
C H A P T E R  IV
E F F E C T S  O F  A C I D I T Y ,  P O R E  S T R U C T U R E ,  A N D  B A S I C I T Y  O F  

Z E O L I T E S  O N  W A S T E  T I R E  P Y R O L Y S I S  P R O D U C T S

4 .1  A b s t r a c t

Z e o l i te s  h a v e  b e e n  u s e d  a s  c a ta ly s ts  fo r  th e  im p ro v e m e n t  o f  th e  q u a li ty  a n d  
q u a n t i ty  o f  w a s te  t i re  p y r o ly s i s  p ro d u c ts ;  h o w e v e r ,  th e i r  e f fe c ts  o n  th e  t i r e - d e r iv e d  
p r o d u c ts  w e r e  n o t  c le a r ly  e x p la in e d , e s p e c ia l ly  o n  th e  p r o d u c t io n  o f  v a lu a b le  
p e t ro c h e m ic a ls  a n d  th e  f o rm a t io n  o f  s u l f u r  c o m p o u n d s  in  th e  o il. T h is  w o rk  th e re f o r e  
s tu d ie d  th e  e f f e c ts  o f  s o m e  z e o l i te s  ( H B E T A , H Y , H M O R  a n d  K L )  p ro p e r t ie s ;  
n a m e ly , S i/A l r a t io ,  p o r e  s tru c tu re ,  a n d  a c id i ty /b a s ic i ty  o n  w a s te  t i r e  p y ro ly s is  
p ro d u c ts ,  e s p e c ia l ly  p e t ro c h e m ic a l s  a n d  s u l f u r  c o m p o u n d s  in  o il, b y  c o m p a r in g  e a c h  
p a i r  o f  z e o l i te s ;  H B E T A -H Y , H Y -H M O R , a n d  H M O R - K L , r e s p e c t iv e ly .  T h e  l iq u id  
p r o d u c ts  w e re  a n a ly z e d  f o r  c h e m ic a l  c o m p o s i t io n s  a n d  p e t ro le u m  f r a c t io n s  u s in g  
G C * G C - T O F /M S  a n d  S IM D I S T - G C  in s t r u m e n ts ,  r e s p e c t iv e ly .  S u l f u r  c o n te n t  in  th e  
p y ro ly s is  p r o d u c ts  w a s  d e te r m in e d  b y  u s in g  a n  S -a n a ly z e r .  T h e  r e s u l t s  s h o w e d  th a t  
th e  c a ta ly s t  w i th  h ig h e r  a c id  d e n s i ty  ( H Y  z e o l i te )  e x h ib i te d  h ig h e r  c r a c k in g  th a n  th e  
o n e  w ith  lo w e r  a c id  d e n s i ty  (H B E T A  z e o l i te ) .  T h e  c a ta ly s t  w i th  3 D  p o re  s tr u c tu r e  
( H Y  z e o l ite )  s h o w e d  h ig h e r  c r a c k in g  a c t iv i ty  th a n  th e  o n e  w ith  I D  ( H M O R  z e o l i te ) .  
F u r th e rm o re , th e  c a ta ly s t  w i th  3 D  p o re  s t r u c tu r e  h a s  h ig h e r  o p e n  s p a c e  (p o re  s iz e  a n d  
v o lu m e ) , r e s u l t in g  in  a  h ig h e r  to ta l  a r o m a t ic  p r o d u c t io n .  T h e  a c id  c a ta ly s t  ( H M O R  
z e o l i te )  e x h ib i te d  a lm o s t  d i f f e r e n t  a c t iv i t ie s  f ro m  b a s ic  c a ta ly s t  (K L  z e o l i te ) .  T h e  
a c id  c a ta ly s t  s h o w e d  c r a c k in g  a c t iv i ty , w h i le  th e  b a s ic  c a ta ly s t  d id  n o t e x h ib i t  
c r a c k in g  a b i l i ty ,  b u t  it s h o w e d  d e h y d ro g e n a t io n ,  a lk y la t io n ,  a n d  r in g  c lo s u r e  a b i l i t ie s .

