
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Background

In the p resen t, h y d r o g e n  is  c o n s id e r e d  an e n e r g e tic  v e c to r  ab le  to  p la y  a role  
o f  in cr e a s in g  im p o rta n ce  in  fu tu re en e r g y  sy s te m , c o n c e r n in g  in p articu lar  c lea n  
p ro d u ctio n  (B a s ile  e t  a l ,  2 0 0 5 ) .  In a d d ito n , h y d ro g en  can  b e  p ro d u ced  from  
ren e w a b le
so u r c e s  su ch  as b io m a ss , so la r  en e r g y , and  s o  o n , and is  e f f ic ie n t ly  c o n v e r te d  to  
e le c tr ic ity  by P E M  fu e l c e l ls  (F a u n g n a w a k ij e t  a l ,  2 0 0 6 ) . A c c o r d in g  to  P E M  fu el 
c e l l s ,  h y d ro g en  is  c o n s id e r e d  a s  an  a ttracttive  to  the c o n v e n tio n a l g a s o l in e  internal 
c o m b u stio n , and required  sto ra g e  in frastructu re e ith er  in  h ig h  p ressu re  or  gen era ted  
on -b o a rd  u s in g  a liq u id  h y d r o g e n  (P a te l e t  a l ,  2 0 0 7 ) . T h e  P E M  fu e l c e l ls  h ave  
p r e se n tly  attracted  m u ch  a tte n tio n  w o r ld w id e  s in c e  it p r o v id e s  h ig h  e f f ic ie n c y  w ith  
c le a n  e x h a u st  g a s  b y  c o n su m in g  h y d r o g e n  an d  o x y g e n  (F a u n g n a w a k ij e t  a l ,  2 0 0 6 ). 
T h is  sy s te m  o ffe r s  h ig h er  p o te n tia l for e f f ic ie n c y  and r e d u ces  e m is s io n  o f  p o llu ta n ts  
in  p o w e r  g e n era tio n  w h e n  c o m p a re  w ith  b u rn in g  fo s s il  fu e l (C h a n g  e t  a l ,  2 0 0 7 ) . In 
ord er to  th e  g r o w in g  a tten tio n  o n  the fo s s i l  fu e l c r is is  and  en v ir o n m e n t p o llu tio n  
im p o se d  c o n s id e r  n e w  and c le a n  p r o c e s se s  and  r e n e w a b le  m a ter ia ls  for g en era tio n  as  
u s in g  h y d o r g en  b y  P E M  fu e l c e l l s  (Iu lia n e li e t  a l ,  2 0 0 9 )  that can  b e  r e p la ce  the  
fo s s il-b a s e d  e n e r g y  in  the futu re. T h u s th e h y d o r g e n  p ro d u ctio n  m u st b e  eva lu a ted  
for th e  su ita b le  p r o c e ss  and c o n d it io n .

2.2 Hydrogen Production from Methanol (CH3 OH)

P resen tly , d irect s to ra g e  an d  u se  o f  h y d r o g e n  o n  P E M  fu e l c e ll  v e h ic le  h av e  
certa in  lim ita tio n s; th erefore , on -b o a rd  h y d r o g e n  p ro d u ctio n  from  h y d ro carb on  fu e ls  
su ch  a s  m eth a n o l, e th a n o l, d im e th y l e th er , an d  etc . are b e in g  c o n s id e r e d  as a 
p o ten tia l o p tio n  (P a te l e t a l , 2 0 0 7 ) .  A m o n g  a ll th e  c o n te n d e r s , th e  m eth a n o l h as b een  
rec o m m e n d e d  as th e  b est so u r c e  for h y d r o g e n  fu e l-c e l l  e n g in e s  in  tran sp orta tion
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a p p lic a tio n s  b e c a u se  o f  th e  h ig h  e n erg y  d e n s ity  liq u id  fu e ls , d u e to  th e  h ig h  H /C  ratio  
h a v in g  a lo w e r  p ro p en sity  for  s o o t  fo rm a tio n  than o th er h y d ro ca rb o n s, r e la tiv e ly  lo w  
b o ilin g  p o in t and  e a s y  s to r in g . In a d d itio n , its sa fe  h a n d lin g , lo w  c o s t , and e a se  o f  
sy n th e s is  fro m  a va r ie ty  o f  f e e d s to c k s  (b io m a ss , c o a l, and  natural g a s )  (S h ish id o  e t  
a l ,  2 0 0 7 ) . M o r e o v e r , u s in g  m eth a n o l to  p ro d u ce  h y d ro g en  n o  carb o n -ca rb o n  b on d  
(m in im iz in g  c o k e  fo r m a tio n ), n o  su lfer  p resen ts  in  th e  fu e l, and cu rrent in frastructure  
o f  g a so lin e  ca n  b e  u sed  fo r  s to ra g e  (P a te l e t  a l ,  2 0 0 7 ).

M e th a n o l can  b e  p rep ared  p a rticu la r ly  from  sy n th e s is  g a s  (sy n -g a s , a 
m ix tu re  o f  C O 2 and H 2) o b ta in ed  from  th e  in c o m p le te  c o m b u stio n  o f  fo s s il fu ie s  
(g e n e r a lly  natural g a s  or c o a l) ,  and p ro d u ctio n  o f  m eth a n o l is  a lso  p o ss ib le  b y  th e  
o x id a t iv e  c o n v e r s io n  o f  m e th a n e , a v o id in g  th e  in itia l p rep ara tion  o f  s y n -g a s , or b y  
r e d u ctiv e  h y d r o g e n a tiv e  c o n v e r s io n  o f  C O 2 (fr o m  in d u str ia l e x h a u sts  o f  fo s s il  fu el 
b u rn in g  p o w e r  p la n ts , c e m e n t  p lan ts, e tc . and  e v e n tu a lly  the a tm o sp h ere  itse lf ) . 
M eth a n o l ca n  a lso  b e  c o n v e r te d  from  ag ricu ltu ra l w a s te s  (b io m a ss )  as an a ltern a tive  
w a y  to m a n a g e  agricu ltu ra l w a s te . M o r e o v e r , m e th a n o l can  a lrea d y  b e u sed  as  
su b stitu te s  for  g a so lin e  an d  d ie se l fu e l in to d a y ’s in tern al c o m b u stio n  e n g in e -  
p o w e r e d  cars and it can  c o n v e r t  to  h y d r o g e n  w h ic h  is  the m o st  c o m m o n  b a se  
m ateria l in  th e  u n iv erse . T e c h n o lo g y  for  c o n v e r tin g  m eth a n o l in to  a  h y d ro g en -r ich  
stream  is  m a in ly  b a sed  o n  s te a m  r e fo m in g  o f  m eth a n o l (S R M ), partia l o x id a tio n  o f  
m eth a n o l (P O M ), and  c o m b in a tio n  o f  b o th  as o x id a t iv e  s tea m  re fo rm in g  o f  m eth a n o l 
(O S R M ).

2 .2 .1  S tea m  R e fo r m in g  o f  M e th a n o l (S R M )
T h e  stea m  r e fo r m in g  r ea c tio n  is  v ie w e d  as a  v e r y  in terestin g  and  

p r o m isin g  m e th o d  for h y d r o g e n  p ro d u ctio n  u se fu l for  fu e l c e ll  a p p lica tio n s . T h e  
c h e m ic a l rea c tio n s  c o n s id e r e d  for  d e sc r ib in g  th e S R M  p r o c e ss  are th e  fo llo w in g :

C H 3O H  +  H 20  «-» C O 2 +  3 H 2 , A H °298K =  + 4 9 .7  (k J /m o l)  (2 .1 )

C O  +  H 20  «-» C 0 2 +  H 2, A H °298K = - 4 1 . 2  (k J /m o l)  (2 .2 )

C H 3O H  <-> C O  +  2 H 2, A H °298K =  + 9 0 .7  (k J /m o l) (2 .3 )
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T h e  o v e r a ll reactio n  for  S R M , as e q u a tio n  2 .1 , an d  th e  d e c o m p o s it io n  
o f  m eth a n o l (D C M ) as eq u ation  2 .3 . T h e se  are en d o th erm ic  an d  p ro ceed  u nder  
v o lu m e  in c r e a se , w h ile  th e  w ater g a s  sh ift  (W G S ) reactio n  (E q u a tio n  2 .2 )  is  
e x o th e r m ic  and  p r o c e e d s  w ith o u t v o lu m e  c h a n g e  (Iu lia n e lli e t a l., 2 0 0 8 ) . A c tu a lly ,  
stea m  re fo rm in g  is  th e  m o st  u sed  te c h n o lo g y  for  p ro d u c in g  h y d r o g e n  that m o re  
su ita b le  for  sta tion ary  a p p lic a tio n s  o w in g  to a  s lo w  start-up. It is  fa v o ra b le  at h ig h  
tem p era tu re ( 2 5 0 - 3 5 0  ° C ) , and lo w  p ressu re  (A rm o r  e t a i ,  2 0 0 8 ) .  H o w e v e r , it is  an  
en d o th e r m ic  p r o c e ss , n e e d in g  heat to  b e  su p p lied  (Iu lia n e li e t a i ,  2 0 0 9 ) .

