
CHAPTER 2

LITERATURE SURVEY

2 . 1  HYDROCRACKING PROCESS

B e c a u s e  o f  t h e  i n t e r e s t i n g  r o l e s  o f  t h e  d e v e l o p e d  
c a t a l y s t s ,  t h e  o l d  p r o c e s s ,  t h e r m a l  c r a c k i n g ,  h a s  b e e n  
r e p l a c e d  by t h e  more e f f i c i e n t  c a t a l y t i c  p r o c e s s .  One o f  
them i s  h y d r o c r a c k i n g ,  a c r a c k i n g  o p e r a t i o n  w i t h  
h y d r o g e n a t i o n  o f  h e a v y  h y d r o c a r b o n  m o l e c u l e s  t o  y i e l d  l i g h t e r
and more u s e f u l h y d r o c a r b o i ns . I mp r o v e d c a t a l y s t s  h a v e b e e n
d e v e l o p e d w h i c h p e r m i t o p e r a t i o n s a t reî l a t i v e l y l o w
p r e s s u r e s , and t h e  w o r l d - w i d e  demaiid f o r h i g h  o c t a n e
g a s o l i n e and t h e d e c r e a s e i n  demand f o r d i î î t i l l a t e f u e l s
h a s  c a u s e d  a n e c e s s i t y  f o r c o n v e r t i n g h i g h e r b o i l i n g p o i n t
p e t r o l e u m m a t e r i a . I s  t o  g a s o l i n e  and j e t f  ue:1 s  .

The o r i g i n a l  h y d r o c r a c k i n g  p r o c e s s  was  d e v e l o p e d  i n  
Germany i n  1 9 2 7  and t h e  f i r s t  modern c o m m e r c i a l  h y d r o c r a c k i n g  
u n i t  was  o p e r a t e d  i n  1 9 6 1 .  s i n c e  t h e n  c o m m e r c i a l  
h y d r o c r a c k i n g  h a s  d e v e l o p e d  r a p i d l y  w i t h  h y d r o c r a c k i n g  
f e e d s t o c k s  r a n g i n g  f r o m n a p h t h a  t o  r e s i d u e  and p r o d u c t s  
r a n g i n g  f r o m  l i q u e f i e d  p e t r o l e u m  g a s  t o  l u b r i c a t i n g  o i l .

The i n t e r e s t  i n  t h e  u s e  o f  h y d r o c r a c k i n g  h a s  b e e n  
c a u s e d  by s e v e r a l  f a c t o r s  ; among them a r e  (1 8  ะ 1 2 1 )
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1 .  The demand f o r  p e t r o l e u m  p r o d u c t s  h a s  s h i f t e d  t o  
h i g h  r a t i o s  o f  g a s o l i n e  c om p a r e d  w i t h  t h e  u s a g e s  o f  m i d d l e  
d i s t i l l a t e s .

2 .  B y p r o d u c t  h y d r o g e n  a t  l o w  c o s t s  and i n  l a r g e  
a m o u n t s  h a s  b e c ome  a v a i l a b l e  f rom c a t a l y t i c  r e f o r m i n g  
o p e r a t i o n s  i n  r e c e n t  y e a r s .

H y d r o c r a c k i n g  p r o c e s s  h as  more a d v a n t a g e s  t h a n  t h e  
o t h e r s  i n  p e t r o l e u m  r e f i n i n g  ; some o f  them a r e  ะ

1 .  B e t t e r  b a l a n c e  o f  g a s o l i n e  and d i s t i l l a t e  
p r o d u c t i o n  .

2 .  G r e a t e r  g a s o l i n e  y i e l d  .
3 .  I m p ro v e d  g a s o l i n e  p o o l  o c t a n e  q u a l i t y  and 

s e n s i t i v i t y  .
4 .  P r o d u c t i o n  o f  r e l a t i v e l y  h i g h  a m o u n t s  o f  i s o b u t a n e  

i n  t h e  b u t a n e  f r a c t i o n .
5 .  S u p p l e m e n t s  c a t a l y t i c  c r a c k i n g  t o  u p g r a d e  h e a v y  

c r a c k i n g  s t o c k s ,  a r o m a t i c s ,  c y c l e  o i l s ,  and c o k e r  o i l s  t o  
g a s o l i n e ,  j e t  f u e l s  and l i g h t  f u e l  o i l s .  ( 1 8  ะ 1 2 1 - 1 4 1 )

2 . 1 . 1  E a r l y  H y d r o c r a c k i n g
The h y d r o c r a c k i n g  p r o c e s s  was  f i r s t  

c o m m e r c i a l l y  d e v e l o p e d  by  I . G .  F a r b e n  I n d u s t r i e  i n  1 9 2 7  f o r  
c o n v e r t i n g  brown c o a l  o r  l i g n i t e  i n t o  l i q u i d  f u e l s ,  m a i n l y  
g a s o l i n e ,  and was  f i r s t  b r o u g h t  t o  น . S . A .  by E s s o  R e s e a r c h  
and E n g i n e e r i n g  Company i n  t h e  e a r l y  1 9 3 0 s .  f o r  u s e  i n  
u p g r a d i n g  p e t r o l e u m  f e e d s t o c k s  and p r o d u c t s ,  e s p e c i a l l y  i n
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B e c a u s e  o f  some d i s a d v a n t a g e s  o f  t h i s  e a r l y  
p r o c e s s ,  h i g h  p r e s s u r e  e q u i p m e n t  b e i n g  r e q u i r e d  and h y d r o g e n  
c on s u m e d  i n  t h e  p r o c e s s  h a v i n g  t o  b e  m a n u f a c t u r e d ,  t h e  
p r o c e s s  was  e c o n o m i c a l l y  u n a t t r a c t i v e  and was  a b a nd on e d  
d u r i n g  t h e  e nd  o f  t h e  World War I I .

t h e  p r o d u c t i o n  o f  l u b r i c a t i n g  o i l ,  d i e s e l  f u e l  and g a s o l i n e .

The e a r l y  h y d r o c r a c k i n g ,  o n e  o f  t h e  o l d e s t  
c a t a l y t i c  p r o c e s s e s  i n  p e t r o l e u m  r e f i n i n g ,  was  f i x e d  bed  
n o n - r e g e n e r a t i v e  p r o c e s s .  The r e a c t o r  was  o p e r a t e d  i n  t h e  
t e m p e r a t u r e  r a n g e  o f  600  -  1 0 0 0  °F t h e  p r e s s u r e s  o f  200  
a t m o s p h e r e s  o r  g r e a t e r  t o  i n h i b i t  c o k i n g  r e a c t i o n s  t h a t  
w o u l d  d e s t r o y  c a t a l y s t  a c t i v i t y .  B e c a u s e  t h e  c h e m i c a l  
r e a c t i o n  i s  e x o t h e r m i c ,  m a k e - u p  h y d r o g e n  was  a d d ed  a t  s e v e r a l  
p o i n t s  down t h e  c a t a l y s . t  b ed  t o  s e r v e  a s  a c o o l i n g  medium 
and t o  s u p p l y  some o f  t h e  h y d r o g e n  r e q u i r e d  f o r  t h e  
h y d r o c r a c k i n g  r e a c t i o n .

The e a r l i e s t  h y d r o c r a c k i n g  c a t a l y s t s ,  f o u n d  t o  be  
h i g h  i n  a c t i v i t y ,  w e r e  t u n g s t e n  d i s u l f i d e  and molybdenum  
d i s u l f i d e .  T h e s e  c a t a l y s t s  w e r e  p r o m o t e d  t o  u s e  a g a i n s t  
s u l f u r  c o n t a i n i n g  h y d r o c a r b o n  c o m p o u n d s .  T h e s e  c a t a l y s t s  g a v e  
h i g h  g a s o l i n e  y i e l d s  b u t  l o w  i n  o c t a n e  n u mb e r .

The n e x t  c a t a l y s t s ,  r e p l a c e i n g  d i s u l f i d e s  o f  t u n g s t e n  
and mo l y b d e n u m,  was  t h e  s u p p o r t i n g  o f  t h e s e  d i s u l f i d e s  on a 
n a t u r a l  c l a y ,  s u c h  a s  m o n t m o r i 1 l o n i t e  c l a y  t r e a t e d  w i t h



8

h y d r o f l u o r i c  a c i d ,  w h i c h  g a v e  much h i g h e r  o c t a n e  number i n  
g a s o l i n e  y i e l d .

2 . 1 . 2  Modern H y d r o c r a c k i n g

B e c a u s e  o f  d e v e l o p m e n t  o f  i m p r o v e d  
c a t a l y s t s ,  h y d r o c r a c k i n g  i s  p o s s i b l e  a t  l e s s  s e v e r e  
c o n d i t i o n s  t h a n  t h e  e a r l i e r  p r o c e s s e s .  And f o r t u n a t e l y ,  
c h e a p e r  h y d r o g e n  h a s  b e e n  p r o d u c e d  a s  a b ÿ - p r o d u c t  o f  
c a t a l y t i c  c r a c k i n g  p r o c e s s ,  and a l s o  c a n  be  m a n u f a c t u r e d  by 
an i m p r o v e d  m e t h a n e  s t e a m  r e f o r m a t i o n  p r o c e s s .  T h e r e f o r e ,  
h y d r o c r a c k i n g  h a s  b e e n  c h o s e n  t o  m e e t  t h e  i n c r e a s i n g  demand  
f o r  b e t t e r  and more  l i q u i d  h y d r o c a r b o n  f u e l s .

