
CHAPTER II
LITERATURE SURVEY

2.1 CH4 Reforming Reactions

C a ta ly t ic  re fo rm in g  o f  m eth a n e  w ith  ca rb o n  d io x id e  to  s y n th e s is  gas  
w a s  fir s t  p r o p o se d  b y  F isc h e r  an d  T r o p sc h  u s in g  n ic k e l-  an d  c o b a lt-b a se d  
c a ta ly s ts  as s h o w n  in  eq . [1 ] (F isc h e r  an d  T ro p sch , 1 9 2 8 ).

T h is  r e a c tio n  p r o d u c e s  a s y n th e s is  g a s  w ith  a H 2/C O  ratio  o f  
a p p r o x im a te ly  1. T h ere  are a n u m b er  o f  p o te n t ia lly  v e r y  la rg e  n e w  
a p p lic a t io n s  req u ir in g  a fe e d  g a s  w ith  a H 2/C O  ratio  o f  1:1. O n e  o f  th e se  is  for  
th e  p r o d u c tio n  o f  d im e th y l e th er  (D M E ) a s  sh o w  in  eq . [2 ],

In a d d it io n  to  b e in g  an in d u str ia lly  im p ortan t c h e m ic a l in  its  o w n  right, 
D M E  is  an  in term ed ia te  fo r  th e  p ro d u c tio n  o f  sy n th e tic  g a s o l in e  an d  it can  a lso  
b e  c o n v e r te d  v ia  iso b u ta n o l in  eq . [3 ] to  iso b u te n e  in  eq . [4 ]  fro m  w h ic h  the  
o c ta n e  e n h a n c e r  m e th y l tertiary  b u ty l e th er  (M T B E ) is  p r o d u c e d  b y  rea c tin g  
w ith  m e th a n o l as sh o w n  in  eq . [5 ] (B r o w n  e t a l., 1 9 9 1 ).

C H 4 + C 0 2 + +  2 C O  +  2 H 2, À Fl°f =  + 2 4 7  k J /m o l [1 ]

3 C O  +  3 H 2 C H 30 C H 3 +  C 0 2 [2]

2 C H 3O C H 3 - >  C 4H 9O H  +  H 20  

C 4H 9O H  - >  C 4H 8 +  H 20
[3]
[4]



5

C 4H 8 +  C H 3O H  C H 3O C (C H 3)3 [5 ]

C H 4 r e fo r m in g  w ith  C 0 2 is  a lso  u se d  as a  c h e m ic a l e n e r g y  s to ra g e  and  
e n e r g y  tr a n sm is s io n  sy s te m  (C E T S ) b e c a u se  o f  th e  h ig h  e n d o th e r m ic ity  o f  th is  
r e a c tio n . F ig u re  2 .1  s h o w s  th at so la r  e n e r g y  is  u s e d  to  d r iv e  th e  en d o th erm ic  
fo r w a r d  r e a c tio n  a n d  th e  e n e r g y  is  s to red  in  th e  s y n th e s is  g a s  w h ic h  can  b e  
tra n sp o rted  v ia  p ip e lin e  to  a lo c a t io n  w h e r e  th e  e n e r g y  is  r e le a s e d  b y  th e  
e x o th e r m ic  b a c k w a r d  r e a c tio n  (R ic h a r d so n  an d  P arip atyad ar, 1 9 9 0 ) .

Fossil Fuels Process Fleat
Nuclear Reactor 

Solar Tower
F ig u re  2 .1  S c h e m a tic  d iagram  o f  th e c h e m ic a l e n e r g y  tr a n sm is s io n  sy s te m  

(C E T S ).

T h e  m a in  r e a c tio n  [1 ] is  a c c o m p a n ie d  b y  se v e r a l s e c o n d a r y  p r o c e s se s  
[6 -9 ] ,  o f  w h ic h  th e  rev erse  w a ter -g a s  sh ift  r e a c tio n  a p p ea rs to  b e  th e  m o st  
im p o rta n t o n e  b e c a u s e  o f  its  d e p e n d e n c e  o n  th e  p ro d u c t h y d r o g e n  o f  rea c tio n
[1 ] (R o s tr u p -N ie ls e n  an d  B a k  H a n sen , 1 9 9 3 ).