T h e  s tea m  refo rm in g  p r o c e ss  is  u su a lly  op erated  w ith  e x c e s s  s tea m , to  
in d u ce  th e W G S  r ea c tio n  in  the reform er in ord er to  lo w e r  th e  C O  co n cen tra tio n  in  
th e  p rod u ct gas. T h e  m a in  d raw b ack  o f  S R M  is  th e  s e le c t iv ity  to  C O  a s a b y -p ro d u ct, 
an is su e  p articu lar im p o rtan t w h e n  p ro d u ce  h y d r o g e n  for fu e l c e ll  a p p lic a tio n s , the  
reform ed  h y d ro g e n -r ic h  stream  n eed s  p u r ifica tio n  b e fo r e  b e in g  fed  to  P E M  fu e l c e ll .  
T h e p u r ifica tio n  o f  a re fo rm ed  stream  is  a cru c ia l a sp ec t  and is  m a in ly  d e v o te d  to  
r e m o v e  th e  C O , r e sp o n s ib le  w ith  a c o n te n t > 1 0  p p m  o f  the a n o d ic  ca ta ly s t  p o iso n in g  
o f  a P E M  fu e l c e ll . ( B ic h o n  e t a l., 2 0 0 6 ) .

N o t  o n ly  C O  is u su a lly  fo u n d  in  th e  p rod u ct stream  but a lso  m eth a n e , 
d e p e n d in g  u p o n  the ty p e  o f  c a ta ly st, and  the o p era tin g  c o n d it io n s . T h e  form a tio n  o f  
m eth a n e  c o n su m e s  h y d r o g e n  p ro d u ctio n  from  m eth a n o l and s te a m , r esu ltin g  as 
su p p r e ss in g  th e p r o d u ctio n  o f  h y d r o g e n  g a s  that sh o w n  in  E q u atio n  2 .4 .

C O ( g ) + H 2( g ) -  C H 4(g )  +  H 20 ( g )  A H °298K ~  - 2 0 6  k J m o l'1 (2 .4 )

B o th  C O  fo rm a tio n  and  C H 4 fo rm a tio n  in  S R M  reac tio n  ca n  b e  
p ro d u ced  carb o n  fo rm a tio n . H 2 p ro d u ctio n  o p era tio n  co n cern s  w ith  regard to  carb on  
form atio n . C arb on  fo r m a tio n  can  b u ild  ra p id ly  an d  sh u t d o w n  th e  p r o c e ss , thu s it is  
im p ortan t to  k eep  it u n d er con tro l. T h ere  are tw o  m ajor p a th w a y s  for carb on  
form ation :

2CO -า C 02 + c  
CH4 -» c  + 2H2

(2 .5 )
(2 .6 )
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T h e s im p lif ie d  p r o c e ss  f lo w  d ia gram  for S R M  is  sh o w n  in F ig u re  2 .1 , 
illu s tr in g  the m ajor u n it op era tion s.

The SRM can also lead to the formation of toxic and undesirable
products such as formic acid (HCOOH), formaldehyde (CH2 O), and dimethylether
(CH3 OCH3 ), which limit the hydrogen (Houteit et a l ,  2006).

Natural
Gas

Feedstock H2 Product

Steam
Purification Pre-Reformer Reformer Shift Separation

Figure 2.1 S im p lif ie d  p r o c e ss  f lo w  d iagram  for S R M  (A rm o r  e t  a i ,  2 0 0 8 ).

M a n y  research ers s ti ll k eep  g o in g  o n  se a r c h in g  th e  im p r o v e m e n t o f  
S R M  p r o c e ss  b y  u s in g  ex p e r im e n ta l c o n d it io n s , and c a ta ly s ts  to  p rod u ce  h ig h er  
h y d r o g e n  p ro d u ctio n  that a v o id  th e  risk  o f  c o k e  fo rm a tio n , h ig h  c o n ten t o f  C O , and  
oth er  b y -p ro d u cts . P articu la r ly  C O  c le a n -u p  ste p  o f  h y d ro g en  prior to the fu e l c e lls  
h a v e  b e e n  fo c u se d .

2 .2 .1 .1  E x p e r im e n ta l C o n d it io n
T h e e f fe c t  o f  rea c tio n  tem p era tu re o n  the ca ta ly tic  

p erfo rm a n ce  is  sh o w n  in  F ig u re  2 .2 . T h e  m eth a n o l c o n v e r s io n  in crea sed  w ith  
in c r e a s in g  th e  r e a c tio n  tem p era tu re, w h ile  m eth a n o l is  c o n v e r te d  a lm o st  c o m p le te ly  
in to  H2 , CO2 and CO u p  to  280°c.
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F ig u r e  2 .2  E f fe c t  o f  rea c tio n  tem p era tu re in  m eth a n o l s tea m  re fo rm in g  reac tio n  
(Z h a n g  e t  a l . ,  2 0 0 3 ) .

T h e  r e a c tio n  tem peratu re is  a lso  e f fe c t  o n  the fo rm a tio n  rate 
is  s h o w n  in  fig u re  2 .3 . T h e p r o f ile s  o f  แ 2, c c > 2, and C O  fo rm a tio n  rates w e n t up  to  
th e  m a x im u m  and  th en  d e c r e a se d  w ith  tim e; th e  e x te n ts  o f  b o th  g o in g  up  an d  c o m in g  
d o w n  o f  th e  rates in c r e a se  w ith  in crea sin g  rea c tio n  tem p era tu re. T h e fo rm a tio n  rate 
o f  C O  is  v ery  sm a ll at th e se  r ea c tio n  tem p eratu res.
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Figure 2.3 E ffe c t  o f  r ea c tio n  tem p era tu re o n  p rod u ct p r o file s  w ith  0.1  g  o f  5%  
C u /G D C , (a )  2 1 0  °c, (b ) 2 4 0  °c, and (c )  2 7 0  °c (H u a n g  e t  a l . , 2 0 1 0 ) .
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T h e e f fe c t  o f  the stea rm m eth a n o l ra tio  o n  the ca ta ly tic  
a c t iv ity  w a s  a lso  in v e stig a te d . F ig u re  2 .4  s h o w s  a c o m p a r iso n  o f  th e  C O  
c o n c e n tr a tio n  at tw o  s tea m :m eth a n o l ratios. T h e  C u 0 - Z n 0 - A l 20 3  c a ta ly s ts  are a 
c o n s id e r a b le  d ec r e a se  in  the C O  co n cen tra tio n  at h ig h  c o n v e r s io n s  w h e n  the s tea m  
ratio is  s l ig h t ly  in crea sed . It h as b e e n  n oted  ear lier  that an e x c e s s  o f  s tea m  a id s  in  
in h ib it in g  C O  form ation .

F ig u r e  2 .4  T h e in f lu e n c e  o f  th e  s tea m :m eth a n o l ratio o n  C O  p rod u ction . O p en  
sy m b o ls :  H 20 :M e O H  = 1 . 3 ,  f ille d  sy m b o ls:  H 20 : M e O H  =  1.1 . L H S V  =  1 1 .2  h ~‘, T  =  
4 7 3 .5 2 3  K  (B ic h o n  e t  a l., 2 0 0 6 ) .

2 .2 .1 .2  M e c h a n ism  a n d  K in e t ic s  o f  M e th a n o l S te a m  R e fo rm in g
T h ere  are lim ite d  k in e tic  s tu d ie s  and re a c tio n  m e c h a n ism s  data  

a v a ila b le  for  th e  S R M  p r o c e ss . T h e  in d iv id u a l r e a c tio n s  (E q u a tio n s  2 .1 - 2 .3 )  to  be  
in c lu d e d  in  th e  k in e tic  m o d e l o f  th e  S R M  p r o c e ss  are still u n d er d eb ate . In itia lly , 
S R M  w a s  su p p o se d  to  p r o ceed  b y  th e form a tio n  o f  C O  and H 2 (D C M ), fo l lo w e d  b y  
the W G S  reac tio n . T h e  fo rm a tio n  o f  C 0 2 b y  th e  d irect r ea c tio n  o f  m eth a n o l and  
stea m  h a s a lso  b een  p r o p o se d  (M a sta lir  e t a l ,  2 0 0 5 ) .  T h ere fo re , its  c o n cen tra tio n  in  
the p ro d u ct stream  m u st b e  eq u a l to  or greater th an  th e co n ce n tr a tio n  o f  C O  at the  
W G S R  e q u ilib r iu m . T h e  e lem e n ta r y  su rfa ce  r ea c tio n  m e c h a n ism s  and d e r iv e d  the
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L a n g m u ir -H in s h e lw o o d  e x p r e ss io n . T h ey  s u g g e s te d  that C O  w a s  fo rm ed  v ia  
d e c o m p o s it io n  o f  m e th y l form ate  (E q u a tio n s  2 .7 - 2 .9 ) .

