
CHAPTER II 
LITERATURE REVIEW

J e t  f u e l  is  a  ty p e  o f  a v ia t io n  fu e l  d e s ig n e d  f o r  u s e  in  a i r c r a f t  p o w e r e d  b y  g a s -  
tu r b in e  e n g in e s .  T h e  m o s t  c o m m o n ly  u s e d  f u e l s  f o r  c o m m e r c i a l  a v i a t io n  a r e  J e t  A  

a n d  J e t  A - l ( C g - C i 6)  w h ic h  a r e  p r o d u c e d  to  a  s ta n d a r d i s e d  in t e r n a t i o n a l  s p e c i f i c a t io n .  
T h e  o n ly  o t h e r  j e t  fu e l  c o m m o n ly  u s e d  in  c iv i l i a n  t u r b i n e - e n g i n e  p o w e r e d  a v ia t io n  is  
J e t  B j C j - C i s )  w h ic h  is  u s e d  f o r  i ts  e n h a n c e d  c o l d - w e a t h e r  p e r f o r m a n c e .

J e t  fu e l  is  a  m ix tu r e  o f  a  l a r g e  n u m b e r  o f  d i f f e r e n t  h y d r o c a r b o n s .  T h e  r a n g e  

o f  th e i r  m o l e c u l a r  w e ig h t s  o r  c a r b o n  n u m b e r s  is  r e s t r i c t e d  b y  th e  r e q u i r e m e n t s  f o r  th e  

p r o d u c t ,  f o r  e x a m p le ,  f r e e z in g  p o in t  o r  s m o k e  p o in t .
S in c e  th e  j e t  fu e l  p r ic e s  d e p e n d  o n  p e t r o le u m  p r i c e s  w h ic h  a r e  u n s t a b l e  a n d  

u n p r e d ic t a b le ,  j e t  fu e l  d e r i v e d  f ro m  b io m a s s  ( o r  b io - j e t  f u e l )  b e c o m e s  a n  in t e r e s t i n g  

s o lu t io n .
In  t h i s  s e c t io n ,  b a s ic  o v e r v ie w s  o f  b io - j e t  fu e l  p r o d u c t i o n  in  t e r m  o f  

c h e m ic a l  r e a c t i o n ,  t y p e s  o f  c a t a ly s t s ,  p r o c e s s in g  c o n d i t i o n  a n d  p r o d u c t i o n  p r o c e s s  
a re  d e s c r ib e d .

2.1 Bio-jet Fuel

B i o - j e t  fu e l  is  a  r e n e w a b le  f u e l  t h a t  c a n  b e  u s e d  in s t e a d  o f  j e t  f u e l  d e r iv e d  

f ro m  p e t r o le u m .  S i m i l a r  to  b io d ie s e l ,  v e g e t a b le  o i l s  a n d  o th e r  b io m a s s - d e r iv e d  o i l s  

c a n  b e  u s e d  a s  f e e d s t o c k  f o r  b io - j e t  fu e l  p r o d u c t i o n .  A m o n g  t h e  v e g e t a b le  o i l s ,  
s o u r c e s  a r e  s o y b e a n ,  c a n o l a ,  p a lm ,  j a t r o p h a ,  a n d  r a p e .  B i o - j e t  f u e l  u s u a l l y  b le n d s  
w i th  p e t r o l e u m - b a s e d  J e t  A / J e t  A - l  f u e l  a n d  5 0  p e r c e n t  s u s t a i n a b le  b io f u e l s .  T h e  
a d v a n ta g e  o f  b io - j e t  fu e l  o v e r  p e t r o le u m - b a s e d  j e t  f u e l  is  r e n e w a b l e .  M o r e o v e r ,  th e  
r a w  m a te r ia l s  e .g .  j a t r o p h a  a n d  p a lm  o il c a n  b e  g r o w n  lo c a l ly .

2.2 Raw M aterials in Bio-jet Fuel Production

V e g e t a b le  o i l s  a r e  c o n s id e r e d  a s  r a w  m a te r i a l s  f o r  b io - j e t  f u e l  p r o d u c t io n  
b e c a u s e  th e y  a r e  b r o a d ly  a v a i l a b l e  f r o m  a  v a r i e ty  o f  s o u r c e s ,  a n d  t h e y  a r e  r e n e w a b le .
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T h e  e x a m p l e s  o f  v e g e ta b le  o i l s  u s e d  in  b io - j e t  f u e l  p r o d u c t i o n  a r e  p a lm  o il ,  
s u n f lo w e r  o i l ,  c o r n  o i l ,  c o c o n u t  o i l ,  j a t r o p h a  o i l ,  o l i v e  o i l ,  c a n o l a  o i l ,  c o t to n s e e d  o il ,  
c a s t o r  o i l ,  s o y b e a n  o i l ,  e tc .  T h e r e  a r e  m a n y  b e n e f i t s  o f  b io - j e t  fu e l  i n c lu d in g  
d o m e s t ic  a v a i l a b l e  f e e d s to c k ,  d e c r e a s e d  g r e e n h o u s e  g a s  e m is s i o n s ,  d e c r e a s e d  

d e p e n d e n c e  o n  f o s s i l  f u e l s ,  im p r o v e m e n t  o f  r u r a l  e c o n o m i e s  a n d  i n c r e a s e d  n a t io n a l  
s e c u r i ty .  ( H u b e r ,  G . w .  e t  a l ., 2 0 0 7 )

B o th  v e g e t a b le  o i l s  a n d  a n im a l  f a ts  a r e  c o m p o s e d  o f  m o le c u le s  c a l l e d  
t r ig l y c e r i d e s .  F a t  g e n e r a l l y  r e f e r s  to  th e  t r ig l y c e r i d e s  in  s o l i d  f o r m  a t  r o o m  

t e m p e r a tu r e ,  w h e r e a s  o i l s  a r e  l iq u id  a t  r o o m  te m p e r a tu r e .  T h e  m o l e c u l e  o f  
t r i g l y c e r i d e  is  c o m p o s e d  o f  t h r e e  lo n g - c h a in  f a t ty  a c id s  o f  8  to  2 2  c a r b o n s  a t t a c h e d  to  
a  g ly c e r o l  b a c k b o n e .  T h e  c h e m ic a l  s t r u c tu r e  o f  a  t r i g l y c e r i d e  is  s h o w n  in  F ig u r e  2.1 
w h e r e  R | ,  R.2 , a n d  R .3 w h ic h  m a y  b e  th e  s a m e  o r  d i f f e r e n t ,  r e p r e s e n t  lo n g  c h a in  f a t ty  
a c id s  w h ic h  a r e  m o s t ly  p a lm i t i c ,  s te a r ic ,  o le ic ,  l in o l e ic .  a n d  l in o l e n ic  a c id s .

/ >CH-O-C-R,
1 . 2 :  >ÇH-0-C-R2
I  '  > "ch- o- c- r3

Figure 2 . 1 A  c h e m ic a l  s t r u c tu r e  o f  t r ig ly c e r id e .

S o m e  p h y s i c a l  p r o p e r t i e s  o f  th e  m o s t  c o m m o n  f a t t y  a c id s  p r e s e n t  in  
v e g e t a b le  o i l s  a n d  a n i m a l  f a t s  a r e  l is te d  in  T a b le  2 .1 .  B e s i d e s  t h e s e  f a t t y  a c id s ,  
n u m e r o u s  o th e r  f a t t y  a c id s  o c c u r  in  v e g e ta b le  o i l s  a n d  a n i m a l  f a t s ,  b u t  th e i r  
a b u n d a n c e  u s u a l l y  is  c o n s id e r a b l y  lo w e r .  T a b le  2 .2  s u m m a r i z e s  th e  f a t ty  a c id  
c o m p o s i t i o n  o f  s o m e  v e g e t a b le  o i l s .  T h e  f a t ty  a c id s  w h ic h  a r e  c o m m o n ly  f o u n d  in  
v e g e t a b le  o i l s  a r e  s te a r i c ,  p a l m i t i c ,  o le ic ,  l in o le ic  a n d  l in o le n ic  a c id s .  V e g e t a b le  o i l s  
c o n ta in  f r e e  f a t ty  a c i d s  ( g e n e r a l ly  1 to  5 % ) , p h o s p h o l i p i d s ,  p h o s p h a t id e s ,  c a r o te n e s ,  
t o c o p h e r o l s .  s u l p h u r  c o m p o u n d s  a n d  t r a c e s  o f  w a te r .
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T a b le  2.1 S e le c t e d  p r o p e r t i e s  o f  s o m e  c o m m o n  f a t ty  a c id s  ( G e r h a r d  e t a l .,  1 9 9 7 )

T r iv i a l

( S y s t e m a t i c )  n a m e  ; 
A c r o n y m b

M W
m .p .

