
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Tire

T ir e  is  u s e d  a s  m o v i n g  a n d  c o n t r o l l i n g  p a r t s  f o r  m a n y  v e h ic le s .  T h e  p r e s s u r ­
iz e d  a i r  is  in s id e  th e  t i r e  a c ts  a s  a  c u s h io n  to  a b s o r b  s h o c k s .  T y p e s  o f  t i r e  d e p e n d  o n  
th e  a p p l i c a t i o n s  a n d  th e  s t r u c tu r e s  o f  t i r e .  T h e  c o m p o n e n t s  o f  t i r e  a r e  s h o w n  in  F i g ­
u r e  1 .

O n e  o f  t i r e  m a te r ia l s  is  r u b b e r ,  w h ic h  c o n s i s t s  o f  n a tu r a l  r u b b e r  ( i s o p r e n e  
r u b b e r ) ,  a n d  s y n t h e s i s  r u b b e r  ( s t y r e n e  b u ta d i e n e  r u b b e r ,  b u ta d i e n e  r u b b e r ,  i s o b u te n e  
i s o p r e n e  r u b b e r  e tc . ) .  T h e  c h e m ic a l s  w h ic h  a r e  a d d e d  in to  t i r e  a r e  v u lc a n i z i n g  a g e n t ,  
r e i n f o r c i n g  a g e n t ,  a n t io x i d a n t ,  a c c e le r a t o r ,  a n d  s o  o n .  O t h e r  t i r e  m a te r ia l s  a r e  c a r b o n  
b la c k ,  n y lo n ,  p o ly e s t e r  a n d  s te e l  w i r e .  R u b b e r s  a n d  .a ll c h e m ic a l  a r e  b le n d e d  th r o u g h  
th e  v u lc a n i z a t i o n  p r o c e s s  b y  u s in g  s u l f u r  a s  a  v u lc a n i z i n g  a g e n t .  T h e  c h a i n s  o f  p o l y ­
m e r  a r e  c r o s s - l i n k e d  t o g e t h e r  to  p r o d u c e  a  m a c r o m o l e c u l e .  M o r e o v e r ,  c a r b o n  b la c k  
is  a d d e d  a s  a  r e i n f o r c i n g  a g e n t  f o r  t i r e .  A s  a  r e s u l t ,  t h e  o v e r a l l  p r o p e r t i e s  o f  r u b b e r  
b e c o m e  d r a m a t i c a l l y  e n h a n c e d ;  f o r  e x a m p le ,  it h a s  a  h ig h e r  t e n s i l e  s t r e n g th  a n d  d u ­
r a b i l i ty .
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Figure 2.1 C o m p o n e n t s  a n d  m a in  r u b b e r  c o m p o s i t i o n s  in  t i r e  
( h t t p : / / e x p r e s s .h o w s t u f f w o r k s .c o m / g i f / t i r e s - c u t a w a y . j p g ).
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N o w a d a y s ,  a c c o r d i n g  to  th e  r a p i d ly  g r o w th  o f  t h e  a u t o m o t i v e  s e c to r ,  th e  
w a s t e  t i r e  d i s p o s a l  c a p a c i t y  is  m a s s iv e ly  in c r e a s e d .  W a s te  t i r e  d i s p o s a l  m a y  c a u s e  
v a r io u s  k in d s  o f  e n v i r o n m e n ta l  p r o b le m s .  F o r  e x a m p l e ,  w a s t e  t i r e  m a y  h o ld  w a te r  
in s id e  f o r  lo n g  t im e s ,  w h ic h  b e c o m e s  a  b r e e d i n g  g r o u n d  f o r  m o s q u i t o e s .  M o r e o v e r ,  
b u r n in g  t i r e  p r o d u c e s  a i r  p o l l u t i o n s  in c lu d in g  t h e  t o x i c  g a s e s  w h ic h  c a u s e  h e a l th  h a z ­
a r d s  s u c h  a s  C O , S O 2 , N O 2 , a n d  H C 1.

2.2 KL Zeolite

K L  z e o l i t e  is a  n o n - a c id i c  s y n t h e t i c  z e o l i t e ,  a n d  i ts  c o m p o s i t i o n  is  

K 9A I 9 S i2 7 0 7 2  ( S a to  et a l,  1 9 9 9 ) .  T h e  s t r u c tu r e  c o n s i s t s  o f  o n e - d im e n s io n a l  p o r e  
s t r u c tu r e ,  w h ic h  is  c o n n e c te d  b y  th e  c h a n n e l s  o f  1 2  m e m b e r e d  r in g s ,  l e a d in g  to  th e  
c a v i t i e s  o f  a b o u t  0 .4 8  n m  X 1 .2 4  n m  X  1 .0 7  n m  w i th  0 .7 1  a p e r t u r e s  ( S a t t e r f i e l d ,  
1 9 9 1 ) . K L  z e o l i t e  a c t s  l ik e  a n  e le c t r o n  d o n o r ,  a n d  in c r e a s e s  th e  e l e c t r o n  d e n s i t y  o n  
th e  m e ta l  c l u s t e r  ( S ta k h e e v  a n d  S h p iv o ,  1 9 9 5 ) .  T h e  s t r u c tu r e  o f  K L  z e o l i t e  is  s h o w n  
in  F ig u r e  2 . T h e  m o s t  u s e s  o f  K L  z e o l i t e  a r e  t h e  c a t a l y s t  a n d  c a t a l y s t  s u p p o r t  f o r  
a r o m a t i z a t io n  ( N o r b e r g  et a i,  2 0 0 0 ) .  C h o o s u to n  ( 2 0 0 7 )  s tu d i e d  K L  z e o l i t e  a s  a  c a t a ­
ly s t  in  th e  p y r o ly s i s  o f  t i r e  f o r  im p r o v in g  t h e  p y r o ly s i s  p r o d u c t s .  A s p h a l t e n e  in  o il  
p r o d u c t io n  d r a s t i c a l l y  r e d u c e d  w i th  u s in g  K L  z e o l i t e  b e c a u s e  th e  c o m p l e x  m o l e c u l e s  
o f  a s p h a l t e n e  w e r e  c r a c k e d  o n  th e  a c t iv e  s i t e  o f  c a t a ly s t .  M o r e o v e r ,  K L  z e o l i t e  w a s  a 
g o o d  c a t a ly s t  f o r  g a s o l in e  p r o d u c t io n ,  b u t  n o t  f o r  k e r o s e n e  a s  a  r e s u l t  o f  h ig h  a r o ­
m a t i c  c o n te n t s  d i s t r i b u t e d  in  t h e  g a s o l in e  r a n g e .  T h e r e f o r e ,  t h e  o c t a n e  n u m b e r  s h o u ld  
b e  h ig h ly  im p r o v e d  u s in g  K L  z e o l i te .

