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R E S U L T S  A N D  D I S C U S S I O N

W a ste  tire  p y r o ly s is  is th e  a lte r n a tiv e  w a y  to  p r o d u c e  o i l  fr o m  a lo w  
c o s t  h y d r o c a r b o n -c o n ta in in g  m a te r ia l. T h is  s e c t io n  d is c u s s e s  th e  e f f e c t  o f  th ree  
d if fe r e n t  c a ta ly s t s  s e t s  o f; in d iv id u a lly  c a ta ly s t s  (% M o 0 3 /K L  a n d  % R e /K L ) a n d  c o 
lo a d e d  c a ta ly s t s  ( % R e - l% M o 0 3 /K L )  o n  th e  p y r o ly t ic  p r o d u c ts . T h e  d iffe r e n t  
p e r c e n ta g e s  o f  M 0 O 3 and  R e w e r e  th e  p a ra m eters  in  th is  s tu d ie d .

4 .1  E f f e c t  o f  M 0 O 3 / K L  C a t a l y s t s  o n  P y r o l y s i s  P r o d u c t s

4 .1 .1  P y r o ly s is  Y ie ld s
T h e  w e ig h t  p e r c e n ta g e  o f  M 0 O 3 b a se d  o n  K L  z e o l i t e  w a s  1% , 2% , 

3% , 5 %  an d  10% . S c ra p  tire w a s  p y r o ly z e d  at 5 0 0  ° c  w h ic h  w a s  th e  c o m p le te  

d e c o m p o s it io n  te m p e r a tu r e  (R o d r ig u e z  et a i,  2 0 0 1 ) .  T h e  p y r o ly t ic  y ie ld s  from  
p y r o ly s is  are s h o w n  in F ig u r e  4 .1 .

?

P y r o ly t ic  g a s  P y r o ly t ic  o il

■  N o n  c a ta ly s t
□  K L
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□  1 0 % M o O 3 /K L

Figure 4.1 Pyrolysis products from waste tire pyrolysis obtained from using
M0 O3/KL with varied M0 O3 loading.
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W a s te  tire  w a s  d e c o m p o s e d  in to  th ree  p r o d u c ts ;  p y r o ly t ic  o i l ,  
p y r o ly t ic  g a s , an d  ch ar . N o n - c a t a ly t ic  p y r o ly s is  p r o d u c e s  4 2 .2 %  p y r o ly t ic  o i l ,  and  
1 3 .0 %  p y r o ly t ic  g a s . M o r e o v e r ,  it w a s  fo u n d  th at th e  a m o u n t o f  ch a r  r e m a in e d  
c o n s ta n t  at a b o u t 4 4 % w t fo r  b o th  n o n -c a ta ly t ic  a n d  c a ta ly t ic  c a s e s .  C a ta ly t ic  
p y r o ly s is  s t r o n g ly  in f lu e n c e s  o n  p y r o ly t ic  g a s .  U s in g  K L  z e o l i t e  a n d  d iffe r e n t  
p e r c e n ta g e s  o f  M 0 O 3/K L  g iv e s  a h ig h  p r o d u c t io n  o f  p y r o ly t ic  g a s  in c o m p a r is o n  to  

th e  n o n -c a ta ly t ic  c a s e .  T h e s e  h ig h e r  a m o u n ts  o f  g a s  p r o d u c t are e v o lv e d  fro m  th e  
c o m b in a t io n  o f  th erm a l an d  c a ta ly t ic  d e c o m p o s it io n  to  b r e a k d o w n  tire  s tru c tu re s  to  
v a r io u s  k in d s  o f  lig h t  h y d r o c a r b o n s . M o r e o v e r ,  th e  m a c r o m o le c u le s  o f  t ire  m a ter ia l  
w e r e  e a s i ly  b r o k e n  d o w n  in to  l ig h t  h y d r o c a r b o n  p r o d u c t io n s  o w in g  to  th e  h ig h  
r e a c t io n  a c t iv it y  o f  c a ta ly s t s  (C h o o s u t o n , 2 0 0 7 ) .  A c c o r d in g  to  th e  e x p e r im e n t ,  K L  
z e o l i t e  r e d u c e s  th e  p r o d u c t io n  o f  p y r o ly t ic  o i l  w ith  th e  c o n s e q u e n t  in c r e a s e  in 
p y r o ly t ic  g a s . H o w e v e r ,  a fter  lo a d in g  at 1-3 w t%  M 0 O 3 , th e  a m o u n t o f  p y r o ly t ic  o il  
is  in c r e a se d  to  w h ic h  w a s  g iv e n  b y  th e  n o n -c a ta ly t ic  c a s e . W ith  in c r e a s in g  th e  M 0 O 3 

lo a d in g  at 5 - 1 0  w t% , it c a n  p r o d u c e  th e  h ig h e r  a m o u n t o f  p y r o ly t ic  g a s  th an  th e  
lo w e r  M 0 O 3 lo a d in g  d u e  to  th e  e n h a n c e m e n t  o f  th e ir  c r a c k in g  a c t iv ity .

T h e  p y r o ly t ic  g a s  w a s  a n a ly z e d  b y  u s in g  g a s  c h r o m a to g r a p h y  to  
d e te r m in e  th e  c o m p o s i t io n s  o f  g a s  p r o d u c t. T h e  re su lt w ith  d if fe r e n t  p e r c e n ta g e s  o f  
M 0 O 3 lo a d e d  o n  K L  z e o l i t e  o n  p y r o ly t ic  g a s  is  s h o w n  in F ig u r e  4 .2 .