( ° C )
b . p . ‘
T O

F o r m u la
H e a t  o f  

C o m b u s t io n  
( k g - c a l /m o le )

C a p r y l i c  a c id  
( O c ta n o ic  a c id ) ;  8 :0

1 4 4 .2 2 1 6 .5 2 3 9 .3 c 8 h , 6 o 2 -

C a p r ic  a c id  
( D e c a n o ic  a c id ) ;  1 0 :0

1 7 2 .2 7 3 1 .5 2 7 0 C 1 0 H 2 0 O 2 1 4 5 3 .0 7  (2 5 ° )

L a u r i e  a c id
( D o d e c a n o i c  a c i d ) ;  1 2 :0

2 0 0 .3 2 4 4 1 3 1 1 c , 2 h 2 4 o 2 1 7 6 3 .2 5  ( 2 5 ° )

M y r is t ic  a c id
( T e t r a d e c a n o i c  a c i d ) :  1 4 :0

2 2 8 .3 8 5 8
2 5 0 .5 ฌ

C 1 4 H 2 8 0 2 2 0 7 3 .9 1  (2 5 ° )

P a lm i t i c  a c id
( H e x a d e c a n o i c  a c i d ) ;  1 6 :0

2 5 6 .4 3 6 3 3 5 0 C 1 6 H 3 2 0 2 2 3 8 4 .7 6  (2 5 ° )

S te a r ic  a c id
( O c t a d e c a n o i c  a c i d ) ;  1 8 :0

2 8 4 .4 8 71 3 6 0 d 0 เ8 แ 3 6 0 2 2 6 9 6 .1 2  (2 5 ° )

O le ic  a c id
( 9 Z - O c t a d e c e n o ic  a c id ) ;  

18:1

2 8 2 .4 7 16
100

2 8 6 C | 8H 3 4 0 2

2 6 5 7 .4

( 2 5 ° )

L in o le i c  a c id  ( 9 Z ,1 2 Z -  
O c t a d e c a d i e n o ic  a c id ) ;  

1 8 :2

2 8 0 .4 5 -5
2 2 9 -

16
3 0

C |8 H 3 2 0 2 -

L in o le n ic  a c id  
( 9 Z J 2 Z . 1 5 Z -  
O c t a d e c a t r i e n o ic  
a c id ) ;  1 8 :3

2 7 8 .4 4 - 1 1 2 3 0 - 2 C 18H 3 0O 2 -

E r u c i c  a c id
( 1 3 Z - D o c o s e n o i c

a c i d ) ; 2 2 : l

3 3 8 .5 8 3 3 -4 2 6 5 15 C 2 2 H 4 2 0 2 -
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a )  z d e n o te s  c i s  c o n f i g u r a t i o n .

b )  T h e  n u m b e r s  d e n o te  t h e  n u m b e r  o f  c a r b o n s  a n d  d o u b l e  b o n d s .  F o r  e x a m p le ,  in  
o le ic  a c id ,  18:1  s ta n d s  f o r  e ig h te e n  c a r b o n s  a n d  o n e  d o u b l e  b o n d .

c )  S u p e r s c r ip t s  in  b o i l i n g  p o in t  c o lu m n  d e n o te  p r e s s u r e  ( m m  H g )  a t  w h ic h  th e  
b o i l in g  p o in t  w a s  d e t e r m i n e d .

Table 2.2 F a t ty  a c id  c o m p o s i t i o n  in  v e g e t a b le  o i l s  ( F a n g r u i  et a!.. 1 9 9 9 )

V e g e ta b le F a t ty  A c id  C o m p o s i t io n  ( w t .  % )

O il 1 4 :0 1 6 :0 1 8 :0 2 0 : 0 2 2 : 0 2 4 :0 18:1 1 8 :2 1 8 :3

C o r n - 1 1 .6 7 1 .85 0 .2 4 - - 2 5 .1 6 6 0 .6 0 0 .4 8

C o t to n s e e d 0 .7 0 2 8 .3 3 0 .8 9 - - - 1 3 .2 7 5 7 .5 1 -

P e a n u t - 1 1 .3 8 2 .3 9 1 .3 2 2 .5 2 1 .2 3 4 8 .2 8 3 1 .9 5 0 .9 3

R a p e s e e d - 3 .4 9 0 .8 5 - - - 6 4 .4 0 2 2 .3 0 8 .2 3

S o y b e a n 0 . 1 0 1 1 .7 5 3 .1 5 - - - 2 3 .2 6 5 5 .5 3 6 .3 1

S u n f lo w e r - 6 .0 8 3 .2 6 - - - 1 6 .9 3 7 3 .7 3 -

P a lm 1 . 0 0 4 2 .8 4 .5 0 - - 4 0 .5 0 1 0 . 1 0 0 . 2 0

J a t r o p h a 0 .0 6 13 ,81 6 .8 9 0 . 2 2 0 .0 4 o :o 5 4 5 .8 4 3 1 .7 7 0 . 2 1

2.3 Bio-jet Fuel Production

2 .3 .1  R e a c t io n  f o r  B io - j e t  F u e l  P r o d u c t i o n
C a ta l y t ic  h y d r o c r a c k i n g  is  a n  e s s e n t i a l  p r o c e s s  in  r e f in e r y  f o r  th e  

c o n v e r s io n  o f  m i d d le  a n d  h e a v y  d i s t i l l a t e s  a n d  r e s i d u a l s  i n to  m o r e  v a l u a b l e  p r o d u c ts .  
M o r e o v e r ,  it e a s y  to  e q u i l i b r a t e  th e  s u p p l y  a n d  d e m a n d  o f  f u e l s  s u c h  a s  g a s o l in e ,  
d ie s e l  a n d  j e t  fu e l  ( M u n o z  A r r o y o ,  J .A  et al., 2 0 0 0 ) .  T h e r e f o r e ,  t h e  m a in  p r o c e s s  o f  
b io - j e t  fu e l  p r o d u c t i o n  is  a l s o  c a t a ly t i c  h y d r o c r a c k i n g .  E s p e c ia l l y  th e  b r a n c h in g  
i s o m e r i z a t io n ,  h y d r o g e n a t i o n  a n d  h y d r o d e o x y g e n a t io n  a r e  d e s i r a b le  to  im p r o v e  th e  
q u a l i t y  o f  b io - j e t  f u e l .
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2.3.1.1 Hydrocracking
H y d r o c r a c k i n g  is  a  h y d r o g e n - c o n s u m i n g  r e a c t io n  th a t  le a d s  

to  h ig h e r  g a s  p r o d u c t i o n  a n d  lo w e r  l iq u id  y ie ld .  T h is  r e a c t i o n  is  f a v o r e d  a t  h ig h  
t e m p e r a tu r e s  a n d  h ig h  h y d r o g e n  p a r t ia l  p r e s s u r e .  F i g u r e  2 .2  r e p r e s e n t s  a  

h y d r o c r a c k i n g  r e a c t io n :

R C H 2 C H 2 C H 2 R ' +  H 2 -------- ►  R C H 2 C H 3 +  R 'C H 3

Figure 2.2 S c h e m a t i c  o f  h y d r o c r a c k i n g  r e a c t io n .

T h e  h y d r o c r a c k i n g  b e h a v io r  o f  a n  a l k a n e  d e p e n d s  p r im a r i ly  

•o n  th e  d e g r e e  o f  b r a n c h i n g  o f  t h e  c a r b o n  s k e le to n  a n d  o n  th e  r e l a t iv e  p o s i t i o n s  o f  th e  
; b r a n c h i n g  a lo n g  th e  m a in  c a r b o n  c h a in .  T h e  d e g r e e  o f  b r a n c h i n g  o f  a  c a r b o n  s k e le to n  

is  o b t a i n e d  w h e n  c o n s id e r i n g  t h a t  e a c h  t e r t i a r y  a n d  q u a t e r n a r y  c a r b o n  a to m  
in t r o d u c e s  o n e  a n d  t w o  b r a n c h in g ,  r e s p e c t i v e ly  ( S o u v e r i j n s .  พ .  et a l,  1 9 9 8 ) .

T h e  p r o c e s s  o f  c r a c k i n g  v e g e t a b le  o i l s  o r  a n im a l  f a t t ie s  t a k e s  

p la c e  in  tw o  s ta g e s .  T h e  f i r s t  s ta g e ,  k n o w n  a s  p r i m a r y  c r a c k i n g ,  is  c h a r a c t e r i z e d  b y  
th e  f o r m a t i o n  o f  a c id  s p e c ie s  th r o u g h  th e  d e c o m p o s i t i o n  o f  t r i a c y lg l y c e r i d e  
m o l e c u l e s  w h ic h  o c c u r s  th r o u g h  t h e  b r e a k a g e  o f  C - 0  b o n d s  w i th i n  th e  g ly c e r id e  p a r t  
o f  t h e  t r i a c y l g l y c e r i d e  c h a in .  T h e  s e c o n d  s ta g e  is  c h a r a c t e r i z e d  b y  th e  d e g r a d a t io n  o f  
th e  a c id s  p r o d u c e d  in  th e  f i r s t  s ta g e  l e a d in g  to  t h e  f o r m a t i o n  o f  h y d r o c a r b o n s  w i th  
p r o p e r t i e s  s im i l a r  t o  th o s e  o f  p e t r o le u m  p r o d u c ts .  T h i s  s ta g e  is  c a l l e d  s e c o n d a r y  
c r a c k i n g  ( P r a d o ,  C .M .R .  et al., 2 0 0 9 )