In  2 0 0 3 ,  J o n g p a t i w a t  et al. i n v e s t ig a te d  th e  a r o m a t i z a t i o n  o f  n - o c t a n e  o n  a  
P t /K L  c a ta ly s t .  T h e  r e s u l t s  s h o w e d  t h a t  e t h y l b e n z e n e  a n d  o r t h o - x y l e n e  w e r e  p r o ­
d u c e d  in s id e  th e  c h a n n e l s  o f  t h e  z e o l i t e  a n d  th e n  h y d r o g e n o l y z e d  to  b e n z e n e  a n d  t o l ­
u e n e  a s  th e  d o m i n a n t  a r o m a t i c  c o m p o u n d s .  T r a k a m r o e k  et al. ( 2 0 0 6 )  s tu d ie d  ท- 
o c t a n e  a r o m a t i z a t i o n  o v e r  P t s u p p o r t e d  b y  v a r y i n g  th e  m o r p h o l o g y  a n d  c h a n n e l  
le n g th  o f  K L  z e o l i t e .  T h e y  in v e s t ig a te d  f o u r  d i f f e r e n t  K L  z e o l i t e  m o r p h o l o g i e s :  
h o c k e y p u c k  ( H O P ) ,  c y l in d e r  ( C Y L ) ,  lo n g  c y l in d e r  ( L C Y L ) ,  c l a m - l i k e  s h a p e  
( C L A M ) ,  a n d  n a n o c r y s ta l  ( N C L ) .  N C L  w a s  th e  s m a l l  c r y s t a l  s iz e  a n d  s h o r t  l e n g th ,  
w h ic h  w a s  im p r o p r i a te  f o r  t h e  s e c o n d a r y  c r a c k i n g  r e a c t io n .  T h e r e f o r e ,  N C L  s h o w 'e d
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th e  h ig h e s t  s e l e c t iv i ty  o f  C 8 - a r o m a t ic  p r o d u c ts .  H O P  w a s  a  v e r y  f la t  c y l in d r i c a l ,  
w h i l e  C Y L  a n d  L C Y L  h a d  a  lo n g e r  c h a n n e l  l e n g th .  T h e r e f o r e ,  C Y L  a n d  L C Y L  h a d  
th e  lo n g  r e s id e n c e  t im e  o f  C 8 - a r o m a t ic  p r o d u c ts  in s id e  th e  z e o l i t e ,  a n d  p r o d u c e d  th e  
h ig h e r  b e n z e n e  a n d  s m a l l e r  m o le c u le s  th a n  H O P . E v e n  t h o u g h ,  t h e  d i s p e r s i o n  o f  P t 
w a s  h ig h  o n  C L A M  a n d  H O P  s h a p e s ,  b u t  th e  l % P t / H O P  e x h ib i t e d  t h e  h ig h e r  s e l e c ­
t iv i ty  to  C 8 - a r o m a t ic s  th a n  1 % /C L A M .

Figure 2 .2  S t r u c tu r e  o f  K L  ( w w w .c h e m i s t r y .n u s .e d u . s g ).

2.3 Pyrolysis

T h e  d e f i n i t i o n  o f  p y r o ly s i s  is  t h e  t h e r m a l  d e g r a d a t io n  in  t h e  a b s e n c e  o f  o x y ­
g e n .  In  p y r o ly s i s ,  t h e  m a c r o m o l e c u l e s  o f  a  m a te r ia l  a r e  b r o k e n  d o w n  b y  h e a t  a t  a  
h ig h  t e m p e r a tu r e .  P y r o ly s i s  p r o d u c ts  c o n ta in  g a s  f r a c t io n ,  l iq u id  f r a c t io n ,  a n d  s o l id  
r e s id u e .  A s  a n  e x a m p l e ,  g a s e o u s  p r o d u c t s  a r e  m e th a n e ,  e t h a n e ,  p r o p a n e ,  p r o p e n e ,  
b u ta n e  a n d  o th e r  l ig h t  h y d r o c a r b o n s .  O i l  p r o d u c ts  f r o m  p y r o ly s i s  a r e  i m p o r t a n t  f o r  
c h e m ic a l  f e e d  s to c k  a s  w e l l  a s  a n  o c ta n e  b o o s t e r  o f  g a s o l i n e  ( B a n a l l a l  et a i,  1 9 9 5 ) .  
E x a m p le s  o f  o i l  p r o d u c ts  a r e  l ig h t  a r o m a t i c ,  p o ly - a r o m a t i c ,  p o l a r - a r o m a t i c  c o m ­
p o u n d s ,  a n d  e s p e c i a l ly  b e n z e n e ,  t o l u e n e  a n d  x y le n e s .

