
CHAPTER II 
LITERATURE REVIEW

2.1. Transportation Fuels and Sulfur Sompositions

T h e  p r e s e n t  t r a n s p o r ta t io n  fu e ls  c o m p r is e  t h r e e  m a jo r  ty p e s :  g a s o lin e ,  
d ie s e l,  an d  j e t  fu e ls . T h e ir  c o m p o s i t io n s  v a ry  w id e ly  d e p e n d in g  o n  m a n y  f a c to r s  su c h  
a s  ty p e  o f  c r u d e  o il u s e d , r e f in in g  p ro c e s s ,  a n d  p ro d u c t  s p e c if ic a t io n s .  In  th e s e  fu e ls , 
b r a n c h e d  a n d  n - a lk a n e s  a re  th e  m a in  in g r e d ie n t s ,  ty p ic a l ly  a ro u n d  7 0 - 8 0 % .  F o r  
e x a m p le  in  g a s o l in e ,  th e  m a jo r  a lk a n e  is  n - h e x a n e  an d  th e  m a in  b r a n c h e d  a lk a n e s  a re  
C 5  a n d  C 6  c o m p o u n d s .  M a in  a r o m a tic  c o m p o u n d s  a r e  b e n z e n e ,  to lu e n e ,  x y le n e s ,  
a n d  a lk y l b e n z e n e s ,  t o ta l in g  a b o u t  2 0 - 3 0 % .  T a b le  2 .1  s h o w s  th e  ty p ic a l  
c o m p o s i t io n s  o f  t r a n s p o r ta t io n  fu e ls .

Table 2.1 T y p ic a l  c o m p o s i t io n s  o f  t r a n s p o r ta t io n  fu e ls  (v o l  %  )  (Y a n g ,  2 0 0 3 )

Gasoline" Diesef’ Jet Fuel'
Roiling range VC 1 40-204 232-350 330-510
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“Sciences International, Inc., “Toxicological Profile for Gasoline,” Report to Department 
of Health and Human Services, June, 1995, bMa e t  a l . , 2002a, "Ma e t  a l . , 2002b.

T h e  s u l f u r  c o n te n t  o f  l iq u id  fu e ls  c a n  v a ry  f ro m  v i r tu a l ly  z e r o  to  a s  h ig h  a s  7 
o r  8 w t% . T h e r e  a re  m a n y  c o m m o n  ty p e s  o f  s u lf u r  c o m p o u n d s  ( F ig u r e  2 .1 )  w h ic h  
c a n  b e  a n a ly z e d  w i th  X - r a y  f lu o r e s c e n c e  s p e c t r o s c o p y  o r  b y  g a s  c h r o m a to g r a p h y  
e q u ip p e d  w i th  a  c a p i l la ry  c o lu m n  p lu s  a  f l a m e  p h o to m e tr ic  d e te c to r :

♦ > G a s o l in e  ra n g e : n a p h th a ,  f lu id  c a ta ly t i c  c r a c k in g  ( F C C ) - n a p h th a ,  e tc .
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•  M e r c a p ta n e s  ( R S H ) ;  s u lf id e s  ( R 2S ); a n d  d is u l f id e s  (R S S R ) ;

•  T h io p h e n e  a n d  i ts  a lk y la te d  d e r iv a t iv e s ;

•  B e n z o th io p h e n e .
♦ > J e t  fu e l r a n g e :  h e a v y  n a p h th a ,  m id d le  d is t i l la te ,

•  B e n z o th io p h e n e  ( B T )  an d  i ts  a lk y la te d  d e r iv a t iv e s .
*** D ie s e l  fu e l  r a n g e :  m id d le  d is t i l la te ,  l ig h t  c y c le  o il (L C O ) ,

•  A lk y la te d  b e n z o th io p h e n e s ;

•  D ib e n z o th io p h e n e  ( D B T )  a n d  i ts  a lk y la te d  d e r iv a t iv e s .
♦ > B o i le r  fu e l f e e d s :  h e a v y  o i l s  a n d  d is t i l l a t io n  r e s id u e s ,

•  ร  3 - r in g  p o ly c y c l ic  s u lf u r  c o m p o u n d s ,  in c lu d in g  D B T ,

b e n z o n a p h th o th io p h e n e  (B N T ) ;

•  P h e n a n th r o [ 4 ,5 - b ,c ,d ] th io p h e n e  (P T ) ,  a n d  th e ir  a lk y la te d  
d e r iv a t iv e s .

H 2S H y d r o g e n  s u lf id e
R ------S H
R ------ร --------R ’
R —  ร ------  ร   R

M e r c a p ta n e s
S u lf id e
D is u l f id e

C y c l ic  s u lf id e  ( te t r a h y d r o th io p h e n e )  

T h io p h e n e

B e n z o th io p h e n e

D ib e n z o th io p h e n e  (w ith alkyl groups at the 4- and 6- 
positions, that is, 4-M D B T  and 4,6-D M D B T, are the 
refractory sulfur com pounds that are m ost difficult to 
remove by HDS or sorbents aim ing at bonding with ร due 
to steric h in d ran ce .)

