
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

W a s te  t i r e s  w e re  c u t  in  p ie c e s  a n d  g ro u n d  to  b e  s a m p le s  in  th e  p a r t i c le  s iz e  
r a n g e  o f  2 0 -4 0  m e s h  (4 2 5 -8 5 0  p m ) .

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

1. G r in d in g  M a c h in e
2 . B e n c h - S c a le  A u to c la v e  R e a c to r
3. T h e r m o  F in ig a n  T P D R O  1 1 0 0 , T e m p e r a tu r e  P ro g r a m m e d  

D e s o r p t io n /R e d u c t io n /O x id a t io n
4 . R I N T - 2 2 0 0  R ig a k u  X - R a y  D i f f r a c to m e te r  S y s te m , X - R a y  D i f f r a c t io n  

(X R D )
5. T h e r m o  F in n ig a n  S o r p to m a tic  1 9 9 0 , S u r fa c e  A re a  A n a ly z e r
6 . L E C O ® E le m e n ta l  A n a ly z e r  ( T r u S p e c ® ร )
7. A g i le n t  T e c h n o lo g ie s  6 8 9 0 , G a s  C h r o m a to g ra p h y  (G C )
8 . V a r ia n  G C -3 8 0 0 ,  S im u la te d  D is t i l la t io n -G a s  C h r o m a to g r a p h  

( S I M D IS T -G C )
9. G a s  C h r o m a to g ra p h y - M a s s  S p e c t ro m e try ,  T im e  o f  F l ig h t  ( G C - T O F )
10. P e rk in E lm e r /P y r is  D ia m o n d  ( T h e r m o g r a v im e tr ic /D if f e r e n t ia l  T h e r m a l  

A n a ly s is ,  T G /D T A )
11. V a r ia n /S p e c t r a A A  3 0 0  ( A to m ic  A b s o r p t io n  S p e c t ro s c o p y , A A S )
12. X - R a y  P h o to e le c tr o n  S p e c t ro s c o p y  (X P S )
13 . W a te r  B a th
14. G a s  S a m p lin g  B a g
15 . H y d r a u l ic  P e l l e t iz e r
16. U l t r a s o n ic  B a th
17 . R o ta r y  E v a p o r a to r
18. S ie v e s  (2 0 , 4 0  a n d  6 0  บ .ร .  M e s h  (A S T M ))
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3 .3  C h e m ic a l s  a n d  S o lv e n ts

1. M e ta l  p re c u r s o r s :  C o p p e r  ( I I )  n i t r a te  t r ih y d r a te  (C u(N C >3 ) 2 .3 H 2 0 ) a n d  
Z in c  ( I I )  n i tr a te  h e x a h y d r a te  (Z n(N C > 3)2 .6 H 2 0 )

2 . S u p p o r ts  f ro m  T o s o h  C o m p a n y ,  S in g a p o re :  B E T A , Y , M O R  a n d  K L  
z e o l i te s

3. n - p e n ta n e  (C H 3 ( C H 2 ) 3 C H 3, A s s a y  >  9 9  % )
4 . C a r b o n  d is u lf id e  ( C S 2 )
5. H ig h  p u r i ty  n i t r o g e n  a n d  h y d r o g e n  g a s e s