C h a r  o r  c a r b o n  b la c k  f r o m  p y r o ly s i s  h a s  v e r y  lo w  q u a l i t y ,  w h ic h  is  i m ­
p r o v e d  t o  h ig h e r  g r a d e  s u c h  a s  c a r b o n  b la c k  o r  a c t i v a te d  c a r b o n .  P y r o l y s i s  is  d e v e l ­
o p e d  a n d  i m p r o v e d  in  th e  r e c y c l in g  t e c h n o l o g y  f o r  t h e  d e g r a d a t io n  o f  a  w a s t e  p la s t i c  
in to  c o m m e r c ia l  f u e l s .  M a in  ty p e s  o f  p y r o ly s i s  p r o c e s s  a r e  s h o w n  in  th e  f o l lo w i n g  
p a r t .

http://www.chemistry.nus.edu.sg
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2 .3 .1  T h e r m a l  C r a c k in g
T h e r m a l  c r a c k i n g  is  u s e d  in  m a n y  i n d u s t r i e s  to  c r a c k  th e  r a w  m a te r ia l  

in to  th e  d e s i r e d  p r o d u c ts .  T h is  ty p e  o f  p r o c e s s  is  a  h e a t  s e n s i t i v e  o p e r a t io n ,  w h ic h  
m e a n s  t h e  c o m p o s i t i o n s  o f  th e  p r o d u c t s  a r e  s ig n i f i c a n t l y  a f f e c te d  b y  th e  p y r o ly s i s  
t e m p e r a tu r e s  ( S c h e i r s  a n d  K a m in s k y ,  2 0 0 6 ) .  T h e  p y r o ly s i s  a t  lo w  t e m p e r a tu r e  p r o ­
m o t e s  th e  o i l  f r a c t io n s ,  w h e r e a s  th e  g a s  f r a c t io n s  a r e  in c r e a s e d  w i th  i n c r e a s in g  t e m ­
p e r a tu r e s .  H o w 'e v e r ,  n o t  o n ly  t e m p e r a tu r e s  b u t  a l s o  o th e r  p a r a m e t e r s  s u c h  a s  r e s i ­
d e n c e  t im e  a n d  f e e d  ty p e  a re  th e  s ig n i f i c a n t  f a c to r s ,  w h ic h  d e t e r m i n e  th e  p r o d u c ts .  
T he p r o d u c ts  f r o m  t h i s  p r o c e s s  a r e  w i d e ly  d i s t r i b u t e d ,  a n d  h a v e  lo w  c o s ts .

2 .3 .2  C a ta l y t i c  C r a c k in g
C r a c k in g  w i th  u s in g  a  c a t a ly s t  h a s  b e e n  u s e d  f o r  a  lo n g  t im e .  C a ta l y s t  

c a n  im p r o v e  th e  o p e r a t io n  c o n d i t i o n s ,  w h ic h  le a d  to  d e c r e a s e  th e  e n e r g y  c o n s u m p ­
t io n s ;  f o r  e x a m p le ,  it r e d u c e s  r e s i d e n c e  t im e ,  a n d  r e d u c e s  th e  r e a c t io n  t e m p e r a tu r e  
( S c h e i r s  a n d  K a m in s k y ,  2 0 0 6 ) .  In  a d d i t i o n ,  th e  c a t a ly t i c  p r o c e s s  c a n  in c r e a s e  th e  d e ­
s i r e d  p r o d u c t s  a n d  p r o d u c t  q u a l i ty ,  w h e n  it is  c o m p a r e d  w i th  th e r m a l  c r a c k in g .

T h e  c a t a ly t i c  p y r o ly s i s  u s in g  a  b a s e  c a t a l y s t  c a n  b r e a k  u p  la r g e  h y d r o ­
c a r b o n  m o l e c u l e s  in to  s m a l l e r  o n e s  v ia  a n io n ic  in t e r m e d i a te s  c a l l e d  c a r b o a n i o n s  
( c a r b a n i o n s )  ( J a n  et a i,  2 0 1 0 )  a s  s h o w n  in  F i g u r e  2 .3 .

Styren butadiene carboanion styrene

Figure 2.3 C a ta l y t i c  p y r o ly s i s  o f  s ty r e n e  b u ta d i e n e  r u b b e r  v i a  c a r b o a n i o n s  ( J a n  et 
a i,  2 0 1 0 ).

T h is  r e a c t io n  s ta r t s  w i th  th e  a b s t r a c t io n  o f  H + f r o m  th e  r e a c ta n t  o n  a  
s o l id  b a s e  to  f o r m  c a r b o a n i o n s .  E le c t r o n s  o r  e l e c t r o n  p a i r s  o f  a n i o n i c  s p e c i e s  c a n  d o ­
n a te  s i t e s  o n  th e  s u r f a c e ,  a n d  th e  r e a c t io n  p r o c e e d s  b y  a  s e l f - p r o p a g a t i n g  c h a in
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m e c h a n is m .  F in a l ly ,  th e  r e a c t io n  is  t e r m i n a t e d  b y  th e  c o m b i n a t io n  o f  f r e e  r a d i c a l s .  
J a n  a n d  c o - w o r k e r s  s tu d ie d  th e  th e r m a l  p y r o ly s i s  a n d  th e  c a t a ly t i c  p y r o ly s i s  o f  a  u s e d  
i s o b u ty l  i s o p r e n e  r u b b e r .  T h e  s tu d ie d  b a s e  c a t a l y s t  in  t h i s  e x p e r i m e n t  w a s  z i n c  o x id e .  
T h e  r e s u l t s  s h o w e d  th a t  t h e  c a t a ly t i c  p y r o ly s i s  o f  t h e  u s e d  i s o b u ty l  i s o p r e n e  r u b b e r  
g a v e  th e  m a x i m u m  c o n v e r s io n  in to  u s e f u l  p r o d u c t s ,  w h e r e a s  th e r m a l  p y r o ly s i s  
s h o w e d  th e  le s s  c o n v e r s io n  a n d  th e  t e m p e r a tu r e  n e e d e d  w a s  h ig h e r .  T h e  p y r o ly s i s  
p r o d u c t  c o n s i s t e d  o f  th e  c o m p l e x  m i x t u r e  o f  a lk a n e s ,  a lk e n e s ,  c a r b o n y l  g r o u p ,  a n d  
a r o m a t i c  p r o d u c t s  s u c h  a s  b e n z e n e ,  t o l u e n e ,  x y le n e  e tc .