The f i r s t  modern h y d r o c r a c k i n g  o p e r a t i o n  
was p l a c e d  on s t r e a m  i n  1 9 5 9  by t h e  s t a n d a r d  O i l  Company o f  
C a l i f o r n i a .  Most  o f  t h e  modern p r o c e s s e s  a r e  f i x e d  b ed  o f  
c a t a l y s t ,  downward  f l o w  o f  r e a c t a n t s ,  s i m i l a r  t o  t h e  e a r l y  
v e r s i o n ,  b u t  o p e r a t i o n  h a s  b e e n  d o n e  a t  a b o u t  h a l f  o f  t h e  
t o t a l  p r e s s u r e  o f  t h e  e a r l y  o n e ,  a s  i n  t a b l e  2 . 1 .  E x c e p t i o n s  
a r e  H. o i l  and LC -  F i n i n g  p r o c e s s e s ,  w h i c h  a r e  e x p a n d e d  o r  
e b u l l a t i n g  b e d  p r o c e s s e s .  Most  o f  t h e  p r o c e s s e s  a r e  s i n g l e  
o r  d o u b l e  s t a g e s ,  s i n g l e  s t a g e  p r o c e s s e s  a r e  u s e d  when t h e  
r e a c t a n t s  a r e  l i g h t e r  h y d r o c a r b o n s  and t h e  d e s i r e d  p r o d u c t s  
a r e  m i d d l e  d i s t i l l a t e s ,  l i q u e f i e d  p e t r o l e u m  g a s  o r  g a s o l i n e .  
I f  f e e d s t o c k s  a r e  h e a v y  h y d r o c a r b o n s , d o u b l e  s t a g e  p r o c e s s e s
a r e  u s e d  i n s t e a d .
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T a b l e  2 - 1  L i s t  o f  H y d r o c r a c k i n g  P r o c e s s e s  A v a i l a b l e  f o r  
L i c e n s e  ( 1 8 ,  1 9 )

P r o c e s s  Company

I s o c r a c k i n g  /  I s o ma x  C h e v r o n  R e s e a r c h  and UOP
U n i c r a c k i n g  /  JHC Uni on  o i l  o f  C a l i f o r n i a  and E s s o  

R e s e a r c h  and E n g i n e e r i n g  Co.
HDC Uni bo n UOP
H-G H y d r o c r a c k i n g G u l f  O i l  Co.  And Houdry P r o c e s s  

and C h e m i c a l  Co.
U l t r a c r a c k i n g S t a n d a r d  O i l  Co.  ( I n d i a n a )
BP B r i t i s h  P e t r o l e u m  T r a d i n g  L t d .
BASF -  IFP Ba d i s c h e  A n i l i n - u n d  S o d a - F a b r i k  

and I n s t i t u t  F r a n ç a i s  du P e t r o l e
BOC UOP
H -  O i l H y d r o c ar bo n  R e s e a r c h  I n c . / T e x a c o
LC -  F i n i n g  /  Hy -  c C i t i e s  S e r v i c e s  /  Lummus
S h e l l S h e l l  D e v e l o p m e n t  Co.
VARGA H u n g a r i a n  P e o p l e ' s  R e p u b l i c  and  

German D e m o c r a t i c  R e p u b l i c
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Modern h y d r o c r a c k i n g  c a t a l y s t s  a r e  d u a l  
f u n c t i o n  h a v i n g  b o t h  c r a c k i n g  and h y d r o g e n a t i n g  a c t i v i t y .  
A t y p i c a l  c a t a l y s t  c o m p r i s e s  o n e  o r  more o f  g r o u p  VIB o r  
g r o u p  V I I I  m e t a l  o f  t h e  p e r i o d i c  t a b l e  on an a c i d i c  s u p p o r t ,  
s u c h  a s  s i l i c a - a l u m i n a  o r  s i l i c a - m a g n e s i a  o r  t r e a t e d  z e o l i t e .  
The c r a c k i n g  a c t i v i t y  i s  s u p p l i e d  by  t h e  a c i d i c  s u p p o r t ,  
and t h e  h y d r o g e n a t i n g  a c t i v i t y  i s  s u p p l i e d  by t h e  m e t a l ,  
m e t a l  o x i d e s  o r  m e t a l  s u l f i d e s .

In t h e  บ . S . A ,  t h e  mo s t  i m p o r t a n t  a p p l i c a t i o n  
o f  h y d r o c r a c k i n g  i s  t o  c o n v e r t  g a s  o i l s  i n t o  h i g h  q u a l i t y  
g a s o l i n e .  In t h e  o t h e r  r e g i o n s ,  t h e  a p p l i c a t i o n  s e e m s  t o  
c o n v e r t  h i g h  b o i l i n g  p o i n t  d i s t i l l a t e s  o r  r e s i d u e  t o  m i d d l e  
d i s t i l l a t e s .  And t h e r e  a r e  o t h e r  u s e s  o f  t h e  h y d r o c r a c k i n g  
p r o c e s s ,  f o r  e x a m p l e ,  t o  p r o d u c e  j e t  f u e l  f rom g a s  o i l s  and  
l i q u e f i e d  p e t r o l e u m  g a s  (L P G) f rom l o w  o c t a n e  n a p h t h a .

2 . 2  HYDROCRACKING MECHANISM.

The r e a c t i o n s  o f  c a t a l y t i c  c r a c k i n g  a r e  h i g h l y  
c o m p l e x  and i t s  p a t t e r n  c a n  be  i n t e r p r e t e d  i n  t e r m s  o f  t h e  
c a r b o n i u m  -  i o n  t h e o r y  f o l l o w i n g  t h e  o r i g i n a l  s u g g e s t i o n s  o f  
W h i t m o r e  i n  t h e  i n t e r p r e t a t i o n  o f  c e r t a i n  h y d r o c a r b o n  
r e a c t i o n s  i n  s o l u t i o n .  The t h e o r y  o f  c a t a l y t i c  c r a c k i n g  was  
d e v e l o p e d  by many i n v e s t i g a t o r s ,  i n c l u d i n g  G r e e n s f e l d e r  
e t  a l . ,  C . L .  Phomas ,  H a n s f o r d , and o t h e r s . I t  i s  r e v i e w e d  by  
O b l a d  e t . a l . ,  Emmet t ,  and more  r e c e n t l y  by  G a t e s  e t .  a l .
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T h e r e  
f o r m e d  s u c h  a 
B r o n s t e d  a c i d

a r d  many ways  
ร a t t r a c t i o n  by  

( 1 2  ะ 1 6 2 )  :

H2 c  = CHR + H+

t h a t  a c a r b o n i u m  i o n  
an o l e f i n  o f  a p r o t o n

c a n  be  
f rom a

+ c h 3 c+hr

Modern 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 s  a r e  d u a l  
f u n c t i o n  t y p e ,  c o n t a i n i n g  b o t h  h y d r o g e n a t i o n - d e h y d r o g e n a t i o n  
c o m p o n e n t  and a c i d i c  c o m p o n e n t .  R e a c t i o n s  on a d u a l  
f u n c t i o n a l  c a t a l y s t  a r e  c h a r a c t e r i z e d  by e x t e n s i v e  
i s o m e r i z a t i o n  and s k e l e t a l  r e a r r a n g e m e n t ,  w i t h  s h a p e  s e l e c t i v e  
z e o l i t e  c a t a l y s t s ,  t h e  m o l e c u l e s  r e a c t i n g  and t h e  p r o d u c t s  
f o r m i n g  a r e  p r i m a r i l y  d e t e r m i n e d  by t h e  g e o m e t r i c a l  
c h a r a c t e r i s t i c s  o f  t h e  c a t a l y s t  p o r e s .  (3 1  ะ 4)

2 . 2 . 1  P a r a f f i n  H y d r o c r a c k i n g

The Carbo n i u m i o n s ,  t h e  i n t e r m e d i a t e s  i n  
c a t a l y t i c  c r a c k i n g  r e a c t i o n s ,  a r e  e l e c t r o n  -  d e f i c i e n t  
e n t i t i e s  c o m p r i s i n g  a p o s i t i v e l y  c h a r g e d  c a r b o n  atom w i t h  
t h r e e  m o n o v a l e n t  a t o m s  o r  t h e  e q u i v a l e n t  a t t a c h e d .  T h e s e  
i o n s  c a n  b e  f o r m e d  i n  many d i f f e r e n t  ways  b u t  t h e  s i m p l e s t  
s t e p s  a r e  t h e  a d d i t i o n  o f  a p r o t o n  t o  an o l e f i n  o r  an 
a r o m a t i c ,  o r  t h e  r e m o v a l  o f  a h y d r i d e  i o n  from a s a t u r a t e d  
h y d r o c a r b o n .

