P a I/2). T h e  ch em ica l structures o f  th e se  tw o  b est  IL s can d id a tes are 

illu stra ted  in  T a b le  4 .3 .

Table 4 .3  T w o  b e s t  IL  ca n d id a tes  fo r  th e  n o n -a q u e o u s  s y s te m s  (S te p  2 )

Io n ic  L iq u id s A b b rev ia tio n C h e m ic a l structure 5 ,L[M P a l/2]
T  r ih e x y lte tr a d e c y  1 
p h o sp h o n iu m

[3 C 6 C i4 P ][P F 6]
y T

p +  F - R - F

2 0 .5 0

h e x a flu o r o p h o sp h a te c r  • . . .  *

T r ih e x y lte tr a d e c y l
p h o sp h o n iu m

[3 C 6 C 1 4P ][T f2N ] 1 7 .1 3

b is (tr if lu o r o m e th y l
su lfo n y l)
im id e

> s
V  \  > F
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4 .2 .3  S tep -3  : D e s ig n  an d  S im u la tion  o f  S ep ara tion  F e a s ib ility  and E n erg y
R eq u irem en t
D u e  to  tim e  lim ita tio n , o n ly  th e  a q u eo u s  sy s te m s  h a v e  b e e n  eva lu a ted  

th rou gh  tw o  c a se  stu d ies: ethan ol +  w ater and iso p ro p a n o l +  w a ter . F rom  th e  p rev iou s  
step , th e  b est  fou r can d id a tes for a q u eo u s  sy s te m s  w er e  u sed  a s  entra iners in  a  d esig n  
and s im u la tio n  o f  an ex tractive  d istilla tio n  c o lu m n  and an IL s r e c o v e r y  c o lu m n  to  
d eterm in e  th e op tim a l p ro c e ss  for IL s-b a sed  sep ara tio n  o f  th e  h o m o g e n e o u s  a zeo tro p ic  
sy s te m s

4 .2 .3 .1  P ro p erty  M o d els  f o r  A qu eou s System s
F or d e s ig n  o f  IL s-b a sed  sep aration  p r o c e ss , th e  IL s w ere  

m o d el as a lia s  c o m p o n e n t in the Pro/II sim u lator , u s in g  p rop erties su ch  as th e  liqu id  
d en s itie s  o f  th e  IL s ( pl ), cr itica l tem perature (T c ) , critica l p ressu re (P c ) , critical 
v o lu m e  (V c ) , n orm al b o ilin g  tem perature (Tb), cr itica l c o m p r e ss ib ility  factor  (Z c ), and  
acen tric  factor  (co) o f  IL s (V ald erram a and R o ja s , 2 0 0 9 )  as sh o w n  in  A p p e n d ix  c  
(T ab le  C l ) .  T h e h eat o f  va p oriza tion  for the v o la t ile  and th eir  p aram eters for  this 
eq u ation  w er e  sh o w n  in  T able C 2  (H ern an d ez, 2 0 1 3 ) .  It sh o u ld  b e n o ticed  that d u e  to  
the n o n -v o la t ility  o f  th e  IL s, their en th a lp y  o f  v a p o r iza tio n  and v a p o r  p ressu re  w er e  set 
as zero . T h e  V L E  o f  ternary sy s te m s  con ta in in g  io n ic  liqu id  w a s  p red icted  b y  u sin g  
N R T L  th erm o d y n a m ic  m od el (R e n o n  and P rau sn itz , 19 68 ), th e  b inary in teraction  
p aram eters and n on -ran d om  factors w e r e  taken  fro m  av a ilab le  literatures (Z h a o  et a l. , 
2 0 0 6 , C a lv ar  et a l., 2 0 0 8 , H em â n d ez , 2 0 1 3 ) , ( se e  m o r e  d eta ils  in  the A p p e n d ix  C ). T he  
liqu id  en th a lp y  w a s  estim ated  b y  L ee -K e s le r  (L K ) m eth o d  and th e vap or  en th a lp y  w a s  
p red icted  b y  th e  S o a v e -R e d lic h -K w o n g  eq u ation  o f  sta te  (S R K ).

4 .2 .3 .2  E xtractive D istilla tion  P ro cess  D esign  f o r  the S epara tion  o f
Ethanol +  W ater U sing E thylene G lyco l (EG)
T h e o v e r a ll p ro c e ss  fo r  a z eo tro p ic  m ix tu r e s  sep ara tio n  

p r o c e s se s  u s in g  c o n v e n tio n a l so lv e n t  (E G ) w a s  p er fo rm ed  b y  fo l lo w in g  th e  p ro p o sed  
d e s ig n  an d  s im u la tio n  b y  H ern a n d ez  (2 0 1 3 ) . T h e  c o n v e n tio n a l e x tr a c tiv e  d is t illa t io n  
p r o c e ss  u s in g  e th y le n e  g ly c o l (E G ) can  b e se e n  in  F igu re 4 .6 . T h e  F e n sk e  eq u ation  
w a s  u se d  to  c a lc u la te  th e  m in im u m  n u m b er o f  s ta g e s  o f  th e  E D C , u s in g  th e  d esired  
eth a n o l p u rity  in  th e  d is t illa te  and a re la tiv e  v o la t il ity  ca lc u la te d  at a so lv e n t  to  feed
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m olar  ratio  o f  u n ity  (arb itrary) at 10 0  k P a  (H ern a n d ez , 2 0 1 3 ) .  T h e  actu a l n u m b er  o f  
sta g e s  fo r  th e  E D C  u s in g  E G  w a s  3 0  (H ern a n d ez , 2 0 1 3 ) .  T h e  m a in  fe e d  w a s  lo c a te d  
at sta ge  2 3  (c o n d e n se r  at s ta g e  1) and th e  so lv e n t w a s  fe d  at th e  4 th  s ta g e  to  a v o id  th e  
so lv e n t  lo s s e s  in  th e  o v e r h e a d  o f  th e  co lu m n .

T h e  s o lv e n t  r e c o v e r y  c o lu m n  (S R C ) w a s  se t to  15 actu al s ta g e s  and  
fed  at th e  8 th  s ta g e . T h e  ov erh ea d  o f  th e  S R C  w a s  l im ite d  w ith  th e  m a x im u m  E G  
fraction  to  le s s  than  5 0 0  p p m  to  a v o id  so lv e n t lo s s e s .  A s  p ro p o se d  b y  H ern a n d ez  
(2 0 1 3 ) , th e  p ressu re  in  th e  S R C  w a s  2 0  k P a, p rov id ed  a tem p era tu re  in  th e  c o n d e n se r  
at 5 8  °c. T h e  e n e r g y  req u irem en ts  for th e  w h o le  E D  p r o c e s s  u s in g  E G  as so lv e n t  are 
d isp la y e d  in  T a b le  4 .6 .