m e th a n o l c o n v e r s io n  and  carb on  d io x id e  fo rm a tio n . T h ey  n e g le c t  the C O  form ation  
that ca n n o t b e  n e g le c te d  as e v e n  v e r y  lo w  C O  co n cen tra tio n  ca n  p o iso n  th e P t an o d e  
o f  P E M  fu e l c e ll . P e p p le y  e t a l. (1 9 9 9 )  d e v e lo p e d  a  LH  rate e x p r e s s io n  co n s id e r in g  
S R M , D C M , and W G S  rea c tio n s  w ith  dual s ite  m ec h a n ism . It ca n  b e s e e n  that in  all 
th e  r ea c tio n  m e c h a n ism s  the rou te  o f  C O  fo rm atio n  is  d ifferen t. T h e  stu d y  C O  
fo rm a tio n  m e c h a n ism  th rou gh  D R IF T  a n a ly s is  an d  c o n firm ed  that the C O  form ation  
o v e r  C u 0 /Z n 0 /Z r0 2 /A l 20 3  ca ta ly s t  for S R M  o c c u r s  v ia  (R W G S ) rea c tio n  (E q u a tion  
2 .1 0 ) .  A fte r  that, m a n y  research ers h av e  a lso  p ro p o se d  the C O  fo rm a tio n  v ia  R W G S  
(A g r e ll e t  a l . ,  2 0 0 1 ;  R e u se  e t  a l . ,  2 0 0 4 )  that u se s  the p ro d u cts  o f  th e  re form in g  
r ea c tio n  i.e . H 2 and  C 0 2.

T h e  k in e tic  stu d y  o f  s te a m  reform in g  o f  m eth a n o l w a s  carried  
o u t o v e r  C u /Z n 0 /A l20 3 c a ta ly s t  w ith  c o m p o s it io n  C u /Z n 0 /A l20 3:1 0 /5 /8 5  (w t% ). 
T h e co n ce n tr a tio n  o f  C O  in th e  p rod u ct g a s  w a s  le s s  than 1% and  w a s  a lw a y s  w e ll  
b e lo w  th e  e q u ilib r iu m  C O  c o n cen tra tio n  o f  th e  W G S . T h is  su p p o rts th e  reac tio n  
se q u e n c e  o f  m eth a n o l s tea m  refo rm in g  fo l lo w e d  b y  the R W G S  (P a te l e t  a l ,  2 0 0 7 ) .

B a se d  o n  th e  e x te n s iv e  te st in g  o f  th e  C u 0 /Z n 0 /A l 20 3 , a  
se m i-e m p ir ic a l m o d e l o f  th e  k in e t ic s  o f  th e  S R M  has b een  d e v e lo p e d  b y  u s in g  the  
r ea c tio n  s c h e m e s  o f  irrev ersib le  reac tio n  o f  S R M  and  D C M  rea c tio n . T h e y  fou n d  that 
th e  W G S  c o u ld  b e  n e g le c te d  w ith o u t  su b stan tia l lo s s  in  accu ra cy . T h e  rate eq u a tio n s  
for b o th  rea c tio n s  c a n  b e  w ritten  as fo llo w s:

2 C H 3O H  - *  C H 3O C H O  +  2 H 2 

C H 3O C H O  +  H 20  H C O O H  +  C H 3O H  
H C O O H  - >  C 0 2 +  H 2

(2 .7 )
(2 .8 )  
(2 .9 )

T h e  k in e tic  e x p r e s s io n  from  th is  p red ic ts  th e  rates o f

C O  +  H 20  <-►  C 0 2 +  H i  A H °298 k =  - 41 k J m o f 1 (2 .1 0 )
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F CH30H =  - kiCcroOH - k2
r  H20  =  - kiCcH30H
r  C02  =  kiCcH30H
f  CO =  k2
r  H2 =  3kiCcH30H +  2 k 2

G iv e n  the rate c o n sta n ts  k| and k 2, it is  fa ir ly  s im p le  to  
n u m e r ic a lly  in teg ra te  th is  sy s te m  o f  e q u a tio n s  for an iso th erm a l b ed  to  ob ta in  the  
p red ic ted  p er fo rm a n ce  o f  th e  reform er.

T h e reac tio n  rate o f  m eth a n o l an d  w a ter  c o n su m p tio n  is  
d e p e n d in g  o n ly  o n  the co n cen tra tio n  o f  m eth a n o l but n o  d e p e n d in g  on  w a ter  
co n c e n tr a tio n . F u rth erm ore, th e  reactio n  rate o f  C O  fo r m a tio n  is  a zero -o rd er  rate, 
w h ic h  m ea n s that the fo rm a tio n  o f  C O  is  not a ffe c te d  b y  th e co n ce n tr a tio n  o f  
m e th a n o l or th e  co n cen tra tio n  o f  w ater (A m p h le tt  e t  a l ,  1 9 9 4 )

2 .2 .2  Partial O x id a tio n  o f  M eth a n o l (P O M )
P artia l o x id a t io n  o f  m eth a n o l is  an a ttractive  o n -s ite  so u r c e  o f  H 2 for  

fu e l c e l ls . T h is  is  an e x o th e r m ic  reactio n  a c c o r d in g  to eq u ation :

C H 3O H (g )  +  l / 2 0 2(g )  -  2 H 2(g ) +  C 0 2(g ) ,  A H °298K =  -1 9 2  k J m o l'1 (2 .1 1 )

H o w e v e r , a n u m b er o f  o th er  rea c tio n s  ca n  tak e  p la c e  at th e  sa m e  tim e . 
T h e s e  are m a in ly  m eth a n o l to ta l o x id a tio n  (E q u a tio n  2 .1 2 ) ,  m eth a n o l d e c o m p o s it io n  
(E q u a tio n  2 .1 3 ) ,  s tea m  r e fo rm in g  (E q u a tio n  2 .1 4 ) , w a te r -g a s  sh ift  (E q u a tio n  2 .1 5 ) ,  
m eth a n a tio n  (E q u a tio n  2 .1 6 ) ,  and C O  (E q u a tio n  2 .1 7 )  an d  H 2 (E q u a tio n  2 .1 8 )  
o x id a t io n :(P e 'r e z  e t  a l ,  2 0 0 7 )

C H 3O H  +  3 / 2 0 2 «-» C 0 2 +  2 H 20 ( 2 . 1 2 )
C H 3O H  > C O  +  2 H 2 (2 .1 3 )
C H 30 H  +  H 20  «  3 H 2 +  C 0 2 (2 .1 4 )
C O  +  H 20  «-» C 0 2 +  h 2 (2 .1 5 )
C O  +  3 H 2 ^ C H 4 +  H 20 (2 .1 6 )
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C O  +  1/2<ว2 <-» C 0 2 (2 .1 7 )
H 2 + 1 / 2 0 2 ~ H 2O  (2 .1 8 )

T h e  P O M  rea c tio n  to  p ro d u ce  H 2 h a s m a n y  a d v a n ta g e s  e x is t  o v e r  th e  
S R M  s in c e  u s in g  o x y g e n  (or  air) in stead  o f  s tea m  as th e  o x id a n t o f fe r s  an e x o th e r m ic  
reac tio n , m o re  fa v o ra b le  th e r m o d y n a m ic a lly , that re su lt in g  in  m o re  e n e r g y  e f f ic ie n t .  
It can  le s se n  th e tim e  n e e d e d  for the ap p aratu s to reach  th e  w o r k in g  tem p era tu re from  
c o ld  start-up  and  w o rk  u n der th erm o -b a la n ced  c o n d it io n s . In a d d it io n , it h as b een  
rep orted  that th e  reactio n  rate o f  partia l o x id a t io n  o v e r  c o p p e r  c a ta ly s ts  is  h ig h er  than  
th e  stea m  re fo rm in g  reac tio n . H o w e v e r , th e  P O M  p r o c e s s  is  h ig h ly  e x o th e r m ic , h eat 
m u st b e  r e m o v e d  from  th e  reactor, and  it c o u ld  b e  d if f ic u lt  to  co n tro l th e  tem peratu re  
o f  the sy s te m  (W a n g  e t  a l ,  2 0 0 3 ).