H y d r o c r a c k i n g  o f  u s e d  c o o k in g  o i l  f o r  b io f u e l s  p r o d u c t io n  

w a s  s tu d i e d  b y  B e z e r g i a n n i ,  ร . et a l,  2 0 0 9 .  T h is  w o r k  c o n s id e r s  s e v e r a l  p a r a m e t e r s  
f o r  e v a l u a t i n g  t h e  e f f e c t i v e n e s s  o f  th is  t e c h n o l o g y ,  m a in l y  h y d r o c r a c k i n g  
t e m p e r a tu r e ,  l iq u id  h o u r ly  s p a c e  v e l o c i t y  ( L H S V )  a n d  d a y s  o n  s t r e a m  ( D O S ) .  F o r  a l l  
e x p e r i m e n t s  u s e d  t h e  s a m e  s u l f id e d  c o m m e r c ia l  N i M o  c a t a l y s t  h y d r o c r a c k i n g  
c a t a l y s t  a n d  f e e d s t o c k .  E x p e r im e n t  w a s  c o n d u c te d  a t  v a r i o u s  c o n d i t i o n s ,  i .e . r e a c to r  
t e m p e r a tu r e s  3 5 0 ,  3 7 0 ,  a n d  3 9 0 ° c ,  s y s te m  p r e s s u r e  2 ,0 0 0  p s ig  ( 1 4  M P a ) ,  l iq u id  
h o u r ly  s p a c e  v e l o c i t y  ( L H S V )  1.5 I f 1, a n d  H o - to - l iq u id  f e e d  r a t i o  ( H 2 / 0 Ü) o f  6 ,0 0 0  
s c f b  ( 1 .0 6 8  n m 3 / m 3). ๒  th e  c a s e  o f  e f f e c t  o f  r e a c t i o n  t e m p e r a t u r e ,  h ig h e r  r e a c t io n



t e m p e r a tu r e  l e a d s  to  a  h ig h e r  g a s o l in e  f r a c t io n  t h a t  i n d i c a t e d  h y d r o c r a c k i n g  a c t iv i ty  
r i s e s  w i th  i n c r e a s i n g  r e a c t io n  t e m p e r a tu r e .  K e r o s e n e / j e t  a n d  n a p th a  s e l e c t iv i ty  w a s  
a l s o  f o u n d  to  in c r e a s e  w i th  r e a c t io n  t e m p e r a tu r e .  S a tu r a t i o n  o f  d o u b l e  b o n d s  
d e c r e a s e s  w i th  r e a c t io n  t e m p e r a tu r e  d u e  to  c a t a l y s t  a c t i v i t y  w a s  p r i m a r i l y  d r iv e n  
t o w a r d s  c r a c k i n g  o r  o th e r  r e a c t i o n s  r a th e r  t h a n  s a tu r a t io n .  F o r  th e  e f f e c t  o f  l iq u id  
h o u r ly  s p a c e  v e l o c i t y  (L F I S V ) , i n c r e a s in g  o f  L H S V  c a u s e d  le s s  c r a c k i n g  a n d  s m a l l e r  

p r o d u c t i o n  o f  t h e  l ig h t e r  p r o d u c t s  w h ic h  w e r e  k e r o s e n e / j e t  a n d  n a p h th a  b e c a u s e  
m o l e c u l e  o f  f e e d  h a d  s m a l l e r  r e s id e n c e  t im e  to  r e a c t  w i th  c a t a ly s t .

In  2 0 0 9 ,  B e z e r g ia n n i ,  ร . et al. s tu d i e d  t h e  c a t a ly t i c  
h y d r o c r a c k i n g  o f  f r e s h  a n d  u s e d  c o o k in g  o i l .  T h i s  w o r k  c o m p a r e d  t h e  p r o d u c t  y ie ld s  
a n d  q u a l i ty  o f  h y d r o c r a c k i n g  f r e s h  a n d  u s e d  c o o k in g  o i l .  B o th  e x p e r i m e n t a l  ru n s  
e m p lo y e d  t h e  s a m e  c o m m e r c i a l  h y d r o c r a c k i n g  c a t a l y s t  a n d  w e r e  c o n d u c te d  a t th e  
s a m e  c o n d i t i o n s ,  i .e .  r e a c to r  t e m p e r a tu r e s  3 5 0 ,  3 7 0 , a n d  3 9 0 ° c ,  s y s t e m  p r e s s u r e  
2 ,0 0 0  p s ig  (  1 3 ,7 8 9 .5  k P a ) ,  l i q u i d  h o u r ly  s p a c e  v e l o c i t y  (L F 1 S V ) 1.5 h ' 1, a n d  H 2 - to -o i l  
f e e d  r a t io  (F B /o i l )  o f  6 ,0 0 0  s c f b  ( 1 0 6 8  n m 3 / m 3) . C r a c k in g ,  h e t e r o a t o m  r e m o v a l  a n d  
s a tu r a t io n  r e a c t i o n  m e c h a n is m s  w e r e  e v a lu a te d  f o r  b o th  f e e d s t o c k  t y p e s  a n d  f o r  th r e e  
t y p ic a l  h y d r o c r a c k i n g  t e m p e r a tu r e s  ( 3 5 0  ๐c ,  3 7 0  ๐c ,  a n d  3 9 0  ° C ) .  T h e  r e s u l t s  
s h o w e d  t h a t  b o th  f e e d s t o c k s  w e r e  a b le  t o  g iv e  h ig h  d i e s e l  y ie ld s  w i th  s m a l l e r  

k e r o s e n e / j e t  a n d  g a s o l i n e / n a p h t h a  y ie ld s .  A s  t e m p e r a tu r e  i n c r e a s e s ,  d ie s e l  s e l e c t iv i ty  
i n c r e a s e s  f o r  b o th  f e e d s to c k  ty p e s .  H o w e v e r ,  t h e  u s e d  o i l  f e e d s t o c k  w a s  c o n v e r t e d  to  

h ig h e r  k e r o s e n e / j e t  a n d  n a p h th a  s e l e c t iv i ty  a t  lo w  t e m p e r a t u r e s  ( 3 5 0  ° C )  a n d  lo w e r  a t  
t h e  h ig h e s t  h y d r o c r a c k i n g  t e m p e r a tu r e  ( 3 9 0  ๐C ) .  In  t e r m s  o f  h e t e r o a t o m  r e m o v a l ,  
n i t r o g e n  w a s  t h e  m o s t  e a s i ly  r e m o v e d  e l e m e n t  in  b o th  u s e d  a n d  f r e s h  c o o k in g  o il .  
F i n a l ly  a  l a r g e  d e g r e e  o f  s a t u r a t i o n  w a s  a c h i e v e d  v ia  h y d r o c r a c k i n g  o f  b o th  o i l s ,  
w h ic h  w a s  n o t  f a v o r e d  b y  t e m p e r a tu r e .  It c o u ld  b e  e x p e c t e d  a s  s a t u r a t i o n  is  a  

c o m p e t i n g  r e a c t i o n  to  th e  c r a c k i n g  o n e .
2.3.1.2 Hydroisomerization

I s o m e r iz a t i o n  o f  /7- a l k a n e s  is  a p p l i e d  f o r  i m p r o v in g  t h e  o c ta n e  
n u m b e r  o f  g a s o l i n e  f r a c t io n s ,  t h e  l o w - te m p e r a t u r e  p r o p e r t i e s  o f  j e t  a n d  d ie s e l  f u e ls ,  
a n d  f o r  t h e  s y n t h e s i s  o f  l u b r i c a n t s  . B r a n c h in g  i s o m e r i z a t io n  o f  /7 - a l k a n e s  c a n  b e  
a c h ie v e d  w i th  b i f u n c t io n a l  h e t e r o g e n e o u s  c a t a ly s i s ,  u s in g  n o b le  m e ta l  c o n ta in i n g  
a c id  z e o l i t e  c a t a l y s t s  w o r k in g  in  h y d r o g e n  a t m o s p h e r e .  F o r  in s ta n c e ,  p l a t i n u m  o n
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m o rd e n ite  is u sed  to  iso m e riz e  C 5/C 6  a lk a n e  s tre a m s  to  b o o s t  th e  o c ta n e  n u m b e r  
(S o u v e r i jn s , พ .  e t  a l ,  1998).

2 . 3 . 1 . 3  H y d r o g e n a t i o n

H y d ro g e n a tio n  is th e  c h e m ic a l re a c tio n  th a t  re s u lts  fro m  th e  
a d d itio n  o f  h y d ro g e n . T h e  p ro c e s s  is u s u a lly  e m p lo y e d  to  s a tu ra te  o rg a n ic  
c o m p o u n d s . T h e  p ro c e s s  ty p ic a l ly  c o n s ti tu te s  th e  a d d it io n  o f  p a irs  o f  h y d ro g e n  a to m s  
to  a m o le c u le .

U n sa tu ra te d  fa t ty  a c id s  m a y . b e  c o n v e r te d  to  s a tu ra te d  fa tty  
a c id s  by  th e  re la t iv e ly  s im p le  h y d ro g e n a tio n  re a c tio n . R e c a ll  th a t  th e  a d d itio n  o f  
h y d ro g e n  to  an  a lk e n e  (u n s a tu ra te d )  re su lts  in an  a lk a n e  (s a tu ra te d ) .