Figure 4.6 C o n v e n tio n a l e x tra c tiv e  d is t illa t io n  p r o c e s s  u s in g  e th y le n e  g ly c o l  (E G )  
(H ern a n d ez , 2 0 1 3 ) .

4 .2 .3 .3  E x tractive  D istilla tio n  P ro c e ss  D es ig n  fo r  the S ep a ra tio n  o f  
E th an ol +  W ater U sing F our B est ILs C a n d id a tes  
T h e  sep ara tio n  p r o c e sse s  u s in g  fou r b est  IL s c a n d id a tes  as  

entra iner fo r  th e  e th a n o l +  w a ter  m ix tu re h a v e  b e e n  d e s ig n e d  and s im u la ted
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s u c c e s s fu lly  in  literatu re (S e ile r  et a l., 2 0 0 4 , R o u g h to n  e t a l., 2 0 1 2 ) .  B a sed  o n  
rep resen ta tiv e  p la n t c a p a c it ie s  for b io -e th a n o l p ro d u ctio n  (S e ile r  et a l., 2 0 0 4 , H u a n g  
et a l., 2 0 0 8 , H e r n a n d e z , 2 0 1 3 ) ,  a satu rated  liq u id  o f  a z e o tr o p ic  m ix tu re  w a s  fed  at 
2 0 0  k m o l/h , w h ic h  c o m p o se d  o f  160  k m o l/h  o f  e th a n o l an d  4 0  k rn o l/h  o f  w a ter  at 
1 0 0  kPa. T h e  e x tr a c t iv e  d is t illa t io n  c o lu m n  w a s  u sed  to  sep ara te  a z e o tr o p ic  m ix tu re  
w ith  a d e s ig n  s p e c if ic a t io n  o f  160  k m o l/h  o f  d is tilla te  p ro d u ct at h ig h e r  than 9 9 .8  
m ol%  e th a n o l p u rity . A  p ressu re  o f  10 0  k P a  w a s  m a in ta in ed  th ro u g h o u t th e  sy s te m . 
T h e IL s r e c o v e r y  p r o c e s s  w a s  se t to  r e c o v e r  IL s at 9 9 .8  m o l% . T a b le  4 .4  s h o w s  th e  
o v e r v ie w  o f  th e  f ix e d  sep ara tio n  p aram eters and the p r o c e s s  free  v a r ia b le s  to  b e  
o p tim iz e d  (H e r n a n d e z , 2 0 1 3 ) .

In g en era l, the en tire  sep ara tio n  p r o c e s s  c o n s is t s  o f  a 
d is t illa t io n  c o lu m n , a fla sh  drum , and a  stripper and th e  o v e r v ie w  o f  the f ix e d  
sep ara tion  p a ra m eters  is  illu stra ted  in F ig u re  4 .7 . T h e  e x tr a c t iv e  d is t illa t io n  c o lu m n  
(E D C ) is  u se d  to  sep arate  th e  ligh t k e y  co m p o n e n t (e th a n o l)  fro m  th e  h e a v y  k e y  
c o m p o n e n ts  (w a te r  and IL ). T h e  m in im u m  n u m b er o f  th e o r e tic a l s ta g e s  o f  th e  E D C  
w a s  set as 3 0  (H ern a n d ez , 2 0 1 3 ) ,  as ca lc u la te d  b y  u s in g  th e  F e n sk e  e q u a tio n  u s in g  an  
arbitrary s o lv e n t  to  fe e d  m o la r  ratio o f  u n ity  to o b ta in  the r e la tiv e  v o la til ity  
(H ern a n d ez , 2 0 1 3 ) .  In th e  fo llo w in g  se c t io n , a s im p le  ev a p o r a tio n  f la sh  drum  is  u sed  
to  re m o v e  a n y  re m a in in g  e th a n o l from  th e  w a ter  +  IL d u e  to  th e  d e c r e a se  in  p ressu re  
to  10 kP a. T h e  w a ter  +  IL  m ix tu re is  th en  sen t to  th e  strip per to  sep ara te  the  
r em a in in g  w a te r  from  th e IL b y  u sin g  air at n orm al c o n d it io n  (2 5  ° c  and  100  k P a) to  
regen era te  th e  d e s ired  IL w ith  a m olar p u rity  o f  0 .9 9 8 .
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Figure 4.7 T h e  p r o c e s s  d ia g ra m  o f  IL s-b a se d  a zeo tro p ic  sep a ra tio n  p r o c e s s  (S e ile r  
e t a l ,  2 0 0 4 , R o u g h to n  e t a l ,  2 0 1 2 ) .

T h e  IL f lo w ra te  and th e  fla sh  tem p era tu re  w e r e  o p tim iz e d  b y  
u s in g  the P ro/II o p t im iz e r  to  a c h ie v e  the m in im u m  o v e r a ll e n e r g y  req u irem en ts . T h e  
o p tim a l fe e d  s ta g e  lo c a t io n  w a s  d eterm in ed  b y  v a r y in g  th e  fe e d  s ta g e  to  g e t  th e  
lo w e s t  the e n e r g y  in p u t in  th e  reb o iler . T h e  m in im u m  n u m b er  o f  s ta g e s  o f  th e  
strip per w a s  d e te r m in e d  to  sa t is fy  the co n stra in ts  o f  the f in a l p rod u ct p u rity  o f  the IL 
en tra în er le a v in g  th e  s tr ip p in g  c o lu m n  (sp e c if ie d  at 9 9 .8 %  p u rity  o n  a m o lar  b a sis ) . 
T h e  air f lo w  rate w a s  co n tr o lle d  b y a c o n tr o lle r  to  s a t is fy  th e  co n stra in ts  o f  the IL  
fe e d  tem p era tu re  to  th e  E D C  c o lu m n  (at th e  b u b b le  p o in t  tem p era tu re o f  th e  w a ter  +  
e th a n o l feed  stre a m , i.e . 7 8  ๐C ).