3 .4  E x p e r i m e n t a l  P r o c e d u r e s

3 .4 .1  C a ta ly s t  P re p a ra t io n
T h e  M O R , Y , K L  z e o l i te s  o b ta in e d  f ro m  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  f u rn a c e  a t 5 0 0  c  fo r  3 h r  w i th  th e  h e a t in g  r a te  o f  5 ° c /m in  (M O R  
a n d  Y )  a n d  10 c / m i n  (K L )  to  r e m o v e  o r g a n ic  te m p la te s  a n d  s o m e  im p u r i t ie s .  T h e  
B E T A  z e o l i te  o b ta in e d  f ro m  th e  s a m e  c o m p a n y  w a s  c a lc in e d  in  th e  f u rn a c e  a t  6 0 0  ° c  
fo r  5 h r  w i th  th e  h e a t in g  ra te  o f  2  c / m i n ,  a n d  th e n  th e  c a lc in e d  z e o l i te  w a s  
im p re g n a te d  w i th  th e  s o lu t io n  o f  a  m e ta l  p r e c u r s o r ,  C u (N 0 3 ) 2 .3 H 2 0  o r  
Z n ( N 0 3 )2 .6 H 2 0 . A f te r  th a t, th e  c a ta ly s ts  w e r e  d r ie d  in  a n  o v e n  a t  H O  C  f o r  3 h r  a n d  
c a lc in e d  in  th e  f u rn a c e  a t  th e  s a m e  c o n d i t io n s  o f  f re sh  z e o l i te s .  T h e n , th e  C u -  a n d  
Z n - lo a d e d  c a ta ly s ts  w e r e  r e d u c e d  in  h y d r o g e n  a tm o s p h e r e  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  w i th  th e  h e a t in g  ra te  o f  10  c / m i n .  F in a l ly ,  th e  la s t  s te p  w a s  to  
p e l le t iz e ,  c ru s h  a n d  s ie v e  th e  c a ta ly s ts  to  th e  p a r t i c le  s iz e  in  th e  ra n g e  o f  4 0 - 6 0  m e s h  
( 2 5 0 -4 2 5  p m ).

3 .4 .2  P y r o ly s is  P ro c e s s
T h e  p y ro ly s is  p r o c e s s  w a s  s h o w n  in  F ig u r e  3 .1 . T h e  r e a c to r  w a s  

d iv id e d  in to  tw o  z o n e s :  th e  lo w e r  z o n e  w a s  th e  p y ro ly s i s  z o n e  w h e re  w a s te  ti re  
s a m p le  w a s  p la c e d ,  a n d  th e  u p p e r  z o n e  w a s  th e  c a ta ly t ic  z o n e  w h e re  a  c a ta ly s t  w a s  
p a c k e d . T h e  r e a c to r  w a s  h e a te d  f ro m  ro o m  te m p e r a tu r e  w i th  10 c / m i n  to  th e  f in a l 
te m p e ra tu re  a t 5 0 0  c  a n d  3 5 0  c  f o r  lo w e r  a n d  u p p e r  z o n e s ,  r e s p e c t iv e ly ,  a n d  k e p t 
fo r  1 2 0  m in  a t a tm o s p h e r ic  p r e s s u r e .  N i t r o g e n  g a s  w a s  f lo w n  a ll th e  t im e  a t  a  f lo w
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r a te  o f  3 0  m l/m in  to  s w e e p  th e  p y ro ly s i s  p r o d u c ts  to  c o n d e n s e r s  a n d  a  g a s  s a m p lin g  
b a g . T h e  c o n d e n s e r s  w e r e  im m e rs e d  in  a n  ic e - s a l t  b a th  to  c o l le c t  th e  c o n d e n s a b le  
p r o d u c ts  w h ile  th e  n o n - c o n d e n s a b le  p r o d u c ts  w e r e  p a s s e d  th r o u g h  th e  c o n d e n s e r s  
a n d  c o l le c te d  b y  th e  g a s  s a m p lin g  b a g .

v a lv e  r e d u c e r  v a lv e
ะ-^̂ !̂-— —

Temperature  
Contro ller

Tน,, J  = 350°c
= 500°c

n itro g e n  
g .cylin d er

U p p e r  Z o n e  
C a t a ly t ic  Z o n e

L o w e r  Z o n e  
P y r o ly s i s  Z o n e

Pressure Gauge

ๆ 4

I c e - N a d  c o n d e n s e r s
C a t a ly s t

H ea tin g  b locks  
an d  h e a t e r  \ - 5 a m P^e

v e n t  to  h o o dA

F i g u r e  3 .1  S c h e m a tic  o f  th e  p y ro ly s is  p ro c e s s .

