
CHAPTER II 
LITERATURE REVIEW

2.1 Background

N o w a d a y s , g lo b a l en e rg y  re q u ire m e n ts  a re  m o s tly  d e p e n d e n t on  fo ss il fu e ls  
(a b o u t 8 0%  o f  th e  p re se n t w o rld  e n e rg y  d em an d ). T h is  w ill e v e n tu a lly  le ad  to  th e  
fo re se e ab le  d e p le tio n  o f  lim ited  fo ss il en erg y  re so u rce . P re se n tly , th e  u ti liz a tio n  o f  
fo ss il fu e ls  are  c a u s in g  g lo b a l c lim a te  ch an g e  m a in ly  d u e  to  th e  e m iss io n  o f  p o llu t­
an ts , in c lu d in g  COx, N O x, SOx, C XH X, soo t, a sh , d ro p le ts  o f  ta rs , an d  o th e r  o rg an ic  
c o m p o u n d s , w h ic h  a re  re lea sed  in to  th e  a tm o sp h e re  as a re su lt o f  th e ir  c o m b u s tio n . 
In  o rd e r  to  re m e d y  th e  d ep le tio n  o f  fossil fu e ls  and  th e ir  en v iro n m e n ta l m isd e e d s , 
fuel ce ll h as  b e e n  su g g e s te d  as th e  a lte rn a tiv e  e n e rg y  th a t c an  re p la c e  th e  fo ss il b a sed  
e n e rg y  in  th e  fu tu re .

2.2 Fuel Cells

F u el c e lls  a re  e le c tro c h em ic a l d ev ices  th a t d irec tly  c o n v e rt a fu e l’s e n e rg y  to  
e le c tr ic a l e n e rg y  w ith o u t co m b u s tio n . T h ey  p ro v id e  a  v e ry  c le a n  en e rg y , h ig h  re li­
ab ility , v e ry  little  n o ise , h ig h  q u a lity  e lec tr ic ity , h ig h ly  e ff ic ie n t so u rce  o f  e le c tr ic a l 
e n e rg y  an d  p o te n tia lly  to  p o w e r e le c tr ic  v eh ic le s . T h e ir  g o a ls  a re  co st re d u c tio n  and  
p o llu ta n t m in im iz a tio n  k eep in g  a  h ig h  e ffic ien cy .

In  th e o ry  a  fu e l ce ll u se s  h y d ro g e n  as a fuel to  p ro d u c e  e lec tro n s , p ro to n s , 
h ea t, w a te r  and  e lec tr ic ity . T he b a s ic  d es ig n  o f  a  fuel ce ll in v o lv e s  tw o  e le c tro d e s  on  
e ith e r  side  o f  an  e lec tro ly te . H y d ro g e n  fuel is su p p lied  to  th e  an o d e  (n eg a tiv e  te rm i­
n a l)  o f  th e  fuel ce ll w h ile  o x y g en  is su p p lied  to  th e  ca th o d e  (p o s itiv e  te rm in a l)  o f  the  
fuel c e ll. T h ro u g h  a ch em ica l re a c tio n , th e  h y d ro g en  is sp lit in to  an  e lec tro n  an d  p ro ­
to n . E a c h  ta k e s  a  d iffe re n t pa th  to  th e  ca th o d e . T h e  e le c tro n s  are  cap ab le  o f  ta k in g  a 
p a rt o th e r  th an  th ro u g h  th e  e le c tro ly te , w h en  h a rn essed  c o rre c tly  can  p ro d u c e  e le c ­
tr ic ity  fo r a g iv en  load . T h e  p ro to n  p assed  th ro u g h  th e  e le c tro ly te  and  b o th  a re  re ­
u n ite d  at th e  ca th o d e . T he e lec tro n , p ro to n  and  o x y g en  c o m b in e  to  fo rm  the  h a rm le ss  
b y p ro d u c t o f  w a te r. T h e  d iag ram  o f  fue l ce ll u n it is sh o w n  in F ig u re  2.1.
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Figure 2.1 D iag ram  o f  fu e l ce ll u n it (P o ly m e r E le c tro ly te  M e m b ra n e  fu e l ce ll).

F u e l c e ll  te c h n o lo g y  is b a se d  u p o n  th e  s im p le  c o m b u s tio n  re a c tio n s  w h ic h  
g iv en  b e lo w .

A n o d e  re a c tio n 2 H 2 —> 4 H + +  4 ๙ (2 . 1 )
C a th o d e  reac tio n 0 2 + 4 H + +  4 ๙ 2 H 20 (2 .2 )
O v e ra ll re ac tio n 2 H 2 +  O 2 - » 2 H 20 (2 .3 )

T h e  fu e l cell p ro d u c in g  e le c tr ic i ty  th ro u g h  a  ch em ica l re a c tio n  th e re fo re , 
th e re  a re  s ig n if ic a n tly  c le a n e r  e m iss io n s  th an  from  a fu e l co m b u s tio n  p ro cess . T h e  
h y d ro g e n  fu e l c a n  be  su p p lie d  fro m  a  v a rie ty  o f  su b s tan ces  i f  a  “ fu e l re fo rm e r” is 
a d d ed  to  th e  fu e l ce ll sy s tem . T h e re fo re , h y d ro g e n  can  b e  o b ta in ed  fro m  h y d ro c a rb o n  
fuel su ch  as n a tu ra l gas, d ie se l fue l, k e ro se n e  o r  m eth an o l.

F u e l c e lls  are p r im a ry  c la ss if ie d  by  a k ind  o f  e le c tro ly te  th e y  e m p lo y ed , 
w h ic h  a lso  d e te rm in e s  th e  k in d  o f  ch em ica l re ac tio n s  th a t  tak e  p la c e  in  the  ce ll, the  
k in d  o f  c a ta ly s ts  req u ired , th e  te m p e ra tu re  ran g e  in  w h ic h  th e  ce ll o p e ra te s , th e  fuel 
re q u ire d  and  o th e r  fac to rs . T h ese  c h a ra c te r is tic s  a lso  a ffe c t th e  a p p lic a tio n s  fo r w h ich  
th e se  fuel c e lls  a re  m o st su itab le . T h e re  are  sev e ra l ty p es  o f  fuel c e lls  c u rre n tly  u n d e r 
d e v e lo p m e n t, e a c h  w ith  th e ir  ow n  ad v a n ta g e s , lim ita tio n s , an d  p o te n tia l ap p lic a tio n s . 
A  few  o f  th e  m o st p ro m is in g  ty p es  are  in c lu d ed  P o ly m e r E le c tro ly te  M em b ran e
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Table 2.1 C o m p a riso n  o f  th e  sy stem  o f  fuel c e lls  (N ak n am , 2 0 0 6 )

(PEM), Phosphoric Acid (PA), Molten Carbonate (MC) and Solid Oxide (SO) as
shown in Table 2.1.

