
C H A P T E R  V  
E X P E R I M E N T A L

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

3 .1 .1  C h e m ic a ls
■  T o lu e n e  (9 9 .5  %  p u r i ty )  o b ta in e d  f ro m  C a r lo  E rb a
■  M e th a n o l  (9 9 .8  %  p u r i ty )  o b ta in e d  f ro m  C a r lo  E rb a
■  T e tr a e th y l  o r th o s i l ic a te  ( T E O S )  (A ld r ic h , U S A )
■  C y c lo h e x a n e  (R C I  L a b s c a n )
■  O x a l ic  a c id  a n h y d ro u s  ( M e rc k )
■  C o m m e r c ia l  Z S M -5  z e o l i te  w i th  S iC b /A L C b  m o la r  r a t io  o f  2 3 , 5 0 , 8 0  

a n d  2 8 0  ( Z e o ly s t  in te r n a t io n a l)

3 .1 .2  G a s e s
- N 2 (9 9 .9 9  %  P u r ity )
■  EL (9 9 .9 9  %  P u r ity )
■  H e  (9 9 .9 5  %  P u r ity )
■  A ir  Z e ro  (9 9 .9 9 %  P u r ity )
A ll th e  g a s e s  m e n t io n e d  w e re  o b ta in e d  f ro m  T IG  P u b lic  C o m p a n y  
L im ite d .

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

■  F ix e d - b e d  c o n t in u o u s  f lo w  r e a c to r  s y s te m
■  T e m p e r a tu r e  c o n tr o l le r  e q u ip p e d  w ith  a K - ty p e  th e r m o c o u p le
■  G a s  c h r o m a to g r a p h  (A g i le n t  T e c h n o lo g ie s  m o d e l  6 8 9 0 )  e q u ip p e d  

w i th  a n  F ID  a n d  in s ta l le d  w ith  H P - P L O T /A L O 3S a n d  H P -  
IN N O W A X  c o lu m n s

■  R ig a k u  X - ra y  D i f f r a c to m e te r  ( X R D ) , M o d e l  : D 8 - D is c o v e r
■  Q u a n ta c h r o m e  S u r fa c e  A r e a  A n a ly z e r ,  M o d e l : A u to s o rb -1  M P
■  T h e r m o  F in n ig a n  T P D /R /O  11 0 0  e q u ip e d  w i th  f la m e  io n iz a t io n
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d e te c to r
■  P A N a ly t ic a l  a n a ly s is  in s t r u m e n t  w ith  A X I O S & S U P E R Q  v e r s io n  4 .0  

s y s te m s
■  S c a n in g  e le c t ro n  m ic r o s c o p y  (S E M ), M o d e l : T M 3 0 0
■  N M R  5 0 0  M H z  w ith  C P /M A S  s o l id  p r o b e  a n d  N a n o  p r o b e  V a r ia n  

m o d e l  IN O V A
■  M a s s  f lo w  c o n tr o l le r  (B R O O K S  5 8 5 0 E )

3 .3  M e th o d o lo g y

3 .3 .1  C a ta ly s t  P re p a ra t io n
F o r  p r e p a r in g  th e  c a ta ly s ts  m o d if ie d  b y  C L D , a b o u t  1 g  o f  H Z S M -5  

z e o l i te  w i th  S iC b /A E C b  m o le  ra t io  o f  2 8 0  w a s  m ix e d  w ith  a d e s i r e d  a m o u n t  o f  T E O S  
( v a r ie d  f ro m  0 .2  to  2 m l)  in  10 m l c y c lo h e x a n e  fo r  7 h  w ith  m i ld ly  s t i r r in g . A f te r  
th a t , th e  s o l id  w a s  f i l te re d  o u t a n d  d r ie d  in  an  o v e n  f o l lo w e d  b y  c a lc in a t io n  in  a i r  a t 
5 5 0  °c  fo r  4  h  (H u i et al.5 2 0 1 1 ) . T h e  c y c le  o f  C L D  tr e a tm e n t  w a s  a l te r e d  to  
in v e s t ig a te  its  e f fe c t  o n  th e  a c t iv i ty  o f  c a ta ly s ts .  T h e  p r e p a r e d  s a m p le  w a s  d e s ig n a te d  
a s  C L D (x ) - H Z -5 ,  w h e re  X  r e p r e s e n ts  th e  d e s i re d  a m o u n t  o f  T E O S  b y  C L D  t r e a tm e n t .