2.4 Pyrolysis of Waste Tire

T h e  p y r o ly s i s  o f  w a s t e  t i r e s  h a s  u n d e r g o n e  m a n y  k in d s  o f  r e s e a r c h ,  w h ic h  is 
a im e d  to  p r o d u c e  n e w  e n e r g y  s o u r c e s .  T h e  p y r o ly s i s  c o n d i t i o n s  o f  w a s te  t i r e  h a v e  
b e e n  s tu d ie d  f o r  a  lo n g  t im e  f o r  t h e  o p t i m u m  c o n d i t i o n s  a n d  o p t i m u m  p r o d u c t s  in  
e a c h  in t e r e s t e d  c o n d i t i o n .  T h e  in f lu e n c e  o f  o p e r a t in g  t e m p e r a tu r e  w a s  in v e s t ig a te d  
b y  S h e n  et al. ( 2 0 0 6 ) .  T h e y  s tu d ie d  th e  p y r o ly s i s  o f  s c r a p  t i r e  in  a  f ix e d  b e d  r e a c to r  
w i th  th e  c o n t i n u o u s  p u r g e  o f  n i t r o g e n .  T h e y  f o u n d  th a t  th e  y ie ld s  o f  g a s ,  o i l  a n d  c h a r  
w e r e  s l ig h t ly  d i f f e r e n t  w h i l e  th e  p y r o ly s i s  t e m p e r a tu r e  w a s  c h a n g e d  f r o m  4 5 0  ° c  to  

6 0 0  ° c . T h e  r e s u l t s  r e v e a le d  th a t  t h e  o i l  y ie ld  s t i l l  s h o w e d  th e  m a x i m u m  p e r c e n t  
w e i g h t  v a lu e  w h e r e a s  th e  a m o u n t  o f  c h a r  a n d  g a s e o u s  p r o d u c t  s h o w e d  t h e  lo w  v a lu e s ,  
r e s p e c t iv e ly .

G a l v a g n o  et al. ( 2 0 0 2 )  s tu d i e d  th e  i n f lu e n c e  o f  t h e  r e a c t io n  t e m p e r a tu r e s  b e ­

t w e e n  5 5 0  ° c  to  6 8 0  ° c . T h e y  f o u n d  t h a t  th e  i n c r e a s i n g  t e m p e r a tu r e s  p r o m o t e d  th e  
g a s  p r o d u c t i o n s  s u c h  a s  C H 4 , C 2 H 6 , a n d  C 2 H 4 . S im i l a r ly ,  B e r r u e c o  et al. ( 2 0 0 5 )  s tu d ­
ie d  th e  p y r o ly s i s  o f  s c r a p  t i r e s  a t  t e m p e r a tu r e s  f r o m  4 0 0  ° c  to  7 0 0  ° c . T h e  r e s u l t s  
s h o w e d  th a t  t h e  s a m p le  c o n v e r s io n  in c r e a s e d  w i th  in c r e a s i n g  p r o c e s s  t e m p e r a tu r e s .  
T h e  t e m p e r a tu r e s  f r o m  4 0 0  ° c  to  5 0 0  ๐ c  p r o m o te d  th e  l iq u id  p r o d u c t io n s ,  w h i l s t  th e  
g a s  p r o d u c t i o n s  w e r e  p r o m o t e d  w i th  th e  i n c r e a s in g  t e m p e r a tu r e s .  T h e  s e c o n d a r y  
c r a c k i n g  r e a c t io n  w a s  p r o m o t e d  w i th  t e m p e r a tu r e  h ig h e r  th a n  5 0 0  ° c . M o r e o v e r ,  
h ig h  t e m p e r a tu r e  p r o m o t e d  th e  l ig h t  g a s  p r o d u c ts  s u c h  a s  C O ,  C O 2 , C F 14, C 2 H 4 , a n d  
C 3 H 6.
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In  2 0 0 9 , D ù n g  et al. s tu d ie d  t h e  e f f e c t  o f  p y r o ly s i s  t e m p e r a tu r e  p o la r -  
a r o m a t i c  c o n te n t  in  th e  o il  p r o d u c t .  T h e y  f o u n d  t h a t  t h e  i n c r e a s in g  p y r o ly s i s  t e m p e r a ­

