
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Catalyst Characterization

4.1.1 BET Surface Area and Nickel Dispersion
The BET surface areas of the catalysts are listed in Table 4.1. The 

BET surface areas of the catalysts are in the range of 39 -  93 m2/g. The surface area 
of CZO is 93.68 m2/g. When Ni was impregnated, the surface area was decreased to 
73.74 m2/g. Ni impregnation on the supports causes a decrease in the surface area, 
this behavior could be attributed to the blockade of the pores in the support by the Ni 
(Perez et a l., 2011). For all catalysts, the surface areas were decreased with 
increasing Mn wt% content. It might be due to the pore blockage by Mn. 
Additionally, the multi-step incipient wetness impregnation catalysts show slightly 
decrease on surface area compare with co-impregnation catalysts. This might be 
suggested that the nickel dispersion for the multi-step incipient wetness impregnation 
catalysts were highly dispersed than that of the co-impregnation catalysts. It was 
confirmed with the degrees of nickel dispersion of catalysts as shown in Table 4.1.

The degree of Nickel dispersions of catalysts were in the range of ca. 
4 -  6%. The degree of dispersion of N i/czo  was about 6%. The Ni metal dispersions 
were slightly decreased with increasing amount of Mn on both preparation methods. 
No adsorption of แ 2 on M n/czo was detected. It should be noticed that manganese 
partially covered on nickel surface (Pengpanich et a l ,  2008).



19

Table 4.1 B E T  su rfa c e  a rea s  and  d e g re e s  o f  n ick e l d isp e rs io n  o f  th e  c a ta ly s ts

Catalyst Surface Area (m2/g) Ni metal dispersion (%)
c z o 93.68
N i/czo 73.74 6.15
1 5 N i5 M n /C Z O  (C ) 43.07 6.04
1 5 N ilO M n /C Z O  (C ) 41.04 4.09
1 5 N il5 M n /C Z O  (C ) 39.23 3.56
15 N i5 M n /C Z O  (ร ) 51.25 6.05
15N i 1 O M n/C Z O  (ร ) 45.22 5.43

1 5 N il5 M n /C Z O  (ร ) 41.01 4.92
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4 .1 .2  X -ra y  D iffrac tio n  (X R D )
T h e  X R D  p a tte rn s  o f  ca ta ly s ts  a fte r  c a lc in a tio n s  at 5 0 0 ° c  are  sh o w n  

in F ig u re  1. T h e  c a ta ly s ts  e x h ib ite d  th e  m a jo r  p eak s  in d ic a te d  tw o  p h a se s  such  a 
c u b ic  flu o rite  s tru c tu re  o f  C eO ? e x h ib ite d  a t ab o u t 2 8 ° ,  3 3 °, 4 8 °  and  57° an d  N iO  
p h a se  ex h ib ited  at ab o u t 37°, 4 3 ° , an d  6 2 °  (B e m p e n ra t et a l. , 2 0 1 0 ) .  T h e  re su lts  
sh o w ed  no  d is tin g u ish e d  p eak s  o f  b o th  M nC >2 w h ic h  w e re  rep o rted  in  th e  c a se  o f  Jo se  
et a l., 2 0 0 7 .  T h is  is d u e  to  an o v e rla p p in g  o f  X R D  p a tte rn s  o f  CeC >2 an d  N iO . T h e  
X R D  p a tte rn s  a lso  co n firm ed  th a t th e re  is no  N i-M n  so lid  so lu tio n  o ccu rred  as 
R y azh k in  et a l., 2 0 0 9 .

F i g u r e  4 .1  XRD patterns for the catalysts: (a) c z o  (b) 15Ni/CZO (c)
15Ni5Mn/CZO (C) (d) 15Nil5Mn/CZO (C) (e) 15Ni5Mn/CZO (ร) (f)
15Ni 1 5Mn/CZO (ร).
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4.1.3 S cann ing  E lectron  M icro sco p y  (SE M )
F igure  4.2 show s the S E M  im ages o f  fresh 15N FC Z O , 15N i5M n/C Z O  

(C ), and 15N i5M n/C Z O  (ร) catalysts. T h e  N i particle  size o f  the  sam ples is in the  range  o f  
20  - 40  ran.