Fuel Cell
System

PEMFC MCFC PAFC SOFC

Electrolyte Io n  e x ch an g e  
M em b ran e

M o lten
C a rb o n a te  sa lt

L iq u id  p h o s ­
p h o ric  ac id

S o lid  m e ta l 
o x id e

Operating 
Temp (°C)

6 0 -1 0 0 6 0 0 -1 0 0 0 1 50-200 6 0 0 -1 0 0 0

Oxidant 0 2/A ir C 0 2/ 0 2/A ir 0 2/A ir (>2/A ir
Maximum 

Efficiency (%)
60 85 80 85

Maximum 
Power Output 
Range (size)

2 5 0  k W 2 M W 1 M W 2 2 0  k W

Waste heat 
uses

S p ace  h ea tin g  
o r w a te r  
h ea tin g

E x c e ss  h ea t 
c a n  p ro d u ce  

h ig h -p re ssu re  
steam

S p ace  h e a tin g  
o r w a te r  
h ea tin g

E x cess  h ea t 
can  be  u sed  to  
h ea t w a te r  o r 

p ro d u ce  s team
Applications V eh ic le  

a p p lica tio n s , 
m ed iu m  to 
la rg e  sca le  
s ta tio n a ry  

p o w er 
g en e ra tio n

L a rg e -sca le
p o w er

g en e ra tio n

M e d iu m  to  
la rg e  sca le  

p o w e r  
g e n e ra tio n

M ed iu m  to 
la rg e  sca le  

p o w e r 
g en e ra tio n

In the mobile applications, the suitable type of fuel cell that meet the re­
quirement is PEMFC. The advantages of using PEMFC are fast startup time, low
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se n s itiv ity  to  o r ie n ta tio n  an d  fav o rab le  p o w e r  to  w e ig h t ra tio . P E M F C  is p a rtic u la rly  
su ita b le  fo r u s in g  in  p a sse n g e r  v eh ic le s , su ch  as ca rs  an d  b u ses .

P E M F C  o p era te s  a t re la tiv e ly  lo w  te m p e ra tu re  o f  a ro u n d  6 0 -1 0 0  ๐c .  L o w  
te m p e ra tu re  o p e ra tio n  a llo w s  th em  to  q u ic k ly  s ta rt ( le ss  w a rm -u p  tim e )  re su ltin g  in 
le ss  w e a r  on  sy s te m  c o m p o n e n ts  and  b e tte r  d u rab ility . E low ever, a  re q u ire m e n t o f  
n o b le -m e ta l c a ta ly s t ( ty p ic a lly  P t) fo r s e p a ra tin g  th e  h y d ro g e n ’s e le c tro n s  a n d  p ro ­
to n s  a t th e  an o d e  ce ll a lso  in c rea se  th e  sy stem  co st. M o re o v e r , th e  P t  c a ta ly s t is a lso  
e x tre m e ly  se n s itiv e  to  C O  p o iso n in g . T h u s , it req u ire s  an  ad d itio n a l re a c to r  to  ab a te  
C O  in  EL s tream , p a rtic u la rly  fo r  th e  d e riv ed  fro m  a lc o h o ls  o r h y d ro c a rb o n  fue ls 
(c o m m e rc ia l g a so lin e ), b e fo re  feed in g  to  P E M F C . T h e  e ffe c t o f  C O  c o n ta m in a n t is 
sh o w n  in  F ig u re  2 .2 .

Figure 2.2 E ffe c t o f  C O  c o n ta m in a tio n  o n  P E M F C  e le c tro ly te  p e rfo rm an ce  
(A m p h le tt e t  a l ,  1996).
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2.3 Hydrogen Production from Methanol

H y d ro g e n  is  th e  m o s t c o m m o n  b ase  m a te r ia l in  th e  u n iv e rse . O n  ea rth , p ra c ­
tic a lly  a ll h y d ro g e n  is  in  a  c o m p o u n d  fo rm e d  w ith  o th e r  e lem en ts . It reac ts  v e ry  re a d ­
ily  w ith  o x y g e n  to  c rea te  H 2 O . U n d e r  h y d ro g e n  p ro d u c tio n  p ro c e sse s , th e  w a te r  m o ­
lecu le  an d  th e  ra w  m a te r ia l a re  sp lit, a n d  th e  re su lts  are  H 2 , C O  an d  C O 2 . In  o th e r 
w o rd s , th e  h y d ro g e n  gas c o m e s  fro m  b o th  s team  an d  h y d ro c a rb o n  c o m p o u n d s . H y ­
d ro g en  su p p ly  fo r th e  o n -b o a rd  a p p lic a tio n  can  b e  c o m p re sse d  h y d ro g e n , s to re  in  a 
m e ta l h y d rid e  o r  re fo rm in g  o f  h ig h  h y d ro g e n  c o n te n t m a te ria l. A n d  re fo rm in g  o f  
h ig h  c o n te n t h y d ro g e n  m a te r ia l is p re fe rre d  d u e  to  its  no  m o re  sa fe ty  co n s id e ra tio n , 
ap p ro p ria te  w e ig h t an d  can  u se  b io m a ss  as  a  fuel.

A m o n g  th e  h ig h  c o n te n t h y d ro g e n  m a te ria l, m e th a n o l is reg a rd  as o n e  o f  th e  
m o st p ro m is in g  c a n d id a te s  for. th e  o n -b o a rd  re fo rm in g  to  h y d ro g e n . T h e  a d v an tag es  
o f  u s in g  m e th an o l are : (M a e la  e t  a l ,  2 0 0 4 )

•  h ig h  h y d ro g e n /c a rb o n  ra tio
•  c o n v e rt in  to  h y d ro g e n  a t m o d e ra te  te m p e ra tu re
•  re d u c in g  th e  r isk  co k e  fo rm a tio n
•  can  b e  p ro d u c e d  from  p la n ts  ( re n e w a b le  so u rce  )
•  c le an  fuel n o  ad d itio n  o f  C O 2 to  th e  a tm o sp h e re

In  T ab le  2 .2 , A h m e d  e t  a l. (1 9 9 7 ) c a lc u la te d  th e  h y d ro g e n  c o n c e n tra tio n  
w h ich  m a y  b e  a tta in e d  w h e n  u s in g  d iffe re n t fu e ls  an d  th e n  c o m p a re d  th e se  v a lu e s  
w ith  e x p e rim e n ta l re su lts . F ro m  th is  ta b le , it can  b e  c o n c lu d e d  th a t  m e th a n o l h a v e  the  
h ig h es t h y d ro g e n  c o n c e n tra tio n  w h en  c o m p are  w ith  o th ers .
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Table 2.2 Concentration of hydrogen in the product gas obtained with different hy­
drocarbons (Ahmed et al, 1997)

Fuel แ 2 concentration, % (dry) 
Theoretical Experimental

h 2
Selectivity(%)

Temperature
(°C)

M e th a n o l 70 64 91 4 5 0
E th an o l 71 62 88 580
i-O c tan e 68 60 88 630
C y c lo h ex an e 67 61 91 700
2 -P e n te n e 67 58 88 670
T o lu en e 61 50 82 660

2.3.1 S team  R e fo rm in g  o f  M e th a n o l
S team  re fo rm in g  is a  re a c tio n  b e tw e e n  h y d ro c a rb o n  fu e l and  w a te r  to  

c rea te  h y d ro g en . .S team  re fo rm in g  is a  h ig h ly  e ff ic ie n t co n v e rs io n  p ro c e ss , w h ic h  h as  
re c e iv e d  m u ch  a tte n tio n  d u e  to  th e  a b ility  to  p ro d u ce  a gas w ith  h ig h  h y d ro g e n  c o n ­
cen tra tio n  (7 5 %  w h e n  u sin g  m e th a n o l as  a  fe e d s to c k )  w h ile  m a in ta in in g  a h ig h  c a r­
b o n  d io x id e  se lec tiv ity . T h e  m a in  d ra w b a c k  o f  s team  re fo rm in g  is th a t th e  re a c tio n  is 
m o d e ra te ly  e n d o th e rm ic . T h e  u se  o f  su rp lu s  h ea t from  th e  e ff lu e n t o f  th e  ca ta ly tic  
b u rn e r  co u ld  sa tis fy  th e  e n e rg y  d em an d . H o w e v e r, th e  a d d itio n  o f  o x y g en  to  th e  
s team  re fo rm in g  p ro c e ss  sp e e d s  up  th e  c o n v e rs io n , due  to  th e  o c c u rre n ce  o f  e x o ­
th e rm ic  o x id a tio n  reac tio n s . T h e  re a c tio n  o f  s team  re fo rm in g  p ro c e ss  is sh o w n  in  
E q u a tio n  2 .4 .

