
CHAPTER VII
COMPARISON BETWEEN Cu/KL AND Zn/KL ON SULFUR REMOVAL

FROM TIRE-DERIVED OIL, AND PRODUCTION OF PETROCHEMICALS

7.1 A b s t r a c t

N o w a d a y s ,  w a s te  t i re  is in c re a s in g ly  p r o d u c e d  in  e v e ry  y e a r . 'F u r th e r m o r e ,  
th e  a m o u n t o f  p e tro le u m  in  th e  w o rld  is d e te r io ra t in g . T ir e -d e r iv e d  o i ls  o b ta in e d  
f ro m  p y ro ly s is  o f  w a s te  t i r e  a re  an  a l te rn a t iv e  w a y  fo r  p ro d u c in g  p e t r o c h e m ic a l s  a n d  
r e d u c in g  w a s te  in  th e  s a m e  tim e . R e c e n tly , b i fu n c tio n a l  c a ta ly s ts  h a v e  b e e n  u s e d  in  
s e v e ra l r e s e a rc h  w o rk s , w h ic h  c a n  im p ro v e  th e  p r o p e r t ie s  an d  q u a n t i ty  o f  p y ro ly s is  
p ro d u c ts , e s p e c ia l ly  o il p r o d u c ts  c o m p o s e d  o f  v a lu e  a d d e d  c h e m ic a ls  su c h  a s  
b e n z e n e , to lu e n e ,  x y le n e s , e tc . F u r th e rm o re , s u lfu r  r e d u c t io n  is a n e c e s s a r y  p r o c e s s ,  
s in c e  s u l fu r  c o m p o u n d s  h a v e  c o r ro s iv e  p ro p e r ty  a n d  u n d e s ire d  o d o r .  S in c e  s e v e ra l  
p ro p e r t ie s  o f  c o p p e r  a n d  z in c ,  e s p e c ia l ly  s u l fu r  r e m o v a l  a b i l i ty  in  a d s o rp t io n  a n d  
h y d r o d e s u lf u r iz a t io n  p r o c e s s e s  a re  n e e d  f o r  t i r e - d e r iv e d  o i ls ; th e re fo re ,  C u -  a n d  Z n -  
lo a d e d  K L  z e o l i te  w e re  e x p e c te d  to  in c re a s e  h y d r o d e s u lf u r iz a t io n  a c t iv i ty  b e c a u s e  
p o ta s s iu m  in  K L  can  h e lp  p ro m o tin g  h y d r o g e n  s p i l l - o v e r  c o n te n t  o n  th e  c a ta ly s t  
s u r fa c e  th a t  c a n  b e  u se d  to  re m o v e  s u lf id e s  o f  th e  m e ta ls ,  a n d  th e n  p o s s ib ly  e n h a n c e  
s u lfu r  r e m o v a l f ro m  t i r e - d e r iv e d  o ils  a s  w e ll .  T h e  r e s u l t s  sh o w e d  th a t  th e  p r e s e n c e  o f  
c o p p e r  a n d  z in c  o n  K L  z e o l i te  c a n  h ig h ly  p r o m o te  th e  p ro d u c t io n  o f  p e t ro c h e m ic a l s ,  
e s p e c ia l ly  b e n z e n e  a n d  c u m e n e ,  an d  e th y lb e n z e n e  a n d  c u m e n e , r e s p e c t iv e ly .  F o r  
s u l fu r  r e m o v a l ,  C u  a d d i t io n  o n  K L  c a n  r e d u c e  s u lfu r  c o n te n t  in o i ls  f ro m  1.11 w t%  to  
0 .8 4 4  w t%  w h ile  Z n  lo a d in g  c a n  a lso  r e d u c e  s u l fu r  c o n te n t  in  o i ls  to  0 .8 5 4  w t% , 
in d ic a tin g  th a t  C u  o r  Z n  o n  K L  c a n  e x h ib i t  h y d r o d e s u lf u r iz a t io n  a b i li ty .

