
CHAPTER II 
LITERATURE REVIEW

2.1 Crude Oil

N a tu r a l  g a s .  c r i id e  o i l  a n d  p e tr o le u m  c u t s  a l l  c o n t a in  a  w i d e  v a r ie ty  o f  

c h e m ic a l  c o m p o u n d s  m a d e  u p  o f  t w o  m a in  e l e m e n t s  n a m e ly  c a r b o n  a n d  h y d r o g e n .  
S o m e  o f  t h e s e  c o m p o u n d s  a l s o  c o n t a in  o th e r  e l e m e n t s  w h i c h  a re  o f t e n  c o n s id e r e d  a s  

im p u r it ie s  s u c h  a s  s u lfu r ,  n i t r o g e n ,  o x y g e n  a n d  s o m e  m e t a l s ,  fo r  e x a m p l e ,  n ic k e l  a n d  

v a n a d iu m .

2 .1 .1  H y d r o c a r b o n s  in  G e n e r a l
T h e r e  a re  a  g r e a t  v a r ie ty  o f  h y d r o c a r b o n s ,  l a r g e ly  d u e  to  th e  c a p a c i t y  

o f  c a r b o n  a t o m s  to  fo r m  lo n g  c h a in s ,  r e s u lt in g  in  e x t r e m e ly  d i f f e r e n t  c o m b in a t io n s .  It 

c a n  b e  s e e n  in  T a b le  2 .1  th a t th e r e  is  a n  in it ia l  d i s t in c t io n  b e t w e e n  th e  h y d r o c a r b o n
t y p e s .

2 .1 .2  C o m p o s i t io n  o f  C r u d e  O il
C r u d e  o i l s  fr o m  s o m e  w e l l s  a re  a s  c le a r  a s  v e g e t a b l e  o i l .  O th e r  w e l l s  

p r o d u c e  g r e e n ,  b r o w n  o r  b la c k  c r u d e s . S o m e  ta s t e  s o u r  o r  s m e l l  l ik e  r o tte n  e g g s .  

S o m e  f l o w  a s  e a s i l y  a s  w a te r ,  o th e r s  d o n ’t f l o w  u n le s s  t h e y  a re  h e a t e d .
T a b le  2 .2  s h o w s  th e  c o m p o s i t io n  ( m o l% )  a n d  p r o p e r t ie s  o f  v a r io u s

r e s e r v o ir  f lu id s  a n d  a  c r u d e  o i l .



Table 2.1 D iffe r e n t  ty p e s  o f  h y d ro ca rb o n s an d  th eir  p h y s ic a l and  c h e m ic a l p ro p er tie s  ( D e lo n , 2 0 0 9 )

SATURATED HYDROCARBON
(w ithout m ultip le bonds)

UNSATURATED HYDROCARBON
(w ith double a n d  benzoic bonds)

EXISTING IN CRUDE OILS
PRODUCED BY 

CRACKING 
PROCESSES

P a r a f f in s
N a p h t h e n e s A r o m a t ic s

O l e f i n s  a n d  

d i o l e f i n sN o r m a l- I s o -

Liquid specific gravity l o w l o w m e d iu m h ig h l o w

Properties under cold conditions v e r y  p o o r g e n e r a l ly  g o o d  
e n o u g h g e n e r a l ly  g o o d g e n e r a l ly  g o o d -

Combustion
Gasoline engine w e e k g o o d m e d iu m v e r y  g o o d g o o d  e n o u g h

Diesel engine v e r y  g o o d w e a k m e d iu m v e r y  w e a k w e a k

Hydrogen content or H/C ratio h ig h h ig h m e d iu m l o w m e d iu m

Storage stability g o o d g o o d g o o d g o o d v e r y  p o o r
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Table 2.2 C o m p o s i t io n  ( m o l% )  a n d  p r o p e r t ie s  o f  v a r io u s  r e s e r v o ir  f lu id s  a n d  a  

c r u d e  o i l  ( R i a z i ,  2 0 0 5 )

Component Dry gas Wet gas Gas
condensate

Volatile
oil

Black
oil

Crude
oil

C 0 2 3 .7 0 0 . 0 0 0 .1 8 1 .1 9 0 .0 9 0 . 0 0

N 2 0 .3 0 0 . 0 0 0 .1 3 0 .5 1 2 .0 9 0 . 0 0

h 2ร 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 1 .8 9 0 . 0 0

c , 9 6 .0 0 8 2 .2 8 6 1 .9 2 4 5 .2 1 2 9 .1 8 0 . 0 0

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

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

/c 4 0 . 0 0 0 .6 4 0 .9 7 1 .6 9 0 .9 5 0 .6 2

/7C 4 0 . 0 0 0 .9 6 3 .4 1 2 .8 1 4 .3 0 3 .9 2

/c 5 0 . 0 0 0 .3 5 0 .8 4 1 .5 5 1 .3 8 2 . 1 1

) 7C 5 0 . 0 0 0 .2 9 1 .4 8 2 . 0 1 2 .6 0 4 .4 6

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

c 7+ 0 . 0 0 1 .0 3 6 .8 5 2 8 .9 1 3 0 .4 0 7 8 .2 3
T o ta l 1 0 0 . 0 0 1 0 0 . 0 0 1 0 0 . 0 0 1 0 0 . 0 0 1 0 0 . 0 0 1 0 0 . 0 0

G O R a ( s c f / s t b ) - 6 9 9 1 7 4 4 2 8 1 0 1 1 8 5 5 -

m 7+ - 1 1 3 1 4 3 1 9 0 2 1 0 2 6 6
S G 7+ (a t  1 5 .5  ° C ) - 0 .7 9 4 0 .7 9 5 0 .8 1 4 0 .8 4 4 0 .8 9 5

a p i 7+ - 4 6 .7 4 6 .5 4 2 .1 3 6 .1 2 6 .6

a G a s - t o - o i l  r a t io  ( G O R  r e p r e s e n t s  t h e  a m o u n t  o f  g a s  p r o d u c e d  at s ta n d a r d  c o n d i t i o n  in  s ta n d a r d  c u b ic

f e e t  ( s e t )  to  th e  a m o u n t  o f  l iq u id  o i l  p r o d u c e d  at th e  sc  in  s t o c k  ta n k  b a r r e l ( s t b ) .

T a b le  2 .3  c o m p a r e s  p r o p e r t ie s  fo r  21  s e l e c t e d  c r u d e s .  T r a d e r s  

c h a r a c t e r iz e  a  c r u d e  b y  c i t in g  it s  s o u r c e ,  A P I  g r a v i t y  a n d  s u l f u r  c o n t e n t .  T h e  s o u r c e  

i s  th e  o i l  f i e ld  f r o m  w h i c h  th e  c r u d e  w a s  p r o d u c e d . T h e  A P I  g r a v it y  i s  a  r o u g h  

in d ic a t io n  o f  d i s t i l l a t io n  p r o p e r t ie s ,  w h i c h  d e t e r m in e  h o w  m u c h  g a s o l i n e ,  k e r o s e n e ,  
e t c . ,  c a n  b e  d i s t i l l e d  f r o m  th e  c r u d e . A l o n g  w i t h  o th e r  f a c t o r s ,  th e  s u l fu r  c o n t e n t  

a f f e c t s  p r o c e s s i n g  c o s t s .  F ig u r e  2 .1  s h o w s  l ig h t  c r u d e s  ( t h o s e  w i t h  h ig h  A P I  g r a v it ie s )  

o f t e n  c o n t a in  l e s s  s u l f u r  a n d  n i t r o g e n  th a n  h e a v y  c r u d e s ,  b u t  n o t  a lw a y s .
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Table 2.3 P r o p e r t ie s  o f  21  s e l e c t e d  c r u d e  o i l s  ( H s u  a n d  R o b i n s o n ,  2 0 0 6 )

Crude Oil API Gravity 6 Specific
Gravity

Sulfur
(wt% )

Nitrogen
(wt%)

A la s k a  N o r t h  S l o p e 2 6 .2 0 .8 9 7 3 1 . 1 0 0 . 2 0

A r a b ia n  L ig h t 3 3 .8 0 .8 5 6 0 1 .8 0 0 .0 7

A r a b ia n  M e d iu m 3 0 .4 0 .8 7 4 0 2 .6 0 0 .0 9

A r a b ia n  H e a v y 2 8 .0 0 .8 8 7 1 2 .8 0 0 .1 5

A t h a b a s c a  ( C a n a d a ) 8 . 0 1 .0 1 4 3 4 .8 0 0 .4 0
B e t a  ( C a l i f o r n ia ) 1 6 .2 0 .9 5 8 0 3 .6 0 0 .8 1
B r e n t  ( N o r t h  S e a ) 3 8 .3 0 .8 3 3 3 0 .3 7 0 . 1 0

B o n n y  L ig h t  ( N ig e r ia ) 3 5 .4 0 .8 4 7 8 0 .1 4 0 . 1 0

B o s c a n  ( V e n e z u e la ) 1 0 . 2 0 .9 9 8 6 5 .3 0 0 .6 5

E k o f i s k  ( N o r w a y ) 3 7 .7 0 .8 3 6 3 0 .2 5 0 . 1 0

H e n a n  ( C h in a ) 1 6 .4 0 .9 5 6 7 0 .3 2 0 .7 4

H o n d o  B le n d  ( C a l i f o r n ia ) 2 0 . 8 0 .9 2 9 1 4 .3 0 0 .6 2
K e r n  ( C a l i f o r n ia ) 1 3 .6 0 .9 7 5 2 1 . 1 0 0 .7 0

K u w a it  E x p o r t 3 1 .4 0 . 8 6 8 6 2 .5 0 0 . 2 1

L ia o h i  ( C h in a ) 1 7 .9 0 .9 4 7 1 0 .2 6 0 .4 1

M a y a  ( M e x i c o ) 2 2 . 2 0 .9 2 0 6 3 .4 0 0 .3 2

S h e n g l i  ( C h in a ) 1 3 .8 0 .9 7 3 8 0 .8 2 0 .7 2
T a p is  B le n d  ( M a la y s ia ) 4 5 .9 0 .7 9 7 6 0 .0 3 n il
W e s t  H a c k b e r r y  S w e e t 3 3 7 .3 0 .8 3 8 3 0 .3 2 0 . 1 0

W e s t  T e x a s  I n te r m e d ia te 3 9 .6 0 .8 2 7 0 0 .3 4 0 .0 8
X in j ia n g  ( C h in a ) 2 0 .5 0 .9 3 0 9 0 .1 5 0 .3 5

a P r o d u c e d  fr o m  a  s to r a g e  c a v e r n  in  th e  บ . ร .  S t r a t e g ic  P e tr o le u m  R e s e r v e .  
b A P I  G r a v ity  is  r e la te d  to  s p e c i f i c  g r a v i ty  b y  th e  fo r m u la :

° A P I  =  1 4 1 .5  ( s p e c i f i c  g r a v i t y  @  6 0 ° F ) -  1 3 1 .5 .
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Figure 2.1 S u l f u r  a n d  n i t r o g e n  v e r s u s  A P I  g r a v ity  f o r  s e l e c t e d  c r u d e  o i l s  ( H s u  a n d  

R o b in s o n ,  2 0 0 6 ) .  -

2.2 Petroleum Fractions and Products

T h e  c r u d e  d i s t i l l a t io n  u n it s  a re  th e  f ir s t  m a jo r  p r o c e s s i n g  u n it s  in  th e  

r e f in e r y . T h e y  a re  u s e d  to  s e p a r a te  th e  c r u d e  o i l s  b y  d i s t i l l a t io n  in to  f r a c t io n s  

a c c o r d in g  t o  b o i l in g  p o in t  s o  th a t  e a c h  o f  th e  p r o c e s s i n g  u n i t s  f o l l o w i n g  w i l l  h a v e  

f e e d s t o c k s  th a t  m e e t  th e ir  p a r t ic u la r  s p e c i f i c a t i o n s .  H ig h e r  e f f i c i e n c i e s  a n d  lo w e r  

c o s t s  a re  a c h i e v e d  i f  th e  c r u d e  o i l  s e p a r a t io n  is  a c c o m p l i s h e d  in  t w o  s t e p s :  f ir s t  b y  

f r a c t io n a t in g  t h e  to ta l  c r u d e  o i l  a t e s s e n t i a l ly  a t m o s p h e r ic  p r e s s u r e ;  t h e n  b y  f e e d in g  

th e  h i g h - b o i l i n g  b o t t o m s  fr a c t io n  ( t o p p e d  o r  a t m o s p h e r ic  r e d u c e d  c r u d e )  fr o m  th e  

a t m o s p h e r ic  d i s t i l l a t io n  u n it  to  a  s e c o n d  fr a c t io n a to r  o p e r a t e d  a t a  h ig h  v a c u u m .
T h e  v a c u u m  d i s t i l l a t io n  is  e m p lo y e d  to  s e p a r a te  th e  h e a v ie r  p o r t io n  o f  th e  

c r u d e  o i l  in to  f r a c t io n s  b e c a u s e  th e  h ig h  te m p e r a tu r e s  n e c e s s a r y  t o  v a p o r iz e  th e  

t o p p e d  c r u d e  a t a t m o s p h e r ic  p r e s s u r e  c a u s e  th e r m a l  c r a c k in g  to  o c c u r ,  w i t h  th e  

r e s u lt in g  l o s s  to  d r y  g a s ,  d i s c o lo r a t io n  o f  th e  p r o d u c t ,  a n d  e q u ip m e n t  f o u l i n g  d u e  to  

c o k e  f o r m a t io n .
T h e  o p e r a t io n  o f  t h e  c r u d e  o i l  d i s t i l l a t io n  i s  s h o w n  in  F ig u r e  2 .2  a n d  t y p ic a l  

f r a c t io n  c u t  p o in t s  a n d  b o i l in g  r a n g e s  fo r  a t m o s p h e r ic  a n d  v a c u u m  d is t i l la t io n  

f r a c t io n s  a r e  g iv e n  in  T a b le s  2 .4  a n d  2 .5 .
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Diminution I nit

Figure 2.2 C r u d e  d i s t i l l a t io n  ( H s u  a n d  R o b in s o n ,  2 0 0 6 ) .

Table 2.4 B o i l i n g  r a n g e s  o f  t y p ic a l  c r u d e  o i l  f r a c t io n s  (G a r y  a n d  H a n w e r k ,  2 0 0 1 )

Fraction Boiling ranges, ๐F
ASTM a TBPb

B u t a n e  a n d  l ig h t e r - -

L ig h t  s tr a ig h t -r u n  n a p h th a  ( L S R ) 9 0 - 2 2 0 9 0 - 1 9 0
H e a v y  s t r a ig h t -r u n  n a p h th a  ( H S R ) 1 8 0 - 4 0 0 1 9 0 - 3 8 0
K e r o s e n e 3 3 0 - 5 4 0 3 8 0 - 5 2 0
L ig h t  g a s  o i l  ( L G O ) 4 2 0 - 6 4 0 5 2 0 - 6 1 0
A t m o s p h e r ic  g a s  o i l  ( A G O ) 5 5 0 - 8 3 0 6 1 0 - 8 0 0
V a c u u m  g a s  o i l  ( V G O ) 7 5 0 - 1 0 5 0 8 0 0 - 1 0 5 0
V a c u u m  r e d u c e d  c r u d e  ( V R C ) 1 0 5 0 + 1 0 5 0 +

a S e v e r a l  d i s t i l la t io n  t e s t s  a re  c o m m o n l y  r e fe r r e d  to  a s  “ A S T M  d i s t i l l a t i o n s .”  T h e s e  a re  u s u a l ly  u s e d  

in  p r o d u c t  s p e c i f i c a t io n .  T h e s e  A S T M  d is t i l la t io n s  g i v e  r e s u l t s  in  te r m s  o f  p e r c e n t  d i s t i l l e d  v e r s u s  

te m p e r a tu r e  fo r  a s im p le  la b o r a to r y  d i s t i l la t io n  w it h  n o  f r a c t io n a t io n . T h e  v a lu e s  d o  n o t  c o r r e s p o n d  

to  t h o s e  o f  r e f in e r y  p r o c e s s  d i s t i l la t io n s  w h e r e  f r a c t io n a t io n  is  s ig n i f ic a n t .  
b T r u e  b o i l in g  p o in t  d i s t i l la t io n .
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Table 2.5 T r u e  b o i l in g  p o in t  ( T B P )  c u t  p o in t s  f o r  v a r io u s  c r u d e  o i l  f r a c t io n s  (G a r y  

a n d  H a n w e r k , 2 0 0 1 )

Cut IBPa
(°F)

EPb
(°F)

Processing use

L S R  g a s o l in e  c u t 9 0 1 8 0 M in . l ig h t  g a s o l i n e
9 0 1 9 0 N o r m a l  L S R  c u t
8 0 2 2 0 M a x . L S R  c u t

H S R  g a s o l i n e  (n a p h th a ) 1 8 0 3 8 0 M a x . r e f o r m in g  c u t
1 9 0 3 3 0 M a x . j e t  f u e l  o p r .
2 2 0 3 3 0 M in . r e f o r m in g  c u t

K e r o s e n e 3 3 0 5 2 0 M a x . k e r o s e n e  c u t
3 3 0 4 8 0 M a x . j e t - 5 0  c u t
3 8 0 5 2 0 M a x . g a s o l i n e  o p e r a t io n

L ig h t  g a s  o i l  ( L G O ) 4 2 0 6 1 0 C M a x . d i e s e l  f u e l
4 8 0 6 1 0 C M a x . j e t  f u e l
5 2 0 6 1 0 C M a x . k e r o s e n e

H e a v y  g a s  o i l  ( H G O ) 6 1 0 8 0 0 C a t a ly t ic  c r a c k e r  o r  h y d r o c r a c k e r  f e e d

V a c u u m  g a s  o i l  ( V G O ) 8 0 0 1 0 5 0 D e a s p h a l t e r  o r  c a t a ly t ic  c r a c k e r  f e e d
8 0 0 9 5 0 C a t a ly t ic  c r a c k e r  o r  h y d r o c r a c k e r  f e e d

a I n it ia l b o i l in g  p o in t  o f  a  c u t , u s u a l ly  o n  an  A S T M  b a s is .  
b E n d  P o in t  ( U p p e r  t e m p e r a tu r e  l im it  o f  a  d is t i l la t io n ) .
c F o r  m a x im u m  N o .  2  d i e s e l  f u e l  p r o d u c t io n , e n d  p o in t s  a s  h ig h  a s  6 5 0  ๐F  ( 3 4 3  ° C )  c a n  b e  u s e d .

Note: In s o m e  s p e c i f i c  l o c a t io n s ,  e c o n o m ic s  c a n  d ic ta te  th a t  a l l  m a te r ia l  b e t w e e n  3 3 0  ° F  I B P  a n d  

8 0 0  ° F  E P  ( 1 6 6  t o  4 2 7  ° C )  b e  u t i l iz e d  a s  f e e d  t o  a  h y d r o c r a c k e r .