F or th e  aq u eo u s sy s te m s , the four b est IL  can d id a tes  from  sec tio n
4 .2 .2 .1 , w h ic h  are [C 2 M I M ][E tS 0 4] , [C ,M IM ][D M P ], [C 2 M IM ][A c ] , and  
[C 2 M IM ][N (C N )2] , w er e  u sed  as entrainers in  the ex tra c tiv e  d istilla tio n  co lu m n . It is  
n oted  that th e  o p era tin g  tem perature o f  an y  stream  in the p r o c e ss  sh ou ld  b e lo w er  than  
th e  d egrad ation  tem peratu re o f  each  IL as sh o w n  in T a b le  4 .5  in ord er to  avo id  its 
degrad ation .
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Table 4.4 Separation task for ILs -based extractive distillation process

Fixed parameters Process free variable
D is tilla tio n  co lu m n D is tilla tio n  colum n

O p eratin g  p r e ssu r e , k P a 1 0 0 R e flu x  ratio
T h eo r e tic a l s ta g e s 3 0 E n traîn er f lo w  rate

C olum n F eed N u m b e r  o f  fe e d  s ta g e s
F lo w  rate [k m o l/h ] 2 0 0 F lash tan k
X eth a n o l 0 . 8 T em p era tu re
X w a ter 0 . 2 S trip p er
T em p era tu re B o il in g  p o in t N u m b e r  o f  s ta g e s

D is tilla te A ir  f lo w  rate
F lo w  rate [k m o l/h ] 16 0
X eth a n o l 0 .9 9 8

Table 4 .5  T h e d egra d ation  tem perature o f  fou r  b est IL ca n d id a tes

Ionic liquids Degradation temperature (°C) Reference
[C 2 M I M ][E tS 0 4] 251 S a lg a d o  e ta l .  (2 0 1 3 )
[C ,M IM ][D M P ] 2 7 4 S a lg a d o  e t al. (2 0 1 3 )
[C 2 M IM ][A c] 160 H ern a n d ez  (2 0 1 3 )
[C 2 M IM ][N (C N )2] 2 4 0 P a ra k n o w itsch  e t a i  (2 0 1 0 )

T h e input variab les and th e sim u la tio n  resu lts  are su m m arized  in  
T a b le  4 .6 . T h e  sep ara tion  p r o c e ss  f lo w sh e e t , th e  stream  ta b le s , and  o v e r v ie w  o f  
tem peratu re, f lo w r a te , sep ara tion  factors, liq u id  fraction s o f  all c o m p o n e n ts  in the  
ex tra ctiv e  d ist illa t io n  p ro cess  are sh o w n  in  A p p en d ix  D  fo r  a ll s im u la tio n  p ro cesses . 
T h e  feed  stage  lo c a t io n  o f  the E D C  w a s fou n d  b y the m in im u m  en erg y  co n su m p tio n  o f  
th e  reb o iler  h eat d u ty  (se e  in A p p en d ix  D ).
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It w a s  m en tio n ed  b y  H ern an d ez  ( 2 0 1 3 )  for the sep ara tion  o f  
eth a n o l +  w ater  u s in g  [C 2 M IM ][A c ] as en  trainers, the E D C  u sin g  [E M IM ][O A c ]  
ca n n o t b e  op era ted  at 100  k P a  b eca u se  th e  b o tto m  tem peratu re reach ed  2 1 2 .5  ° c  
(h ig h er  than its d egra d ation  tem perature). T h erefore , to  a v o id  th e d egra d ation  o f  
[C 2 M IM ][A c], th e  p ressu re in  th e  ex tractiv e  d istilla tio n  c o lu m n  sh ou ld  b e  red u ced  to  
2 5  k P a  to  get 1 5 2 .3 6  ° c  at the b ottom  o f  E D C . F or the [C 2 M IM ][A c ]  r e c o v e r y  sec tio n , 
it requ ired  e x tr e m e ly  lo w  p ressu res (1 x lO ' 7 k P a) to  ob tain  th e io n ic  liq u id  w ith  a m olar  
p u rity  o f  0 .9 9 8  (H ern a n d ez , 2 0 1 3 ) . T h erefore , th e  reco very  c o lu m n  o f  [C 2 M IM ][A c ] is  
n ot further d isc u sse d .

T h e op tim a l co n d itio n  o f  th e  sep aration  o f  eth an o l +  w ater  u sin g  
[C iM IM ][D M P ] is  su m m arized  in  F igure 4 .8 . T h e  th eoretica l s ta g e  o f  2 8  w a s  o b serv ed  
to  r eco v er  iso p ro p a n o l w ith  a purity  o f  9 9 .8  m o l%  at R R  o f  0 .6 4 6 . A c c o r d in g  to the  
resu lts , the fe e d  sh o u ld  be lo ca ted  at the 2 2 th  sta ge  to ob ta in  eth an o l w ith  a m olar  
p u rity  o f  0 .9 9 8 . In the regen era tion  se c tio n , fla sh  drum  w a s  op era ted  at 1 8 2 ° c ,  and  
th eo retica l sta g e  o f  15 w a s  required  for the strip per co lu m n  to  g e t 9 9 .8 m o l%  o f  IL s.

F igure 4 .9  sh o w s  th e  c o m p a r iso n  o f  th e  reb o iler  h eat d u ty  o f  the  
ex tra c tiv e  d ist illa t io n  co lu m n  u sin g  d ifferen t entrainers. It can  b e c lea r ly  c o n c lu d ed  
that th e  u se  o f  IL s a s  entrainers for sep aration  o f  ethan ol +  w a ter  a zeo tro p e  can  red u ce  
arou n d  9 -20 %  o f  th e  reb oiler  d u ty  in the e x tra c tiv e  d is tilla tio n  co lu m n  a s com p a red  to  
th e  c o n v en tio n a l org a n ic  so lv e n t  (E G ) (3 .9 6  M W ). A m o n g  a ll fou r IL can d id a tes, 
[C iM IM ][D M P ] required  the lo w e s t  reb o iler  d u ty  (3 .1 6  M W ) du e to its  c o m p le te ly  
m isc ib ility  and r e la tiv e ly  c lo se s t  to  the so lu b ility  param eter o f  w ater  ( s e e  F ig u re  4 .4 ) ,  
fo llo w e d  b y  [C 2 M IM ][N (C N )2] (3 .3  M W ), [C 2 M I M ][E tS 0 4] (3 .4 4  M W ), and  
[C 2 M IM ][A c] (3 .6 2  M W ). T h erefore , [C iM IM ][D M P ] ca n  sa v e  reb o iler  en erg y  
c o n su m p tio n  o f  2 0 .2 0  % (0 .8  M W ) w h en  co m p a red  to the c o n v e n tio n a l so lv e n t  (E G ).
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Table 4.6 Input va r ia b les  and th e s im u la tio n  resu lts  for IL s -b a se d  sep ara tio n  o f  th e  e th a n o l and  w a ter

