
CHAPTER III
E X P E R I M E N T A L

3 .1  M a t e r i a l s  a n d  E q u i p m e n t

3.1.1 Materials
3 .1 .1 .1  G a ses

1. Argon (Ar, 99.99% purity)
2. Hydrogen (H2 , 99.99% purity)
3. Nitrogen (N2 , 99.99% purity)
4. Carbon monoxide (CO, 1% purity in Helium)
5. Carbon dioxide (CO2 , 99.99% purity)
6. Methane (CH4 , 99.99% purity)
7. Ammonia (NH4  99.99% purity)

3 .1 .1 .2  C h em ica ls
1.

Aldrich
2.

Sigma-Aldrich
3.

Sigma-Aldrich
4.
5.

Aldrich
6.

Aldrich
7.
8.
9.

6. Manganese (II) nitrate tretahydrate (>99% purity), Sigma-

Sigma-Aldrich
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3.1.2 Equipment
1. Quantachrome Surface Area Analyzer, Model: Autosorb-1 MP
2. Rigaku X-ray Diffractometer (XRD), Model: D8-Discover
3. Shimadzu Gas Chromatograph (GC), Model: GC-8A
4. PANalytical X-Ray Fluorescence (XRF), Model: AXIOS/PW

4400
5. Brooks Mass Flow Controller, Model: 5850E
6. Brooks Mass Flow Microprocessor Control & Readout, Model:

0154

3 .2  E x p e r i m e n t a l  P r o c e d u r e s

3.2.1 Support Preparation
3 .2 .1 .1  Ceo. 75Zo.25-xMnx0 2

Ceo,75Zo.25-xMnx02 mixed oxide supports were prepared via 
urea hydrolysis. Ce(N0 3 )3 '6 H2 0 , ZrOChSFbO and Mn(N0 3 )-4 El2 0  were used as 
sources of Ce, Zr and Mn, respectively. The starting metal salts were dissolved in 
distilled water to the desire concentration (0.1M). The ratio between the metal salts 
was altered depending on the desired solid solution concentration: Ceo.75Zo.25-xMnx02 
in which X = 0, 0.10 and 0.20 then, the mixed metal salt solution was added with a
0.4 M of urea solution with the salt to urea solution ratio of 2:1 (v/v), and the mixture 
was kept at 100 °c for 50 h. The sample was then allowed to cool to room 
temperature prior to being centrifuged to separate a gel product from the solution. 
The gel product was washed with ethanol and dried overnight in an oven at 110 °c. 
the as-prepared samples were calcined at 500 °c for 4 h (Bampenrat e t a l., 2010). 
The samples were labeled as CZO-S, CZN-1 and CZN-2.

3 .2 .1 .2  Ceo. 75Zo.25-xMg2x02
Ceo.75Zo.25-xMg2x02 mixed oxide supports were prepared via 

co-precipitation. Ce(N0 3 )3 ' 6 H2 0 , Zr0 (N0 3 ) 2  xH20 and Mg(NC>3 )2 -61420 were used 
as sources of Ce, Zr and Mg, respectively. The starting metal salts were dissolved in 
distilled water to the desire concentration: 10 g/1 of cerium nitrate solution, 10 g/1 of
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Zirconyl nitrate solution and 4.16 g/1 of Magnesium nitrate solution. The ratio 
between the metal salts was altered depending on the desired solid solution 
concentration: Ceo.75Zo.25-xMg2x02 in which X = 0, 0.10 and 0.20 then, the mixed 
metal salt solution was poured dropwise into an aqueous solution of hydrazine 
(5.0 M). The excess of base solution is about 150 % (v/v). the pH varied from about 
12 to 9.8 then, the mixed solution was formed gel. The gel was d ig e s te d , i.e. heated 
with reflux under agitation during 120 h while the pH was kept higher than 9.0 by 
addition of the hydrazine solution. Finally, the gel was filtered, washed with ethanol 
to remove nitrate ions, then the as-prepared samples were dried at 110 °c for 12 h 
and calcined at 750 °c for 4 h (Ciuparu et a l ,  2007). The samples were labeled as 
c z o -c , CZM-1 and CZM-2.