2 .2 .2 .1  C a ta ly t ic  A c t iv i ty
T h e  c o p p e r -z in c  c a ta ly s ts  are v e r y  a c t iv e  for the P O M  to  

p rod u ce  h y d r o g e n  and a ty p ica l reac tio n  p r o file  is  sh o w n  in F ig u re  2 .5 . T h is  p r o c e ss  
o p era tes  in  lo w  tem p era tu re ran ge. It ca n  b e  o b se r v e d  that at 2 1 5  °c th e  reac tio n  se ts  
o n  and  th e rates o f  m e th a n o l and o x y g e n  c o n v e r s io n  s tr o n g ly  in crea se  w ith  the  
tem p era tu re to  p rod u ce  s e le c t iv e ly  H 2 an d  C 0 2. T h e  rate o f  C O  p ro d u ctio n  is  v ery  
lo w  th ro u gh ou t the tem p era tu re ran ge fro m  2 0 0  to  2 2 5  °c, th e  H 20  fo rm a tio n  
d e c r e a se s  at tem p era tu res h ig h er  than 2 1 5  °c and n o  o th er  p rod u cts  w e r e  o b se r v e d .
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F ig u r e  2.5 Partial oxidation of methanol over the catalyst Cu4oZn6o: (อ), CH30H 
conversion; (+), O2 conversion; (o), H2; (0), CO2; (A), H20;(V), CO (Alejo et ai, 
1997).

The effect of copper content on methanol conversion, แ 2, and 
CO2, is shown in Figure 2.6. Methanol conversion to แ 2 and CO2 increases with the 
copper content reaching a maximum with the catalyst Cu4()Zn60 and decreasing for 
higher copper loadings. A relationship between the POM and the copper metal 
surface area can also be clearly observed. The catalyst Cii4()Zn60, which has the 
highest copper metallic area, is the most active and selective for the POM.
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F ig u r e  2 .6  R a tes  o f  m eth a n o l c o n v e r s io n  (A ) an d  แ 2 ( o )  an d  C O 2 (อ )  fo rm a tio n  at 
4 9 7  K  and  co p p er  m e ta llic  area (V ) v ersu s  th e  co p p e r  c o n te n t  in  th e  C u -Z n  ca ta ly sts  
(A le jo  e t  a l . ,  1 9 9 7 ).

R u /F e 2Û 3 ca ta ly sts  for  P O M  at 2 5 0  °c is  illu stra ted  in  F ig u re  2.7. T h e resu lt sh o w e d  
that an  in crea se  in  O 2/C H 3O H  m o la r  ratio fro m  0.1 to 0 .6 ,  th e  am o u n t o f  o x y g e n  
in c r e a se s , m eth a n o l c o n v e r s io n  in c r e a se s  from  5 2 .0  to  100% . O n  th e o th er  h an d , the  
h y d r o g e n  se le c t iv ity  d ec r e a se s  w ith  c o n se q u e n t in crea se  in  th e  s e le c t iv ity  o f  w ater. 
T h is  c o u ld  b e d u e to  fast o x id a t io n  o f  h y d r o g e n  fo rm ed  in  th e  rea c tio n  (E q u a tion  
2 .1 8 ) . F or C O  se le c t iv ity  w a s  d e c r e a se d  w ith  an in crea se  in  O 2/C H 3O H  m o la r  ratio  
d u e  to  th e  m ore  a v a ila b ility  o f  o x y g e n . S in c e  a  O 2/C H 3O H  m o la r  ratio o f  0 .5  sh o w e d  
h ig h er  h y d ro g en  se le c t iv ity  w ith  c o m p le te  c o n v e r s io n  o f  m eth a n o l.

2 .2 .2 .2  E x p e r im e n ta l C o n d it io n
T h e e f fe c t  o f  O 2/C H 3O H  m olar  ratio  o n  the a c t iv ity  o f  A u -
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F ig u r e  2 .7  E ffe c t  o f  O 2/C H 3O H  m o la r  ratio  o n  m eth a n o l c o n v e r s io n , h y d ro g en  
s e le c t iv ity  and C O  s e le c t iv ity  for P O M  o v e r  A u - R u /F e 20 3  c a ta ly s ts  (ca lc in a tio n  
tem p era tu re , 6 7 3  °C ; rea c tio n  tem p era tu re , 5 2 3  ๐C; r ea c tio n  tim e , 10 m in )  (C h a n g  e t  
a l . , 1 9 9 7 ).

2 .2 .3  O x id a tiv e  S tea m  R e fo r m in g  o f  M eth a n o l (O S R M )
T h e  O S R M  or au toth erm al re fo rm in g  o f  m eth a n a o l (A T R M ), the  

s im u lta n e o u s  partia l o x id a t io n  and  stea m  r e fo rm in g  p r o c e s s e s , ca n  b e  a  p ro m isin g  
w a y  d u e to its e n e r g y  sa v in g , fa st startup, an d  q u ic k  r e sp o n se  o f  th e  o v e r a ll reaction . 
T h is  reac tio n  is  a lso  referred  as au to -th erm a l re fo r m in g , w h e n  o p era ted  under  
a d ia b a tic  c o n d it io n s . T h e  e q u a tio n  can  b e  w r itten  as:

C H 3O H (g) +  ( l - p ) H 20 (g) +  0 .5 p O 2(g) -»  (3 -p )H 2(g) +  C 0 2(g),
A H °298K =  -2 4 1 .8 p  +  4 9 .5  k J m o f 1 (2 .1 8 )

T h e  o v era ll h ea t o f  rea c tio n  d e p e n d s  u p o n  th e  v a lu e  o f  p , w h ich  
d ir e c tly  in f lu e n c e s  the th erm a l p rop erties  o f  th e  O S R M  sy s te m  as w e l l  a s  h y d ro g en  
c o n cen tra tio n  (P a te l e t a l . ,  2 0 0 7 ) .

C o m p ared  w ith  S R M , th e O S R M  rea c tio n  h as th e  a d v a n ta g e s  o f  a 
sm a lle r  reactor v o lu m e , a s im p le r  reactor d e s ig n  (T u rco  e t  a l . ,  2 0 0 7 ) , an d  th e  reaction  
to  p ro ceed  m u ch  h ig h er  rates in  th e  reac tor  (P e r e z  e t a l . ,  2 0 0 7 ) . In a d d itio n , the  
O S R M  rea c tio n  c o m b in e s  th e  a d v a n ta g es  o f  S R M  in  term s o f  h ig h er  h y d r o g e n  y ie ld
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and  lo w e r  C O  fo rm a tio n  an d  th o se  o f  P O M  in term s o f  m o re  rap id  r e sp o n se  to  
c h a n g e s  in  th e  p o w e r  d em a n d  and a faster  c o ld  start-up  in e n g in e . T h e  O S R M  
rea c tio n  c o u ld  b e from  e n d o th e r m ic  to  e x o th e r m ic  w h e n  the o x y g e n /m e th a n o l ratio  
in  th e  fe e d  in c r e a se s . H e n c e  it co u ld  o f fe r  an e f fe c t iv e  w a y  to r eg u la te  the reac tio n  
tem p era tu re in  the reactor  and  le s s  h ea t e x c h a n g e  b e tw e e n  c o ld  and  h ot stream s is  
required . T h is  m a k es  th e  reform er c o m p a c te r  e s p e c ia lly  im p ortan t for  tran sp orta tion  
fu e l c e ll  a p p lic a tio n s  (H o n g  e t  a l . ,  2 0 0 8 ) .  U n fo r tu n a te ly , th e  O S R M  p r o c e ss  p rod u ces  
C O  as a b y -p ro d u ct in  a p p rec ia b le  a m o u n ts  w h ic h  c a u se s  th e  p o iso n  for th e  Pt 
a n o d e s  o f  P E M  fu e l c e l l s ,  and  a lso  su p p r e sse s  the h y d r o g e n ’s p u rity . T o  im p ro v e  th e  
a c t iv ity  o f  th is  rea c tio n , th e  ca ta ly sts  m u st  b e  req u ired  in  term s o f  h ig h  m eth a n o l  
c o n v e r s io n , h ig h  h y d r o g e n  se le c t iv ity , g en era tin g  b y  th e  sa m e  t im e  w ith  m in im iz in g  
o f  C O  form atio n .

2 .2 .3 .1  E x p e r im e n ta l C o n d it io n
T h e  e f fe c t  o f  th e  tem p era tu re o n  the ga s e f f lu e n t  c o m p o s it io n  

in  S R M  an d  O S R M  rea c tio n s  o v e r  ZnioTigo is  sh o w n  in  F ig u re  2 .8 . For b o th  
r ea c tio n s , th e  m a in  p ro d u cts  are H 2 and C 0 2. T h e  a c t iv ity  o f  the c a ta ly s t  is  n e g lig ib le  
b e lo w  3 0 0  ๐c  and  a b o v e  th is  tem p era tu re , it is  a c t iv e  in m e th a n o l refo rm in g  
( in c r e a s in g  o f  H 2, C 0 2, an d  d ec r e a s in g  o f  C H 3O H  and  H 20  (an d  0 2 in  O S R M )). T h e  
rea c tio n s  are s tro n g ly  in f lu e n c e d  b y  th e  tem p era tu re and  are c o m p le te  at 4 0 0  °c. In  
b oth  p r o c e s se s , C O  an d  d im e th y le th e r  ( (C H 3 ) 20 )  are fo rm ed  a s b y -p rod u cts  
a c c o r d in g  to  E q u atio n  2 .1 9 .  M eth a n e  is  a lso  p ro d u ced  in  th e  S R M  p r o cess . A t  a 
h ig h er  tem p era tu re than  3 5 0  °c (C H 3)20  can  react o v e r  t ita n ia  su rfa ce  in  th e  
p r e se n c e  o f  h y d ro g en , fo r m in g  m eth a n e  and  w a ter  a c c o r d in g  to E q u a tio n  2 .2 0 . T h u s, 
at tem p era tu re  greater th an  3 5 0  °c, (C H 3)20  starts d e c r e a s in g  and s im u lta n e o u s ly  
m eth a n e  starts in cr e a s in g  in  th e  S R M  p r o c e ss .