The r a t e  o f  h y d r o c r a c k i n g  
s l o w e r  t h a n  t h a t  o f  o l e f i n s ,  w h i c h  can  
t h e  s l o w e r  s t e p  i s  i n v o l v e d  i n  t h e

o f  p a r a f f i n s  i s  
be  e x p l a i n e d  t h a t  
f o r m a t i o n  o f t h e
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s t e p s  h a v e  b e e n  
t o  d e c i d e  w h i c h  
a r e  ะ

p r o p o s e d ,  b u t  
come c l o s e s t

f u r t h e r  s t u d i e s  a r e  
t o  t h e  t r u t h .  Some

r e q u i r e d
p r o p o s a l s

1 )  A s m a l l  amount  o f  o l e f i n  i s  f o r m e d  by 
t h e r m a l  c r a c k i n g ,  and c o n v e r t e d  t o  c a r b o n i u m  i o n s .

2 )  Removal  o f  a h y d r i d e  i o n  i s  e f f e c t e d  by 
me an s  o f  a p r o t o n  o f  t h e  c a t a l y s t .

»
3)  D e h y d r o g e n a t i o n  o f  a s m a l l  amount  o f  

p a r a f f i n s  t o  f orm o l e f i n s ,  w h i c h  c a n  be  f u r t h e r  c o n v e r t e d  t o  
c a r b o n i u m  i o n s .

4
c a u s e  s p l i t t i n g  i n

5
CR^H+ w h i c h  t h e n  
c a r b o n i u m  i o n  ( 32

) A c a t a l y s t  p r o t o n  a t t a c k s  a p a r a f f i n  t o  
t o  a s m a l l e r  p a r a f f i n  and a c a r b o n i u m  i o n .  
) A d d i t i o n  o f  a p r o t o n  t o  f o r m a c o m p l e x  

b r e a k s  i n t o  a s m a l l e r  p a r a f f i n  and a 
ะ 78)

6 ) An e l e c t r o n  i s  t r a n s f e r r e d  f r o m a 
h y d r o c a r b o n  t o  t h e  c a t a l y s t  t o  form a p o s i t i v e  m o l e c u l e  i o n ,  
w h i c h  may t h e n  r e a c t  t o  f orm a c a r b o n i u m  i o n .  T h i s  h a s  b e e n  
p r o p o s e d  by  F r a n k l i n  and N i c h o l s o n  on t h e  b a s i s  o f  a 
c a r r e l a t i o n  b e t w e e n  a c t i v a t i o n  e n e r g y  f o r  c r a c k i n g  and
i o n i z a t i o n  p o t e n t i a l  f o r t o  c ,  ท- p a r a f f i n s .  The
c o r r e l a t i o n  d o e s  n o t  h o l d  f o r  b r a n c h e d  p a r a f f i n s  o r  
c y c l o h e x a n e .  ( 16  : 3)

Though c a r b o n i u m  
d i f f e r e n t  w a y s ,  a s  s a i d  a b o v e ,

i o n s c a n  b e f o r m e d  i n
t h e r e i s  a r e a s o n a b l e
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m e c h a n i s m f o r  n o r m a l  p a r a f f i n  h y d r o c r a c k i n g  w h i c h  h a v e  b e e n  
p r o p o s e d  by  F l i n n ,  B e u t h e r  and L a r s o n  and A r c h i b a l d ,  
G r e e n f e l d e r ,  Ho l zma n  and Rowe R e f  ( 3 3  ะ 7 4 5 ) .  The m e c h a n i s m s  
a r e  a s  f o l l o w  ะ

1 .  S e c o n d a r y  c a r b o n i u m  i o n  c a n  b e  f o r m e d  by  
t h e  n or ma l  p a r a f f i n  r e a c t i o n s  a t  any  s e c o n d a r y  c a r b o n  atom 
i n  t h e  m o l e c u l e ,  o r  by h y d r o g e n  t r a n s f e r a l .

2 .  The c a r b o n i u m  i o n  c a n  i s o m e r i z e  t o  form  
a more s t a b l e  i o n ,  c r a c k  a t  a c a r b o n  -  c a r b o n  bond i n  t h e  
b e t a  p o s i t i o n  o f  t h e  c a r b o n i u m  i o n  c a r b o n  atom t o  form an 
o l e f i n  and a s m a l l e r  s e c o n d a r y  o r  t e r t i a r y  c a r b o n i u m  i o n ,  or  
d e s o r b  a s  a n o r m a l  o l e f i n .

3 .  The i s o m e r i z e d  c a r b o n i u m  i o n  c a n  u n d e r g o  
f u r t h e r  i s o m e r i z a t i o n ,  c r a c k  o r  d e s o r b .

4 .  O l e f i n i c  p r o d u c t s  a r e  s a t u r a t e d  by  
h y d r o g e n a t i o n  o r  h y d r o g e n  t r a n s f e r  r e a c t i o n s .

The e x a m p l e  r e a c t i o n s  c o n c e r n i n g  
h y d r o c r a c k i n g  r e a c t i o n  m e c h a n i s m s  a r e  a s  f o l l o w s  ะ

a .  F o r m a t i o n  o f  o l e f i n vJH -
IHgC4 -CH2 -CH2 -CH-CH3 ------ > HgC4 -CH = CH-CH-CH3

CH-,

t h e

b .  F o r m a t i o n  o f  c a r b o n i u m  i o n

R-CH2 -CH2 -CH3 - H ~ -------> R-CH2 -CH2 -CH2
P a r a f f i n C a r b o n i u m  i o n
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C a r bo ni u m i o n s  can  b e  f o r m e d  i n  t h e  p r e s e n c e  
o f  an a c i d i c  c a t a l y s t ,  e i t h e r  by t h e  r e m o v a l  o f  a h y d r i d e  
i o n  f r o m a s a t u r a t e d  h y d r o c a r b o n  o r  by  t h e  a d d i t i o n  o f  a 
p r o t o n  t o  an o l e f i n  o r  a r o m a t i c  n u c l e u s .  T h e r e f o r e ,  t h e  
c a t a l y s t  s y s t e m  mus t  be  c a p a b l e  o f  e i t h e r  a c c e p t i n g  an 
e l e c t r o n  p a i r ,  o r  d o n a t i n g  a p r o t o n .

C a r bo n i u m i o n s  a r e  h i g h l y  r e a c t i v e  and h a v e  
o n l y  a t r a n s i e n t  e x i s t e n c e ,  b u t  a r e  r e s p o n s i b l e  f o r  a l m o s t  
a l l  o f  t h e  r e a c t i o n s  w h i c h  o c c u r  i n  t h e  c a t a l y t i c  c r a c k i n g  
p r o c e s s .  The e a s e  w i t h  w h i c h  t h e y  a r e  f o r m e d  d e p e n d s  on  
t h e i r  r e l a t i v e  s t a b i l i t y  w h i c h  d e c r e a s e s  i n  t h e  o r d e r  ( 1 9 : 3 9 5 )

t e r t i a r y  > s e c o n d a r y  > p r i m a r y  > e t h y l  > m e t h y l

c .  I s o m e r i z a t i o n  o f  c a r b o n i u m  i o n  t o  a more  
s t a b l e  i o n ,  s u c h  a s  p r i m a r y  c a r b o n i u m  i o n  i s o m e r i z e s  t o  form  
s e c o n d a r y  c a r b o n i u m  i o n  o r  f u r t h e r  i s o m e r i z e s  f ro m s e c o n d a r y  
c a r b o n i u m  i o n  t o  t e r t i a r y  c a r b o n i u m  i o n .

R-CH2 -CH2 -CH2 ------» R-CH2 -CH-CH3

P r i m a r y  c a r b o n i u m  i o n  S e c o n d a r y  c a r b o n i u m  i o n

R-CH-CH2 -CH3- R-C-CH3

CH-.

S e c o n d a r y  c a r b o n i u m  i o n T e r t i a r y  c a r b o n i u m  i o n
d .  B e t a  s c i s s i o n  o r  c r a c k i n g  o f  c a r b o n i u m  

i o n s  a t  b e t a  p o s i t i o n  o f  C-C bond
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CH/  V
c h 3 c h 3

HgC4 - C H 2 + C H 2

+ R - c h 2

= C-CH-,
/

c h 3

e .  Hy dr o g e n  t r a n s f e r  

R-CH2 + R1 -CH3 --------- * R-CH3 + R1 -CH2

_CH2 CH 3

CHj - C H - C - C H j  + R - C H  = C H - R  -----> C H j - C H  = C - C H 3
+

+ r - c h - c h 2 - r 
+

N a p h t h e n e  + o l e f i n -----» A r o m a t i c  + P a r a f f i n
A r o m a t i c  c o k e  p r e c u r s o r  + o l e f i n ------> c o k e  + P a r a f f i n .

f .  O l e f i n  H y d r o g e n a t i o n  ( 1 7  ะ 2)
c  H 3  c  H 3

CH3 -CH = C-CH3  ---- - 2 _ >  CH2 -CH2 -CH-CH3  + Hea t

g .  O l e f i n s  a r e  c r a c k e d  t o  g i v e  s m a l l e r  
o l e f i n s .

c  H_ 1 --------------* C H_ + c  H- w h e r e  ท = m + pท 2 n + l  m 2 m p 2 m c

h .  A l k y l  a r o m a t i c s  u n d e r g o  d e a l k y l a t i o n .
A rc H_ 1 ---------- > A H  + c  H~ท 2 n + l  r ท 2 n

A r o m a t i c  H . c .