3.2.2 Supported-Nickel Catalyst Preparation
The nickel catalyst were prepared by the incipient impregnation 

method. Ceo 7sZo.25-xMnx02 and Ceo.75Zo.25-xMg2x02 support prepared as Section
3.2.1. were impregnated with an aqueous solution of Ni(N0 3 )2 '6 H2 0 . Each of the 
supports were loaded at 15 wt%. The support was heated at 50-60 ๐c  on the hotplate 
while impregnating in order to prevent the support from forming slurry. 
The supported catalysts were dried at 110 °c for 4-12 h and then calcined at 500 °c 
for 4 h with heating rate 10 °c/min. The powder catalysts were ground and sieved to 
a particle size range of 177-400 pm (40-80 mesh).

3.2.3 Catalyst Characterization
3 .2 .3 .1  B E T  S u r fa c e  A r e a  a n d  P o re  V olum e

Surface area and pore volume were determined by N2 

adsorption at -196 °c using a Quanta chrome Autosorb-1 MP. Both surface are and 
pore volume were obtained from multi point Brunauer-Emmett-Teller (BET) 
method. Prior to the analysis, the samples will be out gassed to eliminate volatile 
adsorbents on the surface at 250 °c for 4 h. The quantity of gas adsorbed onto or 
desorbed from a solid surface will be measured at 7 equilibrium vapor pressure 
(P/Po) values of 0.1115, 0.1615, 0.2115, 0.2615, and 0.3115 by the static volumetric 
method.
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3 .2 .3 .2  H 2 -T e m p e ra tu re  P ro g ra m m e d  R e d u c tio n  (H 2 -T P R )
H y d r o g e n  te m p e r a tu r e -p r o g r a m m e d  r e d u c t io n  ( H 2 - T P R )

e x p e r im e n t s  w e r e  c a r r ie d  o u t  w i t h  a  M ic r o m e r i t i c s  T P D /T P R  2 9 0 0  a p p a r a tu s  

e q u ip p e d  w i t h  a  T C D  d e te c to r .  P r io r  to  th e  r e d u c t io n  e x p e r im e n t s ,  th e  s a m p le ,  a b o u t  

3 0  m g , w a s  t h e r m a lly  tr e a te d  u n d e r  a  h e l iu m  s tr e a m  a t 1 0 0  ° c  t o  r e m o v e  m o is t u r e .  
T P R  p r o f i l e s  w e r e  a t ta in e d  b y  h e a t in g  th e  s a m p le s  u n d e r  a  1 0  %  H 2/A r  f l o w  

( 5 0  m l /  m in )  f r o m  3 0  to  9 0 0  ° c  a t a  l in e a r ly  p r o g r a m m e d  r a te  o f  1 0  ° c / m i n .
3 .2 .3 .3  แ 2  C h em iso rp tio n

T h e  a m o u n t  o f  H 2 u p ta k e  d u e  to  th e  e x p o s e d  m e ta l  w i l l  b e  

d e te r m in e d  b y  H 2 p u ls e  c h e m is o r p t io n .  T h is  t e c h n iq u e  w i l l  b e  c a r r ie d  o n  

th e  te m p e r a tu r e  p r o g r a m m e d  a n a ly z e r  u s in g  a  p u ls e  t e c h n iq u e .  P r io r  to  p u ls e  

c h e m is o r p t io n ,  5 0  m g  o f  s a m p le  w i l l  b e  r e d u c e d  in  H 2 a tm o s p h e r e  a t 5 0 0  ° c  fo r  1 h . 
T h e n  th e  s a m p le  w i l l  b e  p u r g e d  w it h  N 2 a t 5 0 0  ° c  fo r  3 0  m in  a n d  c o o le d  d o w n  to  

5 0  ๐c  in  f l o w in g  N 2 . A  H 2 p u ls e  ( 9 9 .9 9  %  H 2 w i th  a  s a m p le  lo o p  v o lu m e  o f  1 0  p i )  w i l l  

b e  in je c te d  in to  th e  s a m p le  a t 3 0  ° c .  T h e  m e ta l  d i s p e r s io n  w i l l  b e  c a lc u la te d  b y  

a s s u m in g  th e  a d s o r p t io n  s t o ic h io m e t r y  o f  o n e  h y d r o g e n  a to m  p e r  n ic k e l  s u r f a c e  a to m .
3 .2 .3 .4  X -r a y  D iffra c tio n

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 ip 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 io m e t e r  u s in g  C u K a  r a d ia t io n  ( 1 .5 4 0 6  Â )  a n d  a  p o w e r  o f  