7 .2  I n t r o d u c t i o n

P y r o ly s is  is a  p o te n t ia l  m e th o d  f o r  w a s te  t i r e  e l im in a t io n  b e c a u s e  th e  
m e th o d  c a n  c o n v e r t  w a s te  t i r e s  in to  g a s  fu e ls ,  o i ls , a n d  c h a r .  T i r e -d e r iv e d  o i ls  a re  a n  
a lte rn a tiv e  e n e rg y  s o u rc e  fo r  th e  u s e s  a s  fu e ls , a n d  h a v e  a  h ig h  p o s s ib i l i ty  fo r  
p ro d u c in g  p e t ro c h e m ic a l  f e e d s to c k s  a s  w e ll. B ifu c t io n a l  c a ta ly s ts  a r e  a t t r a c t iv e
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b e c a u s e  m e ta ls  an d  s u p p o r ts  c a n  e x h ib i t  s e v e ra l in te r e s t in g  a b i l i ty  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 , r in g -o p e n in g , h y d r o d e s u lf u r iz a t io n , e tc . F o r  e x a m p le , s o m e  
r e s e a rc h e r s  s u c h  as W i l l i a m s  a n d  B o ttr i l l  (1 9 9 5 ) , Q u  et al. (2 0 0 6 ) , a n d  B o x io n g  et al.
(2 0 0 7 )  s tu d ie d  th e  e f f e c t  o f  z e o l i te s  o n  p e t ro c h e m ic a ls  in  w a s te  ti re  p y ro ly s is  
p ro d u c ts . T h e  p e t ro c h e m ic a ls  f ro m  w a s te  t i re  p y ro ly s is  c a n  b e  b e n z e n e , to lu e n e , 
x y le n e s , l im o n e n e , s ty re n e ,  e th y lb e n z e n e , a n d  c u m e n e ,  fo r  e x a m p le s .  H o w e v e r ,  th e  
q u a li ty  o f  t i r e -d e r iv e d  o i ls  s ti ll  n e e d  J o  b e  im p ro v e d  in  te rm s  o f  s u l f u r  c o n te n t;  s o , th e  
o ils  h a v e  to  b e  tre a te d  f o r  r e d u c in g  th e  c o r r o s io n  a n d  p o llu t io n  p r o b le m s  o f  th e  o il 
u sa g e . S u l fu r - p o ly c y c l ic  a ro m a tic  h y d ro c a rb o n s  ( P A S H )  in  ti re  p y ro ly s i s  o il w e re  
re p o r te d  b y  W ill ia m s  a n d  B o ttr il l  (1 9 9 5 ) . M a in  P A S H  fo u n d  w e r e  b e n z o th io p h e n e ,  
a n d  th e  g r o u p s  o f  d ib e n z o th io p h e n e s  a n d  th e ir  d e r iv a t iv e s .  D î in g  et al. ( 2 0 0 9 )  
r e v e a le d  th a t  P t /H B E T A  a n d  P t /H M O R  c a n  r e d u c e  s u l fu r  c o n te n t  in  fo rm s  o f  p o la r -  
a ro m a tic s  v ia  h y d ro g e n a tio n  o f  p la t in u m  c o n v e r t in g  p o la r - a r o m a t ic s  a n d  th e ir  
p r e c u r s o r  in to  s a tu ra te d  h y d r o c a r b o n s  b e fo re  fu r th e r  c r a c k in g  v ia  z e o l i te s .

C o p p e r  is a  m e ta l  th a t is  w id e ly  u s e d  a s  a  c a ta ly s t  fo r  s e le c t iv e  
h y d r o g e n a t io n  o f  u n d e s i re d  u n s a tu ra te d  l ig h t h y d r o c a r b o n s  ( S e t ia w a n  a n d  C a v e l l ,  
1995 ; B r id ie r  et al. , 2 0 1 0 ) .  F u r th e rm o re , a  c o p p e r -e x c h a n g e d  z e o l i te  h a s  h ig h  a b i l i ty  
to  d e e p  d e s u lf u r iz e  th io p h e n e  f ro m  liq u id  fu e ls  (G o n g  et al, 2 0 0 9 )  s u c h  a s  g a s o lin e , 
e tc . A n o th e r  in te re s tin g  m e ta l th a t is  in  th e  s a m e  p e r io d  in  th e  p e r io d ic  ta b le  o f  
e le m e n t is  z in c . Z in c  is u s e d  in  m a n y  a p p lic a t io n s  b e c a u s e  it h a s  s e v e r a l  o u ts ta n d in g  
p ro p e r t ie s .  F o r  e x a m p le s ,  z in c  c a n  p ro m o te  d e h y d ro g e n a t io n  r e a c t io n  r a te  o f  a  l ig h t 
a lk a n e , a n d  in c re a s e  C 6+ a ro m a tic  s e le c t iv i ty  o f  H Z S M -5  c a ta ly s ts  (B e rn d t  et al, 
1 9 96 ; V is w a n a d h a m  et al., 19 96 ). M o re o v e r ,  z in c -e x c h a n g e d  z e o l i te s  h a v e  a b i l i ty  to  
r e m o v e  s u l fu r - c o n ta in in g  c o m p o u n d s  in  liq u id  f u e ls  (H e r n â n d e z -M a ld o n a d o  et al, 
2 0 0 5 ; V i l la r ro e l  et al, 2 0 0 8 ;  O liv e ira  et al, 2 0 0 9 ; S h a n g g u a n  et a l, 2 0 1 3 ) .

K L  is an  in te r e s t in g  z e o lite  b e c a u s e  K L  c a n  e x h ib i t  d e h y d r o g e n a t io n  a n d  
a r o m a tiz a t io n  fo r  c a ta ly s is ,  a n d  p o ta s s iu m  c a n  in c re a s e  h y d ro g e n  c a p a c i ty  in  
h y d ro g e n  s to ra g e  a p p lic a t io n . S o , th e  u s e s  o f  K L  z e o l i te  a s  a  s u p p o r t  f o r  c o p p e r  a n d  
z in c  m ig h t  in c re a s e  h y d ro g e n  s p i l l - o v e r  c o n te n t  o n  th e  c a ta ly s t  s u r fa c e , w h i le  th e  
m e ta ls  m ig h t  e x h ib it  d e s u lf u r iz a t io n ;  so , th e  m e ta l- lo a d e d  K L  c a ta ly s ts  m ig h t  r e d u c e  
s u l fu r - c o n ta in in g  c o m p o u n d s  in  t i r e -d e r iv e d  o i ls . F u r th e rm o re , th e  fo rm a t io n  o f  
v a lu a b le  p e t ro c h e m ic a ls  m ig h t  b e  p ro m o te d  a s  w e ll.
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T h is  w o rk  s tu d ie d  o n  th e  e f fe c t  o f  C u /K L  a n d  Z n /K L  c a ta ly s ts  on  t i re -  
d e r iv e d  o i l ,  p e t ro c h e m ic a l  p ro d u c t io n , a n d  s u lfu r  r e m o v a l .  T ir e -d e r iv e d  o i ls  w e re  
a n a ly z e d  to  d e te rm in e  th e i r  c o m p o s i t io n s  a n d  q u a n t i ty ,  a n d  p e t ro le u m  c u ts  b y  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 , r e s p e c tiv e ly . G a s  p ro d u c ts  w e r e  a n a ly z e d  th e ir  
c o m p o s i t io n s  b y  u s in g  G C -F ID . A ll th re e  p y ro ly s is  p r o d u c ts  (g a s , o il a n d  c h a r )  a n d  
s p e n t c a ta ly s ts  w e re  a n a ly z e d  a n d /o r  c a lc u la te d  s u l fu r  d is t r ib u t io n  b y  u s in g  ร -  
a n a ly z e r .