C H 3O H (g ) + H 20 ( g )  - »  3 H 2(g) +  C 0 2(g ) AH°R =  49  k J m o f 1 (298  K ) (2 .4 )

T h e  s team  re fo rm in g  p ro c e ss  is u su a lly  o p e ra te d  w ith  e x cess  s team , to  
in d u ce  th e  w a te r  g as  sh ift (W G S ) reac tio n  (E q u a tio n  2 .5 ) in  th e  re fo rm e r in o rd e r  to  
lo w e r th e  C O  c o n c e n tra tio n  in  th e  p ro d u c t gas.

CO(g) + H20(g) -> H2(g) + C 02(g) AH°r = -41 kJmof1 (2.5)
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T h e  W G S  reac tio n  re d u c e s  the  C O  c o n te n t w h ile  in c re a s in g  th e  h y ­
d ro g en  c o n te n t in  th e  p ro d u c t s tream . A t eq u ilib riu m  c o n d itio n s , th e  fo rw a rd  re a c tio n  
is fav o red  b y  lo w  te m p e ra tu re s . It is im p o rta n t to  h av e  an  e ff ic ie n t re fo rm e r in c lu d ­
ing  a W G S  s tep , s in ce  th is  red u ces  th e  v o lu m e  o f  th e  su b se q u e n t C O  rem o v a l step . 
T he d iag ram  o f  s team  re fo rm in g  p ro c e ss  a re  sh o w n  in  F ig u re  2.3

MeOH
Water

Ri'fo mer Fuel cell

( f t )

Figure 2.3 M e th a n o l R e fo rm in g  S y stem  (L in d s tro n i e t  a l ,  2 0 0 2 ).

2 .3 .1 .1  R e a c to r  f o r  M e th a n o l  S te a m  R e fo r m in g
A  m ic ro ch an n e l re a c to r  sy stem , h as b een  d e v e lo p e d  for m e th a ­

nol s team  re fo rm in g . T h is  ap p lic a tio n  is e sp e c ia lly  im p o rta n t to  k eep  iso th e rm a l c o n ­
d itio n s  in  th e  c a ta ly s t b ed  fo r h ig h ly  e n d o th e rm ic  reac tio n s . T h is  re a c to r  p ro v id e s  
h ig h  h ea t tra n s fe r  e ff ic ie n cy , in c o rp o ra tin g  a  b u ilt- in  p re h e a tin g  zo n e , and  accu ra te  
c a ta ly s t b ed  te m p e ra tu re  m e asu rem en t. F ig u re  2 .4  sh o w s sc h e m a tic s  o f  the  re a c to r  
a ssem b ly . T h e  ca ta ly tic  p o rtio n  o f  th e  re a c to r is a  m ic ro c h a n n e l s lo t w ith  th e  gap  
w id th  o f  0 .5 0 8  m m . T h e  c a ta ly s t is lo c a te d  in  th e  lo w e r p o rtio n  o f  th e  ch an n e l so  th a t 
th e  re a c tan ts  can  be p re h e a te d  to  a d e s ire d  te m p e ra tu re  in  th e  u p p e r  p o rtio n  o f  th e  
ch an n e l b e fo re  e n te r in g  th e  ca ta ly s t b e d . T he m ic ro ch an n e l is “ s a n d w ic h e d ” b y  tw o  
sep a ra ted  o il-h e a tin g  ch a n n e ls , w h ich  a re  d e s ig n e d  to  a llo w  o il to  c irc u la te  at a h ig h  
ra te  an d  m a in ta in  a h ig h  h ea t tran sfe r  c o e ff ic ie n t a t th e  sam e tim e .
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F ig u r e  2 .4  M icroC hannel re a c to r  a ssem b ly  (C ao  e t  a l ,  2 0 0 4 ). :

2 .3 .1 .2  E x p e r im e n ta l  C o n d it io n
T h e  e ffe c t o f  re a c tio n  c o n d itio n s  fo r  s team  re fo rm in g  o f  

m e th an o l (S R M ) o v e r  th e  G -6 6  M R  C u /Z nO /A E C E  c a ta ly s t 'f ro m  S u d -C h e m ie  are  as 
fo llo w s: (A g re ll e t  a l ,  2 0 0 2 )

•  E ffec t o f  re ac tio n  te m p e ra tu re  is sh o w n  in  F ig u re  2 .5 . T he re su lt sh o w ed  
th a t th e  m e th an o l c o n v e rs io n  in c reased  w h en  in c rea s in g  th e  reac tio n  te m p e ra tu re  u n ­
til th e  m a x im u m  a tta in a b le  v a lu e  o f  100%  a t 3 2 0 ° c .

Çร

IE๐บิCOra๐3•ซ
ia

F ig u r e  2 .5  E ffe c t o f  re ac tio n  te m p e ra tu re  in m e th an o l s team  re fo rm in g  reac tio n  
(A g re ll e t  a l ,  2 0 0 2 ).
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•  E ffe c t o f  H 2 O /C H 3O H  ra tio  o n  C O  fo rm a tio n  in  th e  m e th a n o l s tre a m  re ­
fo rm in g  re a c tio n  is  sh o w n  in  F ig u re  2 .6 . T h e  C O  se le c tiv ity  a t 320°c w as in c re a se d  
from  3%  to  11% w h e n  th e  m o la r  ra tio  o f  H 2O /C H 3O H  w as ch a n g e d  fro m  1.3 to  1.0. 
C lea rly , an  ex cess  a m o u n t o f  s team  re q u ire d  by s to ic h io m e try  e ffe c tiv e ly  su p p re sse s  
C O  fo rm a tio n .

F ig u r e  2 .6  E ffec t o f  H 2 O /C H 3O H  ra tio  o n  C O  fo rm a tio n  in  th e  m e th an o l s tre am  re ­
fo rm in g  (A g re ll e t  a l ,  2 0 0 2 ).

•  E ffec t o f  m e th a n o l feed  ra te  on  H 2 and  C O 2 p ro d u c tio n  ra te s  are  sh o w n  in 
F ig u re  2 .7 . T h is  re su lt sh o w ed  th a t th e  h y d ro g en  p ro d u c tio n  ra te  are  in c re a se d  w h en  
in c re a s in g  th e  m e th an o l feed  ra te  fro m  30  m m o l/k g (c a t) .ร to  2 7 0  m m o l/k g (c a t) .ร.

8?

ร ิà  4O

150 200 250 300
Temperature C O

F ig u re  2 .7  E ffec t o f  m e th an o l feed  ra te  on  the  h y d ro g e n  p ro d u c tio n  ra te  in th e  m e ­
th an o l s tre am  re fo rm in g  (A g re ll e t  a l .  2 0 0 2 ).
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2 .3 .1 .3  M e c h a n is m  o f  M e th a n o l S te a m  R e fo r m in g
S om e re se a rc h e rs  (T ak ah ash i e t  a l ,  1982: T a k e z a w a  e t  a l ,  

1997) su g g es ted  th e  m e th a n o l s team  re fo rm in g  p ro cess  v ia  m e th y l fo rm a te  fo rm a ­
tio n , in  w h ic h  no  C O  tak es  p a r t  in  th e  re a c tio n . T h e  s team  re fo rm in g  o f  m e th a n o l 
p ro c e e d e d  th ro u g h  th e  fo llo w in g  seq u en ce  o f  steps.