(b) (c)

Figure 4.2 S E M  im ages o f  fresh  catalysts; (a) 15N i/C Z O  (b) 15N i5M n/C Z O  (C) 
(c) 15N i5M n/C Z O  (ร).
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4 .1 .4  T e m p e ra tu re -P ro e ra m m e d  R e d u c tio n  b y  H y d ro g e n  (H ?-T P R )
F F -T P R  p ro file s  o f  ca ta ly s ts  a re  sh o w n  in  F ig u re  4 .2 .  T h e  T P R  

p ro file  o f  th e  c z o  su p p o rt sh o w s  th e  re d u c tio n  p e a k  o f  C e 0 2 at ab o u t 5 5 0 ° c .  T h e  
N i / c z o  ca ta ly s t sh o w s  tw o  re d u c tio n  p e a k s  th a t c le a rly  o b se rv e d  at 2 6 0  and  3 8 0 ° c .  

T h e  firs t can  b e  a s so c ia te d  w ith  th e  re d u c tio n  o f  free  N iO  p a rtic le s  and  o th e r  p eak  
can  b e  a sc rib ed  to  th e  re d u c tio n  o f  c o m p lex  N i O  sp ec ie s  in  in tim a te  c o n ta c t w ith  th e  
o x id e  su p p o rt (P e n p a n ic h  et a l , 2 0 0 4 ). T h e  re d u c tio n  p e a k s  o f  M n / c z o  e x h ib it tw o  
te m p e ra tu re s  at 3 2 0 ° c  a ttr ib u te d  to  th e  re d u c tio n  o f  M n 0 2 to  M n 2 0 3 , an d  o th e r  p eak  
a p p e a rin g  at 4 0 0 ° c  w a s  asc rib ed  to  th e  re d u c tio n  o f  M n 0 2 /M ท2 O 3 to  M ii3 0 4 (พ น  et 
a l ,  2 0 0 4 ,  K ip et a l ,  1987 and Park  et a l, 2 0 1 0 ) .

T h e  T P R  p ro file s  o f  N i-M n /C Z O  c a ta ly s ts  p re p a re d  v ia  c o 
im p re g n a tio n  m e th o d  are  sh o w n  in F ig u re  4 .3  an d  p re p a re d  v ia  m u lti-s te p  
im p re g n a tio n  are  sh o w n  in F ig u re  4 .4 . T h e re  a re  o n e  m a in  p e a k  at h ig h  te m p e ra tu re  
and  so m e  sh o u ld e r  p eak s  at lo w e r  te m p e ra tu re . A t h ig h e r  p eak  ( 3 8 0  -  4 0 0 °C ) 
re p re se n ts  th e  re d u c tio n  o f  c o m p le x  N iO  in te ra c te d  w ith  c z o .  T h is  p e a k  sh if ts  to  
h ig h e r  te m p e ra tu re  w ith  an  in c re a se  in M n  lo a d in g  in d ic a tin g  th e  w e a k e r  in te ra c tio n  
o f  N iO  an d  su p p o rt. It m ig h t b e  lead  to  lo w e r in g  d isp e rs io n  o f  n ic k e l, as ev id en ced  
b y  th e  fo llo w in g  H 2 c h e m iso rp tio n s  re su lts  (D o n g  et a l ,  2 0 0 2 ). B esides d isperse 
M nO x species bu lk  a -M n 20 3 are also present in th e  m ixed  oxides. T hese  species reduce at 
about 3 0 0 ° c  to  M n 30 4. T his shou lder peak is m o re  clearly  observed  at h igh  am ount o f  M n 
loading. T he 15N i5M n/C Z O  (ร ) w as show  th e  b est reduction  o f  N i as w ell as M n- 
p rom oted  catalysts. In this result, there are no significantly  d istinguish  o f  T P R  profiles on 
bo th  preparation  m ethods. M oreover, the M nO x species did not interfere w ith  the  support 
in teractions betw een N iO  and the c e r ia -  zirconia based  on T P R  results.
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T em p eratu re  (°C )