2 C H 3O H  ^  (C H 3)20  +  H 20  
(C H 3) 2o  +  2 H 2 -> 2C H 4+  H 20

In th e O S R M  r e a c tio n , n o m eth a n e  is  d e te c te d  p rob ably  
b e c a u se  th e  p r e se n c e  o f  0 2 su p p r e sse s  C H 4 fo rm a tio n  is  sh o w n  in  E q u a tio n  2 .2 1 .

(2 .1 9 )
(2 .2 0 )
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C H 4 +  <ว2 -»  C 0 2 +  2 H 2 (2 .2 1 )
In the O S R M  p r o c e ss , th e  C O  con ten t is  lo w e r  than in  th e  

S R M  p r o c e ss , p rob a b ly  b e c a u se  o f  it o x id a t io n  to  C O 2.

200 250 300 350 400 450
T ( ° C )

F ig u r e  2 .8  E ffec t o f  th e  tem p era tu re o n  th e g a s  e f f lu e n t  c o m p o s it io n  in  th e  S R M  (a) 
and O S R M  (b ) rea c tio n s  o v e r  ZnioTiço (P in zari e t  a l . , 2006).
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A  c o m p a r iso n  b e tw e e n  th e  S R M  and  O S R M  data is  sh o w n  in  
F ig u re  2 .8 , th e  h y d r o g e n  p ro d u ctio n  o f  S R M  reaction  starts at 3 0 0 ° c  w h ile  the  
O S R M  rea c tio n  starts at a lo w e r  tem p era tu re ( 2 5 0 - 3 0 0  °C ), and s h o w s  s lig h tly  
h ig h er  m eth a n o l c o n v e r s io n  than S R M . A t tem peratu re o f  4 0 0  ° c ,  the h y d r o g e n  y ie ld  
o f  O S R M  (2 .9 a )  is  h ig h er  than th e  h y d r o g e n  y ie ld  o f  S R M  (2 .9 b ) .

F ig u r e  2 ,9  M e th a n o l c o n v e r s io n  (a ) and h y d ro g en  y ie ld  (b ) as a fu n c tio n  o f  the  
tem p era tu re for ZnioTigo (P in za r i e t  a l . ,  2 0 0 6 ) .
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2 . 2 3 . 2  C a ta ly t ic  A  c t iv i ty
T h e m eth a n o l c o n v e r s io n  and h y d r o g e n  p r o d u c tio n  rate o f  

d iffe r e n t c a ta ly s ts  as a fu n c tio n  o f  tem peratu re at v a r io u s  c o n ta c t-t im e s  is d isp la y e d  
in  F igu re  2 .1 0 . T h e  C u (2 0 )C e A l ca ta ly st e x h ib ite d  100%  m eth a n o l w ith  a h y d ro g en  
rate o f  179  m m o l ร”1k g_ lCat at 2 8 0  °c, w h ic h  are the h ig h e s t  o f  m eth a n o l c o n v e r s io n , 
and  h y d ro g en  rate. T h e resu lt sh o w e d  that m eth a n o l c o n v e r s io n  in c r e a se  as a 
fu n c t io n  o f  tem p era tu re for a ll the ca ta ly sts . T h e en h a n c e d  a c tiv ity  o f  C u (2 0 )C e A l  
c o u ld  b e d u e  to  h ig h e r  co p p e r  su rfa ce  area  and  better c o p p e r  d isp ers io n .

Figure 2.10 C o m p a r iso n  o f  m eth a n o l c o n v e r s io n  and  h y d ro g en  p ro d u ctio n  rate for  
d ifferen t c a ta ly s ts  a s  a fu n c tio n  o f  tem peratu re. ( พ / F = 1 5  kgcat ร 1 moimethanoi, 
O /M = 0 .1 5  M , S /M = 1 .5  M , P=1 atm ) (P a te l e t a l., 2 0 0 7 ) .

2.3 Catalysts Development for Steam Reforming and Oxidative Steam 
Reforming of Methanol

T h e p o ten tia l o f  S R M  for h y d r o g e n  p rod u ction  in  P E M  fu el c e l l  a p p lica tio n s  
m a k e  research ers try to d e v e lo p  th e c a ta ly s ts  for  sa tis fa c to r y  p erfo rm a n ce . T h e  C u -  
b a se d  ca ta ly s ts  for  m eth a n o l sy n th e s is  are u sed  for th e  first g en era tio n  o f  ca ta ly st.
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However, the Cu-based catalysts have many disadvantages such as fast deactivation, 
and pyrophoric characteristics. Thus, the non-copper catalysts have been investigated 
for the better performance might be found.

2.3.1 Copper-based Catalysts
Up to now, the widely used catalysts for generating hydrogen from 

methanol are Cu-based catalysts. The activity of Cu-based catalysts greatly depends 
on the status of copper, such as copper dispersion, metal surface area, and particle 
size. However, the rapid deactivation of Cu-based catalyst due to sintering of the 
metal at temperatures above 300 ๐c  is a barrier to application in OSRM processes 
(Hong et a l, 2008). Cu-containing catalysts are clearly preferred because of their 
high activity and selectivity at lower temperatures, and Cu-based catalysts supported 
on or promoted by rare earth are popularly synthesized that improved activity and 
selectivity. Although Cu catalysts are also regarded as susceptible to thermal 
deactivation, their sintering abilities may be considerably reduced by the addition of 
one or more oxide species, such as ZnO, AI2O3, or Cr2Û3 (Mastalir et al, 2005). 
Moreover, Cu catalysts are still some controversies concerning the nature of active 
species of Cu. There are some evidences that metallic copper is an active species, 
and the activity of the catalyst is linearly dependent on the metallic copper surface 
area of the catalyst. There are many literatures indicating that Cu+ species helps to 
increase the activity of the Cu-based catalyst, and it suggests that both Cu° and Cu+ 
species are essential for hydrogen generation, and the activity of catalyst is 
dependent on the ratio of Cu+/Cu° in the catalyst. In addition, there are some 
evidences indicating that Cu2+ species is essential for the SRM over CU/AI2O3 

catalysts (Wang et al, 2003). The introduction of zinc into CU/AI2O3 catalysts is 
known to limit the sintering and improving the dispersion of copper. However, 
Cu/ZnO based catalysts still maintain a primary interest. The role of ZnO as a 
promoter is explained by the different mechanisms (Maria et al., 2007).

The most interesting catalysts are based on metallic Cu in the presence 
of Zn, that Zn could increase the dispersion of copper and the stability of Cu+ species 
in the catalyst. Figure 2.11 shows the effect of the ratio of Cu/Zn on methanol 
conversion, and H2, CO, C 02 selectivities. It can be seen that the catalyst activity



increases with the increasing of the Cu/Zn ratio and reaches a maximum when the
Cu/Zn ratio is 7:3. The results show that the appropriate introduction of Zn is helpful
to improve the activity of the catalyst for hydrogen generation.

F ig u r e  2 .1 1  M eth a n o l c o n v e r s io n  and C O 2, H 2 , C O  s e le c t iv it ie s  as fu n c t io n s  o f  
C u /Z n  ratio s o v e r  C u /Z n /S i0 2  ca ta ly sts . R e a c tio n  co n d it io n s:  T  =  4 7 3 K ;  
C O 2/C H 3O H  =  0 :3  (W a n g  e t  a i ,  2 0 0 3 ) .

S R M  o v e r  th ese  C u /Z r 0 2  m ater ia ls  resu lts  in  su b sta n tia lly  red u ced  C O  fo rm a tio n  at 
h ig h  m e th a n o l c o n v e r s io n s  co m p a red  to  th e  c o m m e r c ia l C u /Z n O  ca ta ly st (R itz k o p f  
e t  a l ,  2 0 0 6 ) .  In a d d it io n , Zr0 2  w a s  fo rm ed  to e n h a n ce  co p p e r  d isp e r s io n  o n  the  
ca ta ly s t  su rfa ce  o f  C u /Z n  b a sed  ca ta ly st. A m o n g  th e ca ta ly sts  tested , 
C u /Z n 0 /Z r 0 2 /A l2 0 3  e x h ib its  th e  h ig h e s t  m e th a n o l c o n v e r s io n , and  th e lo w e s t  C O  
co n ce n tr a tio n  in th e  o u tle t  g a s  that Zr0 2  h as an  a cce lera tin g  e f fe c t  (J e o n g  e t a l ,  
2 0 0 6 ) .

