
T H E O R E T IC A L  BACKGROUND AND LIT E R A T U R E  R E V IE W
CHAPTER II

2.1 H ydrogen Production

H y d ro g en  is n o t o n ly  u sed  as raw  m ate ria l in  th e  ch em ica l in d u s try  fo r the  
m an u fac tu re  o f  am m o n ia , m e th an o l, an d  v a rie ty  o f  o rg an ic  c h em ica ls , b u t a lso  
w id e ly  u sed  in  th e  p e tro leu m  in d u stry  fo r re fin in g  an d  u p g ra d in g  o f  c ru d e  o il. 
H y d ro g en  g en e ra tio n  te ch n o lo g ie s  can  be  c la ss if ie d  in to  th ree  gen era l c a teg o rie s : (1) 
th e rm a l p ro cesse s  in c lu d in g  s team  re fo rm in g , p a rtia l o x id a tio n , an d  au to th e rm al 
s team  re fo rm in g , (2) e lec tro ly tic  p ro cesse s , an d  (3) p h o to ly tic  p ro cesse s . E ach  
m e th o d  h as  lim ita tio n  an d  th e  ch o ice  o f  th e  b e s t ro u te  d ep en d s  on  th e  eco n o m ic s  o f  
th e  lo ca tio n  in v o lv ed . H y d ro g en  w o rld  p ro d u c tio n  is a ro u n d  4 5 -5 0  M t p e r  year. M o s t 
o f  it d e riv es  fro m  m e th an e  (48 % ) by  s team  re fo rm in g . T h e  re s t is g a in ed  fro m  oil 
(30  % ) and  coa l (18 % ) by p artia l o x id a tio n  p ro cesses . O n ly  4 %  o f  th e  h y d ro g en  
w o rld w id e  is p ro d u ced  by  e lec tro ly s is , in  v a riab ly  on ly  w h en  h ig h  p u rity  is req u ired  
(F o rn as ie ro  and  G raz ian i, 20 11 ).

F ro m  h y d ro g en  p ro d u c tio n  te ch n o lo g ie s , th ey  g en e ra lly  u se  h y d ro ca rb o n s  
and  coal as  feed sto ck . H o w ev er, b o th  o f  h y d ro ca rb o n s  an d  coa l are th e  k in d s  o f  fo ssil 
fu e ls , w h ich  re lease  th e  hu g e  am o u n t o f  c a rb o n  d io x id e  em iss io n s  d u rin g  the  
h y d ro g en  p ro d u c tio n  p ro cesses . O n  th e  o th e r  han d , it is n ece ssa ry  to  p ro d u ce  
h y d ro g en  fro m  an  a lte rn a tiv e  en erg y  so u rce  o w in g  to  co n ce rn s  ab o u t the  d e p le tio n  o f  
fo ss il fuel re se rv es  and  the  p o llu tio n  cau sed  by  c o n tin u o u s ly  in c re a s in g ly  en erg y  
d em an d s. T h ere fo re , th e  d e v e lo p m e n t o f  th e  te c h n o lo g y  u tiliz in g  b io m a ss  en erg y  
re so u rces  to  p ro d u ce  h y d ro g en  a ttrac ts  m u c h  a tte n tio n  d u e  to  th e  ren ew ab le  and  
ca rb o n -n eu tra l fea tu res  o f  b io m ass .

2.2 Pyrolysis of Biomass

P y ro ly sis  is a  th e rm a l d e c o m p o sitio n  p ro cess  in  w h ich  b io m ass  is rap id ly  
h ea ted  to  h ig h  tem p e ra tu re  in th e  ab sen ce  o f  o x yg en . T he  p ro d u c ts  o f  b io m ass  
p y ro ly sis  in c lu d e  b io -ch a r, b io -o il, and  g ases  in c lu d in g  m e th an e , h y d ro g en , c a rb o n
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m o n o x id e , and  ca rb o n  d io x id e . T h e  s im p le  f lo w  d iag ram  o f  b io m ass  c o n v e rs io n  v ia  
p y ro ly sis  te ch n iq u e  is sh o w n  in F ig u re  2.1.

D ep en d in g  on  th e  ty pe  o f  b io m ass  an d  th e  co n d itio n s , p y ro ly sis  w ill y ie ld  
m a in ly  b io -ch a r  at lo w  tem p e ra tu re s  (le ss  th an  4 5 0  ๐c  w ith  th e  h ea tin g  ra te  is q u ite  
s lo w ) and  m a in ly  g ases  at h ig h  tem p e ra tu re s  (g re a te r  th an  800  ° c  w ith  a  rap id  
h ea tin g  ra te). A t an  in te rm ed ia te  te m p e ra tu re  an d  u n d e r re la tiv e ly  h ig h  h ea tin g  ra tes, 
th e  m a in  p ro d u c t is b io -o il. P y ro ly sis  p ro cesse s  can  be  ca te g o riz e d  as s lo w  py ro ly sis  
and  fa st py ro ly sis . F ast p y ro ly sis  is cu rren tly  th e  m o st w id e ly  u sed  fo r p y ro ly sis  
sy stem s. S lo w  p y ro ly sis  tak es  sev era l h o u rs  to  c o m p le te  an d  re su lts  in  b io -c h a r  as th e  
m a in  p ro d u c t. O n  th e  o th e r h an d , fast p y ro ly sis  y ie ld s  60  %  b io -o il an d  tak es  seco n d s 
fo r c o m p le te  p y ro ly sis . In ad d itio n , it g iv es 20  %  b io -ch a r  an d  20  %  sy n th esis  gas.

Figure 2.1 S im p le  f lo w  d iag ram  fo r th e  c o m p le te  p a th  fro m  b io m a ss  to  sy n th esis  
gas v ia  b io -o il s team  re fo rm in g  (T ran e  et a l ,  20 12 ).

B io -o il is a  d a rk  b ro w n  liq u id  an d  has a  s im ila r  c o m p o s it io n  to  b io m ass . It 
has th e  ad v an tag es  o f  th e  ease  o f  h a n d lin g  and  h ig h  en e rg y  den sity . M o reo v e r , it is 
th e  fac t th a t it can  be u sed  fo r the  o n -d em an d  h y d ro g en  p ro d u c tio n  fo r fuel ce lls  
d irec tly . T h e  aq u eo u s  p h ase  o f  th e  b io -o il co n ta in s  o f  20  %  o rg an ic s  an d  80 %  w ate r. 
M ain  c o m p o n e n ts  o f  b io -o il b e lo n g  to  th e  fo llo w in g  g ro u p s: ac id s , a lc o h o ls , e ste rs , 
k e to n es , p h en o ls , fu rans, an d  sugars.
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2.3 Steam  R eform ing

2.3.1 C o n v en tio n a l S team  R e fo rm in g
S team  re fo rm in g  is a  p ro cess  th a t s team  an d  h y d ro ca rb o n s  reac t 

to g e th e r  a t h ig h  tem p e ra tu re s  an d  co n v e rted  to  h y d ro g en  an d  ca rb o n  m o n o x id e . T he 
s team  re fo rm in g  is g en e ra lly  c o o p e ra ted  w ith  th e  w a te r  gas sh ift and  th e  m e th a n a tio n  
reac tio n s , as  sh o w n  be low :

S team  re fo rm in g : C nH m + n H 20  nC O  +  (n + m /2 )H 2 (2 .1 )
W ate r gas sh ift: C O  +  H 20  <—► C 0 2 +  H 2 A H °298=  -41.1 k J /m o l (2 .2 ) 
M eth an a tio n : C O  +  3 H 2 <-» C H 4 +  H 20  A H °298=  -206.1 k J /m o l (2 .3 ) 
T h e  s team  re fo rm in g  reac tio n  is en d o th e rm ic  reac tio n  w h ile  th e  w a te r  

gas sh ift and  m e th a n a tio n  reac tio n s  are  e x o th e rm ic . T h e  re fo rm in g  e q u ilib r iu m  is 
fav o red  a t h ig h  tem p e ra tu re  an d  lo w  p re ssu re  w h ile  th e  w a te r  gas sh ift re a c tio n  is 
sh ifted  to w ard  w a te r  and  ca rb o n  m o n o x id e  at h ig h  tem p e ra tu re s .

A b o u t 40  %  o f  th e  w o rld  h y d ro g en  p ro d u c tio n  is g a in ed  by  m e th an e  
s team  re fo rm in g  (E q u a tio n  2 .13 ). In  m o st in d u s tria l a p p lic a tio n  a reas , h y d ro g en  is 
req u ired  at th e  p re ssu re  o f  2 0 -3 0  a tm  and  at tem p e ra tu re  o f  ab o u t 8 5 0 -9 0 0  ° c .  H igh  
p re ssu re s  a llo w  fo r a  m o re  co m p a c t re a c to r  d es ig n , th u s  in c rea s in g  th e  reac to r 
th ro u g h p u t and  re d u c in g  th e  co s t o f  m a te ria ls .