016015
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i .  I n s t e a d  o f  t h e  f o r e g o i n g  d e a l k y l a t i o n  
r e a c t i o n ,  a r o m a t i c  s i d e - c h a i n  s c i s s i o n  
may o c c u r

ArCทH2 n + 1 -------» Ar C m H2m _ 1 + Cp H2p+ 2 w h e r e  ท = m + p
A r o m a l i c  w i t h  p a r a f f i n

o l e f i n i c  s i d e - c h a i n
U n s u b s t i t u t e d  a r o m a t i c s  u n d e r g o  r e l a t i v e l y  s l o w  

c r a c k i n g  u n d e r  t y p i c a l  i n d u s t r i a l  r e a c t i o n  c o n d i t i o n s  
b e c a u s e  o f  t h e  s t a b i l i t y  o f  t h e  a r o m a t i c  r i n g

j .  N a p h t h e n e s  ( c y c l o p a r a f f i n s )  a r e  c r a c k e d
t o  g i v e  o l e f i n s .

c  H0 ----------» c  H0 + c  H_ w h e r e  ท = m + pท 2 n m 2 m p 2 p
o l e f i n  o l e f i n

I f  t h e  c y c l o p a r a f f i n  c o n t a i n s  a c y c l o h e x a n e  r i n g ,  h o w e v e r ,  
t h e  r i n g  i s  n o t  o p e n e d .

C H »  --------> C» H. 0 + C H» + C H0 w h e r e  ท m + p + 6ท 2 n ๐ 1 2  m 2 m p 2 p '
c y c l o h e x a n e  o l e f i n  o l e f i n

k .  I s o m e r i z a t i o n

O l e f i n  ---------- y I s o o l e f i n

l .  A l k y l  -  g r o u p  t r a n s f e r

C g H 4 ( C H 3 ) + € 6 น6 ------> C 6 H5 ( C H 3 ) + CgH 5 (C H-j)
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m. C o n d e n s a t i o n  r e a c t i o n

ท. D i s p r o p o r t i o n a t i o n  o f  l o w - m o l e c u l a r -  
w e i g h t  o l e f i n

2 H2 C = CHCH2 ---------► H2 C = CHCH3  + H2 C = CHCH2 CH2 CH3

2 . 2 . 2  H y d r o c r a c k i n g  R e a c t i o n  U s i n g  Z e o l i t e s .

A number o f  s t u d i e s  on h y d r o c r a c k i n g  u s i n g  
z e o l i t e  c a t a l y s t s  h a v e  b e e n  made n o t  o n l y  w i t h  o l e f i n s  b u t  
a l s o  p a r a f f i n s ,  n a p h t h a  and n a p h t h e n e s  who s e  m e ch a ni sm  
f o l l o w e d  a c a r b o n i u m  i o n  m e c h a n i s m .  B e c a u s e  s h a p e  s e l e c t i v e  
c h a r a c t e r  o f  z e o l i t e  c a t a l y s t s ,  o n l y  c e r t a i n  s i z e  o f  
r e a c t a n t  m o l e c u l e s  c a n  d i f f u s e  t h r o u g h  t h e  p o r e s  and r e a c t .  
And i n  t h e  same w a y ,  c e r t a i n  s i z e  o f  p r o d u c t s  c a n  d i f f u s e  
o u t  o f  t h e  p o r e s .

C l e m e n t  and C O  -  w o r k e r s  c o n c l u d e d  t h a t  
t h e  more  a c i d i c  c a t a l y s t  was  more r e a c t i v e  f o r  h y d r o c r a c k i n g  
and t h a t  h y d r o c r a c k i n g  f o l l o w e d  a c a r b o n i u m  i o n  m e c h a n i s m ,  
a f t e r  t h e y  had s t u d i e d  t h e  r e a c t i o n s  o f  c y c l o h e x a n e  and  
b e n z e n e  u s i n g  s e v e r a l  t y p e s  o f  X s y n t h e t i c  z e o l i t e  ( Na - X,  
C a - X ,  Mg-X,  C e - X)  i n  w h i c h  t h e  m a j o r  h y d r o c r a c k e d  p r o d u c t s  
w e r e  p r o p a n e  and b u t a n e s .
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W e i s z  and c o - w o r k e r s  s t u d i e d  t h e  
h y d r o c r a c k i n g  o f  a m i x t u r e  o f  ท- p a r a f f i n s  and b r a n c h e d  
p a r a f f i n s -  They  f o u n d  t h a t  o n l y  ท-  p a r a f f i n s  w e r e  
h y d r o c r a c k e d  by u s i n g  p r o p e r  s h a p e  s e l e c t i v e  z e o l i t e  
c a t a l y s t s .  (34  ะ 1 5 4 )

B e e c h e r ,  V o o r h i e s  and E b e r l y  ( 35  ะ 2 0 3 )  
w o r k e d  on t h e  h y d r o c r a c k i n g  o f  d e c a n e  and d e c a h y d r o n a p h t h a l e n e  
( d e c a l i n )  o v e r  two t y p e s  o f  s y n t h e t i c  m o r d e n i t e  c a t a l y s t s .  
One t y p e  o f  t h e  c a t a l y s t s  was  p a l l a d i u m  on H -  m o r d e n i t e  and  
t h e  o t h e r  was  p a l l a d i u m  on a l u m i n a  d e f e c i e n t  H -  m o r d e n i t e .  
The y  h a v e  r e p o r t e d  t h a t  a c i d - l e a c h e d ,  a l u m i n a  -  d e f i c i e n t  
m o r d e n i t e  h a s  h i g h e r  c a t a l y t i c  a c t i v i t y  b e c a u s e  o f  l o w e r  
d i f f u s i o n  r e s i s t a n c e .  And t h e y  a l s o  f o u n d  t h a t  d e c a l i n  had a 
l o w e r  r e a c t i o n  r a t e  t h a n  d e c a n e  when h y d r o c r a c k e d  i n  p u r e  
c o m p ou nd ,  and t h a t  d e c a l i n  was  p r e f e r e n t i a l l y  c o n v e r t e d  i n  a 
d e c a n e - d e c a l i n  m i x t u r e .

O s i p o v  and Khav ki n  i n d i c a t e d  t h a t  
h y d r o c r a c k i n g  o v e r  a n i c k e l  i m p r e g n a t e d  z e o l i t e  c a t a l y s t  was  
a f i r s t  o r d e r  r e a c t i o n  (3 1  ะ 1)

H a t c h e r  and V o o r h i e s  s t u d i e d  t h e  
h y d r o c r a c k i n g  o f  ท-  h e x a n e  and c y c l o h e x a n e  o v e r  z e o l i t e s  
( P d - H - f a u j a s i t e  and P d - H - m o r d e n i t e ) .  They  h a v e  f o u n d  t h a t  
t h e  mo d e l  was  f i r s t  o r d e r  w i t h  r e s p e c t  t o  t h e  h y d r o c a r b o n .  
And s i m i l a r  t o  B e e c h e r  and c o - w o r k e r s ,  t h e  s y n e r g i s t i c  
e f f e c t s  o f  c y c l o h e x a n e  h y d r o c r a c k i n g  h a v e  b e e n  f o u n d . F u r t h e r
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more s t u d i e s  h a v e  b e e n  made on h y d r o c r a c k i n g  o v e r  z e o l i t e s  
and a l s o  h y d r o i s o m e r i z a t i o n  c o n c e r n i n g  h y d r o c r a c k i n g  
r e a c t i o n s .  ( 15  ะ 3 6 1 ,  27 ะ 3 66 )

2 . 3  ZEOLITE CATALYSTS

2 . 3 . 1  G e n e r a l

The c a t a l y s t s  o r i g i n a l l y  u s e d  f o r
h y d r o c r a c k i n g  a r e  s u l f i d e s  o f  t u n g s t e n ,  n i c k e l  o r  m o ly bd e nu m,  
w h i c h  a r e  u n s u p p o r t e d  c a t a l y s t s .  Now t h e y  a r e  r e p l a c e d  w i t h  
c a t a l y s t s  s u p p o r t e d  on a c i d  t r e a t e d  c l a y  a n d / o r  z e o l i t e .

The name z e o l i t e  was f i r s t  u s e d  by  Baron  
C r o n s t e d t  i n  1 7 5 6  and t h e  s o - c a l l e d  " m o l e c u l a r  s i e v e "  by  
M c b a i n .  Z e o l i t e s  w e r e  i n i t i a l l y  u s e d  a s  i o n  e x c h a n g e  r e s i n s '  
i n  w a t e r  s o f t e n i n g  p l a n t s  and a d s o r b e r s .  Shape  s e l e c t i v i t y  
i s  an a t t r a c t i v e  p r o p e r t y  w h i c h  make z e o l i t e s  o n e  o f  t h e  
m o s t  i m p o r t a n t  c a t a l y s t s .