7 .3  E x p e r i m e n t a l

7 .3 .1  C a ta ly s t  P re p a ra t io n
K L  z e o lite  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 re )  w a s  c a lc in e d  in  

a ir  f ro m  r o o m  te m p e ra tu re  to  5 0 0  c  w ith  a h e a t in g  r a te  o f  10 c / m i n .  T h e  f in a l 
te m p e ra tu re  w a s  h e ld  fo r  3 h r. T h e  c a lc in e d  z e o l i te  w a s  th e n  im p re g n a te d  w ith  
s o lu t io n s  o f  c o p p e r  p r e c u r s o r  ( C u ( N 0 3 )2 ) .3 H 2 0  o r  z in c  p re c u r s o r  ( Z n ( N 0 3 )2 -6 H 2 0 ) 
a t th e  m e ta l  lo a d in g  o f  5 w t% , d r ie d  o v e rn ig h t  in a n  o v e n  a t 12 0  c , a n d  c a lc in e d  
a g a in  a t th e  s a m e  c a lc in a t io n  c o n d i t io n . T h e  c a lc in e d  C u -  an d  Z n - lo a d e d  c a ta ly s ts  
w e re  s u b s e q u e n t ly  r e d u c e d  a t 6 0 0  c  a n d  5 0 0  c, r e s p e c tiv e ly , fo r  2 h r  in  h y d r o g e n  
e n v ir o n m e n t .  F in a lly , th e  c a ta ly s ts  w e re  p e l le t iz e d , c r u s h e d ,  a n d  s ie v e d  in to  a  p a r t ic le  
s iz e  o f  4 0 -6 0  m e s h .

7 .3 .2  C a ta ly s t  C h a ra c te r iz a t io n  '
T h e  X R D  p a t te rn s  o f  th e  c a ta ly s ts  s c a n n e d  f ro m  5 to  65  w i th  a  

s c a n n in g  s p e e d  o f  5 c / m i n  w e re  a c q u ir e d  f ro m  X R D  m a c h in e  ( R ik a g u )  u s in g  C u K a  
r a d ia t io n  o p e r a te d  a t 4 0  k v  a n d  3 0  m A . S p e c if ic  B E T  s u r fa c e  a re a  a n d  s p e c if ic  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  u s in g  T h e rm 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  th a t  N 2 g as  w a s  u s e d  a s  a n  a d s o rb a te .  T h e rm o  F in n ig a n  T P D R O  1 1 0 0  w a s  
u s e d  to  d e te rm in e  m e ta l- s u p p o r t  in te r a c t io n  a n d  b a s ic i ty  o f  th e  c a ta ly s ts  v ia  
c o m p a r is o n  a m o n g  te m p e ra tu re  p r o g ra m m e d  r e d u c t io n  (T P R )  p r o f i le  u n d e r  4 .9 9  %  
H 2 /N 2 f lo w  a t 2 0  m l/m in  w i th  a  h e a t in g  ra te  o f  2 0  c / m i n  f ro m  ro o m  te m p e ra tu re  to  
9 0 0  c, a n d  9 9 .9 9 9  %  C C b - te m p e ra tu re  p ro g ra m m e d  d e s o rp t io n  ( T P D )  p r o f i le  u n d e r  
9 9 .9 9 9  %  H e  f lo w  a t 10 m l/m in  w ith  a  h e a t in g  r a te  o f  10 c / m i n  f ro m  ro o m  
te m p e ra tu re  to  6 0 0  c , re s p e c tiv e ly . T h e r m o g r a v im e tr ic /D if f e re n t ia l  T h e r m a l
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A n a ly s is ,  T G /D T A  (P e rk in  E lm e r /P y r is  D ia m o n d ) , w a s  u s e d  to  d e te rm in e  th e  
a m o u n t  o f  c o k e  d e p o s i te d  o n  s p e n t  c a ta ly s ts  w i th  th e  r a m p  ra te  o f  1 0  c / m i n  f ro m  
ro o m  te m p e ra tu re  to  9 0 0  c. S u lfu r  c o n te n t  o n  c a ta ly s t  s u r fa c e  w a s  a c q u ir e d  f ro m  
L E C O ® E le m e ta l  A n a ly z e r  ( T ru S p e c ® S ) .