A s  a n  e x a m p l e ,  th e  c o m p o s i t io n  o f  a n  A la s k a  c r u d e  o i l  fo r  v a r io u s  p r o d u c t s  

i s  g r a p h ic a l ly  s h o w n  in  F ig u r e  2 .3 .  T h e  w e i g h t  a n d  v o lu m e  p e r c e n t a g e s  fo r  th e  

p r o d u c t s  a re  n e a r  e a c h  o th e r . M o r e  th a n  5 0 %  o f  th e  c r u d e  i s  p r o c e s s e d  in  v a c u u m  

d i s t i l l a t io n  u n it .  T h e  v a c u u m  r e s id u u m  is  m a in ly  r e s in  a n d  a s p h a l t e n e s - t y p e  

c o m p o u n d s  c o m p o s e d  o f  h ig h  m o le c u la r  w e i g h t  m u l t i - r in g  a r o m a t ic s .  T h e  v a c u u m  

r e s id u u m  m a y  b e  m ix e d  w ith  l ig h te r  p r o d u c t s  t o  p r o d u c e  a  m o r e  v a lu a b le  b le n d .
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Figure 2.3 P r o d u c t s  a n d  c o m p o s i t io n  o f  A la s k a  c r u d e  o i l  ( R i a z i ,  2 0 0 5 ) .

A  p e t r o le u m  c u t s  p r o d u c e d  a fte r  n e c e s s a r y  s e p a r a t io n  p r o c e s s e s  i s  

tr a n sfe r r e d  th r o u g h  c o n v e r s io n  p r o c e s s e s .  T h e  c o n v e r s i o n  p r o c e s s  c o n s i s t s  o f  

c h e m ic a l  c h a n g e s  th a t o c c u r  w ith  h y d r o c a r b o n s  in  r e a c to r s .  T h e  p u r p o s e  o f  s u c h  

r e a c t io n s  i s  t o  c o n v e r t  h y d r o c a r b o n  c o m p o u n d s  fr o m  o n e  t y p e  t o  a n o th e r .  T h e  m o s t  

im p o r ta n t  r e a c t io n  in  m o d e r n  r e f in e r ie s  i s  th e  c r a c k in g  w h i c h  h e a v y  h y d r o c a r b o n s  

a re c o n v e r t e d  to  l ig h t e r  a n d  m o r e  v a lu a b le  h y d r o c a r b o n s .  C a t a ly t ic  c r a c k in g  a n d  

th e r m a l c r a c k in g  a re  c o m m o n l y  u s e d  fo r  t h is  p u r p o s e .  O t h e r  t y p e s  o f  r e a c t io n s  s u c h  

a s  i s o m e r iz a t io n  o r  a lk y la t io n  are  u s e d  to  p r o d u c e  h ig h  o c t a n e  n u m b e r  g a s o l i n e .  T h e n ,  
i f  it i s  n e e d e d  to  b e  p u r i f ie d ,  f in i s h in g  p r o c e s s e s  a r e  u s e d .  F in i s h in g  i s  th e
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p u r i f ic a t io n  o f  v a r io u s  p r o d u c t  s tr e a m s  b y  p r o c e s s e s  s u c h  a s  d e s u l f u r iz a t io n  o r  a c id  

t r e a tm e n t  o f  p e t r o le u m  f r a c t io n s  to  r e m o v e  im p u r it ie s  fr o m  th e  p r o d u c t  o r  to  s t a b i l iz e  

it.
T h e  d e s t in a t io n s  o f  th e  d i f f e r e n t  p e t r o le u m  c u t s  a re  s u m m a r iz e d  in  T a b le  2 .6  

a s  ta b u la t e d  b e lo w :

Table 2.6 D e s t i n a t i o n s  fo r  s tr a ig h t-r u n  d is t i l l a t e s  ( H s u  a n d  R o b in s o n ,  2 0 0 6 )

Fraction Next Destination Ultimate Product(s)
L P G S w e e t e n e r P r o p a n e  fu e l
L ig h t  N a p h t h a H y d r o tr e a te r G a s o l in e
H e a v y  N a p h t h a C a t. R e fo r m e r G a s o l in e ,  a r o m a t ic s
K e r o s e n e H y d r o tr e a te r J e t  f u e l ,  N o .  1 d ie s e l
G a s  O il H y d r o tr e a te r H e a t in g  O i l ,  N o . 2  d i e s e l
V a c u u m  G a s  O il F C C G a s o l in e ,  L C O , g a s e s

1 ly d r o tr e a te r F u e l  o i l ,  F C C  f e e d
L u b e  P la n t L u b e  b a s e s t o c k
H y d r o c r a c k e r G a s o l in e ,  j e t ,  d i e s e l ,  F C C  f e e d  

lu b e  b a s e s t o c k

V a c u u m  R e s id u e C o k e r C o k e ,  c o k e r  g a s  o i l
V is b r e a k e r V is b r e a k e r  g a s  o i l ,  r e s id
A s p h a l t  U n it D e a s p h a l t d  o i l ,  a s p h a lt
H y d r o tr e a te r F C C  f e e d
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2.3 Hydrocarbon Feeds and Sulfur Specifications

T h e r e  a r e  m a n y  t y p e s  o f  p e t r o le u m  c u t s  o r  h y d r o c a r b o n  f e e d s  th a t  h a v e  b e e n  

m e n t io n e d  a b o v e .  T h r e e  o f  t h e m — g a s o l i n e ,  d i e s e l  a n d  j e t  f u e l s — c a n  b e  c l a s s i f i e d  a s  

tr a n s p o r ta t io n  f u e l s .  T h e  c o m p o s i t io n s  o f  t h e s e  f u e l s  v a r y  w i d e l y  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 i o n s .  T h e  a p p r o x im a t e  c o m p o s i t io n s  o f  g a s o l i n e ,  d i e s e l  a n d  j e t  f u e l  are  

g iv e n  in  T a b le  2 .7 .  B r a n c h e d  a n d  n - a lk a n e s  a re  t h e  m a in  in g r e d ie n t s  o f  t h e s e  f u e ls ,  
t y p i c a l ly  7 0 - 8 0 % .  T h e  m a jo r  a lk a n e s  in  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  are  

C 5 a n d  C ô  c o m p o u n d s .  T h e  a r o m a t ic s  a re  m a in ly  b e n z e n e ,  t o l u e n e ,  x y l e n e s  a n d  a lk y l  
b e n z e n e s ,  t o t a l in g  a b o u t  2 0 - 3 0 % .

Tabic 2.7 T y p ic a l  c o m p o s i t io n s  o f  tr a n s p o r ta t io n  f u e l s  ( v o l% )  ( Y a n g ,  2 0 0 3 )

Gasoline* Dieselb Jet Fuelc
B o i l i n 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 l e f i n s 1 . 8 5 2

n - a l k a n e s 1 7 .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 t h e n e s - - 2 0

a S i e n c e s  I n t e r n a t io n a l ,  I n c ., “ T o x ic o l o g i c a l  P r o f i le  fo r  G a s o l in e ,” R e p o r t  t o  e p a r tm e n t  o f  H e a lth  a n d  

H u m a n  S e r v i c e s ,  J u n e , 1 9 9 5 .  
b M a  e r a / . ,  1 9 9 4 .  
c M a  et al., 2 0 0 2 .

A s  i s  w e l l  k n o w n  to  r e s e a r c h e r s  a n d  a ls o  to  t h e  c o m m o n  m a n , s u lfu r  in  

tr a n s p o r ta t io n  f u e l s  h a s  b e e n  a  m a jo r  c o n c e r n  fr o m  th e  e n v ir o n m e n t  p o in t  o f  v ie w .  
H o w e v e r ,  th is  i s  n o t  th e  o n ly  r e a s o n  fo r  r e s e a r c h  o n  d e s u l f u r iz a t io n  o f  tr a n sp o r ta t io n
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f u e ls .  T h e  d e s u l f u r i z a t io n  o f  tr a n s p o r ta t io n  f u e l s  s u c h  a s  d i e s e l  a n d  g a s o l i n e  is  a ls o  

im p o r ta n t  fr o m  th e  p o in t  o f  a p p l ic a t io n  in  f u e l  c e l l s ,  a s  l iq u id  h y d r o c a r b o n s  s u c h  a s  

g a s o l i n e  c a n  b e  u s e d  c o n v e n i e n t l y  a s  a  f e e d  in  th e  fu e l  c e l l s  ( B h a n d a r i  et a i ,  2 0 0 6 ) .
C o n s e q u e n t ly ,  th e  s u l f u r  l e v e l  in  d i e s e l  fu e l  m u s t  b e  r e d u c e d  fr o m  c u r r e n t  

m a x im u m  5 0 0  t o  15 p p m w  b y  2 0 0 6  in  th e  U S  ( K im  et a l., 2 0 0 6 ) ,  a n d  th e  s u lfu r  l e v e l  

in  d i e s e l  f u e l  r e q u ir 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 lly  fr o m  

E U R O  II ( 5 0 0  p p m w )  to  E U R O  III ( 3 5 0  p p m w )  a n d  r a p id ly  d e c r e a s e s  fr o m  E U R O  

III ( 3 5 0  p p m w )  t o  E U R O  IV  ( 5 0  p p m w ) .  F o r  E U R O  V ,  th e  s u lfu r  l e v e l  i s  r e d u c e d  to  

1 0  p p m w  in  2 0 0 9 .  In T h a i la n d ,  th e  s u lfu r  l e v e l  in  d i e s e l  is  r e g u la t e d  to  d e c r e a s e  

g r a d u a lly  f r o m  3 5 0  p p m  to  3 5  p p m  b y  2 0 1 2  a n d  th e  b e g i n n i n g  o f  th e  y e a r  2 0 1 2  it is  

r e g u la te d  to  d e c r e a s e  to  5  p p m  (D e p a r t m 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 ila n d ,  2 0 1 0 ) .  T h e  r e g u la te d  s u lfu r  l e v e l s  in  d i e s e l  f u e l  a r e  i l lu s tr a t e d  in  F ig u r e  2 .4 .

รุ50
E U R O  II ® EU U S □  Thailand

■ O  I  00 O'. o  — < ท  rr, - f  น-, \0  t' 00 O N  o  — I r t  r r j  r f  * r ,O'. O'. p . p . O  O  O  O  O  O  O  O  O  O  --< P  .P  P  ’1นุ P© \ c \ O N G \ p o o o p p o o o o o  o  o  P  P  o  
— < — I — I - H  ท  r i  c l  r i  ท  ท  r l  r i  r i  ท  r  I  r i  r i  ri ท  r l

T a r g e t Y ea r

F ig u re  2 .4  R e g u la t e d  s u l f u r  l e v e l s  in  d ie s e l  fu e l  in  E U ,  U S  a n d  T h a ila n d .

M o r e o v e r ,  th e  บ . ร .  E n v ir o n m e n t a l  P r o t e c t io n  A g e n c y  ( บ . ร .  E P A )  a n d  th e  

E u r o p e a n  P a r l ia m e n t  p r o m u lg a t e d  c l e a n - f u e l  r e g u la t io n s  th a t  a re  lo w e r in g  th e  s u lfu r  

c o n t e n t  o f  g a s o l i n e  a n d  d ie s e l  f u e l .  N e w  s u l f u r - c o n t e n t  s ta n d a r d s  fo r  s e v e r a l  
d e v e lo p e d  c o u n t r ie s  a r e  s h o w n  in  T a b le  2 .8 .  w h i c h  a l s o  s h o w s  th e  ta r g e t  d a te s  fo r  

im p le m e n t a t io n .
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Table 2.8 C le a n  f u e ls :  l im i t s  o n  s u lfu r  ( H s u  a n d  R o b i n s o n ,  2 0 0 6 )

Country Fuel Sulfur Content, 
2004 Level Target Level

ppmw
Target Date

US
G a s o l in e >  3 0 0 3 0 2 0 0 4 - 2 0 0 8
D i e s e l ,  o n -r o a d 5 0 0 15 J u ly  1 , 2 0 0 6

- - J u ly  1 , 2 0 1 0
D i e s e l ,  o f f - r o a d 2 , 0 0 0 - 3 , 5 0 0 5 0 0 2 0 0 7

- 15 2 0 1 0

Canada
G a s o l in e 1 5 0 3 0 2 0 0 5
D i e s e l 5 0 0 15 2 0 0 6

Germany
G a s o l in e 1 0 1 0 2 0 0 3

D i e s e l 1 0 1 0 2 0 0 3

Sweden
D i e s e l 1 0 1 0 1 9 9 5

Other EU
G a s o l in e 1 5 0 5 0 2 0 0 5

- 1 0 2 0 0 8
D i e s e l 3 5 0 5 0 2 0 0 5

- 1 0 2 0 0 8

Australia
G a s o l in e 5 0 0 1 5 0 2 0 0 5
D i e s e l 5 0 0 3 0 2 0 0 8

Korea (South)
G a s o l in e 1 0 0 3 0 2 0 0 6
D i e s e l 3 0 0 5 0 2 0 0 6

Japan
G a s o l in e 1 0 0 1 0 2 0 0 8
D i e s e l 5 0 0 5 0 2 0 0 4

_ 1 0 2 0 0 8
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2.4 Organosulfur Compounds

O r g a n o s u l f u r  c o m p o u n d s  a r e  o r g a n ic  c o m p o u n d s  th a t  c o n t a in  s u lfu r .  T h e y  

a re  o f t e n  a s s o c i a t e d  w i t h  f o 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  t h e  s w e e t e s t  c o m p o u n d s  

k n o w n  a r e  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 t h  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  i s  e s s e n t ia l  f o r  l i f e .  T w o  o f  t h e  t w e n t y  c o m m o n  a m in o  a c i d s  a re  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 l s ,  c o a l ,  p e t r o le u m , a n d  n a tu r a l  g a s ,  w h i c h  a re  d e r iv e d  fr o m  

a n c ie n t  o r g a n i s m s ,  n e c e s s a r i ly  c o n t a 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 i c 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 t p : / / 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 lfu r  i s  d iv a le n t  e le m e n t  a s s o c ia t e d  w i t h  h y d r o g e n  a n d  c a r b o n  in  4  ty p e d  

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 l f id e ,  m e r c a p ta n s ,  s u l f i d e s  a n d  t h io c y c l i c  

c o m p o u n d s  ( c o n t a in in g  s u l fu r  in  a  r in g ) . T h e  p h y s ic a l  c o n s t a n t s  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  a r e  s h o w n  in  T a b le  2 .9 .

2 .4 .1  H y d r o g e n  S u l f id e
H y d r o g e n  s u l f i d e  ( H 2 S )  is  n o t  f o u n d  in  p e t r o le u m  p r o d u c t s  b u t  it d o e s  

e x i s t  in  s m a l l  a m o u n t s  in  c r u d e  o i l s  a n d  in  v a r y in g  a m o u n t s  in  n a tu r a l g a s :  0 .3  v o l%  

in  g a s  f r o m  th e  Z a k u m  f i e l d  ( A b u  D h a b i) ,  a n d  15  v o l%  in  g a s  f r o m  L a c q  (F r a n c e ) .  It 

i s  a l s o  p r e s e n t  in  la r g e  q u a n t i t ie s  in  th e  r e f in e r y  a s  m a n y  u n i t s  g e n e r a t e  แ 2 ร  a s  a 

c o m p u l s o r y  s t e p  in  th e  d e s u l f u r iz a t io n  p r o c e s s .
R e f in e r ie s  th e r e fo r e  h a v e  to  h a n d le  a n d  p r o c e s s  la r g e  q u a n t i t i e s  o f  H 2 S  

a n d  h a v e  to  a p p ly  e x t r e m e ly  s tr ic t  s a f e t y  r e g u la t io n s  a s  it  i s  a  very' t o x ic  a n d  

d a n g e r o u s  g a s .  It i s  a l s o  c o r r o s iv e ,  p a r t ic u la r ly  a t l o w  te m p e r a tu r e s  w h e n  d i s s o lv e d  

in  w a t e r  w h e r e  it b r e a k s  d o w n  in to  s u l f h y d r id e  a c id .

2 .4 .2  M e r c a p t a n s
M e r c a p t a n s  a re  c o m p o s e d  o f  th e  f u n c t io n a l  c o m b in a t io n  -S -H  

a s s o c i a t e d  w i t h  a  h y d r o c a r b o n  c h a in  r e p r e s e n te d  b y  th e  le t te r  R . T h e y  o c c u r  in  m o s t  

p e t r o le u m  c u t s  a n d  t h e y  h a v e  th e  m a n y  d r a w b a c k s ,  fo r  e x a m p l e ,  t h e y  a r e  a c id  a n d  

t h e y  h a v e  a n  o b n o x i o u s  s m e l l .  R e f in e r y  in s t a l la t io n s  th e r e f o r e  g e n e r a l ly  h a v e  to  

in c lu d e  s p e c i f i c  u n i t s  r e m o v in g  t h e s e  c o m p o u n d s .

http://en.wikipedia.org/wiki/Organosulfur_
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2 .4 .3  S u l f id e s
In  t h e s e  c o m p o u n d s  th e  s u l fu r  a t o m s  a re  l in k e d  to  t w o  h y d r o c a r b o n  

c h a in s .  T h e  s u l f u r  t h e r e f o r e  f o r m s  a n  in te r m e d ia r y  b e t w e e n  th e  t w o  c h a in s  a n d  a  

d i s t in c t io n  i s  m a d e  b e t w e e n :

•  S u l f id e s  in  w h i c h  th e r e  i s  o n l y  o n e  s u l f u r  a to m :  R - S - R ’ ;

•  D i s u l f i d e s  in  w h i c h  th e r e  a re  t w o  s u lfu r  a to m s :  R - S - S - R ’ ;

•  P o l y s u l f i d e s  in  w h i c h  th e r e  a r e  s e v e r a l  s u l f u r  a to m s :  R - S -  ร . . . S - R ’ . 

T h e s e  c o m p o u n d s  o c c u r  in  c r u d e  o i l s  a n d  p e t r o le u m  p r o d u c t s .  U n l ik e
m e r c a p ta n s ,  t h e y  h a v e  th e  a d v a n t a g e  o f  n o t  b e in g  a c id  w h i c h  m e a n s  t h e y  a re  n o t  

c o r r o s iv e  a n d  th e ir  l o w  v o la t i l i t y  g r e a t ly  r e d u c e s  th e ir  s m e l l .

2 .4 .4  T h i o c y c l i c  C o m p o u n d s  ( c o n t a in in g  a  s u l fu r  a t o m  in  a  r in g )
T h is  g r o u p  o f  s u l f u r  c o m p o u n d s  i s  th e  m o s t  c o m m o n l y  f o u n d  in  c r u d e  

o i l s  a n d  p e t r o le u m  p r o d u c t s  a n d  i s  c h i é f l y  d e r iv e d  f r o m  t h io p h e n e  a n d  

b e n z o t h io p h e n e .  T h e  s tr u c tu r e  o f  t h io p h e n e ,  b e n z o t h io p h e n e  a n d  i t s  p r o p e r t ie s  is  

s h o w n  in  F ig u r e  2 .5  a n d  2 .6 ,  r e s p e c t iv e ly .

