
C H A P T E R  IV
R E S U L T S  A N D  D IS C U S S IO N

4.1 A u /Z n O  C a ta ly s ts

In  th is  w o rk , A u /Z n O  c a ta ly s ts  p re p a re d  b y  a  d e p o s itio n -p re c ip ita tio n  (D P ) 
w ere  c h a ra c te r iz e d  b y  sev era l te ch n iq u es . T h e  c a ta ly s ts  w ere  te s ted  in  m e th an o l 
s team  re fo rm in g  re a c tio n  an d  th e  in flu en ces  o f  re a c tio n  p a ra m e te rs , such  as  A u  c o n 
ten t, c a lc in a tio n  te m p e ra tu re , gas p re tre a tm e n t an d  re a c tio n  te m p e ra tu re  on  th e  c a ta 
ly tic  p e rfo rm a n c e  o f  A u /Z n O  c a ta ly s t w ere  s tu d ie d  in  de ta il.

T h e  c a ta ly tic  a c tiv ity  te s ts  w ere  c a rr ie d  o u t in  a v e rtic a l p y re x  g la ss  m ic ro 
re a c to r  by  p a c k in g  w ith  100 m g  c a ta ly s t o f  8 0 -1 2 0  m esh  in side . T h e  a c tiv ity  w as in 
v es tig a ted  at v a r ie d  te m p e ra tu re  in  th e  ran g e  o f  2 5 0 -4 5 0 °C  u n d e r  a tm o sp h e ric  p re s 
sure. T h e  c h a ra c te r iz a tio n  re su lts  fro m  sev era l te c h n iq u e s , in c lu d in g  X R D , T E M , and  
B E T  o f  th e  p re p a re d  c a ta ly s ts  w ill be  u sed  to  ex p la in  th e  ca ta ly tic  a c tiv ity  an d  se le c 
tiv ity  o f  th e  p re p a re d  c a ta ly s ts  in  th is  part.

4.1.1 E ffe c t o f  A u  C o n te n t an d  C a lc in a tio n  T em p e ra tu re
F o r  th e  e ffe c t o f  A u  C o n ten t, th e  A u /Z n O  c a ta ly s ts  w ere  p re p a re d  b y  a 

d e p o s itio n -p re c ip ita tio n  te ch n iq u e  w ith  v a r io u s  A u  c o n te n ts  o f  1% , 3 %  an d  5%  a tom . 
A ll o f  th e se  ca ta ly s ts  w e re  ca lc in e d  a t 4 0 0 ° c  fo r  4  h o u rs  an d  p re tre a ted  w ith  h y d ro 
gen  a t 4 0 0 ° c  fo r 1 h o u r. F ig u re  4.1 sh o w s th e  m e th an o l c o n v e rs io n  an d  h y d ro g e n  
se lec tiv ity  in  s team  re fo rm in g  o f  m e th an o l at 2 5 0 -4 5 0 °C  o v e r  Z n O  and  A u /Z n O  c a ta 
lysts  w ith  d iffe re n t A u  co n ten ts .
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Temperature (°C)

(a) C H 3O H  C o n v e rs io n

(b ) H 2 S e lec tiv ity

F ig u re  4.1 E ffe c t o f  A u  c o n te n t on  th e  ac tiv ity  an d  se le c tiv ity  o f  A u /Z n O  ca ta ly s ts .

It can  be seen  tha t a re m a rk a b le  im p ro v e m e n t o f  c a ta ly tic  a c tiv ity  in  
te rm s o f  m e th an o l co n v e rs io n  and  h y d ro g e n  se le c tiv ity  w a s  o b se rv e d  by  th e  ad d itio n  
o f  A u. W ith  in c reas in g  A u  co n ten t, th e  m e th an o l co n v e rs io n  and  h y d ro g e n  se lec tiv ity  
w ere  in c reased  un til it re a c h e d  th e  m ax im u m  v a lu e s  o f  95.58% an d  75.53% at 450°c, 
re sp ec tiv e ly . W an g  e t a l ,  (2006) s tu d ied  th e  se lec tiv e  o x id a tio n  o f  C O  in h y d ro g en - 
rich  m ix tu res  on  All su p p o rted  on  Z n O  ca ta ly s ts . T h ey  fo u n d  th a t th e  ca ta ly tic  a c tiv i
ty  o f  A u /Z n O  w as  im p ro v ed  slig h tly  w ith  in c rea s in g  A ll c o n te n t un til 1 .5 w t.% ; h o w 
ev er, C O  se lec tiv ity  w a s  co n s ta n t and  d ec lin ed  a fte r th e  A u  co n ten t ex ceed ed  1.5 
w t.% .
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A fte r  th is  p a rt, A u  c o n te n t o f  5 %  a to m  w as se le c te d  as th e  ap p ro p ria te  
c o n d itio n  fo r A u /Z n O  ca ta ly st.

F o r  th e  e ffec t o f  c a lc in a tio n  te m p e ra tu re , th e  5%  A u /Z n O  c a ta ly s t 
w ere  p re p a re d  b y  a  d ep o s itio n -p re c ip ita tio n  te c h n iq u e  w ith  v a r io u s  c a lc in a tio n  te m 
p e ra tu re s  o f  300 , 4 0 0  an d  5 0 0 ° c .  A ll o f  th ese  c a ta ly s ts  w e re  p re tre a ted  w ith  h y d ro 
gen  a t 4 0 0 ° c  fo r 1 hou r.

(a) C H 3O H  C o n v e rs io n

Temperature(°C)

(b ) EE S e lec tiv ity

F ig u re  4.2 E ffec t o f  c a lc in a tio n  tem p e ra tu re  on the  a c tiv ity  and  se lec tiv ity  o f  
A u /Z n O  cata ly sts .
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F ig u re  4.2 (a -b ) sh o w s th e  e ffec t o f  c a lc in a tio n  te m p e ra tu re  o n  th e  a c 
tiv ity  an d  se le c tiv ity  o f  A u /Z n O  ca ta ly s ts . It is c le a rly  se e n  th a t c a lc in a tio n te m p e ra -  
tu re  s ig n if ic a n tly  in flu en ced  on  th e  ca ta ly tic  p e rfo rm an ce  o f  A u /Z n O  c a ta ly s t fo r  th is  
re ac tio n . B o th  m e th an o l co n v e rs io n  an d  h y d ro g e n  se le c tiv ity  in c re a se d  as th e  c a lc i
n a tio n  te m p e ra tu re  in c rea sed ; h o w e v e r, w h e n  th e  ca lc in a tio n  te m p e ra tu re  u p  till 
400°c, its  a c tiv ity  d ec rea sed . W an g  e t  a l. (2 0 0 6 ) rep o rted  th a t  th e  in c re a s in g  o f  c a l
c in a tio n  te m p e ra tu re  w o u ld  ch an g e  AU2 O 3 in to  A u , th en  th e  a c tiv ity  an d  se lec tiv ity  
o f  5%  A u /Z n O  ca ta ly s ts  w o u ld  be  e x p e c te d  to  in c rease  w ith  in c re a s in g  ca lc in a tio n  
tem p e ra tu re .

A fte r  th is  p a rt, c a lc in a tio n  tem p e ra tu re  o f  4 0 0 ° c  w as se lec ted  as  the  
ap p ro p ria te  c o n d itio n  fo r A u /Z n O  ca ta ly s t.

4 .1 .1 .1  X - r a y  D if f r a c t io n  (X R D )
T h e  X R D  p a tte rn s  o f  A u /Z n O  ca ta ly s ts  p re p a re d  b y  a d e p o s i

tio n -p re c ip ita tio n  m e th o d  a t d iffe ren t A u  co n te n ts  (1% , 3 %  an d  5%  a to m ) an d  d if fe r 
en t c a lc in a tio n  te m p e ra tu re s  (3 0 0 , 4 0 0  an d  5 0 0 °C ) are sh o w n  in  F ig u re  4 .3 . A lm o s t 
th e  d iffra c tio n  p eak s  o f  A u /Z n O  can  b e  a ss ig n ed  to  p u re  Z n O . T h e  p re se n c e  o f  A u  in 
th e  fa c e -ce n te re d  cub ic  c ry s ta l size a t 2 0  o f  38 .10° d e tec ted  fo r o n ly  5%  A u /Z n O  
ca ta ly s ts . F o r all sam p les , th e  X R D  a n a ly s is  d id  n o t rev ea l th e  p re se n c e s  o f  a n y  o x id - 
ic A u  sp ec ies  at 2 0  o f  2 5 .5 ° , 30 .2° an d  32 .5°. T h e  X R D  p a tte rn s  o f  a ll sa m p le s  w ere  
a lm o st th e  sam e  b u t have  a  little  d iffe re n ce  in  te rm  o f  p eak  in ten sity . T h e  m a in  d if 
frac tio n  p e a k s  a t 20  o f  31 .77°, 34 .42° an d  3 6 .2 5 °  w ere  c o rre sp o n d in g  to  Z n O  (1 0 0 ), 
Z n O  (0 0 2 ) an d  Z n O  (1 0 1 ) p lan es  fo r C u K a  (1 .5 4 0 6  A ) ra d ia tio n , re sp e c tiv e ly . T h e  
m e ta llic  A u  sp e c ie s  a ttr ib u ted  to  A u  (1 1 1 ), A u  (2 0 0 ) an d  A u  (3 1 1 ) p e a k s  a re  o b 
se rv ed  at 20  o f  38 .10°, 44 .3 7 °  and  7 7 .5 5 °  fo r o n ly  5%  A u /Z n O  c a ta ly s ts , su g g e s tin g  
th a t A u  p a rtic le s  are h ig h ly  d isp e rsed  on  the  su rface , o r th e  A u  p e a k s  are  o v e rla p p e d  
by  z in c ite  (Y an g  e t a l ,  2 0 0 7 ), o r th e  A u  p a rtic le s  are  to o  sm all to  be  d e tec ted  by  th is  
in s tru m en t. T E M  tech n iq u e  w as su b se q u e n tly  em p lo y ed  to  co n firm  th e  A u  p a rtic le  
size  in  th e  p rep a red  ca ta ly s ts . F o r 5%  A u /Z n O  ca lc in ed  at 5 0 0 ° c ,  th e  m e ta llic  A ll 
p eak s  are  o b v io u s ly  p re sen ted  and  th is  re su lt ag rees  w ell w ith  th e  av e rag e  p a rtic le  
s izes o f  th is  ca ta ly s t, as co n firm ed  by  T E M  tech n iq u e  w h ich  th e  p a r tic le  s iz e s  are 
la rg e r th an  5 n m . T he  p re se n c e  o f  A ll and  Z n O  p eak s  in d ica ted  th e  e x is tin g  sp e c ie s  in
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the  p re p a re d  ca ta ly s ts  and  th e  c ry s ta llite  s ize  o f  th e se  sp ec ies  w e re  ca lc u la ted  b y  th e  
S ch e rre r  E q u a tio n , as  su m m arized  in  T ab le  4 .1 .
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F ig u re  4 .3  X R D  p a tte rn s  o f  the  p re p a re d  A u /Z n O  ca ta ly s ts  at v a r io u s  A u  co n ten t 
and  ca lc in a tio n  te m p e ra tu re :(« )  Z n O ; (•เ-) A u; (a) 1%  A u /Z n O , c a lc in e d  at 4 0 0 °C ; (b) 
3%  A u /Z n O , c a lc in e d  at 400°C ; (c) 5%  A u /Z n O , ca lc in ed  a t 300°C ; (d ) 5%  A u /Z n O , 
ca lc in ed  at 400°C ; (e) 5%  A u /Z n O , ca lc in e d  at 5 0 0 °c .
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T a b le  4.1 T h e  A u  an d  Z nO  c ry sta llite  s izes  o f  th e  p rep a red  A u /Z n O  ca ta ly s ts