EG [C2MIM][Ac] [C2MIM][N(CN)2] [C2MIM][EtS04] [C1MIM][DMP]
E n train er f lo w  rate, k m o l/h 2 3 2 .2 1 1 0 8 .7 1 2 0 85 5 3 .4 8
Main column ร^^^^^^tê ïâÊÊÊÊSÊÊÊBËรร4% 5 !f ijy '̂-'\\i ... '5■ HHH
T h e o r e tic a l s ta g e s 3 0 3 0 3 0 3 0 3 0
O p era tin g  p ressu re , k P a 1 0 0 2 5 1 0 0 1 0 0 1 0 0

E th a n o l p u rity 9 9 .8  m o l % 9 9 .8  m o l % 9 9 .8  m o l % 9 9 .8  m o l % 9 9 .8  m o l %
R e f lu x  ratio 0 .7 0 2 1 0 .9 9 6 3 0 .6 1 2 8 0 .8 5 3 8 0 .6 4 6
E n train er fe e d  s ta g e 4 2 2 2 2

E th a n o l +  w a ter  fe e d  s ta g e 23 2 3 2 2 2 3 2 3
B o tto m  tem p era tu re ,°c 1 5 6 .1 6 1 5 2 .3 6 1 7 0 .3 1 7 4 .8 8 17 0
R e b o ile r  h eat d u ty , M W 3 .9 6 3 .6 2 3 .3 0 3 .4 4 3 .1 6
Entrainer regeneration 'ร ;ร ร  K̂  i 'm ^ j§J
E n train er purity > 9 9 .8  m o l % > 9 9 .8  m o l % > 9 9  8  m o l % > 9 9 .8  m o l % > 9 9 .8  m o i %

D is t i l la t io n ■ ' . - ■ * _ HHHMHi —
T h e o r e tic a l s ta g e s 15 — — — —
O p era tin g  p ressu re , k P a 1 0 0 — l — —

ON

I



Table 4.6 Input v a r ia b les  and  th e  s im u la tio n  resu lts  for  IL s-b a sed  sep ara tion  o f  th e  e th a n o l and  w a ter  (C o n tin u e d )

EG [C2MIM][Ac] [C2MIM][N(CN)2] [C2MIM][EtS04] [C1MIM][DMP]
R e flu x  ratio 0.6389 — — 1 — —
F eed  s ta g e 8 — — — —
R e b o ile r  h ea t d u ty , M W 0.681 — — — —

F la sh  drum น-': ‘# ๙ น
O p era tin g  p ressu re , k P a —  ' — 10 10 10
O p era tin g  tem p era tu re , ๐ c —  — 200 251 182
H eat d u ty , M W —  — 0.62 * 0.75 0.47

S tr ip p in g  colum n ■1 ... ' พ พ  -, c-c iM teT iW sm
i l l l l l  : เ ^ ร ุ่^*', ' ' 1 ^

T h e o r e tic a l s ta g e s —  — 10 10 15
O p era tin g  p ressu re , k P a —  — 100 100 100
F eed  s ta g e —  — 1 1 1
B o tto m  tem p era tu re , ๐c —  — 78 78 78
A ir  f lo w  rate, k g /h —  — 8071 3798 2643
A ir  tem p era tu re , ๐c —  — 25 25 25
H ea t e x c h a n g e r  d u ty , M W 'น ^ 0.354 — __

f "- ~  . •
O v era ll h ea t d u ty , M W 4.64 3.92 4.20 3.64

o-\



F ig u r e  4 .8  T h e  o p tim a l c o n d it io n s  and  th e resu lts  o f  th e  e th a n o l +  w a ter  a z e o tr o p ic  sep a ra tio n  p r o c e s s e s  u s in g  [C iM IM ][D M P ] o\นิาเ



66

F ig u r e  4 .9  E n e r g y  req u irem en t for reb o iler  in  ex tra ctiv e  d is t illa t io n  p r o c e s s  u s in g  
E G  an d  fou r b e s t  IL can d id a tes .

In term  o f  IL s flow rate  (T a b le  4 .6 ) , [C iM IM ][D M P ] a lso  requires  
th e  lo w e s t  f lo w r a te  (5 3 .4 8  k m ol/h r) for th e  b reak in g  o f  th e  azeo tro p e  as com p ared  to  
oth er IL s. T h e liq u id  m o le  fraction  o f  the [C iM IM ][D M P ] p r o f ile s  in  ea c h  tray n um ber  
o f  th e  ex tra ctiv e  d istilla tio n  p ro cess  is  sh o w n  in  F igure D 1 6  (A p p e n d ix  D ). F rom  
F ig u re  D 1 6 , T h e  liq u id  m o le  fraction  o f  the [C iM IM ][D M P ] in tray n u m b er 2 is  3 0  
m o l%  and k ep t c o n sta n t till tray n um ber 2 2 , th en  th is fraction  w a s  d rop p ed  to 15 m ol%  
o f  [C [M IM ][D M P ]. T h is acco rd in g  to th e  V L E  o f  th e  eth a n o l +  w ater  +  
[C im im ][D M P ] ( s e e  F igure C 2 ) w h ich  the azeo tro p e  w a s  b rok en  w ith  a m in im u m  o f  
10 m ol%  o f  [C |M IM ][D M P ], It sh ou ld  b e  n oted  that th e  a d d in g  th e m in im u m  
req u irem en t o f  IL s entrainer can  red u ce th e  m aterial d em a n d s and im p ro ve  the
e c o n o m ic s .
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T h e  o v era ll en erg y  req u irem en t (reb o iler  d u ty  p lu s  r e c o v ery  heat 
d u ty ) for  ex tra c tiv e  d ist illa t io n  p ro c e ss  u s in g  E G  and d iffe r e n t IL s entra iners is  
d isp la y e d  in F ig u re  4 .1 0 . It can  b e o b v io u s ly  c o n c lu d e d  that th e  u se  o f  
[C iM IM ][D M P ] a s  en tra in ers p ro v id ed  the lo w e s t  in  o v era ll e n e r g y  req u irem en ts and  
red u ced  th e e n e r g y  c o n su m p tio n  b y  2 1 .5 5 %  co m p a red  to  th e  co n v e n tio n a l so lv en t  
(E G ). T h e h ig h er  e n e r g y  in  th e  E G  s y s te m  is  c a u se d  b y  the evap ora tion  
o f  E G  in  th e  reb o iler , w h erea s  th e  ILs are n o n -v o la tile . B y  c o m p a r in g  the overall 
e n e r g y  co n su m p tio n  o f  ea ch  IL entrainer, th e  p erfo rm an ce  o f  th e  IL s fo r  ethan ol +  
w ater azeo tro p ic  s y s te m  ca n  b e  ranked as [C iM IM ][D M P ] >  [C 2 M IM ][N (C N ) 2 ] >  
[C 2 M IM ][E tS 0 4 ]. T h e  [C iM IM ][D M P ] is  c h o s e n  a s  the fin a l can d id a te  b a se d  on  the  
m in im u m  en erg y  c o n su m p tio n  o f  th e  w h o le  p r o c e sse s .