Thiophene
C 4 H 4 S

b p  =  84 °c 
sp .g r 41 5 =  1 .0 7 0

Figure 2.5 S tr u c tu r e  o f  t h io p h e n e  a n d  i t s  p r o p e r t ie s .

Benzothiophene
CgH6S

b p  =  2 2 0  °c
s p .g r ^ 5 =  1 .1 6 5

Figure 2.6 S tr u c tu r e  o f  b e n z o t h io p h e n e  a n d  i t s  p r o p e r t ie s .
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T h e  d e s u l f u r iz a t io n  o f  p e t r o le u m  p r o d u c t s  c o n s i s t s  in  d e s t r o y in g  t h e s e  

c o m p o u n d s ,  w h i c h  i s  n o t  a n  e a s y  ta s k , p a r t ic u la r ly  in  th e  c a s e  o f  v e r y  h e a v y  

t h io p h e n ic  c o m p o u n d s .
T h e  s u l fu r  c o n t e n t  o f  l iq u id  f u e ls  c a n  v a r y  f r o m  v ir t u 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  t y 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  a s  s h o w n  in  F ig u r e  2 .7 ,  w h i c h  c a n  b e  a n a ly z e d  w i t h  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 t o g r a p h y  e q u ip p e d  w i t h  a  c a p i l la r y  c o l u m n  p lu s  a  

f la m e  p h o t o m e t r ic  d e te c to r .

T h e  c o m m o n  t y p e s  o f  s u lfu r  c o m p o u n d s  in  l iq u id  f u e l s  a r e  l i s t e d  b e lo w .

•  G a s o l in e  r a n g e :  n a p h th a , f lu id  c a t a ly t ic  c r a c k in g  (F C C ) - n a p h t h a
( S e l e c t i v e  H D S )

- M e r c a p ta n s  ( R S H ) ;  s u l f i d e s  ( แ 2 ร ) ;  a n d  d i s u l f i d e s  ( R S S R ) ;
- T h io p h e n e  a n d  it s  a lk y la t e d  d e r iv a t iv e s ;

B e n z o t h io p h e n e .

•  J e t  f u e l  r a n g e :  h e a v y  n a p h th a , m id d le  d i s t i l l a t e
- B e n z o t h io p h e n e  ( B T )  a n d  i t s  a lk y la t e d  d e r iv a t iv e s .

•  D i e s e l  fu e l  r a n g e :  m id d le  d i s t i l la t e ,  l ig h t  c y c l e  o i l  ( L C O )
- A lk y la t e d  b e n z o t h io p h e n e s ;
- D i b e n z o t h i o p h e n e  ( D B T )  a n d  i t s  a lk y la t e d  d e r iv a t iv e s .

•  B o i l e r  f u e l  f e e d s :  h e a v y  o i l s  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 l y c y c l i c  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 t h o t h io p h e n e  ( B N T ) ;
P h e n a n t h r o [ 4 ,5 - b ,c .d ] t h io p h e n e  ( P T ) ,  a n d  th e ir  a lk y la t e d  

d e r iv a t iv e s  ( S o n g  a n d  M a , 2 0 0 3 ) .

T h eir  c h a r a c ter is tic s  are s im ila r  to  th o s e  o f  a ro m a tic  h yd ro carb on s:
u n satu rated  r in g s  and  g o o d  th erm al s ta b ility . T h e y  are n eu tra l an d  n o n -c o r r o s iv e .
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T a b l e  2 .9  P h y s ic a l  c o n s t a n t s  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  ( D e l o n ,  2 0 0 9 )

Chemical
formula Structural formula Molecular

•eight
Normal
holing

point “C
S p * I ‘
(Squid)

hydrogen sulfide HjS H - S - H 34.1 -6 0 .3
MERCAPTANS
methylmercaptan CHjSH

- Ç - S - H 48.1 60 0.873

ethylmercaptan CjHj SH
- Ç - Ç - S - H 62 1 350 0.845

ท- pf opylme f captan CjH7SH
- C - C - C - S - H 76 2 67 6 0 847

n-butylmercaptan 0 4แ9รแ
— Ç - Ç - Ç - Ç - S - H 90 2 98.5 0.847

SULFIDES
di m ethyls น! fide c y i6ร

- Ç - S - Ç - 62.1 37.3 0 854

elhylmethylsulfide CjHsS
- c - s - ç - é - 76.2 66.6 0.848

diethytsulfide C4H,0ร
- ç - ç - s - ç - ç - 902 921 0.841

methyl n-ptopylsulfide C4H,oS
- c - s - c - c - c — 902 955 0.847

DISULFIDES
dimetbyldisulftde CjH6ร

- C - S - S - C - 9a 2 109 6 1.069

diethyldisulfide
- Ô - C - S - S - Ç - Ç

122 2 152.6 0.998

diproftyldisulfide CsH14Çj
- ç - è - è - s - s - ç - é - i - 150.3 126.5 at 

100mm 01
แ9

0.964

THIOPHENIC COMPOUD
thiophene c 4h4s

H x c -  c " H

H " C ' ร ' 0  " H

64.1 84 1.070

methyllhio phene CHjC.HjS
C H 3 V C  -  C ' H  

H  " C ' S ' C

962 119 1.069

beruolhiophene C.HgS

ไ ^ ' ไ เ  ~ \ \  
1 ๖

1342 220 1.165
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h 2s H y d r o g e n  s u l f id e

ร 8 E le m e n t a l  s u lfu r
R - S - H M e r c a p ta n s
R - S - R ’ S u l f id e
R - S - S - R ' D i s u l f id e

Q C y c l i c  s u l f i d e  ( t e t r a h y d r o t h io p h e n e )

0 T h io p h e n e

CQ B e n z o t h io p h e n e

D ib e n z o t h io p h e n e  ( w i t h  a lk y l  g r o u p s  at th e  4 -  

[ะะ==ะ\  / a n d  6 - p o s i t i o n s ,  th a t  i s ,  4 - M D B T  a n d  4 ,6 -
D M D B T ,  a re  th e  r e fr 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 i c u l t  t o  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 t h  ร  d u e  to  

s te r ic  h in d r a n c e .)

F ig u re  2 .7  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 tr o le u m .

M a  et al. ( 2 0 0 2 )  s h o w e d  G C - F P D  c h r o m a t o g r a m s  o f  a  s a m p le  e a c h  o f  

g a s o l i n e ,  d i e s e l  a n d  j e t  f u e l  in  F ig u r e  2 .8 .  T h e  F P D  d e t e c t s  o n l y  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 i n 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 r c a p ta n s ,  d ia lk y l  s u l f i d e s  a n d  d ia lk y l  d i s u l f i d e s  w e r e  

d e t e c t e d .  In  d i e s e l ,  th e  d o m in a n t  s u lfu r  c o m p o u n d s  w e r e  4 - M D B T ,  4 ,6 - D M D 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 f u 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 l l  t h e s e  M B T  h a v e  t w o  

m e t h y l  g r o u p s  at 2 -  a n d  3 - p o s i t io n s ,  r e s p e c t i v e ly ,  i m p l y in g  th a t t h e  B T  w it h  t w o  

m e t h y l  g r o u p s  at 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  t o  b e  r e m o v e d  th a n  o th e r  

s u l fu r  c o m p o u n d s  in  h y d r o tr e a t in g  o f  j e t  f u e l .
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Gasoline

2 MT 

T A

3-M T
BT

L 2 .4 -D M T

1แแ|แแ|แแ[แแ [nii|nn|miiiiiijiiii|iiii|iMi[iiii[i;.'i|ii»[iiH|iiii[mrpTnpTTi|iin|iiii|iiii;iiii|iiiiiiiii|iiii|mi|mTpirnTiiT]TTTTirpTin|i:n|nii|>iii|iiTi,im|iiii' 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Jei Fuel (JP 8) 2.3-D M B T
2,3,7-T M B T

2.3 .5- T M B T  +
2 .3 .6 - T M BT

|แ|]แ11]111ๆ111̂ 11แ11111|11»|แ11|แ11|แ»|4แ1|แแ|1แ1|แ»|แแ|แแ|แแ|แท|1|แ|11แ|แแ|[|แ|แ|แแแ)แ||||แ1||แ|)แ1แแ|แแแ||แแนแ||แ!|แ|แแแ|แแ)แแ|1แ1|ทแ'|2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 38 38
2 3 .5 -T M B T +  4-M D B T  4 ’6 ; ^ ? L X.......... . 2 .3 6-T M B T  I 3 ,6-D M D B T  _

1.3 .1 -TMBT / ฯ ร ๊ ร ่ ร &\ i2.3-D M B T DB
JL

3T+ ; J
a  4

J \  |i  1'
L4.6-T M D B T  tc

Hi I'|ni?|iin [ใ?แ JIHI'IMO j,iiJ?|rnijTn,r|niipirrpTTT]iTJ!|Tinjun|inr|inipnT|'rn|,{nr|nn[niTj7T'rjTrrr]TiTr|̂ r['m,v[TTTT]TTri|Trrr]rn!T'TrprT]rrTT]Tm|TnrpiTrpiTT[TTTTj2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38
Kelcntion timc(min)

F ig u re  2 .8  G C - F P D  c h r o m a t o g r a m s  o f  g a s o l i n e ,  je t fu e l  a n d  d i e s e l  fo r  id e n t i f ic a t io n  

o f  s u lfu r  c o m p o u n d s  ( M a  et al.. 2 0 0 2 ) .

2 .5  D e su lfu r iz a tio n  P ro cess

T h e r e  a re  s e v e r a l  p r o c e s s e s  th a t  c a n  b e  u s e d  t o  r e m o v e  th e  s u lfu r  

c o m p o u n d s  in  th e  l iq u id  f u e l .  T h e  c l a 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  t e c h n o l o g ie s ,  
a c c o r d in g  to  B a b ic h  et al. ( 2 0 0 3 ) ,  c a n  b e  b a s e d  o n  th e  fa te  o f  t h e  o r g a n o s u lf 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  r o 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 i c 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  tr a n s fo r m e d ,  

th e  p r o c e s s e s  c a n  b e  d i v i d 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 t h 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 t e ly  f r o m  th e  r e f in e r y  s tr e a m  w it h o u t  

d e c o m p o s i t i o n ,  o r  w h e t h e r  t h e y  a re  b o th  s e p a r a te d  a n d  t h e n  d e c o m p o s e d  ( F ig u r e  2 .9 ) .  
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 i d  s u l f u r  p r o d u c t s  a re  

fo r m e d  a n d  th e  h y d r o c a r b o n  p art 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 .
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d e c o m p o s i t i o n  o f  S -  
c o m p o u n d s  w i t h  

h y d r o c a r b o n  r e t u r n

s e p a r a t i o n  o f  S -  
c o m p o u n d s  w i t h o u t  

s u l f u r  e l i m i n a t i o n
c o n v e n t i o n a l  H D S ; 

H D S  w ith  o c t a n e  
r e c o v e r y ;

s e l e c t i v e  o x id a t io n ;  
r e a c t i v e  a d s o r p t i o n ;  

b io d e s u l f u r iz a t i o n

D E S U L F U R I Z A T I O N

l

a lk y la t io n ;  
e x t r a c t io n ;  

o x id a t io n  to  
s u l f o n e s ;  

p r e c ip i t a t io n ;  
a d s o r p t i o n

c o m b i n a t i o n :
s e p a r a t i o n  +  d e c o m p o s i t i o n

c a ta ly t i c  d i s t i l l a t io n

F ig u re  2 .9  C l a 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  tr a n s f o r m a t io n  ( B a b ic h  et a l . , 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 i n g  s u lfu 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 l a s s i f i e d  in to  t w o  g r o 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 r o c e s s e s ,  h y d r o g e n  i s  u s e d  t o  d e c o m p o s e  o r g a n o s u lf u r  

c o m p o u n d s  a n d  e l im in a t e  s u l fu r  fr o m  r e f in e r y  s t r e a m s ,  w h i l e  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 l f u r i z a t io n  p r o c e s s e s  c a n  b e  c l a s s i f i e 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 i c a l  p r o c e s s  u s e d  fo r  s u l fu r  r e m o v a l  (F ig u r e  2 .1 0 ) .  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 i a l iz e d  t e c h n o l o g ie s  a re  t h o s e  w h i c h  c a t a ly t ic 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 t h  s u lfu r  e l im in a t io n .  S u c h  c a t a ly t ic  c o n v e r s io n  

t e c h n o l o g i e s  in c lu d e  c o n v e n t io n a l  h y d r o tr e a t in g , h y d r o t r e a t in g  w i t h  a d v a n c e d  

c a t a ly s t s  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 tr e a t in g  w it h  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 i f i c a t i o n s .
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F ig u re  2 .1 0  D e s u l f u r iz a t io n  t e c h n o l o g ie s  c l a s s i f i e 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  et a l ,  2 0 0 3 ) .

2 .5 .1  C o n v e n t io n a l  H v d r o d e s u lf u r iz a t io n  ( H D S )
C o n v e n t io n a l  h y d r o d e s u lf u r iz a t io n  ( H D S )  p r o c e s s  i s  a n  e f f i c i e n t  

m e t h o d  o f  s u l fu r  r e m o v a l  fr o m  g a s o l in e  a n d  d i e s e l  w i t h  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  is  u s e d  w o r l d w i d e  ( X u e  et a l . , 2 0 0 5 ) .  T h e  h y d r o d e s u lf u r iz a t io n  p r o c e s s  i n v o lv e s  

c a t a ly t ic  tr e a tm e n t  w i t h  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 i d e  a t e l e v a t e d  te m p e r a tu r e s  ( 3 0 0 - 3 4 0  ๐C )  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 2 O 3 o r  N i - M o / A f O î  c a t a ly s t s  ( H e r n a n d e z  et a l ,  2 0 0 4 ) .  T h e  

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

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 i c  c a t a ly s t  u s e d  ( a c t i v e  s p e c i e 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 t h e s i s  r o u t e ) ,  th e  r e a c t io n  c o n d i t io n s  ( s u l f i d i n g  p r o t o 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 2 S ) ,  n a tu r e  a n d  c o n c e n t r a t io n  o f  

s u lfu 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 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 i g n  ( B a b ic h  

et a l ,  2 0 0 3 ) .  H o w e v e r ,  t h e s e  c a t a ly s t s  a re  p o i s o n e d  b y  H 2 S  a n d  m e t a l s  in  f e e d s t o c k .  
T h e r e  i s  g e n e r a l ly  n o  m e t h 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 tr 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 .
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T h e  t y p ic a l  p r o c e s s  c o n d i t io n s  fo r  th e  h y d r o t r e a t in g  o f  d i f f e r e n t  f e e d s  

in  f i x e d - b e d  h y d r o t r e a t in g  u n it s  a re  s h o w n  in  T a b le  2 .1 0 .

T a b le  2 .1 0  T y p ic a l  p r o c e s s  c o n d i t io n s  fo r  h y d r o tr e a t in g  d i f f e r e n t  p e tr o le u m  

f r a c t io n s  ( H s u  a n d  R o b i n s o n ,  2 0 0 6 )

N a p h th a K ero sen e D iese l V G O R esid u e
W A R T a

5 3 0 5 5 0 5 7 5 - 6 0 0 6 8 0 - 7 0 0 7 0 0 - 7 2 5

H 2 P r e ssu r e b
2 7 7 2 8 8 3 0 0 - 3 1 5 3 6 0 - 3 7 0 3 7 0 - 3 8 5

p s ig 2 5 0 ^ 5 0 2 5 0 - 6 0 0 6 0 0 - 8 0 0 8 0 0 - 2 0 0 0 >  2 , 0 0 0

k p a 1 , 8 2 5 - 3 , 2 0 4 1 . 8 2 5 - 4 , 2 3 8 4 , 2 3 8 - 5 . 6 1 7 5 , 6 1 7 - 1 3 , 8 9 1 >  1 3 ,8 9 1

L H S V 5 4 2 - 3 0 . 8 - 1 .5 0 .5

H 2/O il R a tio '
s c f /b b l 3 5 0 4 5 0 8 0 0 1 , 2 0 0 >  3 ,0 0 0
M 3 / m 3 6 0 8 0 1 4 0 2 1 0 > 5 2 5

a Approximate weighted average reactor temperature at start of run. 
b Approximate hydrogen partial pressure at the high-pressure separator. 
c Approximate hydrogen-to-oil ratio at the first reactor inlet.

2 . 5 .2  C h a l l e n g e s  o f  U ltr a  D e e p  D e s u l f u r iz a t io n
2 .5.2.1 Reactivity o f  O rganic Su lfur C om pounds in H D S

K a b e  et al. ( 1 9 9 2 )  s t u d ie d  o n  d e e p  h y d r o d e s u lf u r iz a t io n  o f  

p o ly a r o m a t ic  s u l f u r - c o n t a in in g  c o m p o u n d s  ( P A S C )  in  l ig h t  o i l  u s in g  C 0 - M 0 / A I 2O3 

u n d e r  e x p e r im e n t a l  c o n d i t io n s .  T h e y  h a v e  a n a ly z e d  th e  s u l f u r  c o m p o u n d s  in  a  l ig h t  

g a s  o i l  ( L G O )  a n d  h y d r o tr e a te d  g a s  o i l s  u s i n g  g a s  c h r o m a t o g r a p h y  w i t h  a to m ic  

e m i s s i o n  d e t e c t o r  ( G C - A E D )  a n d  G C - m a s s  s p e c t r o m e t e r  ( G C - M S ) .  T h e y  id e n t i f ie d  

4 2  a lk y la t e d  b e n z o t h io p h e n e  c o m p o u n d s  a n d  2 9  a lk y la t e d  d i b e n z o t h io p h e n e  

c o m p o u n d s  in  th e  o i l .  A m o n g  th e m , th e  4 ,6 - D M D B T  w a s  fo u n d  to  r e m a in  e v e n  a fte r  

d e e p  h y d r o d e s u lf u r iz a t io n .
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M a  et al. ( 1 9 9 4 ,  1 9 9 6 b ,  1 9 9 7 )  s t u d ie d  o n
h y d r o d e s u lf u r iz a t io n  r e a c t iv i t i e s  o f  v a r io u s  s u lfu r  c o m p o u n d s  in  d i e s e l  f u e l .  T h e y  

c o n c lu d e d  th a t  th e  s u l fu r  c o m p o u n d s  c a n  b e  c l a s s i f i e d  in to  fo u r  g r o u p s  a c c o r d in g  to  

th e ir  H D S  r e a c t i v i t i e s  th a t  w e r e  d e s c r ib e d  b y  th e  p s e u d o - f i r s t - o r d e r  r a te  c o n s t a n t s .  
T h e  f ir s t  g r o u p  i s  d o m in a n t ly  a lk y l  B T s ;  th e  s e c o n d ,  D B T  a n d  a lk y l  D B T s  w it h o u t  

a lk y l  s u b s t i t u e n t s  a t th e  4 -  a n d  6 - p o s i t io n s ;  th e  th ir d , a lk y l  D B T s  w i t h  o n l y  o n e  a lk y l  

s u b s t i t u e n t  a t e i t h e r  th e  4 -  o r  6 - p o s i t io n ;  th e  fo u r th , a lk y l  s u b s t i t u e n t s  a t th e  4 -  a n d  6 - 

p o s i t i o n s  (a s  s h o w n  in  F ig u r e  2 .1 1 )  a n d  t h e y  a ls o ,  f o u n d  th a t  th e  m a jo r  s u lfu r  

c o m p o u n d s  a re  a lk y l  b e n z o t h io p h e n e s  a n d  a lk y l  P B T  in  th e  g a s  o i l ,  a n d  a lk y l  
t h io p h e n e s ,  a lk y l  b e n z o t h io p h e n e s ,  a lk y l  D B T ,  a lk y l  B N T  a n d  a lk y l  P T  in  th e  

v a c u u m  g a s  o i l .  T h e  d i b e n z o t h io p h e n e s  w i t h  t w o  a lk y l  s u b s t i t u e n t s  a t 4 -  a n d  6 - 

p o s i t i o n s ,  r e s p e c t i v e ly ,  w e r e  f o u n d  to  b e  th e  s u l f u r  c o m p o u n d s  th a t  a r e  th e  m o s t  

d i f f i c u l t  to  b e  r e m o v e d  fr o m  th e  o i l s .