4 0  k V x 3 0  m A  w i l l  b e  u s e d  fo r  e x a m in a t io n  o f  th e  c r y s t a l l in e  s tr u c tu r e . T h e  s a m p le  

w i l l  b e  g r o u n d  to  a  f in e  h o m o g e n e o u s  p o w d e r  a n d  w i l l  b e  h e ld  o n  t h in - w a l l e d  g la s s  

p la t e  a g a in s t  th e  X - r a y  b e a m . T h e  in t e n s i t y  d a ta  w i l l  b e  c o l l e c t e d  a t 2 5  ° c  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 8 ) / m in  a n d  a  s c a n  s t e p  o f  0 .0 2 °  ( 2 0 ) .
C r y s t a l l i t e  s i z e  ( t h ic k n e s s ,  L )  c a n  b e  e s t im a t e d  u s in g  th e  

S c h e r r e r  E q u a t io n  w h e r e  p e a k  w id t h  ( B )  i s  i n v e r s e ly  p r o p o r t io n a l  to  c r y s t a l l i t e  s i z e  

(L )  a n d  K  is  1.

K1
B ( 2 0 ) c o s 0 ( 3 .1 )
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F u ll  w id t h  a t h a l f  m a x im u m  ( F W H M )  m e t h o d  w a s  u s e d  to  

d e f in e  th e  p e a k  w id t h  c a lc u la t e d  f r o m  O r ig in  P ro  s o f t w a r e .
3 .2 .3 .5  T ra n sm iss io n  E lec tro n  M ic ro sc o p y  (T E M )

T h e  s iz e  o f  s u p p o r te d  m e ta l  c r y s t a l l i t e s  w i l l  b e  o b s e r v e d  b y  

tr a n s m is s io n  e le c tr o n  m ic r o s c o p y  (T E M )  w it h  a  J E O L  ( J E M - 2 0 1 0 )  tr a n s m is s io n  

e le c tr o n  m ic r o s c o p e  o p e r a te d  a t 2 0 0  k V . T h e  s a m p le s  w i l l  b e  d i s p e r s e d  in  a b s o lu te  

e th a n o l  u l t r a s o n ic a l ly ,  a n d  th e  s o lu t io n s  w i l l  b e  th e n  d r o p p e d  o n  c o p p e r  g r id s  c o a te d  

w it h  a  l a c e y  c a r b o n  f i lm .
3 .2 .3 .6  S ca n n in g  E lec tro n  M icro sco p y  (SE M )

S u p p o r te d  m e ta l  c r y s t a l l i t e s ,  m o r p h o lo g ie s  o f  s a m p le  a n d  

c a r b o n  d e p o s i t io n  o n  th e  c a ta ly s t s  w e r e  in v e s t ig a t e d  u s in g  a  H ita c h i  ( ร - 4 8 0 0 )  s c a n n in g  

e le c tr o n  m ic r o s c o p e  o p e r a te d  at 5 k V  a n d  10  m A .
3 .2 .3 .7  X -R a y  F lu o rescen ce  (X R F )

T h e  c o m p o s i t io n  o f  c a t a ly s t  s u c h  a s  C e /Z r  r a t io  a n d  w t%  o f  

m e ta l  w a s  d e te r m in e d  b y  th e  P A N  a n a ly t ic a l  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 in g  

th e  X R F - s e m i  q u a n t i ta t iv e  m e t h o d  w ith  A X I O S & S U P E R Q  v e r s io n  4 .0  s y s t e m s .  I Q +  

p r o g r a m .

3 .2 .3 .8  T em p era tu re  P ro g ra m m e d  O x id a tio n  (T P O )
T e m p e r a tu r e  p r o g r a m m e d  o x id a t io n  ( T P O )  w i l l  b e  c a r r ie d  o u t

in  a  T P O  m ic r o - r e a c t o r  c o u p le d  to  a n  F I D  a n a ly z e r .  T P O  w i l l  b e  u s e d  to  q u a n t i fy  th e  

a m o u n t  o f  c a r b o n a c e o u s  d e p o s i t io n  o n  th e  u s e d  c a t a ly s t s .  A f t e r  k e e p in g  th e  c a t a ly s t  

o n  s tr e a m  fo r  p a r t ia l o x id a t io n ,  th e  s p e n t  c a t a ly s t  w i l l  b e  c o o le d  d o w n  to  r o o m  t e m 
p e r a tu r e  in  H e  s tr e a m . T h e n ,  a b o u t  2 0  m g  s a m p le s  w i l l  b e  h e a t e d  in  a  2  %  O 2 in  H e  

