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CHAPTER III 
EXPERIMENTAL

3.1 Materials

M a c r o -  a n d  m e s o p o r o u s  a lu m in a  a n d  a c t iv a te d  c a r b o n  u s e d  a s  a d s o rb e n ts  
w e r e  p r o v id e d  f ro m  I n s t i tu t  F ra n ç a is  d u  P é t r o le  ( IF P ,  F r a n c e )  a n d  V W R  r e s p e c t iv e ly .

N ic k e l  ( I I )  c h lo r id e  ( N iC h ,  9 8 % )  a n d  C o p p e r  ( I I )  c h lo r id e  ( C u C l2, 9 7 % )  
u s e d  to  b e  im p r e g n a te d  w i th  a c t iv a te d  c a r b o n  a n d  a lu m in a  w e r e  p u r c h a s e d  f ro m  A lfa  
A e s a r  a n d  C a r lo  E r b a  r e s p e c t iv e ly

D o d e c a n e  ( C 12H 26, 9 9 % )  a n d  T o lu e n e  (C yH g), w h ic h  r e p r e s e n te d  a s  
c o m p o s i t io n  in  s im u la te d  d ie s e l  fu e l ,  w e r e  p u r c h a s e d  f ro m  V W R .

D ib e n z o th io p h e n e  (C ^ F Ig S , 9 8 % )  w h ic h  r e p r e s e n te d  s u l f u r  c o m p o u n d s  in  
s im u la te d  d ie s e l  fu e l ,  w e r e  p u r c h a s e d  f ro m  A lfa  A e s a r .  T h e i r  r e le v a n t  p r o p e r t ie s  a r e  
s h o w n  in  T a b le  3 .1 .

Table 3.1 P h y s ic a l  p r o p e r t i e s  o f  s u l fu r  c o m p o u n d s  a n d  s im u la te d  d ie s e l  fu e l

( g /m o l )
B o i l in g  p o i n t  

t°ct
D o d e c a n e 1 7 0 .3 4 2 1 6 .2 0 .7 5

T o lu e n e 9 2 .1 4 1 1 0 . 6 0 .8 6 6 9

D ib e n z o th io p h e n e 1 8 4 .2 6 3 3 2 - 3 3 3  @  7 6 0  m m H g -
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3.2 Equipments
1. G a s  C h r o m a to g r a p h  (H P  5 8 9 0  S e r ie s 2 )  w i th  F ID  d e te c to r  a n d  H P -5  

c o lu m n  (3 0  m * 0 .3 2 m m * 0 .2 5 m m  f i lm  th ic k n e s s )
2 . N 2 a d s o r p t io n /d e s o r p t io n  a n a ly z e r  ( M ic r o m e r i t i c s  A S A P  2 4 2 0 )
3 . H g  p o r o s im e te r  ( A u to P o r e  IV  9 5 0 0  s e r ie s )
4 . T e m p e r a tu r e - P r o g r a m m e d  R e d u c t io n  a n a ly z e r  ( A u to C h e m  2 9 2 0 )
5. S c a n n in g  e le c t r o n  m ic r o s c o p y  ( Z E I S S  S u p ra  4 0 )
6 . M a g n e t ic  s t i r r e r
7. O v e n
8 . F ix e d  b e d  c o lu m n
9. C o l le c to r ,  v ia l  1 .8  c m 3 a n d  I n s e r t e r  0 .1  c m 3

10. G la s s w a r e

3.3 Methodology

3 .3 .1  A d s o r b e n ts  P r e p a r a t io n
3 .3 .1 .1  P re p a ra tio n  o f  C u 2+ Im p re g n a te d  on  A c tiv a te d  A lu m in a  b y  