Figure 2.1 E x a m p le s  o f  s u lf u r  c o m p o u n d s  .in p e t ro le u m .
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M a  e t  a l. ( 2 0 0 1 )  s h o w e d  G C -F P D  ( f la m e  p h o to m e tr ic  d e te c to r )  g a s  
c h r o m a to g r a m s  o f  a  s a m p le  e a c h  o f  g a s o lin e , d ie se l, a n d  j e t  fu e l, r e p r o d u c e d  in  
F ig u r e  2 .2 . T h e  F P D  d e te c t s  o n ly  s u lf u r  c o m p o u n d s . T h e  a u th o r  r e p o r te d  th a t  th e  
m a jo r  s u lfu r  c o m p o u n d s  in  c o m m e rc ia l  g a s o l in e  w e r e  3 - m e th y l th io p h e n e  (3 -M T ) ,  
b e n z o th io p h e n e  (B T ) , th io p h e n e  (T ) , 2 - m e th y l th io p h e n e  ( 2 - M T ) ,  a n d  2 , 4 -  
d im e th y l th io p h e n e .  M a jo r  s u lfu r  c o m p o u n d s  e x is t in g  in  j e t  fu e l  w e r e  2 , 3 , 7 -  
t r im e th y lb e n z o th io p h e n e  (2 , 3 , 7 -T M B T ) ,  2 , 3 - d im e th y lb e n z o -  th io p h e n e  a n d  th e  
m in o r  s p e c ie s  2 , 3, 5 - t r im e th y lb e n z o th io p h e n e  (2 , 3 , 5 -T M B T )  a n d  2 , 3 , 6 - 
t r im e th y lb e n z o th io p h e n e  (2 , 3 , 6 -T M B T ) .  T h e  s u lf u r  c o m p o u n d s  c o m m o n ly  f o u n d  in  
th e  d ie se l fu e l  in c lu d e d  4 - m e th y l - d ib e n z o th io p h e n e  ( 4 - M D B T ) ,  4 , 6 -
d im e th y ld ib e n z o th io p h e n e  (4 , 6 -D M D B T ) ,  2, 4 , 6 - t r im e th y ld ib e n z o th io p h e n e  (2 , 4 , 
6 - T M D B T ) ,  3 , 6 -d im e th y ld ib e n z o th io p h e n e  (3 , 6 -D M D B T ) ,  d ib e n z o th io p h e n e  
( D B T ) ,  2, 3 , 7 - t r im e th y lb e n z o th io p h e n e  (2 , 3, 7 -T M B T ) ,  2 , 3 , 5 -
t r im e th y lb e n z o th io p h e n e  (2 , 3 , 5 -T M B T ) ,  2 , 3 - d im e th y lb e n z o - th io p h e n e  (2 , 3 -  
D M B T )  an d  o th e r s .  A m o n g  th e m , th e  4 , 6 - D M D B T  a n d  t h e  d ib e n z o th io p h e n e s  w i th  
tw o  a lk y l s u b s t i tu e n ts  a t  4 -  a n d  6 - p o s i t io n s ,  r e s p e c t iv e ly ,  w e r e  fo u n d  to  re m a in  e v e n  
a f te r  d e e p  h y d r o d e s u l f u r iz a t io n  (K im  e t  a l ,  2 0 0 6 ) . A n  e x a m p le  o f  th e  s u lf u r  
c o m p o s i t io n  o f  g a s o l in e  is  g iv e n  in  T a b le  2 .2 .

Table 2 .2  E x a m p le  o f  h e te r o a to m  c o n te n t s  in  th e  F C C  g a s o l in e

H eteroatocm C onten t, ppm v-

N itrogen 16.0
O xygen 14.0
M ercaptan  sulfur < 1 Ti

Sulfide sulfur 75
T hiophene sulfur 6 1 0
C l  th iophene su lfu r 115.0
Cy thiophene su lfur 130.6
Cü th iophene su lfu r 709
c  4 th iophene su lfur 88.0
Rei izot h iepliene a ne! 

d ibenzo th iophene  รน! fill
238.1

Total 786 ,0
Irvine. M
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Figure 2 .2  G C -F P D  ( f la m e  p h o to m e tr ic  d e te c to r - f o r  s u lf u r  o n ly )  c h r o m a to g r a m s  fo r  
th r e e  t r a n s p o r ta t io n  fu e ls  ( M a  e t  a l .,  2 0 0 1 ) .

2.2 Classification of Desulfurization Technologies

T h e r e  a re  s e v e ra l  p r o c e s s e s  a v a i la b le  t o  d e c re a s e  th e  s u lf u r  c o n te n t  to  
a c c e p ta b le  le v e ls . T h e  c la s s i f ic a t io n  o f  d e s u lp h u r iz a t io n  te c h n o lo g ie s ,  a c c o rd in g  to  
B a b ic h  a n d  M o u l i jn  (2 0 0 3 ) ,  c a n  b e  b a s e d  o n  th e  f a te  o f  th e  o r g a n o s u l f u r  c o m p o u n d s  
d u r in g  d e s u lf u r iz a t io n ,  th e  ro le  o f  h y d r o g e n ,  o r  th e  n a tu r e  o f  th e  p r o c e s s  u s e d  
( c h e m ic a l  a n d /o r  p h y s ic a l) .

B a s e d  o n  th e  w a y  in  w h ic h  th e  o rg a n o s u l f u r  c o m p o u n d s  a re  t r a n s fo rm e d , 
th e  p r o c e s s e s  c a n  b e  d iv id e d  in to  th r e e  g r o u p s  d e p e n d in g  o n  w h e th e r  o r  n o t  th e  s u lfu r  
c o m p o u n d s  a re  d e c o m p o s e d  s e p a r a te ly  f ro m  th e  r e f in e r y  s tr e a m  w i th o u t
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d e c o m p o s i t io n ,  o r  w h e th e r  th e y  a re  b o th  s e p a ra te d  a n d  th e n  d e c o m p o s e d  (F ig u re  
2 .3 ) . W h e n  o rg a n o s u l f u r  c o m p o u n d s  a re  d e c o m p o s e d ,  g a s e o u s  o r  so lid  s u lfu r  
p r o d u c ts  a re  fo rm e d  an d  th e  h y d r o c a r b o n  p a r t  is  r e c o v e r e d  a n d  r e m a in s  in  th e  
r e f in e r y  s tr e a m s . C o n v e n t io n a l  H D S  is  th e  m o s t  ty p ic a l  e x a m p le  o f  th is  ty p e  o f  
p ro c e s s .  In  o th e r  p ro c e s s e s ,  th e  o rg a n o s u l f u r  c o m p o u n d s  a re  s im p ly  s e p a r a te d  f ro m  
th e  r e f in e r y  s tr e a m s .  S o m e  p r o c e s s e s  o f  th is  t y p e  f ir s t  t r a n s f o r m  th e  o r g a n o s u l f u r  
c o m p o u n d s  in to  o th e r  c o m p o u n d s  w h ic h  a re  e a s ie r  to  s e p a r a te  f ro m  th e  r e f in e ry  
s tr e a m s . W h e n  s t r e a m s  a re  d e s u lfu r iz e d  b y  s e p a ra t io n ,  s o m e  d e s ir e d  p r o d u c ts  c a n  b e  
lo s t  a n d  d is p o s a l  o f  th e  r e ta in e d  o r g a n o s u l f u r  m o le c u le s  is  s ti l l  a  p ro b le m . In  th e  th ird  
ty p e  o f  p ro c e s s ,  o r g a n o s u l f u r  c o m p o u n d s  a re  s e p a ra te d  f ro m  th e  s t r e a m s  a n d  
s im u lta n e o u s ly  d e c o m p o s e d  in  a  s in g le  r e a c to r  u n i t  r a th e r  th a n  in  a  s e r ie s  o f  r e a c t io n  
a n d  s e p a r a t io n  v e s s e ls .  T h e s e  c o m b in e d  p ro c e s s e s ,  w h ic h  p r o v id e  th e  b a s is  f o r  m a n y  
t e c h n o lo g ie s  c u r r e n t ly  p r o p o s e d  fo r  in d u s tr ia l  a p p lic a t io n , m a y  p r o v e  v e r y  p r o m is in g  
f o r  p ro d u c in g  u l t r a - lo w  s u lf u r  fu e ls . D e s u lf u r iz a t io n  b y  c a ta ly t i c  d is t i l l a t io n  is  a 
ty p ic a l  e x a m p le  o f  th i s  ty p e  o f  p ro c e s s .

