
BACKGROUND AND LITERATURE SURVEY
C H A P T E R  II

In recen t years, the in terest o f  C02 for the refo rm ing  o f  CH4 has 
experienced  a rap id  increase due to  environm ental and  industrial advantages. 
In o rder to  develop  a h igh perform ance catalyst for th is reac tion , m any 
researchers a ttem pt to  elucidate the reaction  m echanism  and cataly tic  
behavior. H ow ever, controversy  on the m echanism  and the effectiveness o f  
catalyst still exists. This chapter, w hich is d iv ided  into tw o  m ajor parts, 
rev iew s the cu rren t status o f  research on the CO2/CH4 reform ing . T he first 
p a rt involves m ethane reform ing  w ith  carbon d ioxide, its side reactions and 
also its m echan ism . T he second part describes the developm ent o f  catalysts 
used for m ethan e  reform ing  in recently  years. In the second part, details on 
active m etals, supports, and prom oters o f  the catalysts are also  included.

2.1 Methane Reforming with Carbon Dioxide Reaction

T he refo rm ing  reaction  o f  m ethane w ith  carbon d ioxide is a very  
attractive  rou te  for the conversion o f  tw o cheapest carbon -con tain ing  m ateria ls 
in to usefu l chem ical p roducts, synthesis gas (hydrogen  and carbon  m onoxide). 
U nfortunately , the m ajor problem  w ith  th is dry refo rm ing  is the favorable 
carbon  deposition  occurring  on the catalyst surface und er severe  conditions v ia 
reactions (2 . 1 ) and (2 .2 ).
M ethane decom position :

C H 4 ------>  C + 2H 2, a h  =  75 kJ/m ol (2.1)
B oudouard  reaction :

>  C + C 0 2,2C O AH =  -171 kJ/m ol (2 .2)
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T he CH4/CO2 reform ing  reaction  can be seen as consisting  o f  reaction  
(2 .1) and the reverse  o f  reaction (2.2). A lthough both reactions undergo  
d issoc ia tion  separately , th eir decom position  p rodu ct c , o , and CO term inate  
th e ir reac tion  by covering  the active area o f  the m etal. A ctivation  o f  m ethane 
p roceeds v ia  steps (2 .1a)-(2 .1d), p roducing  short-lived  CHX residues and, at 
the ta il-end  o f  the chain, carbon (A lstrup e t  a l ,  1992).

c h 4 ----- ► C H 3 (a) + H  (3) (2.1a)
c h 3 (3) ----- ► C H 2 (3) + H  (3) (2.1b)
C H 2 (3) ----- ► CH (a) + H  (a) (2.1c)
C H  (3) ----- ► C (a) + H (a) (2.1 d)

w here a  denotes an adsorbed species.

H ow ever, the d issociation  o f  C H 4 a lone is generally  very  lim ited  on 
the reduced  m etal surfaces but th is process is enhanced  as the adsorbed  o  
p roduced  on the m etal surface via C 0 2 activation  as show n in reaction  (2.3a) 
reacts w ith  C H 4 as in reaction  (2.4).

0 ๐ N>

1---- ► CO(a) + O(a) (2.3a)
CO(a) --------► C(a) 0(a) (2.3b)
CH4 + 0(a) --------► CH3 (a) + OH(a) (2.4)

W hile  the dissociation o f  C H 4 is facilitated  by the adsorbed  oxygen, 
the d issoc ia tion  o f  C 0 2 is also p rom oted  by the adsorbed  hydrogen  and 
possib ly  by o ther C H 4 residues as show n by reactions (2.5) and (2.6).

C 0 2 + H (a) 
C H X + 0 (a)

->  CO(a) + OH(a)
(a)>  CO + xH,

(2.5)
(2 .6)
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C 0 2 +  H 2 ------►  CO  + H 20(g), AH =  40 kJ/m ol (2.7)
and steam /carbon  gasification:

c + H 20  ------►  CO  + H 2, AH =  131 kJ/m ol (2.8)
R eaction  (2 .7) show s the form ation o f  undesirab le  H 20  product. The 

reac tion  consu m es hydrogen , and, consequently , resu lts in low er H 2/C O  ratio. 
A part from  reactions (2.1) and (2.2), the reverse  o f  reaction  (2 .8), w hich  are 
favored  at low  tem perature , is also a poten tial source o f  carbon . Ideally , i f  the 
rate  o f  carbon  deposition  exceeds the rate o f  carbon  rem oval, a net carbon 
accum ula tio n  on the m etal partic les leads to catalyst deactivation  and reactor 
b lockages.