C ry sta llite  sizes (n m )
C a ta ly sts Z n O Z n O Z n O A u A u

(100 ) (002 ) (1 0 1 ) (1 1 1 ) (2 0 0 )
1 %  A u /Z n O , C a lc in ed  a t 4 0 0 ° c 2 0 .2 4 24 .45 19.15 < 5 < 5

3 %  A u /Z n O , C a lc in ed  a t 4 0 0 ° c 2 1 .1 7 24 .82 19.34 < 5 < 5
5°/o  A u /Z n O , C a lc in ed  a t 4 0 0 ° c 20 .34 23 .22 19 .36 < 5 < 5
5 %  A u /Z n O , C a lc in ed  a t 3 0 0 ° c 2 1 .3 9 25 .34 19 .16 < 5 < 5
5 %  A u /Z n O , C a lc in ed  a t 5 0 0 ° c 2 3 .1 9 2 5 .1 9 2 2 .6 4 8 .1 0 8.14

F rom  T ab le  4 .1 , it w as fo u n d  th a t th e  c ry s ta llin ity  o f  th e  Z n O  
an d  A u  p h ase s  w e re  no t m u c h  d iffe ren ce  am o n g  th e  p re p a re d  c a ta ly s ts  c a lc in e d  at 
3 0 0  an d  4 0 0 ° c .  H o w e v e r, th e  ca ta ly s t ca lc in ed  at 5 0 0 ° c  h ad  th e  c ry s ta llite  s iz e s  o f  
Z n O  an d  A u  la rg e r  th an  th e  o th e rs , su g g e s tin g  th a t  at h ig h  ca lc in a tio n  te m p e ra tu re s , 
th e  s in te rin g  e ffe c t co u ld  o ccu r. T h ere fo re , Z n O  and  A u  c ry s ta llite s  w e re  a g g lo m e 
ra ted  to  form  th e  la rg e r s izes . T h is  s in te rin g  e ffe c t is in  a c c o rd an ce  w ith  th e  T E M  
im ag es  in  F ig u re  4 .4  (e).

4 .1 .1 .2  T ra n sm is s io n  E le c tr o n  M ic r o g r a p h  (T E M )
T he ca ta ly tic  a c tiv ity  o f  su p p o rted  A u  c a ta ly s ts  s tro n g ly  d e 

p en d s  on  the  A u  p a r tic le  s ize . T h e  p a rtic le  s ize  o f  A u  on  th e  m eta l o x id e  su p p o rts  can  
be  c o n tro lle d  by  th e  se lec tio n  o f  a su itab le  A u  co n te n t an d  su itab le  ca lc in a tio n  te m 
p e ra tu re . T h e re fo re , it is e ssen tia l to  s tu d y  th e  e ffe c t o f  A u  co n ten t an d  ca lc in a tio n  
te m p e ra tu re  on  th e  av e rag e  A u  p a rtic le  s ize  an d  p a rtic le  s ize  d is tr ib u tio n  by  u s in g  
T E M  an a ly sis . F ig u re  4 .4  sh o w s  the T E M  im ag es  o f  A u /Z n O  ca ta ly s ts  and  all A u  
p a rtic le s  are c le a rly  o b se rv ed . D ep o sited  A u  p a rtic le s  ap p e a re d  as sm all b lack  sp o ts  
in th e  T E M  m ic ro g rap h  and  seem  to be  w e ll d isp e rsed  on th e  su rface  o f  Z n O  su p p o rt.
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T h e  T E M  im ag es  o f  the  A u /Z n O  c a ta ly s ts  w ith  v a rio u s  A u  
co n ten ts  (1 % , 3%  an d  5%  a to m ) are  p re se n te d  in  F ig u re  4 .2  (a -c ). T h e  m ean  p a rtic le  
s ize  o f  A u  o f  A u /Z n O  c a ta ly s ts  w ith  A u  co n ten ts  o f  1% , 3%  an d  5%  a to m  w ere  3 .4 6 , 
3 .69  an d  3 .96  n m , re sp ec tiv e ly . W ith  in c reas in g  th e  A u  c o n te n t, a s lig h t in c rea se  in  
A u  p a r tic le  s ize  w as o b se rv ed . In  th is  p re se n t w o rk , th e  in c re a s in g  in  m e th an o l c o n 
v e rs io n  an d  h y d ro g e n  se le c tiv ity  are  re la te d  w ith  in c re a s in g  o f  A u  p a rtic le s  s ize , as 
c o n firm e d  b y  F ig u re  4.1 (a -b ). T h e re fo re , it can  b e  su g g es ted  th a t a  la rge  s ize  o f  A u  
p a rtic le  o n  th e  A u /Z n O  c a ta ly s t w as p re fe rre d  fo r  m e th an o l s team  re fo rm in g  re a c 
tion .

F o r  th e  c a ta ly s ts  c a lc in ed  a t 3 00 , 4 0 0  an d  5 0 0 ° c  (F ig u re  4 .4  
(c -e )), th e  m e a n  p a rtic le  s iz e s  w ere  3 .6 7 , 3 .96  an d  6 .5 9  n m , re sp e c tiv e ly . T h is  re su lt 
c le a rly  in d ica ted  th a t a t a h ig h e r c a lc in a tio n  te m p e ra tu re , th e  s izes  o f  A u  p a rtic le s  
w ere  in c rea sed . E sp ec ia lly , th e  c a ta ly s t ca lc in ed  a t 5 0 0 ° c  h as  th e  h ig h e s t av e rag e  A u  
p a rtic le  s iz e , su g g es tin g  th a t a t th is  te m p e ra tu re  th e  a g g lo m e ra tio n  o f  A u  p a rtic le s  
o ccu rred  to  b eco m e  la rg e r d u e  to  th e  s in te rin g  e ffec t. F ro m  th is  re su lt it can  be  in d i
ca ted  th a t  th e  d e c re a s in g  o f  m e th an o l co n v e rs io n  an d  h y d ro g e n  se lec tiv ity  a t th e  c a l
c in a tio n  te m p e ra tu re  5 0 0 ° c  a ffec ted  fro m  th e  s in te rin g  e ffec t o f  A u  p a rtic le s .



43

(a) 1%  A u /Z n O , C a lc in ed  a t 400°c (b) 3%  A u /Z n O , C a lc in ed  at 4 0 0 ° c

(c) 5 %  A u /Z n O , C a lc in ed  a t 4 0 0 ° c  (d ) 5%  A u /Z n O , C a lc in ed  at 3 0 0 ° c

(e) 5%  A u /Z n O , C a lc in ed  at 5 0 0 ° c

F ig u r e  4 .4  T E M  im ag es  o f  A u /Z n O  c a ta ly s ts  at v a rio u s  A ll co n ten ts  and  ca lc in a tio n  
tem p e ra tu res .
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T h e  c o m p a riso n  o f  A u  p a rtic le  size fo r  A u /Z n O  c a ta ly s ts  at 
d iffe ren t A u  co n ten ts  an d  ca lc in a tio n  te m p e ra tu re s  w as  su m m a riz e d  in  T a b le  4 .2 .

T a b le  4 .2  C o m p a riso n  o f  A u  p a rtic le  s izes  fo r A u /Z n O  c a ta ly s ts  a t d iffe re n t A u  c o n 
ten ts  an d  c a lc in a tio n  te m p e ra tu re s  fro m  X R D  an d  T E M  an a ly sis

C a ta ly sts A u  (1 1 1 )  
(n m )*

A u  (200 )  
(nm )*

A u  p a r tic le  s ize  
(n m )**

1%  A u /Z n O , C a lc in ed  4 0 0 °C < 5 < 5 3 .4 6  ± 0 .9 5
3%  A u /Z n O , C a lc in e d  4 0 0 ° c < 5 < 5 3 .6 9  ±  1.00
5%  A u /Z n O , C a lc in ed  4 0 0 ° c < 5 < 5 3 .9 6  ± 0 .7 2
5 %  A u /Z n O , C a lc in ed  3 0 0 ° c < 5 < 5 3 .6 7  ± 0 .8 9
5%  A u /Z n O , C a lc in ed  5 0 0 ° c 8 .10 8.14 6 .5 9  ± 2 .5 1

* as m e a su re d  by  X R D , ** as  m easu red  b y  TEN'

It w as  fo u n d  th a t  th e  p a rtic le  sizes o f  th e  p re p a re d  A u /Z n O  
ca ta ly s ts  fro m  T E M  a n a ly s is  w ere  c lo se  to  th e  c ry s ta llite  s izes  th a t d e te rm in e d  b y  the  
X R D  m e a su re m e n t, c a lc u la te d  from  th e  h a lf-w id th  o f  the  m a in  p eak  (A u  (1 1 1 ) an d  
A u  (2 0 0 ))  a cco rd in g  to  th e  S ch e rre r  E q u a tio n .

4 .1 .1 .3  S u r fa c e  A r e a  M e a s u r e m e n t (B E T )
T he su rface  a rea s  o f  the  A u /Z n O  c a ta ly s ts  w ith  v a rio u s  A u  

co n ten ts  o f  1% , 3 % , 5%  a to m  are  su m m a riz e d  in  T ab le  4 .3 . T h e  B E T  su rface  a rea s  
sho w ed  a s lig h t d e c re a se  o f  to ta l su rface  a rea  a fte r  ad d in g  th e  A u  o n  th e  ca ta ly s ts . 
H o w ev e r, w h e n  th e  A u  c o n te n t w as in c rea sed , th e re  is no  s ig n if ic a n t d iffe re n ce  in 
B E T  su rfa c e  areas.
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T a b le  4 .3  B E T  su rfa c e  areas o f  Z n O  an d  A u /Z n O  ca ta ly s ts

C a ta ly sts B E T  su r fa c e  area  
(m 2/g )

Z n O 37.39 ±0.03
1% A u /Z n O , c a lc in ed  400°c 32.18 ±0.01
3%  A u /Z n O , c a lc in ed  400°c 32.23 ±0.01
5%  A u /Z n O , c a lc in ed  400°c 32.46 ±0.05

4 .1 .2  E ffe c t o f  C a ta ly s t P re tre a tm e n t
T he p re tre a tm e n t o f  c a ta ly s t is  v e ry  im p o rta n t fo r  m an y  c h e m ic a l re a c 

tio n s . T h e  d iffe ren t p re tre a tm e n t w ill p ro v id e  d iffe re n t s ta te  o f  A u  ca ta ly s ts . It is o f  
in te re s t to  in v e s tig a te  th e  e ffe c t o f  p re tre a tm en ts  o n  th e  ca ta ly tic  a c tiv ity  o f  th e  5%  
A u /Z n O  ca ta ly s t, w h ic h  are แ 2 re d u c tio n  a t 400°c and  O 2 o x id a tio n  a t 200°c fo r 1 
h o u r. T h e  c a ta ly s t w o u ld  be fu lly  A u  m e ta llic  fo rm  fo r H 2 p re tre a tm e n t and  p artia l 
A u  m e ta llic  form  fo r  O 2 p re trea tm en t. T h e  e ffec t o f  c a ta ly s ts  p re tre a tm e n t on  th e  a c 
tiv ity  an d  se lec tiv ity  o f  5%  A u /Z n O  ca ta ly s t are  sh o w n  in F ig u re  4 .5 (a -b ).
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(a) C H 3O H  C o n v e rs io n

20 0  250 300 350 400 450 500

Te m p e ra  ture(°C)

(b) H 2 S e lec tiv ity

F ig u r e  4 .5  E ffec t o f  c a ta ly s t p re tre a tm en t on  the  a c tiv ity  an d  se lec tiv ity  o f  A u /Z n O  
ca ta ly s ts .