decomposition of S- 
compounds with 

hydrocarbon return
«ะÇÜ

separation of ร- 
compounds without 
sulfur elimination

c o n v e n tio n a l  HDS; 
HDS w ith  o c ta n e

re c o v e ry :
s e le c t iv e  o x id a tio n ; 
re a c tiv e  a d s o rp tio n ;  

b m d e s u ifu r tz à tîn n

a ik y ia tio n ; 
e x tra c t io n ;  

o x id a tio n  to  
s u lfo n e s ;  

p re c ip ita t io n ;  
a d s o rp tio n

combination;
separation ♦  décomposition

c a ta ly tic  d is tilla tio n

Figure 2.3 C la s s i f ic a t io n  o f  d e s u lf u r iz a t io n  p r o c e s s e s  b a s e d  o n  o r g a n o s u l f u r  
c o m p o u n d  t r a n s f o r m a t io n  (B a b ic h  an d  M o u l i jn ,  2 0 0 3 ) .
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D e p e n d in g  o n  th e  ro le  o f  h y d r o g e n  in  r e m o v in g  s u lfu r ,  d e s u lf u r iz a t io n  
p r o c e s s e s  c a n  b e  a l s o  c la s s if ie d  in to  tw o  g ro u p s :  ‘H D S - b a s e d ’ a n d  ‘n o n - H D S - b a s e d ’ . 
In  H D S -b a s e d  p ro c e s s e s ,  h y d r o g e n  is  u s e d  to  d e c o m p o s e  o r g a n o s u l f u r  c o m p o u n d s  
a n d  e l im in a te  s u lf u r  f ro m  re f in e r y  s tr e a m s ,  w h i le  n o n - H D S - b a s e d  p r o c e s s e s  d o  n o t  
r e q u ir e  h y d r o g e n .

F in a l ly ,  d e s u lf u r iz a t io n  p r o c e s s e s  c a n  b e  c la s s if ie d  b a s e d  o n  th e  n a tu r e  o f  
th e  k e y  p h y s ic o - c h e m ic a l  p r o c e s s  u s e d  fo r  s u lfu r  re m o v a l  ( F ig u r e  2 .4 ) .  T h e  m o s t  
d e v e lo p e d  a n d  c o m m e r c ia l i z e d  te c h n o lo g ie s  a re  th o s e  w h ic h  c a ta ly t i c a l ly  c o n v e r t  
o rg a n o s u l f u r  c o m p o u n d s  w i th  s u lf u r  e l im in a tio n .  S u c h  c a ta ly t i c  c o n v e r s io n  
te c h n o lo g ie s  in c lu d e  c o n v e n tio n a l  h y d r o t r e a t in g ,  h y d r o t r e a t in g  w i th  a d v a n c e d  
c a ta ly s ts  a n d /o r  r e a c to r  d e s ig n , a n d  a  c o m b in a t io n  o f  h y d r o t r e a t in g  w ith  s o m e  
a d d it io n a l  c h e m ic a l  p r o c e s s e s  to  m a in ta in  fu e l s p e c if ic a t io n s .

Figure 2.4 D e s u lf u r iz a t io n  te c h n o lo g ie s  c la s s i f ie d  b y  n a tu r e  o f  a k e y  p r o c e s s  to  
r e m o v e  s u lf u r  ( B a b ic h  a n d  M o u l i jn ,  2 0 0 3 ) .

A m o n g  th e  p r o c e s s e s  m e n t io n e d  a b o v e , c o n v e n t io n a l  H D S , w h ic h  h a s  b e e n  
w id e ly  u s e d  fo r  th e  r e m o v a l  o f  s u lfu r  c o m p o u n d s  in  re f in e r ie s ,  w i ll  b e  d is c u s s e d  in  
m o r e  d e ta i ls  s u b s e q u e n t ly .
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2 .2 .1  C o n v e n t io n a l  H D  s
T h e  c o n v e n t io n a l  H D S  p r o c e s s  is  u s u a l ly  c o n d u c te d  o v e r  s u lf id e d  

C 0 M 0 /A I2O 3 an d  N iM o /A l2 0 3  c a ta ly s ts  w i th  H 2 to  re m o v e  o rg a n o s u l f u r  c o m p o u n d s  
a s  H 2S , w h ic h  is  u l t im a te ly  c a p tu r e d  a n d  c o n v e r te d  to  e le m e n ta l  s u lfu r . T h e  c a ta ly s t  
p e r f o r m a n c e  in  t e r m s  o f  d e s u lf u r iz a t io n  le v e l , a c t iv ity ,  a n d  s e le c t iv i ty  d e p e n d s  o n  th e  
p r o p e r t ie s  o f  th e  s p e c i f ic  c a ta ly s t  u s e d  ( a c t iv e  s p e c ie s  c o n c e n t r a t io n ,  s u p p o r t  
p ro p e r t ie s ,  s y n th e s is  ro u te ) ,  t h e  r e a c t io n  c o n d i t io n s  ( s u lf id in g  p ro to c o l ,  t e m p e r a tu r e ,  
p a r t ia l  p r e s s u r e  o f  h y d r o g e n  a n d  H 2S ), n a tu r e  a n d  c o n c e n t r a t io n  o f  th e  s u lfu r  
c o m p o u n d s  p re s e n t  in  th e  fe e d  s tr e a m , a n d  r e a c to r  a n d  p r o c e s s  d e s ig n . T h is  p r o c e s s  
r e q u i r e s  H 2, o f te n  a t  h ig h  p r e s s u r e ,  a n d  te n d s  to  s a tu r a te  h ig h - o c ta n e  a lk e n e  a n d  
a re n e  c o m p o n e n ts  in  fu e ls , r e s u l t in g  in  a n  u n d e s i r a b le  lo s s  o f  o c ta n e  n u m b e r .  
H o w e v e r ,  th e  m e ta ls  in  th e  f e e d s to c k  a r e  d e p o s i te d  o n  th e  c a ta ly s t  in  th e  fo rm  o f  
m e ta l  s u lf id e s ,  a n d  c ra c k in g  o f  th e  f e e d s to c k  to  d is t i l la te  p r o d u c e s  a  la y - d o w n  o f  
c a r b o n a c e o u s  m a te r ia l  o n  th e  c a ta ly s t ;  b o th  e v e n ts  p o is o n  th e  c a ta ly s t  a s  its  a c t iv i ty  
a n d  s e le c t iv i ty  s u lfu r .  A s  a  r e s u l t ,  h y d r o d e s u l f u r iz a t io n  b e c o m e s  le s s  u s e fu l  fo r  
g a s o l in e  th a n  fo r  d ie s e l  fu e ls , f o r  w h ic h  h y d r o g e n a t io n  o f  u n s a tu r a te d  c o m p o n e n ts  
c a n  a c tu a l ly  in c re a s e  fu e l  q u a l i ty  (C h ic a a  e t  a l . , 2 0 0 4 ) .