F o r  p r e p a r in g  th e  c a ta ly s ts  m o d if ie d  b y  d e a lu m in a t io n ,  a b o u t  10 g  o f  
H Z S M -5  z e o l i te  w i th  S iC f /A T C f  m o la r  r a t io  o f  2 8 0  w a s  m ix e d  w i th  5 0  m L  o x a lic  
a c id  s o lu t io n  (0 .5  m o l)  w i th  m i ld ly  s t i r r in g , a n d  th e n , th e  m ix tu r e  w a s  h e a te d  u n d e r  
r e f lu x  fo r  10 h . S u b s e q u e n t ly ,  th e  s o l id  w a s  f i l te re d  o u t a n d  w a s h e d  r e p e a te d ly  w ith  
d e io n iz e d  w a te r .  A f te r  b e in g  d r ie d  a t  120  ๐c  fo r  8 h  in  a n  o v e n , th e  s a m p le  w a s  
c a lc in e d  in  a ir  a t 5 5 0  °c  fo r  4  h . T h e  p r e p a r e d  s a m p le  w a s  d e s ig n a te d  a s  D e A l-H Z -5 .

3 .3 .2  C a ta ly s t  C h a ra c te r iz a t io n
3.3.2.1 X-ray Diffraction (XRD)

X - ra y  D if f ra c t io n  w a s  c a r r ie d  o n  a R ig a k u  D m a x  X - R a y  
d i f f r a c to m e te r ,  R I N T - 2 2 0 0  w i th  C u  tu b e  fo r  g e n e r a t in g  C u K o ; r a d ia t io n  ( 1 .5 4 0 6  Â ) , a 
g e n e r a to r  v o l ta g e  o f  4 0  k v ,  a n d  a g e n e ra to r  c u r r e n t  o f  3 0  m A  w a s  u s e d  to  
c h a r a c te r iz e  th e  c a ta ly s t  a s  X R D  p a t te rn s .  T h e  2 0  is  in  th e  r a n g e  b e tw e e n  5 a n d  
5 0  w ith  a  s c a n n in g  r a te  o f  5 ° c / m in .  D u e  to  th e  s p e c i f ic  c h e m ic a l  c o m p o s i t io n  a n d  
c r y s ta l lo g ra p h ic  s t r u c tu r e  o f  e a c h  m a te r ia l  w h ic h  p r e s e n te d  o n  X R D  p a t te rn s ,  X R D
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c a n  b e  u s e d  to  id e n t i f y  a n d  c h a r a c te r iz e  u n k n o w n  c r y s ta l l in e  m a te r ia ls  b y  m a tc h in g  
th e  p a t te r n  o f  r e f e r e n c e  a n d  u n k n o w n .

3.3.2.2 Scanning Electron Microscope (SEM)
S c a n in g  e le c t ro n  m ic r o s c o p y  ( S E M )  w a s  u s e d  to  s tu d y  

m o r p h o lo g y  a n d  c ry s ta l  s iz e  o f  th e  c a ta ly s t  o n  a  T M 3 0 0 . T h e  c a ta ly s t  s a m p le  w a s  
p la c e d  o n  s tu b  a n d  c o a te d  b y  p la t in u m  in  s p u t te r in g  d e v ic e , th e n  th e  s a m p le  w a s  
p la c e d  in  th e  s a m p le  h o ld e r  in  S E M .