It can  be o b se rv e d  th a t th e  m e th an o l co n v e rs io n  w as s tro n g ly  d e p e n 
d en t on  p re tre a tm en t c o n d itio n s , e sp ec ia lly  at h igh  te m p e ra tu re s . It sh o w s th a t แ 2 

p re trea ted  ach iev ed  a h ig h e r  m ax im u m  m e th an o l c o n v e rs io n  th an  O 2 p re trea ted  c a ta 
lyst. T he m e th an o l c o n v e rs io n  in creased  w ith  in c rea s in g  te m p e ra tu re  re ach in g  a m a x 
im u m , w h ic h  w as 9 5 .5 8 %  fo r H 2 p re trea ted  ca ta ly s t an d  6 7 .7 9 %  fo r 0 2 p re trea ted  
ca ta ly s t at 4 5 0 ° c , re sp ec tiv e ly . H o w ev e r, th e  in flu en ce  o f  p re tre a tm en t on  the  H 2 s e 
lec tiv ity  w as, in stead , n eg lig ib le . T he แ 2  se lec tiv ity  w a s  b e in g  o n ly  re la ted  to  the  
reac tio n  tem p e ra tu re .
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A fte r  th is  pa rt, p u re  H 2 p re tre a tm en t a t 4 0 0 ° c  fo r  1 h o u r w a s  se lec ted  
as th e  ap p ro p ria te  p re tre a tm e n t c o n d itio n  fo r th is  m eth o d .

4 .1 .2 .1  X - r a y  D if f r a c t io n  (X R D )
T h e  X R D  p a tte rn s  o f  A u /Z n O  c a ta ly s ts  p re p a re d  b y  a d e p o s i

tio n -p re c ip ita tio n  m e th o d  at d iffe re n t gas p re tre a tm e n t (O 2 p re tre a tm e n t a n d  H 2 p re 
tre a tm e n t)  a re  sh o w n  in F ig u re  4 .6 . F o r all sam p le s , th e  X R D  p a tte rn  p re se n c e  A u  in  
th e  fa ce -cen te red  c u b ic  c ry sta l s ize  and  Z n O  in h ex ag o n a l c ry s ta l size. T h e  m a in  d if
fra c tio n  p e a k s  at 2 9  o f  31 .77°, 34 .42°, 36 .25° and  3 8 .1 0 °  w e re  c o rre sp o n d in g  to  Z n O  
(1 0 0 ), Z n O (0 0 2 ), Z n O ( lO l)  an d  A u ( l l l )  p la n e s  fo r C u K a  (1 .5 4 0 6  Â ) ra d ia tio n , re 
sp ec tiv e ly . T h e  X R D  p a tte rn s  o f  a ll sam p les  w e re  a lm o s t th e  sam e  b u t h a v e  a  s ig n if i
can t d iffe ren ce  in  te rm  o f  m e ta llic  A u  p eak  a t 3 8 .1 0 ° , H 2 p re tre a tm e n t h as  th e  h ig h est 
in te n s ity  o f  m e ta llic  A u  p eak  w h ile  O 2 p re tre a tm e n t h as  th e  lo w e s t in ten s ity  o f  m e ta l
lic A u  p eak . In th is  p re se n t w o rk , th e  in c re a s in g  o f  m e th an o l c o n v e rs io n  an d  h y d ro 
gen  se le c tiv ity  are  re la te d  w ith  in c rea s in g  o f  in te n s ity  o f  m e ta llic  A u  p e a k . T h e re 
fo re , it in d ica ted  th a t a f te r  แ 2 p re tre a tm e n t th e  c a ta ly s t w o u ld  be  fu lly  A u  m eta llic  
fo rm  an d  en h an ced  th e  m e th an o l s team  re fo rm in g  reac tio n . F ro m  th is re su lt, it can  be 
c o n c lu d e d  th a t, gas p re tre a tm ç n t a ffec t to  th e  c ry s ta llin e  s tru c tu re  o f  th e  p rep a red  
c a ta ly s t an d  a ffec ted  to  th e  a c tiv ity  and  se lec tiv ity  o f  th is 'c a ta ly s t  in  m e th a n o l steam  
re fo rm in g  reac tion .
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F ig u r e  4 .6  X R D  p a tte rn s  o f  th e  p re p a re d  A u /Z n O  c a ta ly s t s :^ )  Z n O ; (•{■ ) A u ; (a) 
fre sh  ca ta ly s t; (b ) แ 2 p re tre a tm en t; (c ) c >2 p re trea tm en t.

4 .1 .3  E ffe c t o f  R e a c tio n  T em p era tu re
T h e  5%  A u /Z n O  ca ta ly s is  p rep a red  by  a  d e p o s itio n -p re c ip ita tio n  

te c h n iq u e , c a lc in e d  at 4 0 0 ° c ,  and  p re tre a ted  w ith  h y d ro g en  a t 4 0 0 ° c  fo r 1 h o u r w ere  
u se d  to  s tu d y  in  th is  pa rt. T h e  reac tio n  tèm p e ra tu re  w as  v a ried  in  th e  ran g e  o f  250 - 
4 5 0 ° c .

F ig u re  4 .7  (a -b ) show s th e  ac tiv ity  an d  se lec tiv ity  o f  5%  A u /Z n O  c a t
a ly s t v e rsu s  tem p e ra tu re . W h en  the  reac tio n  tem p e ra tu re  w as in c rea sed , th e re  w as an  
in c rease  in  b o th  m e th an o l c o n v e rs io n  an d  h y d ro g en  se lec tiv ity . M e th a n o l co n v e rs io n  
in c rea sed  from  6 .35 to  9 5 .5 8 %  and  h y d ro g en  se lec tiv ity  in c re a se d  from  4 8 .4 9  to  
7 5 .5 3 %  w h ile  th e  reac tio n  tem p e ra tu re  in c re a se d  from  2 5 0  to  4 5 0 ° c .  T h ere  w as no  
C O  d e tec ted  at 3 5 0 ° c .  H o w ev e r, at h igh  tem p e ra tu res , a trace  a m o u n t o f  C O  w as d e 
tec ted . T h e  C O  se lec tiv ity  ( -0 -0 .9 3 % )  is v e ry  low  th ro u g h o u t th e  tem p e ra tu re  ran g es 
(3 5 0 -4 0 0 °C . T h e  C O  se lec tiv ity  is re la tiv e ly  lo w  co m p ared  to  th e  a m o u n t o f  C O  p ro 
d u ced  o v e r C u -b ased  ca ta ly s ts  (P a p a v a s ilio u  e t  a l ,  2 0 0 7 ) an d  P d -b ased  ca ta ly sts  
(K arim  e t a l ,  2 0 0 6 ).
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F ig u r e  4 .7  E ffe c t o f  re a c tio n  te m p e ra tu re  on  th e  ac tiv ity  and  se le c tiv ity  o f  A u /Z n O  
ca ta ly s t.

4 .1 .4  D e a c tiv a tio n  T est o f  th e  A u /Z n O  C a ta ly s t
T he ca ta ly tic  s tab ility  o f  5%  A u /Z n O  ca ta ly st c a lc in e d  at 4 0 0 ° c  fo r  4 

h o u rs  and  p re tre a ted  w ith  h y d ro g en , w h ich  sh o w ed  th e  m a x im u m  C H 3O H  c o n v e r
sion  and  แ 2 se lec tiv ity , w as  tested  at the  co n s ta n t te m p e ra tu re  o f  4 5 0 ° c .  A s  can  be 
seen  fro m  F ig u re  4 .8 . th is  ca ta ly s t e x h ib ite d  a s tab le  ca ta ly tic  p e rfo rm an ce  d u rin g  24 
h o u rs  o f  te s tin g  tim e.
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F ig u r e  4 .8  D e a c tiv a tio n  te s t o f  th e  A u /Z n O  c a ta ly s t at th e  co n s ta n t te m p e ra tu re  o f  
4 5 0 ° c .



51

4.2  A u /Z n O - F e 2C>3 C a ta ly s t

In th is  p a rt, th e  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  p rep a red  by  a d e p o s itio n - 
p re c ip ita tio n  (D P ) w e re  c h a ra c te r iz e d  by  sev e ra l te ch n iq u es . T h e  c a ta ly s ts  w ere  
te s te d  in  m e th an o l s te am  re fo rm in g  reac tio n . M o reo v e r, th e  in flu en ces  o f  Z n O - 
F e 2 C>3 ra tio , A u  co n ten t, c a lc in a tio n  te m p e ra tu re , gas p re tre a tm en t, and  re a c tio n  te m 
p e ra tu re  on  th e  ca ta ly tic  p e rfo rm a n c e  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t w e re  s tu d ied  in  d e 
ta il.

T h e  ca ta ly tic  a c tiv ity  te s ts  w ere  ca rried  o u t in  a v e rtic a l p y rex  g la ss  m ic ro 
re a c to r  b y  p a c k in g  w ith  100 m g  c a ta ly s t o f  8 0 -1 2 0  m e sh  in sid e . T h e  ac tiv ity  w as in 
v e s tig a te d  at v a ried  te m p e ra tu re  in  th e  ran g e  o f  2 5 0 -4 5 0 °C  u n d e r a tm o sp h e ric  p re s 
su re . T h e  c h a ra c te r iz a tio n  re su lts  fro m  severa l te c h n iq u e s , in c lu d in g  X R D  an d  T E M  
o f  th e  p re p a re d  c a ta ly s ts  w ill be  u se d  to  ex p la in  th e  ca ta ly tic  ac tiv ity  and  se lec tiv ity  
o f  th e  p re p a re d  c a ta ly s ts  in  th is  part.

4.2 .1  E ffec t o f  Z n O -F e R X  M o la r  R a tio s
T h e  5%  A u /Z n 0 -F e 2 0 3  ca ta ly s ts  w ere  p rep a red  b y  a d e p o s itio n - 

p re c ip ita tio n  te ch n iq u e  w ith  v a rio u s  Z n 0 -F e 2 0 3  m o la r  ra tio s  o f  1:9, 1:3, 1:1, 3 :1 , and  
9 :1 . A ll c a ta ly s ts  w ere  c a lc in e d  at 4 0 0 ° c  and  p re tre a ted  w ith  (ว2 a t 2 0 0 ° c  fo r 1 hour.