U sin g  C u C h  in D e io n ize d  W ater
I m p r e g n a te d  a c t iv a te d  a lu m in a  a d s o r b e n t  w a s  p r e p a r e d  b y  

th e  in c ip ie n t  w e tn e s s  m e th o d .  F ir s t ly ,  a c t iv a te d  a lu m in a  w a s  d r ie d  in  a n  o v e n  a t  
2 5 0 ° c  fo r  2 4  h o u r s .  C u C E  w a s  u s e d  b e c a u s e  i t  is  v e r y  s o lu ta b le  in  w a te r  b u t  C u C l is  
v e r y  in s o lu ta b le  in  w a te r .  A  k n o w n  a m o u n t  o f  C u C E  w a s  m a g n e t ic a l ly  s t i r r e d  in  
d e io n iz e d  w a te r  (C u C H  m o n o la y e r  w a s  c a lc u la te d ) .  A  v o lu m e  o f  th e  s o lu t io n  e q u a l  
to  th e  to ta l  p o r e  v o lu m e  o f  th e  s u b s tr a te  w a s  b r o u g h t  in to  c o n ta c t  w i th  th e  a c t iv a te d  
a lu m in a  d r o p  b y  d r o p .  A f te r  th e  a c t iv a te d  a lu m in a  im b ib e d  th e  s o lu t io n  c o n ta in in g  
th e  s a l t  in to  i t s  p o r e  s t r u c tu r e ,  th e  a d s o r b e n t  w a s  d r ie d  to  r e m o v e  th e  w a te r  in  th e  
o v e n  a t  1 1 0 ° c  f o r  2 4  h o u r s  ( T a k a h a s h i  e t a l., 2 0 0 0 ) .  T h e  a d s o r b e n t s  w e r e  p r e p a r e d  
w i th  d i f f e r e n t  m e ta l  lo a d in g s ,  f ro m  1 0 0  %  =  th e o r e t ic a l  a m o u n t  c o r r e s p o n d in g  to  
m o n o la y e r  c o v e r a g e ,  d o w n  7 5 %  a n d  5 0 % , r e s p e c t iv e ly .
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3 .3 .1 .2  P rep a ra tio n  o f  C u2+ Im p re g n a te d  on  A c tiv a te d  C a rb o n  b y  
U sin g  C u C f  in H C l
I m p re g n a te d  a c t iv a te d  c a r b o n  ( A C )  a d s o r b e n t  w a s  p r e p a r e d  

b y  im p r e g n a t in g  a c t iv a te d  c a r b o n  w i th  C u C h -  T h e  a c t iv a t e d  c a r b o n  w a s  d r ie d  in  a n  
o v e n  a t  250°c f o r  2 4  h o u r s .  T h e  a m o u n t  o f  C u C l2 a t  c o n c e n t r a t io n  4 3  w t  %  w a s  
m a g n e t ic a l ly  s t i r r e d  in  1 M  H C l a q u e o u s  s o lu t io n  b y  th e  v o lu m e  o f  th e  s o lu t io n  e q u a l  
to  th e  to ta l  p o re  v o lu m e  o f  A C  th e n  b r o u g h t  in to  c o n ta c t  w i th  A C  d r o p  b y  d ro p . A f te r  
2 4  h , th e  s a m p le  w a s  w a s h e d  w i th  d e io n iz e d  w a te r  u n t i l  th e  p H  o f  th e  w a t e r  b e c a m e  
a ro u n d  5.0, a n d  th e  s a m p le  w a s  d ie d  in  th e  o v e n  a t  110°c f o r  2 4  h o u r s .  ( W a n g  a n d  
Y a n g , 2007).

3 .3 .1 .3  P rep a ra tio n  o f  N i2+ Im p re g n a te d  on  A c tiv a te d  A lu m in a  by  
U sin g  N iC h  in D e io n ize d  W ater
I m p re g n a te d  a c t iv a te d  a lu m in a  w a s  p r e p a r e d  b y  th e  in c ip ie n t  

w e tn e s s  m e th o d .  A  k n o w n  a m o u n t  o f  N i C b  w a s  m a g n e t ic a l ly  s t i r r e d  in  d e io n iz e d  
w a te r .  A  v o lu m e  o f  th e  s o lu t io n  e q u a l  to  th e  to ta l  p o re  v o lu m e  o f  th e  s u b s tr a te  w a s  
b r o u g h t  in to  c o n ta c t  w i th  th e  a c t iv a te d  a lu m in a  d r o p  b y  d ro p . A f te r  th e  a c t iv a te d  
a lu m in a  im b ib e d  th e  s o lu t io n  c o n ta in in g  th e  s a l t  in to  i ts  p o r e  s t r u c tu r e ,  th e  a d s o rb e n t  
w a s  d r ie d  to  r e m o v e  th e  w a te r  in  th e  o v e n  a t  110°c f o r  24 h o u r s  ( T a k a h a s h i  e t a l., 
2000). T h e  a d s o r b e n t s  w e r e  p r e p a r e d  w i th  d i f f e r e n t  m e ta l  lo a d in g s ,  f r o m  100 % = 
th e o r e t ic a l  a m o u n t  c o r r e s p o n d in g  to  m o n o la y e r  c o v e r a g e ,  d o w n  75% a n d  50%, 
r e s p e c t iv e ly .