H y d ro g e n a tio n  o f  th e  c a rb o n - to -c a rb o n  d o u b le  b o n d s  in 
tr ig ly c e r id e s , e s p e c ia l ly  o f  v e g e ta b le  o ils , is a  m a jo r  in d u s try  in m a n y  p a r ts  o f  th e  
w o rld . P r in c ip a l p ro d u c ts ,  o b ta in e d  b y  c a ta ly tic  h y d ro g e n a t io n , in c lu d e  
o le o m a rg a r in e s , s h o r te n in g , so a p  s to c k  an d  in d u s tr ia l  g re a se s  a n d  o ils . H o w e v e r , 
h y d ro g e n a tio n  m e c h a n is m  is n o t c o m p le te ly  c la r if ie d , u n til n o w . T h e  c h e m is try  o f  
tr ig ly c e r id e s  p a rtia l h y d ro g e n a tio n  p ro c e s s  is c o m p lic a te d . B o th  th e  m o n o -  a n d  p o ly ­
u n sa tu ra te d  a c id  g ro u p s  in th e  o il h y d ro g e n a te  a t v a r io u s  ra te s , d e p e n d in g  o n  th e  
o p e ra t in g  c o n d it io n s . F u r th e rm o re , th e  g e o m e tr ic a l  a n d  p o s i t io n a l  iso m e r iz a t io n  o f  
the  d o u b le  b o n d s  in m o n o -  an d  p o ly -u n s a tu ra te d  a c id  g ro u p s  o c c u rs  in  s ig n if ic a n t 
n u m b e rs  d u r in g  th e  h y d ro g e n a tio n  (J o v a n o v ic , D .s . e /1 a i ,  2 0 0 0 ).

C a ta ly tic  h y d ro g e n a tio n  is w id e ly  a p p lie d  fo r  th e  re d u c tio n  o f  
a v a r ie ty  o f  fu n c tio n a l  g ro u p s . It h a s  b e e n  an d  w ill c o n tin u e  to  be  a v e ry  su b s ta n tia l  
m a rk e t fo r  p la tin u m  g ro u p  m e ta l (p g m ) c a ta ly s ts  a s  th e y  te n d  to  b e  m o re  a c t iv e  fo r  a 
g iv e n  t ra n s fo rm a tio n  th a n  th e ir  b a se  m e ta l e q u iv a le n ts  (N ish im u ra , ร . e t a l., 2 0 0 1 ).

2 . 3 . 1 . 4  H y d r o d e o x y g e n a t i o n

H y d ro d e o x y g e n a tio n  is a p ro c e s s  b y  w h ic h  a  fe e d s to c k  th a t 
c o n ta in s  d o u b le  b o n d s  a n d  o x y g e n  m o ie tie s  is c o n v e r te d  to  h y d ro c a rb o n s  b y  
sa tu ra tio n  o f  th e  d o u b le  b o n d s  an d  re m o v a l o f  o x y g e n . T h e  h y d ro d e o x y g e n a tio n  o f  
v e g e ta b le  o ils  p ro d u c e s  a lk a n e s  w ith  c a rb o n  a to m  e q u iv a le n t  to  th e  fa t ty  a c id  c h a in s , 
a lth o u g h  th e  e x a c t  n a tu re  o f  th e  p ro d u c t  m ix  d e p e n d s  o n  re a c tio n  c o n d it io n s . T h e  
s tra ig h t-c h a in  a lk a n e s  c a n  u n d e rg o  iso m e r iz a t io n  a n d  c ra c k in g  fo r  p ro d u c tio n  o f  
fu e ls  m o re  s u ita b le  fo r  a v ia tio n  p u rp o s e s  (G e rh a rd  K n o th e  e t  a l . , 2 0 1 0 ) .



10

T h e  d e o x y g e n a tio n  re a c tio n  m a y  b e  c a r r ie d  o u t  in th e  p re s e n c e  
o f  h o m o g e n e o u s  o r  h e te ro g e n e o u s  c a ta ly s ts  u n d e r  c o n tro l le d  h y d ro p ro c e s s in g  
c o n d it io n s , k n o w n  as h y d ro tre a tin g  o r  h y d ro c ra c k in g  p ro c e s s e s .

T h e re  a re  s e v e ra l p o s s ib le  re a c tio n  p a th w a y s  fo r  th e  
p ro d u c tio n  o f  s tra ig h t-c h a in  h y d ro c a rb o n s , s h o w n  in F ig u re  2 .3 . F a tty  a c id s  c a n  be 
d ire c tly  d e c a rb o x y la te d  o r  d e c a rb o n y la te d . D ire c t d e c a rb o x y la tio n  re m o v e s  the  
u n d e s ire d  o x y g e n  b y  re le a s in g  c a rb o n  d io x id e  a n d  p ro d u c in g  a l ip h a tic  h y d ro c a rb o n  
c h a in s  w ith  o n e  c a rb o n  a to m  le ss  than  in th e  o r ig in a l fe e d , w h ile  d ire c t 
d e c a rb o n y la tio n  re m o v e s  th e  u n d e s ire d  o x y g e n  b y  fo rm in g  c a rb o n  m o n o x id e  an d  
w a te r , a s  e x p la in e d  by  re a c tio n s  1 an d  II. M o re o v e r , th e  fa t ty  a c id  carl be  
d e o x y g e n a te d  b y  a d d in g  h y d ro g e n  le a d in g  to  a  p ro d u c tio n  o f  s tra ig h t-c h a in  
h y d ro c a rb o n s  an d  u n d e s ire d  o x y g e n  w ill be  re m o v e d  th ro u g h  th e  fo rm a tio n  o f  w a te r ,

; e x p la in e d  by  re a c tio n s  III (M u rz in D .Y u . e t  a i ,  2 0 0 7 ).
0

( I ) D e c a r b o x y l a t i o n  R — C — O H --------- ► R -  H  + C 0 2

Q
( 11 ) D e c a r b o n y l a t i o n  R — C — O H R -  H  + C O  +  H 7 Ô

0
R -  c -  O H  + H ,  ------- — R -  H + C O  +  H 2 0

Q
( III ) H y d r o g e n a t i o n  R  — C —  O H  + 3  H ,  --------- ► R - C H 3 + 3  H ^ O

Figure 2 .3  T h e  p o s s ib le  l iq u id -p h a s e  re a c tio n  p a th w a y s  fo r  p ro d u c tio n  o f  s tra ig h t 
c h a in  h y d ro c a rb o n s  fro m  fa tty  ac id s .

In a d d itio n  to  th e  l iq u id -p h a s e  re a c tio n s , th e  w a te r  g as  sh if t 
an d  m e th a n a tio n  re a c tio n s  a re  o c c u rre d  w ith  a n u m b e r  o f  c a rb o n  m o n o x id e , c a rb o n  
d io x id e , h y d ro g e n , an d  w a te r  fo rm e d  d u r in g  d e c a rb o n y la tio n /d e c a rb o x y la t io n  
re a c tio n . T h e  w a te r -g a s -s h if t  re a c tio n  m a y  b a la n c e  th e  c o n c e n tra t io n s  o f  C O  an d  
C O :, w h ile  m e th a n a tio n  re a c tio n  o f  fa tty  a c id s  g iv e s  m e th a n e  a n d  w a te r .
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M e t h a n a t i o n C 0 2 f 4 H 2 -พ c h 4 + 2  H  P

M e t h a n a t i o n C O + 3 H  2
'■ -̂---___tk. C H  4 + h 20

W a t e r - g a s - s h i f t  C O + ,Lt ° ---- - h 2 + C O  2

Figure 2.4 G a s  p h a se  re a c tio n s  o f  C O  o r  C O 2 w ith  Hb o r  H bO .

T h e  in f lu e n c e  o f  h y d ro g e n  p a rtia l p re s s u re  o n  th e  c o n v e rs io n  
a n d  p ro d u c ts  d is tr ib u tio n  on  th e  d e o x y g e n a tio n  o f  s te a r ic  a c id , e th y l s te a ra te , an d  
tr is te a r in e , o v e r  p a lla d iu m  su p p o rte d  o n  a c t iv a te d  c a rb o n  to  p ro d u c e  d ie se l fu e l- l ik e  
h y d ro c a rb o n s  w a s  s tu d ie d . T h e  e x p e r im e n ts  w e re  d o n e  a t te m p e ra tu re  ra n g in g  fro m  
3 0 0  to  3 6 0  ๐c  an d  o v e ra ll p re s su re  o f  1 7 -4 0  b a r  in a  c o n v e n tio n a l  P a r r  a u to c la v e  
(3 0 0  m l) o p e ra t in g  in a  se m i-b a tc h  m o d e . D iffe re n t re a c tio n  a tm o s p h e re s , e .g . h e liu m  
(H e ), h y d ro g e n  ( I T ) ,  5 %  h y d ro g e n  in a rg o n  (5 % H 2 /A r) m ix tu re ,  w e re  a p p lie d . T h e  
re su lts  sh o w e d  th a t a ll th e  th re e  re a c ta n ts  w e re  c o n v e r te d  to  th e  sa m e  fin a l p ro d u c ts , 
n -h e p ta d e c a n e , w ith  h ig h  se le c tiv ity . T h e  p re se n c e  o f  h y d ro g e n  in th e  re a c tio n  
a tm o s p h e re  p a r t ic u la r ly  d im in is h e d  th e  u n d e s ire d  p ro d u c ts  su c h  a s  u n sa tu ra te d  C l 7 
a n d  a ro m a tic  h y d ro c a rb o n s  (D m itry  Y u . M u rz in  e t  a l ., 2 0 0 5 )