F rom  F ig u re  4 .9  (a -b ), it can  be  o b se rv ed  th a t at a ra tio  o f Z n O - F e 2 0 3  

o f  9 :1 , it a ch iev ed  a h ig h e r  m e th an o l co n v e rs io n  th an  o th e r m o la r  ra tio s  o f  Z n O  to  
F e 2 Û 3 (3 :1 , 1:1, 1:3, an d  1 :9). M o re o v e r, th e  H 2 se lec tiv ity  at h ig h  te m p e ra tu re  is n o t 
re le v a n t in flu en ced  by  th e  m o la r ra tio s  o f  Z n O  to  F e 2 0 3 - O n  th e  o th e r  han d , แ 2 se le c 
tiv ity  at lo w e r te m p e ra tu re  w as d iffe ren ce . T h e  ca ta ly s t at a 9:1 ra tio  o f  Z n 0 -F e 2 0 3  

ach ie v e d  th e  h ig h es t se lec tiv ity  o f  H 2 at a lo w  te m p e ra tu re  range . F rom  th is  re su lt, it 
can  be  c o n c lu d ed  th a t th e  m o la r ra tio  o f  Z n O  to  F e 2 0 3  a ffec ted  on  th e  ca ta ly tic  p e r
fo rm a n c e  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t, w h en  an  a m o u n t o f  F e 2 0 3  d ec rea sed  th e  ac tiv ity  
and  se lec tiv ity  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t are in c rea sed . T h is  re su lt is su p p o rted  by 
C h an g  e t a l ,  (2 0 0 6 ). th ey  co n d u c ted  th e  ex p e rim en ta l o f  p a rtia l o x id a tio n  o f  m e th a 
nol o v e r  A u  ca ta ly st su p p o rte d  on  T i0 2  and  th ey  fo u n d  th a t w h en  a sm all am o u n t o f  
ad d itio n a l su p p o rt su ch  as  F e 2 0 3  w a s  added  in A u /T i0 2 (T i:F e  =  9 :1 ), h y d ro g en  se 
lec tiv ity  w as in c reased  fro m  37 .0  to  69 .6% . It c an  be co n c lu d ed  th a t a sm all am o u n t
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o f  a d d itio n a l F e 2 Ü 3 is p re fe red  fo r su p p o rted  A u  ca ta ly s ts  in  m e th a n o l s tre am  re fo rm 
in g  reac tio n . B o n d  an d  T h o m so n  su g g ested  th a t b o th  A u  a to m s an d  io n s  a re  n eces
sa ry  fo r an  a c tiv e  su p p o rte d  A u  ca ta ly st. In th e  p re sen t w o rk , th e  ac tiv ity  o f  A u /Z n O  
is  im p ro v e d  by  F e 2 0 3 . It is p ro b a b ly  d u e  to  th e  in h ib itio n  o f  c o m p le te  re d u c tio n  o f  
io n ic  A u  to  A u  a to m  (C h a n g  e t  a l ,  2 0 0 6 ) an d  th e  sm all c ry s ta llite  s ize  o f  Z n F e 2 0 4 , as 
e v id e n c e d  b y  X R D .

A fte r  th is  p a rt, th e  m o la r  ra tio  o f  Z nO  to  F e 2 Û 3 o f  9:1 w as se lec ted  as 
th e  a p p ro p ria te  c o n d itio n  fo r  A u /Z n O -F e 2 C>3 ca ta ly st.

(a) C H 3O H  C o n v e rs io n

F ig u r e  4 .9  E ffe c t o f  Z n O -F e 2 0 3  ra tio  on  th e  ac tiv ity  an d  se lec tiv ity  o f  A u /Z n O - 
F e 2C>3 ca ta ly st.
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4 .2 .1 .1  X - r a y  D if f r a c t io n  (X R D )

2  T h e ta  (d e g .)

F ig u r e  4 .1 0  X R D  p a tte rn s  o f  5%  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at v a r io u s  m o la r ra tio s  o f  
Z n O  to  F e 2 0 3: ( ▼ ) Z n O ; ( • )  Z n F e 2 C>4 ; (♦ ) F e 2 0 3; (a) Z n 0 :F e2 0 3  =  1 :9; (b ) Z n 0 :Fe2 0 3  

=  1:3; (c ) Z n 0 :F e 20 3 =  1:1 ; (d ) Z n 0 :F e 20 3 =  3 :1 ; (e ) Z n 0 :F e 20 3 =  9 :1 .

A ll X R D  p a tte rn s  o f  5%  A u /Z n 0 -F e 2 0 3  c a ta ly s ts , c a lc in e d  at 
4 0 0 ° c ,  p re p a re d  by  a d e p o s itio n -p re c ip ita tio n  an d  v a rio u s  m o la r  ra tio s  o f  Z n O  to  
F e20 3 o f  1:9, 1:3, 1:1, 1:3, and  9:1 a re  illu s tra te d  in  F ig u re  4 .1 0 . T h e  p re se n c e  o f  
Z n F e 2 Û 4 in  th e  cu b ic  c ry s ta l size and  Z n O  in th e  h ex ag o n a l c ry s ta l s ize  w as fo u n d  in 
all m o la r  ra tio s  o f  Z n O  to  F e 20 3  sa m p le s  ex cep t at a m o la r  ra tio  o f  Z n O  to  F e 2 0 3 o f  
1:9. It sh o w ed  th e  p re se n c e  o f  Z n F e 2 0 4  in  th e  cub ic  crysta l s ize  an d  F e 2 0 3 in  the  
h ex ag o n a l c ry s ta l size. F ro m  th is  re su lt, it in d ica ted  th a t, th e  Z n 0 - F e 2 0 3 ra tio  a ffec t 
to  th e  c ry s ta llin e  s tru c tu re  o f  th e  p re p a re d  ca ta ly s t. A d d itio n a lly , th e  m e ta llic  All 
sp ec ies  o f  A u ( l  11), A u (2 0 0 )  and  A u ( 3 1 1) p lan es  are  no t o b se rv e d  at 29  o f  38 .10°, 
44 .37° and  7 7 .5 5 ° , re sp e c tiv e ly , su g g e s tin g  th a t A u  p a r tic le  are  h ig h ly  d isp e rse d  on 
the  su rface  o r th e  All p a rtic le s  are to o  sm all to  be d e tec ted  by  th e  in s tru m en t. T E M
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te c h n iq u e  w a s  su b se q u e n tly  e m p lo y e d  to c o n fir m  th e  A u  p a rtic le  s iz e  in  th e  p rep ared  
c a ta ly s ts  (F ig u re  4 .1 1 ) .

4 .2 .1 .2  T ran sm ission  E lec tron  M icro g ra p h  (TEM )
T h e  A u  c r y s ta llite  s iz e s  o f  5%  A u /Z n O -F e 2 C>3 c a ta ly s ts  w ith  

v a r io u s  m o la r  ra tio s  o f  Z n O  to  F e 2 C>3 c o u ld  b e  c le a r ly  o b se r v e d  in  T E M  m icro g ra p h s  
as sh o w n  in  F ig u re  4 .1 1  (a -e ) . T h e  A u  p a r tic le s  are se e n  a s  dark co n tra sts  o n  th e  su r
fa ce  o f  Z n O -F e 2 Û 3 su p p ort. T h e  p r e se n c e  o f  A u  o n  th e Z n 0 -F e 2 0 3  su p p o rt w a s  c o n 
f irm ed  b y  e n e r g y  d is p e r s iv e  sp e c tr o sc o p y  ( E D S ) . F rom  F ig u r e  4 .1 1  (a -e ) , th e  m ea n  
p a r tic le  s iz e s  o f  A u  fo r  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  w ith  Z n 0 :F e2 0 3  m o la r  ra tio s  o f  9 :1 , 
3 :1 , 1:1 1:3, and  1 :9  are 3 .4 5 ,  4 .0 5 , 4 .1 5 ,  4 .1 7 ,  and 4 .2 4  n m , r e s p e c t iv e ly . W ith  in 
c r e a s in g  c o n te n t o f  F e 2 C>3 , a s l ig h t ly  in c r e a se  in  A u  p a r tic le  s iz e  w a s  o b se r v e d . T h e  
in c r e a se  in  A u  p a r tic le  s iz e  w h e n  in c r e a s in g  th e  F e 2 Û 3 c o n te n t  w a s  a lso  rep orted  for  
A u /T i0 2 -F e 2C>3 c a ta ly s t  in  p artia l o x id a t io n  .o f  m e th a n o l rea c tio n  (P O M ) (C h a n g  et 
a l ,  2 0 0 6 ) .
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(a ) Z n 0 : F e 20 3 =  9:1 (b )  Z n 0 : F e 2 0 3 =  3 : l

(d )  Z n 0 : F e 2 0 3 = 1:3(c )  Z n 0 : F e 2 0 3 =  1:1

(e )  Z n O :F e 20 3 =  1 :9

F ig u re  4.11 T E M  im a g e s  o f  the 5%  A u /Z n O -F e 2 0 3 c a ta ly s ts  at v a r io u s  m o lar  ratio s  
o f  Z n O  to  F e 2 0 3.
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A  c o m p a r iso n  o f  A u  p a r tic le  s iz e s  fo r  5%  A u /Z n 0 -F e 2 0 3  ca ta 
ly s ts  at v a r io u s  m o la r  ra tio s  o f  Z n O  to  F e 2 Û 3 is  su m m a r iz e d  in  T a b le  4 .4  and  the  
E D S  p attern  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t  is s h o w n  in  A p p e n d ix  c.

T a b le  4 .4  C o m p a r iso n  o f  A u  p a r tic le  s iz e s  fo r  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at v a r io u s  
m o la r  ra tio s  o f  Z n O  to  F e 2Û 3 from  X R D  and  T E M  a n a ly s is

A u /Z n 0 -F e 2 0 3  C a ta ly sts  
(m o la r  ra tio )

A u  (111 )  
(n m )*

A u  (2 0 0 )  
(nm )*

A u  p a r t ic le  s ize  
(n m )* *

Z n 0 :F e 2 0 3  =  9:1 < 5 < 5 3 .4 5  ±  1 .2 0
Z n O :F e 2 C> 3 =  3:1 < 5 < 5 4 .0 5  ±  1 .0 7
Z n O :F e 2 C>3 =  1:1 < 5 < 5 4 .1 5  ±  1 .0 7
Z n 0 :F e 2 0 3  =  1:3 < 5 < 5 4 .1 7  ±  0 .5 7
Z n 0 :F e 2 0 3  =  1:9 < 5 < 5 4 .2 4  ±  1 .1 0

* as m ea su red  b y  X R D , ** a s  m e a su r e d  b y  TEN/

It w a s  fo u n d  that th e  p a r tic le  s iz e s  o f  th e  p rep ared  A u /Z n O -  
F e 2Û 3 c a ta ly s ts  w ith  v a r io u s  m o la r  ra tio s  o f  Z n O  to  F e 2 0 3  fro m  T E M  a n a ly s is  a g rees  
w e ll w ith  the cr y sta llite  s iz e s  o b ta in ed  from  th e  X R D  m e a su rem en t.