T h e  r e a c t iv i ty  o f  s u lfu r  c o m p o u n d s  v a r ie s  w id e ly  d e p e n d in g  o n  th e i r  
s t r u c tu r e  a n d  lo c a l  s u lf u r  a to m  e n v ir o n m e n t.  T h e  h y d r o t r e a t in g  p a th w a y  o f  s u lf u r  
c o m p o u n d s  is s h o w n  in  T a b le  2 .3 .



1 0

Table 2.3 T y p ic a l  o r g a n o s u l f ü r  c o m p o u n d s  an d  th e i r  h y d r o t r e a t in g  p a th w a y  (B a b ic h  
a n d  M o u l i jn ,  2 0 0 3 )

(.ร์ oris; ร' ร*;;*; I 
ร:fc:ร';ชุ»!:*»
M .
ะ ): ร ;:.: J
TfepfeK

•.ชุ>๒»

& ร่เพ «รฟ  apt®!*

Cl!< J3xV:! ร;!ท::;'*;ท:
X :> a
X*'■ •ร'"*'ร'-.);.ร.-ร;''

เร ฺร )ท  รรรุ้ *:ï:ir:S lv,:!il!:: ท..:*..!ifร:1
K ■ ■ ร ■ H r S i; ~ R • H r ! i;;S

ท \. -H.sร5''' \  +Hi
J / \ / -----* / ' \ X
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T h e  r e a c t iv i ty  o f  s u lfu r  c o m p o u n d s  in  H D S  f o l lo w s  th is  o rd e r  ( f r o m  
m o s t  to  l e a s t  r e a c t iv e ) :  th io p h e n e  >  a lk y la te d  th io p h e n e  >  B T  >  a lk y la te d  B T  >  D B T  
a n d  a lk y la te d  D B T  w i th o u t  s u b s t i tu e n ts  a t  th e  4  a n d  6  p o s i t io n s  >  a lk y la te d  D B T  
w i th  o n e  s u b s t i tu e n t  a t  e i th e r  th e  4  o r  6 p o s i t io n  >  a lk y la te d  D B T  w ith  a lk y l  
s u b s t i tu e n ts  a t  th e  4  a n d  6  p o s i t io n s  ( B a r r io  e t  a l , 2 0 0 3 ) .
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2 .2 .2  D e s u lf u r iz a t io n  b y  a d s o r p t io n
T h e  s e le c t iv e  c o n c e n t r a t io n  o f  o n e  o r  m o re  c o m p o n e n ts  ( a d s o r b a te s )  

o f  e i th e r  a  g a s  o r  a  l iq u id  a t  th e  s u r fa c e  o f  a  m ic ro p o ro u s  s o lid  ( a d s o r b e n ts )  is c a l le d  
th e  a d s o r p t io n  p ro c e s s .  T h e  b o n d s  b e tw e e n  th e  a d s o rb a te s  a n d  th e  a d s o r b e n ts  c a n  
v a r y  in  s t r e n g th  d e p e n d in g  o n  t h e  n a tu r e  o f  c o m p o u n d s  a n d  o f  so lid  in v o lv e d . T h e y  
a r e  w e a k e r  th a n  th o s e  o f  c h e m ic a l  b o n d s  b u t  a re  e a s ie r  to  b e  d e s o rb e d  b y  in c re a s in g  
th e  t e m p e r a tu r e  o f  th e  a d s o r b e n t  o r  r e d u c in g  th e  a d s o r b a te ’s p a r t ia l  p r e s s u r e  (o r  
c o n c e n t r a t io n  o f  th e  l iq u id ) .

A d s o r p t iv e  s e p a r a t io n  is  a c h ie v e d  b y  o n e  o f  t h r e e  m e c h a n is m s :  th e  
s te r ic ,  k in e t ic ,  o r  e q u i l ib r iu m  e f fe c t .  T h e  s te r ic  e f f e c t  d e r iv e s  f ro m  th e  m o le c u la r  
s ie v in g  p r o p e r t ie s  o f  z e o l i te s  a n d  m o le c u la r  s ie v e s .  In  th is  c a s e , o n ly  s m a ll  a n d  
p r o p e r ly  s h a p e d  m o le c u le s  c a n  d if fu s e  in to  th e  a d s o rb e n t ,  w h e r e a s  o th e r  m o le c u le s  
a r e  to ta l ly  e x c lu d e d .  K in e tic  s e p a r a t io n  is  a c h ie v e d  b y  v i r tu e  o f  th e  d if f e r e n c e s  in  
d if f u s io n  r a te s  o f  d i f f e r e n t  m o le c u le s .  A  la rg e  m a jo r i ty  o f  p r o c e s s e s  o p e r a te  th r o u g h  
th e  e q u i l ib r iu m  a d s o r p t io n  o f  th e  m ix tu r e  a n d  h e n c e  a re  c a l le d  e q u i l ib r iu m  s e p a ra t io n  
p r o c e s s e s  (Y a n g , 2 0 0 3 ) .

