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C H A PT E R  II 
L IT E R A T U R E  R E V IE W

2.1 T ran sportation  Fuels and Sulfur Specifications

2 .1 .1  T r a n s p o r ta t io n  F u e ls
T h e  t r a n s p o r ta t io n  fu e ls  c o m p r is e  th r e e  m a jo r  ty p e s :  g a s o l in e ,  d ie s e l ,  

a n d  j e t  fu e l. T h e  c o m p o s i t io n s  o f  th e s e  f u e ls  v a r y  w id e ly  d e p e n d in g  o n  th e  c r u d e  o i l  
c o m p o s i t io n s ,  th e  r e f in in g  p r o c e s s ,  th e  p r o d u c t  d e m a n d ,  a n d  th e  p r o d u c t  
s p e c i f i c a t io n s .  T h e  a p p r o x im a te  c o m p o s i t io n s  o f  g a s o l in e ,  d ie s e l ,  a n d  j e t  fu e l  a r e  
g iv e n  in  T a b le  2 .1 . B r a n c h e d  a n d  n - a lk a n e s  a r e  th e  m a in  in g r e d ie n ts  o f  th e s e  fu e ls ,  
t y p ic a l ly  7 0 -8 0 % . T h e  m a jo r  a lk a n e s  in  g a z o l in e  is  n - h e x a n e  a n d  th e  m a in  b r a n c h e d  
a lk a n e s  a r e  C 5 a n d  Cô c o m p o u n d s .  T h e  a r o m a tic s  a r e  m a in ly  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 ,  to ta l in g  a b o u t  2 0 -3 0 % .

T ab le 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  f u e ls  (v o l  % )  ( Y a n g ,  2 0 0 3 )

G a s o l in e 3 D ie s e lb J e t  F u e lc
B o i l in g  r a n g e  ( ๐C ) 4 0 -2 0 4 2 3 2 - 3 5 0 3 3 0 - 5 1 0
A r o m a t ic s 3 0 .5 17 18
O le f in s 1 .8 5 2

N o r m a l  a lk a n e s 17 .3 - -
B r a n c h e d  a lk a n e s 3 2 - -
C y c lo a lk a n e s 5 - -
S a tu r a te s - 7 8 -
P a r a f f in s - - 6 0
N a p h th e n e s - - 2 0

a Scien ces International, Inc., “T oxico log ica l Profile for G asoline,” Report to Departm ent o f  Health  
and Human Services, June, 1995. 
bM a etal., 1994. 
c M a et al., 2002 .



4

2 .1 .2  S u l fu r  S p e c i f ic a t io n
D u e  to  th e  in c r e a s in g ly  s t r in g e n t  e n v i r o n m e n ta l  r e g u la t io n s  o n  s u l fu r  

c o n c e n t r a t io n  in  t r a n s p o r ta t io n  f u e ls ,  u l t r a -d e e p  d e s u l f u r iz a t io n  o f  d ie s e l  fu e l  h a s  
b e c o m e  a  m o r e  a n d  m o r e  im p o r ta n t  r e s e a rc h  s u b je c t .  T h is  is  b e c a u s e  th e  s u l fu r  
c o m p o u n d s  in  th e  f u e l  a r e  c o n v e r te d  to  S O x d u r in g  c o m b u s t io n ,  w h ic h  n o t  o n ly  
r e s u l t s  in  a c id  r a in ,  b u t  a l s o  p o is o n s  c a ta ly s ts  in  c a ta ly t ic  c o n v e r te r s  fo r  r e d u c in g  C O  
a n d  N O x. C o n s e q u e n t ly ,  th e  s u l fu r  le v e l  in  d ie s e l  f u e l  m u s t  b e  r e d u c e d  f ro m  c u r r e n t  
m a x im u m  5 0 0  to  15 p p m  b y  2 0 0 6  in  th e  U S  ( K im  e t a l., 2 0 0 6 ) ,  a n d  th e  s u l f u r  le v e l 
in  d ie s e l  f u e l  r e q u i r e d  b y  E u r o p e a n  E m is s io n  S ta n d a r d s  d e c r e a s e s  g r a d u a l ly  f ro m  
E U R O  2  ( 5 0 0 p p m )  to  E U R O  3 ( 3 5 0 p p m )  a n d  r a p id ly  d e c r e a s e s  f ro m  E U R O  3 
( 3 5 0 p p m )  to  E U R O  4  ( 5 0 p p m ) .  F o r  E U R O  5 , th e  s u l f u r  le v e l  is  r e d u c e d  to  1 0  p p m  
in  2 0 0 9 . I n  T h a i la n d ,  th e  s u l f u r  le v e l  in  d ie s e l  is  r e g u la te d  to  d e c r e a s e  g r a d u a l ly  f ro m  
3 5 0  p p m  to  5 0  p p m  in  2 0 1 2  ( D e p a r tm e n t  o f  e n e r g y  b u s in e s s ,  M in is t r y  o f  E n e r g y ,  
T h a i la n d ,  2 0 0 8 ) .  T h e  r e g u la te d  s u l f u r  le v e ls  a re  i l lu s t r a t e d  in  F ig u r e  2 .1 .
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Figure 2.1 T h e  r e g u la te d  s u l f u r  le v e ls  in  d ie s e l  fu e l in  E U , U S A  a n d  T h a i la n d .
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2.2 Organosulfur Compounds

O r g a n o s u l f u r  c o m p o u n d s  a re  o r g a n ic  c o m p o u n d s  th a t  c o n ta in  s u lfu r .  T h e y  
a re  o f te n  a s s o c ia te d  w i th  fo u l  o d o u r s ,  b u t  i r o n ic a l ly  m a n y  o f  th e  s w e e te s t  c o m p o u n d s  
k n o w n  a re  o r g a n o s u l f u r  d e r iv a t iv e s .  N a tu r e  a b o u n d s  w i th  o r g a n o s u l f u r  c o m p o u n d s  
s u l f u r  is  e s s e n t ia l  f o r  l i fe . T w o  o f  th e  tw e n ty  c o m m o n  a m in o  a c id s  a r e  o r g a n o s u l f u r  
c o m p o u n d s .  F o s s i l  f u e ls ,  c o a l ,  p e t ro le u m , a n d  n a tu r a l  g a s ,  w h ic h  a r e  d e r iv e d  f ro m  
a n c ie n t  o r g a n is m s ,  n e c e s s a r i ly  c o n ta in  o r g a n o s u l f u r  c o m p o u n d s ,  th e  r e m o v a l  o f  
w h ic h  is  a  m a jo r  f o c u s  o f  o i l  r e f in e r ie s  (h t tp : / / e n .w ik ip e d ia .o r g /w ik i /O r g a n o s u l f u r _  
c o m p o u n d s ) .

S u l fu r  is  a  d iv a le n t  e le m e n t  a s s o c ia te d  w i th  h y d r o g e n  a n d  c a r b o n  in  4  ty p e s  
o f  p r in c ip a l  c o m p o u n d :  h y d r o g e n  s u lf id e , m e r c a p ta n s ,  s u l f id e s ,  a n d  th io c y c l ic  
c o m p o u n d s  ( c o n ta in in g  s u l f u r  in  a  r in g ) .  T h e  p h y s ic a l  c o n s ta n t s  o f  th e  p r in c ip a l  
s u l fu r  c o m p o u n d s  a r e  s h o w n  in  T a b le  2 .2 .

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 r y  f ro m  v i r t u a l l y  z e r o  to  a s  h ig h  a s  7 
o r  8  w t% . T h e r e  a r e  m a n y  c o m m o n  ty p e s  o f  s u l f u r  c o m p o u n d s  in  l iq u id  fu e l  ( F ig u re  
2 .2 )  w h ic h  c a n  b e  a n a ly z e d  w i th  X - ra 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 la m e  p h o to m e t r ic  d e te c to r :

•  G a so lin e  ra n g e : n a p h th a ,  f lu id  c a ta ly t ic  c r a c k in g  ( F C C ) - n a p h t h a ,  e tc .
-  M e r c a p ta n e s  ( R S H ) ;  s u l f id e s  ( R 2 S ) ;  a n d  d i s u l f id e s  ( R S S R ) ;
- T h io p h e n e  a n d  i t s  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 f u e l  range:  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 )  a n d  i t s  a lk y la te d  d e r iv a t iv e s .

•  D ie se l f u e l  range:  m id d le  d is t i l la te ,  l ig h t  c y c le  o i l  (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 t s  a lk y la te d  d e r iv a t iv e s .

•  B o ile r  f u e l  fe e d s :  h e a v y  o i ls  a n d  d i s t i l l a t io n  r e s id u e s ,
- > 3 - r in g  p o ly c y c l ic  s u l f 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 i r  a lk y la te d  d e r iv a t iv e s .