A lk y l B T s D B T  a n d  a lk y l D B T s

4 ,6 -D M D B T

F ig u re  2 .11  S tr u c tu r e s  o f  r e la te d  p o l y c y c l i c  s u l f u r  c o m p o u n d s  f o u n d  in  d ie s e l  

f u e ls  ( M a  et a l . , 1 9 9 4 ) .

G a t e s  a n d  T o p s o e  ( 1 9 9 7 )  p o in t e d  o u t  th a t  4 -  

m e t h y ld ib e n z o t h io p h e n e  ( 4 - M D B T )  a n d  4 ,6 - d i m e t h y l d i b e n z o t h i o p h e n e  ( 4 ,6 -  

D M D B T )  a re  th e  m o s t  a p p r o p r ia te  c o m p o u n d s  f o r  in v e s t i g a t i o n s  o f  c a n d id a te  

c a t a ly s t s  a n d  r e a c t io n  m e c h a n i s m s .
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T h e  H D S  p r o c e s s  is  e f f e c t i v e  to  r e m o v e  t h io l s ,  s u l f id e s  a n d  

d i s u l f i d e s ,  b u t  it  i s  d i f f i c u l t  to  r e m o v e  t h io p h e n e ,  b e n z o t h io p h e n e  ( B T ) ,  
d ib e n z o t h io p h e n e  ( D B T )  a n d  th e ir  d e r iv a t iv e s  ( m o s t  im p o r t a n t ly ,  4 ,6 - D M D B T )  

( Z h a n g  et a l., 2 0 0 8 ) .  T h e  r e a c t iv i t y  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 ir  s tr u c tu r e  a n d  lo c a l  s u l fu r  a to m  e n v ir o n m e n t .  T h e  l o w - b o i l i n g  

c r u d e  o i l  f r a c t io n  c o n t a in s  m a in ly  th e  a l ip h a t ic  o r g a n ic  s u l fu r  c o m p o u n d s :  

m e r c a p ta n s ,  s u l f i d e s  a n d  d i s u l f 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 tr e a t in g  p r o c e s s e s  a n d  t h e y  c a n  e a s i l y  b e  c o m p l e t e ly  r e m o v e d  fr o m  th e  f u e l .  
F o r  h ig h  b o i l i n 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 fu r  c o m p o u n d s  p r e d o m in a n t ly  

c o n t a in  t h 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  t h io p h e n e s  a n d  b e n z o t h io p h e n e s  

a n d  th e ir  a lk y la t e d  d e r iv a t iv e s .  T h e s e  t h io p h e n e  c o n t a 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  th a n  m e r c a p t a n s  a n d  s u l f id e s  to  c o n v e r t  v ia  h y d r o tr e a t in g  th u s  b e c a u s e  o f  

th is  p r o b le m , t h e  s u l fu r  c o m p o u n d s  th a t r e m a in  in  th e  tr a n s p o r ta t io n  f u e l s  a re  m a in ly  

t h io p h e n e ,  b e n z o t h io p h e n e .  d ib e n z o t h io p h e n e ,  a n d  th e ir  a lk y la t e d  d e r iv a t iv e s  

( H e r n a n d e z  et al., 2 0 0 4 ) .
F ig u r e  2 .1 2  s h o w s  th e  q u a l i t a t iv e  r e la t io n s h ip  b e t w e e n  

r e a c t iv i t ie s  o f  s u l f u r  c o m p o u n d s  a n d  th e ir  r in g  s i z e  a n d  s u b s t i t u t io n  p a tte r n s . It 
c o v e r s  th e  g a s o l i n e ,  j e t  f u e l  a n d  d ie s e l  f u e l  r a n g e s .  It i l lu s t r a t e s  th a t  th e r e  a re  m a jo r  

d i f f e r e n c e s  in  r e a c t iv i t y  o f  s u l fu r  c o m p o u n d s  d e p e n d in g  o n  b o th  th e ir  p a tte r n . In  

p a r t ic u la r , d i f f e r e n c e s  in  th e  p o s i t io n  o f  a lk y l  g r o u p s  o n  b e n z o t h io p h e n e  r in g  s i z e  a n d  

s u b s t i t u t io n  a n d  o n  d ib e n z o t h io p h e n e  c a n  h a v e  m a jo r  im p a c t s  o n  th e ir  r e a c t iv i t y  d u e  

to  s t e r ic  h in d r a n c e .  T h e r e  a re  m a n y  d i f f e r e n t  s u lfu r  c o m p o u n d s  in  d i e s e l  f u e ls .  T h e  

r e a c t iv i t i e s  o f  th e  1 - to  3 - r in g  s u lfu r  c o m p o u n d s  d e c r e a s e  in  th e  o r d e r  o f  t h io p h e n e s  >  

b e n z o t h io p h e n e s  >  d ib e n z o t h io p h e n e s .  In n a p h th a , t h io p h e n e  is  s o  m u c h  l e s s  r e a c t iv e  

th a n  th e  t h io l s ,  s u l f i d e s ,  a n d  d i s u l f i d e s  th a t th e  la tter  c a n  b e  c o n s id e r e d  t o  b e  v ir tu a l ly  

in f in i t e ly  r e a c t iv e  in  p r a c t ic a l  h ig h - c o n v e r s io n  p r o c e s s e s  (แ ร น  a n d  R o b in s o n ,  2 0 0 6 ) .
F ig u r e  2 .1 3  s h o w s  th e  r e la t iv e  r e a c to r  v o lu m e  r e q u ir e m e n ts  

fo r  v a r io u s  d e g r e e s  o f  s u l fu r  r e m o v a l  b y  c o n v e n t io n a l  s in g le - s t a g e  H D S  o f  d ie s e l  

f u e ls .  T h e  e s t i m a t io n  o f  v o lu m e  r e q u ir e m e n ts  i s  b a s e d  o n  th e  r e s u lt s  fr o m  H D S  

k in e t i c s  s t u d ie s  u s i n g  a  c o m m e r c ia l  C 0 - M 0 /A I 2 O 3 c a t a ly s t ,  a s s u m in g  1 .0  w t%  s u lfu r  

in  f e e d . W h e n  t h e  to ta l  s u l f u r  c o n t e n t  is  r e d u c e d  to  5 0 0  p p m w . th e  s u l f u r  c o m p o u n d s  

r e m a in in g  in  th e  h y d r o tr e a te d  o i l  a re  4 -  o r  6 - M D B T . W h e n  th e  to ta l  s u l fu r  c o n t e n t  is



26

r e d u c e d  t o  3 0  p p m w , th e  s u l fu r  c o m p o u n d s  r e m a in in g  in  th e  h y d r o tr e a te d  o i l  a re  4 ,6 -  

D M D B T ,  in d ic a t in g  th a t  th e  l e s s  th e  s u l fu r  c o n t e n t  i s  th e  l o w e r  th e  H D S  r e a c t iv i t y  

( S o n g  a n d  M a , 2 0 0 3 ) .

F ig u re  2 .12  D e p e n d e n c e  o f  r e a c t iv i t y  o f  s u lfu r  c o m p o u n d s  v e r s u s  th e ir  r in g  s i z e  a n d  

s u b s t i t u t io n  p a t te r n s  ( f o r  s u lfu r  c o m p o u n d s  in  g a s o l i n e ,  j e t  fu e l  a n d  d i e s e l  fu e l  
f e e d s t o c k )  ( S o n g ,  2 0 0 3 ) .
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T o  p u t t h e s e  p r o b le m s  in t o  p e r s p e c t iv e  b a s e d  o n  c o n v e n t io n a l  

a p p r o a c h e s  f o r  H D S  o f  d ie s e l  f u e ls ,  fo r  r e d u c in g  th e  s u l fu r  l e v e l  f r o m  c u r r e n t  5 0 0  

p p m w  t o  15  p p m w  ( t h e  r e g u la t io n  in  2 0 0 6 )  b y  c o n v e n t i o n a l  H D S  p r o c e s s i n g ,  th e  

v o lu m e  o f  c a t a ly s t  b e d  w i l l  n e e d  to  b e  in c r e a s e d  b y  3 .2  t i m e s  a s  th a t  o f  th e  c u rren t  

H D S  c a t a ly s t  b e d . I f  r e d u c in g  th e  s u lfu r  l e v e l  to  0 .1  p p m  b y  c o n v e n t io n a l  H D S  

p r o c e s s i n g  fo r  fu e l  c e l l  a p p l ic a t io n ,  th e  v o lu m e  o f  c a t a ly s t  b e d  w i l l  h a v e  to  b e  

in c r e a s e d  b y  a b o u t  s e v e n  t im e s .  A s  it i s  w e l l  k n o w n ,  in c r e a s in g  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  r e a c to r  v o lu m e  i s  v e r y  e x p e n s i v e .  In a n o th e r  s c e n a r io ,  w i t h  c u rren t  

c o m m e r c ia l  H D S  p r o c e s s e s  w i t h o u t  c h a n g in g  th e  r e a c to r  v o l u m e  th e  c a t a ly s t  a c t iv i t y  

w i l l  h a v e  t o  b e  in c r e a s e d  b y  a  f a c to r  o f  3 .2  a n d  7  to  m e e t  t h e  n e w . r e g u la t io n  a n d  fu e l  

c e l l  a p p l i c a t io n s ,  r e s p e c t i v e ly .  It m ig h t  b e  h a rd  t o  m e e t  s u c h  a  d e m a n d  b y  m a k in g  

s m a l l  in c r e m e n t a l  im p r o v e m e n t s  in  th e  e x i s t in g  h y d r o t r e a t in g  c a t a ly s t s  th a t  h a v e  

b e e n  d e v e lo p e d  d u r in g  th e  la s t  5 0  y e a r s  ( S o n g  a n d  M a , 2 0 0 3 ) .

F o u r  G ro u p s:

R e la tiv e  V o lu m e  o f  C a ta ly st

A
min' 1
0.250

0.058

0 . 0 2 0

0.007

F ig u re  2 .1 3  S im u la t e d  H D S  o f  d i e s e l  to  m e e t  15  a n d  0 .1  p p m  l e v e l  o n  th e  b a s i s  o f  a  

c o n v e n t i o n a l  s in g le - s t a g e  r e a c to r , a s s u m in g  1 .0  w t%  ร  in  f e e d ;  H D S  k in e t ic  m o d e l:  

Cs,total =  C s , 0  e ku + C S2o e~k2‘ + C S3o e"A3' +  C S4 o e ' A4' ( S o n g ,  2 0 0 3 ) .
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T h e  N P R A  ( N a t io n a l  P e t r o le u m  R e f in e r s  A s s o c i a t i o n )  

e s t im a t e s  th a t  i m p o s in g  a  1 5  p p m w  s u lfu r  m a x im u m  o n  d i e s e l  c o u l d  r e s u lt  in  a  1 0 %  

to  2 0 %  s h o r t f a l l  in  s u p p ly .  T h e  a b o v e  t r e n d s  a n d  d i s c u s s i o n  in d ic a t e  th at th e  

p e t r o le u m  r e f in in g  in d u s tr y  is  f a c in g  a  m a jo r  c h a l l e n g e  t o  m e e t  th e  n e w  s tr ic te r  s u lfu r  

s p e c i f i c a t i o n s  f o r  p r o d u c in g  u ltr a  c le a n  tr a n s p o r ta t io n  f u e l s  in  th e  e a r ly  2 1 st c e n tu r y  

w h e n  th e  q u a l i t y  o f  th e  c r u d e  o i l s  c o n t in u e  to  d e c l i n e  in  te r m s  o f  in c r e a s e d  s u lfu r  

c o n t e n t  a n d  d e c r e a s e d  A P I  g r a v it y  (H s u  a n d  R o b in s o n ,  2 0 0 6 ) .

2 . 5 .2 . 2  M echanistic  P athw ays o f  H D S
H D S  o f  t h io p h e n ic  c o m p o u n d s  p r o c e e d s  th r o u g h  t w o  

p a t h w a y s :  h y d r o g e n a t io n  p a t h w a y  ( h y d r o g e n a t io n  f o l l o w e d  b y  h y d r o g e n o l y s i s )  a n d  

th e  d ir e c t  h y d r o g e n o l y s i s  p a t h w a y  (d ir e c t  e l im in a t io n  o f  ร  a t o m  v ia  C - S  b o n d  

c l e a v a g e ) .  H y d r o g e n a t io n  a n d  h y d r o g e n o l y s i s  o c c u r  a t d i f f e r e n t  a c t iv e  s i t e s .  
P o ly a r o m a t ic  c o m p o u n d s  h a v e  b e e n  f o u n d  to  b e  th e  m a in  in h ib it o r s  t o w a r d s  th e  

h y d r o g e n a t io n  p a t h w a y  ( S o n g  a n d  M a , 2 0 0 3 ) .
C a r d e n a s  et al. ( 2 0 1 0 )  h a v e  p r o p o s e d  th e  r e a c t io n  n e tw o r k  o f  

t w o  p o s s i b l e  r e a c t io n  p a t h w a y s  fo r  s u lfu r  r e m o v a l  fr o m  t h e  o r g a n o s u l f u r  c o m p o u n d s  

a s  i l lu s tr a t e d  fo r  d i b e n z o t h io p h e n e  ( D B T )  a n d  4 ,6 - d i m e t h y l d i b e n z o t h i o p h e n e  ( 4 ,6 -  

D M D B T )  in  F ig u r e  2 .1 4  a n d  F ig u r e  2 .1 5 ,  r e s p e c t i v e ly .  T h e  f ir s t  p a t h w a y  is  th e  s u lfu r  

a to m  d ir e c t  e x t r a c t io n  ( h y d r o g e n o l y s i s )  f r o m  th e  s u l f u r e d  m o le c u l e .  T h e  s e c o n d  

p a t h w a y  i s  t h e  h y d r o g e n a t io n  o f  o n e  a r o m a t ic  r in g  f o l l o w e d  b y  th e  s u lfu r  a to m  

e x t r a c t io n .
B o t h  p a t h w a y s  o c c u r  in  p a r a l le l  e m p l o y i n g  d i f f e r e n t  a c t iv e  

s i t e s  o f  th e  c a t a ly s t  s u r f a c e .  W h ic h  r e a c t io n  p a t h w a y  p r e d o m in a t e s  d e p e n d s  o n  th e  

n a tu r e  o f  th e  s u l f u r  c o m p o u n d s ,  th e  r e a c t io n  c o n d i t io n s ,  a n d  th e  c a t a ly s t  u s e d . A t  th e  

s a m e  r e a c t io n  c o n d i t io n s ,  D B T  r e a c ts  p r e fe r a b ly  v ia  t h e  h y d r o g e n o l y s i s  p a th w a y  

w h e r e a s  fo r  D B T  a lk y la t e d  a t th e  4 -  a n d  6 - p o s i t i o n s  b o t h  th e  h y d r o g e n a t io n  a n d  

h y d r o g e n o l y s i s  r o u t e s  a re  s ig n i f ic a n t  ( B a b ic h  et a l . , 2 0 0 3 ) .
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DIBENZOTHIOPHENE

1,2,3,4-TETRAHYDRO 
DIBENZOTHIOPHENE

1,2,3,4,10,11-HEXAHYDRO
DIBENZOTHIOPHENE BIPHENYL

CYCLOHEXYLBENZENE

F ig u re  2 .1 4  R e a c t io n  p a t h w a y s  fo r  d ib e n z o t h io p h e n e  h y d r o d e s u lf u r iz a t io n  

(C a r d e n a s  et a l ,  2 0 1 0 ) .