3 .4 .3  G a s  A n a ly s is
G a s  C h ro m a to g ra p h y ,  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 , u s in g  H P - P L O T  Q  c o lu m n : 3 0  m  X 0 .3 2  m m  in te rn a l  d i a m e te r  ( ID )  a n d  2 0  
p m  f ilm  th ic k n e s s e s ,  F ID  d e te c to r  a n d  H e  c a r r ie r  g a s , w a s  u s e d  to  a n a ly z e  th e  
c o m p o s i t io n  o f  p y r o ly s i s  g a s  p ro d u c ts .  T h e  c o n d i t io n s  a re  s h o w n  b e lo w :

I n i t ia l  te m p e ra tu re  7 0  c

T im e  a t  in itia l te m p e ra tu re 8 m in

H e a t in g  ra te 2 0 c / m i n

H o ld in g  tim e 16 m in

F in a l  te m p e ra tu re 2 0 0

H o ld in g  tim e 3 0 rriln
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3 .4 .4  O il A n a ly s is
A n  o i l  p r o d u c t  o b ta in e d  f ro m  th e  p y ro ly s is  p r o c e s s  w a s  m ix e d  w i th  

th e  n - p e n ta n e  a t  th e  w e ig h t  r a t io  o f  4 0 :1 . T h e n , th e  m ix tu r e  w a s  s o n ic a te d  a t  ro o m  
te m p e r a tu r e  fo r  15 m in  in  a n  u l t r a s o n ic  b a th  b e f o r e  le a v in g  o v e rn ig h t .  A f te r  th a t  th e  
a s p h a l te n e  w a s  f i l t e r e d  o u t  b y  u s in g  0 .4 5  p m  a  te f lo n  m e m b ra n e  in  a  v a c u u m  s y s te m . 
T h e  m e m b ra n e  a n d  a s p h a l te n e  w e r e  d r ie d  in  a n  o v e n  a t  6 0  c  f o r  6  h r  a n d  w e ig h e d  to  
d e te rm in e  th e  a s p h a l te n e  c o n te n t. T h e n , th e  77-p e n ta n e  w a s  e v a p o r a te d  f ro m  th e  
m a l te n e  s o lu t io n  o b ta in e d  a f te r  f i l te r in g  b y  u s in g  a  r o ta r y  v a c u u m  e v a p o r a to r  a t 5 0  
c .  T h e  re m a in e d  o i l  w a s  a n a ly z e d  b y  u s in g  th e  L E C O ® E le m e n ta l  A n a ly z e r  fo r  

s u lfu r  c o n te n t .  T h e  m a l te n e  w a s  a ls o  d i lu te d  w i th  c a r b o n  d i s u l f id e  b e fo re  a n a ly z in g  
b y  S IM D I S T - G C  a n d  G C x G C -T O F /M S .

3.4.4.1 Simulated Distillation-Gas Chromatography (SIMDIST-GC) 
T h e  m a l te n e  w a s  a n a ly z e d  fo r  s im u la t in g  tru e  b o i l in g  p o in t  

c u rv e s  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 I M D I S T -  
G C )  e q u ip p e d  w i th  a  15 m  X 0 .2 5  m m  X 0 .2 5  p m  W C O T  fu s e d  s i l ic a  c a p i l la r y  
c o lu m n  a n d  F ID . T h e  m a l te n e  w a s  a n a ly z e d  a c c o rd in g  to  th e  A S T M  D 2 8 8 7  m e th o d  
w ith  th e  c o n d i t io n s  b e lo w :