แช่!?[^ดกลาง ในกงาviTrioทร้พยากร 
ชุพาลงกรณํมหาวิทยาลัย

http://en.wikipedia.org/wiki/Organosulfur_
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Table 2.2 T h e  p h y s ic a l  c o n s ta n ts  o f  th e  p r in c ip a l  s u l f u r  c o m p o u n d s

Chemicaltemiula Structural formula Mciecdarweight Noma) bojing point *c
SP9>1‘
(ïqu*)

hydrogen sulfide HjS h - S - H 34.1 -60.3
MEHCAPTANS
methylmercaplan CHjSH

- Ç - S - H <8.1 60 0.873

ethylrr.ercaplan CjHjSH
- Ç - Ç - S - H 62.1 350 0.845

n-propylmercaptan C^SH
—C - C - C - S - H

76.2 67.6 0.847

n-butylmercaptan C4HgSH
— Ç - Ç - Ç - Ç - S - H 902 985 0.847

SULFIDES
dimethytsullide CjHpS — Ç - s - Ç — 62.1 37.3 0.854

ethylmelhyfsuffide w - Ç - S - Ç - C - 762 666 0.848

dielhylsulfide C.H,oS
- Ç - Ç - S - Ç - Ô - 902 92.1 0.841

methyl ท-propylsulfide C4H,oS
- C - S - C - C - C  — 902 955 0.847

DISULFIDES
dimethyldisulfide 6ร

- Ç - S . - S - Ç -
94.2 109 6 1.069

diethyldisulfide C4Hto§>
- Ç - Ç - S - S - Ç - Ç

122.2 152.6 0.998

dipropyldisulfide c6h,4รJ
- ç - è - è - s - s - ç - é - è - 150.3 126.5 It 100mm ๙

แ9
0.964

TH10PHEMC COMPOUD
thiophene C4H4ร

H n c -  c ' '  h  

H " Cx ร ' 0 ' 'H

84.1 84 1.070

methylthiophene CHjC4HjS CH3 Vc _ c - H

H " C' ร ' c

982 119 1.069

beruotbiophene CeHeS

' 0 ~ |\ ç / \1 ๖

134.2 220 1.165
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H y d r o g e n  s u l f id e  
E le m e n ta l  s u l fu r  
M e r c a p ta n  
S u lf id e  
D is u lf id e

C y c l ic  s u lf id e  ( t e 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 i th  a lk y l  g r o u p s  a t  th e  
4 -  a n d  6 - p o s i t io n s ,  th a t  is ,  4 - M D B T  a n d  4 ,6 -  
D M D B T , a re  th e  r e f r a c to r y  s u l f u r  c o m p o u n d s  
th a t  a re  m o s t  d i f f ic u l t  to  r e m o v e  b y  H D S  o r  
s o r b e n ts  a im in g  a t  b o n d in g  w i th  ร  d u e  to  s te r ic  
h in d ra n c e .)

Figure 2.2 E x a m p le s  o f  s u l fu r  c o m p o u n d s  in  p e t ro le u m .

M a  e t a l. ( 2 0 0 2 )  s h o w e d  G C -F P D  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 l in e ,  d ie s e l ,  a n d  j e t  fu e l  in  F ig u r e  2 .3 . T h e  F P D  d e te c ts  o n ly  s u l f u r  c o m p o u n d s .  
T h e  d o m in a n t  s u l f u r  c o m p o u n d s  in  th e  g a s o l in e  w e r e  ( in  d e c r e a s in g  o r d e r )  3 - M T , 
B T , T , 2 - M T , a n d  2 ,4 - D M T . N o  m e rc a p ta n s ,  d ia lk y l  s u l f id e s  a n d  d ia lk y l  d i s u l f id e s  
w e r e  d e te c te d .  In  d ie s e l ,  th e  d o m in a n t  s u l fu r  c o m p o u n d s  w e r e  4 - M D B T , 4 ,6 -  
D M C B T , 2 ,4 ,6 - T M D B T , 3 ,6 - D M D B T , D B T , 2 ,3 ,7 - T M B T , 2 ,3 ,5 - T M B T , 2 ,3 -  
D M B T , a n d  o th e r s .  T h e  s u l fu r  c o m p o u n d s  fo u n d  in  th e  j e t  fu e l  w e r e  2 ,3 ,7 - T M B T , 
2 ,3 - D M B T , a n d  th e  m in o r  s p e c ie s  2 ,3 ,5 - T M B T  a n d  2 ,3 ,6 - T M B T . A ll  th e s e  M B T  
h a v e  tw o  m e th y l  g r o u p s  a t  2 -  a n d  3 - p o s i t io n s ,  r e s p e c t iv e ly ,  im p ly in g  th a t  th e  B T  
w i th  tw o  m e th y l  g r o u p s  a t  2 - a n d  3 - p o s i t io n s  a re  m o r e  d i f f i c u l t  to  b e  r e m o v e d  th a n  
o th e r  s u l f u r  c o m p o u n d s  in  h y d r o t r e a t in g  o f  j e t  fu e l.

H 2S

ร 8

R ------ S H
R  ร ------  R ’
R  ร  ร ------ R

9

Q
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Gasoline
2 - M T  

T \

3-M T
B T

L
2 .4 -D M T
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Jet Fuel (JP -8) 2 ,3 -D M B T I 2 ,3 ,7 -T M B T
2 ,3 ,5 -T M B T  +  
2 3 .6-T M B T

lfH [H H [lH !|li!ijlllljll(l|ll!ljnn[IÏI?|IliI[H iJjW !lH !Jt[ltJl[ll|(|f!T||lll( jl jfijl|H|il!!|l!li|!i[f|fni|iHi|I||||ll(l|ni(p!!tillir|ni!ÎITIHH!îïi 2 4 6 8 10- .12 14 16 18 2Ü 22
D iese l

2,3,5-TMBT + 4-MDBT 4,6-DMDBT 
TT6-TM BT I 3 6-DMDBT

J ” 2-MDBT+ ■ j J  2,4.6-TMDBT
3T 3-MDBT i r  4-E.6-MDBT
\  ___ \ |  y y  J.4.6-TMDBT

\ t  DBT M !j ■f /

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
R etention ù m e(m in)

Figure 2.3 G C - F P D  c h r o m a to g r a m s  o f  g a s o l in e , j e t  fu e l a n d  d ie s e l  f o r  id e n t i f i c a t io n  
o f  s u l f u r  c o m p o u n d s  ( M a  ๙  a l., 2 0 0 2 ) .

2.3 Desulfurization Process

T h e r e  a r e  s e v e ra l  p r o c e s s e s  th a t  c a n  b e  u s e d  to  r e m o v e  th e  s u l fu r  
c o m p o u n d s  in  th e  l iq u id  fu e l. T h e  c la s s i f ic a t io n  o f  d e s u l f u r iz a to n  te c h n o lo g ie s ,  
a c c o r d 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 l f 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 r g a n o s u l f u r  c o m p o u n d s  a r e  t r a n s f o r m 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 ro 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 l fu 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 t r e a m  w i th o u t  
d e c o m p o s i t io n ,  o r  w h e th e r  th e y  a r e  b o th  s e p a r a te d  a n d  th e n  d e c o m p o s e d  (F ig u re  
2 .4 ) . W h e n  o r g 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  s o l id  s u l fu r  
p r o d u c ts  a re  f o r m e d  a n 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 t r e a m s .
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decomposition of S - 
compounds with 

hydrocarbon return

separation of S - 
compounds without 

sulfur elimination

conventional HDS; 
HDS with octane 

recovery;
selective oxidation; 
reactive adsorption; 
biodesuifu fixation

DESULFURIZATION

l
alkylation; 
extraction; 

oxidation to 
sulfones; 

precipitation; 
adsorption

combination:
separation + decomposition

catalytic distillation

Figure 2.4 C la s s i f i c a t io n  o f  d e s u l f 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  a n d  M o u l i jn ,  2 0 0 3 ) .

D e p e n d in g  o n  th e  r o le  o f  h y d r o g e n  in . r e m o v in g  s u l fu r ,  d e s u l f u r iz a t io n  
p r o c e s s e s  c a n  b e  a ls o  c la s s i f 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 ’ . 
f n  H D S - b a s e d  p r o 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 l fu r  f ro m  r e f in e r y  s t r 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 i r e  h y d r o g e n .

F in a l ly ,  d e s u l f 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 i f 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  f o r  s u l fu r  r e m o v a l  (F ig u re  2 .5 ) .  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 r e  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 r g a n o s u l f u r  c o m p o u n d s  w i th  s u l fu r  e l im in a t io n .  S u c h  c a ta ly t ic  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 t io 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 i th  s o m e  
a d d i t 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 i f i c a t io n s .
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F igure 2.5  D e s u l f 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 l f u r  ( B a b ic h  a n d  M o u l i jn ,  2 0 0 3 ) .