T h e  s team  re fo rm in g  o f  h y d ro ca rb o n s  o ccu rs  th ro u g h  ad so rb ed  
sp ec ies  on  th e  ca ta ly st. T h e  s team  d isso c ia tiv e  ad so rb s  on  th e  su p p o rt o r  on  th e  m e ta l 
p a rtic le s  fo rm in g  O H  sp ec ies  an d  th e  h y d ro ca rb o n s  d isso c ia tiv e  ad so rb  o n  th e  m e ta l 
fo rm in g  C xHy*. T h e  O H * and  C xHy* reac t a t th e  in te rface  b e tw e e n  th e  su p p o rt and  
th e  m e ta l fo rm in g  ca rb o n  m o n o x id e  and  hy d ro g en . T h e  su rface  rea c tio n s  in  th e  
m e th an e  s team  re fo rm in g  are  a ssu m ed  to  be  (ad so rb ed  sp ec ies , *):

C H 4 (g) +  2* « - C H 3* +  H* (2 .4 )
C H 3* +  * <-* C H 2* +  H* (2 .5 )
c h 2* +  * «-*■ C H * + H * (2 .6 )
C H * +  * ► C* +  H* (2 .7 )
H 20  (g) +  2* «-*■ H O * +  H* (2 .8 )
O H * +  * «-* 0 *  +  H* (2 .9 )
c *  +  0 * «-> C O * +  * (2 .1 0 )
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C O * «-» C O ( g )  +  * (2 .1 1 )
2H * <-* H 2 (g) +  2* (2 .1 2 )
O v era ll: C H 4 +  H 20  <-►  3 H 2 +  C O  (2 .1 3)
T he  co n v en tio n a l s team  re fo rm in g  p ro cess  is c a ta ly zed  by  g ro u p  V III 

m e ta ls  an d  n ick e l is p re fe rred  d u e  to  its g o o d  ac tiv ity  and  lo w er p rice , ev en  th o u g h  
n o b le  m eta l ca ta ly s ts  can  be  m o re  ac tiv e  and  less p ro n e  to  co k e  fo rm atio n . T he  
ca ta ly s ts  u sed  fo r s team  re fo rm in g  can  be  d e a c tiv a ted  by  ca rb o n  fo rm a tio n , s in te rin g , 
o r p o iso n in g  (T ran e  et a i ,  2012 ).

2 .3 .2  S team  R e fo rm in g  o f  O x y g en a tes
T he  gen era l s to ich io m e try  fo r th e  o x y g en a ted  s te am  re fo rm in g  is

e x p re ssed  as:
C nH mOp +  (n -p )H 20  ->  n C O  + (n -p + m /2 )H 2 (2 .1 4 )
E q u a tio n  2 .1 4  in c o m b in a tio n  w ith  w a te r  gas sh ift re ac tio n  (E q u a tio n  

2 .2 ) fu lly  sh ifted  to w ard  th e  r ig h t is e x p re ssed  as:
C nH mOp + (2 n -p )H 20  —> n C 0 2 +  (2 n -p + m /2 )H 2 (2 .1 5 )
T he  s team  re fo rm in g  o f  o x y g en a ted  co m p o u n d s  is d e sc r ib ed  by 

E q u a tio n  2 .1 5 , a lth o u g h  at h ig h  te m p e ra tu re s , th e  w a te r  gas sh ift re a c tio n  is sh ifted  to 
the  left and  ca rb o n  m o n o x id e  is p re sen t in  s ig n if ic a n t am o u n ts . H o w ev e r, the  
m e th a n a tio n  o f  ca rb o n  m o n o x id e  (E q u a tio n  2 .3 ) w ill a lso  in flu en ce  th e  p ro d u c t 
d is tr ib u tio n  at eq u ilib riu m , e sp ec ia lly  at lo w  te m p e ra tu re s  an d  h ig h  p re ssu re s  as th ese  
c o n d itio n s  fav o r th e  reac tio n . F o r o x y g en a ted  co m p o u n d s , th e rm a l d e c o m p o sitio n  
reac tio n  (E q u a tio n  2 .1 6 ) can  a lso  o ccu r d u e  to  th e rm a lly  u n s tab le  and  th is  re ac tio n  
sh o u ld  be m in im iz e d  b eca u se  o f  th e  co k e  fo rm a tio n  fro m  th is  reac tio n .

C nH niOp —» C xHyO z +  g ases  +  co k e  (2 .1 6 )
T h e  s team  re fo rm in g  o f  o x y g en a ted  co m p o u n d s  is en d o th e rm ic  

reac tio n , like  the  co n v en tio n a l s team  re fo rm in g , and  th e re fo re  it is fav o red  at h ig h  
tem p e ra tu re s  and  lo w  p re ssu re s  as p red ic ted  by Le C h â te lie rs  p rin c ip le . T he  u se  o f  
h ig h  tem p e ra tu re s  in  th e  p ro cess  has tw o  e ffec ts ; on e  is th a t w a te r  gas sh ift reac tio n  
is sh ifted  to w ard  ca rb o n  m o n o x id e  an d  w ate r, re su ltin g  in  d ec rea s in g  th e  h y d ro g en  
y ie ld , and  th e  o th e r one  is th a t th e  m e th an e  is re fo rm ed  by  steam .
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T he  d irec t s team  re fo rm in g  o f  o x y g en a ted  co m p o u n d s  a lw ays 
gen era te s  b y -p ro d u c ts  an d  u n accep tab le  lev e ls  o f  c a rb o n  d e p o s itio n , s in te rin g , and  
su lfu r p o iso n in g , lead in g  to  rap id ly  d e a c tiv a tio n  o f  ca ta ly s ts . D ev e lo p in g  se lec tiv e  
an d  co k e -re s is ta n t re fo rm in g  ca ta ly s t is a  k ey  ch a llen g e  fo r su ccessfu l ap p lica tio n  o f  
o x y g en a ted  co m p o u n d s  as a  re so u rce  o f  hy d ro g en . T he  m o tiv a tio n  fo r te s tin g  m od el 
co m p o u n d s  in s tead  o f  all b io -o il c o m p o n e n ts  is th a t it is p o ss ib le  to  get a  b e tte r  
u n d e rs ta n d in g  o f  th e  reac tio n s , in flu en ce  o f  e x p e rim en ta l c o n d itio n s , d eac tiv a tio n , 
etc . A ce tic  ac id  has b een  e x ten s iv e ly  p e rfo rm ed  by  o th e r  re se a rc h  g ro u p s  d u e  to  it is 
one  o f  th e  m a jo r  c o m p o n e n ts  o f  b io -o il (K o eh le  an d  M h ad esh w ar, 20 13 ).

2 .3 .3  S team  R e fo rm in g  o f  A ce tic  A cid
A ce tic  ac id  is th e  one  o f  the  m a jo r  c o n s titu e n ts  o f  b io -o il (up  to  12 % ), 

w h ich  can  be eas ily  o b ta in ed  fro m  b io m ass  by  fa st p y ro ly sis  o r  fe rm e n ta tio n  p ro cess. 
A ce tic  ac id  is n o n fla m m a b le  u n lik e  m e th an o l an d  e th an o l; h en ce , it is a  safe  
h y d ro g en  ca rrie r. In ad d itio n , a ce tic  ac id  a lso  can  be eas ily  co n v e rte d  to  h y d ro g en  
w ith  h ig h  se lec tiv ity  o v e r  e ffec tiv e  ca ta ly s ts . F o r  th is  re a so n , s team  re fo rm in g  o f  
ace tic  ac id  has been  w id e ly  u sed  as a  m o d e l c o m p o u n d  to  s tu d y  its  re a c tio n  n e tw o rk  
by  sev era l re se a rch  g ro u p s (L i et al., 20 1 2 b ).

S team  re fo rm in g  o f  ace tic  ac id  is v e ry  co m p le x  sy stem  b eca u se  it is 
n o t th e rm a lly  s tab le . T h u s, th e re  is a  s ig n if ic an t c o m p e titio n  b e tw e e n  ca ta ly tic  
re fo rm in g  reac tio n s  an d  th e rm a l d e c o m p o sitio n  reac tio n s . A s a  re su lt, th e re  are  m any  
p a th w ay s  fo r ace tic  ac id  co n v e rs io n , w h ic h  are  su m m a riz e d  in  th e  fo llo w in g  
s to ich io m e try  (L i et al., 20 12 a).