2 .3 .2  N o n  C o p p e r -b a se d  C a ta ly sts

active in the POM namely, the Pd-based catalysts show a high selectivity at low
temperature (Cubeiro et a l ,  1998). The support of Pd catalyst has an influence on the
catalytic performance, the activity of Pd/ZnO for SRM was greatly improved by

C u /Z n  ra tio

It w a s  rep orted  that th e  C u  c a ta lsy s t  a lso  d ep en d  o n  th e su p p ort, the

M e ta ls  from  G rou p  8 , 9 , and 10, e s p e c ia lly  p a lla d iu m  (P d ), are h ig h ly
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p r e v io u s ly  red u c in g  th e c a ta ly s ts  at h ig h e r  tem p eratu res. T h e  o r ig in a l ca ta ly tic  
fu n c t io n s  o f  m e ta llic  Pd w er e  g rea tly  m o d if ie d  as a resu lt o f  the form a tio n  o f  P dZ n  
a l lo y s . O ver  th e  c a ta ly s ts  c o n ta in in g  a l lo y s , fo rm a ld e h y d e  s p e c ie s  fo rm ed  in  th e  
r e a c tio n  w er e  s u g g e s te d  to b e  e f fe c t iv e ly  a tta ck ed  b y w a ter , b e in g  tran sfo rm ed  in to  
C O 2 and  แ 2 ( Iw a sa  e t  a i ,  1 9 9 5 ). It w a s  rep orted  that the P d /Z n O  c a ta ly s ts  n ot o n ly  
e x h ib ite d  h ig h  a c t iv ity , but a lso  m ore im p o rtan tly  v e r y  lo w  s e le c t iv ity  to  C O  for  
S R M  (C h in  e t a i ,  2 0 0 2 ) . T h e  m eth a n o l c o n v e r s io n  rates w e r e  p rop ortion a l to  the แ 2 

c h e m iso r p tio n  u p ta k e , su g g e s t in g  that th e  rate d eterm in in g  step  w a s  c a ta ly z e d  b y Pd. 
T h e  stu d y  o f  th e  in tera ctio n  b e tw e e n  Pd, and  Z n O  a lso  rep orted , d u rin g  red u ction  o f  
P d /Z n O  ca ta ly s t  for  S R M , th e m eta llic  Pd is  h ig h ly  d isp e r se d  o n  Z n O . T h e  stron g  
in tera c tio n  b e tw e e n  Pd and Z n O  d u rin g  th e c a ta ly s t  red u ction  w ith  h y d r o g e n  lea d s to  
h y d r o g e n  s p illo v e r  from  Pd to  Z n O , w h ic h  c a u se s  the red u ctio n  o f  Z n O  c lo s e  to  the  
m e ta ll ic  Pd, and  th e  fo rm a tio n  o f  P dZ n a llo y . T h e  P d Z n A l c a ta ly s ts  w e r e  s tu d ied  for  
th e  r ea c tio n s  o f  W G S , S R M , an d  R W G S , it w a s  fou n d  that th e  C O  s e le c t iv it ie s  w er e  
o b se r v e d  to b e  lo w e r  than  th e  ca lcu la ted  eq u ilib r iu m  v a lu e s  o v e r  a  ran ge o f  
tem p era tu res, an d  stea m /ca rb o n  ratio s s tu d ied  w h ile  the r ea c tio n  rate c o n sta n ts  w er e  
a p p r o x im a te ly  o f  th e  sa m e  m a g n itu d e  for  b oth  W G S  an d  S R M . T h e se  resu lts  
in d ic a te d  that P d /Z n 0 /A l 2 0 3  are a c tiv e  W G S  ca ta ly sts , W G S  is n o t in v o lv e d  in  
S R M . R W G S  rate co n sta n ts  are in  the ord er o f  about 2 0  t im e s  lo w e r  than  S R M , 
s u g g e s t in g  that R W G S  rea c tio n  c o u ld  b e o n e  o f  th e  so u r c e s  for  sm a ll am o u n t o f  C O  
fo r m a tio n  in  S R M  (D a g le  e t  a i ,  2 0 0 8 ) . H o w e v e r , Pd is  an e x p e n s iv e  m eta l and h as  
h ig h e r  m e lt in g  p o in t  than co p p er , and is  e x p e c te d  to b e  m o r e  resistan t to  s in ter in g , 
th e  s ta b ility  o f  P d Z n  a llo y  is  s t i ll an is su e , o th e r w ise  th e  P d  is  an  a c t iv e  ca ta ly s t  for  
D C M , w h ic h  le a d s  to  large a m o u n t o f  C O  fo rm a tio n  (L iu  e t  a l . , 2 0 0 6 ) .

2.4 Gold Catalyst

G o ld  h as lo n g  b e e n  regard ed  as a  p o o r ly  a c t iv e  c a ta ly st. R e c e n tly , g o ld  
c a ta ly s ts  h a v e  b e e n  attractin g  rap id ly  d u e to  their  p o ten tia l a p p lic a b ilit ie s  to  m an y  
r ea c tio n s  o f  b o th  in d u stria l and  en v iro n m en ta l im p o rtan ce . It h as a to m ic  n u m b er 7 9  
an d  a to m ic  w e ig h t  1 9 6 .9 6 7 . T h e  p h y s ic a l p rop erties  o f  A u  are sh o w n  in  T a b le  2.1
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Table 2.1 P h y s ic a l p ro p erties  o f  A u  (h ttp ://e n .w ik ip e d ia .o r g /w ik i/G o ld )

P h ase S o lid

D e n s ity 19 .3  g -c m f3

L iq u id  d e n s ity  at m .p . 17 .31  g -c m ” 3

M e ltin g  p o in t 1 0 6 4 .1 8  ° c

B o il in g  p o in t 2 8 5 6  ๐c

H ea t o f  fu s io n 1 2 .5 5  k J -m ol ' 1

H ea t o f  v a p o r iza tio n 3 2 4  k J - m o f 1

S p e c if ic  h eat ca p a c ity 2 5  ° c  2 5 .4 1 8  J - m o f '- K " 1

G o ld  c a ta ly s ts  w i l l  b e  u sed  in  c o m m e r c ia l a p p lic a tio n s , in c lu d in g  p o llu tio n  
c o n tro l. T h e  rea c tio n s  fo r  w h ic h  g o ld  h a s  a lread y  b een  d em o n stra ted  to  b e  a stro n g  
c a ta ly s t  in c lu d e  (C a m ero n  e t  a l ,  2 0 0 3 ):

- o x id a t io n  o f  C O  and  h yd ro carb on s, 
w a ter  g a s  sh ift  (W G S ),

- red u ctio n  o f  N O  w ith  p rop en e, C O  or แ 2 , 
r ea c tio n s  w ith  h a lo g e n a te d  c o m p o u n d s ,

- w a ter  or H 2O 2 p ro d u ctio n  from  แ 2 and  O 2 , 
r e m o v a l o f  C O  fro m  h y d ro g en  stream s, 
h y d ro ch lo r in a tio n  o f  e th y n e ,
s e le c t iv e  o x id a t io n , e .g . e p o x id a t io n  o f  o le f in s , 
s e le c t iv e  h y d ro g en a tio n , 
h y d r o g e n a tio n  o f  C O  and C O 2 .

In a d d it io n , g o ld  c a ta ly s ts  h a v e  n o w  b e e n  d em o n stra ted  that h e te r o g e n e o u s  
g o ld  c a ta ly s ts  are h ig h ly  a c t iv e  and s e le c t iv e  for a n u m b er  o f  r ea c tio n s  (w a ter  g a s -

http://en.wikipedia.org/wiki/Gold
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sh ift  rea c tio n , s e le c t iv e  o x id a tio n  o f  C O  in  h y d ro g en  rich  stream , and e tc .) , o f te n  at 
lo w e r  tem p era tu res than  e x is t in g  c o m m e r c ia l ca ta ly s ts . W ith  further te c h n o lo g y  
d e v e lo p m e n t, there is  c le a r ly  the p o ten tia l to  a p p ly  c a ta ly s is  b y  g o ld  in  p ractica l 
c o m m e r c ia l u se s , m o st  lik e ly  w ith in  fou r  broad a p p lic a tio n  areas (C orti e t  a l . ,  2 0 0 5 ):

1 . p o llu tio n  and e m is s io n  co n tro l t e c h n o lo g ie s ,
2 . c h e m ic a l p r o c e ss in g  o f  a ran ge o f  b u lk  and sp e c ia lity  c h e m ic a ls ,
3. th e  e m e r g in g  ‘h yd ro g en  e c o n o m y ’ for c le a n  h y d ro g en  p ro d u ctio n  and  fu e l 

c e ll  sy s te m s ,
4 . s e n so r s  to d e te c t  p o iso n o u s  or f la m m a b le  g a se s  or su b sta n c e s  in  so lu tio n .