3 .3 .2  R e d u c t io n
T h e  r e d u c t io n  c o n d i t io n  w a s  o b ta in e d  f r o m  T P R  c h a r a c te r iz a t io n .  

C U C I2/A I 2O 3 w a s  r e d u c e d  to  C u + u n d e r  H 2 a tm o s p h e r e  a t  a  f lo w  r a te  o f  7 4  
c m 3/m in /g ,  h e a te d  u p  to  2 9 0  ๐c  a t  h e a t in g  r a te  6 .5  ° c / m i n  th e n  h o ld  f o r  1 h o u r . T h e n  
th e  te m p e r a tu r e  w a s  r e d u c e d  to  a m b ie n t  t e m p e r a tu r e  f o r  s u b s e q u e n t  a d s o rp t io n  
e x p e r im e n t .



30

3 .3 .3  C h a ra c te r iz a t io n  o f  A d s o r b e n ts
T h e  te m p e r a tu r e  o f  r e d u c t io n  C u 2+ to  C u + w a s  o b ta in e d  b y  u s in g  

T e m p e r a tu r e - P r o g r a m m e d  R e d u c t io n  (T P R )  u s in g  A u to C h e m  2 9 2 0 .  T h e  a m o u n t  o f  
a d s o rb e n t  u s e d  w a s  0 .5  g  a n d  it  w a s  h e ld  in  p l a c e  b y  g la s s  w o o l  p lu g s .  T h e  g a s  
m ix tu r e  u s e d  w a s  1 0 %  แ 2 in  A r  a t  f lo w  ra te  o f  7 4  c m 3/m in /g  a n d  th e  h e a t in g  r a te  w a s  
5 ° c /m in .

B E T  s u r f a c e  a r e a  a n d  p o re  v o lu m e  o f  th e  a d s o r b e n t s  w e r e  m e a s u r e d  
b y  N 2 a d s o r p t io n /d e s o r p t io n  m e th o d  a t  7 7  K  u s in g  M ic r o m e r i t i c s  A S A P  2 4 2 0 . T o  
e l im in a te  a d s o rb e d  v o la t i le  c o m p o u n d s  f ro m  th e  p o r e s ,  b e f o r e  b e in g  a n a ly z e d ,  
a d s o rb e n ts  w e r e  d r ie d  a n d  e v a c u a te d  a t  300 °c f o r  a t  le a s t  3 h o u r s .

P a r t ic le  d e n s i ty ,  s t r u c tu r a l  d e n s i ty  a n d  p o r e  v o lu m e  w e r e  m e a s u r e d  b y  
H g  p o r o s im e te r ,  A u to P o r e  IV  9 5 0 0  s e r ie s .

S c a n n in g  e le c t ro n  m ic r o s c o p y  ( S E M )  im a g e s  w e r e  o b ta in e d  f ro m  
Z e is s  S u p r a  4 0 . T h e  a n a ly s is  w a s  d o n e  a t  a  r e s o lu t io n  o f  8  m m  a t  15 k v  u n d e r  h ig h  
v a c u u m  a n d  a m b ie n t  te m p e ra tu re .

3 .3 .4  P r e p a r a t io n  o f  S im u la te d  D ie s e l
D o d e c a n e  a n d  T o lu e n e  w a s  u s e d  a s  a  s im u la te d  d ie s e l . '-D B T  w a s  u s e d  

a s  th e  s u l f u r  c o m p o u n d s  a t  c o n c e n t r a t io n  o f  15 0  p p m  o f  ร .