2 .3 .1  C o n v e r t io n a l  H y d r o d e s u l f u r iz a t io n  (T IP S ')
C o n v e n t io n a l  h y d r o d e s u l f u r iz a t io n  ( H D S )  p r o c e s s  is  a n  . e f f ic ie n t  

m e th o d  o f  s u l fu r  r e m o v a l  f ro m  g a s o l in e  a n d  d ie s e l  w i th  h ig h  s u l f u r  c o n c e n t r a t io n s ,  
a n d  i s  u s e d  w o r ld w id e  ( X u e  e t a i ,  2 0 0 5 ) .  T h e  h y d r o d e s u l f u r iz a t io n  p r o c e s s  in v o lv e s  
c a ta ly t ic  t r e a tm e n t  w i th  h y d r o g e n  to  c o n v e r t  th e  v a r io u s  s u l f u r  c o m p o u n d s  p r e s e n t  to  
h y d r o g e n  s u l f id e  a t  e le v a te d  te m p e r a tu r e s  ( 3 0 0 - 3 4 0  °C )  a n d  p r e s s u r e s  ( 2 0 - 1 0 0  a tm  
H 2) u s in g  C 0 - M 0 /A I 2O 3 o r  N i-M o /A B C b  c a ta ly s t s  ( H e r n a n d e z  e t a l ,  2 0 0 4 a ) .  T h e  
h y d r o g e n  s u l f id e  i s  th e n  s e p a r a te d  a n d  c o n v e r te d  to  e le m e n ta l  s u l f u r  b y  th e  C la u s  
p r o c e s s .  T h e i r  p e r f o r m a n c e  in  te r m s  o f  d e s u l f u r iz a t io n  le v e l ,  a c t iv i ty  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 i e s  o f  th e  s p e c i f i c  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 r o p e r t ie s ,  s y n th e s i s  r o u te ) ,  th e  r e a c t io n  c o n d i t io n s  ( s u l f id in g  p r o to c o l ,  
t e m p e r a tu r e ,  p a r t i a 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  
s u l fu r  c o m p o u n d s  p r e s e n t  in  th e  f e e d  s t r 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  ( B a b ic h  
a n d  M o u l i jn ,  2 0 0 3 ) .  H o w e v e r ,  th e s e  c a ta ly s ts  a r e  p o is o n e d  b y  H 2S a n d  m e ta l s  in  
f e e d s to c k .  T h e r e  is  g e n e r a l ly  n o  m e th o d  fo r  r e g e n e r a t io n  o th e r  th a n  r u n n in g  s t r a ig h t  
h y d r o g e n  th r o u g h  th e  r e a c to r .



11

T h e  H D S  p r o c e s s  is  e f f e c t iv e  to  r e m o v e  th io l s ,  s u l f id e s  a n d  d i s u lf id e s ,  
b u t  it  is  d i f f i c u l t  to  r e m o v e  th io p h e n e ,  b e n z o th io p h e n e  ( B T ) ,  d ib e n z o th io p h e n e  
( D B T )  a n d  th e i r  d e r iv a t iv e s  ( m o s t  im p o r ta n t ly ,  4 ,6 - D M D B T )  ( Z h a n g  e t a l ,  2 0 0 8 ) .  
T h e  r e a c t iv i ty  o f  o r g a n ic  s u l f u 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 l f u r  a to m  e n v ir o n m e n t .  T h e  lo w - b o i l in g  c r u d e  o i l  f r a c t io n  
c o n ta in s  m a in ly  th e  a l ip h a t ic  o r g a n ic  s u l f u r  c o m p o u n d s :  m e r c a p ta n s ,  s u l f id e s  a n d  
d i s u lf id e s .  T h e y  a re  v e r y  r e a c t iv e  in  c o n v e n t io n a l  h y d r o t r e a t i n g  p r o c e s s e s  a n d  th e y  
c a n  e a s i ly  b e  c o m p le te ly  r e m o v e d  f ro m  th e  fu e l. F o r  h ig h  b o i l in g  c r u d e  o i l  f r a c t io n s ,  
th e  o r g a n ic  s u l f u r  c o m p o u n d s  p r e - d o m in a n t ly  c o n ta in  th io p h e n ic  r in g s .  T h e s e  
c o m p o u n d s  in c lu d e  th io p h e n e s  a n d  b e n z o th io p h e n e s  a n d  th e i r  a lk y la te d  d e r iv a t iv e s .  
T h e s e  th io p h e n e  c o n ta in in g  c o m p o u n d s  a re  m o r e  d i f f i c u l t  to  c o n v e r t  v ia  
h y d r o t r e a t in g  th a n  m e r c a p ta n s  a n d  s u l f id e s  a s  th e y  a r e  m o r e  s ta b le .  T h u s , b e c a u s e  o f  
th is  p r o b le m , th e  s u l f u r  c o m p o u n d s  th a t  r e m a in  in  th e  t r a n s p o r ta t i o n  f u e ls  a r e  m a in ly  
th 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 ,  a n d  th e i r  a lk y la te d  d e r iv a t iv e s  
( H e r n a n d e z  e t a l ,  2 0 0 4 a ) .  T h e  o r g a n ic  s u l f u r  c o m p o u n d s  a n d  th e i r  h y d r o t r e a t in g  
p a th w a y  a re  s h o w n  in  T a b le  2 .3 .

I t  h a s  b e e n  r e p o r te d  th a t  f o r  th e  r e m o v a l  o f  th e s e  s u l f u r  c o m p o u n d s  b y  
th e  H D S  p r o c e s s  to  th e  d e s i re d  le v e ls  w o u ld  d e m a n d  m o r e  th a n  th r e e - f o ld  in c re a s e  in  
th e  c a ta ly s t  v o lu m e / r e a c to r  s iz e  r e s u l t in g  in  e n o r m o u s ly  h ig h  c o s t  o f  o p e r a t io n  o f  th is  
h ig h  te m p e r a tu r e  a n d  h ig h  p r e s s u r e  p r o c e s s .  I n  v i e w  o f  th e  c o m p le x  n a tu r e  o f  s u l fu r  
r e d u c t io n  in  th e  e x i s t in g  H D S  p r o c e s s ,  th e  r e q u i r e m e n t  o f  s t r in g e n t  p r o c e s s  
c o n d i t io n s  a n d  a ls o  e n e r g y  a n d  c o s t - in te n s iv e  o p e r a t io n ,  it  is  d e s i r a b le  to  s e a r c h  f o r  
a l t e r n a te  s o lu t io n s  to  th is  p r o b le m  ( B h a n d a r i  e t a l . , 2 0 0 6 ) .
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Table 2.3 T h e  o r g a n ic  s u l f u r  c o m p o u n d s  a n 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 )

Typical organosulfur compounds; and their hydrotreating pathway

Type o f  organic .sulfur com pound Chemical structure

Mcr cap lanes R ~S~H

Sulfides R '- S  R!
Disulfides R ' - S - S -
Thiophene

Benzothiophenc

D i benzoth i ophene

\ A ร

Mechanism o f hydrotreating reaction* 
R - S - H - f  H2“-*R~H  -f H2S

Reaction pathway for alkylated thiophene, benzOthiophcne and dihenzothi ophene is similar to thé réaction of nonaikylated counterparts.
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2 .3 .2  D e s u l f u r iz a t io n  b y  A d s o r p t io n .
D u e  to  th e  h ig h  c o m p le x i ty  o f  H D S  p r o c e s s  f o r  r e m o v a l  o f  s u l fu r  

c o m p o u n d  to  c o m p ly  w i th  th e  n e w  r e g u la t io n s ,  th u s  it is  n e c e s s a r y  to  c o n s id e r  th e  
d i f f e r e n t  t e c h n o lo g ie s .  A s  a n  a l t e r n a t iv e  o r  s u p p le m e n t  to  th e  H D S  p r o c e s s  a  n u m b e r  
o f  o th e r  a p p r o a c h e s  a re  b e in g  te s te d . T h e s e  in c lu d e  o x id a t iv e  m ic r o b ia l  
d e s u l f u r iz a t io n ,  o x id a t iv e  c h e m ic a l  d e s u l f u r iz a t io n  a n d  a d s o r p t io n  w h ic h  is  th e  
m a jo r i ty  in te r e s t in g  te c h n iq u e  ( R e u t  e t a l . , 2 0 0 6 : B h a n d a r i  e t a l ,  2 0 0 6 ) .

A d s o r p t io n  p r o c e s s e s  c o n s is t  o f  th 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 r e  c o m p o n e n ts  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 f a c e  o f  a  s o l id  ( a d s o r b e n t ) .  T h e  
a t t r a c t iv e  f o r c e s  c a u s in g  th e  a d s o r p t io n  a re  g e n e r a l ly  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 ,  a n d  b y  in c r e a s in g  th e  te 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  a s  a n  
a d s o r b a te ’s p a r t i a l  p r e s s u r e  ( o r  c o n c e n t r a t io n  in  a  l iq u id ) ,  th e  a d s o r b a te  c a n  b e  
d e s o r b e d  ( R o u s s e a u ,  1 9 8 7 ).

T h e r e  a r e  tw o  ty p e s  o f  a d s o rp t io n :  p h y s ic a l  a d s o r p t io n  a n d  c h e m ic a l  
a d s o rp t io n .  T h e  p h y s ic a l  a d s o r p t io n  in v o lv e s  o n ly  r e la t iv e ly  w e a k  in te r m o le c u la r  
fo rc e s .  T h e s e  f o rc e s  in c lu d e  v a n  d e r  W a a ls  f o r c e s  ( d i s p e r s io n - r e p u l s io n )  a n d  
e le c t r o s ta t i c  in te r a c t io n s  c o m p r is in g  p o la r iz a t io n ,  d ip o la r  a n d  q u a d r u p o la r  
in te r a c t io n s .  T h e  c h e m ic a l  a d s o r p t io n  in v o lv e s ,  e s s e n t ia l ly ,  th e  f o r m a t io n  o f  
c h e m ic a l  b o n d s  b e tw e e n  th e  s o r b a te  m o le c u le  a n d  th e  s u r f a c e  o f  th e  a d s o r b e n t  
( R u th v e n ,  1 9 8 4 ).

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  th r e e  m e c h a n is m s :  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 r o 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 .  I n  th i s  c a s e  o n ly  s m a l l  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 i f f u 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 t ic  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 i f f e r e n c e s  in  d i f 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 .  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  m ix tu r e  a n d  h e n c e  a r e  c a l le d  e q u i l ib r iu m  s e p a r a t io n  p r o c e s s e s  ( Y a n g , 
2 0 0 3 ) .