2 . 3 . 1 . 5  H y d r o g e n o l y s i s

H y d ro g e n o ly s is  is a c h e m ic a l re a c tio n  w h e re b y  a  c a rb o n - 
c a rb o n  o r  c a rb o n -h e te ro a to m  s in g le  b o n d  is c le a v e d  o r  u n d e rg o e s  " ly s is"  by  
h y d ro g e n . T h e  h e te ro a to m  m a y  v ary , b u t it u su a lly  is o x y g e n , n itro g e n , o r  su lfu r . A  
re la te d  re a c tio n  is h y d ro g e n a tio n , w h ere  h y d ro g e n  is a d d e d  to  th e  m o le c u le , w ith o u t  
c le a v in g  b o n d s . U s u a lly  h y d ro g e n o ly s is  is c o n d u c te d  c a ta ly tic a l ly  u s in g  h y d ro g e n  
g as  (C o n n o r. R . e t  a i ,  1932). T h e  fo llo w in g  re p re se n ts  a h y d ro g e n o ly s is  re a c tio n :

R O C H 2C 6H 5 +  H 2 -►  R O H  +  C H 3C 6H 5

Figure 2.5 S c h e m a tic  o f  h y d ro g e n o ly s is  re a c tio n .
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2 .3 .2  C a ta ly s t  fo r  B io - je t  F u e l P ro d u c tio n
2 .3 . 2 . 1  H y d r o i s o m e r i z a t i o n  a n d  H y d r o c r a c k i n g

B o th  h y d ro c ra c k in g  an d  h y d ro is o m e r iz a t io n  a lw a y s  o c c u r  
s im u lta n e o u s ly , th e  te rm  h y d ro is o m e r iz a t io n  is u sed  to  in d ic a te  a  s itu a t io n  w h e re  
iso m e riz a tio n  p re d o m in a te s  o v e r  h y d ro c ra c k in g , w h ile  th e  o p p o s i te  h o ld s  fo r  the  
te rm  h y d ro c ra c k in g . D e p e n d in g  o n  th e  n e e d s  a n d  fe e d s to c k  c h a ra c te r is t ic s , 
h y d ro c ra c k in g  a n d  h y d ro is o m e r iz a t io n  a re  p e rfo rm e d  o v e r  m a n y  ty p e s  o f  c a ta ly s ts  
d e v e lo p e d  fo r  m a n y  sp e c if ic  a p p lic a tio n s . T h e  ty p ic a l  c a ta ly s ts  fo r  the  
h y d ro is o m e r iz a t io n  a re  b ifu n c tio n a l c a ta ly s ts  c o n s is t in g  o f  a c id ic  s ite s  p ro v id in g  th e  
is o m e r iz a t io n /c ra c k in g  fu n c tio n  an d  m e ta l s ite s  p ro v id in g  th e  h y d r o g e n a t io n -  
d e h y d ro g e n a tio n  fu n c tio n  (C a le m m a , V . e t  a i ,  2 0 0 0 ).

T h e  ty p ic a l a c id ic  su p p o rts  u se d  a re  a m o rp h o u s  o x id e s  o r  
m ix tu re s  o f  o x id e s  ( i.e . H F - tre a te d  A I2 O 3 , SiC>2- A l 2 0 3 , Zr02/sc>42-), z e o li te s  (Y, b e ta , 
m o rd e n ite , Z S M -5 , Z S M -2 2 )  o r s il ic o a lu m in a p h o s p h a te s  (S A P O  11, S A P O  31 , 
S A P 0  4 1 ).

T h e  m o s t  c o m m o n ly  u sed  m e ta ls  a re  P t. P d  o r  b im e ta llic  
sy s te m s  ( i.e . N i /C o , N i/W , N i/M o , พ / M o  in the  su lf id e d  fo rm ). T h e  la tte r  a re  m a in ly  
u sed  fo r  fe e d s to c k s  w ith  a h ig h  c o n c e n tra t io n  o f  s u lp h u r . T h e  b a la n c e  b e tw e e n  th e  
a c id ity  o f  th e  su p p o rt  c o n c e n tra t io n  o f  a c id ic  s ite s  an d  th e ir  s tr e n g th  an d  th e  
h y d ro /d e h y d ro g e n a tio n  a c t iv ity  o f  th e  m e ta l a re  o f  p r im a ry  im p o rta n c e  in 
d e te rm in in g  th e  s e le c t iv i ty  fo r  h y d ro is o m e r iz a t io n  a n d  d is tr ib u tio n  o f  c ra c k in g  
p ro d u c ts  (C a le m m a , V . e t  a l . ,  2 0 0 0 ).

A c c o rd in g  to  th e  c la s s ic  m e c h a n is m , th e  sk e le ta l 
iso m e riz a tio n  an d  h y d ro c ra c k in g  o f  a lk a n e s  o v e r  b ifu n c tio n a l  c a ta ly s ts  o c c u r  th ro u g h  
a se t o f  p a ra l le l  an d  c o n s e c u tiv e  s te p s  in v o lv in g  d e h y d ro g e n a t io n  o f  the  a lk a n e  
m o le c u le  o v e r  th e  m e ta ll ic  s ite  to  p ro d u c e  the  re s p e c tiv e  o le f in  w h ic h  is h ig h ly  
re a c tiv e  fo r  c a rb é n iu m  ion  c o n v e rs io n  an d  ra p id ly  iso m e r iz e s  a n d /o r  c ra c k s  in to  tw o  
s m a lle r  o le f in s  o v e r  th e  a c id ic  s ite s . T h e  c ra c k e d  a n d  iso m e r iz e d  o le f in ic  
in te rm e d ia te s  a re  h y d ro g e n a te d  a t th e  fin a l s tep . H o w e v e r , th e re  is e v id e n c e  th a t the  
ra te  o f  th e  a lk a n e  h y d ro c ra c k in g  an d  iso m e riz a tio n  is d e p e n d e n t  o n  th e  a c tiv ity  o f  
m e ta llic  fu n c tio n  (K u z n e tso v , P .N . e t  a l . ,  2 0 0 3 ).
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T h e  iso m e riz a tio n  o f  n -a lk a n e  o v e r  m e ta l- lo a d e d  so lid  ac id  
c a ta ly s ts  is g e n e ra l ly  b e lie v e d  to  p ro c e e d  v ia  a c la s s ic a l  b ifu n c tio n a l m e c h a n ism . T h e  
n -a lk a n e  m o le c u le s  a re  d e h y d ro g e n a te d  a t th e  m e ta l p a r t ic le s  to  th e  n -a lk e n e  
m o le c u le s  w h ic h  m ig ra te  to  th e  a c id  s ite s  w h e re  th e y  a re  p ro to n a te d  to  fo rm  
c a rb é n iu m  ion s. T h e  c a rb é n iu m  ion s re a r ra n g e  to  fo rm  iso c a rb e n iu m  ion s w h ic h  then  
c o n v e r t  to  iso a lk e n e  m o le c u le s .T h e  iso a lk e n e  m o le c u le s  sh u ttle  b a c k  to  th e  m e ta l 
s ite s  a n d  a re  re h y d ro g e n a te d  th e re  to  p ro d u c e  the  iso a lk a n e  (A li, A -G .A . e t  a l . .  2 0 0 1 ).

In 2 0 0 0 . C a le m m a , V . e t  a l .  s tu d ie d  th e  h y d ro is o m e r iz a t io n  
an d  h y d ro c ra c k in g  o f  n -h e x a d e c a n e , n -o c ta c o s a n e  a n d  n -h e x a tr ia c o n ta n e  o n  a  0 .3 %  
P t/a m o rp h o u s  S iC T -A F C T fM S A /E ) c a ta ly s t . T h e  c a ta ly tic  e x p e r im e n ts  w e re  
c o n d u c te d  in a s ti r re d  m ic ro a u to c la v e  a t 3 4 5 , 3 6 0  an d  3 8 0  ° c  an d  b e tw e e n  2 an d  13.1 
M P a  h y d ro g e n  p re s su re . T h e  re su lts  W'ere u sed  to  e x p la in  th e  e f fe c t  o f  c h a in  len g th  
an d  o p e ra t in g  c o n d it io n s  on  iso m e riz a tio n  an d  c ra c k in g  s e le c t iv i ty .T h e  re su lt  sh o w e d  
th a t th e  s e le c tiv ity  fo r  h y d ro is o m e r iz a t io n  d e c re a se d  w ith  in c re a s in g  le n g th  o f  
p a ra ff in  c h a in  as s h o w n  in F ig u re  2 .6 .

conversion

Figure 2.6 F ir s t -o rd e r  p lo ts  fo r  th e  se le c tiv ity  o f  fe e d  iso m e rs  c o r re s p o n d in g  to
380°c.

เท c a se  o f  s tu d y  e ffe c t o f  h y d ro g e n  p re s s u re , h y d ro g e n  
p re s su re  a ffe c ts  th e  ra te  o f  h v d r o is o m e r iz a t io n /h y d ro c ra c k in g  o f  n -p a ra f fm  in v e rse ly  
b e c a u se  it w ill re d u c e  th e  s te a d y  s ta te  c o n c e n tra t io n  n -a lk e n e s  an d  se c o n d a ry
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carbénium ions, the main species which involve in limiting step (rearrangement of 
the secondary carbénium) with a consequent decrement of the limiting step rate.

As shown in Figure 2.7, the limiting step is the rearrangement 
of the secondary carbénium. Moreover, three factors may contribute to the high 
hydroisomerization selectivity shown by the Pt/MSA/E catalyst: a mild Bronsted 
acidity, a very high surface area and a narrow distribution of pores in the mesopore 
region (Calemma, V .et al., 2000).