tu r e  le d  to  th e  h ig h e r  a m o u n t  o f  p o la r - a r o m a t i c  a n d  h e a v i e r  p o la r - a r o m a t i c  c o m ­
p o u n d s ,  w h i l e  th e  g a s  y ie ld s  w e r e  d e c r e a s e d .  S i m i l a r l y ,  C u n l i f f e  et al. ( 1 9 9 8 )  r e p o r t ­
e d  th e  a r o m a t i c  c o n te n t s  o f  o i l s  w e r e  in c r e a s e d  w i th  th e  t e m p e r a tu r e  in c r e a s e  w h e r e ­
a s  th e  a l i p h a t i c  h y d r o c a r b o n  d e c r e a s e d .  B a r b o o t i  et al. ( 2 0 0 4 )  s tu d ie d  th e  p y r o ly s i s  
o f  s c r a p  t i r e s  u n d e r  n i t r o g e n  a tm o s p h e r e  in  a  f i x e d - b e d  b a tc h  r e a c to r .  T h e y  s tu d ie d  
th e  e f f e c t s  o f  p y r o ly s i s  t e m p e r a tu r e s  ( 4 0 0  ° c  to  4 6 0  ° C )  a n d  t h e  p a r t i c le  s iz e s  o f  

s c r a p  t i r e s  (2  m m  to  2 0  m m ) .  T h e  r e s u l t  s h o w e d  t h a t  th e  t h e r m a l  d e g r a d a t io n  w a s  
i n c o m p le te  in  th e  l a r g e  p a r t i c le  s iz e s  ( 1 6  m m  to  2 0  m m )  c o m p a r e d  w i th  th e  s m a l l  
p a r t i c le  s iz e s  (2  m m  to  10 m m ) .  M o r e o v e r ,  th e  o il  y ie ld s  w e r e  d e c r e a s e d  w i th  th e  i n ­
c r e a s e  t e m p e r a tu r e s .

T h e  e f f e c t s  o f  c a t a l y s t s  in  th e  p y r o ly s i s  o f  w a s t e  t i r e  w e r e  s tu d ie d  f o r  d e c ­
a d e s .  A r a b i o u r r u t i a  et al. ( 2 0 0 8 )  i n v e s t ig a te d  th e  e f f e c t s  o f  H Z S M - 5  a n d  H Y  z e o l i t e  
c a t a l y s t s  in  p y r o ly s i s  o f  t i r e s  w i th  th e  i n f lu e n c e  o f  t e m p e r a tu r e s  b e t w e e n  4 2 5  ° c  a n d  
5 0 0  ° c . T h e  H Z S M - 5  z e o l i t e  e x h ib i t e d  th e  a c t iv i ty  f o r  c r a c k i n g  r e a c t i o n  a n d  th e  s e ­
le c t iv i ty  f o r  p r o d u c in g  p r o p e n e ,  p r o p y l e n e ,  b u ta n e ,  a n d  b u ta d i e n e  p r o d u c t i o n s .  O n  
th e  o th e r  h a n d ,  H Y  z e o l i t e  p r o m o te d  th e  c o n d e n s a t i o n  to  p r o d u c e  th e  h e a v i e r  c o m ­
p o n e n t s .  W i l l i a m s  et al. ( 2 0 0 2 )  s tu d ie d  th e  e f f e c t  o f  s i l i c a / a l u m i n a  r a t io  a n d  p o r e  s iz e  
o n  Z S M - 5  a n d  Y  z e o l i t e s .  T h e  r e p o r t  s h o w e d  th a t  Y  z e o l i t e  h a d  lo w e r  s i l i c a / a l u m i n a  

r a t io  r a t io  th a n  Z S M - 5  z e o l i t e  d u e  to  a n  in c r e a s e  in  t h e  s u r f a c e  a c i d i ty  b y  in c r e a s in g  
th e  s u r f a c e  c o n c e n t r a t io n  o f  a lu m in a .  T h u s ,  th e  a m o u n t s  o f  a r o m a t i c  c o m p o u n d s  

( b e n z e n e ,  t o l u e n e ,  a n d  x y le n e )  w e r e  f o u n d  in  t h e  Y  z e o l i t e  c a s e  m o r e  th a n  th e  Z S M -  
5 z e o l i t e  c a s e .  T h e  d i f f e r e n c e  o f  p o r e  s iz e  o f  z e o l i t e  p r o v id e d  th e  p r o d u c t  s e l e c t iv i ty .  
T h e  s m a l l  p o r e  s iz e  s h o w e d  th e  s iz e  a n d  s h a p e  s e l e c t iv i ty  o f  h y d r o c a r b o n  w h ic h  
p a s s e d  t h o u g h  th e  p o r e  f o r  c r a c k in g ;  th a t  is , th e  f o r m a t i o n  o f  th e  a r o m a t i c  h y d r o c a r ­
b o n  in c r e a s e d  in  H Z S M - 5 .  S im i l a r ly ,  W i l l i a m s  el al. ( 2 0 0 3 )  s h o w e d  th e  in f lu e n c e  
s e l e c t iv i ty  o f  t h e  d i f f e r e n t  s i l i c a / a l u m i n a  r a t io  o f  z e o l i t e .  T h e y  r e p o r t e d  t h a t  th e  Y  
z e o l i t e  w i th  th e  lo w  s i l i c a / a l u m i n a  r a t io  h a d  h ig h  s u r f a c e  a c t iv i ty .  T h e r e f o r e ,  th e  h ig h  
a r o m a t i c  h y d r o c a r b o n  c o n te n t  in  o il  w a s  p r o d u c e d  b y  u s in g  Y  z e o l i t e .  In  2 0 0 6 ,  S h e n  
et al. s tu d ie d  th e  in f lu e n c e  o f  U S Y  z e o l i t e  o n  th e  p r o d u c t  y ie ld .  T h e  r e s u l t s  s h o w e d  
th a t  th e  p r e s e n c e  o f  U S Y  c a ta ly s t  r e d u c e d  th e  o il  y i e ld  w i th  a n  i n c r e a s e  o f  g a s  y ie ld .
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L ik e w i s e ,  t h e  h ig h e r  c a t a l y s t / t i r e  r a t io  a n d  th e  c a t a l y t i c  t e m p e r a tu r e  a l s o  e n h a n c e d  