D e s u l f 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 t y  o f  a  s o l id  s o r b e n t  
to  s e le c t iv e ly  a d s o r b  o r g a n ic  s u l f u r  c o m p o u n d s  f r o m  r e f in e r y  s te a m s .  B a s e d  o n  th e  
m e c h a n is m  o f  th e  s u l f u r  c o m p o u n d  in te r a c t io n  w i th  th e  s o r b e n t ,  d e s u l f u r iz a t io n  b y  
a d s o rp t io n  c a n  b e  d iv id e d  in to  tw o  g ro u p s :  a d s o r p t iv e  d e s u l f u r iz a t io n  a n d  r e a c t iv e



14

a d s o r p t iv e  d e s u l f u r iz a t io n .  A d s o r p t iv e  d e s u l f u r iz a t io n  is  b a s e d  o n  p h y s ic a l  
a d s o r p t io n  o f  o r g a n ic  s u l f u r  c o m p o u n d s  o n  th e  s o l id  s o r b e n t  s u r f a c e .  R e g e n e r a t io n  o f  
th e  s o r b e n t  is  u s u a l ly  d o n e  b y  f lu s h in g  th e  s p e n t  s o r b 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 ic  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 rp t io n  
d e s u l f u r iz a t io n  e m p lo y s  c h e m ic a l  in te r a c t io n  o f  th e  o r g a n ic  s u l f u r  c o m p o u n d s  a n d  
th e  s o r b e n t .  S u l f u r  is  f ix e d  in  th e  s o r b e n t ,  u s u a l ly  a s  s u l f id e ,  a n d  th e  S - f re e  
h y d r o c a r b o n  is  r e le a s e d  in to  p u r i f i e 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 r b e n t  
r e s u l t s  in  s u l f u r  e l im in a t io n  a s  แ 2ร , ร , o r  S O 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 l f u r iz a t io n  is  m a in ly  d e te r m in e d  b y  th e  s o r b e n t  p r o p e r t ie s :  i ts  
a d s o r p t io n  c a p a c i ty ,  s e le c t iv i ty  f o r  th e  o r g a n ic  ; s u l f u r  c o m p o u n d s ,  d u r a b i l i ty  a n d  
r e g e n e r a b i l i t y  ( B a b ic h  a n d  M o u l i jn ,  2 0 0 3 )

2 .3 .3  A d s o r b e n ts  f o r  D e s u l f u r iz a t io n
C o m m e r c ia l  a d s o rb e n ts  a re  d iv id e d  in to  f o u r  m a jo r  ty p e s :  a c t iv a te d  

c a r b o n ,  m o le c u la r - s i e v e  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 .  A s  th e  a d s o r p t io n  
is  a  s u r f a c e - r e la te d  p h e n o m e n o n  th u s  th e  u s e f u l  a d s o r b e n t s  a r e  a l l  c h a r a c te r iz e d  b y  
la r g e  s u r f a c e  a r e a  p e r  u n i t  o f  w e ig h t  (o r  v o lu m e ) .  T h e  ty p ic a l  r a n g e  o f  a r e a  c o v e r s  
f ro m  a b o u t  1 0 0  to  o v e r  3 0 0 0  m 2/g , h o w e v e r ,  t h e  m o s t  c o m m o n  c o m m e r c ia l ly  u s e f u l  
m a te r ia ls  e x h ib i t  s u r f a c e  a r e a s  r a n g in g  f ro m  a b o u t  3 0 0  to  1 2 0 0  m 2/g  (R o u s s e a u ,  
1 9 8 7 ). T a b le  2 .4  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 i c a t io n s  o f  th e s e  s o r b e n ts  
(Y a n g , 2 0 0 3 ) .
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Table 2.4 A d s o r b e n ts  in  c o m m e r c ia l  a d s o rp t io n  s e p a r a t io n s  ( Y a n g ,  2 0 0 3 )

Adsorbent
G as B u lk  S ep a ra 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 lite
n 2/ 0 2 Z e o lite
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 lite  (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 tre 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 lite  (3 A )
C h ro m a to g ra p h ic  a n a ly t ic a l  s e p a ra tio n s W id e  ra n g e  o f  in o rg a n ic  a n d  p o ly m e r

re s in  a g e n ts
G as P u rifica tion
H 20 /o I e f in - c o n ta in in g  c ra c k e d  g as , n a tu ra l S ilic a , a lu m in a , z e o lite  (3 A )
g a s , air,, sy n th e s is  g a s , e tc .
C 0 2/C 2H 4, n a tu ra l  g a s , e tc . Z e o lite , 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 i l ic a li te , 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 as , h y d ro g e n , Z e o lite , a c tiv a te d  a lu m in a
liq u e f ie d  p e tro le u m  g a s  (L P G ), e tc .
S 0 2/v e n t  s tre a m s Z e o lite , 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 i l ic a li te , re s in s
T a n k -v e n t e m is s io n s /a i r  o r  n itro g e n A c tiv a te d  c a rb o n , s i l ic a li te
H g /c h lo r -a lk a l i  c e ll g a s  e f f lu e n t Z e o lite
L iq u id  B u lk  S ep a ra 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 lite
p -x y le n e /o -x y le n e , m -x y le n e Z e o lite
D e te rg e n t- ra n g e  o le f in s /p a ra f f in ’s Z e o lite
p -D ie th y l b e n z e n e / is o m e r  m ix tu re Z e o lite
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Table 2.4 (Cont.) 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 r a t io n s  ( Y a n g , 2 0 0 3 )

Adsorbent

F ru c to se /g lu c o s e Z e o lite
C h ro m a to g ra p h ic  a n a ly t ic a l  s e p a ra tio n s  

L iq u id  P u rifica tio n s

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

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 t io n

S ilic a , a lu m in a , z e o l i te , c o m  g rits

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 i f ic a t io n

A c tiv a te d  c a rb o n , s i l ic a li te , re s in s

In o rg a n ic s  (A s, C d , C r , C u , S e , P b ; F , 
C l, r a d io  n u c lid e s , e tc .) /H 2 0 — w a te r  
p u r i f ic a tio n

A c tiv a te d  c a rb o n

O d o r  a n d  ta s te  b o d ie s /H 20 A c tiv a te d  c a rb o n
S u lfu r  c o m p o u n d s /o rg a n ic s Z e o lite , a lu m in a , o th e rs
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 , e tc .

A c tiv a te d  c a rb o n

V a r io u s  fe rm e n ta t io n  p ro d u c ts / fe rm e n to r  
e f f lu e n t

A c t iv a te d  c a rb o n , a f f in ity  a g e n ts

D ru g  d e to x if ic a t io n  in  th e  b o d y A c tiv a te d  c a rb o n

2 .3 .3 .1  A c tiv a te d  C arbon
A c t iv a te d  c a r b o n  m a te r ia l  is  a  h y d r o p h o b ic  p o r o u s  m a te r ia l  

w i th  v e r y  h ig h  s u r f a c e  a r e a  a n d  la r g e  p o re  v o lu m e . I t  h a s  b e e n  w id e ly  u s e d  in  
d e o d o r iz a t io n ,  d e c o lo r i z a t io n ,  p u r i f i c a t io n  o f  d r in k in g  w a te r ,  t r e a tm e n t  o f  w a s te  
w a te r ,  a d s o r p t io n  a n d  s e p a r a t io n  o f  v a r io u s  o r g a n ic  a n d  in o r g a n ic  c h e m ic a ls .  H a ji  
a n d  E r k e y  r e p o r te d  u s in g  c a r b o n  a e r o g e l s  a s  a d s o r b e n ts  f o r  d e s u l f u r iz a t io n  o f  a  
m o d e l  d ie s e l  ( D B T  in  n - h e x a d e c a n e )  (H a ji  a n d  E rk e y ,  2 0 0 3 ) .  T h e y  f o u n d  th a t  th e  
s a tu ra t io n  a d s o r p t iv e  c a p a c i ty  o f  a  c a r b o n  a re o g e l  w i th  p o r e  s iz e  o f  2 2  n rn  w a s  15 m g
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o f  s u l f u r  p e r  g r a m  o f  a d s o r b e n t  ( m g - S /g - A )  a n d  th e  c a r b o n  a r e o g e l  s e le c t iv e ly  
a d s o r b e d  D B T  o v e r  n a p h th a le n e .  M o c h id a  a n d  c o - w o r k e r s  r e p o r te d  a n  in te r e s t in g  
w o r k  o n  a d s o r p t iv e  d e s u l f u r iz a t io n  o f  r e a l  g a s  o i l  o v e r  a c t iv a te d  c a r b o n  m a te r ia ls  
w i th  s u r fa c e  a r e a  f ro m  6 8 3  to  2 9 7 2  m 2/g  ( M o c h id a  e t a l., 2 0 0 4 ) .  T h e y  fo u n d  th a t  
u s in g  th e  a c t iv a t e d  c a r b o n  m a te r ia ls  c a n  r e m o v e  s u l f u r  a n d  n i t r o g e n  s p e c ie s  f ro m  g a s  
o i l  ( K im  e t a h ,  2 0 0 6 ) .