3.3.2.3 Brunauer-Emmett-Teller (BET) Surface Area Analyzer
T h e  s u r f a c e  a r e a  o f  c a ta ly ts  w a s  c h a r a c te r iz e d  b y  u s in g  

s u r f a c e  a r e a  a n a ly z e r  ( Q u a n ta c h r o m e /  a u to s o rb -1  M P ). T h e  s a m p le  w a s  d e g a s s e d  to  
r e m o v e  w a te r  a n d  o th e r  v o la t i le  m a te r ia ls  u n d e r  v a c u u m  a t 3 0 0  ° c  fo r  4  h  b e f o r e  th e  
a n a ly s is ,  th e n  N t w a s  p u rg e d  to  a d s o rb  b y  p h y s ic a l  a d s o rp t io n  o n  th e  s u r f a c e  o f  
c a ta ly s t ,  m e a s u r in g  th e  q u a n t i ty  o f  g a s  a d s o rb e d  o r  d e s o rb e d  f ro m  th e ir  s o l id  s u r fa c e  
a t s o m e  e q u i l ib r iu m  v a p o r  p r e s s u r e  b y  s ta t ic  v o lu m e t r ic  m e th o d . T h e  s o l id  s a m p le  
w a s  m a in ta in e d  a t a c o n s ta n t  te m p e ra tu re  o f  th e  s a m p le  c e ll  u n ti l  th e  e q u i l ib r iu m  is 
e s ta b l is h e d .  T h is  v o lu m e - p r e s s u r e  d a ta  w a s  u s e d  to  c a lc u la te  th e  B E T  s u r f a c e  a re a .

3.3.2.4 Temperature Programmed Desorption o f Isopropylamine
(TPD-IP A)

T h e  B ro n s te d  a c id  s i te  o f  c a ta ly s ts  w e r e  c h a r a c te r iz e d  b y  
te m p e r a tu r e  p r o g ra m  d e s o rp t io n  o f  is o p r o p y la m in e  (T P D -1 P A ). F ir s t ly ,  5 0  m g  o f  
s a m p le  w a s  p r e tr e a te d  a t  4 0 0  ° c  u n d e r  H e  f lo w  fo r  l h .  T h e  s a m p le  w a s  c o o le d  d o w n  
to  3 0  ๐c  a n d  th e n  5 .0  p i o f  i s o p r o p y la m in e  w a s  in je c te d  o v e r  th e  s a m p le ,  th e n  th e  
e x c e s s  o f  is o p r o p y la m in e  w a s  r e m o v e d  b y  p u rg e d  H e  w ith  th e  f lo w  ra te  o f  3 0  
m l/m in ,  th e  s a m p le  w a s  h e a te d  w ith  th e  f lo w  ra te  o f  2 0  ° c / m i n  to  8 0 0  ° c  u n d e r  th e  
H e  a tm o s p h e r e .  M a s s e s  4 4 , 4 1 , a n d  17 w e r e  m o n i to re d  to  d e te rm in e  th e  e v o lu t io n  o f  
i s o p r o p y la m in e ,  p ro p y le n e ,  a n d  a m m o n ia , r e s p e c tiv e ly .

3.3.2.5 Temperature Programmed Desorption o f Ammonia
( T P D -  N H j )

T h e  a c id i ty  o f  c a ta ly s t  w a s  c h a r a c te r iz e d  b y  te m p e r a tu r e  
p r o g ra m  d e s o p t io n  o f  a m m o n ia  ( T P D - N H 3). F ir s tly , 5 0  m g  o f  s a m p le  w a s  p r e tr e a te d  
a t 4 0 0  ° c  u n d e r  H e  f lo w  fo r  lh .  T h e  s a m p le  w a s  c o o le d  d o w n  to  10 0  ° c  a n d  th e n  
a m m o n ia  w a s  f lo w  o v e r  th e  s a m p le  u n ti l  its  r e a c h  th e  s a tu ra t io n . A f te r  th a t  th e  e x c e s s
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o f  a m m o n ia  w a s  r e m o v e d  b y  p u rg e d  H e  w ith  th e  f lo w  ra te  o f  3 0  m l/m in ,  th e  s a m p le  
w a s  h e a te d  w ith  th e  f lo w  ra te  o f  20 °c/m in to  800 ° c  u n d e r  th e  H e  a tm o s p h e r e . 
M a s s e s  17 w e r e  m o n i to re d  to  d e te rm in e  th e  e v o lu t io n  o f  a m m o n ia .