D e s u lf u r iz a t io n  b y  a d s o r p t io n  is  b a s e d  o n  th e  a b i l i ty  o f  a  so lid  s o rb e n t  
to  s e le c t iv e ly  a d s o rb  o r g a n o s u l f u r  c o m p o u n d s  f ro m  re f in e ry  s tr e a m s . D e p e n d in g  o n  
t h e  m e c h a n is m  o f  th e  s u lfu r  c o m p o u n d  in te r a c t io n  w i th  t h e  s o rb e n t,  w e  d iv id e  
d e s u l f u r iz a t io n  b y  a d s o r p t io n  in to  tw o  g ro u p s :  ‘a d s o rp tiv e  d e s u l f u r i z a t io n ’ a n d  
‘r e a c t iv e  a d s o rp t io n  d e s u l f u r i z a t io n ’. A d s o r p t iv e  d e s u lf u r iz a t io n  is b a s e d  o n  th e  
p h y s ic a l  a d s o r p t io n  o f  o r g a n o s u l f u r  c o m p o u n d s  o n  th e  s o lid  s o rb e n t  su rfa c e . 
R e g e n e r a t io n  o f  th e  s o rb e n t  is  u s u a l ly  d o n e  b y  f lu s h in g  t h e  s p e n t  s o rb e n t  w i th  a  
d e s o r b e n t ,  r e s u l t in g  in  a  h ig h  o r g a n o s u l f u r  c o m p o u n d  c o n c e n t r a t io n  f lo w . R e a c t iv e  
a d s o r p t io n  d e s u lf u r iz a t io n  u t i l i z e s  th e  c h e m ic a l  in te r a c t io n  o f  th e  o rg a n o s u l f u r  
c o m p o u n d s  a n d  th e  s o rb e n t .  S u l fu r  is  f ix e d  in  th e  s o rb e n t,  u s u a l ly  a s  s u lf id e , a n d  th e  
S - f r e e  h y d r o c a r b o n  is  r e le a s e d  in to  th e  p u r i f ie d  fu e l  s tr e a m . R e g e n e r a t io n  o f  th e  
s p e n t  s o rb e n t  r e s u l ts  in  s u lfu r  e l im in a t io n  a s  แ 2 ร ,  ร , o r  SO x, d e p e n d in g  o n  th e  
p r o c e s s  a p p lie d . E f f ic ie n c y  o f  th e  d e s u lf u r iz a t io n  is  m a in ly  d e te rm in e d  b y  th e  
s o r b e n t  p ro p e r t ie s :  i ts  a d s o r p t io n  c a p a c ity ,  s e le c t iv i ty  f o r  th e  o r g a n o s u l fu r  
c o m p o u n d s ,  d u ra b il i ty ,  a n d  r e g e n e r a b i l i ty  (B a b ic h ,  a n d  M o u li jn ,  2 0 0 3 ) .
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T h e re  a re  v a r io u s  c o r r e la t io n s  w h ic h  a re  u s e d  to  re p re s e n t  th e  
a d s o rp tio n  is o th e rm s ,  a s  s h o w n  in  T a b le  2 .4 .  H o w e v e r ,  th e  L a n g m u i r  i s o th e rm  is  th e  
m o s t  im p o r ta n t  m o d e l.

Table 2 .4  C o r r e la t io n s  u s e d  to  r e p r e s e n t  th e  a d s o rp t io n  i s o th e r m  (P r in g p ra y o n g ,  
2 0 0 6 )

N a m e  o f  is o th e rm E q u a t io n

L a n g m u ir Q  Qmœcb C ,ร ( 2 .2 .1 )
5 1 +  b C s

L a n g m u i r - F r e u n d l ic h Q s  =  ^ " ““ 'b C s  ( 2 .2 .2 )  
1 +  b C  5 "

=  th e  a m o u n t  a d s o r b e d  (m o le  g ' 1 a d s o r b e n t)
=  th e  m a x im u m  a m o u n t  th e  a d s o r b e d  ( m o le  g '1 a d s o r b e n t)
=  th e  a d s o r b a te  a m o u n t  in  th e  m o b i le  p h a s e  ( m o le  m '3)
=  th e  a d s o rp tio n  e q u i l ib r iu m  c o n s ta n t  ( m 3 m o l e '1)
=  F r e u n d l ic h  e x p o n e n t  ( I f  ท e q u a l  1, th e  F r e u n d l ic h  i s o th e rm  
r e d u c e s  to  th e  l in e a r  is o th e rm )

W h e re ,  Q s
Qmax

■ ' C s  
B  
N

2 .2 .3  A d s o r b e n ts  a n d  th e i r  a p p l ic a t io n s  in  s u lf u r  r e m o v a l
O n ly  f iv e  ty p e s  o f  g e n e r ic  s o rb e n ts  h a v e  d o m in a te d  th e  c o m m e rc ia l  

u s e  o f  a d s o rp t io n :  a c t iv a te d  c a rb o n , z e o l i te s ,  s i l ic a  g e l , a n d  a c t iv a te d  a lu m in a , 
p o ly m e r ic  re s in s .  T h e  a d s o r b e n t  m a y  b e  u s e d  o n c e  a n d  d is c a rd e d ,  o r ,  a s  is  m o re  
c o m m o n , it is  e m p lo y e d  o n  a  r e g e n e r a t iv e  b a s is  a n d  u s e d  fo r  m a n y  c y c le s .  T a b le  2 .5  
s h o w s  e x a m p le s  o f  c o m m e r c ia l  a p p l ic a t io n s  o f  th e s e  s o rb e n ts  (Y a n g ,  2 0 0 3 ) .
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T a b l e  2 .5  A d s o r b e n ts  in  c o m m e r c ia l  a d s o r p t io n  s e p a ra t io n s  ( Y a n g ,  2 0 0 3 )

Seperation Adsorbent
G a s  B u lk  S e p a r a tio n s
N o rm a l p a ra f f in s /is o p a ra f f in s ,  a ro m a tic s Z e o li te
n 2/ 0 2 Z e o li te
0 2/ n 2 C a rb o n  m o le c u la r  s ie v e
C O , C H 4, C 0 2, N 2, A r, N H 3/H 2 A c tiv a te d  c a rb o n  fo l lo w e d  b y  z e o li te  (in

la y e re d  b e d s )
H y d ro c a rb o n s /v e n t  s tr e a m s A c tiv a te d  c a rb o n

H 20 /e th a n o l  . Z e o li te  (3 A )
C h ro m a to g ra p h ic  a n a ly tic a l  s e p a ra t io n s ' W id e  ra n g e  o f  in o rg a n ic  an d  p o ly m e r

re s in  a g e n ts

G a s  P u r if ic a tio n
H 20 /o le fm -c o n ta in in g  c ra c k e d  g a s , n a tu ra l S ilic a , a lu m in a , z e o li te  (3 A )
g a s , a ir, sy n th e s is  g a s , etc .
C 0 2/C 2H 4, n a tu ra l  g a s , e tc . Z e o li te , c a rb o n  m o le c u la r  s ie v e
H y d ro c a rb o n s , h a lo g e n a te d  o rg a n ic s , A c tiv a te d  c a rb o n , s il ic a lite , o th e rs
s o lv e n ts /v e n t  s tre a m s
S u lfu r  c o m p o u n d s /n a tu ra l  g a s , h y d ro g e n , Z e o li te , a c tiv a te d  a lu m in a
l iq u e f ie d  p e tro le u m  g a s  (L P G ), e tc .
ร  0 2/v e n t  s tre a m s Z e o li te , a c tiv a te d  c a rb o n
O d o rs /a ir S ilic a li te , o th e rs
In d o o r  a ir  p o llu ta n ts — V O C s A c tiv a te d  c a rb o n , s il ic a l ite , re s in s
T a n k -v e n t  e m is s io n s /a ir  o r  n itro g e n A c tiv a te d  c a rb o n , s i l ic a l i te
H g /c h lo r -a lk a l i  ce ll g a s  e f f lu e n t Z e o li te

L iq u id  B u lk  S e p a r a tio n s
N o rm a l p a ra f f in s /is o p a ra f f in s ,  a ro m a tic s Z e o li te
p -x y le n e /o -x y le n e , m -x y le n e Z e o li te
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D e te rg e n t- ra n g e  o le fm s /p a ra f f in ’s 
p -D ie th y l  b e n z e n e / is o m e r  m ix tu re  
F ru c to s e /g lu c o s e
C h ro m a to g ra p h ic  a n a ly tic a l  s e p a ra t io n s  