T he  o v e ra ll s team  re fo rm in g  reac tio n :
C H 3C O O H  +  2 H 20  -»■  4 H 2 +  2 C 0 2 A H °298= 131.4  k J /m o l (2 .1 7 )
S team  re fo rm in g  o f  ace tic  ac id  is an  e n d o th e rm ic  reac tio n . It is 

en tire ly  fea s ib le  fro m  a th e rm o d y n am ic  p o in t o f  v ie w  an d  it is fav o red  a t h ig h  
tem p e ra tu re s . B es id e s , th e  h o m o g en eo u s  an d  h e te ro g en eo u s  re a c tio n s  su ch  as 
k e to n iz a tio n  (E q u a tio n  2 .1 8 ), d eh y d ra tio n  (E q u a tio n  2 .1 9 ), an d  d e c o m p o sitio n  
(E q u a tio n s  2 .20  and  2 .2 1 ) m ay  o ccu r b efo re  reach in g  o r on  a  c a ta ly s t bed . T h ere fo re , 
u n d es ired  o rg an ic  b y -p ro d u c ts  are  g en e ra ted , w h ic h  d im in ish e s  h y d ro g en  y ie ld .
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K e to n iz a tio n  reac tio n :
2 C H 3C O O H  - »  C H 3C O C H 3 +  C 0 2 +  H 20  A H °298=  16.7 k J /m o l (2 .1 8 )
D eh y d ra tio n  reac tio n : 
C H 3C O O H  ->  C H 2C O  +  h 20 A H °298=  131 .9  k J /m o l (2 .1 9 )
D ec o m p o sitio n  reac tio n : 
C H 3C O O H  -»• C H 4 +  C 0 2 A H °298= -33 .5  k J /m o l (2 .2 0 )
C H 3C O O H  ->  2C O  +  2 H 2 A H °298=  2 1 3 .7  k J /m o l (2 .2 1 )
T h e  p rim ary  o rg an ic  p ro d u c ts  such  as  ace to n e  an d  m e th an e  can  

p ro d u ce  h y d ro g en  v ia  s team  re fo rm in g  o f  ace to n e  (E q u a tio n  2 .2 2 ) an d  m e th an e  
(E q u a tio n s  2.23 and  2 .24 ). T h ese  rea c tio n s  b eco m e  s ig n if ic an t o n ly  w h en  th ey  are 
th e rm o d y n am ica lly  fav o rab le , n o rm ally  at h ig h  tem p e ra tu re s .

S team  re fo rm in g  o f  ace to ne:
C H 3C O C H 3 +  5 H 20  ->  3 C 0 2 +  8 H 2 A H °298=  246.1  k J /m o l (2 .2 2 )
S team  re fo rm in g  o f  m e th an e :
C H 4 +  2 H 20  ->  C 0 2 +  4 H 2 A H °298=  165.1 k J /m o l (2 .2 3 )
C H 4 +  H 20  —> C O  + 3 H 2 A H °298=  206 .1  k J /m o l (2 .2 4 )
C a rb o n  m o n o x id e  is an  in te rm ed ia te  an d  o n e  o f  th e  m a in  b y -p ro d u c ts  

in  s team  re fo rm in g  p ro cess . L o w  reac tio n  tem p e ra tu re s  re su lte d  in  lo w  e ffic ien cy  o f  
s team  re fo rm in g , in co m p le te  p ro cess  can  be  o ccu rred  an d  p ro d u ced  ca rb o n  
m o n o x id e . H o w ev er, it c an  a lso  be  a  seco n d a ry  p ro d u c t p ro d u ced  fro m  th e  s team  
re fo rm in g  o f  m e th an e  (E q u a tio n  2 .2 4 ) and  rev e rse  w a te r  gas sh ift re a c tio n  (E q u a tio n  
2 .2 5 ) a t h ig h  reac tio n  te m p e ra tu re s , lead in g  to  th e  la rge  am o u n t o f  c a rb o n  m o n o x id e  
g en era tio n . C o n v erse ly , th e  w a te r  gas sh ift re ac tio n  (E q u a tio n  2 .2 6 ) an d  m e th a n a tio n  
o f  c a rb o n  m o n o x id e  (E q u a tio n  2 .27 ) c o n trib u te  to  th e  e lim in a tio n  o f  ca rb o n  
m o n o x id e  in  m ild  tem p e ra tu re  reg io n . M e th a n a tio n  (E q u a tio n s  2 .2 7  an d  2 .2 8 ) is 
th e rm o d y n am ica lly  fav o rab le  in  s team  re fo rm in g  d u e  to  th e  h ig h  c o n c e n tra tio n  o f  
c a rb o n  o x id es  an d  h y d ro g en  in  p ro d u c t. M e th a n a tio n  co n su m e s  a  h u g e  a m o u n t o f  
h y d ro g en  and  g en era te s  a  la rge  p o rtio n  o f  m e th an e  fo rm a tio n , b u t th a t is ju s t  fo r m ild  
tem p e ra tu re s . A t h ig h  tem p e ra tu re s , th e  m e th a n a tio n  is n o t th e rm o d y n a m ic a lly  
fav o rab le  and  s team  re fo rm in g  o f  m e th an e  (E q u a tio n s  2 .23 and  2 .2 4 ) in itia te s , w h ich  
c o n v e rts  m e th an e  to  h y d ro g en  again .
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R ev e rse  w a te r  gas sh ift reac tio n :
EE +  C 0 2 —  EEO + C O  
W ate r gas sh ift reac tio n :

A H °298=: 41.1 k J /m o l (2 .2 5 )

EEO +  C O  —  แ2 +  C 0 2 
M e th an a tio n  o f  c a rb o n  m o n o x id e :

A H 0298=  -41.1 k J /m o l (2 .2 6 )

C O  + 3EE —* CER + H 20  
M e th an a tio n  o f  c a rb o n  d io x id e :

A H °298=  -206.1 k J /m o l (2 .2 7 )

C 0 2 +  4EE —* CER + 2ERO A H °298= -165 .1  k J /m o l (2 .2 8 )
C a rb o n  d e p o s itio n  is one  o f  th e  m a jo r  p ro b le m s  in  ca ta ly tic  re fo rm in g  

reac tio n s , w h ich  w ill cause  th e  lo ss o f  th e  e ffec tiv e  su rface  a rea , p o re  b lo ck ag e , and  
lo w er h ea t- tra n s fe r  ra te  fro m  ca ta ly s t to  gas. C a rb o n  fo rm a tio n  m ay  tak e  p lace  in  
sev era l w ay s, su ch  as B o u d o u a rd  reac tio n  o r d isp ro p o rtio n  o f  c a rb o n  m o n o x id e  
(E q u a tio n  2 .2 9 ), ace tic  ac id  d e c o m p o sitio n  (E q u a tio n  2 .3 0 ), m e th a n e  d e c o m p o sitio n  
(E q u a tio n  2 .3 1 ), ace to n e  p o ly m e riz a tio n  (E q u a tio n  2 .3 2 ), an d  th e  reac tio n  o f  ca rb o n  
o x id es  w ith  h y d ro g en  (E q u a tio n s  2 .33 and  2 .34 ). L inder a  g iv en  c o n d itio n s , s team  
an d  ca rb o n  d io x id e  c o n trib u te  to  the  e lim in a tio n  o f  c a rb o n  d ep o s itio n  (E q u a tio n s  
2 .35  an d  2 .36 ).

B o u d o u a rd  reac tio n :
2 C 0 - * C  +  C 0 2 A H °298= -1 7 2 .4  k J /m o l (2 .2 9)
A ce tic  ac id  d eco m p o sitio n :
C H 3C O O H  —> c  +  CO 2 +  2ER A H °298=  41 .3  k J /m o l (2 .3 0 )
M eth an e  d eco m p o sitio n :
CEE ->  c  +  2 H 2 A H °298=  74 .8  k J /m o l (2 .3 1 )
A ce to n e  p o ly m eriza tio n :
C H 3C O C EI3 —> O lig o m e riz a tio n  —» C a rb o n  d e p o s its  (2 .3 2 )
R eac tio n  o f  c a rb o n  ox id es:
C 0  +  E R - > C  +  H 20  A H °298= -131 .3  k J /m o l (2 .3 3 )
C 0 2 +  2 H 2 ->  c  +  2 H 20  A H °298=  -90.1 k J /m o l (2 .3 4 )
E lim in a tio n  o f  c a rb o n  d ep o sitio n :
c  + E R O ->  C O  +  ER AH°298= 131.3 k J /m o l (2 .3 5 )
c  + C 0 2 ->  2 C O  A H °298= 172.4  k J /m o l (2 .3 6 )
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2 .3 .4  C a ta ly s ts  U sed  in  S team  R e fo rm in g  o f  A ce tic  A cid
B asag ian n is  an d  V ery k io s  (2 0 0 7 ) d isc u sse d  on  th e  ca ta ly tic  

p e rfo rm an ce  o f  P t, Pd, R h, R u , and  N i, w h ich  w ere  su p p o rted  o n  A I2O 3, 
L ^ C V A h C b , M g O /A h C ^ , and  C eC h /A h C b  u n d e r co n d itio n s  o f  ace tic  ac id  s team  
re fo rm in g . It w as o b se rv ed  th a t 1 7 % N i/A l2 0 3  sh o w ed  th e  h ig h e s t ac tiv ity , w h ile  the  
o th e r  su p p o rted  m eta l ca ta ly s ts  ex h ib ited  less  a c tiv ity  as sh o w n  in F ig u re  2 .2 , d u e  to  
th e  h ig h  m eta l lo ad in g  and  h ig h e r in tr in s ic  a c tiv ity  p e r  e x p o se d  a to m  am o n g  all 
ca ta ly s ts  in v es tig a ted , th e  ran k  b ased  on  th e ir  a c tiv ity  seem s to  be  as th e  fo llo w in g : 
N i >  R u >  R h >  Pd >  Pt. In th e  case  o f  ad d itio n  o f  b a s ic  ca rrie r, su ch  as L a 2Û 3 o r 
M g O  on  A I2O 3, N i/M g O /A l2C>3 c a ta ly s t seem s to  be m u ch  m o re  a c tiv e  th an  sin g le  
c a rrie r  d u e  to  a lte ra tio n  o f  its su rface  ac id ity /b a s ic ity  c h a rac te r is tic s . F o r th e  am o u n t 
o f  co k e  fo rm a tio n  on  each  ca ta ly s t, it w as  fo u n d  th a t N i-b a se d  an d  R u -b ased  sh o w ed  
lo w er a m o u n ts  o f  c a rb o n  d ep o sit. H o w ev e r, N i c a ta ly s ts  w ere  n o t as s tab le  as  R u  
ca ta ly sts .