7 .3 .3  W a s te  T ire  P y r o ly s is
P y r o ly s is  a p p a ra tu s  w a s  th e  s a m e  a s  th e  w o r k  o f  D ü n g  et al. (2 0 0 9 ) . 

T h e  r e a c to r  w a s  d iv id e d  in to  lo w e r  z o n e  (p y r o ly s is  z o n e )  a n d  u p p e r  z o n e  (c a ta ly t ic  
z o n e )  w h ic h  w e r  lo a d e d  w ith  3 0  g ra m s  o f  s h re d d e d  t i r e  (2 0 -4 0  m e s h ) ,  a n d  lo a d e d  
w i th  7 .5  g r a m s  o f  a" c a ta ly s t ,  r e s p e c tiv e ly . T w o  z o n e s  w e re  h e a te d  f ro m  r o o m -  
te m p e ra tu re  to  5 0 0  c  an d  3 5 0  c  w ith  a  h e a t in g  ra te  o f  10 °c/min a t a tm o s p h e r ic  
p re s s u re ,  r e s p e c t iv e ly ,  a n d  th e  f in a l  te m p e ra tu re s  w e re  h e ld  a t  th e  ta r g e t  te m p e ra tu re s  
f o r  2  h r. 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 . P y ro ly s is  o i ls  w e re  c o l le c te d  in  th e  
c o n d e n s e rs  im m e r g e d  in  a n  ic e - s a l t  b a th . A  g a s  s a m p lin g  b a g  w a s  u s e d  to  c o l le c t  g a s  
p r o d u c ts ,  w h ile  s o l id  p ro d u c ts  o r  c h a rs  r e m a in e d  in  th e  b o t to m  o f  th e  re a c to r .

G a s  y ie ld s  w e re  c a lc u la te d  f ro m  m a s s  b a la n c e ,  w h ic h  e q u a ls  to  in itia l 
w e ig h t  o f  t i re  a b s t r a c te d  b y  l iq u id  a n d  s o l id  y ie ld s , a n d  th e  a m o u n t o f  c o k e  on  th e  
c a ta ly s t  s u r fa c e  d e te rm in e d  f ro m  th e  T G /D T A  in s tru m e n t .  A s p h a l te n e  in  o i l  p ro d u c ts  
w a s  p re c ip i ta te d  v ia  m ix in g  th e  o i ls  w ith  n - p e n ta n e  in  th e  oil/>7-p e n ta n e  m a s s  ra tio  o f  
4 0 :1  fo r  18 h r , a n d  f i l te re d  th ro u g h  a  te f lo n  m e m b ra n e  (0 .4 5  p m ). T h e  r e m a in e d  o i ls  
c a l le d  m a lte n e s  w e r e  a n a ly z e d  th e i r  q u a li t ie s  a n d  d e te rm in e d  o il c o m p o s i t io n s  in  th e  
n e x t  s te p s . G C x G C -T O F /M S  e q u ip p e d  a n  A g i le 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 l ,  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 tru m e n t w a s  o p e ra te d  b y  th e  c o o p e ra t io n  o f  tw o  G C  c o lu m n s  ( T h a m e s  R e s te k , 
S o u n d e r to n , U K ) . 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 , 3 0  m  X 0 .2 5  
m m  ID  X 0 .2 5  p m  f i lm  th ic k n e s s . T h e  2 nd G C  c o lu m n  w a s  a n  R tx ® -1 7  M S , 1 .1 0  111 X 

0 .1 0  m m  ID  X 0 .1 0  p m  f ilm  th ic k n e s s .  1 p L  o f  m a lte n e  in  2  m l o f  C S 2 s o lu t io n  w a s  
a n a ly z e d  b y  in je c t io n  in to  th e  in s tru m e n t v ia  a  s p l i t le s s  in je c to r  o p e ra te d  a t 2 5 0  c  
u s in g  1.0 m L /m in  o f  h e l iu m  a s  a  c a r r ie r  g a s . M o re o v e r ,  th e  tru e  b o il in g  p o in t  c u rv e s  
o f  m a lte n e  s o lu t io n s  w e re  o b ta in e d  f ro m  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 ro m a to g r a p h  ( S I M 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  w a s  e q u ip p e d  w ith  F ID  a n d  W C O T  fu s e d  s i l ic a  c a p i l la ry  c o lu m n , 15 m  X
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0 .2 5  m m  X 0 .2 5  p m . T h e  tru e  b o i l in g  p o in t  c u rv e s  w e re  n e x t  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 lin 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 il (3 4 3 -3 7 1  C )  a n d  h e a v y  v a c u u m  g a s  

o il (> 3 7 1  C ). A  G C -F ID , A g i le n t  T e c h n o lo g ie s  6 8 9 0  N e tw o r k  G C  s y s te m  (H P - 
P L O T  Q  c o lu m n : 2 0  p m  f ilm  th ic k n e s s  a n d  3 0  m  X 0 .3 2  m m  ID ) w a s  u s e d  to 
d e te rm in e  th e  c o m p o s i t io n s  a n d  c o n c e n t r a t io n s  o f  th e  g a s  p ro d u c ts .  F u r th e rm o re , 
s u l fu r  c o n te n ts  in  th e  liq u id  a n d  s o l id  p ro d u c ts  w e re  a ls o  d e te rm in e d  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 fu 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 ia  m a s s  b a la n c e .