R e v e r se  w a te r -g a s  sh ift:
C 0 2+ H 2 C 0  +  H 20 ,  A H ° f = + 4 1  k J /m o l [6 ]

It ca n  b e  s e e n  that w a ter  a lw a y s  fo rm  in  th e  r e a c t io n  sy s te m . T h e  
fo r m a tio n  o f  w a te r  is  r e f le c te d  b y  lo w e r  h y d r o g e n  c o n c e n tr a tio n  th an  C O  d ue
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to  th e  r e v e r se  w a te r -g a s  sh ift  rea c tio n  w h ic h  is  th e  m a in  w a te r  fo r m a tio n  route. 
T h e n  th e  a m o u n t o f  C O  is  a lw a y s  h ig h e r  th an  that o f  h y d r o g e n .

M o r e o v e r , d e p e n d in g  o n  th e r e a c tio n  c o n d it io n s  a n d  o n  th e  c o m p o s it io n  
o f  fe e d  g a s , ca rb o n  b u ild  up  can  o c c u r  d u e  to  th e  B o u d o u a r d  r e a c tio n  and  
m e th a n e  cra ck in g  (G a d a lla  and B o w e r , 1 9 8 8 ).

M e th a n e  crack in g: CH4 —> c  +  2H2, AH°f = +75 k J /m o l [7]
B o u d o u a rd : 2CO ++ c  + C 02, AH°f=-172 k J /m o l [8]

T h u s, th e  C H 4/C O 2 r e fo rm in g  r e a c tio n  [ 1 ] c a n  b e  s e e n  as c o n s is t in g  o f  
r e a c tio n  [7] an d  th e  rev erse  o f  rea c tio n  [ 8 ], Id e a lly  th e  ca rb o n  fo r m e d  in  th e  
r e a c tio n  [7] sh o u ld  b e  ra p id ly  c o n su m e d  b y  th e  r e v e r se  o f  r e a c tio n  [ 8 ] and, to  
a le s s e r  ex ten t, b y  th e  steam 7carbon  g a s if ic a t io n  r e a c t io n  [9 ].

S te a m /c a r b o n  g a s if ica tio n :
c +  H 20  (g )  - >  C O +  H2, AH°f =  + 1 3 1  k J /m o l [9]

R e a c t io n  [9 ] ca n  p la y  a ro le  in  C H 4/C O 2 r e fo r m in g  b e c a u s e  stea m  is  
a lm o s t  a lw a y s  fo r m e d  v ia  th e rev erse  w a te r -g a s  sh ift  (R W G S ) r e a c tio n  [6 ], I f  
r e a c tio n  [7 ] is  fa ster  th an  th e carb on  r e m o v a l ra tes [8 ,9 ] ,  th ere  w i l l  b e  a n et 
b u ild -u p  o f  ca rb o n  to  p o se  ser io u s p r o b le m s in  th e o v e r a ll r e a c tio n  c o n c e p t  
w h ic h  in  p r a c tic e  w o u ld  lea d  to  c a ta ly s t  d e a c t iv a t io n  an d  rea c to r  b lo c k a g e . 
A p art fro m  r e a c tio n  [7 ] , rea c tio n  [8 ] an d  th e r e v e r se  o f  r e a c tio n  [9 ] ,  b o th  o f  
w h ic h  are fa v o u r e d  at lo w  tem p eratu res, are a lso  p o te n t ia l so u r c e s  o f  carb on . 
(E d w a r d s  an d  M aitra , 1 9 9 5 ).

O b v io u s ly , th e  ro le  o f  su ita b le  c a ta ly s ts  w o u ld  b e  n o t  o n ly  to  sp e e d  up  
th e  o v e r a ll r e a c tio n  b u t a lso  to  ad ju st th e  ap p rop ria te  e le m e n ta r y  s te p s  in  a w a y  
w h ic h  p r e v e n ts  b o th  n e t carb on  d e p o s it io n  an d  w a te r  fo rm a tio n . It is  k n o w n
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that m o s t  o f  th e  g rou p  V III m eta ls  are e f f ic ie n t  at c a ta ly s in g  th e  m eth a n e  
re fo rm in g  w ith  C 0 2. T h u s , m a n y  resea rch er  h a v e  fo c u s e d  o n  th e  d e v e lo p m e n t  
o f  n o b le  m e ta ls  fo r  th is  re la tio n .