Methane

F ig u r e  4 .2  G a s  c o m p o s i t io n s  o b ta in e d  fro m  u s in g  M 0 O 3/K L  w ith  v a r ie d  M 0 O 3 

lo a d in g .
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T h e  g a s  p r o d u c t s  fr o m  w a s t e  t ir e  p y r o l y s i s  c o n s i s t  o f  m e t h a n e ,  
e t h y le n e ,  e t h a n e ,  p r o p y le n e ,  p r o p a n e  a n d  m ix e d  C 4 s  a n d  C 8  h y d r o c a r b o n s .  T h e s e  

r e s u lt s  im p ly  th a t th e  c r o s s - l in k e d  p o ly m e r  in  t ir e  s tr u c tu r e s  ( s t y r e n e  b u ta d ie n e  

r u b b e r , b u t a d ie n e  r u b b e r , i s o p r e n e  r u b b e r  e t c . )  i s  c r a c k e d  in to  t h e  l ig h te r  

h y d r o c a r b o n s .  T h e  p o s s i b l e  p y r o ly s i s  r e a c t io n  o f  b o th  th e r m a l p y r o ly s i s  a n d  b a s e -  

c a t a ly z e d  p y r o l y s i s  c a n  o c c u r  v ia  th e  c a r b o n - c a r b o n  b o n d  s c i s s i o n  at (3 p o s i t io n s  

( C h o o s u t o n ,  2 0 0 7 ;  S h a h  et a i ,  2 0 0 8 ) .  T h e  r e s u lt s  o b t a in e d  in  t h is  w a y  a g r e e  w i t h  th e  

p r e v io u s  s t u d ie s  b y  B e r r u e c o  et al. ( 2 0 0 5 )  a n d  D a i  et al. ( 2 0 0 1 ) .  B e s i d e s  th e  a b o v e  

d e s c r ib e d  c o m p o n e n t s ,  t h e y  fo u n d  th a t  th e  m a in  g a s  c o m p o n e n t s  w e r e  แ 2 , C O  a n d  

C O 2 . T h e  m e c h a n i s m  o f  c a t a ly t ic  c r a c k in g  v ia  ( 3 - s c is s io n  fo r  s t y r e n e - b u t a d ie n e  

r u b b e r  is  s h o w n  in  F ig u r e  4 .3 ,  w h ic h  i l lu s t r a t e s  th e  f o r m a t io n  o f  a  C 4  h y d r o c a r b o n  

f r o m  S B R  c r a c k in g .
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Figure 4.3 Catalytic cracking via P-scission obtained from Styrene-Butadiene
rubber (Choosuton, 2007).
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A c c o r d in g  to  th e  e x p e r im e n t ,  th erm a l p y r o ly s is  a n d  c a ta ly t ic  p y r o ly s is  

p r o d u c e  m e th a n e  a s  a m a jo r  p r o d u c t ( «  2 2 .4  % ), f o l lo w e d  b y  m ix e d  C 4 s  ( «  1 9 .9  % ) 

a n d  e th a n e  (พ  1 9 .0  % ). In a d d it io n , F ig u re  4 .2  s h o w s  n o  s ig n if ic a n t  c h a n g e  o f  g a s  

c o m p o s i t io n  w ith  in c r e a s in g  M 0 O 3 lo a d in g .

4 .1 .2  P y r o ly t ic  O il
O il p r o d u c t w a s  a d d e d  w ith  n -p e n ta n e  to  p r e c ip ita te  a s p h a lte n e  b e fo r e  

liq u id  a d so r p tio n  c h r o m a to g r a p h y  s te p . A s p h a lte n e  is  th e  m a c r o m o le c u le s ,  an d  it 
c o n ta in s  a g rea t n u m b e r  o f  p o la r -a r o m a tic s  c o n s i s t in g  a to m s  s u c h  a s  o  a n d  ร . T h e  
a m o u n t  o f  a s p h a lte n e  in th e  l iq u id  p r o d u c ts  o b ta in e d  from  d if fe r e n t  p e r c e n ta g e s  o f  
M 0 O 3 o n  K L  is  s h o w n  in F ig u r e  4 .4 .  T h e  r e s u lts  s h o w  th a t th e  n o n -c a ta ly t ic  
p y r o ly s is  p r o d u c e s  th e  h ig h e s t  a m o u n t  o f  a s p h a lte n e  in th e  p y r o ly t ic  o i l ,  w h ic h  
d r a s t ic a l ly  d e c r e a s e s  w ith  u s in g  b o th  K L  z e o l i t e  a n d  M 0 O 3/K L  c a ta ly s t s .  It is  
p o s s ib le  to  c o n c lu d e  th at th e  c o m p le x  and  h ig h  m o le c u la r  w e ig h t  s tr u c tu r e s  o f  
a s p h a lte n e  are p a r t ia lly  b r o k e n  d o w n  o n  th e  a c t iv e  s it e  o f  c a ta ly s t s  to  lig h te r  
m o je c u la r  w e ig h t  s tru ctu re . T h e s e  r e su lts  w e r e  su p p o r te d  b y  C h o o s u to n  ( 2 0 0 7 )  
h a v in g  sta ted  th at K L  z e o l i t e  c a n  im p r o v e  th e  p r o d u c ts  fr o m  w a s te  tire  p y r o ly s is  b y  
r e d u c in g  th e  a s p h a lte n e  in o il  p r o d u c ts .

F igure 4.4 W e ig h t  fra c tio n  o f  a s p h a lte n e  in p y r o ly t ic  o il  o b ta in e d  fro m  u s in g  
M 0 O 3/K L  w ith  v a r ie d  M 0 O 3 lo a d in g .
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T h e  p y r o ly t ic  o i l  a fter  a s p h a lte n e  p r e c ip ita t io n  w ith  n -p e n ta n e  is  
c a l le d  m a lt e n e s .  T h e  p e tr o le u m  fr a c t io n s  in  m a lt e n e s  a re  c la s s i f i e d  a s  s h o w n  in T a b le
4 .1  u s in g  th e  tru e  b o i l in g  p o in t  c u r v e  o b ta in e d  fr o m  S 1 M D I S T -G C  a n a ly s is

T ab le  4.1 B o i l in g  p o in t  r a n g e s  o f  p e tr o le u m  fr a c t io n s  (D u n g ,  2 0 0 9 )

F raction B o ilin g  p o in t ( ° C )

N a p h th a < 2 0 0

K e r o s e n e 2 0 0 - 2 5 0
L ig h t  g a s  o il 2 5 0 - 3 0 0

H e a v y  g a s  o il 3 0 0 - 3 7 0
L o n g  r e s id u e > 3 7 0

N a p h th a  K ero sen e  L ig h t G as O il H eav y  G as O il L o n g  R esidu e

F igu re  4.5 P e tr o le u m  fr a c t io n s  in  m a lt e n e s  o b ta in e d  fr o m  u s in g  M 0 O 3/K L  w ith  
v a r ie d  M 0 O 3 lo a d in g .