7 .4  R e s u l t s  a n d  D is c u s s io n

7 .4 .1  B a s ic i ty  a n d  M e ta l- S u p p o r t  I n te r a c t io n  o n  S u l fu r  R e m o v a l
P o ta s s iu m  io n s  in  -K L  z e o l i te  a re  a c tiv e  s p e c ie s  fo r  S -c o m p o u n d  

a d s o rp t io n  b e c a u s e  th e y  h a v e  m o re  e le c t ro p h i l ic  p ro p e r t ie s  th a n  th e  m e ta l s p e c ie s  o n  
th e  c a ta ly s t  s u r fa c e . C O 2 -T P D  in  F ig u re  7.1 s h o w s  th a t  th e  in t r o d u c t io n  o f  c o p p e r  o r  
z in c  c a n  in c re a s e  th e  b a s ic i ty  o f  K L , w h ic h  c a n  a d s o rb  C O 2 a s  a c id  p ro b e  m o le c u le s .  
T h e  s u r fa c e  a c t iv i ty  o f  m e ta l- lo a d e d  c a ta ly s ts  m ig h t  a lso  in c re a s e ,  r e s u l t in g  in  th e  
in c re a s e  o f  th e  s u l f u r  re m o v a l a b i l i ty  o f  c a ta ly s ts  a s  s h o w n  in  T a b le  7 .1 . F o r  C u /K L  
a n d  Z n /K L  c a ta ly s t  c a s e s , th e  in t r o d u c t io n  o f  C u  o r  Z n  o n  K L  c a n  r e d u c e  s u lfu r  
c o n te n t  in  th e  o il to  0 .8 4 4  w t%  a n d  0 .8 5 4  w t% , r e s p e c tiv e ly , w h ic h  m ig h t b e  c a u s e d  
f ro m  th e  in d iv id u a l  s u l fu r  a d s o rp t io n  a b i l i ty  o f  C u  o r  Z n  s ite s . T h e  a d s o rp t io n  o f  ร - 
c o m p o u n d s  o n  C u  o r  Z n  s ite s  c a n  e v e n tu a l ly  fo rm  s u lf id e s  w i th  C u  o r  Z n  a f te r  a  ร - 
f re e  h y d r o c a r b o n  le a v e s  th e  s u r fa c e  d u e  to  C -S  b o n d  c le a v a g e  a s  w e ll. T h e  s u r fa c e  
c le a n in g  o f  s u l fu r  o n  m e ta l s i te s  c a n  b e  in d ic a te d  m e ta l- s u p p o r t  in te r a c t io n  b y  u s in g  
T P R  p r o f i le s  (F ig u re  7 .2 ) . T h e  p e a k  a t a  h ig h e r  te m p e ra tu re  d e m o n s tr a te s  th e  h ig h e r  
m e ta l- s u p p o r t  in te r a c t io n  o f  a  c a ta ly s t .  T h e  re s u lts  s h o w  th a t  th e  r e d u c t io n  
te m p e r a tu r e  o f  z in c  o x id e  o n  K L  z e o l i te  is  h ig h e r  th a n  th a t  o f  c o p p e r  o x id e  o n  K L  
z e o l i te ;  so , th e  in te r a c t io n  b e tw e e n  C u -K L  is  w e a k e r  th a n  th a t  b e tw e e n  Z n -K L . 
F u r th e rm o r e , th e  m e ta l  s u lf id e  b o n d  s tre n g th  c a n  b e  d e te rm in e d  b y  th e  h e a t  o f  
fo rm a t io n  o f  th e  s u l f id e s  (C h ia n e ll i  et al. , 2 0 0 9 ) . C o p p e r  s u l f id e s  h a v e  a  lo w  h e a t  o f  
f o rm a t io n  (k c a l /m o le  o f  m e ta l)  a s  s h o w n  in  T a b le  7 .2 . S u lfu r  d e p o s i t in g  o n  th e  s p e n t
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C u /K L  c a n  b e  r e m o v e d  e a s ily , r e s u l t in g  in  h ig h  h y d r o d e s u lf u r iz a t io n  a c t iv i ty ,  as 
s u p p o r te d  b y  th e  in c re a s in g  s u l fu r  c o n te n t  in  th e  g a s  p h a s e  f o r  th e  C u - lo a d e d  c a ta ly s t  
a s  s h o w n  in  F ig u r e  7 .3 . T h e  h y d r o d e s u l f u r iz a t io n  a c t iv i ty  o n  C u /K L  c a n  c a u s e  
r e g e n e r a t in g  a c t iv e  s i te s  fo r  s u lfu r  r e m o v a l  f ro m  th e  o ils  a s  w e ll .

F ig u r e  7 .1  C C L -T P D  p ro f i le s  o f  C u /K L  a n d  Z n /K L  c a ta ly s ts . 