F ig u r e  4 .1 0  O v era ll en erg y  req u irem en t for  ex tra ctiv e  d is t illa t io n  p ro c e ss  u s in g  E G  
and IL s.
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4 .2 .4  S te p -4  : D e s ig n  F le x ib ili ty  fo r  O th er  A z e o tr o p ic  S y s te m s
T h e  m o d ific a tio n  o f  th e  a q u eo u s  a z eo tro p ic  sep ara tio n  p r o c e ss  h as b een  

ev a lu a ted  throu gh  th e  iso p ro p a n o l +  w a ter  a z eo tro p ic  m ix tu re (r e sp e c t  to  th e  ch a n g e  in  
s iz e  o f  th e  a lc o h o l) . It sh o u ld  b e  n o tic e d  that th e  lo n g e r  the carb o n  ch a in  in  an a lco h o l, 

. the h ig h e r  th e  n o n -p o la r  p rop erties o f  th e  m ix tu res  is  p erform ed .
4.2 .4 .1  The Isopropan o l + W ater S epara tion  U sin g  [C iM IM ][D M P ]

F rom  th e p r e v io u s  s tep , T h e  [C iM IM ][D M P ] s h o w s  th e  b est  
IL s en tra in er  for  th e  e th a n o l +  w a ter  sep ara tio n . T h u s , th is  IL h a s  b e e n  se le c te d  to be  
u sed  a s  an en tra in er for  the iso p r o p a n o l +  w a ter  sep ara tion . F ig u r e  4 .1 1  s h o w s  the  
resu lt o f  th e  p r o c e ss  s im u la tio n  for th e  iso p r o p a n o l +  w a te r  sep a ra tio n  u sin g  

-[C iM IM ] [D M P ].
T h e  sep a ra tio n  o f  iso p r o p a n o l +  w a ter  u s in g  [C iM IM ][D M P ]  

req u ired  4 3  n u m b er  o f  s ta g e s  w h ic h  is  h ig h e r  th an  the e th a n o l +  w a ter  sep a ra tio n  (3 0  
s ta g e s ) , and  a lso  req u ired  h ig h er  r e b o iler  d u ty  (7 .0 4 5  M W ) an d  h ig h er  r e f lu x  ratio  
(3 .6 8 )  a s  co m p a red  to  th e  sep ara tio n  o f  e th a n o l +  w a ter  w ith  th e  sa m e  IL entra in er. It 
can  b e  n o t ic e d  that in  th e  r e c o v e r y  se c t io n , iso p r o p a n o l ( S 2 )  c a n  b e  r e c o v e r e d  at a  
m a x im u m  m olar p u rity  o f  o n ly  9 9 .4 5  m o l% , w h ic h  is  lo w e r  th an  th e target purity  
(9 9 .8  m o l% ). T h is  a c c o r d in g  to  th e  V L E  d ia g ra m  a s illu stra ted  in  F ig u re  4 .1 2  (b ), 
T h e V L E  d ia gram  o f  iso p r o p a n o l +  w a ter  +  [C iM IM ][D M P ] at 2 0  m o l%  o f  
[C iM IM ][D M P ] s h o w s  c lo se r  to  th e  d ia g o n a l l in e  than th o se  o f  e th a n o l +  w a ter  +  
[C iM IM ][D M P ] at th e  sa m e IL s c o n c e n tr a tio n  (F ig u re  4 .1 2  (a )) . T h u s, it requ ires  
v e r y  la rg e  n u m b er o f  s ta g e  to ob ta in  h ig h  p ro d u ct purity  ( 9 9 .8  m o l% ). T o  a v o id  th is  
p r o b le m , th e  n e x t  b est IL en tra in er w a s  s e le c te d  fro m  a ll b es t  ca n d id a tes  
( [C 2 M I M ][N (C N )2] , [C 2 M I M ][ E t S 0 4], or [C 2 M IM ][A c ]) .
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SEL _
X IC lm im llD M P ] =  0 .998;
X w a ter  =  0 .002---------------

P =  100 kPa;
T  =  7 9 .7 5  °C ;
F =  2 0 0  km ol/hr; 
X iso p ro p a n o l =  0 .6 ;  
X w a ter  =  0.4

p =  lO O kPa;
T  =  81 °C;

-6 37  M W  ^  =  120.422 km ol/h r;
X isop rop an o l =  0 .9945; 
X w a ter  =  0 .0 0 5 5

------------- «Ej>

P =  100 kP a;  
RR = 3 .6 8 1 1 ;  
Ns =  43  S ta g es;  
N f =  2 3  S ta g es

7.05 M W

p =  lO O kPa;
T  = 1 9 6  °C;
F  =  2 8 9 .5 7 79  k m o l/h r;  
X iso p ro p a n o l = 0 .0 0 0 8 ;  
X w a ter  =  0 .2754; 
X [C lm im ||D M P l = 0 .7 2 3 7 ;  

------------------ < >

F ig u r e  4 .1 1  E x tra c tiv e  d is t illa t io n  c o lu m n  o f  iso p r o p a n o l +  w a te r  sep a ra tio n  u s in g  
[CiMIM][DMP].

(a)
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(b)
F ig u r e  4 .1 2  V L E  d ia gram  o f  e th a n o l/w a ter  / [C iM IM ][D M P ] (a ) and  V L E  d iagram  
o f  iso p r o p a n o l/w a te r  / [C iM IM ][D M P ] (b )  at [C ]M IM ][D M P ] 2 0 % m o l (P  =  1 atm ).

4 .2 .4 .2  The Iso p ro p a n o l+ W a ter  S epara tion  U sing [C 2M IM ] [N (C N ) 2
D u e  to  the u n fea s ib ility  op era tion  o f  the [C 2 M IM ][A c ]  (from  

the p r e v io u s  case; e th a n o l +  w ater  sep aration ) and a la ck  o f  b in ary  in teraction  
p aram eters (N R T L ) o f  [C 2 M I M ][E tS 0 4] for iso p ro p a n o l +  w a ter  sep aration , 
[C 2 M IM ][N (C N )2] w a s  th e  o n ly  n ex t b est can d id ate  to  b e  u sed  as entrainer for  the  
iso p rop an o l +  w ater  sep aration . T h e V L E  d iagram  o f  iso p r o p a n o l +  w a ter  +  
[C 2 M IM ][N (C N )2] at d ifferen t con cen tration  o f  IL at p  =  1 atm  is  s h o w n  in  F igure C 6 . 
T h e N R T L  in teraction  p aram eters for th e  ternary sy s te m  w er e  tak en  from  W an g  et al. 
(2 0 1 0 ).