As presented above, there are many routes for conversion of acetic
acid. Nevertheless, the main reaction pathway depends on reforming catalyst and the
operating parameters.

F ig u r e  2 .2  A ce tic  ac id  co n v e rs io n  as a fu n c tio n  o f  re ac tio n  tem p e ra tu re  
(B asag ian n is  an d  V e ry k io s , 20 07 ).
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A cc o rd in g  to  V a g ia  an d  L em o n id o u  (2 0 1 0 ), th ey  re p o rte d  the  
p ro p e rtie s  o f  N i and  R h  su p p o rted  o n  c e r ia -z irc o n ia  m ix e d  o x id e  an d  th e ir  
p e rfo rm an ce  in  s team  re fo rm in g  o f  ace tic  acid . T h e  ca ta ly s ts  w ere  te s ted  u s in g  
s te a m -to -c a rb o n  m o la r  ra tio  o f  3:1 at 55 0 , 65 0 , an d  75 0  °c . It w as fo u n d  th a t 
0.5%Rh/Zro.g4Ceo.i6C>2 ca ta ly s t w as m o re  ac tiv e  th a n  5% Ni/Zro.84Ceo.i602 ca ta ly s t 
and  Zro.84Ceo.i6O 2 by  th e  h ig h e r ace tic  ac id  co n v e rs io n  an d  v a lu e s  o f  h y d ro g en  y ie ld  
at 550  an d  65 0  ๐c  d u e  to  th e  h ig h e r d isp e rs io n  and  in tr in s ic  a c tiv ity  o f  Rh. 
M o reo v e r, th e  a d d itio n  o f  m e ta ls  d ec rea sed  th e  ra te  o f  co k e  d e p o s itio n , w h ic h  w as 
even  lo w er fo r th e  R h ca ta lyst.

S team  re fo rm in g  o f  ace tic  ac id  w as in v es tig a ted  o v e r  P t/Z r0 2  by  
T ak an ab e  et al. (200 4). T h e  re su lts  sh o w ed  th a t P t/Z rC >2 e x h ib ite d  h ig h  p e rfo rm an ce  
an d  h ig h  h y d ro g en  se lec tiv ity  a t in itia l tim e  on  s team  (T O S ), in d ica tin g  th a t P t w as 
n ece ssa ry  fo r s team  re fo rm in g , w h ile  ZrC>2 w as e ssen tia l to  e x te n d  th e  ca ta ly s t life. 
H o w ev er, ZrC>2 w as  a lso  a  p re c u rso r  fo r  o lig o m er fo rm a tio n  d e r iv ed  fro m  ace tic  ac id  
o r  ace to n e , lead in g  to  th e  ca ta ly s t d eac tiv a tio n . In  o rd e r to  d ev e lo p  a  d u rab le  ca ta ly s t, 
th e  c o n d e n sa tio n /o lig o m e riz a tio n  reac tio n s , w h ic h  tak e  p lace  on  ZrC>2 and  b lo c k  th e  
ac tiv e  site , n eed  to  b e  m in im ized .

T ran e  et al. (2 0 1 2 ) su m m a riz e d  th a t a  v a rie ty  o f  c a ta ly tic  sy stem s 
hav e  b een  re se a rch ed  an d  N i, R u , o r  R h  seem  to  be th e  m o s t p ro m is in g  m eta ls . 
A m o n g  th e  n o n -n o b le  m e ta l ca ta ly s ts , n ick e l-b a se d  ca ta ly s t is a ttra c tiv e  d u e  to  its 
h ig h  ac tiv ity , lo w  co st, an d  ab u n d an ce , b u t in  th e  m o st cases, th e  ca ta ly s ts  w ere  n o t 
s tab le  o v e r  lo n g er tim e  o f  o p e ra tio n  d u e  to  co k e  fo rm a tio n . S u p p o rt m a te r ia ls  
in c lu d in g  o f  a  m ix tu re  o f  a lu m in a  and  b a s ic  o x id e s  w ere  n ece ssa ry  to  g e t h ig h  
p o ten tia l sy stem  fo r lo w  ca rb o n  d ep o s itio n .

Li et al. (2 0 1 2 b ) s tu d ied  th e  e ffec ts  o f  n ick e l lo ad in g  in  th e  ran g e  o f  
0 -23 w t%  o v e r  ZrC>2 c a rrie r  to  in v es tig a te  th e  p e rfo rm an ce  o f  ace tic  ac id  s team  
re fo rm in g . A s a  resu lt, 16%Ni/ZrC>2 ca ta ly s t sh o w ed  th e  h ig h e s t o f  b o th  ace tic  ac id  
co n v e rs io n  and  h y d ro g en  se lec tiv ity  s in ce  th is  ra tio  p o sse sse d  en o u g h  ac tiv e  s ites 
w ith  ap p ro p ria te  N i p a rtic le  s ize  an d  p re se n te d  lo w er a c tiv ity  to w ard s  seco n d ary  
reac tio n , such  as m e th a n a tio n  an d  rev e rse  w a te r  gas sh ift re ac tio n , w h ic h  p ro d u c e d  
u n d es irab le  b y -p ro d u c ts . T h e  ca rb o n  d ep o s itio n  w as  d ec rea sed  w ith  an  in c rease  in  N i 
lo ad in g  up  to  16 w t% .
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S team  re fo rm in g  o f  ace tic  ac id  w as  ex a m in e d  o v e r  N i-C o  (0 .2 5 :1 ), N i- 
C o /C e 0 2- Z r 0 2 (1 5 :6 0 :1 0 :1 5  w t% ), and  N i/L a 20 3/A l20 3 (1 7 :1 5 :6 8  w t% ) by  P an t et 
al. (20 1 3 ). T he  in flu en ce  o f  severa l p a ram e te rs  w ere  ex am in ed , in c lu d in g  reac tio n  
tem p e ra tu re , sp ace  tim e , an d  feed  co n cen tra tio n . T h e  re su lts  in d ica ted  th a t N i-C o  
w ith o u t su p p o rt w as m o re  e ffec tiv e  w h en  c o m p ared  w ith  th e  o th e rs  by  the  h ig h e r o f  
ac tiv ity  an d  h y d ro g en  y ield .

T h a ich a ro e n su tc h a ritth a m  et al. (2 0 1 1 ) in v es tig a ted  th e  e ffec t o f  the  
su p p o rts  (Ceo,75Z r0.25 0 2, A120 3, and  M g O ) an d  N i co n te n t on  s team  re fo rm in g  
ca ta ly tic  a c tiv ity  and  stab ility  o f  ace tic  acid . It w as  o b se rv ed  th a t 
1 5 % N i/C e o 75Zro.25 0 2 ca ta ly s t ex h ib ited  an ex c e lle n t a c tiv ity  an d  s tab ility  in  te rm s  o f  
C -C  b reak ag e  co n v e rs io n  an d  hy d ro g en  y ie ld . B esid es , Ceo.75Zro.75O 2 su p p o rt 
p ro v id ed  b e tte r  red o x  p ro p e rtie s  and  o x y g en  m o b ility  th an  th e  A120 3 an d  M g O  
su p p o rt, lead in g  to  lo w er co k e  fo rm a tio n  ev en  a t lo w  s te a m -to -c a rb o n  ra tio s  as 
sh o w n  in F ig u re  2.3 .

100

■ qX
'ฬิ๐CLX-à
0

-5รO
cçOë<

C a t a l y s t s
y s ,N i-A i O ,

F ig u re  2 .3  T o ta l am o u n t o f  c a rb o n  d ep o s ite d  on  c a ta ly s ts  an d  C -C  b reak ag e  
c o n v e rs io n  at 650  °c, s /c  ra tio s  o f  1-6 (T h a ic h a ro e n su tc h a ritth a m  et a l ,  20 11 ).
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2.4 Partial Oxidation

2.4.1 C a ta ly tic  P artia l O x id a tio n  o f  M eth an e
C ata ly tic  p artia l o x id a tio n  o f  m e th an e  (E q u a tio n  2 .3 7 ) is an  a lte rn a tiv e  

p ro cess  to  gen e ra te  sy n th esis  gas by  p a ss in g  o x y g en  (p u re  o x y g en  o r a ir) and  
m e th an e  th ro u g h  a su itab le  ca ta ly s t a t te m p e ra tu re  ran g e  o f  7 0 0 -1 0 0 0  ๐c  at 
a tm o sp h e ric  p ressu re .

