
C H A P T E R  III  
E X P E R IM E N T A L

3.1 M a te r ia ls

3 .1 .1  G a s e s

T h e  g a s e s  u s e d  in  t h i s  r e s e a r c h - a r e :

1. H y d r o g e n  ( H 2, 9 9 .9 9  % p u r i t y ) ,  P R A X A I R

2 . N i t r o g e n  ( H 2, 9 9 .9 9  % p u r i t y ) ,  P R A X A I R

3 . 1 .2  C h e m i c a l s

T h e  c h e m i c a l  r e a g e n t s  u s e d  i n  t h i s  r e s e a r c h  a r e :

1. N i c k e l  ( I I )  n i t r a t e  h e x a h y d r a t e  ( > 9 7  % p u r i t y ) ,  S i g m a - A l d r i c h

2 . C e r i u m  ( I I I )  n i t r a t e  h e x a h y d r a t e  ( > 9 9  % p u r i t y ) ,  S i g m a - A l d r i c h

3 . Z i r c o n i u m  n i t r a t e  h y d r a t e  ( > 9 9 .5  % p u r i t y ) ,  S i g m a - A l d r i c h

4 . M a g n e s i u m  n i t r a t e  h e x a h y d r a t e  ( > 9 9  % p u r i t y ) ,  F l u k a

5 . H y d r a z i n e  h y d r a t e  ( 3 7 . 5 %  p u r i t y ) ,  R i g h t  S o l u t i o n

6 . A d i p o n i t r i l e  ( 9 9  % p u r i t y ) ,  S i g m a - A l d r i c h

7 . M e t h a n o l  ( > 9 9 .9  % p u r i t y ) ,  R C I  L a b s c a n

8 . A m i n o h e x a n e n i t r i l e  ( > 9 8  % p u r i t y ) ,  A l f a  A e s a r

9 . H e x a m e t h y l e n e d i a m i n e  ( > 9 8  % p u r i t y ) ,  S i g m a - A l d r i c h

1 0 . H e x a m e t h y l e n e i m i n e  ( > 9 9  % p u r i t y ) ,  S i g m a - A l d r i c h

3 .2  E q u ip m e n t

3 .2 .1  C a t a l y s t  C h a r a c t e r i z a t i o n

3.2.1.1 B E T  Surface A rea  M easurem ents
B E T  s u r f a c e  a r e a  w a s  d e t e r m i n e d  b y  N 2 a d s o r p t i o n  a t  - 1 9 6  ๐c  

( a  f i v e  p o i n t  B r u n a u e r - E m m e t t - T e l l e r  ( B E T )  m e t h o d  u s i n g  a  Q u a n t a c h r o m e  

A u to s o r b - 1  M P ) .  P r i o r  t o  t h e  a n a l y s i s ,  t h e  s a m p l e s  w e r e  o u t  g a s s e d  to  e l i m i n a t e  

v o l a t i l e  a d s o r b e n t s  o n  t h e  s u r f a c e  a t  2 5 0  ๐c  f o r  4  h o u r s .  T h e  q u a n t i t y  o f  g a s  a d s o r b e d  

o n t o  o r  d e s o r b e d  f r o m  a  s o l i d  s u r f a c e  w a s  m e a s u r e d  a t  5 e q u i l i b r i u m  v a p o r  p r e s s u r e
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( P / P 0) v a l u e s  o f  0 .1 1 1 5 ,  0 .1 6 1 5 ,  0 .2 1 1 5 ,  0 .2 6 1 5 ,  a n d  0 .3 1 1 5  b y  t h e  s t a t i c  v o l u m e t r i c  

m e t h o d .  T h e  a d s o r p t i o n  d a t a  w a s  c a l c u l a t e d  u s i n g  B r u n a u e r - E m m e t t - T e l l e r  ( B E T )

( 3 .1 )

W h e r e

พ  =  w e i g h t  o f  g a s  a d s o r b e d  a t  r e l a t i v e  p r e s s u r e  P o  (g )