3 .3 .5  A d s o r p t io n  o f  S u l fu r  C o m p o u n d s  f ro m  S im u la te d  D ie s e l  b y  F ix e d
B e d  A d s o r p t io n
E x p e r im e n ts  w e r e  d o n e  in  la b o r a to ry  p l a n t  u n i t  1 7 9  a t  I n s t i tu t  

F ra n ç a is  d u  P é t r o le  ( I F P ) ,  L y o n , F ra n c e . T h e  s c h e m a t ic  o f  c o n t in u o u s  s y s te m  is  
s h o w n  in  F ig u r e  3 .1 .

A ll  d y n a m ic  a d s o rp t io n  o r  b r e a k th r o u g h  e x p e r im e n ts  w e r e  p e r f o r m e d  
in  a  s ta in le s s  s te e l  c o lu m n  ( th e  v o lu m e  o f  th e  c o lu m n  a r o u n d  8  c m 3). F o r  C u C E  
im p r e g n a te d  o n  th e  a d s o r b e n ts ,  in i t i a l ly  th e  a d s o r b e n t  w a s  lo a d e d  in s id e  th e  c o lu m n  
(5 -6  g  f o r  a lu m in a  a n d  3 g  fo r  A C ) ,  th e n  r e d u c e d  f ro m  C u 2+ to  C u + b y  u s in g  แ 2 a t  
f lo w  ra te  3 7  c m 3/m in ,  h e a te d  u p  to  290°c a n d  h o ld  t e m p e r a tu r e  f o r  1 h o u r .  A f te r
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r e d u c t io n ,  th e  t e m p e r a tu r e  o f  th e  a d s o rb e n t  b e d  w a s  r e d u c e d  to  a m b ie n t  te m p e r a tu r e  
fo r  th e  s u b s e q u e n t  a d s o r p t io n  e x p e r im e n t.

F o r  N i C h  im p re g n a te d  o n  th e  a d s o rb e n ts ,  in i t i a l ly  a r o u n d  5 -6  g  
( d e p e n d  o n  th e  c o n c e n t r a t io n  o f  m e ta l)  o f  th e  a d s o r b e n t  w a s  lo a d e d  in s id e  th e  
c o lu m n ,  a n d  a c t iv a t e d  u s in g  N 2 a t  2 0 0 ° c  a n d  h o ld  te m p e r a tu r e  f o r  1 h o u r  (Y a n g  et 
ah , 1 9 9 6 ) . A f te r  a c t iv a t io n ,  th e  te m p e ra tu re  o f  th e  a d s o r b e n t  b e d  w a s  r e d u c e d  to  
a m b ie n t  te m p e r a tu r e .

T h e  a d s o r b e n t  b e d  w a s  th e n  w a s h e d  w i th  a  s u l f u r - f r e e  h y d r o c a r b o n  
( n - d o d e c a n e )  a t  th e  s a m e  f lo w  ra te  o f  f e e d  f lo w  ra te  to  r e m o v e  a n y  e n t r a p p e d  g a s . 
A f te r  a l lo w in g  th e  l iq u id  h y d r o c a r b o n  to  d i s a p p e a r ,  th e  s im u la te d  d ie s e l  fu e l w a s  
a l lo w e d  to  c o n ta c t  th e  b e d  a t  v a r ie d  f lo w  ra te  a n d  te m p e ra tu re .  E f f lu e n t  s a m p le s  w e re  
c o l le c te d  in  s m a l l  v ia ls  b y  c o l le c to r  e q u ip m e n t  a t  r e g u la r  t im e  in te r v a ls  u n ti l  
s a tu r a t io n  o f  th e  a d s o r b e n t  w a s  a c h ie v e d . T h is  c o u ld  b e  o b s e r v e d  w h e n  to ta l  s u l fu r  
c o n c e n t r a t io n  is  s im i l a r  in  th e  f e e d  a n d  a t  th e  o u t l e t  o f  th e  c o lu m n . A l l  th e  s a m p le s  
c o l le c te d  d u r in g  th e  b r e a k th r o u g h  e x p e r im e n ts  w e r e  a n a ly z e d  b y  u s in g  g a s  
c h r o m a to g r a p h y .

B r e a k th r o u g h  a d s o r p t io n  c u r v e s  w e r e  g e n e r a te d  b y  p lo t t in g  th e  
t r a n s i e n t  to ta l  s u l f u r  c o n c e n t r a t io n  n o rm a l iz e d  b y  th e  fe e d  to ta l  s u l f u r  c o n c e n t r a t io n  
v e r s u s  c u m u la t iv e  f u e l  v o lu m e .