C H 4 +  0 .5 0 2  —► C O  + 2 H 2 A H °298=  -3 5 .7  k j /m o l (2 .3 7 )
T h is  p ro cess  is m ild ly  e x o th e rm ic  reac tio n , so  it req u ire s  less  energy  

to  o p e ra te  the  reac tio n  th a t cau ses  th is  p ro cess  m o re  en e rg y  e ffic ien t. M o reo v er, th is 
p ro cess  p ro v id es  h ig h  co n v e rs io n  o f  m e th an e  an d  a lso  d e s ired  h y d ro g en  to  ca rb o n  
m o n o x id e  p ro d u c t ra tio  o f  tw o  th a t can  be u sed  d irec tly  fo r F isch e r-T ro p sch  
syn th esis . B esid es  th ese  b en efits , ca ta ly tic  p artia l o x id a tio n  o f  m e th an e  is c o n s id e red  
m ore  rap id ly  th an  the  ca ta ly tic  s team  re fo rm in g  o f  m e th an e  p ro cess.

L ike a  s team  re fo rm in g  p ro cess , th e  ca ta ly tic  p a rtia l o x id a tio n  
co u n te rs  w ith  som e side  re ac tio n s  such  as m e th a n a tio n  (E q u a tio n  2 .3 ), ca rb o n  
m o n o x id e  d isp ro p o rtio n a tio n  (E q u a tio n  2 .2 9 ), an d  a lso  w a te r-g a s -sh if t re ac tio n  
(E q u a tio n  2.2).

T he  m o st ch a llen g e  o f  ca ta ly tic  partia l o x id a tio n  o f  m e th an e  is the  
d e ac tiv a tio n  o f  ca ta ly tic  a c tiv ity  due  to  th e  co k e  d ep o s itio n  from  ca rb o n  m o n o x id e  
d isp ro p o rtio n a tio n  and  d e c o m p o sitio n  reac tio n . F u rth e rm o re , th e  s in te rin g  o f  m eta l 
ca ta ly s t at h ig h  te m p e ra tu re  is a lso  o ccu rred . T h e re fo re , sev e ra l s tu d ies  hav e  been  
co n cen tra ted  on  the  ca ta ly tic  p artia l o x id a tio n  o f  m e th an e  so as  to  m o d ify  the  
ca ta ly tic  s tab ility .

2 .4 .2  P artia l O x id a tio n  o f  O x y g en a tes
T he  p artia l o x id a tio n  re ac tio n s  o f  o x y g en a tes  is d e sc r ib e d  by 

E q u a tio n s  2 .3 8 -2 .4 0 , w h ich  m ay  in c lu d e  sev era l reac tio n s  d e p en d in g  on  th e  p ro cess  
co n d itio n s .

C nH mOp +  ( n -p ) /2 0 2 —  nC O  + m /2 H 2 (2 .3 8 )
C nH mOp +  (n /2 -p /2 + m /4 )0 2 ->  n C O  +  m /2 H 20  (2 .3 9 )
CnHmOp + (n -p /2 + m /4 )0 2  —> n C 0 2 +  m /2 H 20  (2 .4 0 )
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2.4 .3  C a ta ly s ts  U sed  in P artia l O x id a tio n  o f  M e th an e
T he  ca ta ly s ts  th a t hav e  b een  u sed  in  th is  re ac tio n  can  be w id e ly  

c la ss ified  in to  tw o  ty p es w h ich  are  th e  n o n -n o b le  m e ta l c a ta ly s ts  such  as N i, C o , and  
Fe and  the  n o b le  m eta l ca ta ly s ts  su ch  as R h . R u , Pd, an d  Pt. D ue to  th e  h ig h  co s t and  
ra ren ess  o f  n o b le  m eta l ca ta ly s ts , severa l re se a rch es  ch an g e  to  th e  n o n -n o b le  m eta l 
ca ta ly s ts  su ch  as n ick e l, iron , co b a lt, and  co p p e r  in o rd e r to  u se  as  th e  ca ta ly s t in  the 
ca ta ly tic  p a rtia l o x id a tio n  o f  m eth an e .

S lag tem  et al. (1 9 9 8 ) rep o rted  th e  iro n -, co b a lt- , an d  n ick e l-b ase d  
ca ta ly s ts  fo r partia l o x id a tio n  o f  m e th an e  to  sy n th esis  gas. T h e  re su lts  sh o w ed  th a t 
n ick e l-b a se d  ca ta ly s t ex h ib ited  th e  h ig h est ac tiv ity  th an  th e  o th e r  ca ta ly s ts  w h ereas  
iro n -b ased  ca ta ly s t ex h ib ited  p o o r ac tiv ity . T hey  su g g es ted  th a t th e  m e ta llic  fo rm  o f  
m eta l w as  an  ac tiv e  fo rm  for p artia l o x id a tio n  o f  m e th a n e  re ac tio n  w h ile  th e  o x id e  
fo rm  w as fav o r for to ta l c o m b u s tio n  reac tio n . In ad d itio n , th ey  p ro p o sed  th e  o rd e r o f  
red u c ib ility  o f  th ese  m e ta ls  in th e  fo llo w in g  o rder: N i> C o > F e .

A m o n g  th e  n o n -n o b le  m eta l ca ta ly s ts , n ic k e l-b a se d  ca ta ly s t is 
a ttra c tiv e  due  to  its h ig h  ac tiv ity , lo w  co st, an d  ab u n d an ce . H o w ev e r, n ick e l-b a se d  
ca ta ly s t is su ffe red  from  the  d eac tiv a tio n  c au sed  by  ca rb o n  d e p o s itio n  and  m eta l 
s in te rin g  at re ac tio n  tem p e ra tu re . So, a  n u m b e r o f  re se a rch es  h av e  b een  fo cu sed  on  
m o d ify in g  n ick e l-b a se d  ca ta ly s t s tab ility . M o st s tu d ie s  dea l w ith  th e  su p p o rt and  the  
in tro d u c tio n  o f  so m e p ro m o te rs  in  o rd e r to  im p ro v e  th e  s tab ility , as w ell as ca ta ly tic  
p e rfo rm an ce .

M iao  et al. (1 9 9 7 ) s tu d ied  the  e ffec t o f  a lk a li m e ta l o x id e  (L i, N a , K ) 
and  ra re -ea rth  m eta l o x id e  (L a, C e , Y , S m ) ad d itio n  on  th e  s ta b ility  an d  p e rfo rm an ce  
o f N iO /A l20 3 ca ta ly s t d u rin g  the  p artia l o x id a tio n  o f  m e th an e  to  sy n th esis  gas. T h ey  
in d ica ted  th a t ad d itio n  o f  a lka li m eta l o x id e  im p ro v ed  th e  d isp e rs io n  o f  a c tiv e  
c o m p o n e n t n ick e l and  th e  ac tiv ity  fo r th e  p a rtia l o x id a tio n  o f  m e th an e  reac tio n  o v e r 
the  n ick e l-b a se d  ca ta ly sts . B esid es , th ese  a lk a li m eta l o x id e  an d  ra re -ea rth  m eta l 
o x id e  a lso  im p ro v ed  th e rm a l s tab ility  d u rin g  h ig h  tem p e ra tu re  reac tio n  an d  re s is tiv ity  
to  cok e  fo rm atio n  o v e r the  n ick e l-b a se d  ca ta ly s ts  d u rin g  th e  p a rtia l o x id a tio n  o f  
m e th an e  reac tio n .

Z h u  and  F ly tzan i-S tep h an o p o u lo s  (2 0 0 1 ) in v es tig a ted  th e  partia l 
o x id a tio n  o f  m e th an e  to  sy n th esis  gas o v e r  N i - C e 0 2 ca ta ly s ts  w ith  v a r io u s  n ickel
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lo ad in g  (5 , 10, and  20  w t% ). It w as o b se rv ed  th a t all ca ta ly s ts  e x h ib ite d  h igh  
p e rfo rm an ce  and  se lec tiv ity  fo r p artia l o x id a tio n  o f  m e th an e  to  sy n th esis  gas at 
tem p e ra tu re  h ig h e r th an  550  ๐c  b u t o n ly  5 w t%  lo ad in g  o f  n icke l ca ta ly s t sh o w ed  
ex c e lle n t re sis tan ce  to  ca rb o n  d ep o s itio n  and  h ad  a  h ig h  s ta b ility  u n d e r reac tio n  
co n d itio n . T hey  b e liev ed  th a t th e  h ig h  s tab ility  o f  th is  c a ta ly s t w as  cau sed  by  the  
tran sfe r  o f  o x y g en  fro m  c e r ia  to  the  n ickel in te rface , e ffec tiv e ly  o x id iz in g  ca rbon  
sp ec ies  p ro d u ced  from  m e th an e  d isso c ia tio n  on  n ickel.

A m o n g  v a rio u s  su p p o rts  o f  n ick e l-b a se d  ca ta ly s ts , c e riu m  o x id e  
(CeC>2) is a  p ro m is in g  one  du e  to  its u n iq u e  red o x  p ro p e rtie s  an d  h ig h  o x y g en  s to rag e  
capac ity . H o w ev er, it has a d isad v an tag e  o f  its p o o r  th e rm a l s tab ility  at h ig h  
tem p e ra tu re s . T h e re fo re , m an y  s tu d ies  h av e  been  fo cu sed  on  im p ro v in g  its p ro p ertie s  
by  ad d in g  so m e a d d itiv e s  su ch  as z irc o n ia  as w ell as o th e r  p ro m o te rs . A d d itio n a lly , 
the  p rev en tio n  o f  co k e  fo rm a tio n  has a lso  b een  stu d ied .