T he use o f  a su itab le  catalyst is the m ost effective  w ay to  so lve carbon 
deposition  p ro b lem  for the dry reform ing  reaction  (B itter e t  a l ,  1997). 
O bviously , the  ro le  o f  the su itable catalyst w ould  be no t only  to  speed  up the 
overall reac tion  bu t also to adjust the appropriate  e lem entary  steps in the w ay 
that p reven ts bo th  net carbon deposition  and w ater form ation  (E dw ards and 
M aitra, 1995). M oreover, the addition  o f  a m odifier, such as su pport and 
p rom o te r cou ld  enhance the effectiveness o f  the catalyst. A  su itab le  support 
aids the C 0 2 d issociation , w hich, in tu rn , helps to  rem ove carbon  deposited  on 
the m etal durin g  the decom position  o f  C H 4 (S tagg and R esasco , 1998). The 
addition  o f  p rom oters im proves catalyst stability  by stab ilizing  the su rface  area 
for h igh  tem pera tu re  operation , increasing density  o f  C 0 2 adsorp tion  sites near 
the m etal partic les, and reducing  partic les grow th un d er severe reaction  
conditions (S tagg  and R esasco, 1998). A ll o f  these  prom otional effects are 
be lieved  to  have  a large im pact on the clean ing  m echanism , w hich  is the 
p rocess th at can  reduce the am ount o f  carbon deposition  from  m etal surface. 
T his m echan ism  is schem atically  show n in F igure 2.1.

Other important side reactions which could also play a role on the
overall product performance are
reverse water gas shift,
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a) M ethane decom position

b) C arbon dioxide dissociation

c) C oncerted m echanism

C R ,
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C O ,

M etal & support

Figure 2.1 C leaning m echanism  schem e

In itia lly , the m ethane decom position  takes p lace on the m etal, 
resu lting  in the  production  o f  hydrogen and the form ation o f  carbonaceous 
deposits, w h ich  can partia lly  oxidize support to form  CO and generating  
oxygen  vacancies. C 0 2 adsorbed near the m etal-support in terface  and 
d issocia tes to  form  C O  and fill the vacancies by adsorbed o .  This adsorbed  o  
then reacts w ith  carbon  deposits on the m etal particles to  form  an additional 
CO  and clean the m etal su rface (S tagg e t  a l ,  1998).
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2 .2  C a t a ly s t  D e v e lo p m e n t

2.2.1 A ctive  M etals
A s early  as 1928, the first report o f  carbon  dioxide refo rm ing  o f  

m ethane w as pub lished  by F ischer and T ropsch (1928). T he au thors reported  
that d ifferen t m etals have different activities for the CO 2 /CH 4  refo rm ing  and 
that m ost G roup V III m etals, especially  N i, R u, R h, Pt, Ir, Pd, w hen 
d istribu ted  in a reduced  form  on su itable supports, d isp layed  an appreciable 
activ ity  for th is reaction . This w ork  show ed that Co and M o w ere  also 
ca taly tica lly  active for the CO 2 /CH 4  reform ing w hile  F e appeared  to  be the 
only  inactive  G roup V III elem ent. H ow ever, C u and พ ,  w h ich  w ere  not 
de tected  any activ ity  by F ischer and Tropsch, cannot be to ta lly  ru led  out to  be 
e ffective  catalysts w hen pu t on su itable supports.

D espite  a controversial debate about the m ost su itab le  m etal for 
the CO 2 /CH 4  reform ing , R h w as unanim ously  observed  to  be am ong the m ost 
su itab le  and active o f  the G roup V III m etals due to  the good overall 
perfo rm an ce , e.g., h igh activity, h igh H 2 selectivity  and carbon-free  operation . 
F u rtherm ore , th is catalyst gives near equilibrium  conversions over a w ide 
range o f  space velocity  w ith  H 2/C O  ratio  close to  unity  (R ichardson  and 
P aripatyadar, 1990; B asini e t  a l ., 1991). H ow ever, the lim ited  supply  o f  th is 
m etal w hen  com pared  to others reduces the po ten tia l to  becom e com m ercially  
feasible.