L iq u id  P u r if ic a t io n s

H 2/o rg a n ic s , o x y g e n a te d  o rg a n ic s , 
h a lo g e n a te d  o rg a n ic s , e tc ., d e h y d ra tio n  
O rg a n ic s , h a lo g e n a te d  o rg a n ic s , 
o x y g e n a te d  o rg a n ic s , 
e tc ./H 20 — w a te r  p u r if ic a tio n

In o rg a n ic s  (A s , C d , C r, C u , S e , P b , F ,
C l, ra d io  n u c lid e s , e tc .) /H 20 — w a te r  
p u r if ic a tio n
O d o r  an d  ta s te  b o d ie s /H 20 .
S u lfu r  c o m p o u n d s /o rg a n ic s  
D e c o lo r iz in g  p e tro le u m  f ra c tio n s , sy ru p s , 
v e g e ta b le  o ils , etc.
V a r io u s  fe rm e n ta tio n  p ro d u c ts / fe rm e n to r  
e f f lu e n t
D ru g  d e to x if ic a t io n  in  th e  b o d y

Z e o lite
Z e o lite
Z e o lite
W id e  ra n g e  o f  in o rg a n ic , p o ly m e r , an d  
a ff in ity  a g e n ts

S ilic a , a lu m in a , z e o lite , c o m  g rits  

A c tiv a te d  c a rb o n , s il ic a lite , re s in s

A c tiv a te d  c a rb o n

A c tiv a te d  c a rb o n  
Z e o lite ;  a lu m in a , o th e rs  
A c tiv a te d  c a rb o n

A c tiv a te d  c a rb o n , a f f in i ty  a g e n ts

A c tiv a te d  c a rb o n

A c t iv a te d  c a r b o n  h a s  b e e n  u s e d  a s  a n  a l l - p u r p o s e  s o rb e n t.  I t  is  
“ h y d r o p h o b ic ”  a n d  c o n s is t s  o f  e le m e n ta r y  m ic r o c r y s ta l l i t e s  o f  g r a p h i te ,  w h ic h  a re  
s ta c k e d  to g e th e r  in  r a n d o m  o r ie n ta t io n .  I t  is  t h e  s p a c e s  b e tw e e n  th e  c r y s ta l l i te  w h ic h  
f o r m  th e  m ic r o p o r e s .  T h is  p o r o s i ty  y ie ld s  th e  s u r f a c e  a r e a  th a t  p ro v id e s  f o r  th e  
a b i l i ty  to  a d s o rb  g a s e s  a n d  v a p o r  f ro m  g a s e s ,  an d  d is s o lv e d  o r  d is p e r s e d  s u b s ta n c e s  
f r o m  liq u id s .  I ts  p re c e d e n t ,  c h a rc o a l ,  w a s  f i r s t  u s e d  in  t h e  s u g a r  in d u s t r y  in  E n g la n d  
in  1 7 9 4  to  d e c o lo r iz e  s u g a r  s y ru p . T h e  m a jo r  d e v e lo p m e n t  o f  a c t iv a te d  c a rb o n  to o k  
p la c e  d u r in g  W o r ld  W a r  I  f o r  u s e  in  f i l t e r s  t o  r e m o v e  c h e m ic a l  a g e n ts  f ro m  a ir . 
C o m m e r c ia l  a c t iv a te d  c a r b o n  h a s  t a k e n  i ts  p r e s e n t  fo rm  s in c e  th e  1 9 3 0 s  ( J a n k o w s k a
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e t  a l . ,  1 9 9 1 ). S i l ic a  g e l a n d  a c t iv a te d  a lu m in a  a re  u s e d  m a in ly  a s  d e s ic c a n ts ,  a l th o u g h  
m a n y  m o d if ie d  fo rm s  a r e  a v a i la b le  f o r  s p e c ia l  p u r i f ic a t io n  a p p lic a t io n s .  T h e y  h a v e  a  
h ig h  a f f in i ty  fo r  w a te r ,  n o t  a s  h ig h  a s  th a t  o f  th e  m o le c u la r - s ie v e  z e o l i te s ,  b u t  th e y  
c a n  p r o d u c e  d r ie d  g a s e s  to  le s s  th a n  1 p p m  m o is tu r e  c o n te n t .

A m o n g  f o u r  ty p e s  o f  c o m m e rc ia l  a d s o rb e n ts ,  s y n th e t ic  z e o l i te s ,  th e  
y o u n g e s t  ty p e  ( in v e n te d  b y  M il to n  in  1 9 5 9 ), w a s  th e  m o s t  a t t r a c t iv e  a d s o r b e n t  fo r  th e  
d e s u lfu r iz a t io n .

2 .2 .3 .1  M o le c u la r  S ie v e  Z e o l i te s
T h e  z e o l i te s  th a t  a re  in  c o m m e rc ia l  u s e  t o d a y  a re  m a in ly  th e  

ty p e s  in  M i l t o n ’ร in v e n t io n ;  th a t  is  ty p e s  A , X , a n d  Y . Z e o l i te s  a re  c ry s ta l l in e  
a lu m in o s i l ic a te s  o f  g r o u p  IA  a n d  g ro u p  I IA  e le m e n ts  s u c h  a s  s o d iu m , p o ta s s iu m , 
m a g n e s iu m , a n d  c a lc iu m , a n d  a re  r e p r e s e n te d  b y  th e  c h e m ic a l  c o m p o s i t io n :