H y d r o g e n o ly s i s  , , 1 , _ T, 1n - A lk a n e  ---------------------------- ะ------- — — ะ--------------------------- --— ►  c  r a c k i n g  P r o d u c t sForaiatwnof olefin ' ' afmrtalsj»
'< All tie It of ©1< fix11 Ono, acidicsite 11- a lk y l  s e c o n d a r y  p - s c is s io n  , , 1 . ' ,

n - A lk e n e s  • - 4 — ---------- ». t r a c k i n g  P r o d u c t sc a r b o n iu m  io n
R e a r r a n g e m e n t  Ij

. 1 ,,  n - a lk v l  s e c o n d a r y  P -s c is s io n  ,-1 1 . „  1 .i - A lk e n e s  ..................~ ~ » 1' .  • _ — _ ------- * t  r a c k i n g  P r o d u c t s
c a r b o n iu m  io n

H y d r o g e n o ly s is
i - A l k a n e s ----------------------------- '---------------- ะ-------------------------------- » C r a c k i n g  P r o d u c t s

F i g u r e  2 . 7  Reaction scheme for hydroisomerization and hydrocracking of «-alkanes 
on bifunctional catalysts (V.Calemma et a i, 2000).

In 1998, Souverijns, พ. et al. studied the hydrocracking of 
isoheptadecanes on Pt/H-ZSM-22 and Pt/H-Y. The catalytic experiments were 
conducted in a tubular downflow reactor. The catalysts were activated in situ in the 
reactor by a calcination under flowing oxygen at 673 K, followed by a reduction 
under flowing hydrogen at the same temperature. The n-C17 and hydrogen palliai 
pressures at the entrance of the reactor were 900 Pa and 350 kPa, respectively. The 
constant space time, W/F0 is equal to 0.5 h kg mol"1. The results from catalyst 
characterizations showed that on Pt/H-Y, the most cracked products have carbon 
numbers in the range from C4 to C l3. On Pt/H-ZSM-22, the cracked products are 
higher in the range of lighter components.
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Carbon number

F i g u r e  2 . 8  Yield of cracked product fractions per carbon number at 25% cracking 
yield of n-C \l on Pt/H-Y and Pt/H-ZSM-22 (Souverijns, พ. et al, 1998).

F i g u r e  2 . 9  Content of branched products in the cracked product fractions at 10% 
cracking yield of A7-C17 on Pt/H-ZSM-22 and Pt/H-Y. (Souverijns. พ. et al, 1998).

The content of branched isomers in the cracked product 
fractions increases with increasing carbon number of the fraction. The content of 
branched isomer fragments in the cracked product fractions on Pt/H-Y is higher than 
Pt/H-ZSM-22. Content of branched products in the cracked product fractions at 10% 
cracking yield of Y,Î-C17 on Pt/H-ZSM-22 and Pt/H-Y is shown in Figure 2.9. In
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2 0 0 0 , P a rk , K -C  e t  a l .  s tu d ie d  th e  h y d ro is o m e r iz a t io n  o f  n -h e x a d e c a n e  on  
b ifu n c tio n a l p la tin u m  c a ta ly s ts  su p p o r te d  o n  Z S M -5 , Z S M -2 2 , S A P O - 1 1, A l-M C M - 
41 , H -Y  a n d  H -p . T h e  re su lts  fro m  c a ta ly s t  c h a ra c te r iz a tio n s  s h o w e d  th a t the  
P t/Z S M -5 , P t /Z S M -2 2  an d  P t/H -P  c a ta ly s ts  sh o w e d  h ig h e r  h y d ro c ra c k in g  a c tiv ity  
d u e  to  th e ir  s tro n g  a c id  s ite s , w h ile  th e  P t/S A P O -1 1 , P t/A l-M C M -4 1  an d  P t/H -Y  
c a ta ly s ts  w ith  m o d e ra te  a c id  s tre n g th  sh o w e d  b e tte r  iso m e r iz a t io n  s e le c tiv ity .

H y d ro c ra c k in g  an d  iso m e r iz a t io n  o f  n -p a ra f f in  a re  a lso  
in v e s tig a te d  b y  M u n o z  A rro y o , J .A . e t a l .  A  m ix tu re  o f  n -p a ra f f in s  w a s  h y d ro c ra c k e d  
o v e r  a P t/Z S M -2 2  a n d  a P t/U S Y  z e o li te  c a ta ly s t  in  a th re e  p h a s e  re a c to r  w ith  in te rn a l 
m ix in g  o p e ra te d  u n d e r  in d u s tr ia lly  re le v a n t c o n d it io n s . T h e  re s u lt  sh o w e d  th a t the  
iso m e r iz a t io n  p ro d u c ts  o b ta in e d  fro m  th e  ฑ-p a ra f fm  m ix tu re  a n d  th e  h y d ro tre a te d  
g aso il o n  P t/U S Y  is h ig h e r  th a n  o n  P t/Z S M -2 2 . O n  P t/Z S M -2 2 , the  fo rm a tio n  o f  
h ig h ly  b ra n c h e d  a lk a n e s  is d if f ic u l t  b e c a u s e  o f  s te r ic a l  h in d ra n c e  so  th e  c ra c k e d  
p ro d u c ts  o b ta in e d  o n  P t/Z S M -2 2  c o n ta in  a h ig h  a m o u n t o f  lin e a r  p a ra ff in s . 
D is tr ib u tio n  o f  c ra c k e d  p ro d u c ts  in th e  h y d ro c ra c k in g , a c e n tra l  c ra c k in g  an d  
fo rm a tio n  o f  C 5  a n d  C 6  p ro d u c ts  can  be  o b se rv e d  o n  P t/U S Y . O n  P t/Z S M -2 2  the  
fo rm a tio n  o f  C 3  is m u c h  m o re  p ro n o u n c e d , an d  th e  m a x im u m  is ra th e r  a t C 4  an d  C 5. 
T h e  c o n te n t  o f  b ra n c h e d  c ra c k e d  p ro d u c ts  o b se rv e d  o n  P t/U S Y  h ig h e r  th a n  P t/Z S M - 
2 2 . F ig u re  2 .1 0  s h o w s  d is tr ib u tio n  o f  c ra c k e d  p ro d u c ts  in th e  h y d ro c ra c k in g  as a 
fu n c tio n  o f  c a rb o n  n u m b e r  a t y ie ld  o f  15% .

T h e se  d ay s  z e o li te s  a re  d e s ire d  c a ta ly s ts . Z e o li te s  a re  n a tu ra l 
m in e ra ls  th a t  a re  m in e d  in m a n y  p a rts  o f  th e  w o rld . M o s t  z e o l i te s  u sed  c o m m e rc ia lly  
a re  s y n th e t ic a lly  p ro d u c e d . In h y d ro c a rb o n  c o n v e rs io n  c a ta ly s is , th e se  s tru c tu re s  o f  
p r in c ip a l in te re s t  a re  th e  la rge  p o re  z e o li te s , ty p e  X , Y , L, o m e g a  an d  m o rd e n ite . 
T o d a y , Y  z e o li te  is u se d  c o m m e rc ia lly  as c a ta ly s t  in p e tro le u m  re f in e ry  b e c a u se  o f  
its h ig h  c o n c e n tra t io n  o f  a c tiv e  ac id  s ite s , its h ig h  th e rm a l s ta b i l i ty  an d  h ig h  s iz e  
se le c tiv ity . Y  z e o li te  is a sy n th e tic  a n a lo g  to  th e  m in e ra l f a u ja s ite  an d  c ry s ta ll iz e s  
w ith  c u b ic  sy m m e try . It h a s  c ry s ta l s iz e s  in th e  a p p ro x im a te  ra n g e  o f  0 .2 - 0 .5 p m  an d  
12 m e m b e r  r in g  w ith  7 .4 Â  p o re  d ia m e te r . It th e rm a lly  d e c o m p o s e s  a t 7 9 3 ° c  (H tay . 
M .M ., an d  O o . M .M .. 2 0 0 8 ).
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[— I Pt/USY  

■  Pt/ZSM -22

YIELD * 1 5  %
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C a r b o n  N u m b e r

Figure 2.10 D is tr ib u tio n  o f  c ra c k e d  p ro d u c ts  in th e  h y d ro c ra c k in g  a s  a fu n c tio n  o f  
c a rb o n  n u m b e r  a t  y ie ld  o f  15 (M u n o z  A rro y o , J.A. e t  a l . , 2 0 0 0 ) .

d o u b l e  6 - r i n g  s o d a l i t e  c a g e  s u p e r c a g e

Figure 2.11 S tru c tu re  o f  Y  z e o li te
( h t t p : / /w w w .r s c .o r g /e j /J M /2 0 0 0 /b 0 0 2 4 7 3 m /b 0 0 2 4 7 3 m - f l  .g if ) .