4 .2  I n t r o d u c t i o n

W a s te  t i re  p y ro ly s is  is  q u ite  e f f ic i e n t  to  s o lv e  p r o b le m s  c a u s e d  b y  a  la r g e  
n u m b e r  o f  t i r e s  th a t  w e re  p r o d u c e d  in  s e v e r a l  m i l l io n  to n s  p e r  y e a r .  P y r o ly s is  c a n  
n o t  o n ly  r e d u c e  a  la rg e  n u m b e r  o f  w a s te  t i r e s ,  b u t  a ls o  it  c a n  r e c o v e r  v a lu a b le  
p r o d u c ts  th a t  c a n  b e  u s e d  in  fu e l a n d  c h e m ic a l  a p p l ic a t io n s  ( T e n g  et al., 1 9 9 5 ;
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W ill ia m s  a n d  B e s le r ,  1 9 9 5 ; C h a a la  an d  R o y , 1 9 9 6 ; C u n l i f f e  a n d  W i l l i a m s ,  1 9 9 8 ; d e  
M a r c o  R o d r ig u e z  et al, 2 0 0 1 ;  G o n z a le z  et a l, 2 0 0 1 ;  W il l ia m s  a n d  B r in d le ,  2 0 0 3 ;  
Z a b a n io to u  a n d  S ta v ro p o u lo s ,  2 0 0 3 ; M u r i l lo  et a l, 2 0 0 6 ) .  S e v e r a l  r e s e a rc h e r s  
im p ro v e d  th e  q u a li ty  a n d  q u a n t i ty  o f  p y ro ly s i s  p r o d u c ts  b y  u s in g  z e o l i t e s  a s  c a ta ly s ts  
b e c a u s e  th e  c a ta ly s ts  e x h ib i te d  m u l t i - f u n c t io n s ,  in c lu d in g  h y d r o g e n a t io n ,  
d e h y d ro g e n a t io n ,  r in g -o p e n in g ,  c ra c k in g , a r o m a t iz a t io n ,  e tc . F o r  e x a m p le s ,  H B E T A  
z e o l i te  h a d  h ig h  c r a c k in g  a b i l i ty  a n d  it h ig h ly  p r o m o te d  c o o k in g  g a s  p r o d u c t io n .  It 
a ls o  p ro m o te d  s a tu ra te d  h y d ro c a rb o n s , a n d  r e d u c e d  to ta l  a r o m a t ic  c o n te n t  in  th e  o il. 
I t  c a n  g e n e ra te  c a r b é n iu m  io n s  a s  a c tiv e  s p e c ie s  fo r  s e v e r a l  r e a c t io n  s u c h  a s  c r a c k in g ,  
h y d r o g e n a t io n ,  e tc . (W e h a to r a n a w e e , 2 0 1 1 ) .  F u r th e rm o r e ,  s h e  a ls o  s tu d ie d  th e  e f f e c t  
o f  H Y  z e o l i te .  H Y  z e o l i te  in c re a s e d  s a tu r a te d  h y d r o c a r b o n s ,  a n d  r e d u c e d  d i -  a n d  
p o la r - a r o m a tic s  in  th e  o i l  d u e  to  la rg e  p o re  v o lu m e  o f  it  th a t  h a d  h ig h  p o s s ib i l i ty  to  
c r a c k  la rg e  m o le c u le s .  S im ila r ly ,  H M O R  z e o l i te  h a d  c r a c k in g  a b i l i ty  th a t  in c re a s e d  
g a s o lin e  a n d  d e c r e a s e d  v a c u u m  g as  o il. M o re o v e r ,  it  p r o d u c e d  2  t im e s  o f  c o o k in g  
g a s  a s  c o m p a re d  w i th  n o n - c a ta ly s t  c a se  (K o n g k a d e e ,  2 0 0 8 ) .  K L  c a ta ly s t  is  a  b a s ic  
c a ta ly s t .  I t h a d  lo w  a c id  s t r e n g th  r e su lt in g  in  h ig h e r  s a tu ra te d  h y d r o c a r b o n s  in  th e  o i l  
th a n  n o n - c a ta ly s t  c a se . I t  a ls o  re d u c e d  p o la r  a r o m a tic s  a n d  a s p h a l te n e  in  th e  o i l  
( C h o o s u to n , 2 0 0 7 ) .  T i r e -d e r iv e d  o ils  w e r e  a ls o  in c r e a s e d  th e  c o n c e n t r a t io n  o f  
v a lu a b le  p e t ro c h e m ic a l  p r o d u c ts  su c h  a s  b e n z e n e ,  to lu e n e  a n d  x y le n e  a m o u n ts  w e re  
h ig h ly  p r o d u c e d  f ro m  p y r o ly s i s  o f  w a s te  t i r e  u s in g  U S Y , Y  a n d  Z S M - 5  a s  c a ta ly s ts  

-  (W il l ia m s  a n d  B r in d le ,  2 0 0 3 ;  B o x io n g  et a l,  2 0 0 7 ) .
Z e o l i te s  a re  a  c h o ic e  fo r  u se  in  th e  c a ta ly t ic  p y r o ly s i s  o f  w a s te  t i re  b e c a u s e  

th e y  a re  in te r e s t in g  m a te r ia ls  th a t  c a n  b e  p r o p e r ly  s e le c te d  to  im p ro v e  th e  q u a l i ty  a n d  
q u a n t i ty  o f  th e  d e s i re d  p r o d u c ts  b y  c o n s id e r in g  s e v e ra l  p a r a m e te r s  s u c h  a s  ty p e , 
a c id i ty /b a s ic i ty ,  S i/A l ra t io , p o r e  s tru c tu re , p o r e  s iz e , e tc . T h is  w o rk  s tu d ie s  th e  e f f e c t  
o f  f o u r  d i f f e r e n t  z e o l i te s  (H B E T A , H Y , H M O R  a n d  K L )  o n  w a s te  t i r e  p y ro ly s is  
p ro d u c ts .  H B E T A  a n d  H Y  w e r e  u se d  to  s tu d y  th e  e f f e c t  o f  S i/A l r a t io .  T h e  e f fe c t  o f  
p o r e  s t r u c tu r e  w a s  s tu d ie d  b y  c o m p a r is o n  b e tw e e n  H Y  a n d  H M O R  z e o l i te s .  
F u r th e rm o r e ,  th e  e f fe c t  o f  a c id  a n d  b a se  p r o p e r t ie s  o f  z e o l i te s  w a s  a ls o  e x a m in e d  b y  
c o m p a r in g  H M O R  w ith  K L . T h e  liq u id  p r o d u c ts  in  a ll  c a s e s  w e r e  a n a ly z e d  fo r  
c h e m ic a l  c o m p o s i t io n  a n d  p e tro le u m  f r a c t io n s  u s in g  G C x G C - T O F /M S  a n d  
S IM D I S T - G C  in s t r u m e n ts ,  r e sp e c tiv e ly .
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T a b l e  4 .1  C a lc in a t io n  c o n d i t io n s  o f  f re s h  z e o l i te s  b e fo re  u s e s  a s  c a ta ly s ts

Z e o l i te
C a lc in a t io n  

T e m p e r a tu r e  ( C )
H e a t in g  R a te  

( C /m in )
H o ld in g  T im e  a t  C a lc in a t io n  

T e m p e r a tu r e  (h r)

B E T A 6 0 0 2 5
Y 5 0 0 5 3

M O R 5 0 0 5 3
K L 5 0 0 1 0 3

4 .3  M e t h o d o l o g y

4 .3 .1  C a ta ly s t  P re p a ra t io n
F o u r  ty p e s  o f  z e o l i te s ,  N H 4 -B E T A  ( S i /A l= 1 3 .5 ) ,  H Y  ( S i /A l= 7 .5 ) ,  

H M O R  ( S i /A l= 9 .5 )  a n d  K L  ( S i /A l= 3 ) ,  s u p p l ie d  b y  T O S O H  C o m p a n y  ( S in g a p o r e )  
w e r e  c a lc in e d  in  s ta t ic  a i r  a t  th e  c o n d i t io n s  s h o w n  in  T a b le  4 .1 . F in a l ly ,  th e  c a ta ly s t  
p o w d e r s  w e r e  p e l le t iz e d ,  c r u s h e d ,  a n d  s ie v e d  to  th e  s iz e  r a n g e  o f  4 0 - 6 0  m e s h . I t is  
n o te d  th a t  H B E T A  a n d  H M O R  z e o l i te s  a r e  th e  s a m e  o n e s  u s e d  in  D ü n g  et al. (2 0 0 9 ) .