Figure 4.3 H2-TPR profiles of catalysts with heating rate of 1 0 ° c  min"1, a reducing
gas containing 5% H2 in N2 with a flow rate of 20 ml min"1; (a) c z o  (b) 15Ni/CZO
(c) 15Mn/CZO.
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T em p eratu re (°C )

Figure 4.4 H2-TPR profiles of catalysts with heating rate of 1 0 ° c  m in'1, a reducing
gas containing 5% H2 in N2 with a flow rate of 20 ml min"1; (a) 15Ni/CZO (b)
15Mn/CZO (c) 15Ni5Mn/CZO (C) (d) 15NilOMn/CZO (C) (e) 15Nil5Mn/CZO (C).
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T em perature (°C)

Figure 4.5 H2 -TPR profiles o f catalysts with heating rate o f 10°c m in'1, a reducing
gas containing 5% H2 in N2 with a flow rate of 20 ml m in'1; (a) 15Ni/CZO (๖)
] 5Mn/CZO (c) 15Ni5Mn/CZO (ร) (d) 15NilOMn/CZO (ร) (e) 15Nil5Mn/CZO (ร).
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4.2 .1  E ffec t o f  T e m p e ra tu re
F ig u re  4 .6  p re se n ts  th e  m e th a n e  c o n v e rs io n  o n  M S R  as a  fu n c tio n  o f  

tim e  o v e r N i-M n /C Z O  c a ta ly s ts  at 7 0 0 ° c  an d  s / c  =  4 /1 . T h e  C H 4 c o n v e rs io n  o v e r  
N i / c z o  s ta rte d  at 7 5%  an d  d e c re a sed  to  6 5 %  a fte r  5 h. F o r N i-M n /C Z O  p re p a re d  v ia  
c o - im p re g n a tio n  m e th o d , th e  in itia l m e th a n e  c o n v e rs io n s  w e re  d ra m a tic a lly  
d e c re a sed  fro m  7 8 %  to  5 5 %  o v e r 5%  an d  15%  M n  lo ad in g . It m ig h t b e  d u e . to  th e  
d e c re a s in g  in  N i ac tiv e  s ite s  w h ich  p a r tia l ly  c o v e ra g e  b y  M n  as in d ic a te d  b y  m e ta l 
d isp e rs io n . T h e  N i-M n /C Z O  p rep a red  v ia  m u lti-s te p  im p re g n a tio n  c a ta ly s ts  sh o w e d  a 
su p e rio r  a c tiv ity  o v e r  th e  o th e r c a ta ly s t e sp e c ia lly  5 %  M n  lo a d in g  a s  a  re su lt o f  
h ig h e r  N i m e ta l d isp e rs io n . It sh o u ld  b e  n o te  th a t N i su rfa c e  a re a s  a re  in c re a se d . 
H o w e v e r  th e  10 and  15%  M n  lo a d in g  p re p a re d  v ia  th is  m e th o d  sh o w e d  s lig h tly  
d e c re a se  in  co n v e rs io n . T h is  is a c c o rd a n c e  w ith  th e  re d u c tio n  te m p e ra tu re  o f  N i, 
w h ich  in d ic a te s  th a t h a rd e r  th e  re d u c tio n  ca ta ly s ts . W h e n  th e  re a c tio n  te m p e ra tu re  
in c re a se d  to  8 0 0 ° c ,  th e  C H 4 co n v e rs io n  o v e r  N i/'C Z O  w as  in c re a se d  to  82%  as sh o w  
in  F ig u re  4 .9 . F o r all M n -p ro m o te d  c a ta ly s ts , th e  m e th a n e  c o n v e rs io n s  o n  M S R  at 
8 0 0 ° c  w e re  lo w e r th an  th a t fro m  7 8 %  to  5 5 %  o v e r  5 %  and  15%  M n  lo ad in g . T h e re  
is  a m a rg in a l d e c rea se  in  th e  a c tiv ity  o f  M n -p ro m o te d  c a ta ly s ts  in  sp ite  o f  th e  p a rtia l 
b lo c k a g e  o f  th e  n ick e l su rface . H o w ev e r, th e  5%  M n  lo a d in g  p re p a re d  v ia  m u lti-s te p  
im p re g n a tio n  m e th o d  p ro v id e  s lig h tly  h ig h e r  c o n v e rs io n  th an  th a t o f  th e  c o 
im p re g n a tio n  c a ta ly s ts  at h ig h e r  te m p e ra tu re .