R ostrup-N ielsen  and B ak H ansen  (1993) stud ied  the 
perfo rm ance  o f  R u for both  steam  reform ing  and dry refo rm ing  reactions. The 
resu lts show ed that R u w as the m ost active catalysts for both  reform ing  
reactions. T akayasu  e t  al. (1991) also supported  th is idea. T hey reported  that 
R u had an alm ost ideal perform ance. H ow ever, these results are in contrast 
w ith  o thers, such  as those from  SoFymosi e t  al. (1991) and  A sh cro ft e t  al.
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(1991). B o th  o f  them  found that R u had  less activ ity  and H 2 selectiv ity  than 
R h, P t, Pd, and N i.

T here also has been som e debate over the results o f  using  Ir as a 
ca talyst by A sh cro ft e t  a l  (1991) and Solym osi e t  al.  (1991). T he form er 
au thors rep orted  h igh  m ethane and carbon dioxide conversions w ith  the Ir 
catalyst, bu t very  low  activ ity  and p rodu ct y ield  w ere  found by  the latter 
authors.

C onsidering  the cost o f  Rh, N i catalyst deserves closer 
atten tion . M any  authors (H ally  e t  a l ,  1994; R ostrup -N ielsen  and B ak 
H ansen , 1993; Q in and L apszew icz, 1994) investigated  the activ ity  and 
stab ility  o f  N i for the C 0 2 refo rm ing  reaction und er conditions favorable 
tow ards carbon  form ation. T he resu lts are com m ercia lly  m ore  in teresting  
com pared  to  o ther nob le  m etals but its m ain draw back  is the h igh  rate  o f  coke 
form ation. D evelopm en t on these  catalysts and identify ing  reaction  conditions 
for carbon -free  operation  w ill help  to  im prove the stab ility  o f  these catalysts.

F rom  an econom ic po in t o f  view , P t is a reasonab le  com prom ise 
w ith  its has re la tive ly  low  price and good availab ility  w hen com pared  to  Rh. 
M oreover, several w orks have show n that P t is m ore stable than N i, Pd, Ir, and 
R u w hen  using  su itab le  supports (H ally  e t  a l ,  1994).

H ow ever, research  on using  P t as a catalyst has been  lim ited  due 
to  deac tiva tion  observed from  carbon  deposition. T he use o f  su itable 
m odifiers, w h ich  can m inim ize the rate  o f  carbon deposition  could  g ive P t a 
chance to  beco m e an effective carbon dioxide refo rm ing  catalysts.

2 .2 .2  Supports
T he use o f  su itable supports has a p ro foun d  effect on activity  

and stab ility  o f  a catalyst. A lum ina, m agnesia, and europia  have been 
successfu lly  em ployed  to  support m ost o f  the h igh perfo rm ing  G roup VIII 
e lem ent (B asin i e t  a l ,  1991; Perera  e t  a l ,  1991; T akayasu  e t  a l ,  1991). For
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Pt, o ther supports such as Z r 0 2 (Inui, 1993; Seshan e t  a l . ,  1994), T i 0 2 (B itter 
e t  a l . ,  1997), M gO  (R ostrup-N ielsen  and B ak H ansen, 1993; Q in  e t  a l . ,  1996) 
have also b een  used  w ith  good results.

T he m ost com m only  used support for P t is A120 3. G onzalez- 
V elasco  e t  al .  (1994) studied activity  o f  p latinum  catalysts fo r autom otive 
exhaust contro l. T he results show ed that, under norm al operating  conditions, 
P t/A l20 3 catalysts p rom oted  by rare earth  oxides w ere  able to  ach ieve high 
hyd ro carbon  and carbon m onoxide conversion. Several w orks rep orted  that 
the add ition  o f  som e oxides such as M gO  and C aO  to  A120 3 support could 
enhance the ca ta lyst stability  under long reaction tim e (F ischer and T ropsch, 
1928; G adalla  and Som m er, 1989).

B radfo rd  and V annice (1998) com pared  the activ ity  and 
stab ility  o f  P t on three d ifferen t supports, T i0 2, Z r 0 2, and C r20 3 at low 
tem pera tu re  reactions. A lthough the absence o f  any sign ifican t m etal-support 
in teraction  in P t/C r20 3 resu lted  in substantial carbon  deposition  and rapid 
deactivation  w ith in  15 hours onstream , the P t/Z r0 2 and P t /T i0 2 catalysts 
exh ib ited  m uch  h igher stability  even after long periods o f  tim e onstream . The 
results also  show ed  a little h igher activity  and stability  o f  P t /T i0 2 w hen 
com pared  to  P t /Z r0 2. H ow ever, V an K eulen e t  al. (1997) com pared  the 
activ ity  o f  P t supported  w ith  Z r 0 2, T i0 2, and A120 3 at h igh  tem perature  
operations. T he  resu lt show ed that, at high tem perature , the a lum ina-based  
m aterie l had  d istinct deactivation  w ith  tim e, and the titan ia-based  m ateria l had 
som ew hat low er rate o f  deactivation . In contrast, the  p latinum -zircon ia  
m ateria l gave a seem ingly  steady behavior.