A c c o r d in g  to  F ig u r e  4 .5 ,  th e  th erm a l d e g r a d a tio n  c a s e  p r o d u c e s  th e  
h ig h  a m o u n ts  o f  h e a v y  p r o d u c ts  s u c h  a s  h e a v y  g a s  o il  a n d  lo n g  r e s id u e . U s in g  K L  
z e o l i t e  g iv e s  th e  h ig h e s t  a c t iv ity  to w a r d  th e  n a p h th a  p r o d u c tio n  ( 4 6 .7  w t% ) in 
c o n ju n c t io n  w ith  th e  lo w e s t  p r o d u c t io n s  o f  h e a v y  g a s  o i l  a n d  lo n g  r e s id u e . T h e
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p e r c e n t  y ie ld  fo r  p e tr o le u m  fra c tio n  is  s h o w n  in A p p e n d ix  D 4  w h ic h  a m o n g  a ll  
c a ta ly s t s  K L  z e o l i t e  a ls o  s h o w s  th e  h ig h e s t  y ie ld  fo r  n a p h th a  at 1 6 .1 8  % .

T h e  a d d it io n  o f  1 -3  w t%  o f  M 0 O 3 lo a d in g  o n  K L  z e o l i t e  h ig h ly  
in c r e a s e s  th e  c o n c e n tr a t io n  o f  th e  l ig h t  g a s  o i l  fr a c t io n  (a b o u t  2 5  w t% ) at th e  
e x p e n s e s  o f  n a p h th a  ra n g e  p r o d u c t. T h is  m a y  p o s s ib ly  r e su lt  fr o m  th e  in h ib it io n  

e f f e c t  o n  th e  c r a c k in g  a c t iv ity  o f  th e  KL z e o l i t e  b y  th e  a d d it io n  o f  l o w  a m o u n t  o f  
M 0 O 3 . T h e  r e d u c t io n  in th e  o v e r a ll  g a s  y ie ld  in  th e  c a s e s  o f  lo w  M 0 O 3 lo a d in g  c a n  
in d ir e c t ly  r e f le c t  th e  lo w e r  c r a c k in g  a c t iv it y  o f  th e  c a ta ly s t  s in c e  th e  c a ta ly s t  w ith  
h ig h  c r a c k in g  a c t iv ity  te n d s  to  p r o m o te  a  h ig h e r  g a s  p r o d u c t io n . H o w e v e r  th e  fu rth er  
in c r e a s in g  M 0 O 3 lo a d in g  te n d s  to  b r in g  b a c k  th e  n a p h th a  y ie ld  w ith  th e  d e c r e a s e  in 
h e a v y  fr a c t io n s  su c h  a s  l ig h t  g a s  o i l ,  h e a v y  g a s  o i l ,  a n d  lo n g  r e s id u e . M o r e o v e r ,  
k e r o s e n e  p r o d u c tio n  is  g r a d u a lly  in c r e a s e d  w ith  in c r e a s in g  M 0 O 3 lo a d in g .
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F igu re 4 .6 C h e m ic a l  c o m p o s i t io n s  in m a lt e n e s  o b ta in e d  fr o m  u s in g  M 0 O 3/K L  w ith  
v a r ie d  M 0 O 3 lo a d in g .

F ig u r e  4 .6  s h o w s  th at th e  n o n -c a ta ly t ic  p y r o ly s is  g iv e s  th e  lo w e s t  
a m o u n t o f  sa tu ra ted  h y d r o c a r b o n s  in  th e  p y r o ly t ic  o i l  a s  c o m p a r e d  to  c a ta ly t ic  c a s e .  
T h e  p r e s e n c e  o f  K L  z e o l i t e  p r o d u c e s  th e  h ig h  a m o u n t  o f  sa tu r a te d  h y d r o c a r b o n s  
w h ile  o th e r  h e a v y  p r o d u c ts  su c h  a s  d i- ,  a n d  p o ly -a r o m a t ic s  are d e c r e a s e d . T h e s e
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r e su lts  im p lie d  th at K L  z e o l i t e  p r o v id e s  th e  c r a c k in g  a c t iv ity  v ia  c a r b a n io n s  to  b rea k  
d o w n  th e  lo n g  c h a in  o f  tire , le a d in g  to  th e  h ig h e r  a m o u n t o f  l ig h t  m o le c u le s  s u c h  a s  
sa tu ra ted  h y d r o c a r b o n s . O th er  s u p p o r te d  r e s u lts  in d ic a te  th e  d r a m a tic  r e d u c t io n  o f  
a s p h a lte n e , th e  in c r e a s in g  o f  g a s  p r o d u c t, a n d  th e  h ig h  p r o d u c t io n  in lig h t  fr a c tio n  
s u c h  a s  n a p h th a  an d  k e r o s e n e , w h ic h  is  a ls o  in f lu e n c e d  b y  K L  z e o l i t e .  A l l  M 0 O 3- 
lo a d e d  K L  c a ta ly s t s  g iv e  th e  in s ig n i f ic a n t ly  d if fe r e n t  a m o u n t  o f  sa tu ra ted  
h y d r o c a r b o n s  in th e  o i l s .  T h e  a m o u n t o f  m o n o -a r o m a t ic s  is  s l ig h t ly  in c r e a s e d  w ith  
u s in g  K L  z e o l i t e  in  c o m p a r is o n  to  th e  n o n -c a ta ly t ic  c a s e .  T h e  p r e s e n c e  o f  M 0 O 3 

lo a d e d  o n  K L  z e o l i t e  le a d s  to  a s ig n if ic a n t  in c r e a s e  in m o n o -a r o m a t ic s  p r o d u c t io n .  
E s p e c ia l ly ,  1-3 w t%  o f  M 0 O 3 lo a d in g  p r o v id e  th e  h ig h  p r o d u c t io n  o f  m o n o 
a r o m a tic s . T h e  d r a m a tic  r e d u c t io n  o f  p o ly -a r o m a t ic s  is  p o s s ib ly  in f lu e n c e d  b y  
c r a c k in g  r e a c tio n  an d  th e n  th e  h ig h  a m o u n t  o f  m o n o -a r o m a t ic s  is  p r o d u c e d . 
F u rth erm o re , th e  in c r e a s e  in p y r o ly t ic  o i l  a n d  th e  d e c r e a s e  in  p y r o ly t ic  g a s  a t 1 -3  
w t%  o f  M 0 O 3 lo a d in g  m ig h t  b e  fro m  th e  a r o m a tiz a t io n  a n d  d e h y d r o g e n a t io n  
r e a c t io n s  o f  lig h t  g a s  p r o d u c ts  to  p r o d u c e  m o n o -a r o m a t ic s .

