
C H A P T E R  I I I  

M E T H O D O L O G Y

3 .1  M a t e r i a l s

The preparation o f the tire sample for pyrolysis was done by a four blade
cutting machine. The passenger car tire with an average mileage o f 50,000 km was 
shredded and ground in pieces.to acquire a sample with a particle size between 8-18 
mesh.

3 .2  E q u i p m e n t

1. Bench-scale autoclave reactor
2. Gas sampling bag .
3. Cutting Tool
4. Agilent Technologies 6890, Gas chromatography (GC),
5. Liquid chromatography column (Glass), 650 mm height, 26.6 mm inside 

diameter
6. Varian GC-3800 Simulated Distillation Gas Chromatograph (SIMDIST 

GC)
7. Varian / SpectrAA 300 (Atomic Absorption Spectrometer, AAS)
8. O xford/6111 (Scanning Electron Microscope, SEM)
9. Aquariums air pump
10. Thermo Finigan TPDRO 1100 (Temperature Programmed 

Reduction/Oxidation)
11. Perkiln Elmer/Pyris Diamond (Thermogravimetric/Differential Thermal 

Analysis, TG/DTA)
12. Micromeritics, TPD/TPR 2900 Analyzer
13. LECO® Elemental Analyzer (TruSpec®S)
14. Sorptomatic 1990 system
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3.3 Chemicals and Solvents

1. B e n z e n e  (C ô H ô , A s s a y  > 9 9 . 8  % )
2 . D ie t h y l  e th e r  ( ( C 2 H s ) 2 0 ,  A s s a y  >  9 9 .5  % )
3 . N - p e n t a n e  ( C H 3 ( C H 2) 3C H 3, A s s a y  >  9 9  % )
4 . N - h e x a n e  ( C H 3 ( C H 2) 4C H 3) , A s s a y  >  9 9  % )
5 . M e t h a n o l  ( C H 3O H , A s s a y  >  9 9 .8  % )
6 . C a r b o n  d i s u l f id e ,  C S 2

7 . S i l i c a  fo r  l iq u id  c h r o m a t o g r a p h y  ( P a r t ic le  s i z e  0 . 0 6 3 - 0 . 2 0 0  ; 7 0 - 7 3 0  

m e s h  A S T M )
8 . N e u tr a l  a lu m in a  fo r  l iq u id  c h r o m a t o g r a p h y  ( 0 . 0 5 - 0 . 1 5  m m  ; p H  7 .0 ± 0 .5 )
9 . N 2 g a s  .' * ■
1 0 . C a t a ly s t s  fr o m  T o s o h  C o m p a n y ,  S in g a p o r e  •: B e t a  z e o l i t e  ( S i / A l  =  1 3 .5  

a n d  2 5 0 )
11 . N a tu r a l  C la y s  ( B e n t o n i t e ,  B a l l  C la y )
1 2 . a - a lu m in a
1 3 . M e t a l  p r e c u r so r s :  P a l la d iu m  (I I )  n itr a te  d ih y d r a te  ( N 2 0 6 P d .H 2 0 )

3.4 Experimental

3 .4 .1  C a t a ly s t  P r e p a r a t io n
In  t h is  w o r k ,  B e t a  z e o l i t e s  w i t h  S i / A l  =  1 3 .5  a n d  2 5 0  ( s u p p l i e 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  u s e d  a s  th e  p a l la d iu m  m e ta l  s u p p o r t s  fo r  th e  

p r e p a r a t io n  o f  t h e  a g g lo m e r a t e d  P d /B e t a - b a s e d  c a t a ly s t s .  F ir s t ,  th e  B e t a  z e o l i t e s  w e r e  

p r e c a lc in e d  a t 5 0 0 ° c  fo r  3  h o u r s  w i t h  th e  h e a t in g  ra te  o f  1 0 ° c / m i n  in  o r d e r  to  

r e m o v e  th e  im p u r it y  a n d  o r g a n ic  t e m p la t e s  w h i c h  m a y  c o n t a m in a t e  in  th e  z e o l i t e s .  
N e x t ,  a  p r e c a lc in e d  z e o l i t e  w a s  lo a d e d  w i t h  P d  b y  u s i n g  in c ip ie n t  w e t n e s s  