T he  com parison betw een S i0 2 and Z r 0 2 supported  P t w ere 
stud ied  by S tagg e t  al. (1998). T hey found that the P t/Z r0 2 catalyst had  m uch 
h igh er activ ity  and stability  than the P t/S i0 2 catalyst. T he low  activity  
observed  on the P t /S i0 2 catalyst could be due to  sin tering  o f  the P t partic les 
and subsequen t carbon  form ation on the large P t agglom erates. O n the other
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hand, the ab ility  o f  Z r 0 2 to  anchor P t partic les p rom oted  the C 0 2 d issociation , 
so that it led to  a decrease in the rate o f  carbon deposition  and p rom oted  the 
c lean ing  m echan ism . The research  w ork by V an K eulen  e t  al. (1997) 
substan tia ted  th e  above ideas. The authors found that z ircon ia-based  m aterial 
resisted  ex tensive  carbon lay-dow n, probably  because any carbon  form ed on 
the catalyst w as read ily  gasified  once m ore by the reaction  w ith  C 0 2 (reverse 
o f  reaction  (2 .2)). In contrast to  the behavior o f  the zircon ia-supported  
catalyst, the  resistance  to  carbon deposition  w as significantly  less m arked  w ith  
the o ther supports.

2.2.3 P rom oters
M odifications to the support are som etim es m ade by the 

addition  o f  prom oters. The effect o f  adding รท to  S i0 2 and Z r 0 2 supported  Pt 
catalysts for dry refo rm ing  w ere stud ied  by S tagg e t  al. (1998). O n the S i0 2 
support, a lloy  form ation betw een  the m etal and p rom oter decreased  the coke 
form ation. T his led to  an increase in the activity and stability  o f  the catalyst. 
T he use o f  Z r 0 2 as a support in the presence o f  excess รท resu lted  in 
decreasing  th e  perfo rm ance o f  the catalyst because o f  the P t-S n  alloy 
segregation , w hich , in tu rn , b locked  the in teraction  betw een the m etal particles 
and the support. T his inhibited  the dissociation o f  C 0 2 and e lim inated  the 
clean ing  m echan ism . H ow ever, contro lling  the addition o f  รท to  P t/Z r0 2 
resu lted  in activ ity  and stability  increase under severe deactivating  conditions 
by choosing  a su itable p reparation  technique, such as su rface reduction  
deposition  or co-im pregnation .

D evelopm en t o f  a new  generation o f  au tom otive oxidation 
catalysts con ta in ing  C e 0 2 doped w ith  Z r 0 2 or o ther rare earth oxides such as 
P rO x, Y 20 3, and L a20 3 w ere studied  by T rovarelli e t  al. (1997). T he results 
show ed th at these  new  catalysts possess high oxygen storage capacity , 
im proved  therm al stability , and enhanced catalytic  properties. S tagg and
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R esasco  (1998) focused  on the addition  o f  Ce and L a as p rom oters to  P t/Z r0 2 
catalysts for the C 0 2 reform ing  o f  C H 4. The results o f  th is study show ed that 
both  p rom oted  catalysts had h igher surface areas and C 0 2 desorp tion  capacity  
than  the unp ro m oted  catalyst. Furtherm ore, the resu lts from  the E X A F S  study 
show ed th at the p rom oted  catalysts exhib ited  only m odest partic le  grow th, 
w hile  the unp ro m oted  catalyst had greater g row th  and faster rate o f  
deactivation . A ll o f  these results indicated  that the addition  o f  cerium  and 
lan thanum  to the support could im prove the cataly tic  perfo rm ance by 
increasing  stab ility  o f  the catalysts.

B esides รท, Ce, and La, Y has been investigated  as a good 
p rom oter by D uchet e t  al. (1991). It is w ell estab lished  that adding Y 3+ 
cations enhance the surface and therm al stability  o f  Z r 0 2.
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