W a n g  et al. ( 2 0 0 4 )  s tu d ie d  th e  m e th a n e  a r o m a tiz a t io n  o v e r  M 0 O 3 

su p p o r te d  o n  H M C M - 4 9 . T h e  r e su lts  s h o w e d  th at M 0 O 3 lo a d e d  o n  H M C M - 4 9  
e x h ib it e d  th e  e x c e l le n t  p e r fo r m a n c e  fo r  a r o m a tiz a t io n  o f  m e th a n e  to  g iv e  h ig h  
b e n z e n e  s e le c t iv i t y  a ro u n d  9 0 % . S im ila r ly ,  S o ly m o s i  et al. ( 1 9 9 5 )  s tu d ie d  th e  
d e h y d r o g e n a t io n  o f  m e th a n e  o n  s u p p o r te d  m o ly b d e n u m  o x id e s .  T h e  s e v e r a l  p r o d u c ts  
fro m  th e ir s  r e su lts  w e r e  th e  s m a ll  a m o u n ts  o f  e th y le n e ,  e th a n e , p r o p a n e , a n d  to lu e n e ,  
w h i le  b e n z e n e  w a s  p r o d u c e d  a s  a m a in  p r o d u c ts  fro m  th e  r e a c t io n s . A s  m e n t io n e d  
a b o v e ,  it is  p o s s ib le  to  c o n c lu d e  th at M 0 O 3 s p e c ie s  a c t a s  th e  a c t iv e  s p e c ie s  fo r  th e  
tr a n sfo r m a tio n  o f  lig h t  h y d r o c a r b o n  g a s e s  in to  l ig h t  a r o m a tic  h y d r o c a r b o n s ,  
e s p e c ia l ly  m o n o -a r o m a t ic s . H o w e v e r ,  th e  a g g r e g a t io n  o f  M 0 O 3 s p e c ie s  m ig h t  b e  
o c c u r r e d  w h e n  in c r e a s e d  M 0 O 3 lo a d in g  a m o u n ts . M o r e o v e r , M 0 O 3 at th e  h ig h  
lo a d in g  m a y  b lo c k  th e  c h a n n e l e n tr a n c e s  o f  K L  z e o l i t e  (X u  et al., 1 9 9 5 ) . T h e r e fo r e ,  
th e  a c t iv ity  o f  M 0 O 3 s p e c ie s  in th e  c o n v e r s io n  o f  lig h t  g a s  m o le c u le s  to  th e  a r o m a tic  
p r o d u c ts  w a s  a ls o  d e c r e a s e d .
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4 .1 .3  C o k e  and  S u lfu r  F o r m a tio n
C o k e  is  g e n e r a te d  b y  tw o  b a s ic  m e c h a n is m s  (C h a a la  a n d  R o y , 1 9 9 6 );  

th e  first o n e  is  v ia  d e a lk y la t io n -p r e c ip ita t io n  r e a c t io n s  o f  h ig h  m o le c u la r  w e ig h t  
c o m p o u n d s  lik e  a s p h a lte n e  an d  r e s in s . T h e  s e c o n d  m e c h a n is m  is  p r o d u c e d  v ia  

c o n d e n s a t io n  o f  p o ly -a r o m a t ic  c o m p o u n d s . A c c o r d in g  to  th e  e x p e r im e n ts ,  th e  re su lt  
o f  c o k e  d e p o s it e d  o n  th e  c a ta ly s t s  is  i llu s tr a te d  in F ig u re  4 .7 .

w t % M o 0 3/K L

F igure 4 .7  C o k e  fo r m a tio n  o b ta in e d  o n  s p e n t  K L  z e o l i t e  a n d  s p e n t  M 0 O 3/K L  w ith  
v a r ie d  M 0 O 3 lo a d in g .

T h e  r e su lts  s h o w  th at M 0 O 3/K L  c a ta ly s ts  p r o d u c e  th e  h ig h  a m o u n t o f  
c o k e ,  w h ic h  is  a ls o  h ig h e r  th an  u s in g  K L  z e o l i t e  a lo n e . T h e  in c r e a s in g  M 0 O 3 lo a d in g  

a ls o  te n d s  to  in c r e a s e  th e  a m o u n t o f  c o k e  d e p o s it e d  o n  th e  c a ta ly s ts .  T h e  c r a c k in g  
a c t iv ity  is  a ls o  s u g g e s te d  fro m  th e  a m o u n t o f  c o k e  d e p o s it e d  o n  c a ta ly s t s  a s  th e  h ig h  
c r a c k in g  a c t iv ity  c a ta ly s t  te n d s  to  p r o d u c e  th e  h ig h  a m o u n t o f  c o k e .  T h e  h ig h e s t  
a m o u n t o f  c o k e  fo r m a tio n  ( 2 2 .9  w t% ) is  p r o d u c e d  at th e  h ig h e s t  M 0 O 3 lo a d in g .  
M o r e o v e r , th e  r e d u c t io n  o f  p o ly -a r o m a t ic s  o b ta in e d  fro m  M 0 O 3/K L  c a ta ly s t s  m ig h t  
b e  re su lte d  fr o m  th e  c o n d e n s a t io n  o f  p o ly -a r o m a t ic s  to  p r o d u c e  c o k e .