3.3.2.6 Temperature Programmed Oxidation (TPO)
T e m p e r a tu r e  p r o g ra m m e d  o x id a t io n  w a s  e m p lo y e d  to  a n a ly z e

th e  a m o u n t  a n d  c h a r a c te r is t ic s  o f  c o k e  d e p o s i te d  o n  th e  c a ta ly s ts  d u r in g  re a c t io n . 5 0  
m g  o f  c a ta ly s t  w a s  p la c e d  in  a q u a r tz  r e a c to r  a n d  h e a te d  w ith  th e  r a te  o f  10 °c/m in 
u n d e r  N t f lo w  w ith  th e  r a te  o f  2 0  m l/m in  u p  to  12 0  ๐c  fo r  3 0  m in u te  in  o r d e r  to  c le a n  
th e  c a ta ly s t  s u r fa c e . T h e n  th e  r e a c to r  w a s  c o o le d  d o w n  to  3 0  3C .A f te r  th a t  th e  
c a ta ly s t  p a r t ic le s  w e r e  h e a te d  a g a in  to  9 5 0  ° c  a t a  h e a t in g  r a te  o f  10 ๐c / m i n  u n d e r  
th e  f lo w  o f  4 .9 9  %  C ri/H e  w i th  th e  r a te  o f  2 0  m l/m in . T h e  C O 2 th a t  w a s  p ro d u c e d  b y  
th e  o x id a t io n  o f  th e  c o k e  s p e c ie s  w a s  a n a ly z e d  o n - l in e  b y  a  T P D R O /M S  1 1 0 0  T C D  
d e te c to r  a s  a  f u n c t io n  o f  te m p e ra tu re .

3.3.2.7  X-ray Fluorescence Method (XRF)
T h e  c o m p o s i t io n  o f  m a te r ia ls  w a s  d e te rm in e d  b y  th e  X - ra y  

f lu o re s c e n c e  m e th o d  ( X R F )  u s in g  th e  P A N a ly t ic a l  a n a ly s is  in s t r u m e n t  w ith  
A X I O S & S U P E R Q  v e r s io n  4 .0  s y s te m s . IQ +  p r o g ra m  w a s  u s e d  to  m e a s u r e  a n d  
a n a ly z e  th e  s a m p le s .

3.3.2.8 Solid state 27Al MAS Nuclear Magnetic Resonance 
Spectrometer (27Al MAS NMR)

S o lid  s ta te  27A1 M A S  N M R  s p e c t r o s c o p y  h a s  b e c o m e  
a n  e f f ic ie n t  m e th o d  to  d e te rm in e  th e  c o o rd in a t io n  s ta te  o f  th e  a lu m in u m  s p e c ie s  in  
z e o l i te s  b y  N M R  5 0 0  M H z  w i th  C P /M A S  s o l id  p ro b e  a n d  N a n o  p r o b e  V a r ia n  m o d e l  
IN O V A . T h e  n o n - e q u iv a le n t  p o s i t io n s  o f  id e n t ic a l  a lu m in u m  c o o r d in a t io n  s ta te s  m a y  
s t r o n g ly  o v e r la p , b u t  th e  r e s o n a n c e s  o f  te t r a h e d r a l  a n d  o c ta h e d ra l  e n v i r o n m e n ts  a re  
s u f f ic ie n t ly  r e s o lv e d  to  d e te rm in e  th e  A 1 (IV )/A 1(V 1) r a t io ,  r e s p e c t iv e ly .

3 .3 .3  C a ta ly t ic  A c t iv i ty  T e s t in u
T h e  c a ta ly t ic  a c t iv i ty  fo r  th e  c a ta ly s ts  o n  m é th y la t io n  o f  to lu e n e  w ith  