T a b l e  7 .1  S u lfu r  c o n te n t  in  o il (w t% )

C a t a ly s t  w t %  S u l f u r  in  o il

N o  C a ta ly s t  1 .22  ±  0 .0 4 0 4

K L  1.11 ± 0 .0 5 2 0
C u /K L  0 .8 4 4  ± 0 .0 1 2 1
Z n /K L  0 .8 5 4  ± 0 .0 2 6 2

F ig u r e  7 .2  T P R  p r o f i l e s  o f  C u /K L  a n d  Z n /K L  c a ta ly s ts .
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T a b l e  7 .2  S ta n d a r d  m o la r  h e a t  o f  fo rm a t io n  (G re e n  a n d  P e r ry , 2 0 0 8 )

M e ta l  S u l f id e AH°f a t  2 5  c  ( k c a l /m o l)

C u S - 1 1 . 6

C u 2S -1 8 .9 7
a -Z n S  ( W u r tz i te ) -4 5 .3

60
■  N on-C a t

c๐+33-๐

5

5
roร
๐

1 :

2 0

1 0

0

0  5CU/KL 
0  5Z n /K L

O il S pent Cat Char Gas

F ig u r e  7 .3  O v e ra l l  s u lfu r  d i s t r ib u t io n  (w t%  ร  in  tire ) .

1.0 T
■  N on-C a t

Th BT DBT NT BTz ITC o th e rs

F i g u r e  7 .4  Y ie ld s  o f  s u l fu r - c o n ta in in g  c o m p o u n d  s p e c ie s .

7 .4 .2  S u l fu r  C o m p o u n d  S p e c ie s
S u l fu r - c o n ta in in g  c o m p o u n d s  in  w a s te  t i r e  p y ro ly s is  o i ls  c a n  b e  

c la s s i f ie d  in to  s ix  m a jo r  g ro u p s : th io p h e n e s  (T h ) ,  b e z o th io p h e n e s  (B T ),
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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 io c y a n a te s  (B T z ) ,  a n d  
is o th io c y a n a te s  ( IT C ) .

F ig u re  7 .4  s h o w s  th a t  th e  p r e s e n c e  o f  c o p p e r  o r  z in c  o n  K L  z e o l i te  c a n  
r e d u c e  th e  a m o u n ts  o f  B T  a n d  D B T , a n d  in c re a s e  th e  a m o u n ts  o f  B T z  a n d  IT C , 
in d ic a t in g  th a t th e  in c re m e n t o f  b a s ic i ty  in  th e  C u /K L  a n d  Z n /K L  c a n  p r o m o te  th e  
a d s o rp tio n  o f  B T  a n d  D B T  m o le c u le s  o n  th e  p o ta s s iu m  io n s . F u r th e rm o r e ,  c o p p e r  
c a n  a ls o  p r o m o te  th e  a d s o rp t io n  o f  th e  m o le c u le s  o f  S - c o m p o u n d s ,  a n d  fo rm  th e  
th e rm o d y n a m ic a l ly  s ta b le  fo rm s  (H a s s a n  et al., 2 0 0 8 )  a s  s h o w n  in  T a b le  7 .2 .

1 .4 .3  T ir e -d e r iv e d  O i ls  an d  P e tro c h e m ic a ls  in O ils
T h e  S IM D IS T -G C  re su lts  c a n  p ro v id e  th e  p e t ro le u m  c u ts :  g a s o lin e  

(b .p . =  1 5 .5 -1 4 9  C ) , k e ro s e n e  (b .p . = 1 4 9 -2 3 2  C ) , g a s  o il (b .p . =  2 3 2 - 3 4 3  C ) , l ig h t 
v a c u u m  g a s  o il (b .p . =  3 4 3 -3 7 1  C ), a n d  h e a v y  g a s  o il (b .p . =  3 7 1 -5 6 6  C ) . F ig u re  7 .5  
s h o w s  th a t c o p p e r  a n d  z in c  a d d i t io n s  c a n  h ig h ly  p ro m o te  g a s o l in e  f ra c t io n , in d ic a t in g  
th a t  c o p p e r  a n d  z in c  c a n  c le a r ly  in c re a s e  c r a c k in g  a c t iv i ty  o f  K L  z e o l i te .  H o w e v e r ,  
th e  o il c o m p o s i t io n s  in  e a c h  p e tro le u m  c u ts  a r e  m a in ly  a r o m a tic s  a s  s h o w n  in  T a b le
7 .3 . S o , t i r e -d e r iv e d  o ils  a re  s u i ta b le  fo r  p e t ro c h e m ic a l  p r o d u c t io n  r a th e r  th a n  th e  fu e l 
p ro d u c t io n  b e c a u s e  th e  q u a li ty  o f  t i r e -d e r iv e d  o i ls  h a s  to  b e  u p g ra d e d  f o r  r e a c h in g  
th e  in te rn a t io n a l  s ta n d a rd  fu e l s p e c if ic a t io n s .  M o re o v e r ,  th e  in c re m e n t o f  g a s o l in e  in  
th e  m e ta l- lo a d e d  c a ta ly s t  c a s e s  a lso  in c re a s e s  th e  a m o u n t  a n d  s e le c t iv i ty  o f  
p e t ro c h e m ic a ls  a s  c o m p a re d  w i th  th e  K L  a n d  th e  n o n - c a ta ly s t  c a s e s  ( F ig u r e  7 .6  a n d  
T a b le  7 .4 ).