4 .3 .2  C a ta ly s t  C h a ra c te r iz a t io n
X R D  m a c h in e  (R ik a g u )  w a s  u s e d  to  a c q u ir e  th e  X R D  p a t te r n s  o f  th e  

c a ta ly s ts  u s in g  C u K a  r a d ia t io n  o p e ra te d  a t  4 0  k v  a n d  3 0  m A . T h e  s c a n n e d  a n g le  in  
th e  r a n g e  o f  5 - 6 5 °  w a s  s c a n e d  a t  a  s c a n n in g  s p e e d  o f  5 ° /m in . S u r fa c e  a r e a  a n d  p o re  
v o lu m e  o f  c a ta ly s ts  w e re  d e te rm in e d  b y  N 2 p h y s i s o rp t io n  u s in g  T h e r m o  F in n ig a n  
S o r p to m a tic  1 9 9 0  e q u ip m e n t .  T h e  a m o u n t o f  c o k e  o n  s p e n t  c a ta ly s ts  w a s  d e te rm in e d  
b y  u s in g  P e rk in  E lm e r /P y r is  D ia m o n d  ( T h e rm o g ra v im e tr ic /D if f e r e n t ia l  T h e rm a l  
A n a ly s is ,  T G /D T A ) .  T h e  te m p e ra tu re  w a s  r a m p e d  u p  f ro m  ro o m  te m p e r a tu r e  to  9 0 0  
c  w i th  th e  h e a t in g  ra te  o f  10  c /m in .  S u l f u r  c o n te n t  o n  c a ta ly s t  s u r fa c e  w a s  

d e te rm in e d  b y  u s in g  L E C O ® E le m e ta l  A n a ly z e r  ( T ru S p e c ® S ) .
4 .3 .3  W a s te  T ire  P y r o ly s is

P y r o ly s is  d ia g r a m  is  s im i la r  to  th e  w o rk  o f  D ü n g  et al. (2 0 0 9 ) .  
C a ta ly t ic  p y r o ly s i s  o f  w a s te  t i r e  w a s  o p e r a te d  a t  a tm o s p h e r ic  p r e s s u r e  f ro m  r o o m  
te m p e ra tu re  to  a  te m p e ra tu re  o f  5 0 0  c  ( th e  p y ro ly s is  z o n e )  a n d  3 5 0  c  ( th e  c a ta ly t ic
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z o n e )  w ith  a  r a m p in g  r a te  o f  1 0  c / m i n  a n d  a  h o ld in g  t im e  o f  2  h r  a f te r  th e  f in a l 
te m p e ra tu re s  w e r e  r e a c h . 3 0  g r a m s  o f  s h r e d d e d  t i re  ( 2 0 - 4 0  m e s h )  a n d  7 .5  g ra m s  o f  a  
c a ta ly s t  (4 0 - 6 0  m e s h )  w e r e  p a c k e d  in  th e  p y ro ly s i s  z o n e  a n d  th e  c a ta ly t ic  z o n e , 
r e s p e c tiv e ly . N i t r o g e n  g a s  w a s  u s e d  a s  a  c a r r ie r  g a s . L iq u id  p ro d u c ts  w e r e  c o n d e n s e d  
in  th e  c o n d e n s e r s  im m e rg e d  in  a n  ic e - s a l t  (N a C l)  b a th ,  w h ile  g a s  p r o d u c ts  w e re  
c o l le c te d  b y  u s in g  a  g a s  s a m p l in g  b a g .

4 .3 .4  P ro d u c t  A n a ly s is
L iq u id  a n d  s o l id  p ro d u c ts  w e r e  w e ig h e d  fo r  c a lc u la t in g  th e  p ro d u c t  

y ie ld . B e fo re  a n a ly s is ,  a s p h a l te n e  w a s  f i r s t ly  p r e c ip i ta te d  f ro m  th e  l iq u id  p ro d u c ts  v ia  
m ix in g  w ith  « - p e n ta n e  in  th e  o i l /« -p e n ta n e  m a s s  r a t io  o f  4 0 :1 . A f te r  th a t th e  
p re c ip i ta te d  a s p h a l te n e  w a s  f i l te r e d  f ro m  th e  s o lu t io n  u s in g  a  T e f lo n  m e m b ra n e  (0 .4 5  
p m )  in  a  v a c u m m  s y s t e m ,- a n d  th e n  th e  m a l te n e  s o lu t io n s  w e re  a n a ly z e d  fo r  th e  
c o m p o s i t io n  a n d  a v e ra g e  c a r b o n  n u m b e r  b y  u s in g  G a s  C h ro m a to g ra p h y - M a s s  
S p e c t ro m e try  ( G C x G C - T O F /M S ) .  G C x G C - T O F /M S  a p p a r a tu ร e q u ip p e d  a n  A g ile n t  
g a s  c h r o m a to g r a p h  7 8 9 0  ( A g i le n t  T e c h n o lo g ie s ,  P a lo  A lto ,  C A , U S A ) ,  a  P e g a s u s ®  
4 D  T O F /M S  ( L E C O , S t. J o s e p h ,  M I, U S A )  a n d  a  th e rm a l  m o d u la to r  w a s  u s e d  to  
a n a ly z e d  o il c o m p o s i t io n s .  T h e  in s t r u m e n t  w a s  o p e ra te d  b y  th e  c o o p e r a t io n  o f  tw o  
G C  c o lu m n s . T h e  1st G C  c o lu m n  w a s  a  n o n - p o la r  R tx ® - 5 S i l  M S  a n d  th e  2 nd G C  
c o lu m n  w a s  a n  R x i® - 1 7  M S . F u r th e rm o r e ,  t r u e  b o i l in g  p o in t  c u r v e s  o f  m a lte n e  
s o lu t io n s  w e re  a ls o  a n a ly z e d  b y  u s in g  a  V a r ia n  G C -3 8 0 0  s im u la te d  d i s t i l la t io n  g a s  
c h r o m a to g r a p h  (S IM D IS T -G C )  c o n fo rm e d  to  th e  A S T M - D 2 8 8 7  m e th o d . T h e  
in s t r u m e n t  e q u ip p e d  w ith  F ID  a n d  W C O T  f u s e d  s i l ic a  c a p i l la ry  c o lu m n  (1 5  m  X 0 .2 5  
m m  ID  X 0 .2 5  p m  f ilm  th ic h n e s s )  T h e  t r u e  b o i l in g  p o in t  c u rv e s  w e r e  c u t in to  
p e t ro le u m  f ra c t io n s  a c c o rd in g  to  th e ir  b o i l in g  p o in ts ;  g a s o l in e  (< 1 4 9  C ) , k e ro s e n e  
( 1 4 9 -2 3 2  C ) , g a s  o il ( 2 3 2 -3 4 3  C ) , l ig h t v a c u u m  g a s  o i l  (3 4 3 -3 7 1  C )  a n d  h e a v y  
v a c u u m  g as  o i l  (> 3 7 1  C ). T h e  g a s  p r o d u c ts  w e r e  a n a ly z e d  fo r  h y d r o c a r b o n  s p e c ie s  
a n d  c o n c e n t r a t io n s  b y  u s in g  a  G C -F ID , A g i l e n t  T e c h n o lo g ie s  6 8 9 0  N e tw o rk  G C  
s y s te m  (H P -P L O T  Q  c o lu m n : 2 0  p m  f i lm  th ic k n e s s  a n d  3 0  m  X 0 .3 2  m m  ID ). 
F u r th e rm o r e ,  th e  l iq u id  a n d  s o l id  p ro d u c ts  w e r e  a ls o  a n a ly z e d  fo r  th e i r  s u l f u r  c o n te n t  
b y  u s in g  a  L E C O ® E le m e ta l  A n a ly z e r  ( T r u S p e c ® S ) ;  w h e re a s  th e  s u l f u r  c o n te n t  in  
g a s  p ro d u c ts  w a s  c a lc u la te d  v i a  m a s s  b a la n c e .
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F i g u r e  4 .1  X R D  p a t te r n s  o f  z e o l i te s .