2.2 Catalytic Effects on Surface Intermediate

2 .2 .1  S u p p ort
E r d o h e ly i e t al. ( 1 9 9 4 )  p a id  grea t a tten tio n  to  th e  e f f e c t s  o f  th e  

su p p ort an d  to  th e  id e n t if ic a t io n  o f  su r fa ce  in te r m e d ia te s  in  th e  lo w -  
tem p eratu re  in te r a c tio n  an d  h ig h -tem p era tu re  r e a c tio n  o f  c a rb o n  d io x id e  and  
m eth a n e . F o u r  su p p o rted  P d c a ta ly s ts , P d /T i0 2, P d /A l20 3, P d /S i0 2 and  
P d /M g O , w e r e  s tu d ie d  in  th e  ex p er im en t. T h e y  o b se r v e d  th e  fo l lo w in g :

D is s o c ia t io n  o f  C 0 2: T h e  d is s o c ia t io n  o f  C 0 2 w a s  m o n ito r e d  b y  IR  
sp e c tr o sc o p y . C a rb o n  m o n o x id e  b a n d s in d ic a t iv e  o f  th e  d is s o c ia t io n  o f  carb on  
d io x id e , a p p ea red  o n ly  at an d  a b o v e  3 7 3 -4 7 3  K . T h e  s p e c i f ic  a c t iv it ie s  o f  th e  
ca ta ly sts  a g reed  w ith  th e ir  a c t iv ity  ord er to w a rd s  th e  d is s o c ia t io n  o f  ca rb o n  
d io x id e . T h en , th e  ord er o f  a c tiv ity  o f  p a lla d iu m  sa m p le s  is  as fo l lo w s :  
P d /T i0 2, P d /A l20 3, P d /S i0 2 an d  P d /M g O .

D e p o s it io n  o f  CH4 and r e a c tio n s  o f  th e  fo r m e d  carb on : th e  
d is so c ia t io n  o f  m eth a n e  h a s b e e n  o b se r v e d  e v e n  in  th e  lo w -te m p e r a tu r e  ran ge  
o f  4 7 3 -5 7 3  K , w h e n  h y d r o g e n  and a sm a ll a m o u n t o f  e th a n e  w e r e  p r o d u c e d  
w ith  th e  d e p o s it io n  o f  su r fa ce  carb on . In th e  tem p era tu re  ra n g e  o f  CH4 +  C 0 2 

rea c tio n  ( 6 7 3 - 7 7 3 K ) ,  th e  e x te n t  o f  m eth a n e  d e c o m p o s it io n  w a s  g rea ter  an d  a 
m u ch  larger  a m o u n t o f  su r fa ce  carb on  w a s  p ro d u ced . M o r e o v e r  th e y  a lso  
o b se r v e d  n o  s ig n if ic a n t  su p p ort e f f e c t  in  th e  d e c o m p o s it io n  o f  m e th a n e  o n  th e  
P d ca ta ly sts .

C H 4 +  C 0 2 su r fa c e  in teraction : T h e y  e x a m in e d  h o w  th e  a d d itio n  o f  
m eth a n e  to  ca rb o n  d io x id e  in f lu e n c e d  th e  d is s o c ia t io n  o f  ca rb o n  d io x id e . T h ey
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fo u n d  th at th e  p r o m o tio n  o f  th e  d is so c ia t io n  o f  ca rb o n  d io x id e  is  a ttr ib u ted  to  
th e  e f f e c t  o f  h y d r o g e n  fo r m e d  in  th e  d e c o m p o s it io n  o f  m e th a n e  o n  P d  
c a ta ly s ts .