■ 4,6-DIMETHYLDIBENZOTHIOPHENE

PARTIALLY HYDROGENATED 
DIMETHYLDIBENZOTHIOPHENES 3,3'-DIMETHYLBIPHENYL

ร'

+Hj \  -HjS
\ «

34WETHYLCYCLOHEXYLTOLUENECT
F ig u re  2 .1 5  R e a c t io n  p a t h w a y s  fo r  4 ,6 - d i m e t h y l d i b e n z o t h i o p h e n e
h y d r o d e s u lf u r iz a t io n  (C a r d e n a s  et a l ,  2 0 1 0 ) .
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2.5.2 .3  F uel C ell A pplications
F u e l  c e l l  a p p l ic a t io n s  r e q u ir e d  t h e  u s e  o f  a  fu e l  w i t h  s u lfu r  

c o n t e n t  lo w e r  th a n  1 p p m w  in  o r d e r  to  a v o id  p o i s o n i n g  a n d  d e a c t iv a t io n  o f  th e  

r e fo r m e r  c a t a ly s t .  T o  u s e  g a s o l i n e  o r  d ie s e l  c o m m e r c ia l  f u e l s ,  w h i c h  a re  th e  id e a l  
f u e l s  fo r  f u e l  c e l l s  b e c a u s e  o f  th e ir  h ig h  e n e r g y  d e n s i t y ,  r e a d y  a v a i la b i l i t y ,  a n d  s a f e t y  

a n d  e a s e  fo r  s t o r a g e ,  th e  s u lfu r  c o n c e n t r a t io n  s h o u ld  b e  p r e f e r a b ly  b e l o w  0 . 1 - 0 . 2  

p p m w  ( H e r n a n d e z  et a l ,  2 0 0 5 ) .  F u e ls  l ik e  d i e s e l  a n d  g a s o i l  m u s t  b e  d e s u l f u r i z e d  to  

e x t r e m e ly  l o w  l e v e l s  b e f o r e  b e in g  u s e d  a s  h y d r o g e n  s o u r c e  f o r  m o d e m  f u e l  c e l l  

a p p l ic a t io n s  a n d  to  a v o id  s u lfu r  p o i s o n i n g  o f  t h e r e in  u s e d  c a t a l y s t s  ( R h e in b e r g  et a l,
2 0 0 8 ) .

a )  V i s i o n  fo r  E f f ic ie n t  U t i l i z a t i o n  o f  H y d r o c a r b o n  R e s o u r c e s  

F ig u r e  2 .1 6  p r e s e n t s  a  v i s i o n  o n  d ir e c t io n s  a n d  im p o r ta n t  

i s s u e s  in  r e s e a r c h  o n  e f f e c t i v e  a n d  c o m p r e h e n s iv e  u t i l i z a t io n  o f  h y d r o c a r b o n  

r e s o u r c e s  th a t  a re  n o n - r e n e w a b le .  It h a s  b e e n  d e v e lo p e d  b y  t h e  a u th o r  fo r  d ir e c t in g  

fu tu r e  r e s e a r c h  in  o u r  la b o r a to r y  o n  c le a n  f u e l s ,  c h e m ic a l s ,  a n d  c a t a l y s i s .  T h e r e  a re  

th r e e  fu n d a m e n ta l  e l e m e n t s  in  t h is  v is io n :  fu e l  u s e s ,  n o n - f u e l  u s e s ,  a n d  

e n v ir o n m e n t a l  i s s u e s  o f  e n e r g y  a n d  r e s o u r c e s .  T h i s  i s  a  p e r s o n a l  v i e w  r e f l e c t in g  m y  

j u d g m e n t s  a n d  p r e j u d ic e s  fo r  fu tu r e  d ir e c t io n s .  It i s  h e lp f u l  t o  U S fo r  s e e i n g  fu tu r e  

d ir e c t io n s  a n d  fo r  p r o m o t in g  r e s p o n s ib le  a n d  s u s t a in a b le  d e v e lo p m e n t  in  r e s e a r c h  o n  

e n e r g y  a n d  f u e l s  fo r  t h e  2 1 st c e n tu r y  ( S o n g ,  2 0 0 2 ) .
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F ig u re  2 .1 6  P e r s o n a l  v i s i o n  fo r  r e s e a r c h  t o w a r d s  c o m p r e h e n s iv e  a n d  e f f e c t i v e  

u t i l i z a t io n  o f  h y d r o c a r b o n  r e s o u r c e s  in  th e  2 1 st c e n tu r y  ( S o n g ,  2 0 0 2 ) .

b )  C o n c e p t  o f  F u e l  C e l l
A  fu e l  c e l l  i s  d e f in e d  a s  a n  e l e c t r o c h e m i c a l  d e v i c e  in  

w h i c h  th e  c h e m ic a l  e n e r g y  s to r e d  in  a  fu e l  is  c o n v e r t e d  d ir e c t ly  in to  e l e c t r i c i t y .  A  

fu e l  c e l l  c o n s i s t s  o f  a n  e le c t r o ly t e  m a te r ia l  w h i c h  is  s a n d w ic h e d  in  b e t w e e n  t w o  th in  

e l e c t r o d e s  ( p o r o u s  a n o d e  a n d  c a t h o d e ) .  S p e c i f i c a l l y ,  a  f u e l  c e l l  c o n s i s t s  o f  a n  

a n o d e — to  w h i c h  a  f u e l ,  c o m m o n ly  h y d r o g e n ,  i s  s u p p l ie d — a n d  a  c a t h o d e — t o  w h ic h  

a n  o x id a n t ,  c o m m o n l y  o x y g e n ,  i s  s u p p l ie d .  T h e  o x y g e n  n e e d e d  b y  a  f u e l  c e l l  i s  

g e n e r a l ly  s u p p l i e d  b y  f e e d in g  a ir . T h e  t w o  e l e c t r o d e s  o f  a  f u e l  c e l l  a re  s e p a r a te d  b y  

a n  i o n - c o n d u c t in g  e le c t r o ly t e .  A l l  fu e l  c e l l s  h a v e  th e  s a m e  b a s ic  o p e r a t in g  p r in c ip le .  
A n  in p u t  fu e l  i s  c a t a ly t ic a l ly  r e a c te d  ( e l e c t r o n s  r e m o v e d  f r o m  th e  fu e l  e l e m e n t s )  in  

th e  fu e l  c e l l  t o  c r e a te  a n  e le c t r ic  c u r r e n t. T h e  in p u t  f u e l  p a s s e s  o v e r  th e  a n o d e  

( n e g a t iv e l y  c h a r g e d  e l e c t r o d e )  w h e r e  it c a t a ly t ic a l ly  s p l i t s  in to  e l e c t r o n s  a n d  io n s ,  
a n d  o x y g e n  p a s s e s  o v e r  th e  c a t h o d e  ( p o s i t i v e ly  c h a r g e d  e l e c t r o d e ) .  T h e  e l e c t r o n s  g o
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th r o u g h  a n  e x te r n a l  c ir c u i t  to  s e r v e  a n  e le c t r ic  lo a d  w h i l e  th e  io n s  m o v e  th r o u g h  th e  

e l e c t r o ly t e  t o w a r d  th e  o p p o s i t e l y  c h a r g e d  e le c t r o d e .  A t  th e  e le c t r o d e ,  i o n s  c o m b in e  to  

c r e a te  b y - p r o d u c t s ,  p r im a r i ly  w a te r  a n d  C O 2 . D e p e n d in g  o n  t h e  in p u t  fu e l  a n d  

e l e c t r o ly t e ,  d i f f e r e n t  c h e m ic a l  r e a c t io n s  w i l l  o c c u r  ( S o n g ,  2 0 0 2 ) .  T h e  e x a m p l e  o f  f u e l
c e l l  i s  s h o w n  in  F ig u r e  2 .1 7 .

Load

Depleted 
Fuel Out

Hfo-Based 
Fuel In

Anode Cathode

Depleted Oxidant 
& Prod Gases 
(H20 ) Out

Oxidant
In

Electrolyte PEM

Anode (Fuel) Reaction: 

Cathode (oxidant) Reaction: 

Total Reaction:

แ 2 = 2 H+ + 2 e-

1/2 0 2 + 2 H+ + 2 e- = H 20

H 2 + 1/2 0 2 = H 20

F ig u re  2 .1 7  C o n c e p t  o f  p r o t o n - e x c h a n g e  m e m b r a n e  fu e l  c e l l  ( P E M F C )  s y s t e m  

u s in g  o n - b o a r d  o r  o n - s i t e  fu e l  p r o c e s s o r ,  o r  o n -b o a r d  H 2 f u e l  ta n k  ( S o n g ,  2 0 0 2 ) .

c )  F u e l  P r o c e s s in g  fo r  F u e l  C e l l  A p p l ic a t i o n s
F ig u r e  2 .1 8  i l lu s tr a t e s  th e  g e n e r a l  c o n c e p t s  o f  p r o c e s s in g  

g a s e o u s ,  l iq u id ,  a n d  s o l id  f u e ls  fo r  f u e l  c e l l  a p p l ic a t io n s .  F o r  a  c o n v e n t io n a l  

c o m b u s t io n  s y s t e m ,  a  w i d e  r a n g e  o f  g a s e o u s ,  l iq u id  a n d  s o l i d  f u e l s  m a y  b e  u s e d ,  
w h i l e  h y d r o g e n ,  r e fo r m a te  ( h y d r o g e n - r ic h  g a s  fr o m  f u e l  r e f o r m in g ) ,  a n d  m e th a n o l  

a re  th e  p r im a r y  f u e l s  a v a i la b le  fo r  c u r r e n t  fu e l  c e l l s .  T h e  s u l fu r  c o m p o u n d s  in  

h y d r o c a r b o n  f u e l s  p o i s o n  th e  c a t a ly s t s  in  fu e l  p r o c e s s o r  a n d  fu e l  c e l l s  a n d  m u s t  b e  

r e m o v e d .  S y n g a s  c a n  b e  g e n e r a te d  fr o m  r e f o r m in g .  R e f o r m a t e  ( s y n g a s  a n d  o th e r  

c o m p o n e n t s  s u c h  a s  s t e a m  a n d  c a r b o n  d i o x id e )  c a n  b e  u s e d  a s  th e  f u e l  fo r  h ig h -  

te m p e r a tu r e  f u e l  c e l l s ,  fo r  w h ic h  th e  s o l id  o r  l iq u id  o r  g a s e o u s  f u e l s  n e e d  t o  b e  

r e fo r m u la t e d .  H y d r o g e n  i s  th e  rea l fu e l  fo r  lo w - t e m p e r a t u r e  f u e l  c e l l s ,  w h ic h  c a n  b e
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o b t a in e d  b y  f u e l  r e f o r m u la t io n  o n - s i t e  fo r  s t a t io n a r y  a p p l i c a t io n s  o r  o n -b o a r d  fo r  

a u t o m o t iv e  a p p l i c a t io n s .  S y n t h e t ic  u l t r a -c le a n  f u e l s  c a n  b e  m a d e  b y  F is c h e r - T r o p s c h  

s y n t h e s i s  o r  m e t h a n o l  s y n t h e s i s  u s in g  th e  s y n t h e s i s  g a s  p r o d u c e d  f r o m  n a tu r a l g a s  or  

fr o m  c o a l  g a s i f i c a t io n .

Fuel Preparation Fuel Processing Fuel Cell DC

F ig u re  2 .1 8  C o n c e p t s  a n d  s t e p s  fo r  fu e l  p r o c e s s i n g  o f  g a s e o u s ,  l iq u id  a n d  s o l i d  f u e ls  

fo r  h ig h - t e m p e r a t u r e  a n d  lo w - t e m p e r a t u r e  fu e l  c e l l  a p p l i c a t io n s  ( S o n g ,  2 0 0 2 ) .

d )  F u e l  C e l l s  fo r  T r a n s p o r ta t io n
C u r r e n t ly , th e  t y p ic a l  o v e r a l l  f u e l  e f f i c i e n c y  o f  g a s o l i n e -  

p o w e r e d  c a r s  i s  o n l y  a r o u n d  1 2 % , a n d  th e  o v e r a l l  fu e l  e f f i c i e n c y  o f  d ie s e l - p o w e r e d  

v e h i c l e s  i s  b e t te r ,  a t a r o u n d  1 5 % . T h e s e  n u m b e r s ,  h o w e v e r ,  i n d ic a t e  th a t  th e  m a jo r ity  

o f  th e  e n e r g y  i s  w a s t e d .  T h e r e f o r e ,  n e w  p o w e r in g  m e c h a n i s m s  ( th a t  a re  m o r e  

e f f i c i e n t  a n d  c l e a n )  a r e  a l s o  b e in g  e x p lo r e d  b y  m a n y  a u to  m a n u fa c tu r e r s . 
F u n d a m e n t a l ly ,  th e  th e o r e t ic a l  u p p e r  l im it  o f  e f f i c i e n c y  in  th e  c u r r e n t  in te r n a l  
c o m b u s t io n  (1 C ) e n g i n e s  is  s e t  b y  a  t h e r m o d y n a m ic  (C a r n o t )  c y c l e  b a s e d  o n  

c o m b u s t io n ,  a n d  t h is  m u s t  b e  o v e r c o m e  b y  u s i n g  d i f f e r e n t  c o n v e r s i o n  d e v i c e s .  F u e l  
c e l l s  h o ld  t r e m e n d o u s  p o t e n t ia l  in  th is  d ir e c t io n .  F u e l  c e l l - p o w e r e d  c a r s  a r e  e x p e c t e d  

to  b e  t w o  to  th r e e  t i m e s  m o r e  e f f i c i e n t  th a n  th e  g a s o l i n e  a n d  d i e s e l  e n g in e s .
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2 .5 .3  D e v e l o p i n g  N e w  P r o c e s s e s
T h e  i s s u e s  o f  d e e p  d e s u l f u r iz a t io n  a re  b e c o m i n g  m o r e  s e r io u s  b e c a u s e  

o f  th e  in c r e a s e  in  s u l fu r  c o n t e n t  o f  th e  c r u d e  o i l  a n d  lo w e r in g  o f  th e  r e g u la t e d  s u lfu r  

l im i t s  in  d i e s e l  a n d  g a s o l i n e  ( S r iv a s t a v  a n d  S r iv a s t a v a ,  2 0 0 9 ) .  V a r io u s  

d e s u l f u r iz a t io n  t e c h n iq u e s  l ik e  h y d r o d e s u lf u r iz a t io n  ( H D S ) ,  o x id a t iv e  d e s u l f u r iz a t io n  

( O D S ) ,  b io - d e s u l f u r iz a t io n  ( B D S )  a n d  a d s o r p t iv e  d e s u l f u r iz a t io n  a re  b e in g  

in v e s t ig a t e d  w o r ld  o v e r  to  p r o d u c e  u ltr a  c l e a n  f u e l s .  H D S  i s  th e  m o s t  c o m m o n ly  

u s e d  m e t h o d  o f  s u l f u r  r e d u c t io n  o f  f o s s i l  f u e l s  in  r e f in e r ie s .  T y p ic a l l y ,  it  i n v o lv e s  

c a t a ly t ic  tr e a tm e n t  w i t h  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  to  

h y d r o g e n  s u l f id e .  H o w e v e r ,  it r e q u ir e s  th e  a p p l ic a t io n  o f  s e v e r e  o p e r a t in g  c o n d i t io n s  

a n d  th e  u s e  o f  e s p e c i a l l y  a c t iv a t e d  c a t a ly s t s  fo r  th e  p r o d u c t io n  o f  f u e l s  w i t h  v e r y  l o w  

l e v e l s  o f  s u lfu r  c o m p o u n d s .  H D S  is  l im i t e d  in  tr e a t in g  b e n z o t h io p h e n e s  ( B T s )  a n d  

d ib e n z o t h i o p h e n e s  ( D B T s ) ,  e s p e c ia l l y  D B T s  h a v in g  a lk y l  s u b s t i t u e n t  o n  4 -  a n d /o r  6 - 

p o s i t io n s .  M o r e o v e r ,  th e  H D S  p r o c e s s  h a s  r e a c h e d  a  s t a g e  w h e r e  in c r e a s in g  

t e m p e r a tu r e  a n d  p r e s s u r e  a re  j u s t  n o t  e n o u g h  to  r e m o v e  la s t  t r a c e s  o f  s u l fu r  w ith o u t  

a f f e c t in g  th e  o c t a n e  n u m b e r . In  th e  o x id a t io n  p r o c e s s ,  t h e  s u l fu r  c o n t a in in g  

c o m p o u n d s  is  o x i d i z e d  to  s u l f o n e  b y  c h e m ic a l  r e a c t io n  u s i n g  v a r io u s  t y p e s  o f  

o x id a n t s  n a m e ly  H 2 O 2 , H 2 S O 4 , e t c .  T h e  s u l f o n e  c o m p o u n d  i s  th e n  e a s i l y  e x tr a c te d  

fr o m  th e  fu e l  b e c a u s e  o f  i t s  h ig h e r  p o la r ity .  R e a c t io n  s e l e c t i v i t y ,  s a f e t y  a n d  c o s t  a re  

im p o r ta n t  c o n c e r n s  fo r  t h e  s e l e c t i o n  o f  o x id a n t s ,  c a t a ly s t s  a n d  o p e r a t in g  c o n d i t io n s  in  

O D S  p r o c e s s in g .  T h e  c a t a ly t ic  s y s t e m s  r e p o r te d  in  l it e r a tu r e  a r e  m o s t ly  t o x ic  a n d  

e x p e n s i v e .  B io - d e s u l f u r i z a t i o n  h a s  d r a w n  w id e  a t t e n t io n  o v e r  th e  p a s t  d e c a d e .  
C o n s id e r a b le  r e s e a r c h  h a s  b e e n  d o n e  to  e x t e n d  th e  u n d e r s t a n d in g  o f  th e  e n z y m o l o g y  

a n d  m o le c u la r  g e n e t i c s  o f  th e  B D S  s y s t e m  a n d  to  a p p ly  th a t  in t o  th e  d e s ig n  o f  th e  

B D S  b io r e a c to r  a n d  b i o p r o c e s s e s  ( S r iv a s t a v  et a i ,  2 0 0 9 ) .  C o m p a r e d  to  th e  

h y d r o d e s u lf u r iz a t io n  p r o c e s s ,  th e  a d s o r p t iv e  r e m o v a l  o f  s u l f u r  c o m p o u n d s  s e e m s  

v e r y  p r o m is in g  w i t h  r e g a r d  to  e n e r g y  c o n s u m p t io n  s in c e  a d s o r p t io n  c a n  b e  

a c c o m p l i s h e d  a t l o w  te m p e r a tu r e  a n d  p r e s s u r e ,  a n d  th e  s u l f u r  in  f u e l s  c a n  b e  

r e m o v e d  to  a  v e r y  l o w  l e v e l  (J ia n g  et al., 2 0 0 5 ) .
In  th e  a d s o r p t iv e  d e s u l f u r iz a t io n  t e c h n iq u e ,  th e  a c t iv e  a d s o r b e n t  is  

p la c e d  o n  a  p o r o u s ,  n o n - r e a c t iv e  s u b s tr a te  th a t  a l l o w s  h ig h  s u r f a c e  a r e a  fo r  th e  

a d s o r p t io n . A d s o r p t io n  o c c u r s  w h e n  th e  s u l f u r  m o le c u l e s  a t ta c h  t o  th e  a d s o r b e n t  a n d
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r e m a in  th e r e  s e p a r a te  fr o m  th e  f u e l .  V a r io u s  i n v e s t ig a t o r s  h a v e  u t i l i z e d  th is  

t e c h n iq u e  f o r  t h e  r e m o v a l  o f  s u lfu r  fr o m  v a r io u s  t y p e s  o f  f u e l s  a n d  m o d e l  o i l s  b y  

v a r io u s  t y p e s  o f  a d s o r b e n ts .  D e s u l f u r iz a t io n  b y  a d s o r p t io n  f a c e s  t h e  c h a l l e n g e  o f  

d e v e lo p in g  e a s i l y  r e m u n e r a b le  a d s o r b e n t  w i t h  a  h ig h  c a p a c i t y .  A d s o r b e n t s  d e v e lo p e d  

m u s t  h a v e  h ig h  s e l e c t i v i t y  fo r  th e  a d s o r p t io n  o f  r e fr a c to r y  a r o m a t ic  s u lfu r  

c o m p o u n d s  th a t  d o  n o t  g e t  r e m o v e d  d u r in g  th e  H D S  p r o c e s s  ( S r iv a s t a v  a n d  

S r iv a s t a v a ,  2 0 0 9 ) .

2 . 5 .4  A d s o r p t iv e  D e s u l f u r iz a t io n
T h e r e  a re  t w o  t y p e s  o f  a d s o r p t io n — p h y s ic a l  a n d  c h e m ic a l  a d s o r p t io n  

o r  c h e m is o r p t io n .  T h e  p h y s ic a l  a d s o r p t io n  i n v o l v e s  o n l y  r e la t iv e ly  w e a k  

in t e r m o le c u la r  f o r c e s .  T h e s e  f o r c 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 i o n -  

r e p u l s io n )  a n d  e le c t r o s t a t ic  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 le ,  a n d  

q u a d r u p o le  in t e r a c t io n s .  T h e  c h e m is o r p t io n  i n v o lv e s  th e  f o r m a t io n  o f  c h e m ic a l  b o n d  

b e t w e e n  th e  s o r b a te  m o le c u l e  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 t h v e n ,  1 9 8 4 ) .  T h e  

d if f e r e n t  p a r a m e t e r s  o f  p h y s ic a l  a d s o r p t io n  a n d  c h e m is o r p t io n  a re  s h o w n  in  T a b le
2 . 1 1 .