T h e  g o ld  p a r ic le  s iz e  h as e x tr e m e ly  e f fe c t  to  a c tiv ity  o f  g o ld  c a ta ly s ts . 
N ie u w e n h u y s  e t  a l .  ( 2 0 0 2 )  in d ica ted  that n a n o p a rtic les  g o ld  p a rtic le s  (5  n m ) on  
m ix e d  o x id e s  h a v e  b e e n  sh o w n  to  h a v e  su p erior  a c t iv ity  for C O  o x id a tio n  at lo w  
tem p era tu res. In lo w  tem peratu re C O  o x id a t io n , sm a lle r  A u  n a n o p a rtic le s  d e p o s ite d  
o n  m eta l o x id e s ,  su ch  as M g (O H )2, A I2O 3, T i0 2 , and  S i0 2 , s h o w  h ig h er  c a ta ly tic  
a c t iv ity  o f  C O  o x id a tio n . H o w e v e r , H aruta e t a l. ( 2 0 0 1 )  s tu d ied  th e  d e p o s ite d  A u  as 
n a n o p a rtic le s  o n  m eta l o x id e s  b y  m ea n s o f  c o -p r e c ip ita tio n  and d e p o s it io n -  
p r e c ip ita tio n  te c h n iq u e s . It e x h ib ite d  su rp r is in g ly  h ig h  ca ta ly tic  a c tiv ity  for  C O  
o x id a tio n  at tem p era tu re as lo w  a s 2 0 0 ° c .  G o o d m a n  e t a l. ( 1 9 9 8 )  rep orted  an  
in sp ir in g  resu lt  o b ta in ed  b y  u s in g  a  m o d e l A u /T i0 2  c a ta ly st. T urn o v er  fre q u e n c y  
(T O F ) for  C O  o x id a t io n  rea c h es  a m a x im u m  at a d ia m eter  o f  A u  is la n d s  o f  3 .5  n m  (3  
a to m s th ic k ) w h ere  A u  p artia lly  lo s e s  its  m e ta llic  nature, as sh o w n  in F ig u re  2 .1 2 .  
T h e y  su g g e s te d  that th is  tran sition  m ig h t b e  corre la ted  to  th e  h ig h  ca ta ly tic  a c tiv ity . 
S in c e  th e  sa m p le  u sed  for  ca ta ly tic  a c t iv ity  m ea su rem en ts  w a s  c o m p o s e d  o f  th e  A u  
is la n d s  w ith  a certa in  s iz e  d istr ib u tio n . T h e y  su m m a rized  that th e  c a ta ly tic  a c t iv ity  in  
C O  o x id a t io n  o v e r  A u /T i0 2  m o d e l c a ta ly s t  w a s  d ep e n d e n t o n  th e A u  c lu ster  s iz e  w ith  
a  m a x im u m  occu rr in g  at ab ou t 2 - 3  n m .
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Average cluster diameter (nm)

F ig u r e  2 .1 2  T u rn  o v e r  fr e q u e n c ie s  and b an d -g a p  m ea su re  b y  S T M  a s a  fu n c t io n  o f  
th e  d ia m eter  o f  A u  is la n d s  d e p o s ite d  on  T i(>2 (G o o d m a n  e t a l . ,  1 9 9 8 ).

2 .5  S u p p o r te d  C a ta ly s t

C er ia  (CeC>2) support is  k n o w n  as a v e r y  a ttractive  su p p ort m a ter ia l, for  
im p r o v e m e n t th e  s ta b ility  o f  c a ta ly s ts  d u e to  its a b ility  to  m a in ta in  a h ig h  d isp ers io n  
o f  th e  a c t iv e  c o m p o n e n ts  and to  ch a n g e  its o x id a t io n  sta te  o f  th e  ca tio n  b e tw e e n  C e 3+ 
and  C e 4+ (r e d o x  c o n d it io n )  as an  a c t iv e  s ite  (T a b a k o v a  e t  a l . ,  2 0 1 1 ) .  H e n d e r so n  e t  a l. 
( 2 0 0 2 )  p u rp o sed  that o v er  d e fe c t  o x id e  su r fa ces  w er e  th e  a c t iv e  s ite s  o f  w ater  
d is so c ia t io n . D u r in g  h yd ro g en  p rered u ctio n  in  th is  stu d y , c e r ia  is  h ig h ly  red u ced  and  
m o re  o x y g e n  a n io n  v a c a n c ie s  are crea ted  on  th e  c er ia  su rfa ce . C e 0 2 is  su c h  a stron g  
r e d u c in g  reag en t that it can  d e c o m p o s e  w a ter  in to  h yd ro g en ; th ere fo re , w a te r  can  be  
a c tiv a ted  b y  th e red u ced  ceria . It is  n o ted  that th e  p ro d u ctio n  o f  C O 2 c o n s u m e s  o n e  
su rfa ce  o x y g e n . F ig u re  2 .1 3  in v o lv e s  w ith  fou r d is t in c t  step s: ( i)  the a d so rp tio n  o f  
m eth a n o l and  w a ter  at the C u /C e 0 2  in ter fa ce , ( i i)  the su r fa ce  r ea c tio n  and  the  
d e so r p tio n  o f  g a se o u s  p rod u cts, ( i i i )  the m ig ra tio n  o f  su r fa ce  o x y g e n  fro m  C e 0 2 to  
th e  red u ced  C u  (o x y g e n  reverse  sp illo v e r ), ( iv )  th e  reg e n era tio n  o f  p artia lly  o x id iz e d  
co p p e r  and o x y g e n  v a c a n c ie s .
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F ig u r e  2 .1 3  P r o p o se d  rea c tio n  m e c h a n ism  for  S R M  at th e  C u /C e  in ter fa ce  (M en  e t  
a l ,  2 0 0 4 ) .

It sh o w e d  that c er ia  p la y s  the ro le  o f  an a c t iv e  su p p ort c a p a b le  o f  p ro d u c in g  
o x y g e n . T h e h ig h  and sta b le  a c t iv ity  o f  A u /C eC >2 ca ta ly s ts  c o u ld  a r ise  fro m  the h ig h  
an d  s ta b le  g o ld  d isp ers io n  p resen t du rin g th e  ca ta ly tic  o p era tio n  (A n d r e e v a  e t  a l .,  
2 0 0 2 ) .  T h e A u /C eC h  ca ta ly s ts  prep ared  b y  th e  d e p o s it io n -p r e c ip ita t io n  m e th o d  w a s  
th e  m o s t  a c t iv e  ca ta ly st at tem p era tu res b e tw e e n  10 0  and  2 5 0  ๐c  w ith o u t  p rod u c in g  
m e th a n e  b e lo w  6 2 3  ° c .  It w a s  reported  that th e  W G S  r ea c tio n  p r o c e e d s  o v e r  the  
p er im eter  in te r fa c e s  o f  sm a ll g o ld  p a r tic le s  o n  a  red u ced  cer iu m  o x id e  su rface  
(S a k u ra i e t  a l .,  2 0 0 5 ) .  In a d d it io n , th ey  stu d ie d  th e  m eth a n o l stea m  re fo r m in g  o v er  
A u /C e 0 2  ca ta ly s t , and th e  e f fe c t  o f  c a ta ly s t  preparation: In c ip ie n t W etn ess  
Im p reg n a tio n  (IW I), C o -p r e c ip ita tio n  (C P ), an d  D e p o s it io n -p r e c ip ita tio n  (D P )  on  the  
c a ta ly t ic  a c t iv it ie s . T h e resu lts  sh o w e d  that th e  D P  e x h ib ite d  the sm a lle s t  g o ld  
p a rtic le  s iz e  and  th e h ig h e s t  m eth a n o l c o n v e r s io n . M o r e o v e r , th e  a c t iv ity  o f  g o ld  
c a ta ly s t  su p p orted  o n  v a r io u s o x id e s  in C O  o x id a t io n  rea c tio n  and  th eir  im p ro v em en t  
b y  in c lu s io n  o f  an  iron c o m p o n e n t. T h e y  fo u n d  that a d d itio n  o f  iron  in the  
p rep ara tion  lo w e r e d  the rate o f  d e a c tiv a tio n  w h e n  T iÛ 2 , S n Û 2 , and  C e 0 2  w e r e  u sed  
a s su p p o rts  (M a rea u  e t a l. 2 0 0 6 ) .