The s t r u c t u r a l  f o r m u l a  o f  a z e o l i t e
n . a t u r a l  and s y n t h e t i c  i s  b a s e d  on t h e  c r y s t a l  u n i t  c e l l ,  t h e  
s m a l l e s t  u n i t  o f  s t r u c t u r e ,  r e p r e s e n t e d  by

Mx / n  t U 1 0 2 ) x < S i 0 2 )y J . WH2 0

Here  ท i s  t h e  v a l e n c e  o f  c a t i o n  M, พ i s  
t h e  number o f  w a t e r  m o l e c u l e s  p er  u n i t  c e l l ,  X and Y  a r e  
t o t a l  number o f  t e t r a h e d r a l  p e r  u n i t  c e l l ,  and y / x  u s u a l l y  
h a s  v a l u e  o f  1 - 5 .  H o we v e r ,  r e c e n t l y  h i g h  s i l i c a  z e o l i t e s



20

h a v e  b e e n  p r e p a r e d  i n  w h i c h  y / x  i s  1 0  t o  1 0 0  o r  e v e n  h i g h e r  
a n d ,  i n  o n e  c a s e ,  a m o l e c u l a r - s i e v e  s i l i c a  h a s  r e p o r t e d l y  
b e e n  p r e p a r e d .

A l l  z e o l i t e  c r y s t a l  s t r u c t u r e s  h a v e  a 
p y r a mi d  o r  t e t r a h e d r o n  a s  t h e  b a s i c  b u i l d i n g  b l o c k  o f  a u n i t  
t o  z e o l i t e .  The t e t r a h e d r o n  i s  f o r me d  w i t h  f o u r  o x y g e n  a t o ms  
s u r r o u n d i n g  a c e n t r a l  s i l i c o n  a t o m,  w h i c h  c an  be  s u b s t i t u t e d  
w i t h  a l u m i n i u m  atom ( F i g .  2 - 1 )

2 . 3 . 2  C l a s s i f i c a t i o n  o f  Z e o l i t e s

The  m o l e c u l a r - s i e v e  z e o l i t e  may b e  d i v i d e d  
i n t o  t wo  g r o u p s .  One i s  m i n e r a l  ( n a t u r a l )  z e o l i t e  a n d  t h e  
o t h e r  i s  s y n t h e t i c  z e o l i t e .

M i n e r a l  z e o l i t e  ( T a b l e  2 - 2 )

M i n e r a l  z e o l i t e s  o r  n a t u r a l  z e o l i t e s  o c c u r  i n  
n a t u r e  i n  v e s i c l e s  o f  b a s a l t i c  l a v a  ( i n  s u c h  a r e a s  a s  
H a w a i i ,  I c e l a n d ,  and Nova S c o t i a ) ,  i n  s p e c i f i c ,  k i n d s  o f  
r o c k s  s u b j e c t e d  t o  m o d e r a t e  g e o l o g i c  t e m p e r a t u r e  and  
p r e s s u r e  ( t h e  m e t a m o r p h i c  z e o l i t e  f a c i e s ) ,  and i n  a l t e r e d  
and r e a c t e d  v o l c a n i c  a s h  d e p o s i t s .  ( 2 9  ะ 2 6 - 2 7 )

S y n t h e t i c  z e o l i t e s  ( T a b l e  2 - 3 )

Most  o f  c o m m e r c i a l  z e o l i t e s  u s e d  t o d a y  a r e  
s y n t h e t i c  p r o d u c t s  made i n  h i g h  p u r i t y  u s i n g  o r g a n i c  
p r e p a r a t i v e  m e t h o d s  a t  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  1 00  "C 
t o  160  ° c . H o we v e r ,  much o f  t h e  p r e  -  1 9 6 0  s y n t h e t i c  z e o l i t e
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F i g u r e  2 - 1 The T e t r a h e d r o n  Formed o f  a B a s i c  B u i l d i n g  
U n i t  o f  Z e o l i t e .



Table 2-2 Mineral Zeolite (A ะ I»)
Structure

No. Name Group
1 Analcime 1
2 B ik i ta i te 6
3 Brewsterite 7
A Chabazite A
5 C l i n o p t i l o l i t e 7
6 Dachiardite 6
7 Edingtonite 5
8 Ep is t ib i te 6
0 Erioni te 2

10 - Faujasite A
11 Eerr ier i te 6
12 Garronite 7J
13 Gismondine 1
1A Gmelini te A
15 Gonnardite c
16 Harmotome 1
17 Herschelite A
18 Reulandlte 7
19 Kehoci te 1
20 Laumonti te 1
21 Levynite 2
22 Mesol i te c
25 Mordenite £
2A Natrol i te cริ
25 Of f ret i te 2
26 Paulingite 1
27 P h i l l i p s i t e 1
28 Scolecite 5
29 s t e l l e r i t e 7
50 s t i l b i t e 7
31 Thomsonite 5
32 Viseite 1
33 Wairakite 1
3A Yugawaralite 1

Year Typical Occurrence
Discovered in Igneous Rocks

178A Ireland, New Jersey, etc.
1957 Rhodesia
1822 Scotland
1772 Nova Scotia, I reland,  etc.
1890 Wyoming
1905 Elba
1825 Scotland
1823 Iceland
1890 Rare ; Oregon
18A2 Rare ; Germany
1918 Rare ; B r i t ish Columbia
1962 Ireland, Iceland
1816 Rare ; I t a l y
1807 Nova Scotia
1896 France, I t a l y
1775 Scotland
1825 S ic i l y
1801 Iceland
1893 Rare ; South Dakota
1785 Nova Scotia, Faroe Islands
1825 Iceland
1813 Nova Scotia
186A Nova Scotia
1758 Ireland, New Jersey
1890 Rare ; Trance
1960 Rare ; Washington
182A Ireland, S ic i l y
1801 Iceland, Colorado
1909
1756 Iceland, I reland, Scotland
1801 Scotland, Colorado
1 9 A2 Rare ; Belgium
1 9 5 5 New Zealand
19 52 Japan

Occurrence in Sedimentary Rocks 

Western l).ร . , deep sea f loor

Arizona, Nevada, I t a l y  
Western u.s.,deep sea f loor

Nevada, Oregon 

Utah

Arizona 
New Zealand

New Zealand, บ.S.S.R., C a l i f .

บ.S.S.R., Japan, Western บ.ร.

Western บ . ร . , Afr ica,  deep sea f loor
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Table Z-3 Soae Synthetic Zeolites (^:6, 1:51)
Name Composition Structure

ZSM- 2 Li20 . A12 03 . 3.3-^.0 • Tetragonal

Si02 . แ20 a = 27.*1, c = 28.1A 

Adsorbs cyclohexane

ZSM-3 0 . 3 - 0 . 8  น 2 0 . 0 . 7 - 0 . Z Faujasite-type*

Na2 0 . A12 0j . 2 . 8-^-5 

Si02 . 9H?0

Adsorbs cyclohexane

ZSM-<t 0.5-0.01 TMA . 0.5-0.99 Cubic afl = 22.2A

Na20 . A120 . 6.15 

Si02 . 5แ20

Adsorbs cyclohexane

ZSM-5® (TPA,Na)20 . A120 . 5-100 Si02 . ¥แ2อ Tetragonal 

a = 23-2, c = 19.9

ZSM-10f ( M 2)0 - A12 03 . 5-7Si02 . 9H20 -

Zeol i te N '  0.83+0.05 Na, 0  . 0.03+0.01 Cubic a = 37.2A
-  c 0

TMA . Al jOj . 1.8-2.2 

Si02 . YH20

Small pore

Zeol i te ก 0.07 TMA . 0.5-1.5 Hexagonal

Na20 . A12 03 . 6-12 a = 18.1, c = 7.59

Si02 . 10H20 Large pore size

Zeol i te cc 0.2-0.5 TMA . 0.5-0 . 8 Cubic, A-Type

Na.o . A1,0, . ' t .0-7.0 a = 1 2 . 0 *1*
2 2 3 0

Si02 . YH20 Adsorbs n-hexane

Zeol i te B XNa(l.0+O.1-X) TEA . Cubic 3 q ะ 12.0*t

A102 . 5-100 Si02 . 