th e  g a s e o u s  p r o d u c ts .
C h o o s u to n  ( 2 0 0 7 )  s tu d ie d  th e  e f f e c t  o f  z e o l i t e s  a n d  b i f u n c t i o n a l  c a t a l y s t s  o n  

w a s t e  t i r e  p y r o ly s i s .  T h r e e  m e ta l s  ( P t ,  P d ,  a n d  R u )  a n d  f o u r  z e o l i t e s  ( b e t a ,  U S Y , 
H M O R ,  a n d  K L )  w e r e  u s e d  to  i m p r o v e  th e  p r o d u c t  q u a l i ty  in  th e  p y r o ly s i s  p r o c e s s .  
A l l  c a t a l y s t s  p r o d u c e d  th e  h ig h e r  q u a l i ty  o f  g a s o l i n e  a n d  k e r o s e n e  th a n  a  z e o l i t e  

a l o n e  a n d  th a n  n o n - c a t a ly t i c  c a s e .  M o r e o v e r ,  p o ly a r o m a t i c s  in  th e  o il  p r o d u c t s  w e r e  
r e d u c e d  b y  5 0 % w t  to  7 0  w t% . In  a d d i t i o n ,  P h o p a i s a r n  ( 2 0 1 0 )  s tu d i e d  th e  i n f lu e n c e  

o f  p l a t i n u m  lo a d e d  o n  d i f f e r e n t  z e o l i t e s  ( K L  a n d  Y  z e o l i t e s ) .  T h e  r e s u l t s  s h o w e d  th a t  
P t /Y  h a d  h ig h e r  h y d r o c r a c k i n g  a c t i v i t y  a n d  p r o d u c e d  h ig h e r  c o o k in g  g a s ,  l ig h t  o l e ­
f in s  a n d  n a p h th a  p r o d u c t i o n ,  w h e r e a s  P t /K L  z e o l i t e  e x h ib i t e d  h ig h e r  d e h y d r o c y c l i z a -  
t io n  a c t iv i ty  in  p r o d u c in g  th e  to ta l  a r o m a t i c  h y d r o c a r b o n s .

2.5. Metal Supported on Zeolites

2 .5 .1  M o l y b d e n u m  S u p p o r t e d  o n  Z e o l i t e s
T h e  d e h y d r o - o l i g o m e r i z a t io n  o f  m e th a n e  to  e t h y l e n e  a n d  a r o m a t i c s  

o v e r  m o l y b d e n u m /H Z S M - 5  c a t a l y s t s  h a d  b e e n  s tu d ie d  b y  C h e n  et al. ( 1 9 9 5 ) .  T h e  

r e s u l t s  in d ic a te d  th a t  th e  c a l c in e d  f o r m  o f  m o l y b d e n u m  a t  2 - 3 w t %  o v e r  H Z S M - 5  e x ­
h ib i t e d  th e  o p t im u m  a c t iv i ty  f o r  th e  d e h y d r o - o l i g o m e r i z a t io n  o f  m e th a n e  to  a r o m a t ­
ic s . M o r e o v e r ,  t h e y  s u g g e s t e d  t h a t  e t h y le n e  w a s  a  p r im a r y  p r o d u c t  w h i l e  b e n z e n e  
w a s  a  f in a l  p r o d u c t  in  th e  r e a c t io n .  M o r e o v e r ,  t h e y  f o u n d  t h a t  p u r e  m o l y b d e n u m  t r i ­
o x id e  s h o w e d  n o  a c t i v i t y  f o r  t h e  m e th a n e  c o n v e r s io n ,  w h i l e  m o l y b d e n u m  o x id e  
lo a d e d  o n  H Z S M - 5  s ig n i f i c a n t l y  im p r o v e d  th e  c o n v e r s io n  o f  m e th a n e .  In  1 9 9 7 , 
W a n g  et al. s tu d i e d  th e  m e th a n e  d e h y d r o g e n a t i o n  a n d  a r o m a t i z a t i o n  in  th e  a b s e n c e  
o f  o x y g e n  o v e r  m o l y b d e n u m  lo a d e d  H Z S M - 5  c a t a ly s t .  T h e y  f o u n d  th a t  t h e  m a x i ­
m u m  o f  m e th a n e  c o n v e r s io n  w a s  a r o u n d  7 % , w h e r e a s  th e  s e l e c t iv i ty  t o  b e n z e n e  w a s  
a r o u n d  7 0 %  a t  h ig h  r e a c t io n  t e m p e r a tu r e s  o f  7 0 0  °c -  8 0 0  °c. M o l y b d e n u m  c a r b id e  
( M 0 2 C )  w a s  f o r m e d  a s  th e  a c t iv e  s p e c ie s  o v e r  M o / H Z S M - 5  w h ic h  th e  C H 4 r e a c ta n t  
r e d u c e d  th e  o r ig in a l  M o 6+ io n  in  z e o l i t e  to  M 0 2 C . T h e  c a r b in e  w a s  th e  a c t iv e  s p e c ie s  
f o r  th e  a c t iv a t io n  o f  m e th a n e  a n d  t h e  f o r m a t io n  o f  e t h y le n e  a s  th e  p r i m a r y  r e a c t io n  
i n t e r m e d ia te  to  p r o d u c e  b e n z e n e .  S im i l a r ly ,  Z h a n g  et al. ( 1 9 9 8 )  r e p o r t e d  th e  i n f lu ­
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ence of molybdenum on ZSM-5 zeolite for the non-oxidative conversion of methane 
to benzene. The results showed that molybdenum migrated into the zeolite pore dur­
ing the catalyst calcination at high temperatures, and it was converted to M02C under 
reaction condition. The presence of M02C showed the conversion of CH4 to benzene, 
while unsupported M02C gave low conversion. Only M02C mixed with HZSM-5 was 
active for methane conversion to ethylene and benzene, while the methane conver­
sion on unsupported M02C gave low conversion of CH 4. Moreover, benzene was not 
found in product yields.