A d s o r p t io n  p r o c e s s e s  c o n s i s t  o f  th e  s e l e c t i v 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 t s  o f  e i t h e r  a  g a s  o r  a  l iq u id  at th e  s u r f a c e  o f  a  s o l i d  ( a d s o r b e n t ) .  T h e  

a t tr 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  t h 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  an  

a d s o r b a t e ’s  p a r t ia l  p r e s s u r e ,  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 ) .
A d s o r p t iv e  s e p a r a t io n  i s  a c h ie v e d  b y  o n e  o f  th r e e  m e c h a n i s m s :  s t e r ic ,  

k in e t ic ,  o r  e q u i l ib r iu m  e f f e c t .  T h e  s t e r ic  e f f e c t  d e r iv e s  fr o m  th e  m o le c u l a r  s i e v i n g  

p r o p e r t ie s  o f  z e o l i t e s  a n d  m o le c u la r  s i e v e s .  In  t h is  c a s e  o n l y  s m a l l  a n d  p r o p e r ly  

s h a p e d  m o l e c u l e s  c a n  d i f f u s e  in to  th e  a d s o r b e n t ,  w h e r e a s  o th e r  m o l e c u l e s  a re  t o t a l ly  

e x c lu d e d .  K i n e t i c  s e p a r a t io n  i s  a c h ie v e d  b y  v ir 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 l e .  A  la r g e  m a jo r ity  o f  p r o c e s s e s  o p e r a t e  t h 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 t u 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 r a t io n  p r o c e s s e s  ( Y a n g ,  
2 0 0 3 ) .



T a b l e  2 . 1 1  P a r a m e t e r s  o f  p h y s i c a l  a d s o r p t i o n  a n d  c h e m i s o r p t i o n  ( K u l p r a t h i p a n j a ,  2 0 0 9 )

P a ra m eters P h y sic a l A d so r p tio n C h e m iso r p tio n

H eat o f  A d so rp tio n  (A H ) l o w ,  <  2  o r  3  t im e s  la t e n t  h e a t  o f  e v a p o r a t io n h ig h ,  >  2  o r  3 t im e s  la t e n t  h e a t  o f  e v a p o r a t io n

S p ec ific ity n o n - s p e c i f i c h i g h l y  s p e c i f i c

N a tu re  o f  A d so r b e d  P h a se
m o n o la y e r  o r  m u lt i la y e r m o n o la y e r  o n l y

T e m p e r a tu r e  R a n g e

n o  d i s s o c ia t i o n  a d s o r b e d  s p e c i e s  

o n l y  s ig n i f i c a n t  a t r e la t iv e ly  l o w  te m p e r a tu r e s

v e r y  i n v o l v e  d i s s o c ia t i o n  

p o s s i b l e  o v e r  a  w i d e  r a n g e  o f  te m p e r a tu r e

F o rce  o f  A d so rp tio n  

R ev ers ib ility

n o  e le c t r o n  tr a n s fe r , a l t h o u g h  p o la r iz a t io n  

o f  s o r b a te  m a y  o c c u r  

r a p id , n o n - a c t iv a t e d  r e v e r s ib le

e le c t r o n  tr a n s fe r  l e a d in g  to  b o n d  f o r m a t io n  

b e t w e e n  s o r b a te  a n d  s u r f a c e  

a c t iv a t e d ,  m a y  b e  s l o w  a n d  ir r e v e r s ib le
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D e s u l f u r iz a t io n  b y  a d s o r p t io n  i s  b a s e d  o n  t h e  a b i l i t y  o f  a  s o l i d  s o r b e n t  

to  s e l e c t i v e l y  a d s o r b  o r g a n ic  s u lfu r  c o m p o u n d s  f r o m  r e f in e r y  s t e a m s .  B a s e d  o n  th e  

m e c h a n is m  o f  t h e  s u l fu r  c o m p o u n d  in t e r a c t io n  w i t h  t h 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 r p t io n  c a n  b e  d iv id e d  in t o  t w o  g r o 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  

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  i s  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 fu r  c o m p o u n d s  o n  t h e  s o l i d  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  i s  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 t h  a  d e s o r b e n t ,  r e s u lt in g  

in  a  h ig h  o r g a n ic  s u l fu r  c o m p o u n d  c o n c e n t r a t io n  f l o w , . R e a c t i v e  a d s o r p t io n  

d e s u l f u r iz a t io n  e m p l o y s  c h e m ic a l  in t e r a c t io n  o f  th e  o r g a n ic  s u lfu 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  i s  f i x e d  in  th e  s o r b e n t ,  u s u a l ly  a s  s u l f i d e ,  a n d  th e  s u l fu r - f r e e  

h y d r o c a r b o n  is  r e l e a s e d  in to  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 r b e n t  

r e s u lt s  in  s u l fu r  e l im in a t io n  a s  H 2 S , 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 i c i e n c y  o f  th e  d e s u l f u r i z a t io n  is  m a in ly  d e t e r m in e d  b y  t h e  s o r b e n t  p r o p e r t ie s — its  

a d s o r p t io n  c a p a c i t y ,  s e l e c t i v i t y  fo r  th e  o r g a n ic  s u lfu r  c o m p o u n d s ,  d u r a b i l it y  a n d  

r e g e n e r a b i l i t y  ( B a b i c h  et a l., 2 0 0 3 ) .
2.5.4.1 A dsorben ts fo r  D esulfurization

C o m m e r c ia l  a d s o r b e n t s  a re  d iv id e d  in t o  f o u r  m a jo r  t y p e s —  

a c t iv a t e d  c a r b o n , m o le c u l a r - s i e v e  z e o l i t e s ,  s i l i c a  g e l ,  a n d  a c t iv a t e d  a lu m in a .  A s  th e  

a d s o r p t io n  i s  a  s u r f a c e - r e la t e 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 re  a ll  
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 it  o f  w e i g 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 r o 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 ,  th 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 t e 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 r o m  a b o u t  3 0 0 - 1 , 2 0 0  

m 2/ g  ( R o u s s e a u ,  1 9 8 7 ) .  T a b le  2 .1 2  s h o w s  e x a m p l e s  o f  c o m m e r c i a l  a p p l i c a t io n s  o f  

t h e s e  s o r b e n ts  ( Y a n g ,  2 0 0 3 ) .
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T able 2.12 Adsorbents in commercial adsorption separations (Yang, 2003)

Separation Adsorbent
Gas B ulk Separations
Normal paraffins/isoparaffins, aromatics
N 2/O 2

0 2/n  2
CO, CH4, C 0 2, N2, Ar, N H 3/H2

Hydrocarbons/vent streams 

H20/ethanol
Chromatographic analytical separations 

Gas Purification
H20/olefin-containing cracked gas, 
natural gas, air, synthesis gas, etc. 
C 0 2/C2H4, natural gas, etc. 
Hydrocarbons, halogenated organics, 
solvents/vent streams 
Sulfur compounds/natural gas, hydrogen, 
liquefied petroleum gas (LPG), etc. 
s o lv e n t  streams 
Odors/air
Indoor air pollutants— VOCs 
Tank-vent emissions/air or nitrogen 
Hg/chlor-alkali cell gas effluent 
Liquid B u lk  Separations 
Normal paraffins/isoparaffins, aromatics 
p-xylene/o-xylene, m-xylene 
Detergent-range olefins/paraffin’s 
p-Diethyl benzene/isomer mixture

Zeolite
Zeolite
Carbon molecular sieve
Activated carbon followed by zeolite (in
layered beds)
Activated carbon

Zeolite (3A)
Wide range o f inorganic and polymer 
resin agents

Silica, alumina, zeolite (3A)

Zeolite, carbon molecular sieve 
Activated carbon, silicalite, others

Zeolite, activated alumina

Zeolite, activated carbon 
Silicalite, others
Activated carbon, silicalite, resins 
Activated carbon, silicalite 
Zeolite

Zeolite
Zeolite
Zeolite
Zeolite
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Table 2.12 (Cont.) Adsorbents in commercial adsorption separations (Yang, 2003)

Separation Adsorbent
Fructose/glucose
Chromatographic analytical separations

Liquid  Purifications
H2/organics, oxygenated organics, 
halogenated organics, etc., dehydration 
Organics, halogenated organics, 
oxygenated organics, 
etc./H20 — water purification

Inorganics (As. Cd, Cr, Cu, Se, Pb, F,
Cl, radio nuclides, etc.)/H20 — water 
purification
Odor and taste bodies/H20  
Sulfur compounds/organics 
Decolorizing petroleum fractions, syrups, 
vegetable oils, etc.
Various fermentation products/fermentor 
effluent
Drug detoxification in the body

Zeolite
Wide range o f inorganic, polymer, and 
affinity agents

Silica, alumina, zeolite, com grits 

Activated carbon, silicalite, resins

Activated carbon

Activated carbon 
Zeolite, alumina, others 
Activated carbon

Activated carbon, affinity agents

Activated carbon

Activated carbons and zeolites have been widely used as 
adsorbents in the separation and purification processes for gaseous or aqueous 
solution systems. Activated carbons have high adsorption capacity towards some 
organic and inorganic compounds due to large specific surface area, high adsorbate- 
adsorbent physical and chemical attraction and balanced macro-, meso- and micro­
porosity while at the same time the steric hindrance o f particle diffusion is minimized 
with regard to the sizes o f the molecules being adsorbed (Bagreev et al., 2004; Johns 
et a i, 1999).
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Zeolites can be successfully used for the selective adsorption 
o f polar or polarizable molecules such as water and CO2 and sulfur-containing 
molecules from some petroleum fractions. These adsorbents are hydrophilic and 
contain large void fractions. Synthetic zeolites have a well defined crystalline lattice 
o f metal alumina silicates which contains uniform pore sizes (Muzic et a l, 2010). 
This framework has a unique property o f selectively adsorbing molecules on the 
basis o f their size, configuration, polarity and other physical characteristics (Bakr et 
a l, 1997).

There are several published reports investigating the use of 
activated carbons and zeolites for sulfur removal from hydrocarbon liquids (Kim et 
a l, 2006; Bakr et a l, 1997; Sano et a l, 2005; Lee et a l, 2002).

a) Activated Carbon
Activated carbon material is a hydrophobie porous 

material with very high surface area and large pore volume. It has been widely used 
in deodorization, decolorization, purification o f drinking water, treatment o f waste 
water, adsorption and separation o f various organic and inorganic chemicals.

Haji and Erkey (2003) studied on the desulfurization o f a 
model diesel (DBT in n-hexadecane) by using carbon aerogels as adsorbents. They 
found that the saturation adsorptive capacity o f a carbon aerogel with pore size of 22 

rail was 15 mg o f sulfur per gram o f adsorbent (mg-S/g-A) and the carbon aerogel 
selectively adsorbed DBT over naphthalene. Sano et a l  (2004) reported an 
interesting work on adsorptive desulfurization o f real gas oil over activated carbon 
materials with surface area from 683-2,972 m 2/g. They found that using the activated 
carbon materials can remove sulfur and nitrogen species from gas oil (Kim et a l,  
2006).

Activated carbon is a microcrystalline, nongraphitic form 
o f carbon that has been processed to develop internal porosity. Activated carbon is 
normally made by thermal decomposition o f carbonaceous material followed by 
activation with steam or carbon dioxide at elevated temperature (700-1,000 °C). The 
structures o f activated carbon are stacked together in random orientation and it is the 
spaces between the crystals which form the micropores. The porosity yields the 
surface area that provides for the ability to adsorb gases and vapors from gases, and
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dissolved or dispersed substances from liquids. The actual distribution and the total 
pore volume associated with each pore size range are however sensitive to the 
conditions o f the initial pyrolysis and activation procedures. Typical ranges are given 
in Table 2.13, but by special procedures, it is possible to prepare activated carbons 
with even higher porosity, surface area, and adsorptive capacity.

Table 2.13 Pore sizes in typical activated carbon (Ruthven, 1984)

Properties Mesopore orMicropore Transitional Pores Macropores

Diameter (Â) < 2 0  20-500 > 5 00
Pore volume (cm3/g) 0. 15-0.5 0.02-0.1 0 .2 - 0 .5
Surface area (m2/g) 10 0 - 1,000  1 0 -1 0 0 0.5-2
(Particle density 0.6-0.9 g/cm3; porosity 0 .4-0 .6)

b) Activated Alumina
Activated alumina is a porous high-area form of aluminum 

oxide, prepared either directly from bauxite (AI2O3OH2O) or from the monohydrate 
by dehydration and recrystallization at elevated temperature. The surface area is 
more strongly polar than that o f silica gel and has both acidic and basic character, 
reflecting the amphoteric nature o f the metal (Ruthven, 1984). The surface acidity is 
the most important property for both adsorption and catalysis. Unlike silica, Lewis 
acid sites are usually abundant on aluminas. These are the Al3+ sites on the surfaces. 
There are both tetrahedral and octahedral Al3+ sites. The acidity o f the surface can be 
increased with acid, such as HC1 and HF. Partial conversion o f a fully hydrate 
alumina surface by the acid treatment would form a surface that contains both Cl" 
and OH" groups:

OH" OH" OH" OH" OH" OH"
Al3+ Al3+ Al3+ Al3+ Al3+

Cl" OH" Cl" OH" OH" Cl"
a i3+ a i3+ a i3+ > + a i3+
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Activated alumina is a versatile sorbent that can be 
tailored for many special applications. New applications continue to be developed, 
mainly by aluminum companies. The following are proven applications o f various 
tailored alumina (Yang, 2003):

• Removal o f HC1 and HF from gases and liquids;
• Removal o f acidic gases (COS, CO2, H2S, CS2) from

hydrocarbons;
• Removal o f oxygenates and Lewis Bases;
• Removal o f polar organic compounds;
• Removal o f As5+, PO43", c r ,  and F ' from water;
• Scavenger for organic process liquids;
• Alkalized alumina for SO2 removal.

In 2009, Srivastav and Srivastava (2009) studied the usage 
o f commercial grade activated alumina (aluminum oxide) as adsorbent for the 
removal o f sulfur from model oil (dibenzothiophene dissolved in n-hexane). They 
concluded that alumina could be used as adsorbent for the desulfurization o f liquid 
fuels.

c) Molecular-Sieve Zeolites
The zeolites that are in commercial use today are mainly 

the types in M ilton’s invention; that is types A, X, and Y. Zeolites are crystalline 
aluminosilicates o f group IA and group IIA elements such as sodium, potassium, 
magnesium, and calcium, and are represented by the chemical composition:

Mx7n[(A102)x.(Si02)y ] - wH20
where ท is the valence o f cation M, พ is the number o f water molecules per unit cell, 
x ’ and y ’ are the total number o f tetrahedral per unit cell, and x ’/y ’ usually has values 
o f 1-5.

The zeolites o f most interest in catalysis are those having 
medium to large pore sizes, consisting o f 10 - or 1 2 -ring oxygen atoms, and having 
relatively high Si/Al ratios. The latter may stem from the initial synthesis method or 
from subsequent treatments. Zeolites o f high current interest industrially include 
zeolite Y and mordenite, which have a 12-ring system, and zeolite ZSM-5, which has 
a 10-ring system (Ruthven, 1984; Rousseau. 1987).
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d) Silica Gel
Silica gel is a partially dehydrated form o f polymeric 

colloidal silicic acid. The chemical composition can be expressed as Si0 2 .nH2 0 . The 
water content, which is present mainly in the form o f chemically-bound hydroxyl 
groups, amounts typically to about 5 wt%. The surface area is generated by the very 
fine size o f the colloidal particles. They exhibit surface areas from as low as 100 
m2/g for the “aerogels” to over 800 m2/g. The product is provided both in granular 
and spherical forms. The silica-gel surface has an affinity for water and organics, 
although water is preferred. The surface o f the silica gel can be in a fully 
hydroxylated form (S i-O -H ) or in a dehydrated siloxane form (S i-O -S i).

The primary adsorptive application o f silica gel is in the 
dehydration o f gases and liquids. บทtil the advent o f the application o f cryogenic 
technology in the natural gas industry, silica gel was commonly used to recover 
hydrocarbons from natural gas streams.

2.5.4.2 . Types o f  Metal Loading on Adsorbent
, In a past few years, there were a lot o f researches which 

concentrated on the removal o f sulfur compounds from transportation fuels by using 
various types o f metals. There are two major types o f oxidation number that are 
usually used: 1+ and 2+. These metals can increase the capacity and selectivity o f the 
adsorption o f organic sulfur compounds.

For the 1+ oxidation numbers, such as Ag+ and Cu+ were 
studied by many researchers. For example, Yang et al. (2001) studied Cu(I)-Y and 
Ag-Y as selective sorbents for desulfurization o f liquid fuels. Thiophene and benzene 
were used as the model system and vapor-phase isotherms were measured. The 
results show that Cu(I)-Y and Ag-Y adsorbed significantly larger amounts o f both 
thiophene and benzene at low pressures as a result o f 71-complexation with Cu+ and 
Ag+. On a per-cation basis, more thiophene was adsorbed by Cu+ than by Ag+. 
Hernandez et al. (2004) studied the desulfurization o f a commercial diesel fuel by 
used different adsorbents with Cu(I) in a fixed-bed adsorber operated at ambient 
temperature and pressure. They observed that the adsorbents tested for total sulfur 
adsorption capacity at breakthrough followed the order: AC/Cu(I)-Y > Cu(I)-Y > 
Selexsorb1'1 CDX (alumina) > CUCI/Y-AI2O3 > activated carbon > Cu(I)-ZSM-5.
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The 2+ oxidation numbers, N i2+, Cu2+, Fe2+, and Zn2+ can be 
also used. For example, Hernandez et al. (2004) studied the desulfurization o f a 
commercial diesel fuel by different Ni(II)-exchanged faujasite zeolites. The results 
show that the adsorbents tested for total sulfur adsorption capacity at breakthrough 
followed the order: Selexsorb CDX (alumina)/Ni(II)-Y (SSIE-500) > Selexsorb CDX 
(alumina)/Ni(II)-X (LPIE-RT) > Ni(II)-Y (SSIE-500) > Ni(II)-X (LPIE-RT) > 
Ni(II)-Y (LPIE-135). King et al. (2006) studied the desulfurization o f gasoline by 
divalent copper-exchanged zeolite Y (Cu(II)-Y) zeolite. Sulfur removal was found to 
be greater at 150 ๐c  than at lower temperature for Cu(II)-Y adsorbents containing as 
the secondary cation either Na+ (CuNaY) or H+ (CuHY). Overall, the CuHY zeolite 
showed somewhat better desulfurization performance. Bhandari et al. (2006) studied 
on sulfur removal to acceptable levels by using adsorption process at room 
temperature. They used Y-zeolites, ion exchanged with metal ions that are capable of 
Tt-complexation. A very high sulfur removal capacity has been observed for Ni-Y 
(-42  mg/g) and Cu-Y (-31 mg/g) zeolites. These along with other ion exchange 
zeolites such as Fe-Y and Zn-Y have been found to effectively remove sulfur from 
commercial diesel, although the capacity in the later case was lower than that 
observed with model diesel. Zhang et al. (2008) studied the adsorptive removal o f 
organic sulfur compounds including dibenzothiophene (DBT) and 4,6- 
dimethyldibenzothiophene (4,6-DMDBT) on various ion exchanged Na-Y zeolites 
with single Cu2+, Zn2+, Ag+ and the combined Cu2+-Zn2+, Zn2+-Nd3+, N i2+-Nd3+ in 
model systems. It was observed that the desulfurization efficiency follows the order 
o f direct adsorption > oxidation-adsorption > direct-oxidation. The Ag-Y and CuZn- 
Y are very capable o f removing DBT and 4,6-DMDBT adsorption approach. The co­
exchanged CuZn-Y adsorbent is a promising competitor to Ag-Y according to deep 
desulfurization performance for DBT and 4,6-DMDBT as well as the higher stability 
o f adsorbent.