T h e  a m o u n ts  o f  su lfu r  in th e  p y r o ly t ic  o i l  a n d  o n  th e  s p e n t  c a ta ly s t s  
are illu str a ted  in F ig u r e  4 .8 .  T h e  r e su lts  in d ic a te  th at th e  n o n -c a ta ly t ic  p y r o ly s is  g iv e s
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th e  h ig h e s t  a m o u n t  o f  su lfu r  in th e  p y r o ly t ic  o i l  (1 .3 1  w t% ), w h e r e a s  u s in g  a ll 
c a ta ly s t s  h ig h ly  r e d u c e d  th e  s u lfu r  a m o u n ts  in o i l s .  K L  z e o l i t e  s h o w s  th e  h ig h e s t  
a c t iv ity  to  d e c r e a s e  s u lfu r  in th e  p y r o ly t ic  o i l .  T h e  s u lfu r  d e p o s it e d  o n  s p e n t  K L  
z e o l i t e  e x i s t s  in th e  lo w  a m o u n ts ;  th u s , th e  su lfu r  in o il  m a y  b e  p r e se n t  in th e  g a s  
p h a se . A t 1 -3  w t%  o f  M 0 O 3 lo a d e d  o n  K L  z e o l i t e ,  n o  s ig n if ic a n t  d i f f e r e n c e  o f  th e  
su lfu r  c o n t e n ts  in o i l s  is  fo u n d , w h e r e a s  th e  s u lfu r  c o n te n t  o n  th e  s p e n t  c a ta ly s t s  

d r a m a tic a lly  in c r e a s e s  a s  c o m p a r e d  to  K L  z e o l i t e .  It is  p o s s ib le  to  c o n c lu d e  th at th e  
su lfu r  m o le c u le s  in  th e  g a s  p r o d u c t are fir st a d so r b e d  o n  M 0 O 3/K L  c a ta ly s t s  a n d  th en  
th e  C -S  b o n d s  b rea k , le a d in g  to  th e  h ig h  a m o u n t o f  s u lfu r  d e p o s it e d  o n  c a ta ly s t s .  T h e  
in c r e a s in g  M 0 O 3 lo a d in g  o f  h ig h e r  th a n  3 w t%  fu rth er  r e d u c e s  s u lfu r  a m o u n ts  in  th e  
o i l  to  th e  s a m e  e x te n t  a s  K L  z e o l i t e  d o e s .  A c c o r d in g  to  th e  r e su lts , o v e r a ll  M o O j /K L  

c a ta ly s t s  h a v e  a s ig n if ic a n t ly  h ig h  a m o u n t o f  s u lfu r  d e p o s it e d  o n  th e  c a ta ly s t s  in  
c o n j u n c t io n  w ith  th e  d e c r e a s e  o f  s u lfu r  in th e  o i l ,  in d ic a t in g  th e  d e c r e a s e  o f  s u lfu r  
c o n te n ts  in  th e  g a s  p r o d u c ts .

F igu re 4 .8  S u lfu r  c o n t e n t s  in p y r o ly t ic  o i l  a n d  s p e n t  o n  M 0 O 3/K L  w ith  v a r ie d  M 0 O 3 

lo a d in g .

It c a n  b e  c o n c lu d e d  th at a ll d if fe r e n t  M 0 O 3 lo a d in g s  g a v e  th e  h ig h e r  a m o u n t  
o f  m o n o -a r o m a t ic s  th an  th e  n o n -c a ta ly t ic  a n d  K L  z e o l i t e  c a s e s .  E s p e c ia l ly ,  1 -3  w t%
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o f  M 0 O 3 lo a d in g  c a n  p r o m o te  th e  d e h y d r o g e n a t io n  o f  s o m e  g a s e o u s  p r o d u c ts  
f o l lo w e d  b y  a r o m a tiz a t io n  to  p r o d u c e  m o n o -a r o m a t ic s .  F u r th e r m o r e , th e  d r a m a tic  
r e d u c t io n  o f  p o ly -a r o m a t ic s  w a s  fo u n d  a fter  M 0 O 3 w a s  lo a d e d  o n  K L  z e o l i t e .  T h e s e  
r e su lts  ca n  im p ly  th a t th e  p r o d u c tio n  o f  m o n o -a r o m a t ic s  m ig h t  b e  e n h a n c e d  fr o m  th e  
c r a c k in g  o f  p o ly -a r o m a t ic s .  T h e  h ig h  a m o u n ts  o f  M 0 O 3 lo a d in g  o f  5 - 1 0  w t%  ca n  
e n h a n c e  th e  c r a c k in g  a c t iv ity  a c c o r d in g  to  th e  h ig h  p r o d u c tio n  o f  p y r o ly t ic  g a s . T h e  
in c r e a s e  o f  M 0 O 3 lo a d in g  te n d s  to  in c r e a se  th e  a m o u n t o f  s u lfu r  d e p o s it e d  o n  th e  
c a ta ly s t s  v ia  th e  C -S  b o n d  c le a v a g e .  A c c o r d in g  to  th e  r e su lts , i f  th e  a m o u n t o f  M 0 O 3 

lo a d e d  o n  K L  z e o l i t e  h ad  b e e n  lo a d e d  m o r e  th an  10 w t%  th e  c a ta ly s t s  w o u ld  h a v e  
p r o d u c e d  th e  h ig h e r  a m o u n t o f  g a s  p r o d u c ts  a n d  h ig h e r  s u lfu r  d e p o s it e d  o n  th e  
c a ta ly s t s  d u e  to  th e  e n h a n c e m e n t  o f  c r a c k in g  a c t iv ity .  M o r e o v e r ,  th e  a m o u n t  o f  
n a p h th a  an d  k e r o s e n e  fr a c tio n  m ig h t  h a v e  b e e n  a ls o  in c r e a se d .