http://www.rsc.org/ej/JM/2000/b002473m/b002473m-fl
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In 2 0 0 1 , A li, A -G .A . e t  a l .  s tu d ie d  h y d ro is o m e r iz a t io n , 
h y d ro c ra c k in g  an d  d e h y d ro c y c liz a t io n  o f  77-pentane a n d  77-hexane u s in g  m o n o -  an d  
b im e ta llic  c a ta ly s ts  on  Y-AI2 O 3 su p p o rt  a n d  p ro m o te d  w ith  f lu o r in e . T h is  w o rk  
s tu d ie d  fo r  th e  c o n v e rs io n  o f  17-pentane a n d  77-hexane a t d if fe re n t  te m p e ra tu re s  o f  
300-500°C, e x c e p t  fo r  R h  c a ta ly s ts  ( fro m  150 to  500°C) in th e  p re s e n c e  o f  H2 

a tm o sp h e re , 0 .0 4 9  m o l/h . T h e  re su lts  fro m  c a ta ly s t  c h a ra c te r iz a tio n s  s h o w e d  th a t th e  
o v e ra ll a c t iv ity  o f  P t, Ir  an d  R h /A L C h  in c re a se s  w ith  in c re a s in g  th e  re a c tio n  
te m p e ra tu re  u p  to  500°c. T h is  b e h a v io r  m a y  be d u e  to  th e  in c re a se  o f  a c id i ty  b y  th e  
c o n v e rs io n  o f  L e w is  a c id  s ite s  to  th e  B rô n s te d  o n e s . T h e  a c t iv ity  s e q u e n c e s  fo r 
iso m e riz a tio n  is Pt >  Ir >  R h , fo r  h y d ro c ra c k in g  R h  >  Ir >  P t, an d  fo r  
d e h y d ro c y c liz a t io n  P t >  Ir >  R h  fo r 77-p e n ta n e  a n d  77-h e x a n e . F o r  P L A I2 O 3 , it m a y  be 
c o n c lu d e d  th a t  in c o rp o ra tio n  o f  3.0 w t.%  f lu o r in e  e n h a n c e s  th e  s e le c t iv i ty  fo r  
h y d ro is o m e r iz a t io n  g re a te r  th a n  h y d ro c ra c k in g  a n d  d e h y d ro c y c liz a t io n . F o r  Ir/A L C b , 
th e  h y d ro is o m e riz a tio n  s e le c tiv ity  in c re a se d  o n  th e  f lu o r in a te d  c a ta ly s t . T h e  
s e le c tiv ity  o f  f lu o r in a te d  R h /A ^ C L  is h ig h ly  d ire c te d  to w a rd s  h y d ro c ra c k in g .

In 2 0 0 1 , A li, L .I. e t  a l .  s tu d ie d  th e  h y d ro c o n v e rs io n  o f  77- 
p a ra ff in s  in l ig h t n a p h th a  u s in g  Pt, Ir, R h , R e , an d  บ  su p p o r te d  o n  A I 2 O 3 c a ta ly s ts  
p ro m o te d  w ith  n o b le  m e ta ls  a n d /o r  c h lo r in e . In th is  w o rk  s tu d ie d  h y d ro c o n v e rs io n  o f  
n -p e n ta n e  an d  n -h e x a n e  w a s  in a p u lse d  m ic ro - re a c to r  sy s te m  a t a  te m p e ra tu re  ra n g e  
o f  3 0 0 - 5 0 0  °c, e x c e p t fo r  R h /A b C L  ( 1 5 0 -5 0 0  °C ). In c a se  o f  m o n o m e ta l l ic  c a ta ly s ts , 
th e y  a lso  fo u n d  th a t th e  m o s t  a c tiv e  c a ta ly s ts  fo r  h y d ro iz o m e r iz a t io n , h y d ro c ra c k in g  
an d  h y d ro g e n o ly s is  a re  P t. Ir an d  R h, re s p e c tiv e ly . N e v e r th e le s s  R e  a n d  บ  a re  fo u n d  
in a c tiv e .

F ro m  th e  ab o v e  lite ra tu re s  re v ie w , u s in g  P t a n d  Ir as m e ta l o f  
c a ta ly s t  is a  g o o d  w a y  to  o b ta in  h ig h  a c t iv ity  o f  is o m e r iz a t io n  a n d  m o d e ra te  a c iv ity  
o f  h y d ro c ra c k in g .re s p e c tiv e ly  fo r j e t  fuel f ra c tio n . T h e re fo re ,  P t a n d  Ir w ill be  u sed  
as m e ta ls  s u p p o rte d  o n  Y -z e o lite  as w e  p ro p o se d  b e fo re  fo r  th is  p re s e n t  s tu d y . 
M o re o v e r , fo r  F -p ro m o te d  Y-AI2O3 e x h ib ite d  a b e t te r  s e le c t iv i ty  to  
h y d ro is o m e r iz a t io n  w h ic h  c a n  im p ro v e  o c ta n e  n u m b e r  o f  j e t  fu e l. T h e re fo re ,  Y-AI2O3 
p ro m o tio n  w ith  F -  io n s  w ill  b e  a lso  u sed  as a  c a ta ly s t  s u p p o r t  in th is  s tu d y .
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2 .3 .2 .2  H y d ro d e o x y g e n a tio n
T h e  d e o x y g e n a tio n  o f  s te a r ic  ac id  o v e r  th e  h e te ro g e n e o u s  

c a ta ly s ts  fo r  p ro d u c tio n  o f  b io d ie se l w a s  in v e s tig a te d  b y  D m itry  Y u . M u rz in  e t  
a l.,(2 0 0 6 ) .  A v a r ie ty  o f  m e ta l (P d , P t, R u , M o , N i, R h , Ir, a n d  O s)  s u p p o rte d  o n  
A I2 O 3 . O 2 O 3 , M g O . a n d  S iO :, as w e ll as a c t iv a te d  c a rb o n s  w e re  s tu d ie d . T h e  
d e o x y g e n a tio n  e x p e r im e n t w ere  c a rr ie d  o u t in a se m i b a tch  re a c to r  u n d e r  c o n s ta n t 
o v e ra ll p re s s u re  an d  te m p e ra tu re  a t 6 0 0  k P a  a n d  3 0 0 ° c ,  re s p e c tiv e ly . In c a se  o f  
n o n c a ta ly t ic  d e o x y g e n a tio n , it w as fo u n d  th a t le ss  th a n  5 %  o f  s te a r ic  ac id  w as  
c o n v e r te d  w ith in  6  h o f  re a c tio n  an d  th e  m a in  p ro d u c ts  fo rm e d  w e re  lin e a r C l 7 
h y d ro c a rb o n s . T h e  h e te ro g e n e o u s  c a ta ly tic  d e o x y g e n a tio n  o f  s te a r ic  a c id  a c h ie v e d  
w ith  h ig h  a c tiv ity  a n d  s e le c t iv i ty  to  n -h e p ta d e c a n e  (n -C 1 7 ) , d e s ire d  p ro d u c t. T h e  
c a ta ly s t  s c re e n in g  s h o w e d  th a t the  re a c tio n  c a n  b e  e f fe c tiv e ly  p e r fo rm e d  o v e r  
p a l la d iu m  an d  p la tin u m  su p p o rte d  o n  a c tiv a te d  c a rb o n s . F u r th e rm o re , th e  g as  p h a se  
a n a ly s is  in d ic a te d  th a t th e  d e c a rb o x y la tio n  re a c tio n  w a s  m o re  p re fe ra b ly  o v e r  the  
P d /C  c a ta ly s t ,  as  th e  d e c a rb o n y la tio n  w a s  m o re  p re fe ra b ly  o v e r  th e  P t/C  c a ta ly s t .

2 .3 .2 .3  A n  In n o va tive  T e c h n o lo g y  fo r  C o n v e r t in g  a n y  R e n e w a b le  O il
in to  H ig h -V a lu e  B io fu els  (P a te n t-p e n d in g  T ec h n o lo g y
“ C en tia ™ )
D iv e rs if ie d  E n e rg y  C o rp o ra t io n  (D E C ) a n d  N o r th  C a ro lin a  

S ta te  U n iv e rs i ty  (N C S U ) a re  d e v e lo p in g  a p a te n t-p e n d in g  te c h n o lo g y  fo r  c o n v e r t in g  
o ils  d e r iv e d  fro m  a n y  tr ig ly c e r id e  fe e d s to c k  (a g r ic u ltu re  c ro p s , a n im a l fa ts , a lg a e , 
e n e rg y  c ro p s , w a s te  g re a s e s , e tc .)  to  h ig h  v a lu e  b io fu e ls . T h e  te c h n o lo g y , te rm e d  
C e n tia ™  (a  d e r iv a tio n  o f  " g re e n  p o w e r '’ in L a tin ), c o n s is ts  o f  th re e  s te p s  as s h o w n  in 
F ig u re  2 .1 2  to  p ro d u c e  b io g a so lin e . J e t  A - l / J P - 8  (a v ia tio n  fu e l) , a n d  re n e w a b le  
d ie se l.