im p r e g n a t io n  t e c h n iq u e ,  to  o b t a in  th e  z e o l i t e  w i t h  0 .2 5  w t .  %  p a l la d iu m  lo a d in g .  T h e  

im p r e g n a te d  c a t a ly s t  w a s  th e n  d r ie d  in  a n  o v e n  a t 1 1 0 ° c  fo r  3  h o u r s  f o l l o w e d  b y  

c a lc in a t io n  a t 5 0 0 ° c  fo r  a n o th e r  3  h o u r s  w i t h  t h e  h e a t in g  r a te  o f  1 0 ° c / m i n  t o  o b ta in  

th e  o x id e  c a t a ly s t  w h ic h  w a s  r e a d y  t o  b e  m i x e d  w i t h  th e  b in d e r  a n d  a  m a tr ix .  T h e  

c o m m e r c ia l  b a l l  c l a y  a n d  b e n t o n it e  w e r e  f ir s t  p r e - c a lc in e d  a t 5 0 0 ° c  fo r  2  h o u r s  a n d
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t h e n  m ix e d  w i t h  th e  b in d e r  ( a - a lu m in a )  a n d  a  z e o l i t e  a t d i f f e r e n t  w e i g h t  r a t io s  to  

p r o d u c e  th e  a g g lo m e r a t e d  c a t a ly s t s  w i t h  d i f f e r e n t  a c t iv e  c o m p o n e n t  w e i g h t  

p e r c e n t a g e s .  T h e  m ix t u r e s  w e r e  th e n  h o m o g e n iz e d  a n d  e x tr u d e d  t o  p r o d u c e  c a t a ly s t  

e x tr u d a te s .  T h e  e x tr u d a te s  w e r e  f in a l ly  d r ie d  in  o v e n  a t 110°c fo r  3  h o u r s  a n d  

s u b s e q u e n t ly  c a lc in e d  in  a  f u r n a c e  a t 500°c fo r  2  h o u r s  w i t h  t h e  h e a t in g  r a te  o f  

10°c/min. L a s t ly ,  th e  c a t a ly s t s  w e r e  r e d u c e d  u n d e r  H 2 a t 400°c fo r  4 h o u r s  to  

c o n v e r t  th e  m e ta l  o x id e  to  m e ta l .
P d O  +  H 2 ----------------------------- ►  P d  +  H 20

U p p e r  z o n e  
o r  c a t a ly t ic  z o n e

L o w e r  z o n e  
o r  p y r o l y s i s  z o n e

Figure 3.1 A u t o c l a v e - t y p e  p y r o l y s i s  r e a c to r  ( 7 5 0  m l )  ( M h o d m o n t h in ,  2 0 0 5 ) .

Figure 3.2 P r o c e s s  f l o w  s c h e m e  o f  w a s t e  t ir e  p y r o l y s i s  ( M h o d m o n t h in ,  2 0 0 5 ) .
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3 .4 .2  P y r o ly s i s  P r o c e s s
T h e  r e a c to r  a n d  th e  p r o c e s s  f l o w  s c h e m e  in  th e  e x p e r im e n t  a re  s h o w n  

in  F ig u r e s  3 .1  a n d  3 .2 ,  r e s p e c t iv e ly .  T h e  a u t o c la v e  r e a c to r  w i t h  a  to ta l  v o lu m e  o f  7 5 0  

m l i s  d i v id e d  in  to  t w o  z o n e s ;  th e  f ir s t  i s  th e  u p p e r  z o n e  ( 3 5 0  m l )  o r  c a t a ly t ic  z o n e ,  
a n d  th e  l o w e r  z o n e  ( 4 0 0  m l )  o r  th e  p y r o ly s i s  z o n e .  T h e  w a s t e  t ir e  s a m p le  w i t h  a  

p a r t ic le  s i z e  b e t w e e n  8 - 1 8  m e s h  w a s  lo a d e d  f ir s t  in  th e  b o t t o m  o f  th e  r e a c to r ,  
f o l l o w e d  b y  th e  a d d it io n  o f  th e  p r e p a r e d  c a t a ly s t ,  w h i c h  w a s  lo a d e d  a f te r w a r d  o n  th e  

to p  z o n e .  N i t r o g e n  g a s  w i t h  a  f l o w  ra te  o f  5 0  m l /m in  w a s  a l l o w e d  to  p u r g e  th r o u g h  