F ig u re  4 .7  an d  4 .9  sh o w  th e  h y d ro g e n  y ie ld  on  M S R  o v e r  N i-M n /C Z O  
c a ta ly s ts  at 700  and  8 0 0 ° c ,  re sp e c tiv e ly . T h e  H 2 y ie ld  o f  N i / c z o  is  a p p ro x im a te ly  
8 0 %  in c re a se d  u p to  8 6  an d  8 7%  o v e r 1 5 N i5 M n /C Z O  (C ) an d  1 5 N i5 M n /C Z O  (ร ), 
re sp e c tiv e ly . T h a t m ig h t b e  d u e  to  th e  M n  p ro m o te d  th e  w a te r  gas sh if t re a c tio n  
o ccu rred  (B a m p e n ra t et a l ,  2 0 1 0 ) c o n firm e d  w ith  h ig h  H 2/C O  ra tio  an d  lo w e r C O  
se le c tiv ity  as F ig u re  4 .7 . A d d itio n a lly , h y d ro g e n  y ie ld  o f  th e  10 an d  15%  M n  lo a d in g  
v ia  m u lti-s te p  im p re g n a tio n  w e re  h ig h e r  th a n  c o -im p re g n a tio n . T h a t m ig h t b e  d u e  to

4.2 Catalytic Activity on Methane Steam Reforming
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h ig h e r  co n v e rs io n  o v e r  m u lti-s te p  im p re g n a tio n  ca ta ly s ts . A t 8 0 0 ° c ,  th e  N i / c z o  

c a ta ly s ts  g av e  h ig h e r  h y d ro g e n  y ie ld  ( - 8 8 % )  d u e  to  h ig h e r  c o n v e rs io n . T h e  h y d ro g e n  
y ie ld  o v e r  all M n -p ro m o te d  ca ta ly s ts  p ro v id e  s lig h tly  d e c re a sed  w ith  in c re a s in g  in  
M n  lo ad in g . It m ig h t b e  d u e  to  th e  lo w e r o f  m e th a n e  co n v e rs io n . H o w e v e r, th e  M n- 
p ro m o te d  ca ta ly s ts  w e re  still p ro v id ed  h ig h  h y d ro g e n  y ie ld  d u e  to  th e  w a te r  g a s  sh ift 
re a c tio n  still o ccu rred  (B a m p e n ra t et a l ,  2 0 1 0 ) at h ig h e r  te m p e ra tu re . T h a t m ig h t b e  
co n firm ed  w ith  e ith e r  lo w e r C O  se le c tiv ity  o r  h ig h  H 2/C O  ra tio . A d d itio n a lly , th e  
se le c tiv ity  o f  C O  o v e r  10 w t%  M n  lo a d in g  c a ta ly s ts  o n  b o th  m e th o d s  is m u c h  lo w e r 
th an  th a t o v e r 15 N i/C Z O , w h ile  th e  H 7/C O  ra tio  is m u c h  h ig h e r  th a t s im ila r  to  
a c tiv ity  at 7 0 0 ° c .

T h e  C O  se le c tiv ity  an d  H 2 to  C O  ra tio  on  M S R  o v e r  N i-M n /C Z O  
c a ta ly s ts  a re  sh o w n  in  F ig u re  4 .8  an d  F ig u re  4 .9 . T h e  se le c tiv ity  o f  C O  o v e r  10%  
M n -N i/C Z O  ca ta ly s t o n  m u lti-s te p  im p re g n a tio n  m e th o d  is m u c h  lo w e r th a n  th a t 
o v e r 15 N i/C Z O , w h ile  th e  H 2 /C O  ra tio  is  m u c h  h ig h e r. T h e  H 2 /C O  ra tio  o v e r  th e  
c a ta ly s t is  a p p ro x im a te ly  8 .8 , in d ic a tin g  th a t th e  w a te r -g a s  sh if t (W G S ) re a c tio n  
o ccu rs .