I n i t ia l  te m p e ra tu re 3 0 ° c

T im e  a t  in it ia l  t e m p e ra tu re 0 . 0 1 m in

H e a t in g  ra te 2 0 c / m i n

F in a l  te m p e ra tu re 3 2 0

H o ld in g  t im e 8 .5 0 m in

3.4.4.2 Gas Chromatography-Mass Spectrometry, Time o f Flight 
(GC *GC-TOF/MS)
G a s  C h ro m a to g r a 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 )  w a s  u s e d  to  a n a ly z e  th e  m a lte n e  c o m p o s i t io n s  a n d  a v e ra g e  c a r b o n  
n u m b e r s .  G C x G C - T O F /M S  a p p a ra tu 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  ( F 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 .
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T h e  in s t r u m e n t  o p e r a 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 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  is  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 ,  th a t  it w a s  o p e ra te d  a t  th e  te m p e r a tu r e  o f  5 0  c  w h ic h  
w a s  h e ld  f o r  2 m in  a t  th e  b e g in n in g  o f  a n a ly s is  a n d  ra m p e d  to  310 c  w ith  5 c / m in ,  
a n d  h e ld  a t  th e  f in a l te m p e ra tu re  f o r  10 m in . T h e  2 nd G C  c o lu m n  is  a n  R x i® - 1 7  M S ,
1 .10  m  X 0 .1 0  m m  ID  X 0 .1 0  p m  f i lm  th ic k n e s s ,  th a t  it w a s  s ta r te d  a t 6 0  c  h e ld  fo r  2 
m in  a n d  h e a te d  to  3 2 0  ° c  w ith  5 c  a n d  h e ld  f o r  10 m in  w h e n  th e  f in a l t e m p e ra tu re  
w a s  r e a c h e d . M a l te n e  s o lu t io n  s a m p le s  w e re  p r e p a r e d  b y  a d ju s t in g  1 p L  o f  m a l te n e  
w ith  C S 2 in to ' 2  m L , a n d  a n a ly z e d  b y  in je c t in g  th e m  in to  th e  in s t r u 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 . T h e  
m o d u la to r  t im in g  c o n d i t io n  w a s  s e t  a t  th e  c y c le  t im e  o f  4  ร a n d  h o ld in g  t im e  o f  0 .5  ร 
in  th e  re le a s e  p o s i t io n . N i tro g e n  ( บ H P )  w a s  u s e d  a s  a  c ry o g e n  c o o la n t  se t a t  le a s t  -8 0  
c  o f  th e  m o d u la t io n  tr a p  te m p e ra tu re .  T h e  T O F /M S  in s t r u m e n t  u s in g  th e  e le c t ro n  

im p a c t  io n iz a t io n  o f  -7 0  V  w a s  u s e d  to  p r o v id e  m a s s  s p e c t ra l  d a ta  c o l le c te d  in  th e  
ra n g e  o f  3 5  to  5 0 0  m /z  w ith  th e  d a ta  t r a n s f e r  o f  10 0  s p e c t r a  p e r  s e c o n d .  T h e  
te m p e ra tu re s  o f  io n  s o u rc e  a n d  d e te c to r  v o l ta g e  w e r e  o p e ra te d  a t  2 5 0  c  a n d  1 ,6 0 0  V , 
re s p e c tiv e ly . T h e  t r a n s f e r  lin e  w a s  h e a te d  to  2 5 0  c. T h e  S ig n a l /N o is e  v a lu e  o f  d a ta  
p ro c e s s in g  w a s  se t a t  10 . T h e  L E C O  C h r o m a T O F ®  s o f tw a re  w a s  u s e d  to  r e c o r d e d  
a n d  a n a ly z e d  d a ta , a n d  s p e c tra l  s e a r c h in g  c a n  b e  p r o v id e d  b y  th e  N I S T  l ib ra ry .

3.4.4.3 Elemental Analyzer
A  c e ra m ic  b o a t  f i l le d  w i th  n ic k e l  b o a t  w a s  a d d e d  w i th  c o m ­

a id  a n d  0 . 1  g ra m  o f  a n  o il s a m p le ,  a n d  th e n  th e  c e ra m ic  b o a t  w a s  p u t  in  th e  
L E C O ® E le m e n ta l  A n a ly z e r .  T h e  te m p e r a tu r e  o f  fu rn a c e  w a s  r a is e d  f ro m  ro o m  
te m p e ra tu re  to  6 0 0  c  a n d  h e ld  f o r  15 m in  in  th e  f i r s t  s te p , a n d  th e n  r a is e d  a g a in  to  
1 ,3 5 0  c  in  th e  a n a ly z in g  s tep .