4.2 E ffect o f  R e/K L  C ata lysts on P yrolysis P rod u cts

4 .2 .1  P y r o ly s is  Y ie ld s
T h e  p e r c e n ta g e s  a p p lie d  to  R h e n iu m  ( R e )  in th is  e x p e r im e n ta l  s e c t io n  

w e r e  0 .2 5 ,  0 .5 0 ,  0 .7 5 ,  an d  1 w t% . T h e  p y r o ly t ic  p r o d u c ts  o b ta in e d  fr o m  R e /K L  
c a ta ly s t  are  s h o w n  in  F ig u r e  4 .9 .  T h e  p r e s e n c e  o f  K L  z e o l i t e  s h o w s  a  s ig n if ic a n t  
d e c r e a s e  in th e  p y r o ly t ic  o i l ,  a n d  th e n  th e  in c r e a s e  in  th e  p y r o ly t ic  g a s . T h e  a d d it io n  
o f  R e  o n  K L  z e o l i t e  s l ig h t ly  e n h a n c e s  in th e  c r a c k in g  a c t iv ity  le a d in g  to  th e  
in c r e m e n t  o f  p y r o ly t ic  g a s . W e ig h  a v e r a g e  o f  ch a r  fo r m a t io n  fr o m  b o th  n o n -c a ta ly t ic  
and  c a ta ly t ic  c a s e s  is  a b o u t 4 4  w t% .
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ระ

ร?

■  N o n - c a ta ly s t
□  K L
a 0 .2 5 % R e / K L
□  0 .5 0 % R e /K L  
O 0 .7 5 % R e /K L  
ธ  1 % R e /K L

P y r o ly t ic  o i l P y r o ly t ic  g a s

F igu re 4.9 P y r o ly s is  p r o d u c ts  fro m  w a s te  tire  p y r o ly s is  o b ta in e d  fr o m  u s in g  R e /K L  
w ith  v a r ie d  R e  lo a d in g .

T h e  g a s  p r o d u c ts  o b ta in e d  fro m  v a r io u s  R e /K L  c a ta ly s t s  s h o w  n o  
s ig n if ic a n t  d i f f e r e n c e  in  th e  g a s  c o m p o s i t io n s  a s  s h o w n  in  A p p e n d ix  c. M e th a n e ,  
m ix e d  C 4 s , an d  e th y le n e  are s t i l l  th e  d o m in a n t  c o m p o s i t io n s .

4 .2 .2  P y r o ly t ic  O il
T h e  in f lu e n c e s  o f  R e /K L  c a ta ly s t s  o n  th e  p e tr o le u m  fr a c t io n s  are  

illu s tr a te d  in F ig u r e  4 .1 0 .  A c c o r d in g  to  th e  r e s u lts ,  K L  z e o l i t e  g iv e s  th e  h ig h  
c r a c k in g  a c t iv ity  w h ic h  le a d s  to  th e  h ig h  c o n c e n tr a t io n  o f  n a p h th a  fr a c t io n . H o w e v e r ,  
its  a c t iv ity ,  w a s  fo u n d  to  d e c r e a s e  a fter  0 .2 5  w t%  o f  R e  w a s  lo a d e d  r e s u lt in g  in th e  
lo w  a m o u n t o f  n a p h th a  fr a c t io n  a n d  th e  in c r e m e n t  o f  l ig h t  g a s  o i l  fr o m  th e  n e g a t iv e  
e f f e c t  o f  R e  lo a d in g . T h e  in c r e a s in g  R e  lo a d in g  fr o m  0 .2 5  to  0 .7 5  w t%  c a n  im p r o v e  
th e  a m o u n t o f  n a p h th a  fr a c t io n , e s p e c ia l ly  at 0 .7 5  w t%  o f  R e  lo a d in g , w h ic h  g iv e s  
th e  s im ila r  r e su lts  a s  K L  z e o l i t e .  In a d d it io n , th e s e  in c r e a s e d  lo a d in g  s h o w s  th e  
s ig n if ic a n t  in c r e a s e  in  k e r o s e n e  fr a c t io n  a n d  th e  d e c r e a s e  in l ig h t  g a s  o i l .  T h e  h ig h e s t  
R e  lo a d in g  at lw t%  d o e s  n o t  p r o m o te  th e  l ig h t  fr a c t io n s  in o i l ,  bu t in s te a d  p r o d u c e s  
th e  h e a v y  fr a c t io n s  a s  th e  n o n -c a ta ly t ic  c a s e  d o e s .
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N a p h th a  K e r o s e n e  L ig h t  G a s  O il H e a v y  G a s  O il L o n g  R e s id u e

F igure 4 .10  P e tr o le u m  fr a c t io n s  in m a lt e n e s  o b ta in e d  fr o m  u s in g  R e /K L  w ith  v a r ie d  
R e  lo a d in g .

T h e  c o m p o s i t io n s  o f  p y r o ly t ic  o i l  a fte r  a s p h a lte n e  se p a r a tio n  w e r e  
a n a ly z e d  b y  liq u id  a d s o r p t io n  c h r o m a to g r a p h y . T h e  e f f e c t  o f  R e /K L  c a ta ly s t s  o n  th e  
c h e m ic a l  c o m p o s i t io n s  in  m a lte n e s  is  s h o w n  in F ig u r e  4 .1 1 .

■  N o n  c a ta ly s t  

□  K L

0 O .2 5 % R e /K L  

พ 0 .5 0 % R e /K L  

S 0 .7 5 % R e /K L  

n  1 % R e /K L

S a tu r a te d  M o n o - A r o m a t i c s  D i - A r o m a t i c s  P o l y - A r o m a t i c s  P o la r - A r o m a t ic s  
H y d r o c a r b o n s

F igu re 4.11 C h e m ic a l  c o m p o s i t io n s  in  m a lte n e s  o b ta in e d  fr o m  u s in g  R e /K L  w ith  
v a r ie d  R e  lo a d in g .
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It w a s  fo u n d  th a t th e  a d d it io n  o f  R e  lo a d in g  h ig h ly  in c r e a s e s  th e  
a m o u n t  o f  m o n o -a r o m a t ic s  a s s o c ia te d  w ith  th e  s ig n if ic a n t  r e d u c t io n  o f  d i-  a n d  p o ly 
a r o m a tic s . R h e n iu m  c a ta ly s t s  s h o w e d  th e  h ig h  a c t iv ity  in  h y d r o g e n o ly s i s  a n d  r in g 
o p e n in g  (C a rter  et a l ,  1 9 8 2 ) .  T h e r e fo r e , it is  p o s s ib le  th at d i-  a n d  p o ly -a r o m a t ic s  ca n  
b e  c o n v e r te d  to  th e  l ig h te r  p r o d u c ts  s u c h  a s  m o n o -a r o m a t ic s  v ia  th e  h y d r o g e n o ly s is  
an d  th en  th e  r in g -o p e n in g  fu n c t io n  o f  th e  c a ta ly s t s .  T h e  h ig h  a m o u n ts  o f  R e  lo a d in g  
at 0 .7 5 - 1  w t%  p r o d u c e  th e  h ig h e s t  a m o u n t  o f  m o n o -a r o m a t ic s  at a ro u n d  2 7  w t% .