2 C H 3 O H  ->  H C O O C H 3 +  2 H 2 (2 .6 )

H C O O C I f  +  H 20  - »  H C O O H  +  C H 3O H (2 .7 )

H C O O H  - >  C 0 2 +  H  2 (2 .8 )

A c c o rd in g  to  th e  s tu d y  p e rfo rm ed  b y  T a k a h a sh i e t  a l. (1 9 8 2 ), 
th e  W G S  re a c tio n  w a s  fo u n d  to  b e  b lo c k e d  in  the  p re sen ce  o f  m e th a n o l o n  C u /S i0 2 . 
A n o th e r  a rg u m e n t fo r  m e th an o l s team  re fo rm in g  reac tio n  h a s  b e e n  ra ise d  b y  T a k e ­
za w a  e t  a l  (1 9 9 7 ), th e y  fo u n d  th a t  H C H O  an d  C H 3O O C H  are  in v o lv ed  in  th e  re a c ­
tio n .

B y  in tro d u c in g  H C H O  to  th e  feed  o f  m e th a n o l-w a te r  m ix tu re , 
th e  c o m p le te  co n v e rs io n  o f  H C O H  to  C O 2 an d  H 2 w as o b se rv ed . T h e  re a c tio n  o f  
H C H O  an d  w a te r  o c c u rre d  m o re  rap id ly  as co m p ared  to  th e  s te am  re fo rm in g  o f  m e ­
th an o l. B ased  on  th e se  re su lts , th e y  c o n c lu d e d  th a t th e  p ro d u c tio n  o f  h y d ro g e n  an d  
c a rb o n  d io x id e  o v e r  co p p e r-b a se d  c a ta ly s ts  in c lu d e s  th e  fo rm a tio n  o f  fo rm a ld e h y d e  
an d  H C O O H  as in te rm e d ia te  p ro d u c ts  th a t c a n  be  d e sc rib e d  a s  fo llo w s:

C H f O H  > H C O H  Hl°  > H C O O H  +  H 2 ------ > H 2 +  C O 2 (2 .9 )

F u rth e rm o re , th e  re a c tio n  ra te  o f  m e th y l fo rm a te  fro m  th e  re ­
ac tio n  o f  H C H O  in  b o th  th e  a b sen ce  an d  in the  p re sen ce  o f  m e th an o l w as  d e te r ­
m in e d . T h e  ra te  o f  m eth y l fo rm a te  fo rm a tio n  w a s  found  to  b e  m o re  en h a n c e d  in the  
p re se n c e  o f  m e th an o l at th e  te m p e ra tu re  ran g e  from  77 to  1 7 7 ° c . T h e  ra te  in  the  
p re se n c e  o f  m e th an o l w as e s tim a te d  to  be  (a t 120°C ) 20  tim e s  h ig h e r  th an  in  th e  a b ­
sen ce  o f  m e th an o l. T h is  in d ica te s  th a t th e  fo rm a tio n  o f  m e th y l fo rm a te  fro m  the  m ix ­
tu re  o f  H C H O  an d  C H 3O H  is m u c h  m o re  rap id  th an  th e  d e h y d ro g e n a tio n  o f  m e th a ­
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n o l to  m e th y l fo rm a te . T h ey  c o n c lu d e d  th a t  th e  fo rm a tio n  o f  m e th y l fo rm a te  o v e r  
c o p p e r-b a se d  c a ta ly s ts  o ccu rs  th ro u g h  a  p a th w ay :

C H  3O H  -- ------^  H C O H  CH'pH  > C H 3O C H O  +  H 2 (2 .1 0 )

2 .3 .1 .4  K in e t ic  o f  M e th a n o l S te a m  R e fo r m in g
A  sem i-e m p iric a l m o d e l o f  th e  k in e tic s  o f  th e  c a ta ly s t s team  

re fo rm in g  o f  m e th a n o l o v e r C u O /Z n O /A h C h  c a ta ly s t has b een  d e v e lo p e d  by  A m - 
p h le tt  e t  a l. (1 9 9 4 ) u s in g  th e  re a c tio n  sc h e m e s  o f  irrev e rs ib le  re a c tio n  o f  S R M  an d  
d e c o m p o s itio n  re a c tio n . T h ey  fo u n d  th a t  th e  w a te r g a s-sh if t re a c tio n  co u ld  be  n e ­
g le c te d  w ith o u t su b s tan tia l lo ss  in  accu racy . T h e  ra te  eq u a tio n s  fo r  b o th  re a c tio n s  c a n  
b e  w ritte n  a s  fo llo w s:

r CH30H = -k ]C c H 3 0 H -k 2  

f H2 0  = - k|CcH30H

r C02 -  k)CcH30H

r CO = k2

r  H2 =  3kiCcH30H +  2 k 2
T he reac tio n  ra te  o f  m e th an o l an d  w a te r  c o n su m p tio n  is d e ­

p e n d in g  o n ly  o n  th e  c o n c e n tra tio n  o f  m e th a n o l an d  n o t o n  w a te r  co n c e n tra tio n . F u r ­
th e rm o re , th e  re a c tio n  ra te  o f  C O  fo rm a tio n  is a z e ro -o rd e r  ra te  w h ic h  m e a n s  th a t th e  
fo rm a tio n  o f  C O  is n o t a ffec ted  by  th e  c o n c e n tra tio n  o f  m e th an o l o r  th e  c o n c e n tra ­
tio n  o f  w a te r.

2 .3 .1 .5  M e th a n o l S te a m  R e fo r m in g  r e a c t io n  in  f u e l  c e l l
H y d ro g e n  p ro d u c tio n  b ased  on  m e th an o l s team  re fo rm in g  r e ­

ac tio n  fo r  fu e l cell d riv e  sy stem  co n s is ts  o f  th e  fo llo w in g  m a in  d ev ice s : a  m e th an o l 
s team  re fo rm e r, a ca ta ly tic  b u rn e r  w h ich  p ro v id e s  h e a t fo r  th e  re fo rm e r  an d  c o n v e rts  
all b u rn a b le  g a ses  in  th e  flu e  gas in to  w a te r  and  ca rb o n  d io x id e , a  gas c lean in g  u n it 
w h ic h  re d u c e s  C O  c o n c e n tra tio n  o f  th e  h y d ro g e n -r ic h  p ro d u c t and  feed s  to  th e  
P E M F C . A gas s to rag e  sy stem  is a lso  in te g ra te d  in  th e  fuel ce ll sy s tem  in  o rd e r to
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feed  th e  fu e l ce ll d u r in g  th e  s ta r t-u p  an d  sp e e d -u p  p h ases . A  sch em e  o f  th e  fuel cell 
d riv e  sy s tem  b ased  o n  S R M  is sh o w n  in  F ig u re  2 .8 .

F ig u r e  2 .8  F u e l ce ll d riv e  sy stem  (W iese  e t  a l . ,  1999).

2 .3 .2  P a rtia l O x id a tio n  o f  M e th a n o l
P a rtia l o x id a tio n  re a c tio n  is  a p ro c e ss  th a t  p a r tia lly  o x id iz e s  th e  fuel to  

CO an d  H2 ra th e r th a n  fu lly  o x id iz e s  to  CO2 an d  H2O. T h is is  a c c o m p lish e d  by  in ­
je c t in g  a ir  w ith  th e  fu e l s team  p r io r  to  th e  re fo rm e r. T h e  ad v a n ta g e  o f  p a r tia l o x id a ­
t io n  o v e r s team  re fo rm in g  is th a t  it is an  e x o th e rm ic  re a c tio n  ra th e r  th a n  an  e n d o ­
th e rm ic  re a c tio n  an d  th e re fo re  g e n e ra te s  its  o w n  hea t. T he re a c tio n  o f  p a r tia l o x id a ­
tio n  o f  m e th an o l p ro c e ss  is sh o w n  in  E q u a tio n  2 .11 .