M  x /n  [ ( A l  0 2) x ( S i 0 2) y  ] . z H 20 ,  \  ■

w h e r e  X a n d  y  a re  in te g e r s  w i th  y /x  e q u a l  to  o r  g r e a te r  th a n  1, ท is  th e  v a le n c e  o f  
c a t io n  M , a n d  z  is th e  n u m b e r  o f  w a te r  m o le c u le s  in  e a c h  u n i t  ce ll. T h e  w a te r  
m o le c u le  c a n  b e  r e m o v e d  e a s i ly  b y  h e a t  an d  e v a c u a t io n ,  le a v in g  a n  a lm o s t  u n a lte re d  
a lu m in o s i l ic a te  s k e le to n  w ith  v o id  f r a c t io n  b e tw e e n  0 .2  a n d  0 .3 . T h e  z e o l i te  
f r a m e w o r k  c o n c lu d e s  th e  t e t r a h e d r a  o f  s i l ic o n  a n d  a lu m in u m , SiC>4 a n d  A 1 0 4, w h ic h  
l in k  to g e th e r  th r o u g h  s h a re d  o x y g e n  a to m s  to  fo rm  a n  o p e n  c ry s ta l  la t t ic e  c o n ta in in g  
p o r e s  o f  th e  la r g e r  c la s s  o f  m o le c u la r  s ie v e s . T h e  f r a m e w o r k  c o m p o s i t io n  d e p e n d s  o n  
th e  s y n th e s is  c o n d it io n s .  P o s t - s y n th e s is  m o d i f ic a t io n s  th a t  in s e r t  Si o r  A l in to  th e  
f r a m e w o r k  h a v e  a ls o  b e e n  d e v e lo p e d .  A s  th e  S i/A l r a t io  o f  th e  f r a m e w o r k  in c re a s e s ,  
th e  h y d r o th e r m a l  s ta b i l i ty ,  a s  w e ll  a s  th e  h y d r o p h o b ic i ty ,  in c re a s e s .  F ig u re  2 .5  s h o w s  
a  c o m p a r is o n  o f  p o r e  s iz e s  o f  d i f f e r e n t  f r a m e w o r k  s tr u c tu re s .
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F ig u r e  2 .5 . Comparison of pore sizes of different framework structures (Auerbach
et al., 2003).

Zeolites are used for their special adsorption properties due to 
their unique surface chemistries and crystalline pore structures. Their diversity is due 
to the fact that zeolites not only have a high adsorption capacity but also show great 
selectivity, enabling substances to be separated or purified. Three effects contribute 
to the selectivity of a zeolite, and these can be influenced by the synthesis methods 
used to tailor it to requirements:

♦ > Zeolites are characterized by regular pores with definite 
aperture sizes so that substances whose molecules are of different sizes can be 
separated.

❖  The molecular-sieve effect described above is a limiting case 
of kinetic selectivity; that is selection according to differences in the rates of 
diffusion of molecules into the zeolite pores.

•> The adsorption equilibrium is determined by electrostatic 
forces, including dipole and quadrupole interactions, and also by dispersion forces.
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Zeolites are used in adsorption technology both in gas and 
liquid phases. Zeolite X, Y, and USY (Ultra-Stable-Y) are large-pore zeolites with 
the same framework structural type (FAU) but are markedly different in their 
framework composition and properties. Zeolite X has a Si/Al ~ 1.25 ([AlSitXt]), 
zeolite Y a Si/Al ะะ 2.3, and zeolite USY a Si/Al ~5.6 or higher. Zeolite X is used 
primarily as an adsorbent. Zeolite Y and USY are the most widely used solid-acid 
catalysts in the world. The CBUs (composite building units) of the FAU framework 
type are depicted in Figure 2.6. The SBUs are double 6 -rings, 6-2 (4- or 6 -ring), the 
sodalite cage, and a very large cavity with four 12-ring windows. The FD 
(framework density) is 12.7 T/1000A3, and the coordination sequence is: T (192) 4 9 
16 25 37 53 73 96 120 145. The sodalite units are linked through 6 -member prisms, 
as shown in the unit cell in Figure 2.7 (a). Each unit cell contains 192 (Si, A 1 ) 0 4  

tetrahedra. This cavity is of tetrahedral symmetry and it is known as the supercage. 
The connectivity of this cage allows molecules to diffuse in three dimensions in the 
crystal interior. The number of aluminum ions per unit cell varies from 96 to 77 for 
type X zeolite, from 76 to 48 for type Y zeolite. The framework of faujasite has the 
largest central cavity pore volume of any known zeolite, amounting to about 30% 
void fraction in the dehydrated form. The free diameter of the central cavity is 13.7 
Â. The major locations for the cation sites in the faujasite framework are indicated in 
Figure 2.7 (b). Site I is in the hexagonal prism (D6R); r  is near the entrance to a 
hexagonal prism in the sodalite (P) cage. IT is inside the sodalite cage near the 
single-6 R entrances to the large (a) cage. II is in the large cage adjacent to DôR and 
บ is at the center of the sodalite cage. Other sites (IV, V) are in the large supercage 
cavities.

F ig u re  2.6 CBUs and framework structure of the zeolite X, Y, or faujasite (FAU).
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F ig u r e  2.7 (a)“ unit cell” of types X and Y, or faujasite. (b) The'cation sites in the 
faujasite framework.

2.2.3.2 Application o f adsorbent for sulfur removal process
Our research focuses on adsorption processes for the removal 

of sulfur compounds from transportation fuels because it can be operated at ambient 
temperature and pressure. Several recent studies have reported adsorptive removal 
using zeolites, activated carbon alumina porous solids, and silica-based sorbents. 
King et al. (2000) investigated the selective adsorption of thiophene and 
dimethylthiophene over toluene and p-xylene by using ZSM-5. They found that 
thiophene was more selectively adsorbed on the fixed bed packed with ZSM-5 using 
breakthrough experiments; but the capacities were low. Ma et al. (2001, 2002a) 
described a sorbent for the removal of thiophenic compounds from jet fuel. The 
sulfur capacity given as 0.015 g sulfur per ml of sorbent was not high. The sorbent 
was a transition metal compound supported on silica gel at 5 wt % loading. It can 
form a bond with the sulfur atom of the thiophenic compound. Chansa (2003) studied 
the adsorption of sulfur compounds comprising 3-MT and BT in simulated gasoline, 
and DBT in simulated diesel, by using Na-X and Na-Y zeolites. For simulated 
gasoline, the author found that Na-X zeolite was more effective in adsorbing both 3- 
MT and BT than NaY and showed nearly the same performance for adsorbing DBT
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in simulated diesel. When increasing the temperature in the range of 25-80°C, sulfur 
compound adsorption for both zeolites will decrease. Kaewboran (2005) studied the 
adsorption of sulfur compounds such as 3-MT, BT, and DBT in simulated gasoline 
and diesel by using X zeolite. The breakthroughs of the three types of sulfur 
compounds were found to arrange in the order of BT > 3-MT > DBT. And shortly 
after that, Ng et al. compared the performance for removal of thiophenic sulfur 
compounds such as T, BT, DBT, and 4, 6 -DMDBT in a hexadecane using Na-Y, 
USY, H-Y, and NaX zeolites. They found that Na-Y has the highest sorption 
capacity for the sulfur compounds. Kim et al. (2006) showed that the adsorptive 
capacities based on the adsorbent weight increase in the order of activated alumina < 
Ni/Si0 2 -Al20 3  < activated carbon for total sulfur.