A c t iv a te d  c a r b o n  is  a  m ic r o c r y s ta l l in e ,  n o n g r a p h i t i c  fo rm  o f  
c a r b o n  th a t  h a s  b e e n  p r o c e s s e d  to  d e v e lo p  in te r n a l  p o r o s i ty .  A c t iv a te d  c a r b o n  is  
n o r m a l ly  m a d e  b y  th e r m a l  d e c o m p o s i t io n  o f  c a r b o n a c e o u s  m a te r ia l  f o l lo w e d  b y  
a c t iv a t io n  w i th  s te a m  o r  c a r b o n  d io x id e  a t  e le v a te d  te m p e r a tu r e  ( 7 0 0 - 1 0 0 0  ° C ) . T h e  
s t r u c tu r e s  o f  a c t iv a t e d  c a r b o n  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  a n d  i t  is  th e  
s p a c e s  b e tw e e n  th e  c r y s ta l s  w h ic h  fo rm  th e  m ic r o p o re s .  ;T h e  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 r o v id e s  f o r  th e  a b i l i ty  to  a d s o r b  g a s e s  a n d  v a p o r s  f r o m  g a s e s ,  a n d  
d i s s o lv e d  o r  d i s p e r s e d  s u b s ta n c e s  f ro m  l iq u id s .  T h e  a c tu a l  d i s t r ib u t io n  a n d  th e  to ta l  
p o r e  v o lu m e  a s s o c ia te d  w i th  e a c h  p o re  s iz e  r a n g e  a r e  h o w e v e r  s e n s i t iv e  to  th e  
c o n d i t io n s  o f  th e  in i t i a l  p y r o ly s i s  a n d  a c t iv a t io n  p r o c e d u r e s ,  T y p ic a l  r a n g e s  a re  g iv e n  
in  T a b le  2 .5 ,  b u t  b y  s p e c ia l  p r o c e d u r e s ,  i t  i s  p o s s ib le  to  p r e p a r e  a c t iv a t e d  c a r b o n s  
w i th  e v e n  h ig h e r  p o r o s i ty ,  s u r f a c e  a r e a , a n d  a d s o r p t iv e  c a p a c i ty .

Table 2 .5  P o r e  s iz e s  in  ty p ic a l  a c t iv a te d  c a r b o n  ( R u th v e n ,  1 9 8 4 )

pProperties. : : : M i c r o n » -  . I  M c s 0 p 0 r c  o r
,แ 1 " " '  1 Transitional Pores

D ia m e te r  (Â ) < 2 0 2 0 - 5 0 0 > 5 0 0
P o r e  v o lu m e  (c n rV g ) 0 . 1 5 -0 .5 0 .0 2 - 0 . 1 0 .2 - 0 .5
S u r fa c e  a r e a  ( m 2/g ) 1 0 0 - 1 0 0 0 1 0 - 1 0 0 0 .5 -2
( P a r t i c le  d e n s i ty  0 .6 - 0 .9  g /c m J ; p o ro s i ty  0 .4 - 0 .6 )
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2 .3 .3 .2  A c tiv a te d A lu m in a
A c t iv a te d  a lu m in a  is  a  p o r o u s  h ig h - a r e a  f o r m  o f  a lu m in u m  

o x id e ,  p r e p a r e d  e i th e r  d i r e c t ly  f ro m  b a u x i te  (A I2O 3 A H 2O ) o r  f r o m  th e  m o n o h y d r a te  
b y  d e h y d r a t io n  a n d  r e c ry s t a l l i z a t io n  a t  e le v a te d  te m p e r a tu r e .  T h e  s u r f a c e  a r e a  is  
m o r e  s t r o n g ly  p o la r  th a n  th a t  o f  s i l ic a  g e l a n d  h a s  b o th  a c id ic  a n d  b a s ic  c h a r a c te r ,  
r e f le c t in g  th e  a m p h o te r ic  n a tu r e  o f  th e  m e ta l  ( R u th v e n ,  1 9 8 4 ) . T h e  s u r f a c e  a c id i ty  is  
th e  m o s t  im p o r t a n t  p r o p e r ty  f o r  b o th  a d s o r p t io n  a n d  c a ta ly s is .  U n l ik e  s i l ic a ,  L e w is  
a c id  s i t e s  a r e  u s u a l ly  a b u n d a n t  o n  a lu m in a s .  T h e s e  a r e  th e  A l3+ s i t e s  o n  th e  s u r f a c e s , . 
T h e r e  a r e  b o th  te t r a h e d r a l  a n d  o c ta h e d ra l  A l3+ s i te s .  T h e  a c id i ty  o f  th e  s u r f a c e  c a n  b e  - 
in c r e a s e d  w i th  a c id , s u c h  a s  H C 1 a n d  H F . P a r t ia l  c o n v e r s io n  o f  a  fu l ly  h y d r a te ,  
a lu m in a  s u r f a c e  b y  th e  a c id  t r e a tm e n t  w o u ld  f o r m  a  s u r f a c e  th a t  c o n ta in s  b o th  C l" ,  
a n d  O H ' g ro u p s :

O H ' O H ' O H ' O H ' O H ' O H '
A l3+ A l3+ A l3+ A l3+ A l3+

C F O H ' C F O H ' O H ' C F
a i 3+ a i 3+ a i 3+ a i 3+ a i 3+

A c t iv a te d  a lu m in a  is  a  v e r s a t i le  s o r b e n t  t h a t  c a n  b e  ta i lo r e d  
f o r  m a n y  s p e c ia l  a p p l ic a t io n s .  N e w  a p p l ic a t io n s  c o n t in u e  to  b e  d e v e lo p e d ,  m a in ly  b y  
a lu m in u m  c o m p a n ie s .  T h e  f o l lo w in g  a r e  p r o v e n  a p p l i c a t io n s  o f  v a r io u s  ta i lo r e d  
a lu m in a  ( Y a n g ,  2 0 0 3 ) :

•  R e m o v a l  o f  H C 1 a n d  H F  f r o m  g a s e s  a n d  l iq u id s
• R e m o v a l  o f  a c id ic  g a s e s  ( C O S , C O 2, H 2S ,C S 2) f ro m  

h y d r o c a r b o n s
• R e m o v a l  o f  o x y g e n a te s  a n d  L e w is  B a s e s
• R e m o v a l  o f  p o la r  o r g a n ic  c o m p o u n d s
• R e m o v a l  o f  A s 3+, PO43', cr, a n d  F" f r o m  w a te r
• S c a v e n g e r  fo r  o r g a n ic  p r o c e s s  l iq u id s
•  A lk a l iz e d  a lu m in a  f o r  S O 2 r e m o v a l
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2 3 .3 .3  M o lecu la r-S ieve  Z eo lite s
T h e  z e o l i te s  th a t  a re  in  c o m m e r c ia l  u s e  to d a y  a re  m a in ly  th e  

ty p e s  in  M i l to n ’s 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 t e s  a r e  c r y s ta l l in e  
a lu m in o s i l i c a te s  o f  g r o u p  IA  a n d  g ro u p  I I A  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 x7 n[ (A 1 0 2)X’( S i 0 2V ]  - w H 20
w h e r e  ท is  th e  v a l e n c e  o f  c a t io n  M , พ  is  th e  n u m b e r  o f  w a t e r  m o le c u le s  p e r  u n i t  c e ll ,  
x ’ a n d  y ’ a re  th e  to ta l  n u m b e r  o f  te t r a h e d r a l  p e r  u n i t  c e l l ,  a n d  x ’/ y ’ u s u a l ly  h a s  v a lu e s  
o f  1 -5 .

T h e  z e o l i te s  o f  m o s t  in te r e s t  in  c a ta ly s is  a r e  th o s e  h a v in g  
m e d iu m  to  la rg e  p o r e  s iz e s ,  c o n s is t in g  o f  1 0 - o r  1 2 - r in g  o x y g e n  a to m s ,  a n d  h a v in g  
r e la t iv e ly  h ig h  S i/A l r a t io s .  T h e  la t te r  m a y  s te m  f ro m  th e  in i t i a l  s y n th e s i s  m e th o d  o r  
f ro m  s u b s e q u e n t  t r e a tm e n t s .  Z e o l i te s  o f  h ig h  c u r r e n t  in te r e s t  in d u s t r i a l ly  in c lu d e  
z e o l i t e  Y  a n d  m o r d e n i te ,  w h ic h  h a v e  a  1 2 -r in g  s y s te m , a n d  z e o l i t e  Z S M - 5 , w h ic h  h a s  
a  1 0 - r in g  s y s te m  ( R u th v e n ,  1 9 8 4 ; R o u s s e a u ,  1 9 8 7 ).

2 .3 3 .4  S ilic a  G el
S i l i c a  g e l is  a  p a r t i a l ly  d e h y d r a te d  f o rm  o f  p o ly m e r ic  c o l lo id a l  

s i l ic ic  a c id . T h e  c h e m ic a l  c o m p o s i t io n  c a n  b e  e x p r e s s e d  a s  S i 0 2 .n H 20 .  T h e  w a te r  
c o n te n t ,  w h ic h  is  p r e s e n t  m a in ly  in  th e  f o rm  o f  c h e m ic a l ly  b o u n d  h y d r o x y l  g r o u p s , 
a m o u n ts  ty p ic a l ly  to  a b o u t  5 w t .% . T h e  s u r f a c e  a r e a  is  g e n e r a te d  b y  th e  v e r y  f in e  s iz e  
o f  th e  c o l lo id a l  p a r t i c le s .  T h e y  e x h ib i t  s u r fa c e  a r e a s  f ro m  a s  lo w  a s  1 0 0  m 2/g  f o r  th e  
“ a e r o g e l s ”  to  o v e r  8 0 0  m 2/g . T h e  p r o d u c t  is  p r o v id e d  b o th  in  g r a n u la r  a n d  s p h e r ic a l  
f o rm s .  T h e  s i l ig a - g e l  s u r f a c e  h a s  a n  a f f in i ty  f o r  w a te r  a n d  o r g a n ic s ,  a l th o u g h  w a te r  is  
p r e f e r r e d .  T h e  s u r f a c e  o f  th e  s i l ic a  g e l c a n  b e  in  a  f u l ly  h y d r o x y la t e d  f o rm  (S i -O -H )  
o r  in  a  d e h y d r a te d  s i lo x a n e  f o rm  (S i -O -S i) .