C H 3O H (g ) +  0 .5 0 2 (g ) 2 H 2(g ) +  C 0 2(g ) AH°R =  -192  k J m o l '1 (298  K )  (2 .1 1 )

C u - Z n  has b een  in v e s tig a te d  as a c a ta ly s t in  sev e ra l p a p e rs , e ith e r 
u n su p p o rte d  o r su p p o rte d  on  Y-AI2 O 3 . H u a n g  an d  W an g  (1 9 8 6 ). and  A le jo  e t a l .  
(1 9 9 7 )  h av e  in v e s tig a te d  h y d ro g e n  g en e ra tio n  v ia  p a rtia l o x id a tio n  o f  m e th a n o l. C u -  
Z n O  is  th e  a c tiv e  fo rm , w h ich  m ean s  th a t to  av o id  d e a c tiv a tio n  n itro g e n  has to  be 
u se d  d u rin g  p u rg e  w h e n  the sy stem  is sh u t d o w n . I f  th e  c a ta ly s t (F e -C r-o x id e , C u -  
Z n -o x id e )  is  o x id iz e d  by  a ir  d u rin g  sh u td o w n , it c an  b e  red u ced  b y  h y d ro g e n  in -situ  
in  o rd e r  to  rec rea te  its  in itia l ac tiv ity . C are  m u st be  tak en  n o t to  su p e rh ea t th e  ca ta ly s t 
d u rin g  re d u c tio n , s in c e  the  p ro c e ss  is e x o th e rm ic . E x c e ss iv e  h e a tin g  c a n  cau se  th e
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c o p p e r  p a r tic le s  to  s in te r  a n d  a  lo ss  o f  m e ta l su rface  a re a  w ill th u s  o ccu r. O n e  p o ss i­
b il i ty  is to  u se  lo w  c o n c e n tra tio n s  o f  h y d ro g e n  in  n itro g e n  (5 -1 0 % )  d u rin g  th e  re d u c ­
t io n  p ro cess .

2 .3 .3  D e c o m p o s itio n  o f  M e th an o l
D e c o m p o s itio n  is th e  p ro c e ss  to  p ro d u c e  h y d ro g e n  fro m  h y d ro c a rb o n  

su c h  as m e th an o l. T h is  p ro c e ss  h as  to  be  c o u p le d  w ith  e ff ic ie n t w a te r-g a s  sh ift s tep s 
to  c o n v e rt C O . T h e  p ro c e ss  is s tro n g ly  e n d o th e rm ic  a n d  th e  re a c tio n  is sh o w n  in  E q ­
u a tio n  2 .12 . T h e  a d v a n ta g e  o f  th is  d e c o m p o s itio n  re a c tio n  w ith  m e th a n o l is  n o t su it­
a b le  d u e  to  th e  r isk  o f  c o k in g .

C H 3O H (g ) ->  2 H 2(g ) +  C O (g ) A H °r =  128 k J m o l '1 (2 9 8  K ) (2 .1 2 )

A n  e x te n s iv e  re v ie w  on  h y d ro g e n  g e n e ra tio n  by  m e th an o l d e c o m p o ­
s itio n  can  b e  fo u n d  in  C h o i an d  S ten g e r (2 0 0 2 ). T h ey  s tu d ie d  th e  m e th an o l d e c o m p o ­
s it io n  re a c tio n  ca ta ly z ed  b y  a co m m e rc ia l C u /Z n O /A b C b  in  th e  p re sen ce  an d  ab sen ce  
o f  w ate r. T h e  re su lt o f  th is  s tu d y  sh o w ed  th a t  w a te r  a d d itio n  to  th e  feed  in c re a se d  th e  
y ie ld  o f  h y d ro g e n  an d  re d u c e d  th e  fo rm a tio n  of: d im e th y l e th e r; m e th y l fo rm a te  and  
m e th a n e . A n d  th e  m e c h a n ism  o f  m e th an o l d e c o m p o s itio n  is sh o w n  in  F ig u re  2.9.

<CH,0)j 1 <3>
( D M D

n i . O l a i  -------- ;

c n .  + H.o < <H>— CO+H. « <->

CH.OH
(Methanol)

l < ‘>
CH,0(a)

(M clhoxy)

เ ^
CHjO(a)

< Formaldehyde )

I <4:>
C H 10 C lK X a )  

t McfhylFonrutie)

CH.OCHU
(MclhylFormaic)

+H

+H

> c o m

F ig u r e  2 .9  S ch em a tic  d ia g ra m  o f  th e  m e c h a n ism  o f  m e th a n o l d ec o m p o sitio n .
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2 .3 .4  A u to th e rm a l (O x id a tiv e  s team  re fo rm in g  o f  m e th a n o l)
A u to th e rm a l is a  c o m b in a tio n  o f  p a rtia l o x id a tio n  and  steam  re fo rm ­

ing . T h e  te rm  re fle c ts  th e  h ea t e x c h a n g in g  b e tw e e n  th e  e n d o th e rm ic  steam  re fo rm in g  
p ro c e ss  a n d  th e  e x o th e rm ic  p a r tia l o x id a tio n , w h ic h  a lso  c re a te s  a su ffic ie n t h ea t to  
d riv e  i t s e l f  a n d  g en e ra te s  m o re  h y d ro g e n  th a n  o n ly  p a rtia l o x id a tio n  a lone. T h e  re a c ­
tio n  o f  o x id a tiv e  s team  re fo rm in g  o f  m e th an o l a re  sh o w n  in E q . 2 .13

(ร +  p ) C H 3 O H  +  (ร) H zO  +  (0 .5 p ) <ว2 (2 p  +  3s) น 2 +  (ร +  p ) C 0 2

W h ere  ร an d  p  a re  s to ic h io m e tr ic  co e ff ic ien t fo r  s team  re fo rm in g  and 
p a rtia l o x id a tiv e  re sp e c tiv e ly . In  th is  p ro cess  m e th a n o l are re a c ted  w ith  a m ix tu re  o f  
0 2 a n d  s team  in a  “th e rm o  re a c to r”  o v e r  a c a ta ly s t su rface .

2 .4  C a ta ly sts  D e v e lo p m e n t fo r  S te a m .R e fo r m in g  o f  M e th a n o l

T h e  p o ten tia l o f  s team  re fo rm in g  o f  m e th an o l fo r  h y d ro g e n  p ro d u c tio n  in 
P E M F C  a p p lic a tio n s  m a k e  re se a rc h e rs  try  to  d e v e lo p  the  c a ta ly s ts  fo r sa tis fa c to ry  
p e rfo rm a n c e . T he C u -b a se d  c a ta ly s ts  fo r m e th an o l sy n th esis , a re  m a jo r u se d  fo r the  
f irs t g e n e ra tio n  o f  c a ta ly s t; h o w e v e r , th ey  h av e  th e  d isa d v a n ta g e s  o f  fast d e a c tiv a tio n  
an d  p y ro p h o ric  ch a ra c te ris tic s . H e n c e , th e  n o n -c o p p e r  c a ta ly s ts  hav e  b e e n  in v e s ti­
g a ted  fo r th e  h o p e  th a t  th e  b e tte r  p e rfo rm a n c e  m ig h t be  fo u n d . O x id e  su p p o rte d  p re ­
c io u s  m e ta ls  in c lu d in g  P d , P t a n d  R h  hav e  re c e iv e d  a  g rea t d ea l o f  a tte n tio n . T h ese  
m a te r ia ls  a re  v e ry  a c tiv e ; h o w e v e r , u n lik e  C u -b a se d  ca ta ly s ts , p re c io u s  m e ta ls -b a se d  
c a ta ly s ts  h av e  p o o r C 0 2 se le c tiv ity , y ie ld in g  p r im a ry  C O  an d  H 2 d u rin g  th e  m e th an o l 
s team  re fo rm in g  (Iw a sa  e l  a i ,  2 0 0 4 ).