3 .4 .5  R e s id u a l  C h a r  A n a ly s is
A f te r  th e  e n d  o f  p y r o ly s i s  p r o c e s s ,  th e  re s id u a l  c h a r  w a s  w e ig h e d  fo r  

c a lc u la t in g  th e  c o n v e r s io n  o f  w a s te  t i re .  T o  f in d  th e  s u lfu r  c o n te n t  a n d  c a lc u la te  th e  
s u lfu r  b a la n c e , 0 . 2  g r a m  o f  re s id u a l  c h a r  w a s  a d d e d  o n  th e  c e r a m ic  b o a t, a n d  th e n  th e  
b o a t w a s  p u t  in  th e  L E C O ® E le m e n ta l  A n a ly z e r  o p e ra te d  a t th e  s a m e  c o n d i t io n s  a s  in  
th e  o il a n a ly s is .
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3 .4 .6  C a ta ly s t  C h a ra c te r iz a t io n
3.4.6.1 X-Ray Diffraction (XRD)

X R D  p a t te r n s  o f  c a ta ly s ts  w e r e  d e te rm in e d  u s in g  
R ig u k u /R in t2 2 0 0  H V . F o r  c h a r a c te r iz a t io n  p r o c e d u r e s ,  a  c a ta ly s t  s a m p le  in  p o w d e r  
fo rm  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  th a t  w a s  p la c e d  in  th e  g o n io m e te r  u s in g  
C u K a s m a ll  r a d ia t io n  (1 .5 4 0 6  Â )  o p e ra t in g  a t 4 0  k v  a n d  3 0  m A . T h e  X R D  p a t te rn s  
w e re  r e c o r d e d  f ro m  5° to  6 5 ° o f  2 0  w i th  a  s te p  s iz e  2 0  =  0 .0 2 °  a t  th e  s c a n n in g  s p e e d  
o f  5 ° /m in

3.4.6.2 Thermo Finnigan Sorptomatic 1990 (Surface Area Analyzer)
T h e  c a ta ly s t  s a m p le s , b e f o r e  a n d  a f te r  lo a d in g  m e ta l s ,  w e re

d e te rm in e d  fo r  th e i r  s p e c i f ic  s u r f a c e  a re a  a n d  to ta l  p o re  v o lu m e  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 90 . A t th e  f ir s t  s te p , th e  g la s s  tu b e  c o n ta in in g  a  s a m p le  w a s  
o u t- g a s s e d  to  e l im in a te  s o m e  v o la t i le  a d s o rb e n ts  o n  th e  c a ta ly s t  s u r fa c e  a t  3 0 0  c  fo r  
5 h r . A f te r  th a t  h e l iu m  g a s  w a s  f lo w n  in to  th e  tu b e  a s  a  b la n k  a n a ly s is .  T h e  s p e c if ic  
s u r f a c e  a r e a  a n d  to ta l  p o re  v o lu m e  w e r e  o b ta in e d  f ro m  c a lc u la t in g  th e  a m o u n t  o f  
n i t r o g e n  p h y s i s o r p t io n  o n  th e  c a ta ly s t  s u r fa c e .

3.4.6.3 Elemental Analyzer
T h e  s u l fu r  c o n te n t  o n  th e  s p e n t c a ta ly s ts  w a s  d e te rm in e d  

u s in g  e le m e n ta l  a n a ly z e r .  T h e  c h a r a c te r iz a t io n  w a s  o p e ra te d  a t  s im ila r  c o n d i t io n s  to  
r e s id u a l  c h a r  a n a ly s is  a s  m e n t io n e d  a b o v e .