4 .4  R e s u l t s  a n d  D is c u s s io n

4 .4 .1  E f f e c t  o f  A c id i ty
W ith  s im ila r  p o r e  o p e n in g s , p o re  s t r u c tu r e s ,  th e  r e s u l t s  o b ta in e d  f ro m  

u s in g  H B E T A  ( S i /A l= 1 3 .5 )  a n d  H Y  ( S i /A l= 7 .5 )  w e re  c o m p a re d  to  e x a m in e  th e  
e f f e c ts  o f  a c id  s t r e n g th  a n d  d e n s i ty  o n  th e  p y ro ly s is  p ro d u c ts .

A s  c o m p a re d  w i th  th e  n o n -c a ta ly s t  c a s e , H B E T A  a n d  H Y  z e o l i te s  d o  
n o t  in c re a s e  th e  g a s  p ro d u c t io n  e v e n  th o u g h  l iq u id  y ie ld s  a r e  d e c r e a s e d  w h i l e  so lid  
y ie ld s  a r e  c o n s ta n t  b e c a u s e  th e  z e o l i te s  g e n e ra te  a  h ig h  a m o u n t  o f  c o k e  a s  s e e n  in

T a b l e  4 .2  B E T  s p e c i f ic  s u r fa c e  a r e a  a n d  p o re  v o lu m e  o f  c a ta ly s ts

C a t a l y s t B E T  s u r f a c e  a r e a  ( m 2 /g ) P o r e  V o lu m e  ( c m 3 /g )

H B E T A 5 3 9 0 .2 5 7
H Y 51 5 0 .2 6 6

H M O R 3 9 5 0 .1 9 9
K L 2 0 0 0 .1 0 4

* Horvath-Kawazoe (H-K) Calculations
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F ig u r e  4 .2  P ro d u c t  d i s t r ib u t io n  in  th e  H B E T A  a n d  H Y  c a se s .

F ig u re  4 .2 .  F ig u r e  4 .3  s h o w s  th a t  H B E T A  a n d  H Y  h ig h ly  p r o d u c e  m ix e d - C 4 a n d  
m ix e d -C 5 b e c a u s e  th e  c a ta ly s ts  c a n  p r o m o te  c r a c k in g  a c t iv i ty  o f  th e  t i re  m o le c u le s  
b y  g e n e ra t in g  c a r b é n iu m  io n s  a s  a c t iv e  s p e c ie s . T h e  m a l te n e  c o m p o s i t io n s  ( F ig u re  
4 .4 a )  w e r e  c la s s i f ie d  in to  7 g r o u p s , c o n s is t in g  o f  p a r a f f in s ,  o le f in s ,  n a p h th e n e s ,  a n d  4 
g ro u p s  o f  a r o m a t ic s  ( m o n o - ,  d i - ,  p o ly -  a n d  p o la r -  a r o m a tic s ) .  T h e  tw o  c a ta ly s ts  
in c re a s e  th e  f o rm a t io n s  o f  m o n o -  a n d  d i - a r o m a tic s  w h ile  th e  o th e r  g ro u p s  ( e x c e p t  
p o la r - a r o m a tic s )  a re  d e c re a s e d . T h e  c a ta ly s ts  in c re a s e  c r a c k in g  a c t iv i ty ,  r e s u l t in g  in  
th e  d e c r e a s in g  c o n c e n t r a t io n  o f  p o ly -a r o m a tic s ,  a n d  a r o m a tiz a t io n  a c t iv i ty ,  r e s u l t in g  
in  th e  d e c r e a s in g  c o n c e n t r a t io n s  o f  p a r a f f in s ,  o le f in s ,  a n d  n a p h th e n e s  w h i le  th e  
c o n c e n t r a t io n s  o f  m o n o -  a n d  d i - a r o m a t ic s  a re  in c re a s e d . F u r th e rm o r e ,  it is  c o n f i rm e d  
b y  th e  o v e ra l l  a v e ra g e  c a r b o n  n u m b e r s  o f  m a l te n e s  (T a b le  4 .3 )  in  th e  H B E T A  a n d  
H Y  c a s e s  th a t  a r e  le s s  th a n  th a t  in  th e  n o n - c a ta ly s t  c a s e .  T h e s e  o b s e rv a t io n s  c a n  b e  
a lso  s u p p o r te d  b y  th e  S IM D I S T - G C  r e s u l t s  (F ig u re  4 .4 b )  th a t  th e  c a ta ly s ts  in c re a s e  
fu l l - r a n g e  n a p h th a  f ra c t io n . H B E T A  r e d u c e s  a s p h a l te n e ,  p o la r - a r o m a t ic s  a n d  s u l fu r  
c o n te n ts  in  th e  o i l  ( F ig u re s  4 .4 a , 4 .4 c  a n d  4 .5 a ) . M o re o v e r ,  H Y  c a n  r e d u c e  a s p h a l te n e  
a n d  s u l fu r  c o n te n ts  in  th e  o il a s  w e l l .