Anunziata et al. (1999) also studied the transformation of ethane into 
aromatic hydrocarbons with molybdenum supported on ZSM-11 zeolite. They found 
that the molybdenum supported ZSM-11 zeolite showed the high activity for the 
ethane conversion as well as the selectivity to aromatics. After molybdenum loading, 
the amount of Bronsted site also decreased, and new stronger Lewis-acidic sites were 
created in Mo/ZSM-11 that allowed the dehydrogenation of ethane to ethylene. Eth­
ylene was an unstable primary product; thus, the aromatic products were formed as 
stable secondary products, especially, benzene, toluene and xylenes. Xu et al. (1995) 
investigated the dehydrogenation and aromatization of methane in the different per­
centages of molybdenum loading over HZSM-5 zeolite (1 wt% to 10 wt%), which 
the calcinations and reaction temperatures were 973 K. The results showed that 
2%Mo/HZSM-5 exhibited the maximum methane conversion and the highest selec­
tivity to benzene around 90 %. The channels and the surface area of zeolite were de­
creased with increasing the Mo loading. The possible mechanism for aromatic prod­
ucts occurs via the interaction between methane and M0O3 species in the channel of 
HZSM-5 zeolite to form polarized methane. The polarized molecule of methane re­
acts with the Bronsted acid site of HZSM-5 zeoltie, and provides to the formation of 
molybdenum carbine-like species; CH2=MoC>3. These species is transformed via the 
dimerization to produce ethylene as a primary product; then, ethane aromatization is 
occurred on HZSM-5 zeolite to produce mono-aromatics like benzene and methyl 
benzene. The increment of Mo loading showed the aggregation of Mo, which might 
block up the channels of catalyst. As a result, the channels and the surface area of 
zeolite were decreased, which led to the reduction of catalyst activity.



Shu et al. (1997) also improved the dehydrogenation and aromatiza- 
tion of methane by using Ru-promoted Mo/HZSM-5 catalysts. They found that the 
better reaction rate of methane conversion and a better formation rate of aromatic 
could be promoted by the influence of 2Mo-Ru/HZSM-5 catalyst. The strong acid 
sites decreased with amount of Ru loading, whereas the amount of medium and weak 
acid site increased with the selectivity for methane aromatization.

2.5.2 Rhenium Supported on Zeolites
Rhenium catalyst has the high resistance to a catalyst poison such as 

sulfur, nitrogen, and phosphorus (Brot, 2009). Rhenium with ZSM-5 as a support has 
been considered for the conversion of ethane into benzene (Solmosi and Tolmacsov, 
2004). The weight percentages of Re loading were 2, 5, and 10 wt%. The results 
showed that 2%wt of Re loading produced the high selectivity and yield of benzene, 
whereas the high amount of Re loading at 5-10 wt% did not result in the further im­
provement of the catalyst. Rhenium has a high activity of hydrogenolysis. In 1983, 
Burch and Mitchell studied Re supported on AI2O3 catalysts, consisting of 0.3 wt% 
of Re loading, on the activity and selectivity for the reaction of cvclopentadiene at 
750 K and atmosphere pressure. They found that Re showed the high activities for 
the hydrogenolysis and then the ring-opening of cyclopentane. The selectivity for 
C1-C5 paraffins was 74.9%. Similarly, Carter et al. (1982) studied the rhemium on 
alumina catalysts with 0.3 wt% of Re loading on the methylcyclopentane conversion. 
The results showed that 0.3 wt% Re/AhC^ catalyst had the high hydrogenolysis ac­
tivity, and the selectivity to C1-C6 alkanes was 84 wt%. The Re/A^Cb catalysts did 
not have the hydrogenolysis activity below 425 °c (Jothimurugesat et al., 1985).

Re is considered to increase the hydrogen concentration on surface, 
and it could remove the coke deposited on catalysts by hydrogenation (Xiao et ai, 
1995). The bimetallic catalyst, Pt-Re/Al203-Cl, is the most used catalyst for naphtha 
reforming. The presence of rhenium could decrease coke deposited on the catalyst 
and then increase gas products (Pieck et al., 1995). Moreover, the platinum-rhenium 
mixed metal showed the significant improvement in the lifetime and selectivity for 
aromatics products. It has been most used as a reforming catalyst for aromatic pro­
ductions (Xiao et ai, 1995). Rhenium-containing catalysts are used for hydrocarbon
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transition to upgrade product yields. Krogh et al. (2003) studied the bifunctional cat­
alysts, 5.7 wt% Re and 2.2 wt% Zn impregnated on HZSM-5 for ethane aromatiza- 
tion. They found that the differences in the deactivation of both zeolites were caused 
by the different coke deposited on the zeolite. Re supported on HZSM-5 showed the 
slower deactivation of the catalyst, and the spent Re/HZSM-5 catalyst contained less 
coke than Zn/HZSM-5 catalyst. Re/HZSM-5 and Zn/HZSM-5 showed the same ini­
tial aromatic selectivity. After that the aromatic selectivity of Zn/HZSM-5 catalysts 
decreased rapidly with time, while the selectivity of ethylene also increased fast. 
Re/HZSM-5 exhibited the less deactivation of acid sizes than Zn/HZSM-5; thus, the 
aromatic selectivity was higher than Zn/HZSM-5.