m e th a n o l  w a s  c a r r ie d  o u t  a t a tm o s p h e r ic  p r e s s u r e ,  t e m p e ra tu re  o f  400 °c, W H S V  o f  
2 4  h '1, to lu e n e  to  m e th a n o l  ra t io  o f  4 , u s in g  a  f ix e d -b e d  c o n t in u o u s  d o w n - f lo w  
re a c to r .  T h e  r e a c to r  h a s  a n  in s id e  d ia m e te r  o f  6 m m  a n d  a  le n g th  o f  3 7  c m . T h e  
c a ta ly s t  w a s  lo a d e d  in to  th e  m id d le  o f  r e a c to r  a n d  s u p p o r te d  w ith  th in  la y e rs  o f  g la s s
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w o o l . B e f o r e  th e  r e a c t io n ,  th e  c a ta ly s t  w a s  a c t iv a te d  a t 4 0 0  ๐c  fo r  0 .5  h  in  f lo w in g  
n i tro g e n . T h e  te m p e r a tu r e  o f  th e  r e a c to r  w a s  m o n i to re d  a n d  c o n t r o l le d  u s in g  a  P ID  
te m p e r a tu r e  c o n t r o l le r  ( S h in k o  F C R - 1 3 A )  e q u ip p e d  w ith  a  K - ty p e d  th e rm o c o u p le .  
T h e  r e a c ta n t  m ix tu r e  o f  to lu e n e  a n d  m e th a n o l  w h ic h  w a s  fe d  in to  th e  r e a c to r  u s in g  a 
s y r in g e  p u m p  w a s  p r e h e a te d  b e f o r e  e n te r in g  th e  r e a c to r  b y  a  h e a t in g  w ire .  N i t r o g e n  
w a s  u s e d  a s  a c a r r ie r  g a s  a n d  c o n tr o l le d  a t a f lo w  ra te  o f  4 0  m l /m in  u s in g  a  m a s s  
f lo w  c o n t r o l le r  (B R O O K S  5 8 5 0 E ) . T h e  g a s  a n d  l iq u id  p r o d u c ts  w e r e  a n a ly z e d  u s in g  
a  g a s  c h r o m a to g r a p h  (H P  6 8 9 0 )  e q u ip p e d  w ith  a n  F ID  a n d  in s ta l l e d  w i th  H P -  
P L O T /A I 2O 3S a n d  H P - IN N O W A X  c o lu m n s  e v e ry  6 0  m in  o n  s t r e a m  fo r  6 h.

I e n ip e ra n ire  
C o n tro lle r

- /

i
o c  6ร?0

N ’

F ig u r e  3 .1  S c h e m a tic  o f  th e  c a ta ly t ic  a c t iv i ty  te s t in g  s y s te m .

3 .3 .4  P ro d u c t  A n a ly s is
F o r  th e  g a s  a n d  l iq u id  p r o d u c ts  w e r e  a n a ly z e d  u s in g  a g a s  

c h r o m a to g r a p h  (H P  6 8 9 0 )  e q u ip p e d  w i th  a n  F ID  a n d  in s ta l l e d  w i th  H P -  
P F O T /A I 2O 3S a n d  H P - I N N O W A X  c o lu m n s

T h e  G C  o p e ra t in g  c o n d i t io n  w a s  in le t  te m p e r a tu r e  a t 2 5 0  ° c ,  d e te c to r  
te m p e ra tu re :  a t 2 5 0  ° c .  T h e  o v e n  in it ia l  te m p e r a tu r e  w a s  a t 3 5  ° c ,  a n d  p ro g ra m  
te m p e r a tu r e  a s  f o l lo w s
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T a b l e  3 .1  O v e n  c o n d i t io n

Oven Ramp Ramp rate Temperature Hold Time
(°c/min) (°C) (min)

Initial - 35 2.00
Ramp 1 5 75 10.00
Ramp 2 3 100 0.00
Ramp 3 10 145 17.67

T o lu e n e  a n d  m e th a n o l  c o n v e r s io n , a n d  p - x y le n e  s e le c t iv i ty  a re  
d e f in e d  a s  fo l lo w s :

(moles of toluene fed - moles of toluene out)T o lu e n e  c o n v e r s io n  (% )  = ---------------------------- —;---------;-------------------- X  100moles of toluene ted
(moles of methanol fed - moles of methanol out)M e th a n o l  c o n v e r s io n  (% )  = ---------------------------------------------------------------------X  100moles of ethanol fed

p - X y le n e  s e le c t iv i ty  in  p r o d u c ts  (w t % ) = weight ofp-xylene formed 
weight of all products formed X  100

weight ofp-xylene formed 
weight of all xylene isomer formed X  100/ 7- X y le n e  s e le c t iv i ty  in  x y le n e  (w t % ) =
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