V a lu a b le  p e t ro c h e m ic a l s  ta k e n  in to  c o n s id e r a t io n  a re  b e n z e n e ,  
to lu e n e , x y le n e s ,  s ty re n e , e th y lb e n z e n e ,  c u m e n e , l im o n e n e  a n d  c y c lo h e x a n e  s h o w n  
in  F ig u re  4 .4 d .  I t c a n  b e  o b s e rv e d  th a t  H B E T A  h ig h ly  p r o d u c e s  b e n z e n e  a n d  
e th y lb e n z e n e  w h ile  H Y  h ig h ly  p r o d u c e s  b e n z e n e  a n d  to lu e n e .
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F ig u r e  4 .3  G a s  c o m p o s i t io n s  in  th e  H B E T A  a n d  H Y  c a s e s .
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F ig u r e  4 .4  O il a n a ly s is  in  th e  H B E T A  a n d  H Y  c a s e s ;  ( a )  C o n c e n t r a t io n s  o f  e a c h  
c h e m ic a l g r o u p  in  m a l te n e s ,  (b )  P e t r o le u m  c u ts ,  ( c )  A s p h a l te n e  c o n te n t  in  o i ls ,  a n d  
(d )  V a lu a b le  p e t ro c h e m ic a l s  in  o i ls .

M a jo r  s u l f u r - c o n ta in in g  s p e c ie s  in  w a s te  t i r e  p y r o ly s i s  o i ls  c a n  b e  
g ro u p e d  in to  6  g ro u p s ;  th a t  a re , th io p h e n e s  (T h ) , b e n z o th io p h e n e s  (B T ) ,
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Table 4.3 Average carbon number of each chemical group in maltenes in the
HBETA and HY cases

p O le N a p M o n o D i P o ly P o l a r T o t a l

N o  C a t . 15 .7 1 2 . 2 12 .3 1 1 . 8 1 2 . 1 1 4 .7 11 .4 1 2 .5

H B E T A 14 .9 11 .5 1 1 . 0 1 0 . 8 1 2 . 0 14 .8 1 1 . 0 1 1 .7
H Y 1 5 . 4 . 1 1 . 8 11 .3 1 1 . 1 1 2 . 0 1 4 .7 1 1 . 2 1 1 . 8

(a) Oil Spent Cat. Gas Char

F ig u r e  4 .5  S u lfu r  a n a ly s is  in  th e  H B E T A  a n d  H Y  c a s e s ;  ( a )  O v e ra l l  s u l fu r  
d is t r ib u t io n ,  a n d  (b )  D is t r ib u t io n  o f  s u l fu r - c o n ta in in g  c o m p o u n d s  in  m a l te n e s .

d ib e n z o th io p h e n e s  (D B T ) , n a p h th o th io p h e n e s  (N T ) ,  b e n z o th ia z o le s  ( B T z )  a n d  
is o th io c y a n a te s  ( IT C ) .F ig u re  4 .5 b  s h o w s  th a t H B E T A  a n d  H Y  s e le c t iv e ly  r e d u c e  
b e n z o th ia z o le s .  F u r th e rm o r e ,  th e  a v e ra g e  c a r b o n  n u m b e r s  o f  s u l f u r - c o n ta in in g  
c o m p o u n d s  (T a b le  4 .4 )  a r e  d e c r e a s e d  in  b o th  H B E T A  a n d  H Y  c a s e s ,  in d ic a t in g  th a t  
th e  c a ta ly s ts  a lso  h e lp  fu r th e r  r e m o v e  s u lfu r  fo r  th e  c a s e  in  h y d r o t r e a t in g .

A s  c o m p a re d  w ith  F IY , H B E T A  p r o d u c e s  a  h ig h e r  a m o u n t  o f  c o k e  
a n d  a  lo w e r  g a s  y ie ld  b e c a u s e  H Y  h a s  h ig h e r  a c id  d e n s i ty ,  c a u s in g  th e  h ig h e r  
c r a c k in g  o f  lo n g  c h a in  m o le c u le s ,  b u t  it h a s  lo w e r  a c id  s t r e n g th ,  r e s u l t in g  in  lo w e r  
c o k e  f o rm a t io n . H B E T A  p r o d u c e s  h ig h e r  f u l l - r a n g e  n a p h th a  th a n  H Y  b e c a u s e  th e  
lo w e r  a c id  d e n s i ty  o f  H B E T A  c a u s e s  a  lo w e r  c r a c k in g  a c t iv i ty .  F u r th e rm o r e ,  
H B E T A  g iv e s  a  lo w e r  p o la r - a r o m a t ic  c o n c e n t r a t io n  th a n  H Y . T h e  h ig h e r  a c id  
s tr e n g th  o f  H B E T A  c a n  c o n v e r t  p o la r - a r o m a tic s  in to  th e  f o rm s  o f  a s p h a l te n e  a n d
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Table 4.4 A v erag e  ca rb o n  n u m b er o f  m a jo r  su lfu r-co n ta in in g  co m p o u n d s  in
m a lten es  in  th e  H B E T A  and  H Y  case s

T h B T D B T N T B T z I T C

N o  C a t . 9 .8 6 1 0 . 0 1 2 .9 - 7 .2 6 9 .1 6

H B E T A 9 .5 9 9 .8 7 1 3 .2 1 2 . 0 7 .1 9 7 .0 0

H Y 9 .3 1 9 .8 1 1 2 .3 1 2 .4 - 7 .2 4 7 .4 8

c o k e .  H Y  e x h i b i t s  a  c r a c k i n g  a c t i v i t y  t h a n  H B E T A ,  r e s u l t i n g  in  t h e  h i g h e r  m o n o 

a r o m a t i c  c o n c e n t r a t i o n ,  a n d  t h e  l o w e r  c o n c e n t r a t i o n s  o f  d i -  a n d  p o l y - a r o m a t i c s  i n  t h e  

m a l t e n e .