Moreover 3+ oxidation number can be used, such as Ce3+. 
Xue et al. (2005) observed the adsorption o f thiophene and 1-benzothiophene in 
model gasoline using NaY-zeolites exchanged with Ag+, Cu2+, and Ce3+ ions and 
NELtY-zeolites exchanged with Ce3+ ions. The results show that the sulfur uptake 
increased in the order CuY-zeolite(Na) < AgY-zeolites(Na) < CeY-zeolite(Na) for
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both the organic sulfur compounds. CeY-zeolite(NH4) which was prepared from 
NfUY-zeolite showed less uptake thiophene and 1-benzothiphene than CeY- 
zeolite(Na) probably due to its lower cerium content.

2.5.4.3 Adsorbent Preparation
a) Precipitation and Coprecipitation

The preparation o f catalysts and supports by precipitation 
or coprecipitation is technically very important. However, precipitation is usually 
more demanding than several other preparation techniques, due to the necessity o f 
product separation after precipitation and the large volumes o f salt-containing 
solutions generated in precipitation processes. On other systems precipitation 
techniques are also used, for instance in the production o f iron oxides, titanium 
oxides or zirconias. The main advantages o f precipitation for the preparation o f such 
materials are the possibility o f creating very pure materials and the flexibility o f the 
process with respect to final product quality.

Other catalysts, based on more than one component, can 
be prepared by coprecipitation. According to IUPAC nomenclature, coprécipitation 
is the simultaneous precipitation o f normally soluble component with a 
macrocomponent from the same solution by formation o f mixed crystal, by 
adsorption, occlusion or mechanical entrapment. However, in catalyst preparation 
technology, the tenu is usually used in a more general sense in that the requirement 
of one species being soluble is dropped. In many cases, both components to be 
precipitated are essentially insoluble under precipitation conditions, although their 
solubility products might differ substantially. We will therefore use the term 
coprecipitation for the simultaneous precipitation o f more than one component. 
Coprecipitation is very suitable for the generation o f a homogeneous distribution of 
catalyst components or for the creation o f precursors with definite stoichiometry, 
which can be easily converted to the active catalyst. Such a good dispersion o f 
catalyst components is difficult to achieve by other means o f preparation, thus 
coprecipitation will remain an important technique in the manufacture o f 
heterogeneous catalysts in spite o f the disadvantages associated with such processed. 
These disadvantages are the higher technological demands, the difficulties in 
following the quality o f the precipitated product during the precipitation, and the
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problem in maintaining a constant product quality throughout the whole precipitation 
process, if  the precipitation is carried out discontinuously.

The investigations o f crystallization and precipitation 
processes from solution often have to rely on indirect and theoretical methods. Figure 
2.19 depicts a general flow scheme for the preparation o f a precipitation catalyst.

metal solution

precipitate

[aging,
modification], 
spray drying

filter cake

precipitation by physical 
or chemical means

[aging, modification], 
filtering

[aging, modification], 
drying

-*■  dry precursor

shaping
preformed
precursor

I  calcination
catalyst

calcination

active phase 

I  shaping
catalyst

Figure 2.19 Preparation scheme for precipitated catalyst. Optional preparation steps 
are indicated by square brackets (Ertl et al., 1997).

b) Sol-Gel Process
The sol-gel process involves first the formation o f a sol 

followed by that o f a gel. A sol, which is a liquid suspension o f solid particles 
ranging in size from 1 nm to 1 micron, can be obtained by the hydrolysis and partial 
condensation o f precursor such as an inorganic salt or a metal alkoxide. The further 
condensation o f sol particles into a three-dimension network produces a gel, which is
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a diphasic material with a solid encapsulating a solvent. Alternatively, a gel can be 
produced by destabilizing a solution of performed sols. In either case the materials 
are referred to aquasol (or aquagel) when water is used as a solvent, and alcosol (or 
alcogel) when alcohol is used. The encapsulated liquid can be removed from a gel 
by either evaporative drying or drying with supercritical extraction. The resulting 
solid products are known as xerogel and an aerogel, respectively. The single most 
important characteristic o f the sol-gel preparation o f catalytic materials in its ease o f 
control that translates into the following advantages:

• The ability to maintain high purity (because o f purity o f 
staring materials)

• The ability to change physical characteristics such as pore 
size distribution and pore volume

• The ability to vary compositional homogeneity at a 
molecular level

• The ability to prepare samples at low temperatures
• The ability to introduce several components in a single 

step
• The ability to produce samples in different physical forms 

Figure 2.20 shows the four key steps in taking a precursor
to a particular product form via sol-gel preparation: formation o f gel, aging o f gel, 
removal o f solvent, and heat treatment.

c) Ion Exchange
Ion exchange consists o f replacing an ion in an 

electrostatic interaction with the surface o f a support by another ion species. The 
support containing ion A is plunged into an excess volume (compared to the pore 
volume) o f a solution containing ion B that is to be introduced. Ion B gradually 
penetrates into the pore space o f the support and takes the place o f ion A, which 
passes into the solution, until equilibrium is established corresponding to a given 
distribution o f the two ions between the solid and the solution.
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Figure 2.20 Schematic diagram showing the various steps o f a sol-gel process (Ertl 
e ta l., 1997).

Almost all solid mineral supports are oxides. They behave 
like ion exchangers when their surface bears electric charges. Two categories may be 
distinguished: natural exchangers which are composed o f framework bearing electric 
charges neutralized by ions o f opposite sign and amphoteric oxides (Ertl et al., 1997).
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d) Impregnation
Preparation o f impregnated catalysts usually involves 

filling the pore structure o f shaped, porous support body with a solution o f catalyst 
component(s), removing the solvent, and activating the catalyst. The impregnating 
solution may be a simple water solution o f one or more soluble salts o f the metal(s) 
and counter-ions to be deposited, or it may be a complex mixture incorporating 
solubilizing agents and/or reactants, such as reducing agents that function during as 
activation step.

Incipient wetness impregnation is a commonly used 
technique for the synthesis o f heterogeneous catalysts. Typically, the active metal 
precursor is dissolved in an aqueous or organic solution. Then the metal-containing 
solution is added (the solution may be sprayed into the support in blending operation) 
to a catalyst support containing the same pore volume as the volume o f solution that 
was added. Capillary action draws the solution into the pores. The resulting mixture 
appears dry to the eye, thus the name dry impregnation has been applied. The 
catalyst can then be dried and calcined to drive o ff the volatile components within 
the solution, depositing the metal on the catalyst surface. The maximum loading is 
limited by the solubility o f the precursor in the solution. The concentration profile o f 
the impregnated compound depends in the mass transfer conditions within the pores 
during impregnation and drying.

This method works well with supports that have relatively 
large, open-ended pores, even with aqueous solutions having a relatively high surface 
tension. Careful attention must be paid to the viscosity o f the solution, which affects 
how much solution can be adsorbed by the solid. Certain hydrotreating catalysts 
containing transition metals on alumina are examples o f the use o f this 
manufacturing method.

For catalyst supports with extremely small pores or a 
closed-end pore structure, it may be difficult to fill the support completely with 
impregnating solution by the dry impregnation method. In this case, immersion of 
the support in a solution containing the catalytically active components usually is 
more effective. Unless the solvent used has a high vapor pressure or contains 
dissolved gases, a complete pore volume impregnation usually can be aided by the
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use o f vacuum. In this case, the bare support is placed in suitable vessel, the air is 
withdrawn, and sufficient solution is introduced to cover the support while it is under 
vacuum. Air, or in some cases another gas, is then admitted to the vessel until at least 
atmospheric pressure is established, which forces the liquid into the evacuated pore 
structure o f the support. Excess liquid is drained from the wet support and the excess 
solution is discharged. Liquids are removed from the impregnated support by 
controlled heating with or without the use o f reduced pressure. Depending on the 
nature of. the finished catalyst, the impregnated support may or may not be treated 
further or calcined in subsequent steps (Grant, 1992).

2.5.4.4 Dispersing Agent
By definition, dispersing agent is an additive, exhibiting 

surface activity, which is added to a suspending medium to promote uniform and 
maximum separation o f extremely fine solid particles, often o f colloidal size. It is 
noted that although dispersing agents achieve results similar to compatibilizers, they 
function differently in that they reduce the attractive forces between fine particles, 
which .. allow them to be more easily separated and dispersed 
(http://old.iupac.org/goldbook/ DT07266.pdf).

In year 2009, Rinaldi et al. studied the effect o f citric acid 
(CA) addition on the HDS o f thiophene over C0-M 0/B 2O3/AI2O3 catalysts. And 
characterized the catalysts by means o f a variety o f physicochemical techniques such 
as LRS, Mo K-edge EXAFS, NO adsorption capacity measurements, and U V-vis 
spectra. They concluded that the addition o f citric acid considerably increases the 
HDS activity o f C0-M 0/B2O3/AI2O3 catalysts up to CA/Mo mole ratio = 1, but a 
further addition o f citric acid causes no activity increase.

For the following year, they studied on the M 0O3/AI2O3 

catalysts using citric acid (CA) as a chelating agent by a simultaneous impregnation 
method or by a post-treatment method. The catalyst was tested for the HDS of 
thiophene. The catalysts were characterized by means o f LRS, XRD, Mo K-edge 
EXAFS and XANES, NO adsorption capacity, and surface area measurements. They 
concluded that the addition o f citric acid by the post treatment method is very 
effective to greatly improve the edge dispersion o f M0 S2 particles on the catalysts 
and thus the HDS activity o f the resulting CA/Mo/Al and Co/CA/Mo/Al catalysts.

http://old.iupac.org/goldbook/
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2.5.4.5 Regeneration o f  Adsorbent
Desorption or regeneration step is quite important in the 

overall process. First, desorption allows recovery o f adsorbates in those separations 
where they are valuable; and second, it permits reuse o f the adsorbent for further 
cycles. In a few cases, desorption is not practical, and the adsorbate must be removed 
by thermal destruction or another chemical reaction, or the adsorbent is simply 
discarded.

Wang and. Yang (2007) studied the desorption o f 
PdCl2/activated carbon after saturated with the model jet fuel by using ultrasound- 
assisted sorbent regeneration. The. desorption was conducted in a static bath of 
solvent at room temperature and 50 °c. The results showed that the amount o f sulfur 
desorbed depended on the time and temperature. W ith increasing desorption time, the 
amount o f sulfur desorbed reach a constant value. They also found that ultrasound 
was an effective technique for regenerating spent PdC y  activated carbon. Kaewboran 
(2005) investigated the desorption o f NaX after the desulfurization o f the sulfur 
compounds such as 3-MT and BT in simulated gasoline and DBT in simulated diesel 
by heating technique at 400 °c. The result was not proper for DBT but 3-MT and BT. 
In addition, the recovered adsorption capacity o f NaX that adsorbed with BT was a 
slightly lower than 3-MT. Xue et al. (2005) found that the regeneration o f CeY- 
zeolite (Na) was accomplished by calcining at 450 °c in air for 2 hours. More than 
90% o f that o f the first adsorption was recovered. Hernandez et al. (2004) 
regenerated the layered adsorbents by using two techniques. In regeneration o f 
AC/Cu(I)-Y zeolite by using solvents, the e c u  showed the highest capacity recovery 
when compared with DMF, methanol and toluene. When regenerated by flowing air 
at 350 ๐c  for 6 hours followed by autoreduction, the CDX/Cu(I)-Y can be fully 
regenerated while the AC/Cu(I)-Y can recover only 85%. Hernandez et al. (2004) 
reported that the regeneration o f Ni(II)-Y (SSIE-500) was achieved by calcination in 
dry air at 350 ๐c  for 6 hours. Hernandez et al. (2004) demonstrated that Selexsorb 
CDX Cu(I)-Y (VPIE) was regenerated by using air at 350 °c followed by reduction 
o f the copper species in helium.
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2.5.5 n-Com plexation Sorbents
The 71-complexation bond is typically a weak bond that can be formed 

between the sorbent and sorbate. The sorbents that are used for separation and 
purification based on Jt-complexation are called 71-complexation sorbents. 
Development o f 71-complexation sorbents began only recently. A number o f sorbents 
have already been used commercially, and tremendous potential exists for future 
applications in separation and purification, both for the chemical/petrochemical 
industry and environmental applications. All major industrial adsorption processes 
are based on van der Waals and electrostatic interactions between the sorbate and 
sorbent. Chemical bonds have yet to be exploited in a significant way. Chemical 
complexation has been studied and used on a large scale in a number o f other 
separation and purification processes by using mass separating'agents.

Chemical complexation bonds are generally stronger than van der 
Waals interactions (thus giving rise to higher selectivities), many o f them are weak 
enough to be reversible (i.e., to be broken by simple engineering means). The ท- 
complexation is a special class o f chemical complexation; For 7t-complexation 
sorbents, it pertains to the main group (or d-block) transition metals (and there are 27 
elements). When interact with a gas or solute molecule, these metals and their ions 
can form the usual a  bonds with their s-orbitals and. in addition, their d-orbitals can 
back-donate electron density to the antibonding TT-orbitals o f the molecule to be 
bonded (Yang, 2003) (see Figure 2 .21,2.22 and 2.23).

During the last decade, 71-complexation sorbents have been developed 
for many applications, including desulfurization, olefin/paraffin, diene/olefin, and 
aromatics/aliphatics separations. For desulfurization, transition-metal ion exchanged 
zeolites have used to selectively remove organosulfur molecules from commercial 
fuels like diesel and gasoline.

Molecular orbital calculations have shown that the 71-complexation 
bonds between Cu+ or Ag+ and thiophene are stronger than that with benzene (Yang, 
et a l ,  2001). Moreover, it was determined that the 71-complexation bond was stronger 
for substituted thiophenes over non-substituted ones and thus 7t-complexation 
sorbents are selective for sulfur removal from transportation fuels (Hernandez et a l,  
2005).
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In 2005, Hernandez and coworkers used a CUCI/Y-AI2O3 sorbent 
prepared by incipient wetness impregnation methods for desulfurization o f a 
commercial diesel fuel (297.2 ppmw ร). They found that these cuprous 71- 
complexation sorbents selectively adsorb thiophenic compounds over aromatics and 
olefins (as predicted by the high separation factors), which resulted in the observed 
desulfurization capability. CuCl/y-AhCb is a promising sorbent for selective removal 
o f all sulfur compounds from a commercial je t fuel and a BP diesel.

Figure 2.21 Schematic representation for desulfurization o f 4,6-DM DBT with 
molybdenum-based (A) and copper(I)-based (B) adsorbents. Case (B) corresponds to 
7i-complexation (Hernandez et a l ,  2005).

Figure 2.22 Copper ions occupying faujasite 6-ring windows sites (A); o-donation 
o f jr-electrons o f thiophene to the 4s orbital o f copper(I) (B); d - 7t* backdonation o f 
electrons from 3d orbitals o f copper(I) to ท *  orbitals o f thiophene (C). Here 3d 
represents dXy, dyZ or dxz, or 3 o f the 53d orbitals (Hernandez et a l ,  2005).
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Figure 2.23 Means o f interaction for a DBT molecule with NiY, corresponding to 7t- 
complexation (Juan et a l ,  2009).

2.5.6 Fixed-Bed Adsorption
Fixed-bed adsorption processes are ubiquitous throughout the 

chemical process and other industries. The phenomenon o f adsorption is an attraction 
o f adsorbate molecules to specific interaction between adsorbate molecules (aromatic 
rings or specific atoms) and the adsorbent surface. Figure 2.24 illustrates the 
breakthrough curve used to represent the adsorption process.

F igure 2.24 Idealized breakthrough curve o f a fixed-bed adsorber 
(http://www.activated-carbon.com/solrec3.html).

http://www.activated-carbon.com/solrec3.html
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Figure 2.24 plots the relationship between outlet concentration o f 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 o f the adsorbent bed during operation. 
That is, as the adsorbent near the influent becomes saturated (spent) with adsorbate, 
the zone o f active adsorption moves toward the effluent end o f the bed where the 
adsorbate is not yet saturated. The MTZ is sometimes called the adsorption zone or 
critical bed depth.

The length o f the MTZ can be defined as LMTZ. When LMTZ is 
equal to bed depth, it becomes LCRIT, or the theoretical minimum bed depth 
necessary to obtain the desired removal. 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 o f less strongly adsorbed components, the effluent 
concentration very seldom reaches the influent concentration because only the 
components with the faster rate o f movement through the adsorber are in the 
breakthrough curve.

Dynamic desorption capacity is influenced by many factors, such as 
flow rate, temperature, bed length, and concentration o f the bed. The adsorption 
column may be considered exhausted when the effluent adsorbate concentration 
equals 95-100%  o f the influent concentration. As the concentration wave moves 
through the bed. most o f the mass transfer is occurring in a fairly small region. This 
mass transfer zone moves down the bed until it breaks through. The shape o f 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 shape o f the wave front may change as it moves through 
the bed, and the mass transfer zone broadens or diminishes. Unfavorable and linear 
isotherms tend to broaden. Favorable Tangmuir 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 (Ho Nhoc, 2007).
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2.6 Inverse Gas Chromatography (IGC) Characterization

Inverse chromatography can be considered as a dynamic sorption technique. 
Unlike in analytical chromatography the stationary phase is the sample under 
investigation while a substance in the mobile phase acts as a probe molecule. This 
means the roles o f the phases are inverted and this is where the name inverse 
chromatography comes from. An empty column is filled with the (porous) material 
under investigation (adsorbent) and the probe molecule (adsorbate) in the mobile 
phase probes the surface o f the adsorbent (Thielmann, 2004).

2.6.1 IGC Theory
Inverse chromatography can be utilized in the gas phase as well as in 

the liquid phase. Although there is a significant interest in the field o f inverse liquid 
chromatography (ILC) only little work was done so far compared to the numerous 
publications on inverse gas chromatography (IGC) found in literature.

IGC is usually used as gas-solid chromatography (in older literature 
often referred to as GSC), meaning the probe is a gas or a vapor interacting with the 
solid sample. A less frequently-used but also interesting variation o f IGC is gas- 
liquid chromatography (in older literature often referred to as GLC) where the probe 
is again a gas or a vapor but the stationary phase is a liquid. O f course only liquids 
with a considerable viscosity, which have been “coated” on an inert carrier material, 
can be investigated.