( 4 0  m l /m in )  m ix t u r e  a t a  h e a t in g  r a te  o f  1 0  °c/min u p  to  8 0 0  ๐c . T h e  o u tp u t  g a s  w i l l  

b e  p a s s e d  to  a  m e t h a n a t io n  r e a c to r  c o n t a in in g  15  w t%  N i /A h C b  c a t a ly s t s .  In  th is  

m e t h a n a t io n  r e a c to r , C O 2 fo r m e d  fr o m  th e  c a r b o n  w i l l  b e  c o m p l e t e ly  c o n v e r t e d  w i t h  

e x c e s s  H 2 in to  m e t h a n e ,  to  p e r m it  p r e c i s e  q u a n t i f i c a t io n  in  F I D  d e te c to r .  A f t e r  th e  

T P O  s y s t e m  r e a c h e d  8 0 0  °c, w h e r e  a ll  c a r b o n  w i l l  h a v e  b e e n  b u r n e d  o f f ,  th e  F ID  

s ig n a l  fo r  m e t h a n e  w i l l  b e  c a l ib r a te d  b y  i n j e c t in g  1 0 0  p i  o f  C O 2 p u ls e  in to  th e  

m e t h a n a t io n  r e a c to r , a n d  s e n d in g  th e  m e t h a n e  p r o d u c e d  in to  th e  F I D . B y  in te g r a t in g  

th e  m e t h a n e  s ig n a l  d u r in g  th e  e n t ir e  T P O  ru n , it i s  p o s s i b l e  to  c a l c u la t e  th e  a m o u n t  o f  
c o k e  r e m o v e d  fr o m  th e  c a ta ly s t .
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3 .2 .3 .9  T em p era tu re  P ro g ra m m e d  D e so rp tio n  (T P D )
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 io n  ( T P D )  o f  N H 3 w a s  

c a r r ie d  o u t  to  e s t im a t e  th e  a m o u n t  o f  a c id  in  th e  c a t a ly s t s .  A m m o n i a - T P D  w a s  

c a r r ie d  o u t  in  th e  f o l l o w i n g  m a n n e r ;  3 0  m g  o f  a  p o w d e r  s a m p le  w a s  h e a t e d  a t a  ra te  

o f  10  ° c / m i n  u p  to  5 0 0  ° c  a n d  k e p t  fo r  1 h  in  th e  H e  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 le c u l e s  o n  th e  c a t a ly s t  s u r f a c e .  T h e  s a m p le  w a s  c o o l e d  d o w n  t o  r o o m  te m p e r a tu r e  

in  th e  H e  a t m o s p h e r e ,  th e n  f o l l o w e d  b y  a d s o r p t io n  o f  N H 3 in  p u r e  N H 3 f l o w  fo r  1 h . 
C o n s e c u t i v e ly ,  a m m o n ia  T P D  w a s  in i t ia t e d  a t a  h e a t in g  ra te  o f  1 0  ๐c / m i n  to  8 0 0  ° c .  

T h e  ra te  o f  N H 3 d e s o r p t io n  w a s  d e t e r m in e d  b y  u s i n g  a  T C D  a n d  r e c o r d e d  o n  

a n  o n l in e  p e r s o n a l  c o m p u te r .  T h e  a m o u n t  o f  d e s o r b e d  N H 3 w a s  e s t im a t e d .
3 .2 .4  C a t a ly t ic  A c t i v i t y  T e s t in g

T h e  c a t a ly t ic  a c t iv i t y  t e s t in g  w i l l  b e  p e r f o r m e d  u s in g  p a c k e d - b e d  

r e a c to r  ( i .d .  6  m m ) .  A p p r o x im a t e ly  1 0 0  m g  o f  th e  c a t a ly s t  w i l l  b e  p a c k e d  b e t w e e n  

th e  la y e r  o f  q u a r tz  w o o l  a n d  p la c e d  in  a n  e le c t r ic  f u r n a c e .  S i n c e  th e  D M R  is  h ig h ly  

e n d o t h e r m ic ,  th e  c a t a ly s t  w a s  m ix e d  w i t h  s o m e  in e r t  a - p h a s e  a lu m in u m  o x id e  