T h e  p r im a r y  a d s o rp t iv e  a p p l ic a t io n  o f  s i l i c a  g e l is  in  th e  
d e h y d r a t io n  o f  g a s e s  a n d  l iq u id s .  U n t i l  th e  a d v e n t  o f  th e  a p p l i c a t io n  o f  c r y o g e n ic  
te c h n o lo g y  in  th e  n a tu r a l  g a s  in d u s try ,  s i l ic a  g e l w a s  c o m m o n ly  u s e d  to  r e c o v e r  
h y d r o c a r b o n s  f ro m  n a tu r a l  g a s  s t r e a m s .



20

2 .3 .4  P r e v io u s  S tu d ie s  o n  th e  U s e  o f  A d s o r b e n ts  f o r  S u l fu r  R e m o v a l
A t  P P C , th e r e  h a v e  b e e n  s e v e r a l  s tu d ie s  o n  s u l f u r  a d s o r p t io n  u s in g  

v a r io u s  k in d s  o f  a d s o r b e n t s .  In  2 0 0 7 , H o  s tu d ie d  th e  d e s u l f u r iz a t io n  o f  t r a n s p o r ta t io n  
f u e ls  b y  a d s o r p t io n  p r o c e s s  u s in g  th e  io n - e x c h a n g e d  z e o l i t e s  w h ic h  p r e p a r e d  b y  
e x c h a n g in g  N a X  a n d  N a Y  z e o l i t e s  w i th  N i2+ a n d  C u + c a t io n s  u s in g  b o th  L P IE  a n d  
S S IE  m e th o d s .  T h e s e  a d s o r b e n ts  w e r e  e v a lu a te d  f o r  t h e i r  e f f i c i e n c y  in  r e m o v in g  3 -  
M T  a n d  B T  in  b o th  b in a r y  a n d  te r n a r y  s y s te m s  o f  i s o o c ta n e  a n d  b e n z e n e  ( o r  to lu e n e )  
a s  m o d e l  fu e ls .  I n  th e  s ta t ic  a d s o rp t io n ,  th e  s u l fu r  a d s o r p t io n  c a p a c i ty  in c r e a s e d  in  
th e  o r d e r  N iY  ( L P I E  a t  13 5  ° C )  <  N i x  ( L P I E  a t  4 5  ° C )  <  N i Y  ( S S I E )  f o r  b o th  s u l fu r  
c o m p o u n d s .  F u r th e r m o r e ,  th e  a d s o r p t io n  d a ta  o f  s u l f u r  c o m p o u n d s  in  is o o c ta n e  a n d  
b e n z e n e  r e v e a le d  t h a t  th e  r e m o v a l  r a te  a n d  th e  o v e ra l l  s u l f u r  u p ta k e  c a p a c i ty  o f  th e  
a d s o rb e n ts  w e r e  s ig n i f i c a n t ly  r e d u c e d  w h e n  b e n z e n e  w a s  u s e d , w h ic h  c a n  b e  
a t t r ib u te d  to  th e  c o m p e t i t iv e  7 1 -c o m p le x a tio n  f o r m in g  w i th  th e  a d s o r b e n t  b e tw e e n  th e  
a r o m a t ic  ( b e n z e n e )  a n d  s u l f u r  c o m p o u n d . T h e  e q u i l ib r iu m  c a p a c i ty  u n d e r  d y n a m ic  
c o n d i t io n s  f o r  3 - M T  a d s o r p t io n  in c re a s e d  in  th e  o r d e r  o f  N a Y  <  N iY  <  N i x  <  N a X  <  
C u ( I )Y ;  w h i le  th e  s e le c t iv i ty  f o r  3 - M T  o v e r  to lu e n e  e x h ib i te d  th e  f o l lo w in g  t r e n d  
N a Y  <  N iY  <  N a X  <  N i x  <  C u ( I )Y . In  a d d i t io n ,  th e  p r e - a d s o r b e d  w a te r  w a s  f o u n d  
to  h a v e  d e t r im e n ta l  e f f e c t  o n  th e  7 1 -c o m p le x a tio n  b o n d in g  b e tw e e n  a d s o r b e n t  a n d  
s u l f u r  c o m p o u n d s .

P r a t e e p a m o m k u l  ( 2 0 0 8 )  s tu d ie d  th e  a d s o r p t iv e  c a p a c i ty  a n d  
s e le c t iv i ty  o f  d ib e n z o th io p h e n e  ( D B T )  a n d  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 )  in  s im u la te d  d ie s e l  f u e ls  c o n ta in in g  p o ly a r o m a t ic  o r  n i t r o g e n  c o m p o u n d s  
o n  a c t iv a te d  c a r b o n  a n d  a lu m in a ,  m o d if ie d  w i th  C u + a n d  N i2+ u s in g  d i f f e r e n t  
p r e p a r a t io n  m e th o d s .  D i r e c t  im p r e g n a t io n  b y  u s in g  C U C I/C H 3C N  w a s  f o u n d  to  b e  
u n s u i ta b le  d u e  to  th e  s ta b i l i ty  a n d  lo w  s o lu b i l i ty  o f  C u +. I m p r e g n a t io n  w a s  th e r e f o r e  
p e r f o r m e d  w i th  a n  a q u e o u s  s o lu t io n  o f  C u C L  f o l lo w in g  b y  a  r e d u c t io n  s te p  o f  C u C L  
in to  C u C l u s in g  น 2 . F o r  N i2+, a n  a q u e o u s  s o lu t io n  o f  N iC L  w a s  u s e d .  A  s u i ta b le  f e e d  
f lo w  r a te  a n d  g r a n u lo m e t r y  o f  th e  a d s o r b e n t  w a s  f o u n d  to  b e  0 .4  c m 3/m in  a n d  1 0 0  to  
4 0 0  p m , w h i le  th e  o p t im u m  te m p e r a tu r e  w a s  6 0  °c a n d  9 0  °c f o r  N i 2+ a n d  C u + 
im p r e g n a te d  a lu m in a ,  r e s p e c t iv e ly .  T h e  a d s o r p t io n  c a p a c i ty  a t  th e  s u l f u r  
b r e a k th r o u g h  f o l lo w e d  th e  o r d e r  n o n - im p r e g n a te d  m a c r o p o r o u s  a lu m in a  <  
C u V m a c r o p o r o u s  a lu m in a  <  n o n - im p r e g n a te d  m e s o p o r o u s  a lu m in a  <
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C u V m e so p o r o u s  a lu m in a  <  N i2+/m a c r o p o r o u s  a lu m in a  <  N i 2+/m e s o p o r o u s  a lu m in a  <  
C u +/A C  <  n o n -im p r e g n a te d  A C . T h e  b reak th ro u gh  c a p a c ity  o f  D B T  w a s  h ig h e r  than  
4 ,6 - D M D B T  fo r  b o th  o f  N i2+ an d  C u +/m e s o p o r o u s  a lu m in a . M o r e o v e r , th e  
b reak th ro u gh  c a p a c ity  o f  D B T  w ith o u t  p o ly a r o m a tic  an d  n itr o g e n  c o m p o u n d s  w a s  
h ig h e r  th a n  th at w ith  p o ly a r o m a tic  an d  n itr o g e n  c o m p o u n d s .

2 .3 .5  7T -C o m p lexa tio n
T h e  7t -c o m p le x a t io n  b o n d  is  ty p ic a lly  a  w e a k  b o n d  th a t ca n  b e  fo rm ed  

b e tw e e n  th e  so rb en t an d  sorb a te . T h e  so rb en ts  that are u se d  fo r  sep a ra tio n  and  
p u r if ic a tio n  b a se d  o n  7 r-com p lexa tio n  are c a lle d  7 1 -co m p lex a tio n  so rb en ts . 
D e v e lo p m e n t  o f  7t -c o m p le x a t io n  so r b e n ts  b e g a n  o n ly  r e c e n tly . A  n u m b e r  o f  so rb en ts  
h a v e  a lrea d y  b e e n  u se d  c o m m e r c ia l ly , and  tr e m e n d o u s  p o te n tia l e x is t s  fo r  future  
a p p lic a tio n s  in  sep a ra tio n  and  p u r if ic a tio n , b o th  fo r  th e  c h e m ic a l/p e tr o c h e m ic a l  
in d u stry  an d  e n v ir o n m e n ta l a p p lic a tio n s . A l l  m ajor  in d u str ia l a d so r p tio n  p r o c e s s e s  
are b a se d  o n  v a n  d er W a a ls  and e le c tr o s ta t ic  in te r a c t io n s  b e tw e e n  th e  so rb a te  and  
sorb en t. C h e m ic a l b o n d s  h a v e  y e t  to  b e  e x p lo ite d  in  a  s ig n if ic a n t  w a y . C h e m ic a l  
c o m p le x a t io n  h a s  b e e n  s tu d ie d  and  u se d  on  a la rg e  s c a le  in  a n u m b er  o f  o th er  
sep ara tio n  an d  p u r if ic a t io n  p r o c e s s e s  b y  u s in g  m a ss  sep a ra tin g  a g e n ts .