4 .4 .2  E f f e c t  o f  P o r e  S t r u c t u r e

H Y  ( 3 D  p o r e  s t r u c t u r e )  a n d  H M O R  ( I D  p o r e  s t r u c t u r e )  w i t h  t h e  

s i m i l a r  p o r e  s i z e s  a n d  S i /A l  r a t i o s  w e r e  s e l e c t e d  i n  t h i s  w o r k  f o r  s t u d y i n g  t h e  e f f e c t  

o f  p o r e  s t r u c t u r e  o n  w a s t e  t i r e  p y r o l y s i s  p r o d u c t s .

T h e  v a l u a b l e  p e t r o c h e m i c a l s  in  m o n o - a r o m a t i c s  h i g h l y  p r o d u c e d  a r e  

b e n z e n e  a n d  t o l u e n e  in  t h e  H Y  c a s e  a n d  s ty r e n e  in  t h e  H M O R  c a s e  a s  s h o w n  in  

F i g u r e  4 .8 d .  F u r t h e r m o r e ,  t h e  c a t a l y s t s  a l s o  s h o w  c r a c k i n g  a b i l i t y  a s  s e e n  in  t h e  

d e c r e m e n t  o f  o v e r a l l  a v e r a g e  c a r b o n  n u m b e r s  in  t h e  m a l t e n e s  ( T a b l e  4 .5 ) ,  a n d  t h e  

i n c r e m e n t  o f  f u l l - r a n g e  n a p h t h a  ( F i g u r e  4 .8 b ) .  A s  c o m p a r e d  w i t h  t h e  n o n - c a t a l y s t  

c a s e ,  H Y  a n d  H M O R  c a n  r e d u c e  s u l f u r  c o n t e n t  i n  t h e  o i l s  ( F ig u r e  4 . 9 a )  b y  

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

Gas Liquid Soild Coke

Figure 4.6 P r o d u c t  d i s t r i b u t i o n  in  t h e  H Y  a n d  H M O R  c a s e s .
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Figure 4 .7  G a s  c o m p o s i t i o n s  in  t h e  H Y  a n d  H M O R  c a s e s .
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Figure 4.8 O i l  a n a l y s i s  i n  t h e  H Y  a n d  H M O R  c a s e s ;  ( a )  C o n c e n t r a t i o n s  o f  e a c h  

c h e m ic a l  g r o u p  in  m a l t e n e s ,  ( b )  P e t r o l e u m  c u t s ,  ( c )  A s p h a l t e n e  c o n t e n t  i n  o i l s ,  a n d  

( d )  V a l u a b le  p e t r o c h e m i c a l s  i n  o i l s .

o f  s u l f u r  in  g a s  p h a s e  i n d i c a t e s  t h a t  t h e  c a t a l y s t s  e x h i b i t  h y d r o g e n o l y s i s  a b i l i t y .  

F u r t h e r m o r e ,  t h e  c a t a l y s t s  c a n  r e d u c e  t h e  a v e r a g e  c a r b o n  n u m b e r s  o f  a l m o s t  a l l  

g r o u p s  o f  s u l f u r - c o n t a i n i n g  c o m p o u n d s  in  m a l t e n e  ( T a b l e  4 .6 ) ,  i n d i c a t i n g  t h a t  t h e
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Table 4.5 A v erag e  ca rb o n  n u m b e r o f  each  ch em ica l g ro u p  in  m a lten es  in  th e  HY
an d  H M O R  cases

p Ole Nap Mono Di Poly Polar Total
No Cat. 15.7 12.2 12.3 11.8 12.1 14.7 11.4 12.5

HY 15.4 11.8 11.3 11.1 12.0 14.7 11.2 11.8
HMOR 16.1 11.9 12.1 11.6 11.9 14.7 11.6 12.2

Figure 4.9 S u l f u r  a n a l y s i s  i n  t h e  H Y  a n d  H M O R  c a s e s ;  ( a )  O v e r a l l  s u l f u r  

d i s t r i b u t i o n ,  a n d  ( b )  D i s t r i b u t i o n  o f  s u l f u r - c o n t a i n i n g  c o m p o u n d s  i n  m a l t e n e s .

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

p r o c e s s e s .

T h e -  v a l u a b l e  p e t r o c h e m i c a l s  i n  m o n o - a r o m a t i c s  h ig h l y  p r o d u c e d  a r e  

b e n z e n e  a n d  t o l u e n e  in  t h e  H Y  c a s e  a n d  s t y r e n e  in  t h e  H M O R  c a s e  a s  s h o w n  in  

F i g u r e  4 .8 d .  F u r t h e r m o r e ,  t h e  c a t a l y s t s  a l s o  s h o w  c r a c k i n g  a b i l i t y  a s  s e e n  in  t h e  

d e c r e m e n t  o f  o v e r a l l  a v e r a g e  c a r b o n  n u m b e r s  in  th e  m a l t e n e s  ( T a b l e  4 . 5 ) ,  a n d  t h e  

i n c r e m e n t  o f  f u l l - r a n g e  n a p h t h a  ( F ig u r e  4 .8 b ) .  A s  c o m p a r e d  w i t h  t h e  n o n - c a t a l y s t  

c a s e ,  H Y  a n d  H M O R  c a n  r e d u c e  s u l f u r  c o n t e n t  in  t h e  o i l s  ( F i g u r e  4 .9 a )  b y  

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

o f  s u l f u r  in  g a s  p h a s e  i n d i c a t e s  t h a t  t h e  c a t a l y s t s  e x h i b i t  h y d r o g e n o l y s i s  a b i l i t y .  

F u r t h e r m o r e ,  t h e  c a t a l y s t s  c a n  r e d u c e  t h e  a v e r a g e  c a r b o n  n u m b e r s  o f  a l m o s t  a l l  

g r o u p s  o f  s u l f u r - c o n t a i n i n g  c o m p o u n d s  in  m a l t e n e  ( T a b l e  4 .6 ) ,  i n d i c a t i n g  t h a t  t h e
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F o r  t h e  e f f e c t  o f  p o r e  s t r u c t u r e ,  H M O R  p r o d u c e s  a  h i g h e r  a m o u n t  o f  

g a s  p r o d u c t  t h a n  H Y  a l t h o u g h  t h e  l i q u i d  y i e l d  in  th e  H M O R  c a s e  i s  h i g h e r  b e c a u s e  

t h e  3 D  p o r e  s t r u c t u r e  c a t a l y s t  h a s  a  h i g h e r  s p a c e  ( p o r e  s i z e  a n d  a r c h i t e c t u r e )  f o r  