Figure 3.1 S c h e m a t ic  o f  th e  f ix e d  b e d  a d s o r p t io n  b r e a k th r o u g h  ( U n i t  1 7 9 , IF P -  
L y o n , F ra n c e ) .
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3 .3 .6  S u l f u r  C o n c e n t r a t io n  A n a ly s is
A l l  o f  th e  s a m p le s  w h ic h  c o l le c te d  d u r in g  b r e a k th r o u g h  e x p e r im e n ts  

w e r e  a n a ly z e d  b y  u s in g  g a s  c h r o m a to g r a p h y  ( H P  5 8 9 0  S e r ie s 2 )  w i th  a  F ID  d e te c to r  
a n d  H P -5  c o lu m n .  C o n c e n t r a t io n  o f  th e  s u l f u r  c o m p o u n d  in  th e  l iq u id  p h a s e  w a s  
d e te rm in e d .  T h e n  th e  b r e a k th r o u g h  c u rv e  c a n  b e  c o n s t r u c te d  to  e v a lu a te  th e  
a d s o r p t io n  c a p a c i ty  a n d  s e le c t iv i ty  o f  th e  a d s o rb e n t .  T h e  c o n d i t io n s  o f  g a s  
c h r o m a to g r a p h y  u s e d  in  th i s  e x p e r im e n t  a r e  s u m m a r iz e d  in  T a b le  3 .2 .

Table 3 .2  G a s  c h r o m a to g r a p h y  c o n d i t io n s  f o r  th e  a n a ly s is

S ettin g C ondition
I n je c t io n  te m p e r a tu r e 2 5 0 ° c
O v e n  te m p e r a tu r e 5 0 ° c /5 m i n ,  1 0 ° c /r r i ih  to  2 5 0 ° c ,  h o ld  f o r  1 m in
D e te c to r  te m p e r a tu r e 280°c
C a r r ie r  g a s H e l iu m  .9 9 .9 9 %  p u r i ty

I n je c t io n  v o lu m e 1 Ml

3 .3 .7  C a lc u la t io n  M e th o d  o f  B r e a k th r o u g h  C u rv e
T h e  a d s o r b e r  g e o m e try  is  s c h e m a t ic a l ly  d e p ic t e d  in  F ig u r e  3 .2 . 

S im u la te d  d ie s e l  is  f e d  to  th e  f ix e d  b e d  a d s o r b e r  p a c k e d  w i th  a d s o r b e n t s  h a v in g  a  
b ip o r o u s  s t r u c tu r e .  T h e  v o id  b e tw e e n  th e  c r y s ta l s  c r e a te s  m a c r o p o r e s .  T h e s e  p o re s  
a c t  a s  c o n d u i t  f o r  t r a n s p o r ta t io n  o f  th e  s u l fu r  c o m p o u n d  m o le c u le s  f r o m  b u lk  p h a s e  
to  th e  in te r io r  o f  th e  c r y s ta l .  O n c e  th e  s u l f u r  c o m p o u n d s  m o le c u le s  a r e  in s id e  th e  
p a r t i c le ,  th e y  a r e  a d s o r b e d  a t  th e  p o r e  m o u th  o f  th e  m ic r o p o r e s  a n d  h e n c e ,  th e  
a d s o r b e d  s p e c i f i c  d i f f u s e  in to  th e  in te r io r  o f  th e  c r y s ta l  th r o u g h  m ic r o p o r e s  o f  th e  
c ry s ta l .  T h e  d i f f u s io n  p r o c e s s  in  th e  m a c r o p o r e s  a n d  m e s o p o r e s  f o l lo w s  th e  
m o le c u la r  d i f f u s io n  m e c h a n is m s  w h ile  th a t  in s id e  th e  c r y s ta l  f o l lo w s  a n  in tr a  
c r y s ta l l in e  d i f f u s io n  m e c h a n is m .  T h u s , in  c a s e  o f  f o r m e r ,  a d s o r p t io n  is  u s u a l ly  
c o n t r o l le d  b y  in t r a  c r y s ta l l in e  d if fu s io n .
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EFFLUENT, c COLUMN OR ADSORBER

Column / Adsorber ะ 1 m 

Interparticle Porosity : £1 -  f'f-vy/v.g,

Macropore &xs!sU 1 ณ»

P M h V  1 m m
Particle Porosity : รp= Vn/Vg

1 nm

5 o o o c

FEED, c0

Interconnected 
empty

S / S r S r S r  «•รทperçages
ct-supercages 

containing 
adsorbedmolecules

Figure 3.2 T h e  a d s o r b e r  g e o m e try .