พ  1ท =  w e i g h t  o f  a d s o r b a t e  c o n s t i t u t i n g  a  m o n o l a y e r  o f  s u r f a c e  c o v e r a g e  ( g )  

c  =  c o n s t a n t  t h a t  i s  r e l a t e d  to  t h e  e n e r g y  o f  a d s o r p t i o n  in  t h e  f i r s t

a d s o r b e d  l a y e r  a n d  m a g n i t u d e  o f  a d s o r b a t e / a d s o r b e n t  i n t e r a c t i o n

a n d  t h e n  t h e  s u r f a c e  o f  t h e  s a m p l e  w a s  c a l c u l a t e d  b y

S u r f a c e  a r e a  o f  s a m p l e  =
พ . ,  A„,„„e. J (6 .02x l O ” )

M W  : _1 vv nitrogen

( 3 .2 )

W h e r e

Anitrogen =  C r o s s e d - s e c t i o n  a r e a  o f  o n e  m o l e c u l e  n i t r o g e n  

=  0 .1 6 2  n m 2 a t  - 1 9 6  °c
Mwnitrogen =  m o l e c u l a r  w e i g h t  o f  n i t r o g e n  ( g / m o l )

3.2 .1 .2  H 2 -Tem perature P rogram m ed  R eduction
H y d r o g e n  t e m p e r a t u r e  p r o g r a m m e d  r e d u c t i o n  ( H 2- T P R )  

e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  a  T P R  a n a l y z e r  ( T h e r m o F i n n i g a n  m o d e l e d  

T P D R O  1 1 0 0 ) .  T h e  s a m p l e  w a s  p r e t r e a t e d  in  N 2 a t m o s p h e r e  a t  1 2 0  °c f o r  3 0  m i n  

p r i o r  t o  r u n n i n g  t h e  T P R  e x p e r i m e n t ,  a n d  t h e n  c o o l e d  d o w n  to  r o o m  t e m p e r a t u r e  in  

N 2 . A  5 %  H 2/  A r  g a s  w i l l  b e  u s e d  a s  a  r e d u c i n g  g a s .  T h e  s a m p l e  t e m p e r a t u r e  w a s  

r a i s e d  a t  a  c o n s t a n t  r a t e  o f  1 0  ๐c / m i n  f r o m  r o o m  t e m p e r a t u r e  to  9 0 0  °c. T h e  a m o u n t  

o f  H 2 c o n s u m p t i o n  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  w a s  d e t e r m i n e d  f r o m  a  T C D  s ig n a l .
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3.2 .1 .3  X -ray D iffraction
A  R i g a g u  X - r a y  d i f f r a c t o m e t e r  ( X R D )  s y s t e m  e q u i p p e d  w i t h  

a  R I N T  2 0 0 0  w i d e - a n g l e  g o n i o m e t e r  u s i n g  C u K a r a d i a t i o n  ( 1 .5 4 0 6  À )  a n d  a  p o w e r  

o f  4 0  kv*30 m A  w a s  u s e d  f o r  e x a m i n a t i o n  o f  t h e  c r y s t a l l i n e  s t r u c t u r e .  T h e  s a m p l e  

w a s  g r o u n d  t o  a  f i n e  h o m o g e n e o u s  p o w d e r  a n d  w a s  h e l d  o n  t h i n - w a l l e d  g l a s s  p l a t e  

a g a i n s t  t h e  X - r a y  b e a m .  T h e  i n t e n s i t y  d a t a  w a s  c o l l e c t e d  a t  2 5  ๐c  o v e r  a  2 0  r a n g e  o f  

2 0 - 8 0 °  w i t h  a  s c a n  s p e e d  o f  5 °  ( 2 0 ) / m i n  a n d  a  s c a n  s t e p  o f  0 .0 2 °  ( 2 0 ) .