th e  s y s t e m  f i f t e e n  m in u t e s  b e f o r e ,  a n d  th r o u g h o u t  th e  e x p e r im e n t ,  in  a n  a t t e m p t  to  

m a in ta in  a n  o x y g e n  f r e e  a tm o s p h e r e  a n d  s w e e p  o u t  th e  p y r o l y s i s  p r o d u c t s .  T h e  

r e a c to r  w a s  h e a t e d  w i t h  th e  r a m p in g  r a te  o f  1 0 ° c / m i n  fr o m  r o o m  t e m p e r a tu r e  t o  th e  

f in a l  t e m p e r a tu r e  ( 3 5 0 ° c  o n  th e  to p  a n d  5 0 0 ° c  in  t h e  b o t t o m )  a n d  k e p t  c o n s t a n t  fo r  

9 0  m in u t e s  to  e n s u r e  th e  c o m p le t e  c o n v e r s i o n  o f  th e  f e e d  t ir e . T h e  p r o d u c t  e v o l v e d  

d u r in g  th e  p y r o ly s i s  w a s  p a s s e d  th r o u g h  a  s e r i e s  o f  c o n d e n s e r s  w h e r e  th e  h e a v y  

p r o d u c t s  a r e  c o n d e n s e d  a n d  tr a p p e d . T h e  r e m a in in g  p a rt o f  th e  p r o d u c t  w h i c h  s t i l l  

r e m a in e d  in  th e  g a s  p h a s e  w a s  c o l l e c t e d  la te r  in  a  g a s  s a m p l in g  b a g .

3 .4 .2  P r o d u c t  A n a l y s i s
a. L iqu id  A nalysis

T h e  a n a ly s i s  o f  o i l  p r o d u c t s  c a n  b e  s e p a r a te d  in t o  t w o  m a in  

s e c t i o n s ,  w h ic h  a r e  a s p h a l t e n e  p r e c ip i t a t io n  a n d  m a lt e n e  s e p a r a t io n .
A sphaltene P recipitation
In  th is  s e c t i o n ,  n - p e n t a n e  w a s  a d d e d  in to  th e  o i l  p r o d u c t s  a t t h e  r a tio  

4 0 :1  f o l l o w e d  b y  s h a k in g  a t 3 0 ° c  fo r  15  m in u t e s  in  a n  u l t r a s o n ic  b a th . T h e  s o lu t io n  

w a s  th e n  le f t  o v e r n ig h t  to  a l l o w  to ta l  s e p a r a t io n . A f t e r  th a t , th e  a s p h a t e n e  w a s  

f i lt r a te d  o u t  b y  u s in g  a  t e f l o n  m e m b r a n e  f i l t e r  a n d  d r ie d  in  a  v a c u u m  o v e n  fo r  s ix  

h o u r s  at a  c o n d i t io n  o f  0 .1  b a r g  a n d  1 1 0 ° c .  F in a l ly ,  th e  d r ie d  a s p h a t e n e  w a s  w e i g h e d  

to  v e r i f y  th e  a s p h a t e n e  c o n t e n t .  A f t e r  th e  a s p h a l t e n e  w a s  r e m o v e d ,  th e  n - p e n t a n e  in  

th e  l iq u id  fr a c t io n  w a s  th e n  e v a p o r a t e d  o u t  u s in g  a  r o ta r y  v a c u u m  e v a p o r a t o r  at 

3 7  ° c  t o  o b ta in  th e  m a lt e n e .
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M a l te ne Separation
L iq u id  a d s o r p t io n  c h r o m a t o g r a p h y  t e c h n iq u e  w a s  e m p lo y e d  to  

s e p a r a te  m a lt e n e  in t o  f i v e  d i f f e r e n t  c o m p o u n d  f r a c t io n s  in  a c c o r d a n c e  to  th e ir  

f u n c t io n a l  g r o u p s  (S a t u r a te d  h y d r o c a r b o n s ,  M o n o - A r o m a t ic ,  D i - a r o m a t ic ,  P o ly 
a r o m a t ic  a n d  P o la r - a r o m a t ic ) .  T h e  c o lu m n  w i t h  a  650 m m . h e ig h t  a n d  26.6 m m . I .D .  
w a s  u s e d  fo r  th e  s e p a r a t io n . S i l i c a  a n d  a lu m in a  g e l  w e r e  a c t iv a t e d  at 400°c fo r  8 h rs  