A n  a n a lo g o u s  p roced u re o f  th e  eth an o l +  w ater u s in g  
[C 2 M IM ][N (C N )2] sep ara tion  p ro cess  w a s  ap p lied  for  th e  sep aration  o f  iso p rop an o l +  
w ater. T h e  sep aration  p r o c e ss  o f  the iso p rop an o l +  w a ter  is  illu stra ted  in  F igu re 4 .1 3 .
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F ig u r e  4 .1 3  T h e  p ro cess  f lo w  d iagram  o f  iso p rop an o l +  w a ter  a zeo tro p ic  separation  
u sin g  [C 2 M IM ][N (C N )2].

4 .2 .4 .2 .1  The C hange o f  the H eat D u ty  a n d  Reflux R a tio  in 
E D C
A  c o m p a r iso n  o f  s im u la tio n  resu lts  b e tw e e n  e th a n o l +  

w a ter  and iso p r o p a n o l +  w a ter  u s in g  [ € 2 M I M ][N (C N )2] a s  en tra in er is  illu stra ted  in  
T a b le  4 .7 . A s  ca n  b e seen  from  T a b le  4 .7  and F ig u re  4 .1 4 ,  an in crea se  o f  the s iz e  o f  
th e  a lc o h o l (e th a n o l [C H 3 C H 2 O H ] to iso p r o p a n o l [C H 3 C H 9 C H 2 O H ]) fo r  the E D C  
a llo w s  a s lig h t ly  in crea se  o f  th e  re flu x  ratio  (fro m  0 .6 1 2 8  for e th a n o l to  0 .7 2 9  for  
iso p r o p a n o l) , and  a red u ction  o f  th e  reb o iler  h eat d u ty  a s  sh o w n  in F ig u re  4 .1 4 . It can  
b e n o ticed  th at the in teraction  o f  th e  [ € 2 M I M ][N (C N )2] and w a te r  for the  
iso p r o p a n o l +  w a te r  [ € 2 M IM ][N (C N )2] sy s te m  is  stro n g er  than  that o f  th e  eth a n o l +  
w a ter  [C 2 M I M ][N (C N )2] sy s te m . T h is  c a u se d  b y  th e stro n ger  in tera c tio n  o f  the  
eth a n o l and w a te r  (h igh er  p o la r ity )  than the iso p r o p a n o l and w ater. T h ere fo re , it is  
e a s ie r  to r e c o v e r  iso p ro p a n o l from  w a ter  than  r e c o v e r in g  o f  e th a n o l fro m  w ater and  
th is  lea d s to  a  lo w e r  en ergy  c o n su m p tio n  o f  th e  reb o iler .
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C o n sid e r in g  th e  fla sh  d u ty , d u e to  th e  stron ger  
in tera c tio n s  b e tw e e n  [C 2 M I M ][N (C N ) 2 ] and w a ter  in  th e  iso p r o p a n o l +  w ater  
[C 2 M I M ][N (C N ) 2 ] sy s te m , th e  r e c o v ery  o f  th e  [C 2 M I M ][N (C N ) 2 ] from  w ater  
req u ired  th e  f la sh  h ea t d u ty  o f  1 .3 4  M W  w h ic h  is  h ig h er  th a n  that o f  th e  e th a n o l +  
w a ter  [C 2 M I M ][N (C N ) 2 ] s y s te m  (0 .6 1 3  M W ). C o m p a r in g  the o v e r a ll en erg y  
req u irem en t, th e  iso p r o p a n o l +  w a ter  [C 2 M I M ][N (C N ) 2 ] sy s te m  req u ire  s lig h tly  
lo w e r  e n e r g y  th a n  th e sep ara tio n  o f  e th a n o l +  w a ter  w ith  th e  sa m e IL an d  th e sam e  
o p era tin g  c o n d it io n  a s  sh o w n  in  F ig u re  4 .1 4 .

Table 4 .7  A  c o m p a r iso n  o f  th e  input v a r ia b le s  and th e  s im u la tio n  r esu lts  for  
a lc o h o l ic  a q u e o u s  a z e o tr o p ic  sep ara tio n  p r o c e s se s  u s in g  [C 2 M I M ][N (C N ) 2 ] w h e n  
f ix e d  c o n d it io n  a s  e th a n o l +  w a ter  sep ara tion  (F ig u re  4 .8 )

Ethanol +  water + Isopropanol +
[C2MIM][N(CN)2] water +

[C2MIM][N(CN)2]
E n train er f lo w  rate , k m o l/h 1 2 0 1 2 0

Main column : 1- A  " -■ ‘ .
T h e o r e tic a l s ta g e s 3 0 3 0
O p era tin g  p r e ssu r e , kP a 1 0 0 1 0 0

E th a n o l p u rity 9 9 .8  m o l % 9 9 .8  m o l %
R e f lu x  ratio 0 .6 1 2 8 0 .7 2 9
E n train er fe e d  s ta g e  ~ 2 2

A lc o h o l +  w a te r  fe e d  sta ge 2 2 2 2

B o tto m  te m p e r a tu r e ,° c 17 0 .3 1 3 8 .4
R e b o ile r  h ea t d u ty , M W 3 .3 0 0 2 .5 4
Entrainer regeneration
E ntrainer p u rity > 9 9 .8  m o l % > 9 9 .8  m o l %
F lash  drum
O p eratin g  p r essu re , kP a 1 0 1 0

O p eratin g  tem p era tu re , c 2 0 0 2 0 0
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Table 4.7 A comparison of the input variables and the simulation results for
alcoholic aqueous azeotropic separation processes using [C2MIM][N(CN)2] when
fixed condition as ethanol + water separation (Figture 4.8) (Cont’d)

-
Ethanol + water + 
[C2MIM][N(CN)2]

Isopropanol + 
water +

[C2MIM][N(CN)2]
H ea t d u ty , M W 0.6181 1.3373

S tr ip p in g  colum n
T h e o r e tic a l s ta g e s 10 10
B o tto m  tem p era tu re , ° c 78 80
A ir  f lo w  rate, k g /h 8071.1 8094
A ir  tem p era tu re , ๐c 2 5 2 5

O v era ll h ea t d u ty (R e b o ile r + F la sh ) , M W 3 .9 2 3 .8 8

Ethanol (CH3CH2OH) Isopropanol (CH3 CH2CH2 OH)