3.2 .1 .4  Scanning E lectron  M icroscopy
S u p p o r t e d  _ m e ta l  c r y s t a l l i t e s ,  m o r p h o l o g i e s  o f  s a m p l e  a n d  

c a r b o n  d e p o s i t i o n  o n  t h e  c a t a l y s t s  w e r e  i n v e s t i g a t e d  u s in g  a  H i t a c h i  ( ร - 4 8 0 0 )  s c a n n i n g  

e l e c t r o n  m i c r o s c o p e  o p e r a t e d  a t  5 k V  a n d  1 0  m A .

3.2 .1 .5  X -ray F luorescence Spectroscopy
T h e  c o m p o s i t i o n  o f  m a t e r i a l s  w a s  d e t e r m i n e d  b y  t h e  X - r a y  

f l u o r e s c e n c e  m e t h o d  ( X R F )  u s i n g  a  P A N a l y t i c a l  a n a l y s i s  i n s t r u m e n t  w i t h  

A X I O S & S U P E R Q  v e r s i o n  4 .0  s y s t e m s .  I Q +  p r o g r a m  w a s  u s e d  to  m e a s u r e  a n d  

a n a l y z e  t h e  s a m p l e s .  I n  th e  a n a l y s i s  p r o c e d u r e ,  t h e  s c a n s  w e r e  f i r s t  s e a r c h e d  f o r  

p e a k s .  T h e  f o u n d  p e a k s  w e r e  i d e n t i f i e d  a n d  a n a l y z e d  q u a n t i t a t i v e l y  u s i n g  

f u n d a m e n t a l  p a r a m e t e r .

3 .2 .1 .6  N i l  3 -Tem perature P rogram m ed  D esorption
N H 3- T e m p e r a t u r e - p r o g r a m m e d  d e s o r p t i o n  ( N H 3- T P D )  w a s

c a r r i e d  o u t  to  e s t i m a t e  t h e  a m o u n t  o f  a c i d  in  t h e  c a t a l y s t s .  N H 3- T P D  w a s  c a r r i e d  o u t  

i n  t h e  f o l l o w i n g ;  3 0  m g  o f  a  p o w d e r  s a m p l e  w a s  h e a t e d  a t  a  r a t e  o f  1 0 ° c / m i n  u p  to  

5 0 0 ° c  a n d  k e p t  f o r  1 h o u r  in  t h e  h e l i u m  a t m o s p h e r e  to  r e m o v e  a d s o r b e d  m o l e c u l e s  

o n  t h e  c a t a l y s t  s u r f a c e .  T h e  s a m p l e  w a s  c o o l e d  d o w n  to  r o o m  t e m p e r a t u r e  in  t h e  

h e l i u m  a t m o s p h e r e ,  t h e n  f o l l o w e d  b y  a d s o r p t i o n  o f  N H 3 i n  p u r e  N H 3 f l o w  f o r  1 h o u r .  

C o n s e c u t i v e l y ,  N H 3- T P D  w a s  i n i t i a t e d  a t  a  h e a t i n g  r a t e  o f  1 0 ° c / m i n  t o  7 0 0 ° c .  T h e  

r a t e  o f  N H 3 d e s o r p t i o n  w a s  d e t e r m i n e d  b y  u s i n g  a  T C D  s i g n a l .

3 .2 .1 .7  H 2 -C hem isorption
T h e  N i  d i s p e r s i o n  w a s  m e a s u r e d  b y  H 2- p u l s e  c h e m i s o r p t i o n  a t  

2 5  °c u s i n g  a n  N 2 f l o w  a n d  i n d i v i d u a l  p u l s e s  o f  1 0  p i  ( 9 9 .9 9 %  H 2) .  F o r  

m e a s u r e m e n t s ,  5 0  m g  o f  s a m p l e  w a s  p l a c e d  in  a  q u a r t  r e a c t o r .  P r i o r  t o  t h e  p u l s e  

c h e m i s o r p t i o n ,  t h e  s a m p l e  w a s  r e d u c e d  a t  6 0 0  °c u n d e r  H 2 f o r  1 h . T h e n  t h e  s a m p l e
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w a s  p u r g e d  w i t h  N 2 a t  3 0 0  ° c  f o r  1 h  a n d  c o o l e d  t o  2 5  ° c  in  f l o w i n g  N 2 . T h e  แ 2 

p u l s e s  w e r e  c o n t i n u e d  w i th  a n  i n j e c t i o n  i n t e r v a l  o f  3 0  s e c  u n t i l  t h e  a r e a s  o f  

s u c c e s s i v e  h y d r o g e n  p e a k s  w e r e  i d e n t i c a l .  T h e  n i c k e l  d i s p e r s i o n  w a s  c a l c u l a t e d  

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

a t o m .