F or an o th er  in terestin g  support, iron  o x id e  (F e 2Û 3) is  a lso  an  a ttractive  
su p p o rt d u e to an in teraction  b e tw e e n  A u  and  F e 2Û 3 c o u ld  lea d  to  th e  fo r m a tio n  o f  an
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a c t iv e  p h ase  at th e  in ter fa ce  o f  th e  ca ta ly s t . T h e p r o p o se d  th e sc h e m a tic  m o d e l o f  
o x id a t io n  o f  C O  o x id a t io n  o n  th e prep ared  A u /F e 2 0 3  is  sh o w n  in  F ig u re  2 .1 4 . A l l  o f  
e x p la n a tio n s  in  ea c h  step  are s h o w n  as fo llo w s :

1. ad so rp tio n  o f  C O  o n to  hydrated  A u  p artic le ,
2 . form a tio n  o f  h y d ro x y c a r b o n y l, sp illo v e r  to A u -s u p p o r t  in ter fa ce  ( i) , and  

o x id a tio n  to b ica rb o n ate  b y  la ttice  o x y g e n  ( ii) ,
3. d e c o m p o s it io n  o f  th e  b ica rb o n ate  to  p ro d u ce  C O 2 and  H 2O ,
4. further C O  ad so rp tio n  on  A u  p artic le  and O 2 a d so rp tio n  in o x y g e n  v a c a n c y  o f  

the F e 2 0 3 ,
5 . H 2 O  attack  o f  carb o n ate  at in ter fa ce  fo r  further b ica rb o n ate  fo rm a tio n  ( 6 ).
6 . d e c o m p o s it io n  o f  b ica rb o n ate  y ie ld s  C O 2 , and r e c y c le s  O H  to  c o n tin u e  the  

ca ta ly tic  c y c le  ( 8 ),
7. (9 )  s h o w s  rea c tio n  o f  b ica rb o n ate  w ith  O H  to form  H 2 O  and sta b le  carb on ate  

at in ter fa ce .
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CO CO

I  + CO & <ว2

Figure 2.14 Schematic model of oxidation of CO on as prepared (dried) A๙Fe203 

(Makkee et al., 2005).
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In ad d itio n , o x id e  io n s  in s id e  the la ttice  are a lso  r e m o v a b le , and a w h o le  o f  
n o n sto ic h io m e tr ic  o x id e s  b e tw e e n  CeC >2 and C e 2 Û 3 . It is  w e ll  k n o w n  that the la ttice  
o x y g e n  m o b ility  and  c o n c o m ita n t o x id e  io n  c o n d u c tiv ity  in  cer iu m  o x id e  can  be  
in cr e a se d  b y  the su b stitu tio n  o f  an o th er  m eta l io n  for  cer iu m . B e c a u se  th e  cer ia  
sh o w s  m u ch  im p ro v ed  p rop erties u n der d o p in g , a  lo t o f  cer ia -b a se d  s y s te m s  h av e  
b een  in v e stig a te d . It h as b een  p ro v ed  that the lo w e r  v a le n c e  io n s  in  cer ia  in flu e n c e  
th e  e n e r g e t ic  p rop erties  b y  lo w e r in g  the a c t iv a t io n  e n e r g y  for o x y g e n  m ig ra tion  
(V id m a r  e t  a i ,  1 9 9 7 ). T h e  ca ta ly tic  a c tiv ity  for m eth a n e  s e le c t iv e  o x id a tio n  b y  u s in g  
C ei_xF e x0 2  c o m p le x  o x id e s  w a s  a ls o  stu d ied . T h e  ch a ra cter is tic  resu lts  re v e a le d  that 
the c o m b in a tio n  o f  C e  and F e  o x id e  in  the c a ta ly s ts  c o u ld  lo w e r  the tem peratu re  
n e c e ssa r y  to red u ce  th e cer iu m  o x id e . T h e  c a ta ly tic  a c t iv ity  for s e le c t iv e  CH4 

o x id a t io n  w a s  s tro n g ly  in f lu e n c e d  b y  d rop p ed  F e  s p e c ie s . A d d in g  th e  ap p ropriate  
a m o u n t o f  F e2Û 3 to  CeC >2 c o u ld  p rom o te  th e  a c tio n  b e tw e e n  CH4 and  CeC >2 

(K o n g z h a i e t a l . ,  2 0 0 8 ) .
H o n g y a n  e t  a l .  (2 0 0 8 )  s tu d ied  the c a ta ly tic  p ro p erties  for e th a n o l steam  

re fo r m in g  b y  u s in g  C e xF ei-x0 2  s o l id  so lu t io n  ca ta ly st . F ig u re  2 .1 5  (a) s h o w s  the  
X R D  pattern s o f  the C exF ei-x0 2  s o l id  so lu tio n s . T h e  C exF ei-x0 2  s o l id  s o lu t io n  had  a 
h ig h er  su rfa ce  area than the pure F e  and  C e o x id e s . T h e  a d d itio n  o f  a  sm a ll am o u n t  
o f  F e  in to  CeC >2 resu lted  in  a rem ark a b le  in crea se  in  th e  su r fa ce  area. R am an  sp ectra  
(F ig u re  2 .1 5  (b )) , c o n fir m e d  that part o f  th e  C e4+ c a t io n s  in C eC >2 w er e  su b stitu ted  b y  
F e3+ c a t io n s , w h ic h  resu lted  in  th e  fo rm a tio n  o f  a  C exF ei-x0 2  so lid  so lu tio n . From  
F ig u re  2 .1 6 , it is  c lea r  that th e  C eO .9 O FeO .lO O 2 ca ta ly s t  sh o w e d  h ig h er  e th a n o l 
c o n v e r s io n  and h y d ro g en  co n ce n tr a tio n  than the C e Ü 2 and  a - F e 2Û 3 ca ta ly sts .
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F ig u r e  2 .1 5  X R D  patterns (a ) and  R a m a n  sp ectra  (b ) o f  d ifferen t sa m p le s  o f  
c o m p o s ite d  o x id e  ca ta ly s ts  (H o n g y a n  e t a i ,  2 0 0 8 ) .
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F ig u r e  2 .1 6  E th an ol c o n v e r s io n  (a ) and  h y d r o g e n  co n ce n tr a tio n  (b ) in  th e  e fflu e n t o f  
s tea m  r e fo rm in g  o f  e th a n o l a s  a fu n c tio n  o f  rea tio n  tem p era tu re o v e r  d ifferen t  
sa m p le s  (H o n g y a n  e t  a l . ,  2 0 0 8 ) .

T h e  c o m p a r iso n  o f  th e  ca ta ly tic  p er fo rm a n ce  in  term s o f  C O  c o n v e r s io n ,  
an d  s e le c t iv ity  o f  th e  c a ta ly s ts  v ersu s  re a c tio n  tem p era tu re, is  sh o w n  in  F igu re 2 .1 6 . 
A u /C e 0 2  and A u /C e 5 0 F e 5 0  ca ta ly s ts  sh o w e d  h ig h  C O  o x id a t io n  a c t iv ity  at room  
tem p era tu re. A u /C e 5 0 F e 5 0  ca ta ly s ts  d em o n stra ted  th e b e s t  c a ta ly t ic  b e h a v io r  in  the  
o p era tio n  tem p era tu re ran g e  o f  P E M  fu e l c e ll .  Its a c t iv ity  in cr e a se d  w ith  in crea sin g  
tem p era tu re, and  reach ed  9 8 .5 %  (w ith  42 %  s e le c t iv ity )  at 7 0  ° c .  In a d d itio n , w h en  
C O 2 and H 2O  w er e  s im u lta n e o u s ly  p resen t in  the fe e d . A u /C e 5 0 F e 5 0  w a s  fou n d  to  
b e  th e m o st  resistan t tow ard  d e a c tiv a tio n  b y  C O 2 and w ater .
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F ig u r e  2 .1 7  A c t iv ity  and  s e le c t iv ity  tow a rd s C O 2 p ro d u ctio n  o f  A u /C e 0 2  (■ ), 
A u /C e 7 5 F e 2 5  ( T ) ,  A u /C e 5 0 F e 5 0  ( fl ), A u /C e 2 5 F e 7 5  ( À ) ,  an d  A ฟ F e 2 0 3  ( • )  
c a ta ly s ts  for the P R O X  rea c tio n  at W /F = 0 .0 3 g s c m ”3. F eed: 1% C O , 1 .25%  O 2, 50%  
H 2, H e. (T a b a k o v a  e t  a l . ,  2 0 1 1 ) .

A l l  o f  th ese  are th e  m o tiv a t io n  in th is  w o rk  to  s tu d y  e f fe c t  o f  c o m p o s ite  
su p p ort (C e 0 2 - F e 2 0 3 ), A u  c o n ten t, s te a m -m e th a n o l m o lar  ratio , o x y g e n -m e th a n o l 
m o la r  ratio , and r ea c tio n  tem p era tu re o n  th e c a ta ly t ic  a c t iv ity  fo r  th e  O S R M . In 
p articu lar, th e  p h y s ic a l and  e le c tr o n ic  p rop erties o f  a g o ld  c a ta ly s t  are grea tly  
a ffa c te d  b y  u s in g  C e 0 2 - F e 2C>3 as su p p ort.
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