3.4.6.4 Thermogravimetric/Differential Thermal Analysis (TG/DTA)
P e rk in E lm e r /P y r is  D ia m o n d  T G /D T A  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  th e  c a ta ly s ts .  T h e  a p p r o x im a te ly  8  m g  o f  a  s p e n t 
c a ta ly s t  s a m p le  w a s  lo a d e d  o n  a  s a m p le  p a n , a n d  th e n  th e  s a m p le  w a s  h e a te d  f ro m  
r o o m  te m p e ra tu re  to  9 0 0  c  w ith  th e  h e a t in g  r a te  o f  10 c / m i n  a n d  o x y g e n  f lo w  ra te  
o f  2 0  m l/m in .

3.4.6.5 Temperature Programmed Reduction (TPR)
T h e rm o  F in ig a n  T P D R O  1 1 0 0  w a s  u s e d  to  d e te r m in e  m e ta l-  

s u p p o r t  in te r a c t io n  o f  th e  c a ta ly s ts . A  c a ta ly s t  w a s  w e ig h e d  a n d  p la c e d  in  th e  q u a r tz  
tu b e . T h e  in s t r u m e n t  r e c o rd e d  T P R  p ro f i le s  f ro m  ro o m  te m p e r a tu r e  to  9 5 0  c  u n d e r  
4 .9 9  % H 2 /N 2 f lo w  a t 2 0  m l/m in .
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3.4.6.6 Temperature Programmed Desorption (TPD)
T h e rm o  F in 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  b a s ic i ty  

o f  th e  K L , C u /K L , a n d  Z n /K L  c a ta ly s ts .  A  c a ta ly s t  w a s  w e ig h e d  a n d  p la c e d  in  th e  
q u a r tz  tu b e . T h e  c a ta ly s t  a d s o rb e d  9 9 .9 9 9  % บ (ว 2 a t r o o m  te m p e ra tu re  fo r  3 0  m in . 
T h e  in s t r u m e n t  r e c o r d e d  C C b -T P D  p r o f i l e s  f ro m  ro o m  te m p e ra tu re  to  6 0 0  c  u n d e r  
9 9 .9 9 9  %  H e  f lo w  a t 10  m l/m in  w i th  h e a t in g  ra te  o f  10 c /m in .

3.4.6. 7 X-Ray Photoelectron Spectroscopy (XPS)
X P S  s p e c tra  w e r e  c a r r ie d  o u t  u s in g  a n  A X IS  U L T R A D L D  to  

d e te rm in e  th e  s p e c ie s  o f  m e ta l  in  a  f re s h  c a ta ly s t . T h e  s y s te m  w a s  equ ip ped " w i th  a  
m o n o c h r o m a t ic  A1 X - ra y  s o u rc e  a n d  a  h e m is p h e r ic a l  a n a ly z e r . T h e  s p e c t ro m e te r  w a s  
o p e ra te d  w ith  th e  p a s s  e n e rg y  o f  160  e V  an d  4 0  e V  w h e n  r e c o r d in g  w id e  s c a n  a n d  
c o re  le v e l s p e c tra , r e s p e c tiv e ly . A ll p e a k s  w e re  c a l ib ra te d  f ro m  re fe r r in g  C l s  s p e c t r a  
lo c a te d  a t  2 8 4 .6  e V .

3.4.6.8 Atomic Absorption Spectrometer-(AAS)
T h e  m e ta l lo a d in g  o n  z e o l i te s  w e re  d e te rm in e d  b y  u s in g  

A to m ic  A b s o lu t io n  S p e c t ro m e te r  (V a r ia n , S p e c te rA A  3 0 0  m e d e l )  U L T R A D L D . A  
s a m p le  w a s  d ig e s te d  w i th  a n  a c id  s o lu t io n  (1 c o n e . H C l: 1 c o n e . H F : 1 c o n e . H 2 O ) to  
a  s o lu t io n  o f  th e  m e ta l  e le m e n t.
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