4 .2 .2  E f fe c t  o f  A u  C o n te n t an d  C a lc in a tio n  T em p era tu re
F o r  th e e f fe c t  o f  A u  C o n ten t, th e  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  w ith  a 9:1  

m o la r  ra tio  o f  Z n O  to  F e 2 0 3  w e r e  p rep ared  b y  a d e p o s it io n -p r e c ip ita t io n  te c h n iq u e  
w ith  v a r io u s  A u  c o n te n ts  o f  1% , 3%  and  5%  a to m . A ll o f  th is  ca ta ly s t  w e r e  c a lc in e d  
at 4 0 0 ° c  for  4  h ou rs and p retreated  w ith  o x y g e n  at 2 0 0 ° c  for  1 h ou r. F ig u re  4 .1 2  
sh o w s  m eth a n o l c o n v e r s io n  and h y d r o g e n  s e le c t iv ity  d u rin g  stea m  r e fo r m in g  o f  m e 
th an o l at 2 5 0 -4 5 0 ° C  o v er  Z n 0 -F e 2 0 3  and  A u /Z n O -F e 2 0 3  c a ta ly s ts  w ith  d iffe r e n t A u
co n ten ts .
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Temperature (°C)
(a ) C H 3O H  C o n v e r s io n

Temperature (°C)
(b ) H 2 S e le c t iv ity

F ig u re  4 .1 2  E ffe c t  o f  A u  c o n te n t on  a c t iv ity  and s e le c t iv ity  o f  A u /Z n 0 -F e 2 0 3  c a ta 
ly s ts .

T h e  e f fe c t  o f  A u  c o n te n t on  the p er fo r m a n c e  o f  A u /Z n O -F e 2 0 3  c a ta 
ly s ts  sh o w e d  a s ig n if ic a n t  im p r o v e m e n t on  b o th  m eth a n o l c o n v e r s io n  and  h y d r o g e n  
se le c t iv ity , as s h o w n  in  F ig u re  4 .1 2  (a -b ) . T h is  f ig u r e  c le a r ly  in d ic a te s  that th e  c a ta 
ly tic  a c t iv ity  o f  Z n O -F e 2 0 3  w a s  im p ro v ed  s lig h tly  in  the p r e se n c e  o f  A ll. W ith  in 
crea sin g  A u  co n te n t, m eth a n o l c o n v e r s io n  and h y d r o g e n  s e le c t iv ity  are in c r e a se d  u n 
til it r e a c h e s  th e  m a x im u m  v a lu e s  o f  100%  and 70 % , r e sp e c tiv e ly .

A fte r  th is  part, th e  A u  c o n te n t  o f  5%  atom  w a s  s e le c te d  as th e  a p p ro 
priate c o n d it io n  for  A u /Z n O -F e 2 0 3  c a ta ly st.
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F or th e  e f fe c t  o f  c a lc in a t io n  tem p era tu re , th e  5%  A u /Z n 0 -F e 2 0 3  c a ta 
ly s ts  w ith  a 9:1 m o la r  ratio  o f  Z n O  to  F e 2 0 3  w e r e  p rep ared  b y  a d e p o s it io n -  
p rec ip ita tio n  te c h n iq u e  and c a lc in e d  at v a r io u s  c a lc in a t io n  tem p era tu res o f  2 0 0 ,  3 0 0  
and 4 0 0 ° c .  A ll o f  th e s e  c a ta ly s ts  w e r e  pretreated  w ith  o x y g e n  at 2 0 0 ° c  for  1 h ou r.

(a ) C H 3O H  C o n v e r s io n

(b ) แ 2 S e le c t iv ity

F ig u re  4 .1 3  E ffe c t  o f  c a lc in a t io n  tem p era tu re o n  th e a c t iv ity  and s e le c t iv ity  o f  5%  
A u /Z n 0 -F e 2 0 3  ca ta ly sts .

F ig u re  4 .1 3  (a -b )  sh o w s  th e e f fe c t  o f  c a lc in a t io n  tem p era tu re  on  the  
a c tiv ity  and s e le c t iv ity  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts . It is  c le a r ly  s e e n  that c a lc in a t io n  
tem p era tu re  s ig n if ic a n tly  in f lu e n c e s  the ca ta ly tic  p er fo rm a n ce  o f  A u /Z n 0 -F e 2 0 3  c a t
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a ly st . M e th a n o l c o n v e r s io n  an d  h y d r o g e n  s e le c t iv ity  in cre a se d  as th e  c a lc in a t io n  
tem p era tu re  d e c r e a se d . M e th a n o l c o n v e r s io n  w a s  in c r e a se d  from  4 6 .4 7  to  6 7 .4 3 %  
an d  h y d r o g e n  s e le c t iv ity  in c r e a se d  from  6 7 .4 9  to  7 0 .5 1 %  w h ile  the c a lc in a t io n  t e m 
perature d e c r e a se d  from  4 0 0  to  2 0 0 ° c  at th e  r ea c tio n  tem p era tu re  o f  3 5 0 ° c .

A fte r  th is  part, th e  c a lc in a t io n  tem p era tu re  o f  2 0 0 ° c  w a s  s e le c te d  as  
th e  ap p rop ria te  c o n d it io n  fo r  A u /Z n 0 -F e 2 0 3  ca ta ly st.

4 .2 .2 .1  X -ra y  D iffra c tio n  (XRD )
F ig u re  4 .1 4  sh o w s  th e  X R D  p attern s o f  A u /Z n O -F e 2 0 3  c a ta 

ly s ts  p rep ared  b y  a d e p o s it io n -p r e c ip ita t io n  m eth o d  at d iffe r e n t A u  c o n te n ts  (1% , 3%  
an d  5%  a to m ) and  d ifferen t c a lc in a t io n  tem p era tu res (2 0 0 , 3 0 0  and  4 0 0 ° C ) . T h e  
X R D  p attern s o f  A u /Z n O -F e 2 C>3 ca ta ly sts  w ere  a lm o st  th e  sa m e  but h a v e  a litt le  d i f 
fe r e n c e  in  term  o f  p ea k  in te n sity . A ll X R D  p attern s o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  s h o w  
th e  p r e se n c e  o f  Z n F e 2 0 4  in  th e  c u b ic  cry sta l s iz e  and Z n O  in  the h e x a g o n a l cry sta l • 
s iz e .  T h o s e  a d d it io n a l p ea k s  o b se r v e d  at 2 0  o f  2 9 .8 5 ° , 3 1 .8 2 ° , 3 6 .4 9 ° , 4 3 .0 4 ° ,  and  
5 1 .1 7 °  w e r e  co r r e sp o n d in g  to  Z n F e 2 0 4 ( 2 2 0 ) ,  Z n O  ( 1 0 0 ) ,  Z n O  (1 0 1 ) ,  Z n F e 2 0 4  ( 4 0 0 )  
and  Z n O  (1 1 0 )  for  C u K a  ( 1 .5 4 0 6  Â )  rad ia tion , r e s p e c t iv e ly . A d d it io n a lly , n o  e v i 
d e n c e  o f  m e ta llic  A u  p ea k s  w a s  o b se r v e d , su g g e s t in g  that th e  A u  p a r tic le  w a s  s m a ll
er th an  5 n m .
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F ig u re  4 .1 4  X R D  p attern s o f  th e  p rep ared  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at v a r io u s  c a lc i 
n a tio n  tem p era tu res an d  A u  co n ten ts: (+ )  Z nO ; ( • )  Z n F e 2 C>4 ; (a ) Z n 0 -F e 2 0 3 ; (b )  5%  
A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 2 0 0 °C ; (b )  5%  A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 3 0 0 °C ; (c )  5%  
A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 4 0 0 °C ; (d )  3%  A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 4 0 0 °C ; (e )  1%  
A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 500°c.

F or Z n O -F e 2 Ü 3 su p p ort, it s h o w s  o n ly  Z n O  in  th e  h e x a g o n a l  
crysta l s iz e ,  w h erea s  Z n F e 2 0 4  in  th e  c u b ic  crysta l s iz e  w e r e  n o t  o b se r v e d  in  Z n O -  
F e 2 Û 3 su p p o rt. M o r e o v e r , th e  lo w  p eak  in ten sity  o f  Z n O  w a s  s ig n if ic a n tly  d iffe r e n t  
from  o th e r  sa m p le s , co m p a red  to  th e  X R D  p attern s o f  A u /Z n 0 -F e 2 0 3  ca ta ly s ts . T h e  
cr y sta llite  s iz e s  o f  Z n O  and Z n F e 2 0 4  c a lcu la ted  from  X -ray  lin e -b r o a d e n in g  b y u s in g  
the S ch errer  E q u atio n  are su m m a r iz e d  in T a b le  4 .5 .
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T a b le  4 .5  T h e  m e ta l cr y sta llite  s iz e s  o f  th e  prep ared  A u /Z n 0 -F e 2 0 3  c a ta ly s ts

M eta l c ry s ta llite  s iz e s  (n m )
C a ta ly sts Z n O Z n F e 2 0 4

( 1 0 1 ) (4 0 0 )

Z n 0 -F e 2 0 3 17 .21 -
1%  A u /Z n 0 -F e 2 0 3 , C a lc in ed  at 4 0 0 ° c 1 3 .8 8 1 3 .5 5
3 %  A u /Z n 0 -F e 2 0 3 , C a lc in ed  at 4 0 0 ° c 1 5 .2 7 1 4 .1 9
5 %  A u /Z n 0 -F e 2 0 3 , C a lc in ed  at 4 0 0 ° c 1 6 .4 8 1 6 .8 7
5 %  A u /Z n 0 -F e 2 0 3 , C a lc in ed  at 3 0 0 ° c 1 6 .1 0 1 3 .4 0
5 %  A u /Z n O -F e 2 Q 3 , C a lc in ed  at 2 0 0 ° c 1 5 .3 9 1 1 . 1 0

It w a s  fo u n d  w h e n  A u  w a s  d e p o s ite d  o n to  Z n O -F e 2 0 3  su p 
p ort, th e  c r y s ta llite  s iz e  o f  th e  Z n O ( lO l)  te n d e d  to d e c r e a se  d u e  to  th e  in tera c tio n  b e 
tw e e n  A u  and  Z n O  a tom . M o r e o v e r , it w a s  o b se r v e d  that th e  c r y s ta llite  s iz e s  o f  th e  
Z n O ( lO l)  and  Z n F e 2 0 4 (4 0 0 ) p h a se s  s lig h t ly  in crea sed  w h e n  in c r e a s in g  A u  co n ten t  
an d  c a lc in a t io n  tem p era tu re . T h ere fo re , it in d ica ted  that A u  c o n ten t an d  c a lc in a t io n  
tem p era tu re  a f fe c te d  to  th e  c r y s ta llin e  stru ctu re o f  th e  prep ared  ca ta ly st .