T h e  lo w e r o f  a c tiv ity  o n  M S R  o v e r  N i-M n /C Z O  c a ta ly s ts  m ig h t b e  
cau sed  b y  th e  fo rm a tio n  o f  M n O  on  an  a lu m in a  su p p o rt re p o rte d  b y  Ja c o n o  et a l ,  
1976. H o w ev e r, th is  p h a se  m ay  b e  th a t o f  m a n g a n e se  in te ra c tin g  w ith  C e Z r0 2  
su p p o rt and  th e  m a n g a n e se  o x id e  sp e c ie s  a c tu a lly  d e c o ra tin g  n ic k e l p a r tic le s  m a y  b e  
in  a d iffe re n t o x id a tio n  s ta te  (S eo k  et a l ,  2 0 0 1 ). A n o th e r  rea so n  m ig h t b e  d u e  to  th e  
s in te r in g  o f  th e  m e ta ls  on  su rfa c e  o f  c a ta ly s ts .
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Figure 4.6 C H 4 conversion  on M S R  o v e r N i-M n /C Z O  ca ta ly s ts  at 7 0 0 ° c  an d  s / c  ra tio  
=  4/1 (G S H V  = 4 2 0 0 0  h '1).
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Figure 4.7 แ 2 yield on MSR over Ni-Mn/CZO catalysts at 700°c and s /c  ratio = 4/1
(GSHV = 42000 h '1).
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F ig u r e  4 .8  C O  s e le c t iv it y  a n d  H 2/C O  o n  M S R  o v e r  N i - M n / C Z O  c a t a ly s t s  at 7 0 0 ° c ,  

s / c  r a t io  =  4 / 1 ,  a n d  T O S  =  3 h  ( G S H V  =  4 2 0 0 0  h ’1); (a )  C o - im p r e g n a t io n  m e t h o d  

( b )  M u l t i - s t e p  im p r e g n a t io n  m e t h o d .
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Figure 4.9 C H 4 c o n v e r s io n  o n  M S R  o v e r  N i - M n / C Z O  c a t a ly s t s  a t 7 0 0 ° c  a n d  s / c  r a t io  

=  4 /1  ( G S H V  =  4 2 0 0 0  h ' ) .
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Figure 4.10 แ 2 yield on MSR over Ni-Mn/CZO catalysts at 800°c and s /c  ratio = 4/1
(GSHV = 42000 h 1).
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Figure 4.11 C O  s e le c t iv it y  a n d  H 2 y ie ld  o n  M S R  o v e r  N i - M n / C Z O  c a t a ly s t s  at 8 0 0 ° c ,  

s / c  r a t io  =  4 / 1 ,  a n d  T O S  =  3 h  ( G S H V  =  4 2 0 0 0  h ’ 1); ( a )  C o - im p r e g n a t io n  m e t h o d  

( b )  M u l t i - s t e p  im p r e g n a t io n  m e t h o d .
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4 .2 .2  E f f e c t  o f  S t e a m  to  C a r b o n  R a t io
T h e  e f f e c t  o f  s t e a m  to  c a r b o n  r a t io  w a s  in v e s t i g a t e d  o n  s / c  =  4 /1  a n d  

3 /1  o v e r  N i / c z o  a n d  5 %  M n  lo a d in g  o f  b o t h  p r e p a r a t io n  m e t h o d s  at r e a c t io n  

te m p e r a tu r e  =  6 0 0 ° c .  T h e  r e s u l t s  s h o w  th a t  t h e  1 5 N i5 M n /C Z O  ( ร )  g a v e  t h e  h ig h e s t  

m e t h a n e  c o n v e r s i o n  o n  M S R  at b o t h  s / c  =  4 /1  a n d  3 /1  a s  s h o w  in  F ig u r e  4 .1 2  a n d
4 . 1 3 ,  r e s p e c t i v e ly .  A t  s / c  e q u a l  4 ,  th e  m e t h a n e  c o n v e r s i o n  w a s  d r o p  a f te r  5  h o u r s  