A systematic approach has been taken in the search for a new 
selective sorbent which can lead to the forming of the 7t-complexation bonding with 
the sulfur compounds. Their bonds are stronger to adsorb sulfur compounds than the 
van der Waals interaction, but it is easier to regenerate by using only increasing 
temperature or decreasing pressure. Yang et al. (2001) indicated that the effective 71- 
complexation sorbents for sulfur removal include Cu(I)-Y, Ag-Y, Cu-Cl/y - A I 2 O 3 ,  

AgN0 3 /SiC>2 , and others. Takahashi et al. (2 0 0 2 ) studied vapor-phase adsorption 
isotherms between benzene/thiophene and sorbents. It has shown that the sorbent 
capacities followed the order Cu-Y and Ag-Y »  Na-ZSM-5 > activated carbon > 
Na-Y > modified alumina and H-USY. Hernandez et al. (2003) studied the 
desulfurization by using Cu-Y, Ag-Y, H-Y, and Na-Y in fixed-bed breakthrough 
experiments using thiophene/benzene, and thiophene/n-octane as the model systems. 
They found that the adsorption capacity of the silver-based zeolite was almost twice 
that of the sodium-based zeolite. Cu-Y showed the highest selectivity and capacity 
among the adsorbents studied at both breakthrough and saturation points. Hernandez 
et al. (2004a) improved the adsorption capacity of the sulfur compound by using a 
layer bed consisting of activated carbon (AC) and/or activated alumina (Selexsorb 
CDX). In their experiment, the AC/CDX/Cu(I)-Y zeolite showed the highest 
capacity, followed by AC/Cu(I)-Y, CDX/Cu(I)-Y, and Cu(l)-Y zeolite. Xue et al.
(2004) studied Na-Y zeolites exchanged with Ag+, Cu2+, and Ce3+ ions and NH4Y 
zeolite exchanged with Ce3+ ions for adsorption of the organic sulfur compounds. All
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adsorbents showed markedly high adsorption capacities for thiophene and 1 - 
benzothiophene in an organic model solution. The sorbent capacities followed the 
order Cu-Y<Ag-Y<Ce-Y for both organic sulfur compounds. Ma et al. (2005b) 
compared the adsortion capacity of Cu(I)-Y zeolite in a model gasoline and 
commercial gasoline. The much lower capacity of Cu(I)-Y zeolite for the 
desulfurization of the commercial gasoline indicated that aromatics and olefin mixed 
in the real gasoline might strongly compete with the adsorption of thiophenic sulfur 
compounds by 7T-complexation. Hernandez et ai (2005) produced the sorbents 
obtained by ion exchanging zeolites with Cu+, Ni2' or Zn2+ cations by using various 
techniques such as vapor phase (VPIE), liquid phase (LPIE), and solid-state (STEE) 
ion exchange for the desulfurization of diesel, gasoline, and jet fuels. They found that 
the desulfurization performance decreases as follows: Cu(l)-Y (VPIE) > Ni(II)-Y 
(STEE) > Ni(II)-X (LPIE) > Zn(II)-X (LPIE) > Zn(II)-Y (LPIE). Bhandari et al.
(2006) investigated the adsorption capacity of ion-exchanged Y-zeolite with various 
metal ions such as Ni, Cu, Fe, and Zn in a model diesel containing DBT and 4, 6 - 
DMDBT. It was shown that Ni-Y zeolite has the highest capacity for sulfur removal 
followed by Cu-Y, Fe-Y and Zn-Y zeolite. They also showed that the presence of 
aromatics and moisture have a detrimental effect on the desulfurization capacity.

There are some factors that can reduce the adsorptive capacity 
of sulfur compounds of zeolites. Velu et al. (2003) reported that the adsorption 
performance decreased by six times in the presence of 1 0  wt. % of 1 -octene (olefin). 
Jayaraman et al. (2006) demonstrated the effect of organonitrogen and PAH 
compounds on the desulfurization by 71-complexation with Cu(I)-Y zeolite. The 
relative inhibition effects were found to follow the order: carbazole > quinoline > 
phenanthrene > fluorine ~ naphthalene. Bhandari (2006) found that the aromatics 
content in the diesel, and moisture, had a detrimental effect on the desulfurization of 
transportation fuels.

2.2.4 Fixed Bed Adsorption
Fixed bed adsorption processes are ubiquitous throughout the 

chemical process and other industries. The phenomenon of adsorption is an attraction 
of adsorbate molecules to specific interaction between adsorbate molecules (aromatic
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rings, specific atoms...) and the adsorbent surface . Figure 2.8 illustrates the 
breakthrough curve used to represent the adsorption process.

.• VOLUME TREATED

F ig u re  2 .8  Idealized breakthrough curve of a fixed bed adsorber 
(http://www.activated-carbon.com/solrec3.html.).

This Figure plots the relationship between outlet concentration of the 
adsorbate from the fixed bed adsorber and volume treated which is the function of 
time. The mass transfer zone (MTZ) is the area within the adsorbate bed where 
adsorbate is actually being adsorbed on the adsorbent. The MTZ typically moves 
from the influent end toward the effluent end of the adsorbent bed during operation. 
That is, as the adsorbent near the influent becomes saturated (spent) with adsorbate, 
the zone of active adsorption moves toward the effluent end of the bed where the 
adsorbate is not yet saturated. The MTZ is sometimes called the adsorption zone or 
critical bed depth. The MTZ is generally a band, between the spent zeolite and the 
fresh zeolite, where adsorbate is removed and the dissolved adsorbate concentration 
ranges from Co to Ce.

❖  The length of the MTZ can be defined as LMTZ. When LMTZ = 
bed depth, it becomes LCRIT, or the theoretical minimum bed depth necessary to 
obtain the desired removal.

http://www.activated-carbon.com/solrec3.html
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❖  As adsorption capacity is used up in the initial MTZ, the MTZ 
advances down the bed until the adsorbate begins to appear in the effluent. The 
concentration slowly increases until it equals the influent concentration. In cases 
where there are some very strongly adsorbed components, in addition to a mixture of 
less strongly adsorbed components, the effluent concentration very seldom reaches 
the influent concentration because only the components with the faster rate of 
movement through the adsorber are in the breakthrough curve. The MTZ is 
illustrated in Figure 2.8.

<♦  Dynamic adsorption capacity is influenced by many factors, such 
as flow rate, temperature, bed length, and concentration of the bed. The adsorption 
column may be considered exhausted when the effluent adsorbate concentration 
equals 95-100% of the influent concentration. This is illustrated in Figure 2.8.

As the concentration wave moves through the bed, most of the mass 
transfer is occurring in a fairly small fe'gion. This'mass transfer zone moves down the 
bed until it breaks through. The shape of the mass transfer zone depends on the 
adsorption isotherm (equilibrium expression), flow rate, and the diffusion 
characteristics. Usually, the shape must be determined from the experiment. The 
wave front may change shape as it moves through the bed, and the mass transfer 
zone broaden or diminish. Unfavourable and linear isotherms tend to broaden. 
Favourable Langmuir may broaden at first, but quickly achieve a constant pattern 
front, an asymptotic shape. This means that the mass transfer zone is constant with 
respect to both position and time.
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