3.3  M eth o d o lo g y

3 .3 .1  C a t a l y s t  P r e p a r a t i o n

3.3.1.1 Synthesis o f  Ceo. 75Zro.25Û2
Ceo.75Zo.25O2 s u p p o r t  w a s  p r e p a r e d  v i a  t h e  c o - p r e c i p i t a t i o n  

m e t h o d  u s i n g  c e r i u m  n i t r a t e  h e x a h y d r a t e  ( 9 9 % ) ,  z i r c o n i u m  n i t r a t e  h y d r a t e  ( 9 9 . 5 % )  

a n d  h y d r a z i n e  ( 3 7 .5 % ) .  W i t h  t h e  v o l u m e t r i c  r a t i o  o f  h y d r a z i n e  s o l u t i o n  t o  m i x e d  

m e ta l  s a l t  s o l u t i o n  e q u a l  t o  1 .5 , a  m i x e d  m e t a l  s a l t  s o l u t i o n  o f  c e r i u m  n i t r a t e  ( 1 0  g  

L ' 1) a n d  z i r c o n i u m  n i t r a t e  ( 1 0  g  L ' 1) w a s  i n t r o d u c e d  d r o p w i s e  in to  a n  a q u e o u s  

s o l u t i o n  o f  h y d r a z i n e  ( 5  m o l  L '1) .  T h e  r e s u l t a n t  m i x t u r e  t h e n  h e a t e d  u n d e r  r e f l u x  

w i t h  a g i t a t i o n  f o r  1 2 0  h  w h i l e  t h e  p H  o f  9  o r  h i g h e r  w a s  m a i n t a i n e d  b y  a d d i t i o n  o f  

h y d r a z i n e  a q u e o u s  s o l u t i o n .  A f t e r  b e i n g  c e n t r i f u g e d  a n d  f i l t e r e d  f r o m  t h e  m i x t u r e ,  

t h e  s o l i d  s u p p o r t  w a s  d r i e d  a t  1 0 0  ๐c  f o r  1 2  h  a n d  t h e n  c a l c i n e d  i n  f l o w i n g  o x y g e n  a t  

7 5 0  ๐c  f o r  4  h  ( C i u p a r u  e t  a h ,  2 0 0 7 ) .

3.3.1.2 Synthesis o f  Ceo jjZro.\5Mgo.2 O 2

Ceo.75Zo.15Mgo.2 0O2 support (3  %wt. Mg) was prepared via the 
co-precipitation method from cerium nitrate hexahydrate ( 9 9 % ) ,  zirconium nitrate 
hydrate ( 9 9 .5 % ) ,  magnesium nitrate hexahydrate ( 9 9 % )  and hydrazine ( 3 7 .5 % ) .  The 
synthesis was carried out in a similar manner as the synthesis o f Ceo.75Zo.25O2 support 
with the additional step o f incorporating magnesium aqueous solution (4.16 g L’1) 
into a mixed metal salt solution.

3.3.1.3 Im pregnation o f  N ickel
N i c k e l  w a s  l o a d e d  a t  15  % w t .  o n t o  s u p p o r t  b y  t h e  i n c i p i e n t  

w e t n e s s  m e t h o d  u s i n g  a n  a q u e o u s  s o l u t i o n  o f  n i c k e l  n i t r a t e  h e x a h y d r a t e .  T h e  

p r e p a r e d  c a t a l y s t  w a s  d r i e d  a t  1 1 0  ๐c  f o r  4  h  f o l l o w e d  b y  c a l c i n a t i o n  a t  5 0 0  ๐c  f o r  