2 0b

Adsorbs cyclohexane

Zeol i te N-A TMA . A1£03 . 2.5-6.0 A-Type

Si02 . 7H20 Cubic ap = 12.12 

Adsorbs n-hexane

Zeol i te Ll-A Li2 Al2 รi 2 06 . *«20 Orthorhombic

Zeol i te โ «1 1 [(A102 ) 1 1 (SiO2)11] . 16H20 Tetragonal 

a = ๆอ-4» 1 c r 1 3 . 9

Zeol i te z K2Al2 Si2 อ8 . 3แ20 -

Zeol i te H K^[ (A102 ) 1 4 (SiO2) 111] . 28 H20 Hexagonal

a = ๆ?-1», c =1 3 . 2



Table 2-3 So«e Synthetic Zeolites (Continued)
Name Composition Structure

Zeol i te Li -H L i?Al7s i 8°20 - 5H2° Tetragonal

Zeol i te J K?[(A10 ) 7(SiO2) 7 . ^ 20 Tetragonal

a = 9.^5, c ะ 9-92

Zeol i te E (K,Na)2Al2รi 208 . 3.3 H20 -

Zeol i te M K1^[(A10z> 11' (Si02>111] . 12 H20 Tetragonal

a = 13.1, c = 10.5

Zeol i te Q 0[(A102>110CSi02) ] . 86 H20 Tetragonal

a = 13.5, c = 35.2

Zeol i te พ Kt? [(A10?) 17( ร i0?>7fi] . 107 H70 Cubic, a = 20.1

ZK-19 (Na20,K20) . A120 . Ph i l l i ps i te- type

3.0- 6.25 Sic . 5 HO Absorbs H20

ZK-20 (0.1-0.Z)R 0 . (0.8-0.9) Levynite-type

Na20 . A120 . A-5 Adsorbs CĤ

Si02 . yh20^

ZK-21 1.0+ Na20 . A120 . A-type

YSiO,  . ZP,0C Cubic a =
2 2 5 0

Y = 1.9 to A.5, 12.1A -  12.21

Adsorbs n-hexane

z = 0 . 0 1 1. \ ; 2

ZK-22 (TMA, NA20)d A-type

Adsorbs n-hexane

3 TMA = teramethylammonium.

bTEA = tetraethylammonium.

- CH 2 - ♦

R =

0

^ I n t e r c a l a t e d  p h o s p h a t e - u p  t o  1 P /  B c a g e .  T h u s ,  i f  y = *t ,z = 1 / 8  u n i t  c e l l  
c o n t e n t s  a r e  N 3 g [ ( A 1 0 2 ) g ( S i 0 2 ) ,1£ .  1 . 0  P02

e T p A = t e t r a p r o p y l a m m o n i u m .

f R = [ 1  , l | - d i m e t h y l - 1  ^ - d i a z o n i a b i c y c l o  ( 2 , 2 , 2 )  o c t a n e ]
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c h e m i s t r y  s o u g h t  t o  mi mi c  t h e  g e o c h e m i c a l  e n v i r o n m e n t s  o f  
t h e  known m i n e r a l  f o r m s  and t h o u g h t  t o  be  n e c e s s a r y  f o r  
z e o l i t e  f o r m a t i o n ,  - 2 0 0  ° c  t o  4 00  ° c  and s e v e r a l  t e n s  o f  
a t m o s p h e r e s  w a t e r  p r e s s u r e .  In 1 9 5 7  when c h e m i s t s  w e r e  
b e g i n n i n g  t o  s u c c e s s f u l l y  make z e o l i t e s  a t  l ow  t e m p e r a t u r e s  
(< 1 0 0  ° c  ) on a c o m m e r c i a l  s c a l e ,  o r e - b o d y - s i z e d  z e o l i t e  
d e p o s i t s  a l s o  w e r e  r e c o g n i z e d  i n  l o w - t e m p e r a t u r e - a l t e r e d  
v o l c a n i c  a s h  d e p o s i t s .

S y n t h e t i c  z e o l i t e s  a r e  h i g h - p u r i t y  s p e c i a l t y  
c h e m i c a l s  t h a t  s e r v e  a w i d e  r a n g e  o f  a p p l i c a t i o n s ,  f rom  
f l u i d  c a t a l y t i c  c r a c k i n g  o f  o v e r  20 m i l l i o n  b a r r e l s  ( 3 1 8 0  ML) 
a d a y  o f  c r u d e  o i l  t o  d r y i n g  t h e  l a b o r a t o r y  j a r  o f  s o l v e n t .  
Most  s y n t h e t i c  z e o l i t e s  a r e  t h e r m o d y n a m i c a l l y  m e t a s t a b l e  
p r o d u c t s  i n  t h e i r  p r e f e r r e d  s y n t h e s i s  c o n d i t i o n s .  They a r e  
p r e p a r e d  not; o n l y  u n d e r  c l o s e l y  c o n t r o l l e d  c o n d i t i o n s  o f  
t e m p e r a t u r e ,  p r e s s u r e ,  and t i m e ,  b u t  w i t h  s p e c i f i c  r e a c t a n t s  
and p h y s i c a l  r e a c t i o n  e n v i r o n m e n t s ,  p a r t i c u l a r l y  o n e s  t h a t  
c o n t r o l  l e v e l s  o f  h o m o g e n i z a t i o n  and n u c l é a t i o n  c o n d i t i o n s .
A l l  o f  t h e  c o n t r o l l e d  c o n d i t i o n s  d e p e n d  on t h e  p r o c e s s  and  
c o m p o s i t i o n  r e q u i r e d  f o r  s p e c i f i c  r e a c t i o n  (29 ะ 2 6 - 2 8 ) .

A n o t h e r  i n t e r e s t e d  c l a s s i f i c a t i o n  o f  z e o l i t e s  i s  
b a s e d  on i t s  s t r u c t u r e  and d i v i d e d  i n t o  7 g r o u p s .  T h i s  
s t r u c t u r a l  c l a s s i f i c a t i o n ,  shown i n  T a b l e  2 - 4  (1 ะ 4 8 ) ,  h a v e  
b e e n  p r o p o s e d  by  S m i t h  and F i s c h e r  and M e i e r .  I t  i s  b a s e d  on 
t h e  f r a m e  work  t o p o l o g y  o f  t h e  z e o l i t e s ,  f o r  w h i c h  t h e



Table 2-A Classification of Zeolites (า ะ A8-50)

Framework Free Aperture
Type of Density, Void Type of of Main

Name Typical Unit Cell Contents Polyhedral Cage3 g/cc Fract ion11 Channels Channels, Ae

Group า (ร ,)R)

Analcime Ha16[(A102) l 6 (Si02) 3 2 ] . 16 H20 1.85 0.18 One 2.6

Harmotome Ba2[(A102) |((Si0?^ 7] . 12 H20 1.59 C.31 Three A . 2 X  A.A

PHi l l i ps i te CK,Na)10tCA102) 10( ร i02) 2 2 ] . 20 « 2 0 1.58 0.31 Three A.2 X A.A,2 . 8  X  A.

Gismondine Ca,1[(A102) 8(Si0?) 8] . 16 h20 1.52 0.A6 Three 3.1 X A.A

p Na^t(A102)° (S i02) ” 0 ] . 15 H20 1.57 0.A1 Three 3.5

Paul ingite (((2 ,Na,Ca,Ba)76[(A10z) 152(SiO2 ) 520] . 700 แ20 *.|S,ïJf( lO-hedron) 1 . 5 * 1 0.1)9 Three 3.9

laumonite CaJ[(A102) 8(Si02) 1 6 ]. 16 H20 1.77 0.3*) One A.6 X 6.3

Yugawaralite Ca7[(A102) ° (S i02) 1 2 ] . 8 H20 1.81 0.27 Two 3.6 X  2.8

Group 2 (S6R)

Erioni te^ 

Of f  r e t i t i ^

(Ca,Mg,K21N3 2 ) 115[(A102) 2 7 ] . 27 »20 €,23-hedron 1.51 0.35 Three 3.6 X  5.2

( k2, c3 2 ) 2. 7[(A102) 511 ( ร 102 )  12 6 ] . 15 h20 €,lA-hedron ( I I ) 1.55 0.<)0 Three 3.6 X  5.2, l i a

6 .A, 11c

ไ (Na1 2 K2 8[(A102) 11(SiO2) 111] . 1*f H20 6,23,lA-hedron 1.50 0.A0 Three 3.6 X  A.8

Levynitem Ca3[(A102) 6(Si02) 12] . 18 H20 El l ipso ida l
17-hedron

1.5*) 0.A0 Two 3.2 X  5.1

Omegâ
Sodalite

Na6 8, TMA1>6[(A102) 8(Si02) 28] . 21 8?0 lA-hedron ( I I ) 1.65 0.38 One 7.5

Hydrate Na6[(A102) 6(Si02) 6] . 7.5 8?0 1.72 0.35 Three 2.2

Losod 83ๆ2['(A102) 12(SiO2) 12] . 19 «20 £ 1 p,17-hedron 1.58 0.33 Three 2.2



Table 2-A Classification of Zeolites (continued)

Framwork Free Aperture
Type of

a
Density, Void Type of of Main

Name Typical Unit Cell Contents Polyhedral Cage g/cc Fract ion0 Channels Channels, Ae

Group 3 C0*»R)n

A Na,,2[(A102) 12(SiO2) 12] . 27 แ20 ‘  ,  B 1.27 0.A7 Three A.2

N-A Na^TMAjUAlO*)7(Si02) 17] . 21 «20 1.3 0.5 Three A.2

ZK-A HajTHA[(»102) 9( ร iOz) 1j ]  . 28 พ2บ 1.3 0.A7 Three A.2

Group A (D6R)