A c c o r d in g  to  th e  m o n o -a r o m a t ic  y ie ld s  s ta te d  in  A p p e n d ix  D 2 ,  1 
w t% R e  lo a d e d  o n  K L  z e o l i t e  e x h ib it s  th e  h ig h e s t  y ie ld  at a ro u n d  9 .9  % . H o w e v e r ,  it 
is  s im ila r  to  th a t o b ta in e d  fro m  1 พ t%  a n d  2  พ t% M o 0 3 /K L  c a ta ly s t s  ( 8 .4  % y ie ld  a n d
8 .7  % y ie ld , r e s p e c t iv e ly ) .  T h e  c a r b o n  n u m b e r  d is tr ib u t io n  o f  o i l  o b ta in e d  fro m  
l% R e /K L , 1 % M o 0 3 /K L  an d  2 % M o 0 3 /K L  is c o m p a r e d  in  F ig u r e  4 .1 2 .

F igu re  4.12 C a r b o n  n u m b e r  d is tr ib u tio n  o f  m o n o -a r o m a t ic s  o b ta in e d  fro m  
1% M o 0 3/K L , 2 % M o 0 3/K L , an d  r /o R e /K L .

T h e  r e su lts  in d ic a te  th a t l% R e /K L  a n d  1 % M o 0 3 /K L  g iv e  th e  s im ila r  
ca r b o n  n u m b e r  d is tr ib u tio n  w ith  th e  a v e r a g e  c a r b o n  n u m b e r  in  th e  ra n g e  o f  C 1 2 - C 1 7  
( 1 5 .2  a n d  1 6 .9 , r e s p e c t iv e ly ) .  T h e  in c r e a s e  o f  M 0 O 3 lo a d in g  fr o m  1 w t%  to  2  w t%  
te n d s  to  s h ift  th e  p e a k  to  h ig h e r  ca r b o n  n u m b e r s  th e  a v e r a g e  o f  1 8 .2 . H o w e v e r ,  th e



34

p r e c u r so r  u s e d  in  p r ep a r in g  a M 0 O 3/K L  c a ta ly s t  is  a p p a r e n t ly  le s s  e x p e n s iv e  th an  
th a t fo r  R e /K L  c a ta ly s t s ,  w h e r e a s  th e  y ie ld s  o f  m o n o -a r o m a t ic s  o b ta in e d  fr o m  th e s e  
tw o  c a ta ly s t s  are n o t s ig n if ic a n t ly  d if fe r e n t . T h e  p r ic e s  o f  p r e c u r so r  a re  s h o w n  in 
T a b le  4 .2 .

T a b le  4 .2  P r e c u r so r  P r ic e s

P recu rsor A m o u n t' . ■ - ■ : Priçe* (B ath )
A m m o n iu m  M o ly b d a te  T e tr a h y d r a te  
( N H 4)6M o 70 2 4 * 4 H 20 )
A C S  G rad e  (>  9 9 .0 % )

1 0 0  g 3 ,7 9 0

A m m o n iu m  P errh en a te  

( N H 4R e 0 4)
9 9 .9 9 9 %

1 g 4 ,9 4 0

* S .M . C h e m ic a l  S u p p lie s  C o .,  L td ., T h a ila n d  ( 2 6  A p r il  2 0 1 0 )

In a d d it io n , R e /K L  c a ta ly s t s  c a n  h e lp  im p r o v e  th e  q u a li ty  o f  p y r o ly t ic  
o il  b y  r e d u c in g  th e  a m o u n t o f  a s p h a lte n e  in  th e  o i l  p r o d u c t . T h e  r e su lt  r e v e a le d  th at  
0 .2 5  and  0 .5 0  w t%  o f  R e /K L  c a ta ly s t s  s h o w  th e  d r a s t ic  r e d u c t io n  o f  a s p h a lte n e .  T h e  
a m o u n t o f  a s p h a lte n e  fo r m a tio n  o b ta in e d  fr o m  R e /K L  c a ta ly s t s  is  i llu s tr a te d  in  
F ig u r e  4 .1 3 .
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Figure 4.13 Weight fraction of asphaltene in pyrolytic oils obtained from using 
Re/KL with varied Re loading.

4.2.3 Coke and Sulfur Formation
The amount o f coke deposited on the spent Re/KL catalysts is shown 

in Figure 4.14. The results show that all the different Re loading catalyst gives the 
low amount of coke formation, which is insignificantly different from KL zeolite.

Figure 4.14 Coke formation obtained on spent KL zeolite and spent Re/KL with 
varied Re loading.

'ไ า
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The sulfur contents in the pyrolytic oil and the spent catalysts are 
shown in Figure 4.15. The result shows no significant difference in the sulfur 
contents, both on catalysts and in oils obtained from Re/KL catalysts.

Figure 4.15 Sulfur contents in pyrolytic oil and spent Re/KL with varied Re 
loading.

On the effects of Re/KL catalysts, it can be concluded that the di- and poly
aromatics in the oil might be converted into mono-aromatics via the hydrogenolysis 
and ring-opening activities. Moreover, Re/KL catalysts also had the higher activity to 
produce mono-aromatics than M0O3/KL catalysts. Especially, 0.75-1 wt% of Re 
loadings gave the highest amount of mono-aromatics at around 27 wt%, and they 
also promoted the naphtha production with the decrease of heavy fractions such as 
light gas oil, heavy gas oil, and long residue.
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4.3 Effect of %Re-l%Mo0 3 /KL on Pyrolysis Products

This section discusses the effect of co-ioaded catalysts; that is, various Re 
percentages were loaded on 1 wt% of M0O3/KL. The goal was to study the effect of 
co-loaded catalysts (%Re-%Mo0 3 ) on KL zeolite as compared to the individually- 
loaded catalysts (M0O3/KL and Re/KL). The amount of M0O3 content was fixed at 1 
wt% at all cases with the additional loading of Re from 0.25-lwt% on KL zeolite. 
Table 4.3 display the co-loaded catalysts used in this section.