2 .4 .1  C o p p e r-b a se d  c a ta ly s ts
In C u -b a se d  ca ta ly s t, th e  C u /Z n 0 /A l2 0 3  c a ta ly s t, w h ich  is tra d itio n ­

a lly  u sed  fo r lo w -te m p e ra tu re  w a te r-g a s  sh if t and  m e th an o l sy n th esis , h as  been  
w id e ly  u sed  in m e th an o l steam  re fo rm in g  rea c tio n . M an y  re se a rch e rs  s tu d ie d  the  
m e th o d  o f  p re p a ra tio n , c h a ra c te riz a tio n  and  ev a lu a tio n  o f  C u /Z n O /A l20 3  ca ta ly sts . 
S h ish id o  e l a l. (2 0 0 4 ) s tu d ied  C u /Z n O  and  C u /Z n 0 /A l2 0 3  c a ta ly s ts  p re p a re d  by  h o ­
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m o g e n e o u s  p re c ip ita tio n  (H P ) u s in g  u rea  h y d ro ly s is  an d  th e y  fo u n d  th a t th e  c a ta ly s ts  
sh o w e d  h ig h e r  a c tiv itie s  th an  th o se  p re p a re d  b y  c o p re c ip ita tio n  (C P ). It is su g g ested  
th a t th e  g o o d  ca ta ly tic  p e rfo rm a n c e s  o f  H P -C u /Z n O  a n d  H P -C u /Z n 0 /A l2 0 3  are  due  
to  b o th  h ig h ly  d isp e rse d  C u  m e ta l sp ec ies  a n d  to  h ig h  a c c e ss ib ility  o f  th e  C u  m eta l 
sp ec ie s  to  m e th a n o l an d  s team . In  2 0 0 2 , K u m a ri e t  a l. s tu d ie d  th e  e ffec t o f  C u /Z n  
ra tio  o f  th e  su rfa c e  an d  su b -su rfa c e  on  th e  ac tiv ity  an d  s ta b ility  o f  m e th an o l s team  
re fo rm in g  ca ta ly s ts . T h e  re su lt sh o w e d  th a t su rface  an d  su b -su rfa c e  C u /Z n  c o m p o s i­
tio n  in th e  ra n g e  o f  1 .2-1 .5  m ay  p ro d u c e  c a ta ly s ts  w ith  s tab le  ac tiv ity . T he in tro d u c ­
tio n  o f  z inc  in to  CU/AI2 O 3 c a ta ly s ts  is k n o w n  to  lim it th e  s in te rin g  an d  im p ro v in g  the  
d isp e rs io n  o f  c o p p e r  (F ie rro  e t  a l ,  1995). T h e re fo re , H o u te it  e t  a l. (1 9 9 6 )  in te re s ted  
to  s tu d y  th e  c o p p e r  o x id e  su p p o rte d  on  a lu m in a  (CU /A I2 O 3) an d  p ro m o te d  w ith  c e ­
s iu m  (CU-CS/AI2 O 3) an d  th ey  fo u n d  th a t c e s iu m  p rev en ts  th e  re d u c tio n  o f  c o p p e r o x ­
id e  in to  m e ta llic  C u , by  th e  h y d ro g e n  p ro d u c e d , an d  in h ib ite d  th e  fo rm a tio n  o f  
CUAI2 O 4 sp in e l u p o n  th e rm a l tre a tm e n t. B ic h o n  e t  a l. (2 0 0 6 ) s tu d ie d  th e  P d  p ro m o te r 
fo r  C u -b a se d  c a ta ly s ts  an d  th e  re su lt sh o w e d  th a t th e  a d d itio n  o f  P d  a lso  lead  to  
p o o re r  s e le c tiv ity , d u e  to  a s ig n if ic a n t in c re a se  in  th e  se le c tiv ity  to  C O . F u rth e rm o re , 
m a n y  re se a rc h e rs  s tu d ied  C u -b a se d  c a ta ly s ts  in  o th e r  su p p o rts . M e n  e t a l. (2 0 0 4 ) 
s tu d ie d  C u /C e 0 2 /y -A l2 0 3  th in  film  c a ta ly s t o n  the  1 0  m ic ro c h a n n e ls  o f  a m ic ro re a c ­
to r. R itz k o p t e t  a l. (2 0 0 6 ) s tu d ie d  C u /Z r0 2  c a ta ly s ts  an d  th e  re su lt sh o w  th a t C u /Z r 0 2 

can  red u ce  C O  fo rm a tio n  a t h ig h  m e th an o l c o n v e rs io n s  c o m p a re d  to  th e  co m m erc ia l 
C u /Z n O  ca ta ly s t.

2 .4 .2  P a la d iu m -b a se d  c a ta ly s ts
Iw asa  e t  a l. (1 9 9 5 ) firs t d isc o v e re d  th a t w h en  su p p o rtin g  th e  P d  on  

Z n O , th e  ca ta ly tic  fu n c tio n  o f  P d  can  be g re a tly  m o d if ie d , re su ltin g  in  h ig h ly  ac tiv e  
an d  se lec tiv e  ca ta ly s t fo r m e th an o l steam  re fo rm in g , w h ic h  w as n o t fo u n d  p rev io u s ly  
o n  p re c io u s  m e ta l c a ta ly s ts . U n d e r  s team  re fo rm in g  c o n d itio n s , th e  P d /Z n O  ca ta ly s t 
p ro d u c e s  m a in ly  C O 2 an d  บ 2 a lo n g  w ith  m in im a l a m o u n t o f  C O . P d -b a se d  ca ta ly s ts  
are  m ore  s tab le  th an  C u -b a se d  c a ta ly s ts  an d  can  o p e ra te  at a w id e r tem p e ra tu re  
ran g e . C h in  e t al. (2 0 0 2 )  s tu d ied  th e  c h a ra c te r iz a tio n  o f  P d /Z n O  ca ta ly s ts  in  s team  
re fo rm in g  o f  m e th an o l, it w as fo u n d  th a t P d -Z n  a llo y  can  be fo rm e d  u n d e r red u c in g  
en v iro n m e n t at m o d e ra te  te m p e ra tu re  ( <300°c ). T h is  sp ec ie  is h ig h ly  se le c tiv e  fo r
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th e  s team  re fo rm in g  o f  m e th an o l, w h ic h  is  n o t n o rm a lly  o b se rv e d  o n  p re c io u s  m e ta l-  
b a se d  ca ta ly s ts . In  2 0 0 6 , K arim  e t  a l. s tu d ie d  th e  e ffe c t o f  p re tre a tm e n t on  th e  P d -Z n  
a llo y  fo rm a tio n ; th ey  fo u n d  th a t e v e n  w ith o u t p re tre a tm en t, P d -Z n  a llo y  p a r tic le s  
w ere  fo rm e d  a fte r  re a c tio n  a t 2 5 0 ° c ,  d u e  to  th e  fac ile  red u c tio n  o f  Z n O  in  th e  p re s ­
en ce  o f  P d  an d  แ 2 . S a m p le s  tre a te d  a t lo w  te m p e ra tu re s  in  แ 2 sh o w e d  th e  c o e x is te n c e  
o f  m o n o m e ta llic  P d  an d  P d -Z n  a llo y  p a rtic le s . H ig h e r- te m p e ra tu re  re d u c tio n  led  to  
c o m p le te  tra n s fo rm a tio n  o f  P d  in to  P d -Z n  a llo y  and  e lim in a tio n  o f  th e  sm a ll p a r t i­
c le s , le ad in g  to  im p ro v ed  se lec tiv ity . C h in  e t  a l. (2 0 0 3 ) s tu d ied  th e  e ffec t o f  p re p a ra ­
tio n  te c h n iq u e  to  P d /Z n O  ca ta ly tic  p ro p e rtie s . T h e  re su lts  sh o w ed  th a t d u rin g  im ­
p re g n a tio n  o f  P d , th e  u se  o f  h ig h ly  ac id ic  P d  n itra te  aq u eo u s  p re c u rso r  h as  sh o w n  to  
a lte r  th e  tex tu ra l p ro p e rtie s  su ch  as  p o ro s itie s  an d  c ry s ta llin e  s tru c tu re s  o f  Z n O , 
w h e re  d isso lu tio n  o f  Z n O  is ev id en t. T h e  d isso lu tio n  o f  Z n O  in to  Z n 2+ n o t o n ly  m o d ­
ified  th e  p h y s ic a l p ro p e rtie s  o f  su p p o rt, b u t a lso  a ffec ted  th e  e x te n t o f  m ix in g  b e ­
tw e e n  Z n 2+ an d  P d 2+ in  th e  su b se q u e n t p re tre a tm en t. F u rth e rm o re , L iu  e t  a l. (2 0 0 6 ) 
s tu d ie d  th e  d e a c tiv a tio n  o f  P d /Z n O  ca ta ly s ts ; th ey  su g g es ted  th a t th e  d e a c tiv a tio n  o f  
P d /Z n O  is  d u e  m a in ly  to  tw o  p h e n o m e n a : su rface  fo u lin g  by  d e p o s ite d  c a rb o n , r e ­
d u c in g  th e  ac tiv ity  an d  in c re a s in g  C O  fo rm a tio n , and  su rface  o x id a tio n  o f  th e  P d -Z n  
a llo y  th ro u g h  reac tio n s  an d  re su ltin g  m a in ly  in  h ig h e r  C O  fo rm a tio n . A fte r  d e a c tiv a ­
tio n , th e  P d /Z n O  c a ta ly s t can  be  re g e n e ra te d  b y  o x id a tiv e  rem o v a l o f  th e  c a rb o n  d e ­
p o s its  in  an  o x y g en  c o n ta in in g  a tm o sp h e re  a t re la tiv e ly  low  te m p e ra tu re s  an d  by  r e ­
d u c in g  tre a tm e n t in  a  h y d ro g e n -c o n ta in in g  a tm o sp h e re  a t h ig h e r te m p e ra tu re s .