T ak eg u ch i et al. (2 0 0 1 ) s tu d ied  th e  p e rfo rm an ce  o f  Ni/Ce02-ZrC>2 
ca ta ly s ts  fo r the  partia l o x id a tio n  o f  m e th an e  to  sy n th esis  gas. T h ey  fo u n d  th a t the  
ca ta ly tic  a c tiv itie s  o f  the  N i/Ce02-ZrC>2 ca ta ly s ts  fo r th e  p artia l o x id a tio n  reac tio n  o f  
m e th an e  in c reased  w ith  in c reas in g  o x y g en  s to rag e  cap a c ity  o f  th e  Ce02-ZrC>2 so lid  
so lu tio n  re su ltin g  th a t th is  p ro cess  p ro ceed ed  by m ean s  o f  th e  red o x  m ech an ism . 
B esid es , th ey  a lso  rep o rted  th a t N i p a rtic le s  th a t h av in g  w eak  in te ra c tio n  w ith  th e  
su p p o rt sh o w ed  hu ge  am o u n t o f  co k e  w h e rea s  th e  n ick e l p a rtic le s  h av in g  a  s tro n g  
in te rac tio n  sh o w ed  sm all a m o u n t o f  coke.

O tsu k a  et al. (1 9 9 9 ) s tu d ied  a  se rie s  o f  C e 0 2 -Z r0 2  co m p o s ite  o x id e  
(C e i-xZ rx0 2 )  fo r the  g as-so lid  reac tio n  w ith  CH 4 in  th e  ab sen ce  o f  g a seo u s  ox id an t. 
T hey  rep o rted  th a t at Z r co n ten t b e lo w  50 w t% , th e  C eÛ 2-Z r02  so lid  so lu tio n  still 
sh o w ed  th e  f lu o rite  s tru c tu re  and  no  ch an g e  in  d eg ree  o f  red u c ib ility . C ei-xZ rx0 2  
p ro v id ed  sy n th esis  gas w ith  a h y d ro g en  to  ca rb o n  m o n o x id e  ra tio  o f  tw o  an d  h ig h e r 
in  p ro d u c in g  ra te  and  lo w er a c tiv a tio n  en e rg y  th a n  CeC >2 d u e  to  th e  in c o rp o ra tio n  o f  
ZrC>2 in to  CeC>2 th is  cau sed  the  m o b ility  o f  la ttice  o x y g en  to  in c rease . M o reo v e r, th ey  
rep o rted  th e  p resen ce  o f  P t h e lp ed  en h an ce  th e  reac tio n  rate .

T he  s tu d ies  o f  N i/C e-Z rC >2 in o x y -re fo rm in g  o f  m e th an e  w ere  fu rth e r 
in v es tig a ted  by  D o n g  et al. (20 0 2 ). T hey  s tu d ied  the  e ffec t o f  n ick e l co n te n t o f  
N i/C eZ rC >2 ca ta ly s ts  on  the  p e rfo rm an ce  o f  ca ta ly s t in  o x y -re fo rm in g  o f  m e th an e
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(O R M ) to  sy n th esis  gas. T h ey  rep o rted  th a t N i/C e-Z rC >2 c a ta ly s t w ith  15 w t%  N i 
lo ad in g  e x h ib ite d  h ig h es t ca ta ly tic  ac tiv ity , se lec tiv ity , as  w ell as s tab ility . T hey  
su g g ested  th a t N i in co rp o ra tio n  in to  C e - Z r 0 2 cau sed  c e r ia  m o re  re d u c ib le  w h ich  
h e lp ed  to  p ro d u ce  m o b ile  o x y g en  d u rin g  th e  re fo rm in g  reac tio n . T h u s, d eco k in g  
ac tiv ity  w o u ld  lik e ly  be  en h an ced  th ro u g h  th e  p a r tic ip a tio n  o f  th e  la ttice  ox yg en . 
F u rth e rm o re , th ey  b e liev ed  th a t th e  h ig h  p e rfo rm a n c e  o f  1 5 % N i/C eZ r0 2  w as re su lted  
from  the  w ell b a lan ce  b e tw een  tw o  k in d  o f  a c tiv e  s ites  w h ich  one fo r th e  a c tiv a tio n  
o f  m e th an e  and  th e  o th e r one  fo r th e  s team  o r ox yg en .

P en g p an ich  et al. (2 0 0 4 ) s tu d ied  m e th an e  p a rtia l o x id a tio n  (M P O ) to 
sy n th esis  gas o v e r  N i/C eZ rC >2 by  v ary in g  th e  C e to  Z r ra tio , n ick e l lo ad in g , and  a lso  
s tu d ied  th e  e ffec t o f  p re p a ra tio n  m e th o d . T h ey  re p o rte d  th a t th e  ca ta ly s t p rep a red  by 
im p reg n a tio n  m e th o d  w ere  m o re  ac tiv e  th an  th o se  p rep a red  by  gel im p reg n a tio n  
m e th o d  d u e  to  the  h ig h e r d eg ree  o f  m e ta l d isp e rs io n  an d  red u c ib ility . T he 
15% Ni/Ceo.75Zro.2502 ca ta ly s t e x h ib ite d  th e  b e s t p e rfo rm an ce  an d  s tab ility  to  ca rb o n  
d e p o s itio n  d u e  to  its h ig h  d eg ree  o f  m eta l d isp e rs io n  and  su rface  o x y g en  m o b ility . 
T h ey  a lso  su g g es ted  th a t th e  ca rb o n  d e p o s itio n  o n  th is  c a ta ly s t w as m a in ly  fro m  the  
m e th an e  d eco m p o sitio n .

2 ,5  A u to th e r m a l  S te a m  R e fo rm in g

T he  p rev io u s  tw o  p ro cesse s  fo r h y d ro g en  p ro d u c tio n  are  re fo rm in g  e ith e r 
s team  (steam  re fo rm in g ) o r  o x y g en  (p a rtia l o x id a tio n ). A n o th e r  re fo rm in g  o p tio n  is 
to  u se  b o th  te ch n o lo g ie s  in  p a ra lle l to  re fo rm  th e  h y d ro ca rb o n  fuel in to  a  h y d ro g en - 
r ich  fuel. T h is  co m b in a tio n  is k n o w n  as au to th e rm a l s team  re fo rm in g  o r o x id a tiv e  
s team  re fo rm in g  and  can  be  e x p re ssed  gen era lly  as sh o w n  in E q u a tio n  2 .41 .

C nH mOp +  a 0 2 +  b H 20  - »  cH 2 +  dC O  + e C 0 2 +  fCFL, (2 .4 1 )
A u to th e rm a l s team  re fo rm in g  o ffe rs  m an y  ad v an tag es  fro m  tech n ica l and  

eco n o m ic  p o in t o f  v iew . In  th is  case , o x y g en  an d  s team  are  fed  to g e th e r  in to  th e  
p ro cess , p a rtia l o x id a tio n  ac ts  as an  in te rn a l h ea t so u rce  th a t su p p lied  th e rm a l en erg y  
to  th e  en d o th e rm ic  s team  re fo rm in g  ren d e rin g  th e  o v e ra ll re a c tio n  th e rm o n eu tra l. 
T h u s, th e  au to th e rm a l s team  re fo rm in g  re a c tio n  can  sta rt q u ick ly  an d  co n tin u e  
w ith o u t ad d itio n a l o r  ex te rn a l h ea t supp ly . A d d itio n a lly , th is  p ro cess  can  d ev e lo p  th e
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reac to r te m p e ra tu re  co n tro l and  red u ce  th e  fo rm a tio n  o f  h o t sp o t, av o id in g  ca ta ly tic  
d eac tiv a tio n  by ca rb o n  d ep o s itio n  o r s in te rin g  (H ay n es  an d  S h ek h aw a t, 20 1 1 ). T he 
space  o f  o p e ra tio n  fo r h y d ro g en  p ro d u c tio n  is p re sen ted  in F ig u re  2.4.

A u t o t h e r m a l  R e f o r m i n g  
Q |  car =  M i n i m u m

Total Oxidation

ท*! = D

Partial Oxidative
Oxidation Steam Reforming

A Steam Reforming
r / ' -N

Exothermic Endothermic----------►  j j H

ทแ! =  M a x i m u m
H co  =  M a x i m u m

F ig u re  2 .4  D iffe ren t o p e ra tin g  c o n d itio n s  fo r h y d ro g en  p ro d u c tio n  (R a b e n s te in  and  
H acker, 20 08 ).

2.5.1 A u to th e rm a l S team  R e fo rm in g  O p e ra tio n
F eed  co m p o s itio n s  u n d e r au to th e rm a l o p e ra tio n  are  g en e ra lly  se lec ted  

b ased  on  th e  ov era ll ca rb o n  n u m b e r as w ell as th e  s tru c tu re  o f  th e  fue l. T h e  fo llo w in g  
m e th o d  d ev e lo p ed  by  A h m ed  an d  K ru m p e lt (2 0 0 1 ) w h ich  can  be  u sed  to  e s tim a te  the  
o x y g en  to  ca rb o n  (O /C ) ra tio  and  s team  to ca rb o n  (S /C ) ra tio . T h e  m a x im u m  am o u n t 
o f  h y d ro g en  can  be g a in ed  i f  it is a ssu m ed  th a t a  s to ic h io m e tr ic  a m o u n t o f  s team  is 
p re sen t to  co n v ert all ca rb o n  sp ec ies  to  ca rb o n  d io x id e  as sh o w n  in  E q u a tio n  2 .42 .