W a a ls  in te r a c t io n s  ( th u s  g iv in g  r is e  to  h ig h e r  s e le c t iv i t ie s ) ,  m a n y  o f  th e m  a re  w e a k  
e n o u g h  to  b e  r e v e r s ib le  ( i .e . ,  to  b e  b r o k e n  b y  s im p le  e n g in e e r in g  m e a n s ) .  T h e  71- 
c o m p le x a t io n  is  a  s p e c ia l  c la s s  o f  c h e m ic a l  c o m p le x a t io n .  F o r  7t - c o m p le x a t io n  
s o r b e n ts ,  i t  p e r ta in s  to  th e  m a in  g r o u p  ( o r  d - b lo c k )  t r a n s i t io n  m e ta l s  ( a n d  th e r e  a r e  2 7  
e le m e n ts ) .  W h e n  in te r a c t  w i th  a  g a s  o r  s o lu te  m o le c u le ,  th e s e  m e ta l s  a n d  th e i r  io n s  
c a n  f o rm  th e  u s u a l  o  b o n d s  w i th  th e i r  s - o rb i ta ls  a n d , in  a d d i t io n ,  t h e i r  d - o r b i ta ls  c a n  
b a c k - d o n a te  e le c t r o n  d e n s i ty  to  th e  a n t ib o n d in g  71 -o rb ita ls  o f  th e  m o le c u le  to  b e  
b o n d e d  ( Y a n g ,  2 0 0 3 ) .

fo r  m a n y  a p p lic a t io n s , in c lu d in g  d e su lfu r iz a t io n , o le f in /p a r a ff in , d ie n e /o le f in , and  
a r o m a tic s /a lip h a tic s  sep a r a tio n s . F or  d e su lfu r iz a t io n , tr a n s it io n -m e ta l io n  e x c h a n g e d  
z e o l it e s  h a v e  u se d  to  s e le c t iv e ly  r e m o v e  o r g a n o su lfu r  m o le c u le s  fr o m  c o m m e r c ia l  
fu e ls  l ik e  d ie s e l  and  g a s o l in e . In th e  c o m p le x a t io n  m e c h a n is m , th e  c a t io n  c a n  form

C h e m ic a l c o m p le x a t io n  b o n d s  are g e n e r a lly  s tr o n g e r  th an  v a n  der

D u r in g  th e  la s t  d e c a d e ,  7 1 -c o m p le x a tio n  s o r b e n ts  h a v e  b e e n  d e v e lo p e d
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th e  u s u a l  ร b o n d s  w i th  th e i r  s -o rb i ta ls  a n d , in  a d d i t io n ,  t h e i r  d  o r b i ta ls  c a n  b a c k -  
d o n a te  e le c t r o n  d e n s i ty  to  th e  a n t ib o n d in g  p - o r b i ta l s  o f  th e  s u l f u r  r in g  ( s e e  F ig u r e  
2 .6 ,  2 .7  a n d  2 .8 ) . M o le c u la r  o r b i ta l  c a lc u la t io n s  h a v e  s h o w n  th a t  th e  7i - c o m p le x a t io n  
b o n d s  b e tw e e n  C u + o r  A g + a n d  th io p h e n e  a re  s t r o n g e r  th a n  th a t  w i th  b e n z e n e  (Y a n g , 
e t a l ,  2 0 0 1 ) .  M o r e o v e r ,  i t  w a s  d e te rm in e d  th a t  th e  7t - c o m p le x a t io n  b o n d  w a s  s t r o n g e r  
f o r  s u b s t i tu te d  th io p h e n e s  o v e r  n o n - s u b s t i tu te d  o n e s  a n d  th u s  7 T -co m p lex a tio n  
s o r b e n ts  a r e  s e le c t iv e  fo r  s u l fu r  r e m o v a l  f ro m  t r a n s p o r ta t io n  f u e l s  ( H e r n a n d e z  e t a l . , 
2 0 0 5 ) .

(A) (B)

Figure 2.6 S c h e m a t ic  r e p r e s e n ta t io n  fo r  d e s u l f u r iz a t io n  o f  4 ,6 - d im e th y l -  
d ib e n z o th io p h e n e  w i th  m o ly b d e n u m - b a s e d  (A )  a n d  c o p p e r ( I ) - b a s e d  (B )  a d s o rb e n ts .  
C a s e  ( B )  c o r r e s p o n d s  to  7C -c o m p le x a tio n  ( H e r n a n d e z  e t a l . , 2 0 0 5 ) .
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Figure 2.7 C o p p e r  io n s  o c c u p y in g  fa u ja s i te  6 - r in g  w in d o w s  s i te s  ( A ) ;  G -d o n a t io n  o f  
71 - e le c tr o n s  o f  th io p h e n e  to  th e  4 s  o rb i ta l  o f  c o p p e r ( I )  ( B ) ;  d -  7โ * b a c k d o n a t io n  o f  
e le c t r o n s  f ro m  3 d  o r b i ta ls  o f  c o p p e r ( I )  to  71 * o r b i ta ls  o f  t h io p h e n e  (C ) . H e r e  3 d  
r e p r e s e n ts  dxy, d yz.or d xz, o r  3 o f  th e  5 3 d  o r b i ta ls  ( H e r n a n d e z  e t a l ,  2 0 0 5 ) .

Figure 2.8 M e a n s  o f  in te r a c t io n  fo r  a  D B T  m o le c u le  w i th  N iY , c o r r e s p o n d in g  to  71 - 
c o m p le x a t io n  ( J u a n  e t a l ,  2 0 0 9 ) .
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2 .3 .6  R e g e n e r a t io n  o f  A d s o r b e n t
D e s o r p t io n  o r  r e g e n e r a t io n  s te p  is  q u i te  im p o r t a n t  in  th e  o v e ra l l  

p r o c e s s .  F i r s t ,  d e s o r p t io n  a l lo w s  r e c o v e r y  o f  a d s o r b a te s  in  th o s e  s e p a r a t io n s  w h e re  
th e y  a r e  v a lu a b le ;  a n d  s e c o n d ,  i t  p e r m i ts  r e u s e  o f  th e  a d s o r b e n t  f o r  f u r th e r  c y c le s .  In  
a  f e w  c a s e s ,  d e s o r p t io n  is  n o t  p r a c t ic a l ,  a n d  th e  a d s o r b a te  m u s t  b e  r e m o v e d  b y  
th e rm a l  d e s t r u c t io n  o r  a n o th e r  c h e m ic a l  r e a c t io n ,  o r  th e  a d s o r b e n t  i s  s im p ly  
d is c a rd e d .

W a n g  a n d  Y a n g  ( 2 0 0 7 )  s tu d ie d  th e  d e s o r p t io n  o f  P d C b /a c t iv a t e d  
c a r b o n  a f te r  s a tu r a t e d  w i th  th e  m o d e l  j e t  fu e l b y  u s in g  u l t r a s o u n d - a s s i s te d  s o r b e n t  
r e g e n e r a t io n .  T h e  d e s o r p t io n  w a s  c o n d u c te d  in  a  s ta t ic  b a th  o f  s o lv e n t  a t  ro o m  
te m p e r a tu r e  a n d  5 0  °c. T h e  r e s u l t s  s h o w e d  th a t  th e  a m o u n t  o f  s u l f u r  d e s o rb e d  
d e p e n d e d  o n  th e  t im e  a n d  te m p e ra tu re .  W i th  in c re a s in g  d e s o r p t io n  t im e ,  th e  a m o u n t  
o f  s u l f u r  d e s o r b e d  r e a c h  a  c o n s ta n t  v a lu e . ' T h e y  a ls o  fo u n d  th a t  u l t r a s o u n d  w a s  a n  
e f f e c t iv e  t e c h n iq u e  f o r  r e g e n e r a t in g  s p e n t  P d C h /a c t iv a t e d  c a r b o n . K a e w b o r a n  ( 2 0 0 5 )  
in v e s t ig a te d  th e  d e s o r p t io n  o f  N a X  a f te r  d e s u l f e r iz e d  th e  s u l f u r  c o m p o u n d s  s u c h  a s  
3 - M T  a n d  B T  in  s im u la te d  g a s o l in e  a n d  D B T  in  s im u la te d  d ie s e l  b y  h e a t in g  
te c h n iq u e  a t  400°c. T h e  r e s u l t  w a s  n o t  p r o p e r  f o r  D B T  b u t  3 - M T  a n d  B T . In  
a d d i t io n ,  th e  r e c o v e r e d  a d s o rp t io n  c a p a c i ty  o f  N a X  th a t  a d s o r b e d  w i th  B T  w a s  a  
s l ig h t ly  lo w e r  th a n  3 -M T . X u e  e t a l. ( 2 0 0 5 )  f o u n d  th a t  th e  
r e g e n e r a t io n  o f  C e Y - z e o l i t e  (N a )  w a s  a c c o m p l is h e d  b y  c a lc in in g  a t  450°c in  a i r  f o r  2 
h o u r s .  M o r e  th a n  9 0 %  o f  th a t  o f  th e  f i r s t  a d s o r p t io n  w a s  r e c o v e r e d .  H e m a n d e z -  
M a ld o n a d o  e t a l. ( 2 0 0 4 )  r e g e n e r a te d  th e  la y e re d  a d s o r b e n ts  b y  u s in g  tw o  te c h n iq u e s .  
I n  r e g e n e r a t io n  o f  A C /C u ( I ) - Y  z e o l i te  b y  u s in g  s o lv e n ts ,  th e  CCI4 s h o w e d  th e  h ig h e s t  
c a p a c i ty  r e c o v e r y  w h e n  c o m p a re d  w i th  D M F , m e th a n o l  a n d  to lu e n e .  W h e n  
r e g e n e r a te d  b y  f lo w in g  a i r  a t  350°c f o r  6 h o u r s  f o l lo w e d  b y  a u to r e d u c t io n ,  th e  
C D X /C u ( I ) - Y  c a n  b e  f u l ly  r e g e n e r a te d  w h i le  th e  A C /C u ( I ) - Y  c a n  r e c o v e r  o n ly  8 5 % . 
H e m a n d e z - M a ld o n a d o  e t a l. ( 2 0 0 4 )  r e p o r te d  th a t  th e  r e g e n e r a t io n  o f  N i ( I I ) - Y  
( S S I E - 5 0 0 )  w a s  a c h ie v e d  b y  c a lc in a t io n  in  d ry  a i r  a t  350°c f o r  6 h o u r s .  H e m a n d e z -  
M a ld o n a d o  e t a l. ( 2 0 0 4 )  d e m o n s tr a te d  th a t  S e le x s o rb  C D X  C u ( I ) - Y  ( V P IE )  w a s  
r e g e n e r a te d  b y  u s in g  a i r  a t  350°c f o l lo w e d  b y  r e d u c t io n  o f  th e  c o p p e r  s p e c ie s  in  
h e l iu m .
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2 .3 .7  F ix e d  B e d  A d s o r p t io n
F ix e d  b e d  a d s o r p t io n  p r o c e s s e s  a r e  u b iq u i to u s  th r o u g h o u t  th e  