IGC measurements can be carried out using a pulse or frontal 
technique. In a pulse experiment a certain amount o f the probe molecule is injected. 
This pulse is transported by the mobile phase (carrier gas) through the system to the 
column with the solid sample. Subsequently, adsorption and desorption occurs and 
the result is a peak in the chromatogram. An alternative is the frontal technique. In 
this case the probe molecule is added continuously to the carrier gas and the 
chromatogram shows a breakthrough curve. The benefit o f the frontal technique is 
that equilibrium can be always established due to its continuous nature while pulse 
chromatography requires the assumption o f a fast equilibration o f the probe molecule 
adsorbing on the surface.
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W h e t h e r  o r  n o t  a  p u l s e  e x p e r im e n t  r e p r e s e n t s  e q u i l ib r iu m  v a lu e s  

d e p e n d s  s t r o n g ly  o n  th e  c a r r ie r  g a s  f l o w  ra te . G e n e r a l ly  it c a n  b e  s a id  th a t  th e  lo w e r  

th e  f l o w  r a te  th e  m o r e  l ik e l y  a  s y s t e m  is  in  e q u i l ib r iu m  ( M u k h o p a d h y a y  a n d  

S c h r e ib e r ,  1 9 9 5 ) .  O n  th e  o th e r  h a n d  l o w  f l o w  r a te s  m e a n  lo n g e r  e x p e r im e n t a l  t im e s  

a n d  b r o a d e r  p e a k s .  T h e  la t te r  m ig h t  r e d u c e  th e  a c c u r a c y  o f  t h e  r e t e n t io n  t im e  

d e t e r m in a t io n .
A f t e r  th e  in j e c t io n  o f  th e  p r o b e  m o le c u l e  a d s o r p t io n  t a k e s  p la c e  at th e  

s a m p le  in  t h e  c o lu m n  f o l l o w e d  b y  d e s o r p t io n .  T h e s e  in t e r a c t io n s  c a u s e  r e te n t io n ,  
s im i la r  to  a n a ly t ic a l  c h r o m a t o g r a p h y . F o r  th is  r e a s o n  th e  p r im a r y  in f o r m a t io n  o f  a n  

I G C  e x p e r im e n t  is  th e  r e t e n t io n  t im e ,  o r  t o  b e  m o r e  a c c u r a t e  th e  g r o s s  r e t e n t io n  t im e .
T h e  r e t e n t io n  t im e  is  m e a s u r e d  b y  t y p ic a l  c h r o m a t o g r a p h ic  d e t e c t io n  

m e t h o d s  s u c h  a s  f l a m e  io n iz a t io n  ( F I D )  o r  th e r m a l c o n d u c t iv i t y  ( T C D )  d e te c to r .  T h e  

F I D  h a s  t h e  b e n e f i t  o f  a  h ig h e r  s e n s i t iv i t y  b u t i s  l im i t e d  t o  m a in ly  o r g a n ic s  w h i l e  th e  

T C D  is  m o r e  v e r s a t i l e  b u t v e r y  l im it e d  in  s e n s i t iv i t y .
A s  fa r  a s  th e  c o lu m n s  a re  c o n c e r n e d ,  th e  l it e r a tu r e  d e s c r ib e s  a  v a s t  

a m o u n t  o f  d i f f e r e n t  c o l u m n  le n g th  a n d  d ia m e t e r s  fo r  d i f f e r e n t  a p p l i c a t io n s .  H o w e v e r ,  
th e r e  a re  s o m e  c r it e r ia  th a t  h e lp  to  s e l e c t  th e  r ig h t  c o l u m n  l e n g t h  a n d  d ia m e te r .  T h e  

d ia m e t e r  s h o u ld  b e  g e n e r a l ly  ra th er  s m a l l  to  k e e p  g a s - p h a s e  d i f f u s io n  e f f e c t s  to  th e  

m in im u m . O n  th e  o th e r  h a n d , it c a n  b e  b e n e f i c ia l  to  h a v e  w id e r  d ia m e t e r s  i f  

m a t e r ia ls  w i t h  s m a l l  p a r t ic le  s i z e s  h a v e  to  b e  p a c k e d  in  o r d e r  t o  a v o i d  a  b ig  p r e s s u r e  

d r o p . T h e  c o l u m n  le n g t h  i s  n o t  a s  c r u c ia l  a s  th e  b e d  le n g t h  o f  t h e  p a c k e d  s ta t io n a r y  

p h a s e .  U s u a l ly  p a c k e d  b e d s  are  s u p p o r te d  o n  a  p o r o u s  f i l t e r  o r  h o ld  in  p la c e  w it h  

g la s s  w o o l  p lu g s .  F o r  t h is  r e a s o n  th e  c o lu m n  c a n  b e  l o n g e r  th a n  t h e  p a c k in g .  
H o w e v e r ,  it  i s  a d v i s a b le  t o  k e e p  th e  c o lu m n  le n g t h  c l o s e  to  th e  t y p ic a l  b e d  le n g t h  fo r  

a n  a p p l ic a t io n  t o  a v o id  a d d it io n a l  p e a k  b r o a d e n in g  d u e  t o  g a s  p h a s e  d i f f u s io n .
T h e  le n g t h  o f  th e  p a c k e d  b e d  d e p e n d s  e n t ir e ly  o n  th e  u p ta k e  c a p a c i t y  

o f  th e  s a m p le  a n d  t h e  a m o u n t  o f  v a p o r  in j e c t e d .  T h is  i s  p a r t ic u la r ly  im p o r ta n t  in  th e  

c a s e  o f  p u l s e  e x p e r im e n t s .  It m u s t  b e  in s u r e d  th a t  th e  r e t e n t io n  i s  s t r o n g  e n o u g h  

( g o o d  s e p a r a t io n  b e t w e e n  p r o b e  a n d  tr a c e r  p e a k )  to  o b t a in  r e p r o d u c ib le  a n d  a c c u r a te  

r e s u lt s .  T h is  c a n  b e  c r o s s - c h e c k e d  b y  r e p e a t in g  t h e  e x p e r im e n t s  w i t h  d if f e r e n t  

c o lu m n  m a s s e s .  I f  th e  f in a l  r e s u lt s  ( th e  p a r a m e te r s  m e a s u r e d )  a r e  m a s s - in d e p e n d e n t  

it  c a n  b e  c o n c lu d e d  th a t  e n o u g h  m a s s  h a s  b e e n  u s e d  in  t h e  c o l u m n  in  r e la t io n  to  th e
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a m o u n t  o f  p r o b e  m o l e c u l e  in j e c t e d .  T h e  q u a l i ty  o f  th e  r e s u l t s  d e p e n d s  o f  c o u r s e  

s ig n i f i c a n t ly  o n  t h e  t e c h n ic a l  s o p h is t i c a t io n  o f  t h e  a p p a r a tu s  u s e d .  S im p le  

c o n v e r s i o n s  o f  r e g u la r  g a s  c h r o m a t o g r a p h s  u s u a l ly  d o  n o t  d e l iv e r  th e  r e q u ir e d  

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

e x p e r im e n t a l  s e t - u p .  C r it ic a l  s y s t e m  c o m p o n e n t s  in c lu d e  th e  c o lu m n  o v e n  

t e m p e r a tu r e  s t a b i l i t y  a n d  u n i f o r m it y ,  th e  c o n t r o l  o f  th e  c a r r ie r  g a s  f l o w  r a te , th e  

in j e c t io n  s y s t e m  ( f o r  r e p r o d u c ib le  in j e c t io n  q u a n t i t i e s )  a s  w e l l  v a p o r  g e n e r a t io n  

s y s t e m  ( t e m p e r a tu r e  s t a b i l i t y  a n d  a c c u r a c y ) .  G e n e r a l ly  it  c a n  b e  c o n c lu d e d  th a t  th e  

m o r e  s o p h is t i c a t e d  t h e  t e c h n o l o g y  th e  s h o r te r  th e  r e q u ir e d  c o lu m n  le n g t h ,  a n d  

t h e r e f o r e ,  th e  fa s t e r  th e  e x p e r im e n t  w i t h o u t  a n y  c o m p r o m i s e  in  a c c u r a c y  a n d  

r e p r o d u c ib i l i t y  ( T h ie lm a n n ,  2 0 0 4 ) .

2 .6 .2  T o p o lo g i c a l  I n d e x
In  1 9 9 7 ,  E r ic  B r e n d lé  a n d  E u g è n e  P a p ir e r  h a v e  p r o p o s e d  t h e  w o r k  o n  

th e  t o p o l o g ic a l  i n d e x ,  Xt . T h is  in d e x  is  a  m o d i f i c a t i o n  o f  t h e  W ie n e r ’s  in d e x  f o r  th e

e v a lu a t io n  o f  t h e  r e t e n t io n  d a ta  o f  n o n - p o la r  a n d  p o la r  s o lu t e s  u s e d  in  in v e r s e  g a s  

c h r o m a t o g r a p h y .  It h a s  b e e n  s h o w n  to  b e  p a r t ic u la r ly  w e l l  s u i t e d  fo r  th e  

d e t e r m in a t io n ,  f ir s t ,  o f  th e  d i s p e r s iv e  c o m p o n e n t  (  Ys )  o f  th e  s u r f a c e  e n e r g y  o f  s o l i d s ,  

s u c h  a s  p y r o g e n ic  s i l i c a s  p r e s e n t in g  a  ra th er  s m o o t h  s u r f a c e  ( o n  th e  s c a le  o f  th e  

p r o b e  m o l e c u l e ) ,  a n d  s e c o n d ,  o f  a  m o r p h o lo g y  i n d e x  I M  XT th a t  e n c o u n t e r s  o f

s tr u c tu r a l  o r  o th e r  i n h o m o g e n e i t i e s  o f  s o l i d  s u r f a c e s  th a t  e x h i b i t  n a n o r u g o s i t y .
In  t h e  s a m e  y e a r ,  t h e y  a l s o  in v e s t ig a t e d  th e  a p p l i c a t io n  o f  th e ir  in d e x  

(X x  )  fo r  t h e  e v a lu a t i o n  o f  th e  s p e c i f i c  in te r a c t io n  (  Ys )  p o t e n t ia l  o f  c h o s e n  s o lu t e s  a n d

s o l i d s ,  u s i n g  IG C  a t in f in i t e  d i lu t io n  c o n d i t io n s .  It h a s  b e e n  s h o w n  th a t  th e ir  in d e x  

w a s  w e l l  s u i t a b le  fo r  th e  d e te r m in a t io n .
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2 .7  P r e v io u s  S tu d ie s  on  th e  U se  o f  A d so r b e n ts  fo r  S e le c t iv e  S u lfu r  R em o v a l at 
P P C

A t  T h e  P e t r o le u m  a n d  P e t r o c h e m ic a l  C o l l e g e ,  C h u la lo n g k o r n  U n iv e r s i t y  

( P P C ) ,  T h a i la n d ,  th e r e  h a v e  b e e n  s e v e r a l  s t u d ie s  o n  s u l f u r  a d s o r p t io n  u s i n 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  N h o c  s t u d ie d  th e  d e s u l f u r iz a t io n  o f  tr a n s p o r ta t io n  

f u e l s  b y  a d s o r p t io n  p r o c e s s  u s i n g  th e  i o n - e x c h a n g e d  z e o l i t e s  w h i c 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 ith  N i 2+ a n d  C u + c a t io n s  u s i n g  b o th  L P I E  a n d  

S S I E  m e t h 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 t e d  fo r  th e ir  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 t h  b in a r y  a n d  te r n a r y  s y s t e m s  o f  i s o o c t a n e  a n d  b e n z e n e  ( o r  t o lu e n e )  

a s  m o d e l  f u e l s .  In  th e  s ta t ic  a d s o r p 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 t y  in c r e a s e d  in  

th e  o r d e r  N i Y  ( L P I E  at 1 3 5  ° C )  <  N i x  (L P I E  a t .45 ° C )  <  N i Y  ( S S I E )  fo r  b o th  s u lfu r  

c o m p o u n d s .  F u r t h 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 fu r  c o m p o u n d s  in  i s o o c t a n e  a n d  

b e n z e n e  r e v e a le d  th a t  th e  r e m o v a l  ra te  a n d  t h e  o v e r a l l  s u l f u r  u p ta k e  c a p a c i t y  o f  th e  

a d s o r b e n ts  w e r e  s ig n i f ic 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 i c h  c a n  b e  

a t tr ib u te d  t o  t h e  c o m p e t i t iv e  7 1 -c o m p le x a t io n  f o r m in g  w i t h  th e  a d s o r b e n t  b e t w e e n  th e  

a r o m a t ic  ( b e n z e n e )  a n d  s u lfu 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 t y  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 r e a s e d  in  t h e  o r d e r  o f  N a Y  <  N i Y  < N i X  <  N a X  <  

C u ( I ) Y ;  w h i l e  t h e  s e l e c t i v i t y  fo r  3 - M T  o v e r  t o l u e n e  e x h i b i t e d  th e  f o l l o w i n g  tr e n d  

N a Y  <  N i Y  <  N a X  <  N i x  <  C u ( I ) Y .  In a d d it io n ,  th e  p r e - a d s o r b e d  w a t e r  w a s  fo u n d  

to  h a v e  d e tr im e n ta l  e f f e c t  o n  th e  7 1 -c o m p le x a t io n  b o n d in g  b e t w 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 t u d ie d  th e  a d s o r p t iv e  c a p a c i t y  a n d  s e l e c t i v i t y  o f  

d ib e n z o t h i o p h e n e  ( D B T )  a n d  4 ,6 - d i m e t h y l d i b e n z o t h i o p h e n e  ( 4 ,6 - D M D B T )  in  

s im u la t e d  d i e s e l  f u e l s  c o n t a 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 t e d  

c a r b o n  a n d  a lu m in a ,  m o d i f i e d  w i t h  C u + a n d  N i 2+ 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 t h o d s .  
D ir 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 3 C N  w a s  f o u n d  t o  b e  u n s u i t a b le  d u e  t o  th e  

s t a b i l i t y  a n d  l o w  s o lu b i l i t y  o f  C u +. I m p r e g n a t io n  w a s  t h e r e f o r e  p e r f o r m e d  w i t h  a n  

a q u e o u s  s o lu t i o n  o f  C u C B  f o l l o w i n g  b y  a  r e d u c t io n  s t e p  o f  C u C h  in t o  C u C l  u s in g  H 2 . 
F o r  N i 2+, a n  a q u e o u s  s o lu t io n  o f  N i C h  w a s  u s e d . A  s u i t a b le  f e e d  f l o w  ra te  a n d  

g r a n u lo m e tr y  o f  t h e  a d s o r b e n t  w a s  fo 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 l e  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
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a lu m in a , r e s p e c t i v e ly .  T h e  a d s o r p t io n  c a p a c i t y  a t t h 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 t e 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  <  C u +/ m e s o p o r o u s  a lu m in a  <  N i 2+/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 t e d  A C . T h e  

b r e a k th r o u g h  c a p a c i t y  o f  D B T  w a s  h ig h e r  th a n  4 ,6 - D M D B T  fo r  b o t h  o f  N i 2+ a n d  

C u V 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 r e a k th r o u g h  c a p a c i t y  o f  D B T  w it h o u t  

p o ly a r o m a t ic  a n d  n i t r 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 a t  w i t h  p o ly a r o m a t ic  a n d  

n it r o g e n  c o m p o u n d s .
A t ir e k la p w a r o d o m  ( 2 0 0 9 )  s t u d ie d  th e  s u l f u r  a d s o r p t io n  e f f i c i e n c y  o f  N i 2+ 

a n d  C u + b a s e d  m e s o p o r o u s  s o r b e n ts  fo r  t h e  d e s u l f u r iz a t io n  o f  s im u la t e d  d ie s e l  v ia  7t-  

c o m p l e x a t i o n  b y  u s in g  b r e a k th r o u g h  e x p e r im e n t .  M a c r o p o r o u s  a c t iv a t e d  a lu m in a  

( M - A I 2 O 3 ) ,  m e s o p o r o u s  a c t iv a t e d  a lu m in a  ( m -A B C B ) ,  a n d  a c t iv a t e d  c a r b o n  ( A C )  

im p r e g n a te d  w i t h  C u + a n d  N i 2+ w a s  in v e s t ig a t e d  t o  r e m o v e  d ib e n z o t h i o p h ë n e  ( D B T )  

in  s im u la t e d  d i e s e l  ( 8 0  w t%  d o d e c a n e  +  2 0  w t%  t o l u e n e  +  1 5 0  p p m w  ร ) .  T h e  

a d s o r b e n ts  w e r e  p r e p a r e d  b y  in c ip ie n t  w e t n e s s  m e t h o d  b y  u s i n g  a q u e o u s  s o lu t io n  o f  

C u C B  ( v e r y  s o lu b l e  in  w a te r )  a n d  N iC B ,  th e n  f o l l o w e d  b y  a  r e d u c t io n  step , o f  C u 2+ to  

C u + b y  แ 2 - S h e  fo u n d  th a t th e  b r e a k th r o u g h  c a p a c i t y  w a s  g r e a te r  w i t h  th e  lo w e r  f e e d  

f l o w  ra te  ( 0 .4  c m 3/ m in )  t o  in c r e a s e  th e  c o n t a c t  t im e  b e t w e e n  D B T  a n d  th e  a d s o r b e n t ,  
w h i l e  th e  o p t im u m  te m p e r a tu r e  i s  r o o m  t e m p e r a tu r e  ( 3 0 ° C ) .  Q u i t e  a ll  th e  

b r e a k th r o u g h  c u r v e s  o b t a in e d  fo r  D B T  s h o w e d  a  v e r y  b r o a d  s h a p e ,  in d ic a t in g  th a t  

s tr o n g  d i f f u s io n  l im i t a t io n s  s e e m  to  o c c u r . A n  e f f o r t  w i l l  th e r e f o r e  h a v e  t o  b e  d o n e  to  

o p t i m i z e  t h e  e x p e r im e n t a l  c o n d i t io n s ,  m a in ly  b y  i n c r e a s in g  t h e  c o n t a c t  t im e  a n d  

r e d u c in g  th e  p a r t ic le  s i z e  o f  t h e  a d s o r b e n t .  F o r  a ll  a m o n g  th e  a d s o r b e n t s  s t u d ie d ,  th e  

b r e a k th r o u g h  c a p a c i t y  d e c r e a s e d  in  o r d e r  o f  4 3  w t%  o f  C u +/ A C  >  A C  >  1 0 0 %  

m o n o la y e r  o f  C u V m -A B C B  ( 3 0 0 - 5 0 0  p m  c r u s h e d  a f te r  im p r e g n a t io n )  >  n o n -  

im p r e g n a te d  m -A B C B  >  5 0 %  m o n o la y e r  o f  N i 2+ / m - A B O î -  S h e  r e c o m m e n d e d  th a t  

th e  a m o u n t  o f  m e ta l  w i t h in  th e  p o r o s i t y  o f  th e  s o l i d  w a s  t o o  h ig h .
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