C a ta ly t ic  r e a c t io n  b e tw e e n  C H 4 a n d  C 0 2: A lth o u g h  b o th  
c o m p o u n d s  u n d e r g o  d is so c ia t io n  sep a ra te ly  e v e n  at m u c h  lo w e r  tem p era tu res, 
th e ir  d e c o m p o s it io n  p ro d u cts  c , o  an d  C O  te im in a te  th e ir  r e a c tio n s  b y  
c o v e r in g  th e  a c t iv e  areas o f  P d  m eta l. H o w e v e r , w h e n  b o th  c o m p o u n d s  are 
p resen t, p a r ticu la r ly  at h ig h  tem p era tu res, th e ir  s e lf -d e c o m p o s it io n  is  g rea tly  
a c c e le ra te d . T h e  p ro b a b le  r e a so n s  are: ( i)  p r o m o tio n  o f  th e  d is s o c ia t io n  o f  
ca rb o n  d io x id e  b y  h y d ro g en , an d  p erh a p s b y  C H X fra g m en ts , to o ,  an d  ( i i )  
fa c il ita t io n  o f  th e  d is so c ia t io n  o f  m eth a n e  b y  a d so rb ed  o  fo r m e d  in  th e  
d e c o m p o s it io n  o f  ca rb o n  d io x id e .

W h e r e a s  th e  d e c o m p o s it io n  o f  m e th a n e  o n  su p p o r te d  P d  in  th e  
a b se n c e  o f  c a rb o n  d io x id e  p r o d u c e s  a m u lt ila y e r  o f  ca rb o n  at 7 7 3  K , in  th e  
h ig h -tem p era tu re  r e a c tio n  o f  C H 4 +  C 0 2 o n ly  a l im ite d  a m o u n t o f  su r fa ce  
c a rb o n  w a s  p r o d u c e d , b e c a u se  th e  p o s s ib il i ty  o f  d e c o m p o s it io n  o f  C H X to  
su r fa c e  ca rb o n  is  lim ite d . A lte r n a tiv e ly , th e  ca rb o n  fo r m e d  in  th e  m eth a n e  
d is s o c ia t io n  r e a c ts  w ith  ca rb o n  d io x id e  a n d /o r  w a ter  im m e d ia te ly  a fter  its  
p r o d u c tio n , b e fo r e  its  a g in g  and tra n sfo rm a tio n  in to  a le s s  r e a c t iv e  form .

c  +  C 0 2 o  2 C O  [ 8 ]
C  +  H 20  o  C O  +  H 2 [9 ]

F u rth erm ore , th e v a r ia tio n  o f  th e  C O  /  H 2 w ith  th e  c a ta ly s t  sa m p le  
an d  w ith  tem p era tu re  is  p ro b a b ly  d u e  to  th e  d if fe r e n c e s  in  th e  a c t iv a tio n  
e n e r g y  o f  th e  se c o n d a r y  rea c tio n .
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2 .2 .2  A c t iv e  M e ta ls
S o ly m o s i  e t al. ( 1 9 9 1 )  s tu d ied  th e  c a ta ly t ic  e f f ic ie n c ie s  o f  a lu m in a -  

su p p o rted  Pt m e ta ls  in  th e  C H 4 +  C 0 2 r ea c tio n . F iv e  d if fe r e n t  a c t iv e  m eta ls  
u se d  in  th is  e x p e r im e n t w e r e  : R 11/A I2O 3, RI1/A I2O 3, P d /A l20 3 , I r /A l2C>3 and  
P t/A l20 3. B e fo r e  k in e tic  m ea su rem en ts , th e y  in v e s t ig a te d  th e  h ig h -tem p era tu re  
in tera c tio n  o f  m eth a n e  an d  ca rb o n  d io x id e  w ith  a c a ta ly s t  su r fa c e  b y  th e  p u lse  
m eth o d . O n  e x p o su r e  o f  th e  r e d u c e d  su rfa ce  to  m eth a n e  p lu s e s ,  th e y  o b se r v e d  
th e  fo rm a tio n  o f  e th a n e  an d  tra ces  o f  e th y le n e , w h ic h  in d ic a te s  th e  o c c u r a n c e  
o f  th e  d is s o c ia t io n  o f  m eth a n e  an d  th e  r e c o m b in a tio n  o f  C H 3 an d  C H 2 sp e c ie s .  
M o r e o v e r  th e  d is s o c ia t io n  o f  ca rb o n  d io x id e  to  C O  an d  o  a lso  o c c u r e d  o n  th is  
su rfa ce . O n  r e p e tit io n  o f  th e se  m ea su rem en ts  o n  o x id iz e d  su r fa c e , th e  to ta l 
o x id a t io n  o f  m eth a n e  w a s  e x p e r ie n c e d  u n til th e  c o n su m p tio n  o f  su r fa ce  
o x y g e n  and n o  d is so c ia t io n  o f  ca rb o n  d io x id e  w a s  o b se r v e d . A b o u t  k in e tic  
m ea su rem en t, th e  su p p o rted  Pt m e ta ls  e x h ib ite d  grea t d if fe r e n c e s  in  c a ta ly tic  
b eh a v io u r  as c o n c e r n s  th e C H 4 +  C 0 2 r ea c tio n  g iv e n  b e lo w ,