b e f o r e  p a c k in g  s e p a r a t e ly  in to  th e  lo w e r  p a r t a n d  th e  u p p e r  p a rt o f  th e  c o lu m n ,  
r e s p e c t i v e ly .  B e f o r e  e a c h  e x p e r im e n t ,  th e  p r e p a r e d  c o lu m n  w a s  p r e - w e t t e d  o v e r n ig h t  

w it h  p u r e  n - h e x a n e .  M a lt e n e  s a m p le  w a s  p r e p a r e d  b y  a d d in g  10 c m 3 n - h e x a n e  in to  5 
g  o f  m a lt e n e .  T h e n ,  th e  s a m p le  w a s  a d d e d  in to  th e  c o lu m n  w i t h  a  f l o w  ra te  o f  2 0  c m 3 

/ m in ,  c o n t r o l le d  b y  u s in g  a n  a q u a r iu m  p u m p . A f t e r  th a t , f i v e  d i f f e r e n t  c o m p o s i t io n s  

o f  m o b i l e  p h a s e  s o lu t i o n s  w e r e  s e q u e n t ia l ly  in tr o d u c e d  in to  th e  c o lu m n  in  o r d e r  to  

e x t r a c t  e a c h  c o m p o u n d  fr a c t io n  a c c o r d in g  t o  th e ir  fu n c t io n a l  g r o u p  t y p e s  (T h e  

d e t a i l e d  c o m p o s i t io n  fo r  e a c h  m o b i l e  p h a s e  s o lu t i o n s  u s e d  i s  s h o w n  in  th e  T a b le  3 .1 ) .  
F in a l ly ,  a ll th e  m o b i l e  p h a s e s  w e r e  r e m o v e d  f r o m  th e  p r o d u c t  f r a c t io n s  b y  m e a n s  o f  a  

r o ta r y  v a c u u m  e v a p o r a t o r  a t 60°c a n d  4 .4  k P a . A f t e r  e a c h  e x p e r im e n t ,  th e  a d s o r b e n ts  

( s i l i c a  a n d  a lu m in a  g e l )  w a s  d r ie d  a t 50°c fo r  8  h o u r s  f o l l o w e d  b y  r e g e n e r a t io n  at 

160°c fo r  4 8  h r  to  g e t  r id  o f  th e  r e m a in in g  h y d r o c a r b o n  r e s id u a ls .

Table 3.1 T h e  o p t i m i z e d  c o m p o s i t io n s  a n d  v o l u m e s  o f  m o b i l e  p h a s e s  fo r  p r e p a r a t iv e  

s e p a r a t io n  o f  p e t r o le u m  m a lt e n e s  u s in g  t h e  c h r o m a t o g r a p h ic  c o lu m n  ( S e b o r  et a l ,  
1 9 9 9 ) .

M obile phase Volume
(cm3)

Prevailing compounds
type

H e x a n e 6 0 0 S a tu r a te d  h y d r o c a r b o n s
H e x a n e - b e n z e n e  ( 2 4 : 1 ,  v / v ) 5 0 0 M o n o a r o m a t ic s
H e x a n e - b e n z e n e  ( 2 2 : 3 ,  v / v ) 5 0 0 D ia r o m a t ic s
B e n z e n e 5 0 0 P o ly a r o m a t ic s
B e n z e n e - d ie t h y le t h e r - m e t h a n o l  

( 1 : 1 : 3  v /v )
5 0 0

P o la r a r o m a t ic
c o m p o u n d s
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F in a l ly ,  e a c h  l iq u id  f r a c t io n s  fr o m  p y r o l y s i s  o f  u s e d  t ir e  w a s  a n a ly z e d  

b y  a  V a r ia n  C P - 3 8 0 0  S t im u la t e d  D i s t i l l a t i o n  g a s  c h r o m a t o g r a p h y  ( S I M D I S T - G C ) ,  
e q u ip p e d  w i t h  F I D . T h e  A S T M  D 2 8 8 7  t e m p e r a tu r e  p r o g r a m  is  d e s c r ib e d  a s  f o l lo w s :