2 .5  G o ld  C a ta ly s t

G o ld  (Z = 7 9 ) h as  th e  a to m ic  c o n fig u ra tio n  as  [X e ]4 f145 d ,06 s ',  an d  th e re fo re  
lies in G ro u p  11 (IB ) o f  th e  p e rio d ic  c la ss if ic a tio n  o f  e lem en ts . It is a c o n g e n e r  o f  C u  
and  A g , w h ic h  o ften  b e in g  re fe reed  to  as th e  “ co in a g e  m e ta ls '’, an d  lies b e tw e e n  P t in 
g ro u p  10 an d  m ercu ry  in  g ro u p  12. T h e  p h y s ic a l p ro p e rtie s  o f  A u  are  sh o w n  in  T ab le
2.3.
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T a b le  2 .3  P h y sica l P ro p e rtie s  o f  A u  (B o n d  e t  a l ,  2 0 0 6 )

P ro p e rty G old  (A u)
Atomic num ber 79
Atom ic mass 196.9665
Electronic configuration [X e]4fl45d ltJ6ร1
Structure FCC
Lattice constant (nm ) 0.408
M etallic radius (nm ) 0.14420
Density (g/cm 3) 19.32
M elting tem p. (K) 1337
Boiling tem p. (K) 3081

G o ld  c a ta ly s is  is a  rap id ly  d e v e lo p in g  to p ic  o f  b o th  aca d e m ic  an d  in d u stria l 
re se a rc h  an d  s ig n ific a n t a d v a n c e s  h av e  b e e n  m ad e  w ith in  th e  last d ecad e . In  p a r tic u ­
lar, it is in te re s tin g  to  n o te  th e  in c rea s in g  n u m b e r  o f  p a te n ts  re la te d  to  g o ld  ca ta ly s ts  
in  p o ly m e r e le c tro ly te  m em b ra n e  (P E M ) fu e l cell te c h n o lo g y , in c lu d in g  so m e  from  
m a jo r  o rig in a l e q u ip m e n t m an u fac tu re rs . T h e  ju s tif ic a tio n  fo r d e v e lo p in g  th e  go ld  
c a ta ly s t te c h n o lo g ie s  d e sc r ib e d  is n o t o n ly  b a se d  o n  th e ir  p ro m is in g  te c h n ic a l p e r­
fo rm an ce , b u t a lso  th e  re la tiv e ly  lo w  s tab le  p rice  an d  g re a te r  a v a ila b ility  o f  go ld  
c o m p a re d  w ith  th e  p la tin u m  g ro u p  m eta ls.

F u rth e rm o re , it h a s  a lre a d y  been  d e m o n s tra te d  th a t go ld  can  h a v e  th e  h ig h ­
e s t c a ta ly s t a c tiv ity  fo r so m e  reac tio n s , in c lu d in g  the  o x id a tio n  o f  c a rb o n  m o n o x id e  
and  th e  h y d ro c h lo r in a tio n  o f  e th y n e  and  it is b e liev ed  th a t in  a  n u m b e r  o f  sp ec ific  
a re a s , go ld  c a ta ly s ts  w ill be  u sed  in co m m e rc 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  re a c tio n s  fo r  w h ich  go ld  h as  a lre a d y  b een  d e m o n s tra te d  to  be  a s tro n g  
c a ta ly s t in c lu d e : (C a m e ro n  e t  a l ,  2 0 0 3 )

•  o x id a tio n  o f  C O  an d  h y d ro c a rb o n s
•  w a te r  gas sh if t (W G S )
•  red u c tio n  o f  N O  w ith  p ro p en e , C O  o r แ 2

•  re a c tio n s  w ith  h a lo g en a ted  co m p o u n d s
•  w a te r  o r  FLO  p ro d u c tio n  fro m  แ 2 and  O 2
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•  rem o v a l o f  C O  fro m  h y d ro g e n  s tream s
•  h y d ro c h lo r in a tio n  o f  e th y n e
•  se lec tiv e  o x id a tio n , e .g . e p o x id a tio n  o f  o le fin s
•  se lec tiv e  h y d ro g e n a tio n
•  h y d ro g e n a tio n  o f  C O  an d  C O 2

H a ru ta ’s w o rk  (1 9 9 7 )  sh o w ed  th a t n a n o p a rtic u la te  g o ld  p a r tic le  (le ss  th an  5 
n m ) is  v e ry  ac tiv e  fo r m a n y  reac tio n s . F o r  p re fe ren tia l o x id a tio n  o f  C O  (P R O X ) in  
h y d ro g e n -r ic h  re fo rm e r g as  K ah lich  e t  a l  (1 9 9 9 ) m e n tio n e d  th a t A u /a -F e 2 0 3  is s ig ­
n if ic a n tly  m o re  ac tiv e  th a n  th e  co m m e rc ia l P R O X  ca ta ly s ts , i.e . P t/y -A l2 0 3 . It w as 
fo u n d ed  th a t A u /C e 0 2  an d  A u /a -F e 2 0 3  c a ta ly s ts , m ad e  u s in g  a  d e p o s itio n  p re c ip ita ­
tio n  te c h n iq u e , are  e ffe c tiv e  in  P R O X  reac tio n . F o r w a te r  gas sh ift re a c tio n , b o th  
A u /a -F e 2 0 3  (A n d reev a  e t  a l ,  1998) an d  A u /T i0 2  (S a k u ra i e t  a l ,  1997) are a c tiv e  at 
lo w  te m p e ra tu re s  and  th e  p re p a ra tio n  o f  A u /a -F e 2 0 3  an d  A u /T i0 2  b y  d e p o s itio n -  
p re c ip ita tio n  p ro d u ces  m o re  ac tiv e  c a ta ly s ts  th an  th o se  p re p a re d  b y  c o -p re c ip ita tio n .