C H 4 +  C O 2 <-> 2 C O  +  2  H 2 [1 ]

T h e  rea c tio n  o c c u r e d  at th e  h ig h e s t  rate o n  R h, fo l lo w e d  b y  Pt, P d , R u  an d  Ir.
T h e  c o n v e r s io n  o f  carb on  d io x id e  e x c e e d e d  that o f  m e th a n e  fo r  

e v e r y  c a ta ly s t  sa m p le  in d ica tin g  that th e rea c tio n  w a s  f o l lo w e d  b y  sev era l  
se c o n d a r y  p r o c e s se s , in c lu d in g  th e  m eth a n a tio n  o f  ca rb o n  d io x id e  an d  carb on  
m o n o x id e , r ev erse  w a ter  g a s  sh ift  rea c tio n  an d  B o u d o u a rd  r e a c tio n . T h e  
a m o u n t o f  su r fa ce  carb on  fo rm ed  w a s  d e term in ed  b y  its  o x id a t io n  to  C 0 2. T h e  
la rg est a m o u n t o f  ca rb o n  fo r m e d  o n  R h and Pt, an d  th e  le a s t  o n  P d . F in a lly , 
th e  co m p a r iso n  o f  R h , P d  an d  P t w e r e  stu d ied . F or th e  fo r m a tio n  o f  e th a n e  
su p p o rted  R u and P d  e x h ib ite d  th e  h ig h e s t  a c tiv ity .
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M ark  an d  M a ier  (1 9 9 6 )  รณ d ie d  th e C 0 2 r e fo r m in g  o f  m eth a n e  
u n d er  c o n d it io n s  o f  s to ic h io m e tr ic  fe e d  c o m p o s it io n  o n  R h, R u, an d  Ir 
ca ta ly s t . T h e  a c t iv ity  o f  th e se  e f fe c t iv e  c a ta ly s ts  c a n  b e  co r r e la ted  w ith  th e  
a c c e s s ib le  m eta l su r fa c e  area. O v er  a w id e  ran ge o f  c a ta ly s t  an d  su p p orts  
รณ d ie d , th e  rate p er  u n it  su r fa ce  area d id  n o t d e p e n d  s ig n if ic a n t ly  on  
d isp e r s io n , in d ic a tin g  that C O  refo rm in g  at h ig h  tem p era tu res  is  structure  
in s e n s it iv e . N o  d irec t in f lu e n c e  o f  th e m icro stru cto re  o f  th e  su p p o rt o n  the  
r e a c tio n  ra tes w a s  d e te c te d . T h e  in f lu e n c e  o f  th e su p p o rt s e e m s  l im ite d  to  th e  
s ta b iliz a t io n  o f  th e  m e ta l su r fa ce  area, w h ic h  in  ณ !ท  is  r e sp o n s ib le  for  
c a ta ly s t  a c t iv ity . T h e  รณ d y , lim ite d  to  rea c tio n  c o n tr o lle d  c o n d it io n s , sh o w s  
th at in  p rep a ra tio n  o f  h ig h ly  a c t iv e  c a ta ly s ts  a c c e s s ib le  m e ta l su r fa ce  area  is  an  
im p o rta n t p aram eter . T o  o p t im iz e  c a ta ly s t  p er fo rm a n ce  (h ig h  y ie ld  at lo w  
c o s t ) ,  m e ta l d isp e r s io n  h a s  to  b e  m a x im iz e d  and h a s to  b e  sta b le . T h is  ca n  b e  