I n it ia l  te m p e r a tu r e GO 0 0 ท

T im e  a t in i t ia l  t e m p e r a tu r e 0 .0 1  m in
H e a t in g  ra te 2 0  ๐c / m i n
F in a l  te m p e r a tu r e 3 2 0  ° c
H o ld in g  t im e 8 .5 0  m in

b. G as P roduct A nalysis
P y r o ly s i s  g a s  s a m p le  w a s  a n a ly z e d  b y a G a s  C h r o m a to g r a p h y ,

A g i l e n t  T e c h n o l o g i e s  6 8 9 0  N e t w o r k  G C  s y s t e m ,  u s i n g  H P - P L O T  Q  c o lu m n :  3 0  m  X  

0 .3 2  m m  I D  a n d  2 0  p m  f i lm  t h ic k n e s s .  A  d e t e c t o r  u s e d  w a s  F I D  t y p e  u s i n g  H e l iu m
a s  th e  c a r r ie r  g a s .  T h e  c o n d i t io n s  u s e d  w e r e  a s  f o l lo w s :

I n it ia l  te m p e r a tu r e 7 0 ° c
T im e  a t in i t ia l  t e m p e r a tu r e 8 m in
H e a t in g  ra te 2 0 ° c / m i n  t o  2 0 0 ° c
H o ld  T im e 1 6  m in
F in a l  t e m p e r a tu r e 2 0 0 °c
H o ld in g  t im e 3 0  m in

3 .4 .4  C a t a ly s t  C h a r a c t e r iz a t io n
a. Surface A rea  A nalyzer (SAA)

T h e  s p e c i f i c  s u r f a c e  a r e a  a n d  to ta l  p o r e v o lu m e  o f  t h e  p r e p a r e d
c a t a ly s t  s a m p le  w e r e  d e t e r m in e d  b y  B r u n a u e r - E m m e t - T e l le r  ( B E T )  m e t h o d  u s in g  

T h e r m o  F in n ig a n /S o r p t o m a t ic  1 9 9 0 ,  w h i c h  N 2 g a s  w a s  u s e d  a s  th e  a d s o r b a te .  T h e  

c h a r a c t e r iz a t io n  w a s  b a s e d  o n  th e  p h y s ic a l  a d s o r p t io n  o f  n i t r o g e n  g a s  o n  th e  c a t a ly s t
s u r f a c e .
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b. T herm ogravim etric/D ifferen tia l Therm al A na lysis (TG /D TA)
T h e  c o k e  f o r m a t io n  o n  c a t a ly s t s  w a s  d e t e r m in e d  b y  T G /D T A .  T h e  

s a m p le  w a s  h e a t e d  fr o m  th e  r o o m  te m p e r a tu r e  t o  8 0 0 ° c  w i t h  t h e  h e a t in g  r a te  o f  

1 0 ° c / m i n .  N i t r o g e n  a n d  o x y g e n  f l o w  ra te  w e r e  c o n t r o l l e d  a t 1 0 0  m l /m in  a n d  2 0 0  

m l/m in ,  r e s p e c t iv e ly .
c. X -R a y  D iffraction  (XRD)

A n  X R D  p a tte r n  w a s  o b t a in e d  u s i n g  R i g u k u /R i n t 2 2 0 0  H V . A  

p r e p a r e d  c a t a ly s t  s a m p le  w a s  p a c k e d  in  a  g la s s  s p e c im e n  h o ld e r  w h i c h  w a s  p la c e d  in  

th e  g o n io m e t e r  u s in g  C u K a s m a ll  r a d ia t io n  o p e r a t e d  a t 4 0  K V  a n d  3 0  m A .  T h is  

p r e p a r e d  c a t a ly s t  s a m p le  w a s  s c a n n e d  fr o m  5 d e g r e e s  to  6 0  d e g r e e s  ( 2 0 )  w i t h  th e  

s c a n n in g  s p e e d  o f  0 .0 2  d e g r e e s /m in .
d. E lem enta l Analyzer

T h e  a m o u n t  o f  s u l f u r  c o n t e n t  in  th e  t ir e  d e r iv e d  o i l  w a s  d e t e r m in e d  

b y  u s in g  a n  e le m e n t a l  a n a ly z e r  ( L E C O , C H N S - 9 3 2 ) .
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