Faujasite (Na2,K2, Ca,Mg)29 5 t(A102) 59(SiO2) 133] . 235 H20 B,26-hedron ( I I ) 1.27 0.A7 Three 7 .A

X
% 6 t ( ^  V SV l 0 6 ] - ZM H2° B 26-hedron ( I I ) 1.31 0.50 Three 7.A

Y Na56[(A10~)56(SiO2) 136] . 250 แ20 B f 26-hedron ( I I ) 1.25-1.,29 0.A8 Three 7 .A

Chabazite Ca2[(A102) 11(SiO2) 8] . 13 H20 20-hedron 1.A5 0 .A7 Three 3.7 X A.2

Gmelinite Na8[(Al02 )g(SlO2) 16] . 2A แ20 lA-hedron ( I I ) 1.A6 O.AA Three 3.6 X 3.9, 11a
7.0, 11c

ZK-5° (R,Na2) 15[(A102) 30(SiO2) 66] . 98 แ20 1.A6 O.AA Three 3.9

Lh Kg[(A102) g(Si02) 27] . 22 H20 1.61 0.32 One 7.1

Group 5 cTc 0 . - ) 1

Natrol i te Na16[(A102) 16(SiO2) 211] . 16 y 1.76 c . 2 3 Two 2.6 X 3.9

Scolecite CaJ(A102) 16(SiO2) 211] . 2A แ20 1.75 0.31 Two 2.6 X 3.9

Mesolite Na°6Cal 6 [(A102) 118(Si02) 72] . 6A แ?0 1.75 0 . 3 0 Two 2.6 X 3.9

Thomsonite N3liCa8[(A102) 20( ร io 2) 20] . 2A แ?0 1.76 0.32 Two 2.6 X 3.9

Gonnardite Na^Ca2[(A102) 8(Si02) 12] . น  H20 1.7*1 0.31 Two 2.6 X 3-9



Table 2-* Classification of Zeolites (continued)

Name Typical Unit Cell Contents

Edingtonite Ba2[(A102),1(SiO2)6] . 8 «20

Group 6 (ไ80า6) j  

Mordenite Na8[(A102)8(Si0 2)110 . 2 *» «20

Dachiardite Na5[(A102) 5(Si02) 19] . 12 แ20

Ferr ier i te 5«92[ ( « 02)5 5( ร102)30 5) . 1S «20

E p is t i lb i te Ca3[(A102) 6(ร102) า8] . 18 «20

Bik i ta i te Li2[(A102)2(Si02) 11] . 2 «20

Sr.up 7 (1,0020)’'
Heulandite

C l ln o p t i l o l i t e

Ca1([(A102)8(Si02)28] . 2<t «20 

Na6CCA102)8CSi02)30] . 2A «20

s t i l b i t e

Brewsterite

CaJ(A10z) 8(Si02) 28] . 28 «20 
(Sr,Ba,Ca)2[(A102) 11(ร102) า2] . 1 0  แ20

Type of
Polyhedral Cage3

โ ramwork Free Aperture
Density, Void Type of of Main

g/cc F r a c t i o n 0 Channels0 Channels, Ae

ๆ .68 0.36 Two 3.5 X 3.9

ๆ .70 0.28 Two 6.7 X 7.0, 11c
2.9 X 5.7, l i b

ๆ . 72 0.32 Two 3.7 X 6.7, l i b

3.6 X A.8, 11c
ๆ .76 0.28 Two *.3 X 5.5, 11c

3 .A X A.8, l i b
ๆ .76 0.25 Two 3.2 X 5.3, 11a

3.7 X 11c
2.02 0.23 One 3.2 X A.9

't.o X 5.5, 11a
ๆ .69 0.39 Two A.o X 7.2, 11c
ๆ.7า 0.3 A ? ?

1•.ๆ X 6.2, 11a
ๆ .6*. 0.39 Two 2.7 X 5.7, 11c
ๆ .77 0.26 Two 2.7 X A.  ๆ 11c

2.3 X 5.0 11a

M0ว
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30f the f ive space- f i l l ing sol ids of Federov, three (cube, hexagonal prism, and 

truncated octahedron) are found as polyhedral uni ts in zeol i te  frameworks. The cube is 

the double A-ring (DAR) as shown here. The double 6- r ing (D6R) is the hexagonal prism or 

8-hedron. The cc -cage is the Archimedean semiregular, so i ld ,  truncated cuboctahedron 

referred to also as a 26-hedron, type I .  The p  -cage is  the truncated octahedron or 

Ik-hedron, type I .  The £ -cage is the 18-hedron and the 7 -cage the 11-hedron. other 

polyhedral units are as given by Barrer.

^ The framework density is based on the dimensions of the uni t ce l l  of the hydrated 

zeol i te and framework contents only. Mul t ip l icat ion by 10 gives the density in uni ts of 

tetrahedra/1000 A3.

cThe void f ract ion is determined from the water content of the hydrated zeo l i te .

^Refers to the network of channels which permeate the structure of the hydrated 

zeol i te.  Considerable d is tor t ion may occur in the group 5 and 7 zeol i tes upon 

dehydration.

eBased upon the structure of the hydrated zeo l i te .

^Erionite and o f f r e t i t e  may also be considered to consist of double 6-r ings l inked 

by single 6- r ings.

^Zeoli te ท.  may be considered to consist of single 6-rings l inked by double 

’ 2-r ings.

hZeoli te L consists of double 6-r ings l inked by single 12-rings.

1 The refers to the unit of 5 tetrahedra as given by Meier for the A-1 type of

SBU.

-*The Tc0„ ,un i t  refers to the character is t ic conf igurat ion of tetrahedra.L
The T10020 uni t  is  the character ist ic  conf igurat ion of tetrahedra.

^Synthetic zeol i tes c lass i f ied in group 1 include ZK-19, พ and P-W related to 

p h i l l i p s i t e ,  and various synthetic phases related to analc i te .

mThe synthet ic zeol i te ,  ZK-20, is reported to have the levyni te-type structure.

"other zeol i tes with the A-type structure include zeo l i te  cC 1 ZK-21 and ZK-22.

°R ะ [ ๆ , ^-dimethyl—ๆ , ^-diazoniabicyclo (2,2,2)  octane]^*
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s t r u c t u r e s  a r e  known and t h e i r  c o m p o s i t i o n  shown i n  T a b l e
2 - 5 .

2 . 3 . 3  Z e o l i t e s  a s  H y d r o c r a c k i n g  C a t a l y s t s .

S e v e r a l  t y p e s  o f  z e o l i t e s  a r e  u s e d  i n  t h e  
s t u d i e s  o f  c a t a l y t i c  h y d r o c r a c k i n g  b e c a u s e  o f  i t s  s e l e c t i v e  
p r o p e r t y .  The f i r s t  p a t e n t  o f  z e o l i t e  a s  c a t a l y s t  was i s s u e d  
i n  1 9 1 7  [ บ . ร .  1 , 2 1 5 , 3 9 1 ]  w h i c h  c o n c e r n e d  a p a l l a d i u m -
e x c h a n g e d  c h a b a s i t e  f o r  u s e  i n  t h e  h y d r o g e n a t i o n  r e a c t i o n s .  
And now t h e r e  a r e  many p a t e n t e d  z e o l i t e  c a t a l y s t s  a v a i l a b l e  
c o m m e r c i a l l y .  Many z e o l i t e  c a t a l y s t s  c an  b e  m o d i f i e d  by  
e x c h a n g i n g  t h e  s o d i u m  i o n  i n  t h e  a l umi num t e t r a h e d r o n  f o r  
o t h e r  c a t i o n s  ะ f o r  e x a m p l e ,  ammonium i o n s  may be  
s u b s t i t u t e d  f o r  t h e  s o d i u m .  Then t h e  ammonia c a n  be  d r i v e n  
o f f  by c a l c i n i n g  and t h e  f i n a l  i o n s  a r e  h y d r o g e n ,  r e s u l t i n g  
i n  t h e  s o - c a l l e d  a c i d i c  f o r m .  The h y d r o g e n  form o f  z e o l i t e s  
h a v e  b e e n  f o u n d  t o  b e  e x t r e m e l y  a c t i v e  c a t a l y s t s  by n u me ro u s  
i n v e s t i g a t o r s .

O t h e r  c a t i o n s  can a l s o  be  e x c h a n g e d  f o r  
t h e  s o d i u m  i n  z e o l i t e s ,  s u c h  a s  c a l c i u m .  Some z e o l i t e s  w e r e  
i m p r e g n a t e d  w i t h  a m e t a l  o r  m i x t u r e  o f  m e t a l ,  f o r  e x a m p l e ,  
p l a t i n u m  o r  p a l l a d i u m  t o  g i v e  more a c t i v i t y  i n  h y d r o g e n a t i o n -  
d e h y d r o g e n a t i o n  r e a c t i o n s .