a c h ie v e d  b y  s e le c te d  o x id a t io n  red u c tio n  p retrea tm en ts o f  c a ta ly s ts . B o th  y- 
A120 3 a n d  th e  b in a ry  o x id e  Z r 0 2( 5 % ) /S i0 2 are e s p e c ia l ly  g o o d  c a ta ly s t  
su p p orts: R h  c a ta ly s ts  b a se d  o n  th ese  su p p orts n o t o n ly  s h o w e d  h ig h  a c tiv ity  
b u t a lso  s h o w e d  p r o m ise  to  b e  th erm a lly  sta b le  e v e n  a fter  lo n g  rea c tio n  tim es. 
P ro d u c t c o m p o s it io n  ca n  b e  e a s i ly  c o n tr o lle d  o v er  a w id e  ra n g e  o f  C O /H 2 

ra tio s  b y  p artia l s u b s t a t i o n  o f  C 0 2 b y  H 20  or 0 2 in th e  fe e d .

2.3 Carbon Deposition

H o w e v e r , ca rb o n  d e p o s it io n  a c c o m p a n ie s  th e  w ith  th e  C 0 2 +  C H 4 

rea c tio n .
T a n g  e t a l. ( 1 9 9 5 )  in v e s t ig a te d  th e  e f fe c t  o f  su p p o rt o n  carb on  

d e p o s it io n . T w o  n i c k e l  c a t a l y s t s  o n  d i f f e r e n t  s u p p o r t s ,  N i / S i 0 2 a n d  

N i /  a - A l 20 3, w e r e  รณ d ied . T h e y  a lso  e x a m in e d  h o w  th e  a d d it io n  o f  C aO  and  

M g O  w h ic h  in c r e a se d  th e  b a s ic ity  o f  th e  ca ta ly s ts  in f lu e n c e d  th e  carb on
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d e p o s it io n . T h e y  o b se r v e d  that th e  u se  o f  S i 0 2 as a  su p p o rt g a v e  a h ig h  
c o n te n t  o f  c a rb o n  d e p o s it io n , and th e  a d d it io n  o f  M g O  a n d  C a O  r e su lte d  in  
le s s  ca rb o n  d e p o s it io n . A s  th e  su r fa ce  b a s ic ity  o f  th e  c a ta ly s ts  in c r e a se s ,  
ca rb o n  d io x id e  is  m o re  e a s i ly  a d so rb ed , w h ic h  le a d s  to  in c r e a se d  ca rb o n  
d io x id e  c o n c e n tr a t io n  o n  th e  su r fa ce  o f  th e  c a ta ly s ts . A s  a r e su lt  th e  
e q u ilib r iu m , w i l l  m o v e  to w a rd s  th e  le ft , w h ic h  w i l l  in h ib it  an d  p a rtia lly  
r e m o v e  c a r b o n  d e p o s it io n  o n  th e  su r fa ce  o f  c a ta ly sts .

2CO <-» c  + C02 [8]

C a ta ly s ts  su p p o rted  o n  a - A l 20 3  s h o w e d  lit t le  ca rb o n  d e p o s it io n ,  
w h e r e a s  th e  p r e se n c e  o f  M g O  and C aO  in c r e a se d  th e  fo r m a tio n  o f  carb on .

Z h a n g e  an d  V e r y k io s  (1 9 9 4 )  fo u n d  th at th e  ca rb o n  d e p o s it s  c o m p r ise  
v a r io u s  fo r m s  o f  ca rb o n  w h ic h  are d iffe r e n t  in  term s o f  r e a c tiv ity . T h ree  ty p e s  

o f  c a r b o n a c e o u s  s p e c ie s ,  a - c ,  P -c  an d  y -c  s p e c ie s  e x is t  o n  th e  N i  c a ta ly sts . 
W h ile  th e  a - c  s p e c ie s  is  su g g e s te d  to  b e  r e sp o n s ib le  fo r  C O  fo r m a tio n , th e  le s s  