Figure 4.14 Heat requirement for the alcoholic + water azeotropic separation using
[C2MIM][N(CN)2] as entrainer.
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4 .2 .4 .2 .2  The C hange o f  the T h eo re tica l S ta g e s  in E D C
T h e  op tim a l n u m b er o f  th e o r e tic a l s ta g e s  fo r  the  

iso p r o p a n o l +  w a te r  sep aration  w ith  [C 2 M I M ][N (C N ) 2 ] w a s  in v e s t ig a te d  b y  g iv e n  
th e  r e f lu x  ration  (R R ) o f  0 .6 1 8  (a s  sa m e  as th e  eth a n o l +  w a te r  +  [C 2 M I M ][N (C N ) 2 ] 
sep a ra tio n ). T h e  r e su lts  are su m m a rized  in  F ig u re  4 .1 5 .  It can  b e  s e e n  that a  
m a x im u m  m o la r  purity  o f  th e  iso p r o p a n o l w a s  o b ta in ed  fro m  the  
n u m b er o f  th e o r e tic a l sta g e  3 5 -5 0  is  0 .9 8 1 , w h ic h  d o e s  n o t  sa t is fy  th e  d es ig n  
cr iter io n  o f  9 9 .8  m o l%  p u rity  o f  iso p r o p a n o l. T h u s, w e  ca n n o t r e c o v e r  the  
iso p r o p a n o l w ith  h ig h e r  purity th an  98 .1  m o l% , at a f ix e d  R R  o f  0 .6 1 8 .
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Figure 4.15 C o m p a r iso n  o f  th e  n u m b er o f  th e o r e tic a l s ta g e  v e r su s  liq u id  m o la r  
fra ctio n  o f  th e  p ro d u ct ( iso p r o p a n o l)  in  e x tr a c tiv e  d is t illa t io n  u s in g  
[C 2 M I M ][N (C N )2].

Therefore, from the previous case of isopropanol +
water separation using [C2MIM][N(CN)2] with 30 theoretical stages and RR of 0.729
was studied to observe the optimal theoretical stages. The simulation results are
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d isp la y e d  in  T a b le  4 .8 .  T h e th eo re tica l s ta g e  o f  2 6  w a s  o b se r v e d  to  r e co v er  
iso p r o p a n o l w ith  a  p u r ity  o f  9 9 .8  m o l%  at R R  o f  0 .7 2 9 . A c c o r d in g  to  th e  r e su lts , the  
fe e d  sh o u ld  b e  lo c a te d  at the 18th s ta g e  to ob ta in  iso p r o p a n o l w ith  a m o la r  p u rity  o f
0 .9 9 8 .

Table 4.8 T h e in p u t v a r ia b les  and  th e th eo re tica l s ta g e s  r e su lts  for  iso p r o p a n o l +  
w a ter  sep a ra tio n  p r o c e s s e s  u s in g  [C 2 M IM ][N (C N ) 2 ] w h e n  k e p t r e f lu x  ra tio n  a s  0 .7 2 9

Isopropanol + water + 
[C2MIM][N(CN)2]

E n train er f lo w  rate, k m o l/h 1 2 0

Main column ,
T h eo re tica l s ta g e s 2 6
O p era tin g  p ressu re , k P a 1 0 0

E th an o l p u rity 9 9 .8  m o l %
R e flu x  ratio 0 .7 2 9
E n train er s ta g e 2

F eed  s ta g e 18
B o tto m  tem p era tu re ,°c 1 3 7 .4
R e b o ile r  h ea t d u ty , M W 2 .5 4

4 .2 .4 .2 .3  The C hange o f  the IL F lo w ra te  in E D C
T o  co m p a re  th e  en tra in er fe e d  f lo w r a te  o f  th e  tw o  

a ze o tr o p ic  s y s te m s , th e  R R  o f  0 .7 2 9  w a s  f ix e d  fo r  th e  eth a n o l + w ater  
[C 2 M I M ][N (C N ) 2 ] an d  iso p ro p a n o l +  w a ter  [C 2 M I M ][N (C N ) 2 ] sy s te m s . T h e  op tim a l 
resu lts  o f  b o th  s y s te m s  are p resen ted  in  T ab le  4 .8 . A  p lo t  b e tw e e n  th e en tra in er  feed  
f lo w ra te  a g a in st th e  p u rity  o f  iso p r o p a n o l is  p resen ted  in  F ig u r e  4 .1 6 . T h e  op tim a l 
IL f lo w r a te s  w a s  o b se r v e d  at 1 2 0  k m ol/h r  for  iso p r o p a n o l +  w a ter  s y s te m  and 94  
k m o l/h r  fo r  th e  e th a n o l +  w ater  sy s te m  to  sa t is fy  th é  d e s ig n  cr iter io n  o f  0 .9 9 8  m ol%  
o f  d is t illa te . T h u s , an in crea se  in  s iz e  o f  the a lc o h o l a l lo w s  an in crea se  in  th e  IL feed
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f lo w ra te . T h e  p r o c e s s  s im u la tio n  resu lts  o f  e th a n o l +  w a te r  sep a ra tio n  u s in g  
[C 2 M I M ][N (C N ) 2 ] at R R =  0 .7 2 9  is  p resen ted  in  F ig u re  D 4 5  an d  T a b le  D 3 3 .

Table 4.9 A  c o m p a r iso n  o f  th e  in p u t v a r ia b les  and  the th e o r e tic a l s ta g e s  re su lts  for  
iso p r o p a n o l +  w a te r  sep ara tio n  p r o c e s s e s  u s in g  [C 2 M I M ][N (C N ) 2 ] w h e n  k ep t re flu x  
ration  a s  0 .7 2 9

-
Ethanol + water + 
[C2MIM][N(CN)2]

Isopropanol + 
water +

[C2MIM][N(CN)2]
E n train er f lo w  rate, k m o l/h 9 4 1 2 0

Main column เทพทฒฒฒเฒ เฒ 1 ■
W m m Ê m X r n พ ^  I P

T h e o re tica l s ta g e s 3 0 3 0
O p era tin g  p ressu re , k P a 1 0 0 1 0 0

D is t i l la te  purity 9 9 .8  m o l % 9 9 .8  m o l %
R e flu x  ratio 0 .7 2 9 0 .7 2 9
E n train er fe e d  s ta g e 2 2

A lc o h o l +  w a ter  fe e d  sta g e 2 2 2 2

B o tto m  tem p era tu re ,°c 170 1 3 8 .4
R e b o ile r  h eat d u ty , M W 3 .3 6 2 .5 4
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Figure 4.16 C o m p a r iso n  o f  th e  f lo w r a te  o f  [C 2 M I M ][N (C N ) 2 ] v e r su s  liq u id  m o lar  
fraction  o f  th e  iso p r o p a n o l in  E D C .