Many z e o l i t e s  u s e d  i n  c a t a l y t i c  c r a c k i n g  
b e l o n g  t o  t y p e  5A,  t y p e  X, n a t u r a l  and s y n t h e t i c  f a u j a s i t e ,
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Table 2-5 Zeolite Compositions (7 ะ 639)

Zeoli te

CAS

Registry No. Typical formula

Natural

chabazite [12251-32-0] Ca2[(A102)^(Si02) 8] . 13 H20

mordenite [12173-98-7] Na8[(A102)g(Si02)°o] . 2A H20

er ioni te [12150-A2-8] (Ca,Mg,Na2,K2)  ̂ 5[(A102) 9(Si02) 27] . 27

faujasi te [12173-28-3] (Ca,Mg,Na2 ,K2) 29^ [(A102)59(SiO2) 133] .

c l i n o p t i l o l i t e [12321-85-6] Na6[(A102)6(Si02) 30] . 2A y

Synthetic 

zeol i te A 

zeol i te X 

zeol i te Y 

zeol i te L 

zeol i te omega 

7SM-5 [58339-99-'»]

N3 l2[(A102) 12(SiO2) 12].  27 «20

"ฟ ',1พ 510z W  - ?6' y

«,6 8!« *1’ 6[ ( 4to‘ ) 6(Si02) 2, ]  . 21 ๙  

Ola,1PA),[(«102) " < S i0 j ) j 6] . 16 «20°

3TMA r  tétraméthylammonium. 

 ̂T pA = tetrapropylammonium
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m o r d e n i t e  t y p e  ZK-5',  g m e l i n i t e ,  c h a b a z i t e ,  s t i l b i t e  and  
o f f r e t i t e .  T h e s e  c a t a l y s t s  a r e  a l s o  u s e d  i n  a n o t h e r  
i m p o r t a n t  r e a c t i o n ,  f o r  e x a m p l e ,  i s o m e r i z a t i o n .  The z e o l i t e  
c a t a l y s t s  u s e d  f o r  h y d r o c r a c k i n g  r e a c t i o n s  a r e  e i t h e r  
i m p r e g n a t e d  o r  n o t  i m p r e g n a t e d .

2 . 4  HYDROCRACKING REACTION IN THE PRESENT STUDY

2 . 4 . 1  R e a c t a n t s  Used

The main  r e a c t a n t s  u s e d  c o n s i s t  o f  n - h e x a n e  
( w h i c h  i s  l i q u i d  a t  room t e m p e r a t u r e )  and h y d r o g e n  g a s .  The  
l i q u i d  n - h e x a n e  r e a c t a n t  was  B a k e r  a n a l y z e d  r e a g e n t  w h o s e  
d e n s i t y  a t  25 °c  i s  0 . 6 6 4  g / m l .  and 9 6 . 3 3  % i n  p u r i t y  w i t h  
i t s  i s o m e r  a s  i m p u r i t i e s  c o n s i s t e d  o f  1 . 2 5  % o f  2MP and
1 . 5 7  % 3 -MP. H y dr o g e n  was  9 9 . 9 9 9  % p u r i t y  and c o n t a i n e d  
o x y g e n  l e s s  t h a n  3 p p m . ,  and was  s u p p l i e d  i n  c y l i n d e r  
c o n t a i n e r  by T h a i  I n d u s t r i a l  Gas Company.  The h y d r o g e n  
r e a c t a n t  i s  u s e d  f o r  t h e  h y d r o g e n a t i o n  o f  c r a c k e d  o l e f i n s  t o  
p a r a f f i n s  o r  s a t u r a t e d  h y d r o c a r b o n s .  By t h e  w ay ,  n i t r o g e n  
g a s  was  u s e d  t o  p u r g e  t h e  s y s t e m  b e f o r e  and a f t e r  e a c h  
e x p e r i m e n t .

2 . 4 . 2  C a t a l y s t s  s t u d i e d

2 . 4 . 2 . 1  Type  o f  C a t a l y s t s  s t u d i e d .

Two t y p e s  o f  c a t a l y s t s  w e r e  s t u d i e d  t o  f i n d  
o u t  t h e i r  e f f e c t s  on t h e  h y d r o c r a c k i n g  r e a c t i o n  o f  n - h e x a n e .
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a)  N a - M o r d e n i t e  
๖ )  Na-Y

N a - M o r d e n i t e

M o r d e n i t e  i s  o n e  o f  the,  z e o l i t e s  a s  w e l l  a s  o n e  o f  
t h e  mo s t  i m p o r t a n t  c r a c k i n g  c a t a l y s t s .  M o r d e n i t e  w h i c h  h a s  
c h a i n l i k e  o r  f i b r o u s  c r y s t a l  s t r u c t u r e ,  one d i m e n s i o n a l  
p o r e s ,  o c c u r  n a t u r a l l y  and c a n  a l s o  b e  s y n t h e s i z e d .  The  
f o r m u l a  o f  m o r d e n i t e  i s  ะ

Na0 [ ( A l 0 2 ) g ( S i 0 2 ) 4 0 ] . 24 แ 2 อ

Though t h e  f i r s t  p a t e n t  f o r  z e o l i t i c  c a t a l y s t  was  
i s s u e d  i n  1 9 1 7 ,  l a r g e - s c a l e  work s t a r t e d  form 1 9 6 0 .  Keough  
and S a n d s  r e c o g n i z e d  t h e  c a t a l y t i c  p r o p e r t i e s  o f  m o r d e n i t e  
i n  1 9 6 1  w h i c h  was  i n  t h e  f o r m o f  H - m o r d e n i t e .

The m o r d e n i t e  s t r u c t u r e  c an  be c omp a r e d  t o  a b u n d l e  
o f  p a r a l l e l  t u b e s  and i t s  v o i d  v o l u m e  i s  0 . 1 4  c c / g m ,  
c o n s i d e r a b l y  l e s s  t h a n  Y - t y p e ,  ( F i g . 2 - 2 ) .  Many s t u d i e s  h a v e  
shown H - m o r d e n i t e  i s  v e r y  a c t i v e  i n  c a t a l y t i c  c r a c k i n g

Na-Y

S y n t h e t i c  z e o l i t e  t y p e  y i s  a w e l l - k n o w n  member  
o f  t h e  f a u j a s i t e  f a m i l y  w h o s e  t y p i c a l  f o r m u l a  i s  ะ

Na56  ̂ ( A l 0 2 * 56 ( s i 0 2 *136 ■* ■ 2 6 4  H2 °



34

F i g u r e  2 - 2  C h a i n l i k e  o r  F i b r o u s  C r y s t a l  s t r u c t u r e  o f  
M o r d e n i t e .
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Bo t h  n a t u r a l  and s y n t h e t i c  v e r s i o n s  o f  t h i s  t y p e  
h a v e  a v o i d  v o l u me  o f  0 . 3 5  c c / g m .  I t s  s t r u c t u r e  i s  a
t r u n c a t e d  o c t a h e d r a ,  2 - d i m e n s i o n a l ,  a s  shown i n  F i g u r e  2 - 3 .
Each v o r t e x  r e p r e s e n t s  a s i l i c o n  o r  a l u mi n um atom o f  t h e  
b a s i c  t e t r a h e d r o n ,  and e a c h  e d g e  r e p r e s e n t s  a l i n k i n g  o f  
o x y g e n  a t o m .  The s o d i u m  form c a n  b e  e x c h a n g e d  t o  H- f orm
w h i c h  p r o v i d e s  a c i d i c  a c t i v e  s i t e s  r e q u i r e d  f o r  c a t a l y t i c  
a c t i v i t y  f o r  many r e a c t i o n s ,  s u c h  a s  c a t a l y t i c  c r a c k i n g ,
i s o m e r i z a t i o n ,  a l k y l a t i o n  and e t c .

2 . 4 . 2 . 2  C o m p o s i t i o n

The c o m p o s i t i o n  o f  t h e  m o r d e n i t e  
and Na-Y z e o l i t e  c a t a l y s t s  u s e d  i n  t h e  s t u d y  i s  shown i n  
T a b l e  2 - 6 .

I 1050 A?) A t
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F i g u r e  2 - 3 A T r u n c a t e d  O c t a h e d r a  s t r u c t u r e  o f  Na-  Y.
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T a b l e  2 - 6  C o m p o s i t i o n  o f

z e o l i t e  t y p e  
c o m p o s i t i o n

Sic>2 (wt  % )  d r y  b a s i s  

A l 2 C>3 (wt  % )  d r y  b a s i s  

Na2 <D (wt  %) d r y  b a s i s  

K^O (wt  %) d r y  b a s i s

s t u d i e d .

S i 0 2 / A l 2 0 3

Na2 0 / A l 2 0 3

( m o l e  r a t i o )  

( m o l e  r a t i o )

Z e o l i t e

Na-Y 
TSZ- 32 0  NAA

6 6 . 7

2 0 . 3

1 2 . 3

5 . 6

N a - M o r d e n i t e  
TS Z - 62 0  NAA

8 4 . 3

9 . 4

5 . 5

1 5 . 3

K2 0 / A 1 2 C>3  ( m o l e  r a t i o )
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