a c t iv e  P -c  a n d  y -c  s p e c ie s  are p r e su m e d  to  c a u se  c a ta ly s t  d e a c tiv a tio n . It is  
k n o w n  th a t a m o n g  th e  d e p o s ite d  ca rb o n s, o n ly  a sta b le  fo rm , p o s s ib ly  a r is in g  
th e  C O  d isp r o p o r tio n a tio n , w o u ld  p o is o n  th e  N i p a r tic le s  an d  th at o th er  le s s  
s ta b le  fo r m s a r is in g  fro m  m eth a n e  a c t iv a t io n  are ra p id ly  a c c u m u la te d  o n  th e  
c a ta ly s t  p o is o n in g  th e  c a ta ly s ts  to  a le s s e r  ex ten t.

S a c c o  e t al. ( 1 9 8 9 )  in v e s t ig a te d  ca rb o n  d e p o s it io n  a n d  f i la m e n t  g ro w th  
o n  F e , N i  a n d  C O  fo i ls .  A ll  th ree m e ta ls  w e r e  o b se r v e d  to  h a v e  s im ila r  s lo w  
ra tes o f  c a rb o n  d e p o s it io n  in  th e  m eta l p h a se  f ie ld . T h e  so u r c e  o f  carb on  
d e p o s ite d  o n  N i  is  CH4 w h e r e a s  o n  F e  an d  C O  it ap p ears to  b e  C O .
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2.4 Reaction Mechanism

A lth o u g h  th e  c o m p le x ity  o f  th is  r ea c tio n  an d  th e  o c c u r a n c e  o f  sev era l 
s e c o n d a r y  p r o c e s s e s  m a k e  it  d if f ic u lt  to  d e term in e  th e m e c h a n ism  o f  th e  
C H 4 +  C 0 2 r e a c tio n , so m e  c o n c lu s io n s  can  b e  d raw n  o n  th e  r e a c t io n  o f  C 0 2 

an d  C H 4 o n  m e ta l su r fa ces .
A lstru p  a n d  T a v a res  ( 1 9 9 2 )  p r o p o se d  th at th e  a c t iv a tio n  o f  m eth a n e  

p r o c e e d s  v ia  s te p  1 0 (a ) -1 0 (d )  p r o d u c in g  sh o r t- liv e d  C H X r e s id u e s  and , at the  
ta il-e n d  o f  th e  c h a in , carb on .

C H a - >  C H 3(a )  +  H (a ) [ 10 a]

C H 3(a )  —» C H 2(a )  +  H (a ) [ 10 b]
C H 2(a )  —» C H (a ) +  H (a ) [ 10 c]

C H (a )  —> C (a ) +  H (a ) [lO d ]

W h e n  s u f f ic ie n t  ca rb o n  is  fo r m e d  o n  th e  c a ta ly s t  su r fa c e  it  b lo c k s  th e  
a c t iv e  s ite s  a n d  h in d e r s  d is s o c ia t io n  o f  C K }. G e n e r a lly , th e  c a rb o n  d e p o s its  
c o m p r ise  v a r io u s  fo r m s o f  ca rb o n  w h ic h  are d iffe r e n t  in  term s o f  rea ctiv ity :  
a d so r b e d  a to m ic  ca rb o n  (h ig h ly  r e a c tiv e , su r fa c e  ca rb id ic  fo r m ), a m o rp h o u s  
ca rb o n , v e r m ic u la r  ca rb o n , b u lk  n ic k e l ca rb id e , an d  c r y s ta ll in e  g ra p h itic  
ca rb o n . T h e  r e a c t iv ity  o f  ca rb o n  d e p o s it  or its  tra n sfo rm a tio n  is  s e n s it iv e  to  th e  
ty p e  o f  c a ta ly s t  su r fa c e , th e  tem p eratu re  o f  its  fo rm a tio n  an d  th e  d u ration  o f  
th erm al trea tm en t. S im ila r  c o n s id e r a t io n s  a lso  a p p ly  to  ca rb o n  fo r m e d  fro m  
C O  as th e  p recu rso r  as sh o w n  b y  eq . [1 lb ] .