4 .2 .1 .2  T ran sm ission  E lec tro n  M icrograph  (TEM )
T E M  m icro g ra p h s o f  the A u /Z n 0 -F e 2 0 3  c a ta ly s ts  w ith  v a r i

o u s  A u  c o n te n ts  an d  c a lc in a t io n  tem p era tu res are sh o w n  in  F ig u re  4 .1 5 . F rom  F ig u re  
4 .1 5  (a -c ) , T E M  im a g e s  o f  th e  A u /Z n O -F e 2 C>3 ca ta ly s ts  w ith  v a r io u s  A u  co n te n ts  
(1% , 3%  and 5%  a to m ) r e v e a le d  that th e  m ea n  p artic le  s iz e s  o f  A u  are 2 .4 5 ,  2 .9 4 ,  
and  3 .4 5  n m , r e sp e c tiv e ly . W ith  in c r e a s in g  the A u  c o n ten t, a s lig h t  in c r e a se  in  A u  
p a rtic le  s iz e  w a s  o b se r v e d . In th is  p resen t w o rk , th e  in c r e a s in g  in  m e th a n o l c o n v e r 
s io n  and h y d r o g e n  s e le c t iv ity  are rela ted  w ith  in c r e a s in g  o f  A u  p a r tic le s  s iz e ,  as c o n 
firm ed  b y  F ig u r e  4 .1 2  (a -b ). T h e r e fo r e , it can  b e s u g g e s te d  that a la rge  s iz e  o f  A u  
p artic le  o n  th e  A u /Z n O  c a ta ly s t  w a s  p referred  for m eth a n o l stea m  re fo r m in g  rea c 
tion .
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F o r  th e  c a ta ly s ts  c a lc in e d  at 2 0 0 ,  3 0 0  an d  4 0 0 ° c  (F ig u r e  4 .1 5  
(c -e ) ) ,  th e  m e a n  p a r tic le  s iz e s  are 3 .0 0 , 3 .2 0  and 3 .4 5  n m , r e s p e c t iv e ly . T h is  resu lt  
c le a r ly  in d ic a te s  that at a  h ig h e r  c a lc in a t io n  tem p era tu re , the s iz e s  o f  A u  p a r t ic le s  are 
in crea sed . In a d d it io n , C h a n g e  e t a l ,  ( 2 0 0 6 )  s tu d ie d  the e f fe c t  o f  c a lc in a t io n  te m 
perature o n  th e  p a rtic le  s iz e  o f  A u  fo r  A u /T i0 2 -F e 2 0 3  ca ta ly st; T h e y  fo u n d  that the  
p artic le  s iz e  o f  A u  in c r e a se d  from  2 .5  to  2 .8  n m , w h e n  the c a lc in a t io n  tem p era tu re  
in crea sed  from  2 0 0  to  4 0 0 ° c .

A  c o m p a r iso n  o f  A u  p a rtic le  s iz e  for A u /Z n 0 -F e 2 0 3  c a ta ly s ts  
w ith  d ifferen t A u  c o n te n ts  and c a lc in a t io n  tem p era tu res is  su m m a r iz e d  in  T a b le  4 .6 .

T a b le  4 .6  C o m p a r iso n  o f  A u  p a r tic le  s iz e s  fo r  A u /Z n O -F e 2C>3 c a ta ly s ts  at d iffe r e n t  
A u  c o n te n ts  and  c a lc in a t io n  tem p era tu res from  X R D  an d  T E M  a n a ly s is

. C a ta ly sts A u  (1 1 1 )
(n m )*

A u (2 0 0 )  
(n m )*

A u  p a r tic le  s ize  
(n m )* *

1%  A u /Z n O -F fe20 3, C a lc in ed  4 0 0 °C < 5 < 5 2 .4 5  ±  0 .6 0
3 %  A u /Z n 0 - F e 20 3, C a lc in ed  4 0 0 ° c < 5 < 5 2 .9 4  ±  0 .7 6
5%  A u /Z n 0 - F e 20 3, C a lc in ed  4 0 0 ° c < 5 < 5 3 .4 5  ±  1 .2 0
5 %  A u /Z n 0 - F e 20 3, C a lc in ed  3 0 0 ° c < 5 < 5 3 .2 0  ± 0 .7 1
5 %  A u /Z n 0 - F e 20 3, C a lc in ed  2 0 0 ° c < 5 < 5 3 .0 0  ± 0 . 8 8

* as m ea su red  b y  X R D , ** as m ea su red  b y  'fE M

T h e  p artic le  s iz e s  o f  th e  p rep ared  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at 
v a r io u s  A u  c o n te n ts  an d  c a lc in a t io n  tem p era tu res fro m  T E M  a n a ly s is  w e r e  c lo s e  to  
th e  c r y s ta llite  s iz e s  d e te r m in e d  b y  th e X R D  m ea su r e m e n t.
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(a ) 1% A ฟ Z n 0 -F e 2 0 3 , c a lc in e d  at 4 0 0 ° c  (b )  3%  A u /Z n O -F e 2C>3 , c a lc in e d  at 4 0 0 ° c

(e )  5%  A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 2 0 0 ° c

(c )  5%  A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 400°c (d )  5%  A u /Z n 0 -F e 2 0 3 , c a lc in e d  at 300°c

F ig u re  4 .15  T E M  im a g e s  o f  th e  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at v a r io u s  A u  c o n te n ts  and  
c a lc in a t io n  tem p era tu res.
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4 .2 .3  E ffe c t  o f  C a ta ly st  P retreatm en t
T h e  d if fe r e n t  p retrea tm en t w il l  p r o v id e  d iffe r e n t s ta te  o f  A u  c a ta ly s ts . 

It is  o f  in te r e s t  to  in v e s t ig a te  the e f f e c t  o f  p retrea tm en ts , w h ic h  are แ 2 p re trea tm en t at 
400°c and O 2 p retrea tm en t at 200°c for  1 h ou r o n  th e  a c t iv ity  an d  s e le c t iv ity  o f  5%  
A u /Z n 0 -F e 2 0 3  ca ta ly s ts  w ith  a 9:1 m o la r  ratio  o f  Z n O  to  F e 2 0 3 , c a lc in e d  at 400°c 
for  1 hour. A fte r  p retrea tm en t, th e  c a ta ly s t  w o u ld  b e  fu l ly  g o ld  m e ta llic  an d  p artia l 
g o ld  m e ta llic  form  for  H 2 p retrea tm en t and  O 2 p retrea tm en t, r e s p e c t iv e ly . T h e  e f fe c t  
o f  ca ta ly s t  p retrea tm en t o n  the a c t iv ity  and  s e le c t iv ity  o f  5%  A u /Z n 0 -F e 2 0 3  c a ta ly s t  
is  sh o w n  in  F ig u re  4 .1 6  (a -b ) .

It can  b e  o b se r v e d  that O 2 pretreated  a c h ie v e d  a h ig h e r  m e th a n o l c o n 
v e r s io n  an d  แ 2 s e le c t iv ity  th an  H 2 p retrea ted  ca ta ly s t , e s p e c ia l ly  at lo w  tem p era tu res  
ran g e . F rom  th is  resu lt, it ca n  b e  in d ica ted  that F e 2 Û 3 p referred  th e  O 2 p retrea tm en t  
than  H 2 p retrea tm en t.

A fter  th is  part, p ure O 2 p retrea tm en t at 2 0 0 ° c  for  1 h ou r w a s  s e le c te d  
as th e  ap p rop ria te  p retrea tm en t c o n d it io n  fo r  th is  m eth o d .
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(b )  H 2 S e le c t iv ity

F ig u re  4 .1 6  E ffe c t  o f  ca ta ly st p retrea tm en t o n  th e  a c t iv ity  an d  s e le c t iv ity  o f  5%  
A u /Z n 0 -F e 2 0 3  ca ta ly sts .

4.2 .3 . ]  X -ra y  D iffrac tion  (X R D )
T h e X R D  p attern s o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  p rep ared  b y  a 

d e p o s it io n -p r e c ip ita t io n  m eth o d  at d ifferen t g a s  p retrea tm en t (O 2 p retrea tm en t and  
แ 2 p re trea tm en t) are s h o w n  in F ig u r e  4 .1 7 . T h e  X R D  pattern  o f  fresh  c a ta ly s t  sh o w s  
the p r e se n c e  o f  Z n F e 2 Ü 4 in the c u b ic  crysta l s iz e  and Z n O  in th e h e x a g o n a l crystal 
s iz e . T h o se  a d d itio n a l p ea k s  o b se r v e d  at 2 0  o f  2 9 .8 5 ° , 3 1 .8 2 ° . 3 6 .4 9 ° , 4 3 .0 4 ° ,  and  
5 1 .1 7 °  w er e  c o r r e sp o n d in g  to Z n F e 2 0 .4  ( 2 2 0 ) ,  Z n O  (1 0 0 ) ,  Z n O  ( 1 0 1 ) ,  Z n F e 2 Û 4 (4 0 0 )  
and Z n O  (1 1 0 )  for C u K a  ( 1 .5 4 0 6  Â )  rad ia tion , r e s p e c t iv e ly . A fte r  p retrea tm en t the
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X R D  p attern s w e r e  a lm o s t  th e  sa m e  but h a v e  a s ig n if ic a n t  d if fe r e n c e  in  term  o f  p ea k  
in te n sity  o f  Z n F e 2 0 4 , h ig h e r  in te n sity  o f  Z n F e 2 C>4 p ea k  w a s  o b se r v e d  a fter  0 2 p re 
treatm en t 5'w h ile  n o  e v id e n c e  o f  Z n F e 2 0 4  w a s  o b se r v e d  a fter  H 2 p retrea tm en t. F rom  
th is  resu lt, s u g g e s t in g  that O 2 p re trea tm en t en h a n c e d  th e  Z n F e 2 0 4  p h a se  an d  e n 
h a n ced  the a c t iv ity  and s e le c t iv ity  o f  th is  c a ta ly s t  in  m e th a n o l s te a m  re fo r m in g  re a c 
t io n , e s p e c ia l ly  at lo w  tem p era tu re . A d d it io n a lly , th e  m e ta llic  A u  sp e c ie  a ttr ib u ted  to  
A u  (2 0 0 )  p e a k s  w a s  o b se r v e d  at 2 9  o f  4 4 .5 8 °  a fter H 2 p retrea tm en t.

F ig u re  4 .1 7  X R D  p attern s o f  the p rep ared  A u /Z n 0 -F e 2 0 3  c a ta ly s ts :(» )  Z n O ; (-f) A u ;  
Z n F e 2 0 4 ; (a ) F resh  ca ta ly st;  (b )  H 2 p retrea tm en t; (c )  <ว2 p retrea tm en t.

4 .2 .4  E ffe c t  o f  R e a c tio n  T em p era tu re
T h e  5%  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  w ith  a 9:1 m o la r  ratio  o f  Z n O  to  

F e 2 0 3  p rep ared  b y  a d e p o s it io n -p r e c ip ita t io n  te c h n iq u e , c a lc in e d  at 4 0 0 ° c  and  p re 
treated  w ith  o x y g e n  at 2 0 0 ° c  for  1 h ou r  w e r e  u se d  to  s tu d y  in th is  part.
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Tempe rature(°C)
(a ) C H 3O H  C o n v e r s io n
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(๖ )  แ 2 S e le c t iv ity

— 5%Au/Zn0 -Fe203

F ig u re  4 .18  E ffe c t  o f  rea c tio n  tem p era tu re  o n  th e a c t iv ity  and  s e le c t iv ity  o f  
A u /Z n O -F e 2 0 3  c a ta ly st.

F ig u re  4 .1 8  (a -b ) s h o w s  th e a c t iv ity  and s e le c t iv ity  o f  5%  A u /Z n O -  
F e 2 C>3 ca ta ly st v e r su s  tem p era tu re . W h en  the r ea c tio n  tem p era tu re  in c r e a se d , th ere  is  
an in crea se  in  b o th  m e th a n o l c o n v e r s io n  and h y d r o g e n  se le c t iv ity . M eth a n o l c o n v e r 
s io n  in crea sed  from  1 9 .7 2  to  100%  and  h y d ro g en  s e le c t iv ity  in crea sed  from  6 2 .2 5  to  
7 1 .1 2 %  w h ile  th e  r ea c tio n  tem p era tu re in crea sed  from  2 5 0  to  4 5 0 ° c .  T h e m a x im u m  
m eth a n o l c o n v e r s io n  reach ed  100%  at 4 5 0 ° c  and  แ 2 s e le c t iv ity  reach ed  7 1 .1 2 %  at 
4 5 0 ° c .  T h ere w a s  n o  C O  d ete c te d  at 3 5 0 ° c .  H o w e v e r , at h ig h  tem p era tu res, a trace  
am o u n t o f  C O  w a s  d e te c te d . T h e  C O  s e le c t iv ity  in crea sed  from  0  to  3 .4 5 % , w h e n  the
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tem p era tu re  in cr e a se d  from  350 to  4 5 0 ° c .  T h e  C O  s e le c t iv ity  is  r e la t iv e ly  le s s  c o m 
p ared  to  th e  a m o u n t o f  C O  p ro d u ced  o v e r  C u -b a se d  (P a p a v a s ilio u  et a l ,  2007) and  
P d -b a se d  c a ta ly s ts  (K arim  e t a l ,  2006).