c o n t r a s t  w i t h  M n - p r o m o t e d  c a t a ly s t s .  A t  l o w  s t e a m  to  c a r b o n  r a t io , t h e  m e t h a n e  

c o n v e r s i o n  o v e r  N i / c z o  c a t a ly s t  d r a m a t ic a l ly  d e c r e a s e d .  It m ig h t  b e  d u e  to  r a p id ly  

o f  c a r b o n  g r o w t h  a n d  c o m p l e t e l y  in h ib it  t h e  r e a c t io n  a f te r  1 h o u r . T h e  m e t h a n e  

c o n v e r s i o n  o v e r  1 5 N i5 M n /C Z O  ( C )  w a s  a ls o  d e c r e a s e d  a b o u t  1 0 %  a n d  c o m p l e t e l y  

in h ib i t e d  r e a c t io n  a f te r  1 .3 0  h o u r . It i s  a p p a ren t th at 1 5 N i5 M n /C Z O  ( ร )  c o u ld  d im in is h  

th e  ca r b o n  d e p o s it io n  r e s u lt in g  in  th e  a c t iv ity  at l o w  te m p e r a tu r e  a n d  s te a m  to  c a r b o n  ra tio  

o f  th e  c a ta ly s t .
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F ig u r e  4 .1 2  C H * c o n v e r s io n  o n  M S R  o v e r  N i - M n / C Z O  c a t a ly s t s  a t 6 0 0 ° c  a n d  s / c  

r a t io  =  4 /1  ( G S H V  =  4 2 0 0 0  h 1).

F ig u r e  4 .1 3  CH4 conversion on MSR over Ni-Mn/CZO catalysts at 6 0 0 ° c  and s / c
ratio = 3/1 (GSHV = 42000 h 1).
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4.3 Carbon Deposition on Spent Catalysts

T h e  a m o u n ts  o f  c a r b o n  d e p o s i t io n s  o n  c a t a ly s t s ,  q u a n t i f ie d  b y  T P O  t e c h n iq u e ,  
a re  s h o w n  in  T a b le  4 .2  a n d  4 .3 .  A s  s h o w n  in  t a b le  4 .2 ,  th e  a m o u n t  o f  c a r b o n  d e p o s i t io n  

w a s  d e c r e a s e d  r a p id ly  b y  M n - p r o m o t e d  v ia  s e q u e n t ia l  im p r e g n a t io n  m e t h o d .  In  

c o n tr a s t  w ith  th e  c o - im p r e g n a t io n  c a t a ly s t s ,  it w a s  s h o w e d  th e  s l i g h t ly  d e c r e a s e d  in  

c a r b o n  d e p o s i t io n  o n  s p e n t  c a ta ly s t s .  It m ig h t  b e  n o t ic e d  th a t 1 0  a n d  15  M n  lo a d in g  

p r o v id e d  th e  l o w  r e a c t io n  a c t iv i t y  th at le a d  to  th e  l e s s  c a r b o n  d e p o s i t io n  o n  s p e n t  

c a ta ly s t s .  H o w e v e r ,  th e  c a r b o n  d e p o s i t io n  o n  S M R  at 7 0 0 ° c  a f te r  6  h  s h o w  v e r y  l e s s  

th e  lo w e r  r e a c t io n  te m p e r a tu r e  a n d  lo w e r  s / c  r a t io  s h o u ld  fu r th e r  i n v e s t ig a t e d .  T h e  

r e s u lt s  s h o w  th a t a fte r  3 h  o n  S M R  at 6 0 0 ° c  a n d  s / c  =  3 /1  th e  t e n d e n c y  o f  c a r b o n  

d e p o s i t io n  w a s  s im i la r ly  to  p r e v io u s  r e a c t io n  c o n d i t io n .  T h e  1 5 N i8 M n /C Z O  ( ร )  s h o w  

th e  b e s t  r e d u c t io n  o n  c o k e  fo r m a t io n .
F ro m  p r io r  r e s u lt s  o f  c h a r a c te r iz a t io n  it m ig h t  b e  p o s tu la te d  th a t  a  la r g e  p a rt  

o f  th e  s u r f a c e  N i  a to m s  w a s  b lo c k e d  b y  M n O x, a s  w a s  p r o p o s e d  f o r  im p r e g n a te d  