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

c o k e  d e p o s i t e d  o n  t h e  c a t a l y s t  s u r f a c e  ( B o r t n o v s k y  et a i ,  2 0 0 5 ) ,  t h a n  t h e  I D  p o r e  

s t r u c t u r e  c a t a l y s t .  P a r a f f i n s ,  o l e f i n s  a n d  n a p h t h e n e s  c a n  b e  r e a c t a n t s  f o r  a r o m a t i c  

p r o d u c t i o n ;  s o ,  t h e s e  c o m p o u n d s  a r e  r e d u c e d  in  t h e  H Y  c a s e  m o r e  t h a n  i n  t h e  H M O R  

c a s e .  H Y  a l s o  p r o d u c e s  h i g h e r  f u l l - r a n g e  n a p h t h a  w i t h  l o w e r  s u l f u r  c o n t e n t  a n d  

p o l a r - a r o m a t i c  c o n c e n t r a t i o n  t h a n  H M O R ,  i n d i c a t i n g  t h a t  H Y  h a s  a  h i g h e r  c r a c k i n g  

a c t i v i t y  t h a n  H M O R .  M o r e o v e r ,  t h e  c a t a l y s t s  c a n  a l s o  h e l p  r e m o v e  s u l f u r  m o r e  

e a s i l y .  F r o m  F i g u r e  4 .9 b ,  t h e  p e r c e n t a g e s  o f  b e n z o t h i a z o l e s  a n d  i s o t h i o c y a n a t e s  a r e  

d e c r e a s e d  in  t h e  H M O R  c a s e  w h i l e  t h e  p r o p o r t i o n  o f  i s o t h i o c y a n a t e s  is  n o t  d e c r e a s e d  

i n  t h e  H Y  c a s e ,  i n d i c a t i n g  t h a t  H M O R  c a n  p r o m o t e  b r e a k i n g  o f  C - S  a n d  C - N  b o n d s  

w h i l e  FI Y  d o  n o t  b r e a k  C - N  b o n d s  b e c a u s e  H M O R  m i g h t  h a v e  s l i g h t l y  h i g h e r  a c i d  

s t r e n g t h  t h a n  H Y .

Table 4.6 A v e r a g e  c a r b o n  n u m b e r  o f  m a j o r  s u l f u r - c o n t a i n i n g  c o m p o u n d s  in  

m a l t e n e s  in  t h e  F IY  a n d  H M O R  c a s e s

su lfu r-c o n ta in in g  co m p o u n d s  in  the o ils c an  b e  rem oved  e a s ily  in the  d e su lfu riza tio n
p ro cesses .

T h B T D B T - N T B T z I T C

N o  C a t . 9 .8 6 1 0 . 0 1 2 .9 -  - 7 .2 6 9 .1 6

H Y 9 .3 1 9 .8 1 1 2 .3 1 2 .4 7 .2 4 7 .4 8
H M O R 9 .8 0 9 .9 5 1 3 .4 - 7 .2 2 7 .0 0

4 .4 .3  E f f e c t  o f  A c i d / B a s e  Z e o l i t e s

T h e  r e s u l t s  f r o m  u s i n g  H M O R  a n d  K L  z e o l i t e s  w i th  t h e  s i m i l a r  p o r e  

s i z e  a n d  p o r e  s t r u c t u r e  ( I D  p o r e  s t r u c t u r e )  w e r e  c o m p a r e d  t o  s t u d y  t h e  e f f e c t  o f  a c i d  

a n d  b a s i c  c a t a l y s t s  o n  w a s t e  t i r e  p y r o l y s i s  p r o d u c t s .
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Figure 4.10 P r o d u c t  d i s t r i b u t i o n  in  t h e  H M O R  a n d  K L  c a s e s .

Figure 4.11 G a s  c o m p o s i t i o n s  in  t h e  H M O R  a n d  K L  c a s e s .

F i g u r e  4 .1 0  s h o w s  t h a t  t h e  a c i d  a n d  b a s i c  c a t a l y s t s  g i v e  th e  s a m e  

p r o d u c t  d i s t r i b u t i o n .  T h e  g a s  c o m p o s i t i o n s  in  F i g u r e  4 .1 1  s h o w  _ t h a t  _ H M O R  

e n h a n c e s  p r o p a n e  p r o d u c t i o n  w h i l e  K L  d o e s  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  g a s  

c o m p o s i t i o n  a s  c o m p a r e d  w i t h  t h e  n o n - c a t a l y s t  c a s e .  F I M O R  a n d  K L  e n h a n c e  t h e  

p r o d u c t i o n  o f  m o n o - a r o m a t i c s  a n d  f u l l - r a n g e  n a p h t h a  ( F i g u r e s  4 .1 2 a  a n d  b ) .

A s  c o m p a r e d  w i t h  t h e  n o n - c a t a l y s t  c a s e ,  t h e  i n c r e a s i n g  f u l l - r a n g e  

n a p h t h a  in  H M O R  c a s e  a n d  t h e  i n c r e a s i n g  k e r o s e n e  i n  K L  c a s e  a r e  o b s e r v e d  b e c a u s e  

K L  r e d u c e s  t h e  c o n c e n t r a t i o n  o f  p o l a r - a r o m a t i c s  in  t h e  m a l t e n e .  K L  g i v e s  t h e  l o w e r  

a s p h a l t e n e  c o n t e n t  ( F i g u r e  4 .1 2 c )  a n d  t h e  l o w e r  a m o u n t  o f  p o l a r - a r o m a t i c s  t h a n  

H M O R ,  b u t  K L  g e n e r a t e s  a  h i g h e r  a m o u n t  o f  c o k e  t h a t  m i g h t  b e  f o r m e d  f r o m
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a s p h a l t e n e  a n d  p o l a r - a r o m a t i c s .  F i g u r e  4 . 1 2 d  s h o w s  t h a t  H M O R  h ig h l y  p r o d u c e s  

s t y r e n e ,  w h i l e  K L  d o e s  n o t  p r o d u c e  a n y  p e t r o c h e m i c a l s  a t  a l l .
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Figure 4.12 O i l  a n a l y s i s  in  t h e  H M O R  a n d  K L  c a s e s ;  ( a )  C o n c e n t r a t i o n s  o f  e a c h  

c h e m i c a l  g r o u p  in  m a l t e n e s ,  ( b )  P e t r o l e u m  c u t s ,  ( c )  A s p h a l t e n e  c o n t e n t  i n  o i l s ,  a n d  

( d )  V a l u a b le  p e t r o c h e m i c a l s  i n  o i l s .