G aso lin e  K erosene  Gas o il LVGO HVGO

F i g u r e  7 .5  P e tr o le u m  f ra c t io n s  in  m a lte n e s .
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T a b l e  7 .3  C o m p o s i t io n s  (w t% )  o f  p a ra f f in s ,  o le f in s ,  n a p h th e n e s , a n d  a r o m a t ic s  in  
e a c h  p e t ro le u m  c u t  fo r  a ll c a s e s  ( o b ta in e d  f ro m  G C x G C -T O F /M S  re su lts )

G a s o l in e K e r o s e n e G a s  oil L V G O H V G O
P a ra f f in s 0 .0 0 -0 .9 4 4 0 .5 1 1 -2 .1 1 8 .2 7 -2 6 .1 0 .0 0 -1 3 .5 0 .0 0 - 2 2 . 1

O le f in s 1 .4 1 -1 4 .2 2 .8 1 -9 .0 4 2 .3 1 -1 4 .1 0 .0 0 - 9 .1 7 0 .0 0 - 7 .4 9
N a p h th e n e s 6 .7 2 -1 5 .0 6 .3 0 - 1 3 .0 3 .6 7 -2 3 .3 0 .0Q -25 .1 0 .0 0 - 7 .4 9
A r o m a t ic s 6 9 .8 -9 1 .9 * 7 6 .3 -8 9 .7 5 8 .9 -6 8 .0 7 4 .9 -1 0 0 7 7 .9 - 1 0 0

* Mono-aromatics in Gasoline = 29.0-60.5 wt%

1.74%

F i g u r e  7 .6  P e tr o c h e m ic a ls  in  g a s o lin e  (w t% ) .



Table 7.4 Petrochemical productivity from waste tire pyrolysis

C a t a l y s t k g  o f  t o t a l  p e t r o c h e m ic a l s  p e r  t o n  o f  t i r e

N o  C a ta ly s t 7 .1 5
K L 1.91

C u /K L 2 0 .5
Z n /K L 16.5

P e tr o c h e m ic a ls  th a t  c a n  b e  p r o d u c e d  in  th e  c a ta ly t ic  p y ro ly s is  o f  w a s te  
t i re  a re  b e n z e n e  (B ), to lu e n e  (T ) , x y le n e s  (X ) , e th y lb e n z e n e  (E ) , s ty re n e  (ร ) , c u m e n e  
(C ) a n d  c y c lo h e x a n e  (H ) . B T  an d  B T z  a re  c o n s id e re d  o n ly  b e c a u s e  th e s e  g r o u p s  a re  
p re s e n t  in  a  h ig h  a m o u n t  a s  c o m p a re d  w ith  o th e r  g ro u p s . T h e  p e t ro c h e m ic a ls  a re  
p ro d u c e d  f ro m  s u l fu r - c o n ta in in g  c o m p o u n d s  v ia  d e s u lf u r iz a t io n ,  a n d  f ro m  o th e r  
re a c t io n s  o f  h y d r o c a r b o n s  in  p y ro ly s is .  U n fo r tu n a te ly ,  th e  n u m b e r  o f  c h e m ic a l  
s p e c ie s  in  m a l te n e s  is  v e ry  la rg e , th e  e x a c t  p a th w a y s  o f  p e t ro c h e m ic a l  p r o d u c t io n  a re  
v e ry  d i f f ic u l t  to  b e  in v e s t ig a te d .

7 .5  C o n c lu s io n s

T h is  w o rk  s tu d ie d  th e  e f fe c ts  o f  C u /K L  a n d  Z n /K L  c a ta ly s ts  o n  t i r e - d e r iv e d  
o ils . C u  a n d  Z n  a d d i t io n s  o n to  K L  z e o l i te  in c re a s e d  l ig h te r  o il p r o d u c t io n ,  e s p e c ia l ly  
g a s o lin e  f ra c t io n . H o w e v e r ,  t i r e -d e r iv e d  o i ls  w e re  a ro m a tic -b a s e d :  so , th e  o i ls  w e r e  
s u i ta b le  fo r  p e t ro c h e m ic a l  p ro d u c t io n . F u r th e rm o r e , c o p p e r  a n d  z in c  c a n  p r o m o te  
s u lfu r  r e d u c t io n  f ro m  th e  o il. C u /K L  w a s  th e  b e t te r  c a ta ly s t  fo r  s u l f u r  r e m o v a l  f ro m  
th e  t i r e - d e r iv e d  o il th a n  th e  K L  z e o l i te  ( f ro m  1.11 w t%  in  o il to  0 .8 4 4  w t%  in  o il) . 
T h e  p r e s e n c e  o f  c o p p e r  a n d  z in c  c a n  in c re a s e  b a s ic i ty  o f  p o ta s s iu m  io n s  in  K L  
z e o l i te  th a t  m ig h t c a u s e  h ig h ly  r e m o v e  b e n z o th io p h e n s  (B T )  f ro m  th e  o i ls . 
I n te r e s t in g ly , th e  v a lu a b le  p e t ro c h e m ic a ls  h ig h ly  p ro d u c e d  w e r e  b e n z e n e  a n d  
c u m e n e  in  th e  C u /K L  c a ta ly s t  c a se , a n d  e th y lb e n z e n e  a n d  c u m e n e  in  th e  Z n /K L  c a s e .
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7 .6  A c k n o w le d g e m e n t s

T h e  a u th o r  w o u ld  lik e  to  a c k n o w le d g e  T h e  P e tr o le u m  a n d  P e tr o c h e m ic a l
C o lle g e , C h u la lo n g k o rn  U n iv e rs i ty ,  T h a i la n d , C e n te r  o f  E x c e l le n c e  o n  P e tr o c h e m ic a l
a n d  M a te r ia ls  T e c h n o lo g y , a n d  T h a i la n d  R e s e a r c h  F u n d  (T R F )  f o r  f in a n c ia l
s u p p o r ts .