C nH mOp + aC >2 +  (2 n -2 a -p )H 2 Û  —> (2 n -2 a -p + m /2 )H 2  +  nCC >2 (2 .4 2 ) 
B ased  on  reac tio n  s to ich io m e tr ic , th e  m ax im u m  am o u n t o f  h y d ro g en  

fo rm ed  is (2 n -2 a -p + m /2 ) . T he  reac tio n  e n th a lp y  co rre sp o n d in g  to  th e  s to ich io m e tr ic  
reac tio n  sh o w n  by E q u a tio n  2 .42  is th en

A H r =  nA H fC 02 - (2 n  - 2 a  -p)
=  AHf,H20 - AHf.fuel (2 .4 3 )

A t the  au to th e rm a l s team  re fo rm in g , A H r =  0, R ea rran g in g  E q u a tio n  
2 .43 to  o b ta in  th e  th e rm o n eu tra l s to ich io m e tr ic  o x y g en  c o e ffic ien t, a ,  g ives

p  l r A H f , f u e l - n A H f , C 0 2
an = n - -  +  -โ----------- rrr—-------1ง  2  2 l A H f , H 2 0  JA H f , H 2 0

(2 .4 4 )
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2.5.2 Autothermal Steam Reforming Mechanism
The reaction mechanism is depending on the catalyst, the fuel type, 

and the reaction conditions applied. The autothermal steam reforming reaction has 
been mainly described by combustion-reforming mechanism.

Combustion-reforming mechanism under autothermal steam 
reforming conditions, the hydrocarbon conversion takes place in the following two 
steps. First, part o f the fuel undergoes combustion with forming mainly H2O and CO2 

as products. A very small section o f the catalyst bed is utilized during this step, due 
to the fast kinetics o f combustion. If the reaction takes place according to the 
stoichiometry, 25 % o f the fuel is converted during this process by the oxygen. The 
remaining unconverted fuel fragments are then converted into synthesis gas primarily 
through endothermic steam reactions down the rest o f the catalyst bed. After the 
initial combustion zone, the equilibrium o f the WGS/RWGS also takes place in this 
region (Ruiz e t  a l ,  2008). The combustion-reforming reactions o f methane are 
shown in Equations 2.45-2.47.

Combustion reaction o f methane:
CH4 + 3 /2 0 2 *-»■  CO+ 2H20  AH°2 9 8= -519 kJ/mol (2.45)
Methane reforming and water-gas shift reaction:
CH4 + H20  «-> CO + 3H2 AH°2 9 8= 206.2 kJ/mol (2.46)
CO + H20  «-> C 0 2 + H2 AH°2 9 8= 41.1 kJ/mol (2.47)
For the combustion-reforming mechanism o f higher hydrocarbons can 

be simplified by similar reactions as shown in Equations 2.48-2.51.
Combustion reaction:
CnHmOp + O2 —*  H20 +  CO2 AH°298 < 0 (2.48)
Reforming reactions:
CnHm0p + H20  — H2 + CO AH°298 > 0 (2.49)
CnHmOp + CÛ2 —> แ2 + CO AH°298 > 0 (2.50)
CO + H20  -> H2 + C 0 2 AF10298 < 0 (2.51)
On the study o f autothermal Steam reforming reaction from

combustion-reforming mechanism of n-C4H |0  by varying the contact time (Sato e t  

a l ,  2009), running at short contact times (0.15 ms) had high selectivity to CO2 and 
low fuel conversion (20 %) at O/C=1.0, s / c = 1 .0 ,  and 450 ° c  using a Ni/MgO



19

catalyst. Increasing the contact tim e from  0.15 to 1 ms resulted in a decrease in CO2 

selectivity, w hile  im proving the selectivity o f  both H 2 and CO, and also conversion 

(95 %). C ollective ly these results suggest that the firs t step in autothermal steam 

reform ing is a h ighly exothermic combustion reaction, which is then fo llow ed by 

reform ing reactions to produce synthesis gas. A lso, CO selectivity decreased w ith  

increasing the contact time to 10 ms due like ly  to the water-gas sh ift and methanation 

reactions.

These reports also conformed to the temperature pro file  investigation 

along the catalysts bed in the autothermal steam reform ing condition (Tom ishige e t  

a l ,  2004 ; Simeone et al., 2008a; Simeone et a l ,  2008b). They found that the 

temperature pro file  along Ni-based catalysts bed showed a high temperature peak at 

the catalyst bed in le t fo llow ed by plateau lower temperature as the flo w  progressed 

down the length o f  the reactor. This indicated that the reaction zones exist separately.

2 .5.3 Catalysts Used in Autotherm al Steam Reform ing

De L im a et al. (2008) studied the performances o f  Pt/CeZrC>2 catalyst 

over steam reform ing, partial oxidation, and oxidative steam reform ing o f  ethanol. It 

was observed that addition o f  oxygen to the feed improved the catalyst stability, but 

it  also adversely affected hydrogen selectivity, as a significant fraction o f  the 

hydrogen product formed was oxidized to water. As the same catalyst, Ruiz et al.
(2008) investigated the performance o f  supported platinum  catalysts on the 

autothermal reform ing o f  methane by used various supported, such as A I2O 3, CeC>2, 

ZrC>2, Ceo.14Zro.86O 2, Ce0.50Z r0.50O 2, Ceo.75Zro.25O 2, and Ceo.75Zro.25O2. It was found 

that the Pt7Ceo.75Zro.25O2 catalyst exhibited the best stab ility  on the autothermal 

reform ing o f  methane at 800 °c, using W H SV  = 260 h '1, H 2O /C H 4 = 0 .6, O2/C H 4 = 

0 .5, and H 2/CO ratio = 2 . The higher reduc ib ility  and oxygen storage/release capacity 

o f  Pt7Ceo.75Zro.25O2 catalyst promoted the mechanism o f  continuous removal o f  

carbonaceous deposits from  the active sites. Other noble metal catalyst, such as Rh 

was investigated over autothermal reform ing o f  ethanol on zirconia supported by 

Gutierrez et al. (2011). The Rh-containing catalysts showed the highest selectivity 

fo r hydrogen production and were stable in 24 h experiments. The coke form ation
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w as lo w er on  the  n o b le  m e ta l ca ta ly s ts  w h en  c o m p a re d  w ith  n o n -n o b le  m eta l 
ca ta ly sts .

O n  n o b le  m e ta l ca ta ly s ts , su ch  as R h , R u , P d , an d  P t, are  w e ll-k n o w n  
as a  h ig h  ac tiv ity  an d  d o m in a n t s tab ility  b u t th e  ra ren ess  an d  h ig h  co s t o f  th is  type 
ca ta ly s ts  so sev era l re se a rch es  ch an g e  to  u se  n o n -n o b le  ca ta ly s t w h ic h  is lo w er cost. 
H o w ev er, ty pe  o f  ca ta ly tic  m e ta l w ill in flu en ce  th e  m e c h a n ism s  a lo n g  th e  ca ta ly s t 
bed . A s m en tio n ed  by  T o m ish ig e  et al. (2 0 0 4 ), N i c a ta ly s t bed  sh o w ed  n o ticeab le  
h ig h -tem p e ra tu re  at th e  fro n t, w h ich  th en  d ec rea se  at the  lo n g e r c a ta ly s t bed . U n d er 
O 2 a tm o sp h e re s  as A T R , N i m e ta llic  fo rm  h ad  a s tro n g  ten d en cy  to  be  c o n v e rte d  in to  
N iO . It sh o u ld  be n o ted  th a t th e  o x id iz e d  fo rm  o f  N i w as k n o w n  to  be  ac tiv e  fo r 
co m b u s tio n  reac tio n s , b u t n o t fo r re fo rm in g  reac tio n s . T h e re fo re , N i a t th e  b ed  in le t 
w as  read ily  o x id iz e d  by  th e  feed  gas to  N iO , w h ich  p ro m o te d  e x o th e rm ic  reac tio n s  
and  p ro d u ced  a  su b stan tia l te m p e ra tu re  ra ised  in  th a t reg io n .