( to  p r e v e n t  r a p id ly  o c c u r r in g  c o k e  fo r m a t io n  in  th e  c a t a ly s t  b e d )  w i t h  a n  in e r t  to  

c a t a ly s t  w e i g h t  r a t io  o f  1 :1 . T e m p e r a tu r e  o f  th e  c a t a ly s t  b e d  w a s  c o n t r o l l e d  u s in g  t w o  

K - t y p e  t h e r m o c o u p le s  a n d  a  S h in k o  m o d e l e d  F C R - 1 3 A - S / M  te m p e r a tu r e  c o n t r o l le r .
T h e  m o la r  r a t io  o f  C H V C C V H e  is  1 :1 :8  w i l l  b e  u s e d  a s  th e  r e a c ta n t  

w it h  to ta l  f l o w  r a te s  o f  1 0 0  m l /m in  a n d  a  g a s  h o u r ly  s p a c e  v e l o c i t y  ( G H S V )  o f  

1 0 ,6 0 0  h ' 1 c o n t r o l le d  b y  B r o o k s  5 8 5 0  E  m a s s  f l o w  c o n t r o l le r s .
T h e  t e s t  w i l l  b e  p e r f o r m e d  a t s e q u e n t ia l ly  v a r io u s  fu r n a c e  te m p e r a tu r e  

r a n g e  o f  5 0 0 - 9 0 0  ๐c .  w i t h  in te r v a l  o f  5 0  ° c .  A  s c h e m a t ic  d ia g r a m  o f  th e  

e x p e r im e n t a l  s e t  u p  i s  s h o w n  in  F ig u r e  3 .1 .
T h e  g a s e o u s  p r o d u c t s  w i l l  b e  c h r o m a t o g r a p h ic a l ly  a n a ly z e d  u s i n g  a  

S h im a d z u  G C  8 A  f i t t e d  w i t h  a  T C D . A  C T R  I ( A l l t e c h )  p a c k e d  c o l u m n  w i l l  b e  u s e d  

to  s e p a r a te  a l l  p r o d u c t s  a t 5 0  ๐c  e x c e p t  fo r  H 2O  w h i c h  w i l l  b e  tr a p p e d  o u t  p r io r  to  

e n t e r in g  th e  c o lu m n .  T h e  C H 4 c o n v e r s io n  ( X c i i 4) ,  C O 2 c o n v e r s i o n  (X C 0 2 ) ,  C O  y ie ld  

(% ) a n d  H 2 y i e ld  (% ) th a t  r e p o r te d  in  th is  w o r k  w i l l  b e  c a l c u la t e d  u s in g  th e  f o l l o w i n g  
e x p r e s s io n s :
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F ig u r e  3 .1  S c h e m a t ic  o f  th e  e x p e r im e n t a l  s e tu p  fo r  m e t h a n e  d r y  r e f o r m in g .

Œ in โ-โ0ut4 — 4 i n AVOj\ cu = ------ ------- T--------- x i o o^n4 C H n ( 3 .2 )

C O in ~ m ° ut% xc05 = — ■? 2 xioo
C O ( 3 .3 )

2

% sc0 = co °
c o out + c o out xioo ( 3 .4 )

%x„ = 777^H2 T T out
H ou,

+  H 2 0 0Ut
xioo ( 3 .5 )



25

W h e r e c h ; = m ole o f  CH4 in
CH°ut = m ole o f  CH4 out
c o j , n = m ole o f  CO2 in
c o ° 2ut = mole o f  CO2 out
C QOU. = mole o f  CO formed

CO°ut = mole o f  CO2 formed
H ou, = m ole o f  H2 formed
H 20 ou‘ = m ole o f  H2O formed

3 .2 .5  S t a b i l i t y  T e s t

T h e  c a t a ly t ic  s t a b i l i t y  t e s t s  w e r e  p e r f o r m e d  o n  N i - d o p e d  c a t a ly s t s  

u n d e r  th e  f o l lo w in g  c o n d it io n s:  tem p era tu r e  o f  7 5 0  ๐c  u n d e r  th e  s a m e  r e a c t io n  c o n d it io n s  

a s  fo r  th e  c a ta ly t ic  a c t iv ity  te s t in g .
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