C 0 2 - >  C O (a )  +  0 ( a )  

C O (a )  - »  C (a )  +  0 ( a )

[ 1 1 a]
[ l i b ]
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T h e  d is s o c ia t io n  o f  C H 4 a lo n e  is  g e n e r a lly  v e r y  l im ite d  o n  th e  red u ced  
m e ta l su r fa c e s  b u t th is  p r o c e s s  is  e n h a n c e d  b y  a d so rb ed  o  p r o d u c e d  o n  the  
m e ta l su r fa c e  v ia  C O 2 a c t iv a tio n  (w h e n  it is  a lso  p r e se n t)  as sh o w n  in  eq . 
[ 1 1 a].

A lth o u g h  b o th  C H 4 an d  C 0 2 u n d erg o  d is s o c ia t io n  sep a ra te ly , th eir  
d e c o m p o s it io n  p r o d u c ts  term in a te  th e  r e sp e c t iv e  d is s o c ia t io n  b y  c o v e n n g  th e  
m e ta l su r fa c e s . W h e n  b o th  C H 4 an d  C 0 2 are p resen t, th e ir  s e lf -d e c o m p o s it io n  
is  e n h a n c e d  v ia  r e a c tio n s  [1 2 ] - [1 4 ] .  T h u s, w h ils t  th e  d is s o c ia t io n  o f  C H 4 is  
fa c il ita te d  b y  a d so r b e d  o x y g e n , th e  d is s o c ia t io n  o f  C 0 2 is  a lso  p ro m o ted  b y  
a d so rb ed  h y d r o g e n  a n d  p o s s ib ly  b y  o th er  C H X re s id u e s .

A p art fro m  th e  s e le c t iv e  r e a c tio n s  o f  th e  su r fa c e  s p e c ie s  p r o d u c in g  th e  
d e s ir e d  r e fo r m in g  r e a c tio n  p ro d u cts , eq . [1 5 ]  s h o w s  th e  fo r m a tio n  o f  u n d esired  
H 20  w h ic h  c o m p e te s  w ith  C 0 2 fo r  su b se q u e n t r e a c tio n s  w ith  ca rb o n  fo rm ed  
b y  th e  d is s o c ia t io n  o f  C H 4 .

H o w e v e r , th e  k in e t ic s  fo r  C O 2 re fo rm in g  d e p e n d s  o n  th e  ty p e  o f  
c a ta ly s t  an d  p r o b a b ly  th e  m e c h a n ism  is  ch a n g in g  w ith  tem p eratu re.

C 0 2 +  H(a) -» CO(a) + OH(a) 
CH4 +  0 ( a )  - >  CH3(a) + OH(a) 
C H X +  0 ( a )  - »  CO + xH(a) 
2 0 H  (a ) - >  H 20  +  0 ( a )

[12]
[1 3 ]
[14]
[1 5 ]

C O 2 +  c  —̂  2 C 0  

H 20  +  c  - >  C O  +  h 2

[8]
[9]
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2.5 Economical Catalyst

Up to present, there is no established industrial technology for methane 
reforming with carbon dioxide, in spite of potentially attractive incentives with 
economical and environmental benefits. The principal reason for this is the 
carbon-forming reaction, which quickly deactivate conventional reforming 
catalysts. Furthermore, considering the high cost and limited availability of 
noble metals exploring other catalyst system is also important.

Osaki et al. (1997) described the catalyst performance of metal sulfide 
of Mo and พ  by comparing with that of Ni/Si02 catalyst. Catalyst deactivation 
due to carbon deposition was not observed on M0 S2 and พร2 during 
C0 2 -reforming, although the rate was smaller than that on Ni. From the 
dependence of reaction rate on the partial pressures of CH4 and CO2, it could 
be deduced that the M0S2 and พร2 surface was covered with C02(ads) 
(or O(ads)) during the steady-state CH4-CO2 reaction. The abundance of 
adsorbed CO2 was also considered an unfavorable condition for the direct 
decomposition of methane and as a result, carbon deposition was very much 
suppressed on the sulfides. No catalyst deactivation was also observed on the 
sulfide catalysts by the admission of H2S during the reforming.

Some scientists have investigated the conventional form of tungsten 
with this reaction. In order to avoid complications that might result from the 
presence of a support material, this research described here was carried out 
over a tungsten wire.
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