7 .7  R e f e r e n c e s

B e r n d t ,  H ., L ie tz , G -, L ü c k e , B ., a n d  V ô lte r , J . (1 9 9 6 )  Z in c  p ro m o te d  F I-Z S M -5  
c a ta ly s ts  f o r  c o n v e r s io n  o f  p ro p a n e  to  a ro m a tic s  I. A c id i ty  a n d  a c tiv ity . 
A p p l ie d  C a ta ly s is  A : G e n e r a l . 196. 3 5 1 -3 6 3 .

B o x io n g ,  ร ., C h u n fe i ,  พ . ,  B in b in , G ., R u i, พ . ,  a n d  L ia n g c a i  (2 0 0 7 )  P y r o ly s is  o f  
w a s te  ty re s  -w ith  z e o l i te  U S Y  a n d  Z S M -5  c a ta ly s ts . A p p l ie d  C a ta ly s is  B : 
E n v ir o n m e n ta l . 7 3 ( 1 - 2 ) ,  1 5 0 -1 5 7 .

B r id ie r ,  B ., L ô p e z , N . ,  an d  P é re z - R a m ir e z , J. (2 0 1 0 )  P a r t ia l  h y d r o g e n a t io n  o f  
p ro p y n e  o v e r  c o p p e r -b a s e d  c a ta ly s ts  a n d  c o m p a r i s o n  w ith  n ic k e l -b a s e d  
a n a lo g u e s . J o u rn a l  o f  C a ta ly s i s , 2 6 9 , 8 0 -9 2 .

C h ia n e l l i ,  R .R ., B e rh a u lt ,  G ., a n d  T o r re s , B . (2 0 0 9 )  U n s u p p o r te d  t r a n s i t io n  m e ta l 
s u lf id e  c a ta ly s ts :  100 y e a r s  o f  s c ie n c e  a n d  a p p l ic a t io n .  C a ta ly s is  T o d a y , 
1 4 7 ( 3 - 4 ) ,  2 7 5 -2 8 6 .

D u , El., F a irb r id g e , บ . ,  Y a n g , FI., a n d  R in g , z .  (2 0 0 5 )  T h e  c h e m is try  o f  s e le c t iv e  
r in g -o p e n in g  c a ta ly s ts . A p p l ie d  C a ta ly s is  A : G e n e ra l . 2 9 4 (1 ) ,  1 -21 .

D ü n g , N .A .,  W o n g k a s e m ji t ,  ร ., a n d  J i tk a rn k a , ร . (2 0 0 9 )  E f fe c ts  o f  p y ro ly s is  
te m p e ra tu re  a n d  P t- lo a d e d  c a ta ly s ts  o n  p o la r - a r o m a tic  c o n te n t  in  tire -  
d e r iv e d  o i l .  A p p l ie d  C a ta ly s is  B : E n v ir o n m e n ta l , 9 1 , 3 0 0 -3 0 7 .

G o n g , Y ., D o u , T .,  K a n g , ร ., L i, Q ., a n d  H u , Y . (2 0 0 9 )  D e e p  d e s u l f u r iz a t io n  o f  
g a s o lin e  u s in g  io n - e x c h a n g e  z e o l i te s :  C u (I ) -  a n d  A g ( I ) -b e ta .  F u e l
P ro c e s s in g  T e c h n o lo g y , 9 0 , 1 2 2 -1 2 9 .

G re e n , D.w. a n d  P e rry , R T F  ( 2 0 0 8 )  P e rry 's  C h e m ic a l  E n g in e e r s ' H a n d b o o k . U S A :
M c G ra w -H il l .



94

H a s s a n , K .H .,  K h a m m a s , Z .A .-A .,  a n d  R a h m a n , A .M . ( 2 0 0 8 )  Z in c  o x id e  h y d ro g e n  
s u l f id e  r e m o v a l  c a ta ly s t /p r e p a r a t io n ,  a c t iv i ty  te s t  a n d  k in e t ic  s tu d y . A l-  
K h w a r iz m i  E n g in e e r in g . 4 , 7 4 -8 4 .

H e r n â n d e z - M a ld o n a d o ,  A .J . ,  Y a n g , F .H .,  Q i, G ., a n d  Y a n g , R .T . (2 0 0 5 )  
D e s u lf u r iz a t io n  o f  t r a n s p o r ta t io n  fu e ls  b y  7 1 -co m p le x a tio n  s o r b e n ts :  C u (I ) - , 
N i ( l l ) - ,  a n d  Z n ( I I ) - z e o l i te s .  A p p l ie d  C a ta ly s is  B : E n v ir o n m e n ta l . 5 6 , 1 1 1 - 
126 . -

O l iv e ira ,  M .L .M .,  M ira n d a , A .A .L .,  B a rb o s a , C .M .B .M .,  C a v a lc a n te  J r , C .L ., 
A z e v e d o ,  D .C .S ., a n d  R o d r ig u e z -C a s te l lo n , E . (2 0 0 9 )  A d s o r p t io n  o f  
th io p h e n e  a n d  to lu e n e  o n  N a Y  z e o l i te s  e x c h a n g e d  w ith  A g (I ) ,  N i(I I )  a n d  
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