c h e m ic a l  p r o c e s s  a n d  o th e r  in d u s tr ie s .  T h e  p h e n o m e n o n  o f  a d s o r p t io n  is  a n  a t t r a c t io n  
o f  a d s o r b a te  m o le c u le s  to  s p e c i f ic  in te r a c t io n  b e tw e e n  a d s o r b a te  m o le c u le s  ( a ro m a t ic  
r in g s  o r  s p e c i f i c  a to m s )  a n d  th e  a d s o r b e n t  s u r fa c e . F ig u r e  2 .9  i l lu s t r a t e s  th e  
b r e a k th r o u g h  c u r v e  u s e d  to  r e p r e s e n t  th e  a d s o r p t io n  p r o c e s s .

VOLUME TREATED

Figure 2.9 I d e a l iz e d  b r e a k th r o u g h  c u r v e  o f  a  f ix e d  b e d  a d s o r b e r  
(h t tp : / /w w w .a c t iv a te d - c a r b o n .c o m y s o l r e c 3 .h tm l).

F ig u r e  2 .9  p lo t s  th e  r e la t io n s h ip  b e tw e e n  o u t l e t  c o n c e n t r a t io n  o f  th e  
a d s o r b a te  f ro m  th e  f ix e d  b e d  a d s o r b e r  a n d  v o lu m e  t r e a te d  w h ic h  is  th e  f u n c t io n  o f  
t im e . T h e  m a s s  t r a n s f e r  z o n e  (M T Z )  is  th e  a r e a  w i th in  th e  a d s o r b a te  b e d  w h e re  
a d s o r b a te  is  a c tu a l ly  b e in g  a d s o r b e d  o n  th e  a d s o r b e n t .  T h e  M T Z  ty p ic a l ly  m o v e s  
f ro m  th e  in f lu e n t  e n d  to w a r d  th e  e f f lu e n t  e n d  o f  th e  a d s o r b e n t  b e d  d u r in g  o p e ra t io n . 
T h a t  is , a s  th e  a d s o r b e n t  n e a r  th e  in f lu e n t  b e c o m e s  s a tu r a t e d  ( s p e n t )  w i th  a d s o rb a te ,  
th e  z o n e  o f  a c t iv e  a d s o r p t io n  m o v e s  to w a r d  th e  e f f lu e n t  e n d  o f  th e  b e d  w h e r e  th e  
a d s o r b a te  is  n o t  y e t  s a tu ra te d . T h e  M T Z  is  s o m e t im e s  c a l l e d  th e  a d s o r p t io n  z o n e  o r  
c r i t ic a l  b e d  d e p th . T h e  M T Z  is  g e n e ra l ly  a  b a n d , b e tw e e n  th e  s p e n t  z e o l i te  a n d  th e  
f re s h  z e o l i te ,  w h e r e  a d s o rb a te  is  r e m o v e d  a n d  th e  d i s s o lv e d  a d s o r b a te  c o n c e n t r a t io n  
r a n g e s  f ro m  C o  to  C e .

http://www.activated-carbon.comysolrec3.html
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T h e  le n g th  o f  th e  M T Z  c a n  b e  d e f in e d  a s  L M T Z . W h e n  L M T Z  =  b e d  
d e p th ,  i t  b e c o m e s  L C R I T , o r  th e  th e o r e t ic a l  m in im u m  b e d  d e p th  n e c e s s a r y  to  o b ta in  
th e  d e s i r e d  r e m o v a l .  A s  a d s o r p t io n  c a p a c i ty  is  u s e d  u p  in  th e  in i t i a l  M T Z , th e  M T Z  
a d v a n c e s  d o w n  th e  b e d  u n t i l  th e  a d s o rb a te  b e g in s  to  a p p e a r  in  th e  e f f lu e n t .  T h e  
c o n c e n t r a t io n  s lo w ly  in c r e a s e s  u n t i l  i t  e q u a ls  th e  in f lu e n t  c o n c e n t r a t io n .  I n  c a s e s  
w h e r e  th e r e  a r e  s o m e  v e r y  s t r o n g ly  a d s o rb e d  c o m p o n e n ts ,  in  a d d i t io n  to  a  m ix tu r e  o f  
le s s  s t r o n g ly  a d s o r b e d  c o m p o n e n ts ,  th e  e f f lu e n t  c o n c e n t r a t io n  v e r y  s e ld o m  r e a c h e s  
th e  in f lu e n t  c o n c e n t r a t io n  b e c a u s e  o n ly  th e  c o m p o n e n ts  w i th  th e  f a s te r  r a te  o f  
m o v e m e n t  th r o u g h  th e  a d s o r b e r  a r e  in  th e  b r e a k th r o u g h  c u rv e .

D y n a m ic  d e s o r p t io n  c a p a c i ty  is  in f lu e n c e d  b y  m a n y  f a c to r s ,  s u c h  a s  
f lo w  ra te , t e m p e r a tu r e ,  b e d  le n g th , a n d  c o n c e n t r a t io n  o f  th e  b e d . T h e  a d s o r p t io n  
c o lu m n  m a y  b e  c o n s id e r e d  e x h a u s te d  w h e n  th e  e f f lu e n t  a d s o r b a te  c o n c e n t r a t io n  
e q u a ls  9 5 - 1 0 0 %  o f  th e  in f lu e n t  c o n c e n t r a t io n .  A s  th e  c o n c e n t r a t io n  w a v e  m o v e s  
th r o u g h  th e  b e d ,  m o s t  o f  th e  m a s s  t r a n s f e r  is  o c c u r r in g  in  a  f a i r ly  s m a l l  r e g io n .  T h is  
m a s s  t r a n s f e r  z o n e  m o v e s  d o w n  th e  b e d  u n t i l  i t  b r e a k s  th r o u g h .  T h e  s h a p e  o f  th e  
m a s s  t r a n s f e r  z o n e  d e p e n d s  o n  th e  a d s o r p t io n  i s o th e r m  ( e q u i l ib r iu m  e x p r e s s io n ) ,  
f lo w  ra te ,  a n d  th e  d i f f u s io n  c h a r a c te r is t ic s .  U s u a l ly ,  th e  s h a p e  m u s t  b e  d e te r m in e d  
f ro m  th e  e x p e r im e n t .  T h e  s h a p e  o f  th e  w a v e  f ro n t  m a y  c h a n g e  a s  i t  m o v e s  th r o u g h  
th e  b e d , a n d  th e  m a s s  t r a n s f e r  z o n e  b r o a d e n s  o r  d im in is h e s .  U n f a v o u r a b le  a n d  l in e a r  
i s o th e r m s  te n d  to  b r o a d e n .  F a v o u r a b le  L a n g m u ir  m a y  b r o a d e n  a t  f i r s t ,  b u t  q u ic k ly  
a c h ie v e  a  c o n s ta n t  p a t te r n  f ro n t ,  a n  a s y m p to t ic  s h a p e . T h is  m e a n s  th a t  th e  m a s s  
t r a n s f e r  z o n e  is  c o n s ta n t  w i th  r e s p e c t  to  b o th  p o s i t i o n  a n d  t im e  (H o , 2 0 0 7 ) .
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