4  h  p r i o r  t o  t h e  r e a c t i o n .
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3 .3 .2  C a t a l y t i c  A c t i v i t y  T e s t i n g

T h e  r e a c t i o n  w a s  c a r r i e d  o u t  in  8  m m  s t a i n l e s s  s t e e l  t u b e  r e a c t o r  a t  

a t m o s p h e r i c  p r e s s u r e .  I n  t u b e  r e a c t o r ,  c a t a l y s t  w a s  p a c k e d  b e t w e e n  q u a r t z  w o o l  

l a y e r s .  I n  o r d e r  t o  e n s u r e  e l i m i n a t i n g  o f  b a c k  f i l l i n g  a n d  c h a n n e l l i n g  i n  t h i s  r e a c t o r ,  a  

p l u g  f l o w  c o n d i t i o n  w a s  a c h i e v e  b y  p r o v i d i n g  a  c a t a l y s t  b e d  l e n g t h  ( L )  t o  p a r t i c l e  

d i a m e t e r  (d p )  r a t i o  a t  l e a s t  5 0  (L /d p  >  5 0 )  a n d  a  t u b e  d i a m e t e r  ( D )  t o  p a r t i c l e  d i a m e t e r  

(d p )  r a t i o  a t  l e a s t  1 0  ( D /d p  >  1 0 ) . T h e  r e a c t i o n  t e m p e r a t u r e  w a s  m o n i t o r e d  a n d  

c o n t r o l l e d  b y  u s i n g  t h e r m o c o u p l e s  a n d  e l e c t r i c a l  f u r n a c e .  H y d r o g e n  a n d  n i t r o g e n  

f l o w  r a t e  w e r e  m o n i t o r e d  a n d  c o n t r o l l e d  b y  u s i n g  B r o o k s  M i c r o p r o c e s s o r  C o n t r o l  &  

R e a d  O u t  U n i t  a n d  B r o o k s  M a s s  F l o w  C o n t r o l l e r s  5 8 5 0 E  s e r i e s .  A d i p o n i t r i l e  

s o l u t i o n  w a s  f e d  b y  E l d e x  H P L C  p u m p .  T h e  p r o d u c t s  w e r e  c o l l e c t e d  b y  

c o n d e n s a t i o n  a n d  a n a l y z e d  b y  g a s  c h r o m a t o g r a p h  ( G C ) :  B e f o r e  h y d r o g e n a t i o n ,  t h e  

c a t a l y s t  w a s  r e d u c e d  in  s i t u  w i t h  1 v o l u m e t r i c  r a t i o  o f  h y d r o g e n  t o  n i t r o g e n  ( t o t a l  

f l o w  r a t e  5 0  m l / m i n )  f o r  2  h  ( h e a t i n g  r a t e  1 0  ๐c / m i n ) .  A f t e r  r e d u c t i o n ,  t h e  r e a c t o r  

w a s  p u r g e d  w i t h  n i t r o g e n  f o r  1 0  m i n .

Mass Flow Controller

F i g u r e  3 .1  S c h e m a t i c  o f  t h e  e x p e r i m e n t a l  s e t u p  f o r  a d i p o n i t r i l e  h y d r o g e n a t i o n .
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The ADN conversion (%), selectivity o f HMDA, AHN and HMI (%) 
that reported in this work was calculated using the following expressions:

ADN conversion (%) = [ADN\ n ^ DN]oul X 100 (3.3)[ADN]in

SelectivityHMDA (%) = Vvxn °duc๗ xlQQ (3-4)
[ A D N ]use

SelectivityM1N (%) = ÂHNj r d- ๗  xioo (3.5)[ADN]use

S electiv ity^  (%) = —lpTdT-ed xioo (3.6)[ADN]use

Where
[A DN ]m molar o f ADN in
[ADN]0Ut molar o f ADN out
[ADN]use [ADN], 11 - [ADN]0Ut
[HMDA]produced = molar o f produced HMDA
[AHN] produced = molar o f produced AHN
[HMI]produced = molar o f produced HMI
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