C e n tia ™  a lso  p ro v id e s  f le x ib i l ity  in th e  ty p e  o f  b io fu e l 
p ro d u c e d . O n e  e x c e lle n t  ta rg e t m a rk e t is th e  a v ia tio n  in d u s try  b e c a u s e  o f  its 
e c o n o m ic  s e n s it iv i ty  to  c ru d e  o il p r ic e s  an d  th e  c u r re n t  lack  o f  b io -b a s e d  fu e l 
a l te rn a tiv e s .
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T G  =  trig lyceride  
FF  A  =  S e e  fatty acid 
G L  =  glycerol '
C O  = carbon  dioxide

F e e d s t o c k  O ils A H y d r o ly t ic  C o n v e r s io n - \
• Agricultural C ro p s T G + 3 H .0  -*■  3FF A + G L T| y
• A qu acu itu ra l C ro p s - 1/ ะ ]
* E n e r g y  C ro p s i f
• A nim al F a ts S tep  1
■  W a s te  G r e a s e F e e d s to c k  h e a te d  u n d er

p r e s s iir e
S e v e r s  fatty a cid  c h a in s
from  g ly c e ro l b a c k b o n e

U s e d  a s  ล  T herm al S o u r c e

D e c a r b o x y la t io n
F F A  —  /r -a lk an e+ C O ,

F F A s a n d  s o lv e n t  h e a te d ,  
p r e ssu r iz e d , a n d  p a s s e d  
th ro u gh  a  c a ta ly s t  
Liquid or g a s - p h a s e

ค . .  =I aviation biofuel
บ  7 \

A v ia t io n  B io fu e l  P e r f o r m a n c e
! ■ > 85%  e n e r g y  c o n v e r s io n  e ff ic ie n c y  
j • >  75%. m a s s  c o n v e r s io n  e ffic ie n c y  
{■  E n ergy  d e n s ity  > 4 4  M J/kg  
I• F re e z in g  poin t ' - 4 7 : c  /

J  R e fo r m in g  l o n g - c h a i n  
I  ' A lk a n e s
ร l C,jjFn-MkaKS-*CIs. jsoaikanes -j »aromatics*-naphthenes+H!

—  S tep  3
R eform in g  lo n g -ch a in  a lk a n e s  
in to  b ra n c h e d  a lk a n e s  an d  
ring s tru ctu res  
O p tim ized  to  m a x im iz e  c , 0 
th ro u gh  C K is o a lk a n e s  

1 -S>
A lte r n a t iv e
R e fo r m in g

Vother hydrocarbon fuels 
(b iod iesel and bioga'soline)

Figure 2.12 3 -S te p  C e n tia ™  B io fu e ls  P ro c e ss .
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Table 2.3 C e n tia ™  Project Team

T e a m  M e m b e r S p e c ia lt y /E x p e r ie n c e
• P ro g ra m  M a n a g e m e n t

D iv e r s if ie d  E n e r g y  

C o r p o r a tio n

• S y s te m s  E n g in e e r in g
• C o m m e r c ia l iz a t io n
• E c o n o m ic s

• C a ta ly s t  S c a l in g  a n d  C o m m e r c ia l iz a t io n
N o r th  C a r o lin a  S ta te • P r in c ip a l S u b c o n tr a c to r

U n iv e r s i ty • K e y  T e c h n o lo g y  H o ld e r

B A S F • C a ta ly s t  D e v e lo p m e n t
L a u ren  E n g in e e r s  and • F u e l Q u a li f ic a t io n

C o n s tr u c to r s • P r o v e n  A lte r n a t iv e  F u e ls  W o rk

T u rn er  E n g in e e r in g
• S p e c ia l iz e d  E n g in e e r in g  a n d  B io f u e ls  D e v e lo p m e n t
• S y s te m s  E n g in e e r in g

S o u th w e s t  R e s e a r c h  In stitu te
• F u el P la n t D e s ig n  a n d  C o n s tr u c t io n
• F u e l P la n t O & M

C h a m b e r s  P r o c e s s • S y s te m s  E n g in e e r in g
E n g in e e r in g • P ra c tica l P r o c e s s  E n g in e e r in g

2.3.3 Catalyst Deactivation

The mechanisms of catalyst deactivation can be grouped into six 

intrinsic mechanisms of catalyst decay (Bartholomew e t a l., 2001):

1 . poisoning

2. fouling

3. thermal degradation

4. vapor compound formation accompanied by transport

5. vapor-solid and/or so lid -so lid  reactions 

6..attrition/ crushing
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T h e  c a u s e s  o f  d e a c t iv a t io n  are b a s ic a l ly  th r e e - fo ld :  c h e m ic a l ,  
m e c h a n ic a l  a n d  th e r m a l. E a c h  o f  th e  s ix  b a s ic  m e c h a n is m s  is  d e f in e d  b r ie f ly  in T a b le
2 .4 .

T a b l e  2 . 4  M e c h a n is m s  o f  c a ta ly s t  d e a c t iv a t io n

M e c h a n is m T y p e B r ie f  d e f in i t io n /d e s c r ip t io n

S tr o n g  c h e m is o r p t io n  o f  s p e c ie s  o n  c a ta ly t ic
P o is o n in g C h e m ic a l s it e s ,  th e r e b y  b lo c k in g  s it e s  fo r  c a ta ly t ic

r e a c t io n
P h y s ic a l  d e p o s it io n  o f  s p e c ie s  fro m  flu id

F o u lin g M e c h a n ic a l p h a se  o n to  th e  c a ta ly t ic  s u r fa c e  and  in c a ta ly s t
p o r e s

T h e r m a lly  in d u c e d  lo s s  o f  c a ta ly t ic  s u r fa c e
T h e r m a l d e g r a d a tio n T h erm a l area , su p p o r t a r ea , a n d  a c t iv e  p h a s e - s u p p o r t

r e a c t io n s

V a p o r  fo r m a tio n C h e m ic a l
R e a c t io n  o f  g a s  w ith  c a t a ly s t  p h a se  to  p r o d u c e  

v o la t i l e  c o m p o u n d
V a p o r - s o l id  an d  
s o l i d - s o l id  r e a c t io n s

C h e m ic a l
R e a c t io n  o f  f lu id , su p p o r t , o r  p r o m o te r  w ith  

c a ta ly t ic  p h a s e  to  p r o d u c e  in a c t iv e  p h a se
L o s s  o f  c a ta ly t ic  m a te r ia l d u e  to  a b r a s io n  

L o s s  o f  in ter n a l s u r fa c e  area  d u e  to
A ttr it io n /c r u s h in g  M e c h a n ic a l

m e c h a n ic a l- in d u c e d  c r u s h in g  o f  th e  c a ta ly s t  
p a r t ic le

2 .3 .4  P r e v e n t io n  o f  C a ta ly s t  D e a c t iv a t io n
A s  th e  c a ta ly s t  is  th e  h eart o f  a p r o c e s s ,  it is  n e c e s s a r y  to  k e e p  it 

w o r k in g  fo r  a s  lo n g  a s  it is  p o s s ib le .  T h o u g h  s o m e  c a ta ly s t s  m a y  b e  r e g e n e r a te d  
th ro u g h  b u r n in g  (o r  w a s h in g  w ith  s o lv e n t s )  o f  th e  c o k e  o r  p o is o n ,  fr eq u e n t  
r e g e n e r a tio n  e n ta il  lo s s  o f  p r o d u c t iv ity  and  a s lo w  d e c l in e  in th e  p e r fo r m a n c e  o f  th e  
c a ta ly s t  w ith  e a c h  r e g e n e r a t io n . It is  n e c e s s a r y , th e r e fo r e , to  m a x im iz e  th e  c y c le
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le n g th  (a c t iv e  p e r io d )  o f  th e  c a ta ly s t  b e fo r e  r e so r t in g  to  r e g e n e r a t io n . T h e  p r e v e n t io n  
o f  c a ta ly s t  d e a c t iv a t io n  w i l l  d e p e n d  o n  th e  id e n t if ic a t io n  o f  th e  r e a s o n s  fo r  

d e a c t iv a t io n . S o m e  ty p ic a l  r e a s o n s  fo r  d e a c t iv a t io n  a n d  m e th o d s  fo r  p r e v e n t io n  o f  
c a ta ly s t  a c t iv ity  lo s s  a re  p r e s e n te d  in T a b le  2 .5 .

T a b l e  2 . 5  M e th o d s  fo r  p r e v e n t io n  o f  c a ta ly s t  d e a c t iv a t io n

C a u s e S o lu t io n s
P o is o n in g P u r ify  fe e d ;  u s e  g u a rd  b e d s ;  u se  a d d it iv e s  w h ic h  

■ s e l e c t i v e ly  rea ct w ith /d e a c t iv a te  th e  p o is o n ;  c h a n g e  
r e a c t io n  c o n d it io n s

C o k in g A v o id  c o k e  p r e c u r so r s  in  fe e d ;  a v o id  fr e e  rad ica l  
' r e a c t io n ;  a v o id  free  s p a c e ;  p a s s iv a te  m e ta l s u r fa c e s ;  add  

w a te r , h y d r o g e n :  u s e  s h a p e  s e l e c t i v e  z e o l i t ie s ;  add  

p r o m o -  ters; c h a n g e  o p e r a t in g  c o n d it io n s .
S in te r in g U s e  p r o m o te r s /s ta b il iz e r s ;  lo w e r  r e a c t io n  te m p e r a tu r e ;  

a v o id  s p e c i f i c  im p u r it ie s
L o s s  o f  c a ta ly t ic  p h a s e  A v o id  im p u r it ie s  w h ic h  a  c a u s e  v o la t i l iz a t io n ;  a lter

o p e r a t in g  c o n d it io n s ;  a d d  p r o m o te r s
M e c h a n ic a l  fa ilu r e Im p r o v e  m e c h a n ic a l  s tr e n g th  o f  c a ta ly s t ;  a lte r  r e a c tio n  

c o n d it io n s ;  im p r o v e  c a ta ly s t  fo r m a t io n
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