A fte r  th is  part, rea c tio n  tem p era tu re at 450°c w a s  s e le c te d  as th e  ap 
p rop ria te  r e a c tio n  tem p era tu re  for  stu d y in g  th e d e a c t iv a t io n  test.

4 .2 .5  D e a c t iv a t io n  T e s t  o f  A u /Z n O -F e ïO j C a ta ly st
T h e  c a ta ly tic  s ta b ility  o f  5% A u /Z n 0 -F e 2 0 3  c a ta ly s t  w ith  a 9:1 m o la r  

ratio  o f  Z n O  to  F e 2 0 3  c a lc in e d  at 200°c for  4  h ou rs an d  p retrea ted  w ith  o x y g e n ,  
w h ic h  sh o w e d  th e  m a x im u m  C H 3O H  c o n v e r s io n  and H 2 s e le c t iv ity ,  w a s  te ste d  at th e  
co n sta n t tem p era tu re  o f  450°c. A s  can  b e  s e e n  from  F ig u r e  4 .1 9 , th is  c a ta ly s t  e x h i
b ited  a s ta b le  c a ta ly t ic  p er fo r m a n c e  d u rin g  24 h ou rs o f  te s t in g  tim e .

F ig u re  4 .1 9  D e a c tiv a t io n  te st  o f  A u /Z n 0 -F e 2 0 3  ca ta ly s t  at th e  c o n sta n t tem p era tu re
o f  4 5 0 ° c .
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4.3 C o m p a r iso n  o f  A u /Z n O  and A u /Z n 0 -F e 2 0 3  ca ta ly sts

In th is  part, th e  p e r fo r m a n c e  o f  A u /Z n O  and  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at the  
o p tim u m  c o n d it io n s  w e r e  c o m p a red  in  m eth a n o l stea m  r e fo r m in g  re a c tio n  (S R M ),  
d e c o m p o s it io n  o f  m e th a n o l (D M ), an d  w a ter  g a s  sh ift  (W G S )  r e a c tio n s . T h e  o p ti
m u m  c o n d it io n s  for  A u /Z n O  c a ta ly s ts  w e r e  5%  A u  lo a d in g , c a lc in e d  at 4 0 0 ° c  fo r  4  
h o u rs , and  H 2 p retrea tm en t at 4 0 0 ° c  fo r  1 h ou r. F or  A u /Z n 0 -F e 2 0 3  ca ta ly s t , th e  o p 
tim u m  c o n d it io n s  w e r e  5%  A u  lo a d in g  w ith  a 9:1 m o la r  ra tio  o f  Z n O  to  F e 2 0 3 , c a l
c in e d  at 2 0 0 ° c  for  4  h o u rs , and  O 2 p retrea tm en t at 2 0 0 ° c  fo r  1 hour.

T h e  c a ta ly t ic  a c t iv ity  te s ts  w e r e  carried  o u t in  a v e r t ic a l p y r e x  g la s s  m ic r o 
reactor  b y  p a c k in g  w ith  1 0 0  m g  c a ta ly s t  o f  8 0 -1 2 0  m e sh  in s id e . T h e  a c t iv ity  w a s  in 
v e s t ig a te d  at v a r ie d  tem p era tu re  in  th e  ran ge o f  2 5 0 - 4 5 0 ° C  u n d er  a tm o sp h e r ic  p res
sure. T h e  c h a ra c ter iza tio n  resu lts  fro m  se v era l te c h n iq u e s , in c lu d in g  X R D , T E M , 
T P R  an d  T P O  o f  th e  prep ared  c a ta ly s ts  w ill b e  u se d  to e x p la in  th e  ca ta ly tic  a c t iv ity  
and s e le c t iv ity  o f  th e  p rep ared  c a ta ly s ts  in th is  part.

4 .3 .1  M e th a n o l S tea m  R e fo r m in g  R e a c tio n  (S R M )
T h e  c a ta ly tic  p e r fo r m a n c e  o f  A u /Z n O  and A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at 

th e  o p tim u m  c o n d it io n s  w e r e  c o m p a r e d  in  F ig u re  4 .2 0 . T h e  r e su lts  sh o w e d  th at th e  
c a ta ly t ic  p er fo r m a n c e  o f  th e  A u /Z n 0 -F e 2 0 3  is  h ig h e r  th an  that o f  th e  A u /Z n O  ca ta 
ly st. A  m a x im u m  m e th a n o l c o n v e r s io n  o f  9 5 .5 8 %  w a s  a c h ie v e d  w ith  A u /Z n O  ca ta 
ly s t, w h i le  A u /Z n O -F e 2 C>3 g a v e  100%  m eth a n o l c o n v e r s io n  at th e  rea c tio n  te m p e r a 
ture o f  4 5 0 ° c .  M o r e o v e r , th e  แ 2 s e le c t iv ity  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t  w a s  h ig h e r  
than that o f  A u /Z n O  at lo w  tem p era tu re  ran g e  H 2 p ro d u ced  w a s  m a in ta in ed  from  
3 0 0 -4 5 0 ° C . F rom  th is  resu lt , it ca n  b e c o n c lu d e d  that th e  a d d it io n  o f  F e 2 0 3  to  the  
Z n O  w o u ld  g r ea tly  e n h a n c e  th e c a ta ly t ic  a c t iv ity  o f  m e th a n o l s tea m  re fo rm in g .
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(a ) C H 3O H  C o n v e r s io n

(b ) แ 2 S e le c t iv ity

F ig u r e  4 .2 0  C a ta ly tic  p er fo r m a n c e  o f  A u /Z n O  an d  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  m e 
th a n o l s tea m  r e fo r m in g  r e a c tio n .
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F ig u r e  4 .2 1  P ro d u ct d is tr ib u tio n  o f  A u /Z n O  an d  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  m e th a 
n o l s te a m  re fo r m in g  r e a c tio n  at 4 5 0 ° c .

F ig u re  4 .21  s h o w s  the p ro d u ct d istr ib u tio n  o f  A u /Z n O  and  
A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  m eth a n o l s tea m  re fo r m in g  rea c tio n  at 4 5 0 ° c .  A t  th is  te m 
p eratu re, A u /Z n O  c a ta ly s t  g a v e  a h ig h e r  H 2 p r o d u ctio n  and  lo w e r  C O  p r o d u ctio n  
than A u /Z n O  ca ta ly s t . T h e  resu lts  sh o w e d  that C F b  fo rm a tio n  w a s  o b se r v e d  in  the  
p rod u ct stream  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts . B y  c o n s id e r in g  th e  fo r m a tio n  o f  CFLt, it 
fo rm ed  th ro u gh  r e a c tio n  (4 .1 )  b e c a u se  th e  a v a ila b le  o f  reac tan ts  (C O  and H 2)  and  
h eat so u r c e  at h ig h  tem p era tu res.

C O (g )  +  3 H 2 (g )  ►  C H 4(g )  +  H 2 0 ( g )  A H °r =  - 2 0 6 .4  k J m o f 1 ( 2 9 8  K ) (4 .1  )

4 .3 .1 .1  X -r a y  D iffra c tio n  (XRD )
T h e  X R D  p attern s o f  A u /Z n O  and A u /Z n 0 -F e 2 0 3  c a ta ly s ts  at 

th e  o p tim u m  c o n d it io n s  w e r e  co m p a r e d  in  F ig u re  4 .2 2 . T h e X R D  pattern  o f  A u /Z n O  
ca ta ly s t  s h o w s  th e  p r e se n c e  o f  A u  in th e  fa c e -c e n te r e d  c u b ic  cry sta l s iz e  and Z n O  in 
h e x a g o n a l crysta l s iz e .  B u t for  th e  X R D  pattern o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts , it sh o w s  
the p r e se n c e  o f  Z n F e 2 0 .i  in  the c u b ic  crysta l s iz e  and Z n O  in  the h e x a g o n a l crysta l 
s iz e . T h e se  X R D  p attern s are d ifferen t in  term  o f  Z n F e 2 0 4  p h a se , s u g g e s t in g  that th is  
p h a se  c o u ld  a ffe c t  the d if fe r e n c e s  in the c a ta ly t ic  p e r fo rm a n ce  o f  A u /Z n O  and  
A u /Z n O -F e 2 Q 3 c a ta ly s ts . In A d d it io n , for  A u /Z n O -F e 2 0 3  c a ta ly s ts  th e  m e ta ll ic  A u
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w e r e  n o t p r e se n te d , s u g g e s t in g  that th e  p a r tic le s  s iz e  o f  A u  o f  A u /Z n O -F e 2 C>3 are  
sm a lle r  than  that o f  A u /Z n O  c a ta ly s t , a s  c o n fir m e d  b y  T E M  im a g e s .

F ig u r e  4 .2 2  C o m p a r iso n  o f  X R D  p attern s o f  A u /Z n 0 -F e 2 0 3  and A u /Z n O  ca ta ly sts:  
(▼ ) A u ; (-f) Z n O ; ( • )  Z n F e 2 Ü 4 ; (a ) A u / Z n O -F e 2Û 3 c a ta ly st;  (b )  A u /Z n O  c a ta ly st.