พ Re
®Re = นิ/ T w  ' ^ Mo03 =  1 ~  0Rew Re  +  w MoO  3

Table 4.3 The weight fraction o f catalysts

Catalyst 0
1%Mo0 3/KL 0

0.25%Re-l%MoO3/KL 0.20

0.50%Re-l%MoO3/KL 0.33
0.75%Re-l%MoO3/KL 0.43

!% R e-l% M o03/KL 0.50
l%Re/KL 1

4.3.1 Pyrolysis Yields
The pyrolytic products in terms of 0  are illustrated in Figure 4.16. 

According to the results, the yields of pyrolytic gas and pyrolytic oil obtained from 
co-loaded catalysts lie in between those of individually-loaded catalysts 
(1%Mo0 3/KL and l%Re/KL). These results suggest the dilution effect of co-loaded 
catalysts. Char production obtained from co-loaded catalysts is shown in Appendix 
B, and it remains constant at about 44 wt%, indicating the complete decomposition 
of waste tire material at 500 ๐c .
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Figure 4.16 Pyrolytic products obtained from using Re-l% M o0 3 /KL with varied Re 
loading.

All of the Re catalysts loaded on 1 wt% of M0O3/KL show no 
significant difference in gas compositions. They also show the same tendency as the 
individually-loaded catalyst (Re/KL and M0O3/KL), which can be seen in Appendix
c.

4.3.2 Pyrolytic Oil
Figure 4.17 demonstrates the petroleum fractions in maltenes obtained 

from different percentages of Re loaded on 1 wt% of M0O3/KL. The presence of KL 
zeolite produces the significantly high amount of naphtha fraction as compared to the 
other catalysts. The co-loaded catalysts (at 0  = 0.20 to 0.50) give the negative impact 
on cracking activity since they do not promote the light petroleum fractions such as 
naphtha or kerosene, but instead, they increase the heavier fractions, like light gas
oil.
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Figure 4.17 Petroleum fractions in maltenes obtained from using Re-I% M o0 3 /KL 
with varied Re loading.

Petroleum fractions in the pyrolytic oil obtained from different 
percentages of Re loading on lwt% of M0O3/KL was analyzed in details for their 
compositions as presented in Figure 4.18. 1 wt% of M0O3/KL catalysts at 0Re = 0 
gives the similar amount of saturated hydrocarbons in the pyrolytic oil about 60 wt% 
as KL zeolite. The presence o f Re in the co-loaded catalysts does not promote the 
formation of mono-aromatic as the individually-loaded catalysts do, but instead, it 
enhances the concentration of saturated hydrocarbons. The co-loaded catalyst at 0Re 
= 0.2 (0.25%Re-l%MoO3/KL) is found to produce the maximum concentration of 
saturated hydrocarbons (about 74 wt%). The presence of co-loaded catalysts 
dramatically reduces the content of di-, and poly-aromatics, while saturated 
hydrocarbons are shifted to the high production. It is possible to conclude that co
loaded catalysts may promote the cracking and hydrogenation activities to convert 
di- and poly-aromatics to saturated hydrocarbons. The asphaltene formations 
obtained from all co-loaded catalysts show the same tendency as M0O3/KL and 
Re/KL catalysts. Namely, the co-loaded catalysts produce the low amount of 
asphaltene in the oil, which helps improve the oil quality. The results are shown in 
Appendix F.
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Figure 4.18 Chemical compositions in maltenes obtained from using Re- 
1%Mo0 3 /KL with varied Re loading.

4.3.3 Coke and Sulfur Formation
The coke formation on the co-loaded catalysts is presented in Table

4.4. The increasing amount of Re on 1 wt% of M0O3/KL tends to increase the amount 
o f coke deposited on the catalysts

The amounts o f sulfur in the pyrolytic oil and on the spent catalysts 
are shown in Table 4.5. According to the results, the co-loaded catalysts show the 
dilution effect on the sulfur content on the spent catalysts. The dilution effect occurs 
when the two species are co-loaded, and then they give the sulfur content or any 
other outcome that lie proportionally in between those obtained from the individuals. 
Re loading gives a lower amount of sulfur deposited on KL zeolite than M0O3 

loading alone. Moreover, the sulfur content in oil obtained from co-loaded catalysts 
is also not significantly different from that of the individually-loaded catalysts. The 
average o f sulfur in the pyrolytic oil is 1.04 พt%.
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Table 4.4 Coke formation on the spent catalysts

Catalyst'
. . . .  . 0■ ■ ' . ... Coke (wt%)

KL 18.1
1%Mo0 3/KL 0 19.9

0.25%Re-l%MoO3/KL 0.20 17.2
0.50%Re-l%MoO3/KL 0.33 18.3
0.75%Re-l%MoO3/KL 0.43 18.9

1 % Re-1 %Mo0 3/KL 0.50 20.0

1 %Re/KL 1 18.1

Table 4.5 Sulfur content in the pyrolytic oils and on the spent catalysts

: - Catalyst 0 VoSulfur
Catalyst Oil

Non catalysts - ■ - 1.31
KL - 0.41 0.88

1%Mo0 3/KL 0 0.75 1.02

0.25%Re-1 %Mo0 3/KL 0.20 0.55 1 .10

0.50%Re-1 %Mo0 3/KL 0.33 0.62 1.06
0.75%Re-l%MoO3/KL 0.43 0.64 1.01

1 %Re-1 %Mo0 3/KL 0.50 0.69 1.02

]%Re/KL 1 0.44 1.03

According to the results, the co-loaded catalysts had the negative impact on 
naphtha production in oils. Even though the individually loaded catalysts (M0O3/KL 
and Re/KL) can promote the mono-aromatics, but the co-loaded catalysts instead 
promoted the saturated hydrocarbons. It might be resulted from the enhancement of 
cracking activities and then hydrogenation, which can help convert di- and poly
aromatics to saturated hydrocarbons, by co-loading of the two co-loaded species.
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