5 % N i / 1 0 % M n O /A l2O 3 ( S e o k ,  2 0 0 1 ) .  S u c h  a  p a r t ia l b l o c k a g e  o f  n ic k e l  s u r f a c e  w o u ld  

s u p p r e s s  th e  c o k e  d e p o s i t io n  b e c a u s e  th e  e n s e m b le  s i z e  n e c e s s a r y  fo r  c a r b o n  f o r m a t io n  

i s  la r g e r  th a n  th a t r e q u ir e d  fo r  m e t h a n e  r e f o r m in g  (B r a d fo r d , 1 9 9 9 ) .  T h e  i m a g e s  o f  

S E M  o f  s p e n t  c a t a ly s t s  a fte r  6  h  o n  S M R  at 7 0 0 ° c  a n d  s / c  =  4 /1  a r e  s h o w  in  F ig u r e
4 .1 4 .  It w a s  o b s e r v e d  th at th e  f i la m e n t o u s  c a r b o n  w a s  f o r m e d  o n  N i / c z o  c a t a ly s t s ,  
w h i l e  n o  c a r b o n  w a s  fo r m e d  o n  b o th  p r e p a r a t io n  m e t h o d s  o f  N i - M n /C Z O  c a t a ly s t s .  
A d d it io n a l ly ,  th e  S E M  im a g e s  o f  s p e n t  c a t a ly s t s  a f te r  s e v e r i t y  c o n d i t io n  a r e  s h o w n  in  

F ig u r e  4 .1 5 ,  th e  1 5 N i5 M n /C Z O  ( ร )  w a s  c o n f ir m e d  to  r e ta r d in g  c a r b o n  f o r m a t io n  o n  

s p e n t  c a ta ly s t s .



T a b l e  4.2 A m o u n t o f  co k e  fo n n a tio n  o v e r  ca ta ly s ts  a fte r  6 h on  M S R  at 700°c and
s /c  ra tio  o f 4/1 (G S H V  = 4 2 0 0 0  h '1)

C a t a l y s t s C o k e  F o r m a t i o n  ( % )
N i / c z o 0 .1 7
1 5 N i5 M n /C Z O  ( C ) 0 .1 8
1 5 N ilO M n /C Z O  (C ) 0 .1 2
1 5 N i l  5 M n /C Z O  (C ) 0 .0 5
1 5 N i5 M n /C Z O  ( ร ) 0 .0 3
1 5 N ilO M n /C Z O  ( ร ) 0 .0 6
1 5 N i l 5 M n / C Z O  ( ร ) 0 .0 8

(b )  ( c )

F ig u re  4 .1 4  SEM im ag es  o f  spen t c a ta ly s ts  a fte r  MSR reac tio n  at 7 0 0 ° c  and  s / c
ra tio  o f  4/1 ; (a) N i/c z o  (b) 15Ni5Mn/CZO (C) (c) 15Ni5Mn/CZO (ร).

3  A  $ 3 3 4 3  y  5
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Table 4.3 A m o u n t  o f  c o k e  fo r m a t io n  o v e r  c a t a ly s t s  a fte r  3 h o n  M S R  at 6 0 0 ° c  a n d  

S /C  r a t io  o f  3 /1  ( G S H V  =  4 2 0 0 0  h ‘ !)

Catalysts Coke Formation (%)

N i / c z o 4 2 .5
1 5 N i5 M n /C Z O  (C ) 3 9 .6
1 5 N i5 M n /C Z O  ( ร ) 2 4 .0

(a )

( b )  ' ( c )

Figure 4.15 S E M  i m a g e s  o f  s p e n t  c a t a ly s t s  a f te r  M S R  r e a c t io n  at 6 0 0 ° c  a n d  s / c  

r a tio  o f  3 /1 ;  (a )  N i / c z o  ( ๖ )  1 5 N i5 M n /C Z O  ( C )  ( c )  1 5 N i5 M n /C Z O  ( ร ) .
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