Table 4.7 A v e r a g e  c a r b o n  n u m b e r  o f  e a c h  c h e m i c a l  g r o u p  i n  m a l t e n e s  i n  t h e  

H M O R  a n d  K L  c a s e s

p Ole Nap Mono Di Poly Polar Total
No Cat. 15.7 12.2 12.3 11.8 12.1 14.7 11.4 12.5
HMOR 16.1 11.9 12.1 11.6 11.9 14.7 11.6 12.2

KL 15.0 12.5 12.4 1-2.1 12.1 14.9 11.4 12.6
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I n  t e r m s  o f  s u l f u r  r e d u c t i o n  ( F i g u r e  4 .1 3 a ) ,  b o t h  z e o l i t e s  c a n  r e d u c e  

s u l f u r  in  o i l s .  H o w e v e r ,  K L  z e o l i t e  m i g h t  i n c r e a s e  s u l f u r  a n d  n i t r o g e n  r e m o v a l  f r o m  

t h e  o i l ;  w h i c h  p o t a s s i u m  c a t i o n s  m i g h t  i n t e r a c t  w i t h  th e  n u c l e o p h i l i c  s p e c i e s  ( N  a n d  

ร  s i t e s  in  t h e  m o l e c u l e s  in  t h e  o i l ) ,  r e s u l t i n g  i n  h i g h e r  r e d u c t i o n  o f  s u l f u r  in  t h e  o i l ,  

a n d  l o w e r  t h e  c o n c e n t r a t i o n  o f  b e n z o t h i a z o l e s  in  K L  t h a n  t h a t  in  H M O R  ( F ig u r e  

4 .1 3 b ) .

■  Non-Cat H HMOR a la

Figure 4.13 S u l f u r  a n a l y s i s  in  t h e  F I M O R  a n d  K L  c a s e s ;  ( a )  O v e r a l l  s u l f u r  

d i s t r i b u t i o n ,  a n d  ( b )  D i s t r i b u t i o n  o f  s u l f u r - c o n t a i n i n g  c o m p o u n d s  in  m a l t e n e s .

Table 4.8 A v e r a g e  c a r b o n  n u m b e r  o f  m a j o r  s u l f u r - c o n t a i n i n g  c o m p o u n d s  i n  

m a l t e n e s  in  t h e  H M O R  a n d  K L  c a s e s

T h B T D B T N T B T z I T C

N o  C a t . 9 .8 6 1 0 . 0 1 2 .9 - 7 .2 6 9 .1 6

H M O R 9 .8 0 9 .9 5 1 3 .4 - 7 .2 2 7 .0 0
K L 1 0 . 6 1 0 . 2 1 3 .5 1 3 .4 7 .2 7 7 .3 3

4.5 Conclusions

T h e  e f f e c t  o f  z e o l i t e s  o n  w a s t e  t i r e  p y r o l y s i s  p r o d u c t s  w a s  s t u d i e d  i n  t h i s  

w o r k  b y  c o m p a r i n g  b e t w e e n  H B E T A  a n d  H Y  ( S i / A l  r a t i o ) ,  H Y  a n d  H M O R  ( p o r e  

s t r u c t u r e ) ,  a n d  H M O R  a n d  K L  ( a c i d / b a s e  c a t a l y s t s ) .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  

h i g h e r  a c i d  d e n s i t y  c a t a l y s t  ( H Y  z e o l i t e )  e x h i b i t e d  h ig h e r  c r a c k i n g  a c t i v i t y  t h a n  t h e
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l o w e r  a c i d  d e n s i t y  c a t a l y s t  ( H B E T A  z e o l i t e ) ,  r e s u l t i n g  in  h i g h e r  g a s  y i e ld  a n d  m o n o 

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

H B E T A .  T h e  3 D  p o r e  s t r u c t u r e  c a t a l y s t  ( H Y  z e o l i t e )  s h o w e d  h i g h e r  c r a c k i n g  

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

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

c o n c e n t r a t i o n  in  t h e  o i l  t h a n  I D  p o r e  s t r u c t u r e  c a t a l y s t  ( H M O R  z e o l i t e ) .  

F u r t h e r m o r e ,  t h e  3 D  p o r e  s t r u c t u r e  c a t a l y s t  h a s  b i g g e r  o p e n  s p a c e  ( p o r e  s i z e  a n d _  

a r c h i t e c t u r e ) ,  r e s u l t i n g  in  h i g h e r  t o t a l  a r o m a t i c  p r o d u c t i o n .  T h e  a c i d  a n d  b a s i c  

c a t a l y s t s  ( H M O R  a n d  K L  z e o l i t e s )  e x h i b i t e d  c r a c k i n g  a b i l i t y  b u t_ H M O R  z e o l i t e  c a n  

p r o d u c e  l i g h t  o i l  ( f u l l - r a n g e  n a p h t h a )  m o r e  t h a n  K L  ( k e r o s e n e ) .  S o ,  K L  z e o l i t e  

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

F u r t h e r m o r e ,  t h e  e l e c t r o p h i l i c  p a r t  o f  K L  r e a c t e d  m o r e  w i th  n u c l e o p h i l i c  s p e c i e s  o f  

s u l f u r - c o n t a i n i n g  c o m p o u n d s ,  r e s u l t i n g  in  h i g h e r  s u l f u r  r e d u c t i o n  t h a n  H M O R .  T h e  

v a l u a b l e  p r o d u c t s  w e r e  d i f f e r e n t l y  p r o d u c e d  in  e a c h  z e o l i t e  c a s e .  H B E T A  

s i g n i f i c a n t l y  p r o d u c e d  m o r e  b e n z e n e  a n d  e t h y l b e n z e n e .  H Y  s e l e c t i v e l y  p r o d u c e d  

m o r e  b e n z e n e  a n d  t o l u e n e .  S t y r e n e  w a s  o b s e r v e d  in  a  s i g n i f i c a n t  a m o u n t  u s i n g  

H M O R  w h i l e  K L  d id  n o t  s e e m  to  p r o d u c e  a n y  C 6- C 9 p e t r o c h e m i c a l s  a t  a l l  in  o i l .
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