4 .2 .4 .2 .4  The C hange o f  the T em pera tu re  a n d  the H ea t D u ty  in
F lash  D rum
T h e  f ix e d  p aram eters o f  th e  E D C  for  e th a n o l +  w a ter  

and iso p r o p a n o l +  w a te r  u s in g  [C 2 M I M ][N (C N ) 2 ] are sh o w n  in T a b le  4.9. T h e  
p ressu re  in  th e  s im p le  ev a p o ra tio n  o f  the f la sh  drum  w a s  s e t  as 10 k P a , o n ly  the  
o p era tin g  tem p era tu re  and the h ea t d u ty  w er e  in v e stig a te d  b y  u s in g  o p tim iz e r  (Pro/II
9.1). T h e  f la sh  s im u la tio n  resu lts o f  th e  iso p r o p a n o l +  w a ter  u s in g  [C 2 M I M ][N (C N ) 2 ] 
are p rese n te d  in  F ig u re  4.17. T h e en tra in er reg en era tio n  p r o c e ss  req u ired  the  
o p era tin g  tem p era tu re  o f  163 °c, and  th e f la sh  h eat d u ty  o f  1.12 M W . T h is  requ ired  
lo w e r  o p era tin g  tem p era tu re  than th e  e th a n o l +  w a ter  sep a ra tio n  p r o c e ss . In term  o f  
o v era ll e n e r g y  req u irem en t, th e  sep ara tio n  o f  e th a n o l fro m  th e  a q u eo u s  sy s te m s  
req u ired  e n erg y  o f  4.13 M W , w h ic h  w a s  h ig h e r  than  th e sep a ra tio n  o f  iso p r o p a n o l +  
w a ter  (3.66 M W ) a s  sh o w n  in  F ig u re  4.18. T h u s, an  in c r e a se  o f  the s iz e  o f  the  
a lc o h o l for  th e  f la sh  drum  a llo w s  a d ecrea se  o f  th e  o p e r a tin g  tem p era tu re , b ut an  
in crea se  o f  th e  f la sh  h eat d u ty . H o w e v e r , th e  o v era ll e n e r g y  c o n su m p tio n  o f  the  
w h o le  p r o c e ss  s h o w s  a d ecrea se  o f  11.3 % as co m p a red  to  that o f  th e  e th a n o l +  w ater  
sy ste m .
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Table 4.10 A  c o m p a r iso n  o f  th e  in p u t v a r ia b les  and  th e th e o r e tic a l s ta g e s  re su lts  for 
iso p r o p a n o l +  w a te r  sep a ra tio n  p r o c e s s e s  u s in g  [C 2 M I M ][N (C N ) 2 ]

Ethanol +  water + 
[C2MIM][N(CN)2]

Isopropanol + 
water +

[C2MIM][N(CN)2]
E n train er f lo w  rate, k m o l/h 1 2 0 1 2 0

Main column พ ^ é M >
T h eo re tica l s ta g e s 3 0 3 0
O p era tin g  p r e ssu r e , k P a 1 0 0  . 1 0 0

E th an o l p u rity 9 9 .8  m o l % 9 9 .8  m o l %

R e flu x  ratio 0 .7 2 9 0 .7 2 9
E n train er s ta g e 2 2

F e e d  s ta g e 2 2 2 2

B o tto m  te m p e r a tu r e ,° c 17 0 1 3 8 .4
R e b o ile r  h eat d u ty , M W 3.51 2 .5 4

Entrainer regeneration .. Ç'ïi ' 1 V, V  ̂ 's ’- i

E n train er p u rity > 9 9 .8  m o l % > 9 9 .8  m o l %

F lash  drum  .
O p era tin g  p r essu re , k P a 1 0 1 0

O p eratin g  tem p era tu re , c 2 0 0 163
H eat d u ty , M W  

S tr ip p in g  colum n
0 .6 2 1 . 1 2

T h eo r e tic a l s ta g e s 1 0 1 0

B o tto m  tem p era tu re , ° c 7 8 8 0
A ir  f lo w  rate, k g /h 8 0 7 1 .1 8 0 9 4
A ir  tem p era tu re , ๐c 2 5 2 5

O v era ll h ea t d u ty (R e b o ile r + F la sh ) , 
M W

4.13 3.66
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Figure 4 .1 7  A  c o m p a r iso n  o f  th e  f la sh  s im u la tio n  resu lts  fo r  th e  a lc o h o lic  a q u eo u s  
a z e o tr o p ic  sep a ra tio n  p r o c e s se s  u s in g  [C 2 M I M ][N (C N ) 2 ].
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Figure 4.18 A  c o m p a r iso n  o f  th e  f la sh  s im u la tio n  resu lts  fo r  th e  a lc o h o lic  a q u eo u s  
a z e o tr o p ic  sep a ra tio n  p r o c e sse s  u s in g  [C 2 M I M ][N (C N ) 2 ].
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4 .2 .4 .2 .5  The O p tim a l C on d ition  o f  th e  Iso p ro p a n o l  +  W ater 
S ep a ra tio n  U sin g  [C 2M IM ][N (C N )2]
T h e  op tim a l c o lu m n  c o n d it io n  and th e resu lts  o f  the  

iso p r o p a n o l +  w a te r  sep ara tio n  u s in g  [C 2 M I M ][N (C N ) 2 ] are su m m a rized  in  F igu re  
4 .1 9 . T h e  fe e d  o f  th e  E D C  is  lo c a te d  at th e  18 th s ta g e  an d  th e  m in im u m  n u m b er o f  
sta g e  o f  th e  E D C  is  2 6 . T h is  E D C  req u ired  th e  h ea t d u ty  fo r  r e b o iler  o f  2 .5 4  M W  and  
th e  h eat d u ty  fo r  f la sh  drum  o f  1 .1 6 8  M W . T h e  o v era ll h ea t req u irem en t o f  th e  w h o le  
p r o c e ss  is  3 .7 1  M W . T h e stream  tab le  re su lts  and c o lu m n  p r o f ile s  o f  th e  w h o le  
p r o c e s s e s  can  b e  s e e n  in  T a b le  D 3 6  and  F ig u re  D 4 8 - D 5 1 , r e s p e c t iv e ly .

F ig u r e  4 .1 9  T h e  op tim al c o n d it io n s  and the resu lts o f  th e  iso p ro p a n o l +  w ater  
a zeo tro p ic  sep ara tio n  p ro c e sse s  u s in g  [C 2 M IM ][N (C N ) 2 ].
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