The influences of rhenium supported on HZSM-5 catalyst in the hy­
drogenation of cyclohexene (CHE) compared with other metals, platinum (Pt), palla­
dium (Pd) or iridium (Ir), were practically studied by Aboul-Gheit et al. (2005). The 
result showed that Pt/HZSM-5 and Pd/HZSM-5 were the most active for hydrogena­
tion and dehydrogenation. Re/HZSM-5 acted as an inactive catalyst on the hydro­
conversions of CHE, whereas the bimetallic combination of Pd, Ir or Re with plati­
num supported on HZSM-5 catalyst enhanced the hydrogenation activity and re­
duced the temperature of hydrogenation of cyclohexene to cyclohexane compared 
with only rhenium supported on HZSM-5 (Aboul-Gheit et al., 2005). Moreover, 
PtRe/HZSM-5 produced the lowest amounts of benzene but the highest toluene and 
xylenes amounts, while PdPt/HZSM-5 produced the highest amount of benzene but 
the lowest toluene and xylene ones. The catalytic dehydrogenation of methane was 
improved by using HMCM-22 and HZSM-5 supported rhenium a molybdenum cata­
lyst (Shu et al., 2003). The results showed that HMCM-22 supported catalysts had 
more space for the carbonaceous deposition because of the large cavities, and could 
pass less bulky product because of more elliptic or more slit-like pore opening than 
HZSM-5. Thereby, HMCM-22 catalyst was supported with rhenium and molyb­
denum more than HZSM-5 catalyst. The dehydrogenation and aromatization of pro­
pane were studied by Gao et al. (2005). They studied the effects of Re/HZSM-5 and 
Ga/HZSM-5 on the influence of reaction temperatures from 623 K. to 923 K and the 
additions of CO2 and CH4 on the catalytic activity. The report showed that the dehy­
drogenation and aromatization of propane in Re/HZSM-5 exhibited the higher activi­
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ties than Ga/HZSM-5. Products from the conversion were methane, ethene, propene, 
butane, butane, and aromatics such as benzene, toluene, and xylenes. The effects of 
reaction temperatures showed that Re/HZSM-5 enhanced the selectivity for methane, 
ethene and benzene with the increasing temperature. The propane transformation and 
the selectivity to aromatics were inhibited with the addition of CO2 in feed stream. In 
contrast, the addition of CH 4 improved the conversion of propane to the aromatic 
productions.

From several research works, KL zeolite showed the high activity and 
selectivity in producing aromatic hydrocarbon (Bécue et al., 1999). Similarly, Re and 
Mo supported on zeolite promoted the dehydrogenation and aromatization of light 
molecules such as methane and ethane to the aromatic products (Gao et a i, 2005), 
while 2%Mo supported on zeolite enhanced the conversion and selectivity of light 
molecule to benzene, toluene, and xylenes (Anunziata et al., 1999). As a result, light 
molecules from cracking reaction in the pyrolysis of waste tire might be converted to 
aromatic products such as benzene, toluene, and xylenes with the influence of Re and 
Mo supported on KL zeolite.

The objectives of the research work were to investigate the optimum 
amount of Re and M0O3 supported on KL zeolite and to study the effect of supported 
catalysts, %Re-l%Mo03/KL, on the quality and quantity of waste tire pyrolysis 
products. The scope of this research was divided into two parts. First part was on the 
individually-loaded catalysts (Re and M0O3 supported on KL zeolite) and the second 
part was on the co-Ioaded catalysts (%Re-l%MoC>3 supported on KL zeolite), which 
are shown in Table 2.1.

This research work focused on varying the low amount of Re loading 
at 0.25 to 1 wt% on the effect of waste tire pyrolysis. According to the above litera­
ture review, the low amounts of Re loaded on a zeolite not only showed the high hy- 
drogenolysis activity, but also had an economic benefit due to the expensive cost of 
rhenium precursor. The Re loaded on KL zeolite was aimed convert the heavy mole­
cules of tire to lighter products via hydrogenolysis. In addition, M0O3 loaded on zeo­
lite was proven to have the high activity on the dehydrogenation and aromatization of 
light gas to aromatics products, especially mono-aromatics. Since many research 
works showed that MoC>3-loaded zeolites had the high activity at as low as 2wt% of
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Mo0 3 loading, in this work, M0O3 loading was varied at 1 to 10 wt% with the expec­
tation that the light gas products can be dehydrogenated and aromatized to mono­
aromatics in this range of loading. Moreover, the mono-aromatic can possibly be 
promoted from KL zeolite, which is usually used as a catalyst support for aromatiza- 
tion.

In this work, the varied percentage of co-loaded catalysts (wt%Re- 
1%Mo03/KL) corresponded to those of individually loaded catalysts. Therefore, the 
co-loaded catalysts with the varied Re loading (0.25 to 1 wt%) at a fixed 1% of 
M0O3 loading were selected for the study the quality and quantity of pyrolysis prod­
ucts, especially on the production of mono-aromatic hydrocarbons.

Table 2.1 Experimental designs in this research

Individually-loaded catalysts Co-loaded catalysts
wt% M0O3/KL wt% Re/KL wt% Re-l%Mo03/KL

1%Mo0 3/KL
2%Mo0 3/KL
3%Mo0 3/KL
5%Mo0 3/KL
10%MoO3/KL

0.25%Re/KL
0.50%Re/KL
0.75%Re/KL

l%Re/KL

0.25%Re-l%MoO3/KL 
0.50%Re-l%MoO3/KL 
0.75%Re-l%MoO3/KL 

1 %Re-l %Mo0 3/KL
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