34

3 .3 .7.1 D efin itio n s o f  the D ifferen t V olum es in the C olu m n
T h e  to ta l  v o lu m e  o f  th e  c o lu m n :

T h e  to ta l  v o lu m e  o f  th e  c o lu m n :  V c
T h e  to ta l  in te r - p a r t i c le  v o lu m e  =  T h e  v o id  v o lu m e  b e tw e e n  th e  p a r t i c le s :  V 1 

T h e  to ta l  v o lu m e  o f  th e  a d s o r b e n t  p a r t i c le s :  V p 
>  V o lu m e  b a la n c e :

T h e  to ta l  a d s o r b e n t  p a r t i c le  v o lu m e  c a n  b e  d iv id e d  in to  ( c a s e  o f  m ic r o p o r o u s  s o l id s ) :  
T h e  m a c r o  p o r o u s  v o lu m e  (V o id  b e tw e e n  th e  c r y s ta l s  w i th in  th e  p a r t i c le ) :  V M 

- T h e  m ic r o  p o r o u s  v o lu m e  ( a - c a g e s  =  c a lc u la t e d  f ro m  " D u b in in  V o lu m e "  
f o r m  N 2 a t  7 7 K  a d s o rp t io n ) :  V p
T h e  v o lu m e  o f  th e  s o l id  ( S i ,  A l , O , c , N i ,  C u , c a t io n s ,  b in d e r ,  e tc .) :  V s  

>  V o lu m e  b a la n c e :

I n te r - p a r t i c le  p o ro s i ty :  81 =  V o id  b e tw e e n  th e  p a r t i c le s  ( b e a d s ,  e x t r u d a te s )  o f  
a d s o r b e n t
P a r t ic le  p o ro s i ty :  8p =  M a c r o  p o r o u s  v o id  in  th e  p a r t i c le s  ( b e a d s ,  e x t ru d a te s )  
o f  a d s o r b e n t
T o ta l  B e d  p o ro s i ty :  8 b  =  V o id  b e tw e e n  p a r t i c le  +  m a c r o  p o r o u s  v o id  in  th e  
p a r t i c le s  =  v o lu m e  o c c u p ie d  b y  th e  f lu id  ( l iq u id )  p h a s e

vc = v 1 + Vp (3 .1 )

V =v. + v  + vvp yM^rแ ^ vs (3 .2 )

3 ,3 .7 .2  P o ro s ity  L eve ls  in the C olum n

(3 .3 )

(3 .4 )
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ร11 VJ p JLJ a + t k i  J I
*c Vc Vp Vc Vc Vp rc — fy + ( l “ 'f/)f/) (3 .5 )

D e te r m in a t io n  o f  8 i a n d  8 p : b y  " d e n s i ty  m e a s u r e m e n ts "
B u lk  d e n s i ty :  PB =  M a s s  o f  s o l id  (Ms) /  B u lk  v o lu m e  o c c u p i e d  (Vc)
P a r t i c le  d e n s i ty :  p P =  M a s s  o f  s o l id  (Ms) /  V o lu m e  o f  P a r t i c le s  ( f r o m  H g  
p o r o s im e t r y  a t  lo w  p r e s s u r e )  (V p)
S t r u c tu r a l  d e n s i ty :  P S  =  M a s s  o f  s o l id  (Ms) /  V o lu m e  o f  P a r t ic le s ,  m a c ro  
p o r o s i ty  e x c lu d e d  ( f r o m  H g  p o r o s im e tr y  a t  h ig h  p r e s s u r e )  (Vs+Vp) 
M a c r o p o r o u s  v o lu m e :  V M =  M a c r o p o r o u s  v o lu m e  p e r  g r a m  o f  s o l id  (H g  
p o r o s im e t r y  a t  " h ig h "  p r e s s u r e " )

P b  =
M s
Vr

Pp =■ M .