N i/C e Z r0 2 -b ased  ca ta ly s ts  w ere  in v es tig a ted  in  au to th e rm a l m e th an e  
re fo rm in g  by  D an tas  et al. (20 0 7 ). A d d itio n  o f  a lu m in a  p ro v id e d  a h ig h e r  su rface  
area , w h ich  fav o red  th e  fo rm a tio n  o f  sm a lle r  n ick e l o x id e , an d  m e ta llic  n icke l 
p a rtic le s . T he  re su lts  sh o w ed  th a t th e  ca ta ly tic  p e rfo rm an ce  o f  N i/C e Z r0 2 /A l2 0 3  w as 
b e tte r  th an  th e  o th e r sam p les , w h ich  m ay  be c o rre la ted  to  th e  h ig h e r  red u c ib ility  and  
b e tte r  red o x  p ro p ertie s . In  2 0 1 2 , D an tas  et al. a lso  im p ro v ed  th e ir  p re v io u s  re se a rch  
by  u sed  m o re  an d  c o m p lex  ca rrie rs  (A I2O 3, C e 0 2 /A l20 3 , Ceo.5Zro.5O 2/A l2O 3, and  
Ceo.5Zro.5O 2). T he  re su lts  re la ted  to  th e  p re v io u s  w o rk , as w as  a lread y  m en tio n ed  
abo ve . S ris iriw a t et al. (2 0 0 9 ) a lso  rep o rted  th e  ac tiv ity  o f  N i/A l2Û 3 su p p o rts  w ith  
an d  w ith o u t p ro m o te d  C e 0 2 , Z rÛ 2 and  C e 0 2 - Z r 0 2 - It a p p a ren t in  th e  sam e  resu lts  
th a t the  p re sen ce  o f  C eÛ 2 an d /o r  Z r0 2  im p ro v ed  th e  c a ta ly s t’s p ro p e rtie s  by 
e n h an c in g  N i d isp e rs io n  and  red u c in g  N i p a rtic le  size , e sp e c ia lly  C e 0 2 - Z r 0 2 , 
im p ro v ed  ca ta ly tic  a c tiv ity  by  in c rea s in g  th e  h y d ro g en  y ie ld  and  th e  ca rb o n  
d io x id e /c a rb o n  m o n o x id e  an d  th e  h y d ro g en /ca rb o n  m o n o x id e  v a lu e s  a t h ig h e r 
te m p e ra tu re  an d  h ig h e r o x y g en  to  e th an o l ra tio .

T h e rm o d y n am ic  an a ly sis  o f  h y d ro g en  p ro d u c tio n  v ia  au to th e rm a l 
s team  re fo rm in g  w as in v es tig a ted  (V ag ia  and  L em o n id o u , 2 0 0 8 ; G ra sch in sk y  et a l ,
20 12 ). E q u ilib r iu m  ca lc u la tio n s  e m p lo y in g  G ib b s  free  en e rg y  m in im iz a tio n  w ere  
p e rfo rm ed  fo r ace to n e , ace tic  ac id , an d  e th y len e  g lyco l in a  b ro ad  ran g e  o f
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te m p e ra tu re  (1 3 0 -1 0 3 0  °C), s team  to fuel ra tio  (1 -9 ) an d  p re ssu re  (1 -2 0  a tm ) va lues. 
T he  o p tim a l o x y g en  to  fue l ra tio  to  ach iev e  th e rm o n e u tra l co n d itio n s  w as  c a lcu la ted  
u n d e r all o p e ra tin g  co n d itio n s . H y d ro g en -ric h  gas is p ro d u ced  a t te m p e ra tu re  h ig h e r 
th an  4 3 0  ๐c  w ith  th e  m a x im u m  y ie ld  a tta in e d  a t 630  ° c .  T he  ra tio  o f  s team  to  fuel 
and  th e  p re ssu re  d e te rm in e  to  a  g rea t ex te n t th e  eq u ilib r iu m  h y d ro g en  co n cen tra tio n . 
T he  h ea t d em an d  o f  th e  re fo rm er, as e x p re sse d  by  th e  re q u ire d  am o u n t o f  o x yg en , 
v a rie s  w ith  te m p e ra tu re , s team  to  fuel ra tio , an d  p re ssu re , as w e ll as th e  ty pe  o f  
o x y g en a te  c o m p o u n d  used . T he  re su lts  in d ica ted  th a t w h en  th e  re q u ire d  o x y g en  
en te rs  th e  system  at th e  re fo rm in g  tem p e ra tu re , au to th e rm a l s team  re fo rm in g  resu lts  
in h y d ro g en  y ie ld  a ro u n d  2 0  %  lo w er th an  th e  y ie ld  by  s team  re fo rm in g  b eca u se  p a rt 
o f  th e  o rg an ic  feed  is co n su m ed  in  th e  co m b u s tio n  reac tio n .

2.6 C arbon  Form ation

C o k e  fo rm a tio n  an d  m e ta l s in te rin g  are  k n o w n  as th e  m a in  rea so n s  fo r 
d eac tiv a tio n . T he  h ig h  tem p e ra tu re s  a sso c ia ted  w ith  th e rm a l p ro c e sse s  to  p ro d u ce  
h y d ro g en  a lso  fav o r the  fo rm a tio n  o f  ca rb o n . T he  ro u tes  fo r co k e  fo rm a tio n  are 
co m p lica ted  an d  m ay  be in v o lv ed  E q u a tio n s  2 .2 8 -2 .3 3 . B ecau se  o f  the  h ig h  
tem p e ra tu re s  o f  reac tio n , co k in g  m ay  re su lt fro m  gas ph ase  reac tio n s  lead in g  to 
ca rb o n aceo u s  in te rm ed ia te s  w h ic h  co n d en se  on  a  su rface . T h e  reac tio n s  in v o lv e  free 
rad ica l p o ly m eriza tio n s  an d  th e  a d d itio n  o f  d ilu e n ts  su ch  as s team  red u ces  th e ir  
im p o rtan ce . N o n e th e le ss , gas p h ase  co k e  can  a c c u m u la te  o n  th e  ca ta ly s t p a r ticu la r ly  
w ith  h eav ie r  h y d ro ca rb o n  feedsto ck .

A s m en tio n ed  b e fo reh an d , n ick e l-b a se d  ca ta ly s t is a ttra c tiv e  b u t it is 
su ffe red  fro m  th e  d eac tiv a tio n  cau sed  by  ca rb o n  d e p o s itio n  an d  m e ta l s in te r in g  at 
re a c tio n  tem p e ra tu re . T h ere fo re , sev era l re se a rch es  h av e  b een  fo c u se d  on  m o d ify in g  
n ick e l-b a se d  ca ta ly s t s tab ility . M o st s tu d ie s  (V ag ia  an d  L em o n id o u , 20 10 ; 
T h a ich a ro e n su tc h a ritth a m  et a l ,  2 0 1 1 ) dea l w ith  th e  su p p o rt an d  th e  in tro d u c tio n  o f  
so m e p ro m o te rs  in  o rd e r to  im p ro v e  the  s tab ility , as w e ll as c a ta ly tic  p e rfo rm an ce . 
T hey  o b se rv ed  th a t N i-b a se d  CeC>2-Z r0 2  ca ta ly s ts  e x h ib ite d  a  b e tte r  a c tiv ity  w ith  less 
co k e  fo rm a tio n  as co m p ared  to  co m m erc ia l ca ta ly s ts  as  N i-b a se d  on  M g O  an d  A I2O 3 

su p p o rts  due  to  th e  sy n erg e tic  e ffec t o f  an  ease  o f  red u c ib ility  and  a  g o o d  o x id a tio n
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ability of the Ce02-Zr02 mixed oxide could promote the oxidation of carbon 
precursors on the nickel surface leaving the surface of the catalyst clean. In addition, 
the effect of nickel loading on coke formation over Ni/ZrC>2 catalysts under steam 
reforming of acetic acid was investigated by Li et al. (2012b), they found that the 
lowest of coke formation was around 16%Ni/Zr02 catalyst, which polymerization of 
acetone was the main route over 2%Ni/ZrÛ2 to 13%Ni/Zr02 catalysts whereas 
methane decomposition and CO disproportion were the two main routes over 
20%Ni/ZrO2 to 23%Ni/Zr02 catalysts.

It is well known that coke formation over different reactions does not show 
the same behavior in term of qualitative and quantitative. As shown in Figure 2.5, the 
different characteristic peaks of coke formation from XPS analysis are observed due 
to the different reactions. Rabenstein and Flacker (2008) studied a thermodynamic 
analysis for น2 production from ethanol by different processes. They concluded that 
the amount coke was formed in the following order: partial oxidation > steam 
reforming > autothermal steam reforming. Furthermore, De lima et al. (2008) also 
conformed these results and gave the reason that adding both of water and O2 to the 
feed improved catalyst stability and promoted the elimination of coke.

Figure 2.5 XPS profiles o f the spent 12%Ni/y-Al20 3 catalyst (An e t  a l ., 2011).
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As shown in Figure 2.6, type of coke formation also discussed in several 
researches (Trimm, 1977; Wang et a l, 2008; พน and Liu, 2010; Vagia and 
Lemonidou, 2010; An et a l, 2011). They found that carbon species deposited over 
different catalysts and reaction conditions had different structure. For Ni-based 
catalyst, filamentous carbon or graphitic carbon (hard coke) was unique to metallic 
Ni because the carbon atoms were soluble in the metal lattice and its nucléation into 
grapheme layers at the metal-support interface. Then the Ni particle was forced to 
break away from the catalyst main body. Finally, a carbon nanotube formed. 
Nonetheless, the formation of filamentous carbon could lead to build up of pressure 
in the catalyst bed as a result of catalyst fragmentation. Moreover, the thermal 
processes of oxygenated compound as acetic acid always generated carbonaceous 
compounds on catalyst surface or amorphous carbon as known as soft coke which 
easily gasified by steam or transformed to filamentous carbon at the lower 
temperature. Meanwhile, filamentous carbon would be degraded at the higher 
temperature.

Figure 2.6 TEM images illustrating the different carbon morphologies over Ni-
based catalysts o f a) filamenteuse, b) encapsulating, c) pyrolytic and, d) amorphous.
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