F u rth e rm o re , in  M o lte n  c a rb o n a te  fuel c e lls  (M C F C s), sp ec if ic  a reas  re q u ir ­
ing  g a s  an d  e lec tro ly te  sea ls , as w e ll as im p ro v ed  e lec tr ica l c o n ta c t, co u ld  b en e fit 
fro m  th e  u se  o f  go ld  s in ce  it is th e  o n ly  m a te ria l sh o w n  to  be  im m u n e  to  co rro s io n  
from  th e  m o lte n  e lec tro ly te . F o r th e  co rro s io n  te s t re su lts , C a m e ro n  e t  a l. (2 0 0 3 ) 
sh o w ed  th a t g o ld  w as n o t a ffec ted  b y  im m ers io n  in  m o lte n  c a rb o n a te  e le c tro ly te s  
o v e r p e r io d s  e x ceed in g  9 0  h.

2 .6  Z n O  a n d  Z n 0 -F e 2 0 3  S u p p o r t

Z in c  o x id e  o ccu rs  n a tu ra lly  as the m in e ra l z in c ite . Z in c  o x id e  is fo r  th e  m o st 
p a rt in so lu b le  in  w ate r, b u t is so lu b le  in ac id s  and  a lk a lis . It e x h ib its  p ie z o e le c tric  
c h a ra c te r is tic s  in  th in  film  fo rm . S u ch  th in  film s can  be  d e p o s ite d  b y  p ro c e ss  like 
sp u tte r  d e p o s itio n . Z inc o x id e  is a lso  lu m in escen t an d  ligh t sen s itiv e . T he s tru c tu re s  
o f  Z n O  are  sh o w n  in F ig u re  2 .1 0 , th e  left p ic tu re  sh o w s th e  S E M -im ag e  o f  Z n O  
p o w d e r  p a rtic le s , the c e n te r  sh o w s th e  ty p ica l sh ap e  o f  Z n O  p o w d e r  p a r tic le s , a h e x ­
ag o n a l co lu m n  w ith  th e  to p -fa c e  co rre sp o n d in g  to  the  Z n -te rm in a te d  Z n -Z n O  su rface
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an d  th e  b o tto m  to  th e  O -te rm in a te d  O -Z n O  su rface . T he s ix  s id e  faces  a re  a ll e q u iv a ­
len t a n d  c o rre sp o n d  to  th e  m ix e d  te rm in a te d  Z n O  (1 0 1 0 ) su rface . A n d  th e  r ig h t p ic ­
tu re  sh o w s  th e  a to m ic  m o d e l o f  a  h ex ag o n a l c o lu m n  o f  a  Z n O  p a rtic le . (C h e m ie  and  
B o c h u m , 2 0 0 7 )

F ig u r e  2 .1 0  T h e  s tru c tu re  o f  Z n O  (C h em ie  an d  B o ch u m , 2 0 0 7 ).

T o d ay , in  te rm s  o f  in d u s tr ia l add ed  v a lu e , th e  c h e m ic a l p ro p e rtie s  o f  Z n O  
su rfa c e s  are  th e  m o s t im p o rtan t o nes. M an y  d iffe ren t c h e m ic a ls  a re  p ro d u c e d  u s in g  
Z n O  o r  Z n O -b a se d  c o m p o u n d s  as a  h e te ro g e n e o u s  ca ta ly st. T h e  m o s t p ro m in e n t e x ­
am p le  is m e th a n o l, w h ich  u n til 1960  th e  c a ta ly s ts  c o n ta in in g  Z n O  as th e  a c tiv e  c o m ­
p o n e n t h av e  b e e n  p ro d u ced . In  1998 , F u jitan i e t  a l. s tu d ied  th e  e ffe c t o f  Z n O  in  m e ­
th a n o l sy n th es is  c a ta ly s ts  an d  th ey  fo u n d  th a t Z n O  in C u /Z n O  b ased  c a ta ly s ts  is a s­
c rib ed  to  b o th  in c rea se s  in  th e  C u  d isp e rs io n  an d  th e  sp ec ific  ac tiv ity . M o re o v e r, 
Iw asa  e t  a l . (2 0 0 5 ) s tu d ied  th e  s team  re fo rm in g  o f  m e th a n o l o v e r  Z n O -su p p o rte d  
tra n s itio n  m eta l c a ta ly s ts  an d  th ey  fo u n d  th a t P d /Z n O  c a ta ly s t is m o re  a c tiv e  th an  
C u /Z n O  c a ta ly s t a t h ig h  te m p e ra tu re s  b ecau se  P d /Z n O  can  fo rm  P d Z n  a llo y  at m ild  
te m p e ra tu re  an d  P d Z n  a llo y  c a ta ly s t c an  m a in ta in  its a c tiv ity  w ith o u t d e a c tiv a tio n , 
w h ile  th e  C u /Z n O  ca ta ly s t lo ses its  ac tiv ity .

N o w a d a y , m an y  re se a rch e rs  are in te re s ted  in  u s in g  F e2 0 :,-su p p o rted  w ith  
A u  m e ta l (A u /F e 2 0 3 ) fo r W G S  reac tio n . S ilb e ro v a  e t a l. (2 0 0 6 )  m e n tio n e d  th a t at 
e le v a te d  te m p e ra tu re , the  F e ? 0 3  su p p o rt, in  th e  p resen ce  o f  A u  p a r tic le s  is e a s ily  re ­
d u ced  and  c o n tr ib u te s  the  ca ta ly tic  p e rfo rm a n c e  for W G S  reac tio n . T h e  w a te r  to
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F e 2 C>3 d o es  n o t c o n trib u te  to  re o x id a tio n  to  a  la rg e  e x te n t an d , co n se q u e n tly , to  h ig h  
C O 2 p ro d u c tio n  as o b se rv e d  o v er A u /F e 2 0 3 . F u rth e rm o re , H 2 is e v o lv e d  o n ly  in  the  
p re se n c e  o f  A u  p a rtic le s  a n d  w hen  a c e rta in  d eg ree  o f  F e  o x id e  re d u c tio n  is a ch iev ed .

F o r  th e  c o m p o site  o x id e  (F e 2 0 3 -Z n 0  S u p p o rt) , S ak u ra i e t  a l. (1 9 9 6 ) s tu d ied  
th e  m e th a n o l sy n th es is  o v e r  g o ld  c a ta ly s ts  su p p o rted  on  m e ta l o x id e s  an d  th e y  fo u n d  
th a t th e  a d d itio n  o f  o x id e s  lik e  F e 2Û 3 an d  TiC>2 o n  A u /Z n O , m e th a n o l c o n v e rs io n  can  
be  e n h a n c e d , m a in ta in in g  h ig h  se le c tiv ity  ex c e e d in g  th a t fo r  c o m m e rc ia l C u /Z n O - 
F e 2 Û 3 c a ta ly s t. T h e  m e th a n o l se le c tiv ity  o v e r g o ld  c a ta ly s ts  su p p o rte d  on  m e ta l o x ­
ides is  sh o w n  in  F ig u re  2 .1 1 .

80
E oAu*Zn 0 Au-Zn-Fe
k  60

1
1

0  Au-Zn-Ti 
40  * Au-Zn-Al

Cu-Zn-Al
(commercial)

0  Au-Fe1 20Au-Ti
0  2 4 6  8 10 12 14 16

MeOH yield a t 2509C (%)

2
0

F ig u r e  2 .11  R e la tio n sh ip  b e tw een  m e th a n o l y ie ld  an d  se lec tiv ity  o v e r  
A u /M O x/M 'O y  (S ak u ra i e t  a l . , 1996).
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