M ePs = ys +y,

(3 .6 )

(3 .7 )

(3 .8 )

K Vp = H  vp =  a

(3 .9 )

(3 .1 0 )

V,£p -  TT = (vmMs )~ ~  -  vMPpV, M , (3 .1 1 )
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3.3.7.3 First Moment o f the Breakthrough Curve (jj)
The breakthrough curve can be defined as the “ร” shaped 

curve that typically results when the effluent adsorbate concentration is plotted 
against time or volume (as seen in Figure 3.6). Breakthrough curves can be 
constructed for full scale, dynamic, or pilot testing. The breakthrough point is the 
point on the breakthrough curve where the effluent adsorbate concentration reaches 
its maximum allowable concentration, which often corresponds to the treatment goal. 
The treatment goal is usually based on regulatory or risk based numbers. The main 
aim when sizing adsorptive columns is the ability to predict the service time (or total 
effluent volume) until the column effluent exceeds breakpoint concentration.

Figure 3.3 Characteristics of a typical adsorption breakthrough curve.

A breakthrough curve is defined by three characteristics: 
geometric midpoint (stoichiometric time and corresponding relative concentration), 
steepness, and shape. The midpoint is determined by the flow rate, the concentration, 
and the capacity of the adsorbent bed and temperature. The steepness of a 
breakthrough curve is related to the rate (speed) at which the sulfur compounds are 
removed from the simulated fuels as it flows through the bed. In the simplest case, 
steepness is described by an overall mass-transfer (adsorption) rate coefficient, which 
is larger for larger adsorption rates. If this rate coefficient is constant throughout the 
breakthrough process, the shape of the breakthrough curve will be symmetrical. 
However, it has often been observed that breakthrough curves are skewed 
(asymmetrical), usually steeper at the beginning of breakthrough than at the end.
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Figure 3.4 The first moment of the breakthrough curve (p).

In order to apply moment analysis to a pulse response curve to 
estimate linear adsorption constants and mass transfer parameters, the following 
assumptions are made:

The mobile phase is a dilute solution.
Velocity is constant throughout column cross-section. This 
assumption is valid due to the fact change in concentration of 
adsorbing species is occurred at trace level which does not 
contribute to a significant change in local velocity inside the 
bed.

- No chemical reactions occur.
Temperature is uniform throughout the bed and the pellet. 
Intra-particle diffusion is described by pore diffusion. For a 
linear isotherm system, the flux due to surface diffusion, if 
important, can be lumped together with the pore diffusion flux. 
External mass transfer from the bulk liquid to the pores is 
described by film mass transfer.
Axial dispersion effects are considered.
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First Moment of the Breakthrough Curve (|i) (Figure 3.7):

= p =  /(! — >')ะ* y= c~ (3.12)

For a given adsorbed component (sulfur compounds), at t = p, 
all the sulfur compounds introduced in the column is in the column. So, the total 
amount of sulfur compounds in the column:

Q tot = (iFC -  fiS c uC = / x ^ - u C  (3.13)
L c

total amount o f  sulfur compounds in the column (mole or g) 
mean breakthrough time (experimental determination or 
calculation)
concentration of sulfur compounds in the feed (mole or g) 
feed flow rate (cm3/min)
volume, section and length of the column (adsorbent bed) 
superficial liquid velocity in empty column (cm/min) 
ratio flow rate / column section

Sulfur compounds in the column is partially adsorbed in Vp, 
and partially adsorbed in solution (at feed concentration) in Vi+VM. So:

0 OT= £ 1V f i M l - s M  (3.14)

Where Q 
F

TOT

c
F
Vo Sc, Lc

น

Where Q = total amount of sulfur compounds in the particle 
(in VM + VM)
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By comparing the two expressions (1) and (2) for QT0T, we have:

Q T O T  =  1 VjLuC= £ 1Vc C  + { \ - £ 1 )vc Q

£1 J ç ' 1 1 M ë
L cj V £1 c

(3.15)

(3.16)

Where V  = real liquid velocity ( V =  —  )
£,

We have also:

Q = £pc  + ( l - £ f , ) q  or Q=£p +{\-ร ,)^ =£p +(l -£ ^ K (3.17)

Where q = amount of sulfur compounds adsorbed in the micropores only 
K = the equilibrium adsorption constant
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