4 .3 .1 .2  T em pera tu re  P ro g ra m m e d  R edu ction  (TPR)
T em p era tu re  p ro g ra m m ed  r e d u c tio n  e x p e r im e n ts  w e r e  p e r 

fo rm ed  o n  th e p rep ared  c a ta ly s t  in  ord er to  in v e s t ig a te  th e  r e a c tiv ity  o f  th e  m e ta l 
o x id e  ca ta ly s t  su p p o rt u p o n  A u  a d d itio n . T h e  T P R  p r o f ile s  o f  th e  p rep ared  c a ta ly s ts  
and  p ure m eta l o x id e  su p p ort are sh o w n  in  F ig u re  4 .2 3 . In th e  T P R  p r o f ile  o f  Z n O , it  
p rese n ts  lo w e r  H 2 c o n su m p tio n , w h ic h  w a s  p ro b a b ly  th e  resu lt o f  c o m p le te  d e h y -  
d r o x y la tio n  and h ig h  th erm al s ta b ility  (V a le n z u e la  et a l ,  2 0 0 2 ) .  It can  b e  se e n  that in  
A u  su p p o rted  c a ta ly s ts  (A u /Z n O  and A u /Z n O -F e 2 0 3 ), a r e d u ctio n  p ea k  for  A u  w a s  
o b se r v e d  at 1 8 0 ° c .  F or  A u /Z n O  p r o file , it p r e se n ts  a p eak  in  lo w  tem p era tu re  r e g io n  
at 1 8 0 ° c ,  a s s ig n e d  to  th e  r e d u c tio n  o f  A u  m eta l an d  th ree  p e a k s  in c o r r e sp o n d e n c e  o f  
th ree  p ea k s  o f  th e  pure Z n O  support but th e  red u ctio n  tem p era tu re  w a s  sh if te d  
arou n d  2 0 ° c  to  lo w e r  tem p era tu re , w h e n  co m p a red  to  th e  p ure Z n O  su p p ort. T h is  
in d ic a te s  that A u  can  e n h a n c e  the red u ctio n  b e h a v io r  o f  th e  Z n O . M o r e o v e r , T P R  
p r o file  o f  Z n 0 -F e 2 0 3  su p p o rt, tw o  m a in  p ea k s  are o b se r v e d ;  It c o r r e sp o n d s  to  th e
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p eak  o f  F e 2 0 3  su p p o rt but sh if te d  s ig n if ic a n t ly  to  th e  h ig h e r  tem p era tu re , im p ly in g  
the s tro n g  in tera ctio n  b e tw e e n  Z n O  and  F e 2 0 3 - In th e  T P R  p r o f ile  o f  A u /Z n 0 -F e 2 0 3  

ca ta ly s t , it  can  b e  s e e n  that o n e  p eak  ap p ea r  at 1 8 0 ° c ,  w h ic h  co r r e sp o n d s  to th e  r e 
d u ctio n  o f  A u  m eta l and  o n e  b road  r e d u c tio n  p ea k  startin g  at 3 8 0 ° c  an d  e n d in g  at 
8 0 0 ° c ,  w h ic h  co r r e sp o n d s  to  Z n F e 2 0 4  (V a le n z u e la  e t a l ,  2 0 0 2 ) .  In th e  T P R  p r o file  o f  
F e 2 0 3 , th e  first re d u c tio n  p e a k  ap p ear at 3 6 0 ° c ,  c o r r e sp o n d in g  to  th e  tran sition  o f  
F e 2 0 3  to  F e 3Û 4 and  a  la rge  b road  p eak  w ith  a m a x im u m  at 6 2 0 ° c  o b v io u s ly  c o m p r is 
e s  se v e r a l p ea k s  that rep resen t th e  m u lt ip le  re d u c tio n  s te p s  o f  F e 3 0 4  to  F eO  and F e  
(S ilb e r o v a  e t a i ,  2 0 0 6 ) .  T h e  น 2 c o n su m p tio n  o f  A W  Z n O -F e 2 Û 3 w a s  lo w e r  than that 
o f  F e 2 0 3  w h ic h  r e v e a l that Z n F e 2 0 4  w a s  m ore  s ta b le  to  s e v e r e  r e a c tio n  treatm en t. 
X R D  te c h n iq u e  w a s  su b se q u e n tly  e m p lo y e d  to  c o n fir m  th e  p resen t o f  Z n F e 2 0 4  in  
A u /Z n O -F e 2 C>3 c a ta ly s ts  (F ig u r e  4 .2 2 ) .

0 200 400 600 800 1000
Temperature (°C)

F ig u r e  4 .2 3  T em p era tu re  p ro g ra m m ed  red u ctio n  p r o f ile s  o f  th e  p rep ared  ca ta ly sts:  
(a ) Z n O ; (b )  A u /Z n O ; (c )  Z n 0 - F e 2 0 3; (d )  A u /Z n 0 - F e 2 0 3; ( e )  F e 20 3.
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A c c o r d in g  to  th e  s y n e r g ism  b e tw e e n  Z n O  and F e 2 C>3 to  form  
Z n F e 2 Ü 4 is  p r o p o se d , as e v id e n c e d  b y  X R D  and  T P R  r e su lts , it can  b e su g g e s te d  that 
th is  e f fe c t  w o u ld  e n h a n c e  th e  c a ta ly t ic  p e r fo r m a n c e  o f  A u /Z n O -F e 2 Û 3 c a ta ly s t  in m e 
th a n o l s tea m  r e fo r m in g  rea c tio n . T h e r e fo r e , A u /Z n O -F e 2 C>3 c a ta ly s t  h a s  th e  h ig h er  
m eth a n o l c o n v e r s io n  and แ 2 s e le c t iv ity  th an  A u /Z n O  c a ta ly s t  in  th is  rea c tio n . H o w 
e v er , th is  e f fe c t  is  e x p e c te d  o n  A W Z n O -F e 2 Û 3 , w h ic h  c o m p r ise s  o f  a 9:1 m o la r  ratio  
o f  Z n O  to  F e 2 0 3 .

4 .3 .1 .3  T em pera tu re  P ro g ra m m e d  O xida tion  (T P O )
T em p era tu re  p r o g r a m m e d  o x id a t io n  (T P O ) e x p e r im e n ts  w er e  

p erfo rm ed  on  th e  p rep ared  c a ta ly s t  in  ord er to  in v e s t ig a te  th e  a m o u n t o f  carb on  
fo rm ed  (c o k e )  o n  th e  A u /Z n O  an d  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  a fter  th e  r ea c tio n  w a s  
carried  o u t at 4 5 0 ° c  for  2 4  h o u rs  (d e a c tiv a tio n  te st) . T h e  resu lts  s h o w e d  that the  
am o u n t o f  carb on  fo r m a tio n  o n  A u /Z n O  an d  A u /Z n O -F e 2 0 3  c a ta ly s ts  w e r e  0 . 1 2  and  
0 .8 8 %  w e ig h t , r e s p e c t iv e ly . H o w e v e r , it c a n  b e  su g g e s te d  that th e se  ca rb o n  fo r m a 
t io n s  h ad  n o  e f fe c t  o n  the p er fo r m a n c e  o f  c a ta ly s t  b e c a u se  th e  d e a c t iv a t io n  w a s  n o t  
o b se r v e d  d u rin g  2 4  h ou rs o f  te s t in g . M o r e o v e r , F ig u re  4 .2 4  s h o w s  the o x id a t io n  te m 
perature o f  A u /Z n O  and A u /Z n O -F e 2 0 3  c a ta ly s ts . O n e  m a in  p ea k  at 3 2 0 ° c  p resen ted  
in  th e  T P O  p r o file  o f  A u /Z n O  c a ta ly s t , w h e r e a s  o n e  m a in  p e a k  at 4 5 0 ° c  and  a s h o u l
der at 4 7 0 ° c  are o b se r v e d  in  th e  T P O  p r o f ile  o f  A u /Z n 0 - F e 2 0 3  ca ta ly s t . T h e p eak  
lo c a te d  at 3 0 0 - 4 5 0  ° c  co r r e sp o n d s  to  th e  c o k e  o x id iz e d  at th e  m eta l p h a se .
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F ig u r e  4 .2 4  T em p era tu re  p ro g ra m m ed  o x id a t io n  p r o f ile s  o f  th e  A u /Z n O  and  
A u /Z n 0 -F e 2 0 3  ca ta ly sts:  (a )  A u / Z nO ; (b )  A u /Z n 0 -F e 2 0 î: -

4 .3 .2  M e th a n o l D e c o m p o s it io n  R e a c tio n  (D M )
M e th a n o l d e c o m p o s it io n  rea c tio n  (E q u a tio n  4 .2 )  is  o n e  o f  s id e  r e a c 

t io n s  that a ffe c t  to  m e th a n o l s tea m  r e fo r m in g  rea tio n . T h e r e fo r e , it is  e s s e n t ia l to  
stu d y  th e p er fo r m a n c e  o f  b o th  A u /Z n O  an d  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  th is  r e a c tio n .

C H 3O H (g )  2 H 2 (g )  +  C O (g )  A H ° r =  1 2 8 k J m o l ' ‘ ( 2 9 8  K ) (4 .2 )

T h e  c a ta ly s t  u se d  in  th is  part is  A u /Z n O  and  A u /Z n O -F e 2 C>3 c a ta ly s ts  
at th e  o p tim u m  c o n d it io n s . T h e  rea c tio n  c o n d it io n  w er e  1.5 m l/h o u r  o f  liq u id  f lo w  
rate, 3 4  m l/m in  o f  carrier g a s  (H e )  and  r ea c tio n  tem p era tu re  ran g e  o f  2 5 0 - 4 5 0 ° C .
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(b ) H 2 S e le c t iv ity

F ig u r e  4 .2 5  C a ta ly tic  p er fo r m a n c e  o f  A u /Z n O  and  A u /Z n O -F e 2 C>3 c a ta ly s ts  in  m e 
th a n o l d e c o m p o s it io n  reac tio n .

F rom  F ig u re  4 .2 5 ,  it can  b e  o b se r v e d  that th e  c a ta ly t ic  p er fo r m a n c e  o f  
th e  A u /Z n O -F e 2 0 3  is  h ig h er  than  that o f  th e  A u /Z n O  ca ta ly st in  D M  rea c tio n . It ca n  
b e c o n c lu d e d  that th e  a d d itio n  o f  F e 2C>3 to  th e  Z n O  w o u ld  g r ea tly  e n h a n c e  th e ca ta 
ly tic  activity' o f  m e th a n o l d e c o m p o s it io n . It is  im p ortan t to  m e n tio n  that th e  sa m e  
m e th a n o l c o n v e r s io n  (1 0 0 %  c o n v e r s io n )  w a s  o b ta in ed  b y u s in g  A u /Z n 0 -F e 2 0 3  c a ta 
ly s t, w h ile  A u /Z n O  g a v e  5 2 .4 4 %  m eth a n o l c o n v e r s io n  at th e  r e a c tio n  tem p era tu re  o f  
4 5 0 ° c .  H o w e v e r , th e  s e le c t iv ity  o f  H 2 o f  b oth  c a ta ly s ts  is  n o t m u ch  d iffe r e n t. It in 
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cr e a se d  w ith  in cr e a s in g  th e  r ea c tio n  tem p era tu re  r e a c h in g  c o n sta n t v a lu e s  o f  6 6 .0 4 %  
an d  6 8 % at 3 5 0 ° c  fo r  A u /Z n 0 -F e 2 0 3  and  A u /Z n O  c a ta ly s ts , r e sp e c tiv e ly .

In th is  s tu d y , th e  a d d itio n  o f  w a ter  to  m e th a n o l m a rk ed ly  a ffe c te d  to  
th e  rea c tio n , as c o n fir m e d  b y  F ig u re  4 .2 0  and  4 .2 5 . T h e  to ta l c o n v e r s io n  u n d er w en t  
m o r e  s ig n if ic a n t  c h a n g e s  fo r  b o th  ca ta ly s ts , e s p e c ia l ly  in  th e  lo w  tem p era tu re  ran g e  
(2 5 0 -3 5 0 ° C ) .

4 .3 .3  W ater G a s S h ift  R e a c tio n  (W G S )
In su b se q u e n t e x p e r im e n t, w a ter  g a s  sh if t  r e a c tio n  w a s  carr ied  o u t at 

th e  rea c tio n  tem p era tu re ran g e  o f  2 5 0 -4 5 0 ° C . W ater  G a s S h ift  r e a c tio n  (E q u a tio n
4 .3 )  is  o n e  o f  s id e  r e a c tio n s  that a ffe c ts  to  m eth a n o l s tea m  r e fo r m in g  rea c tio n  b e 
c a u se  it ca n  red u ce  th e  C O  c o n te n t  in  th e  p rod u ct stream  that o ccu rred  from  D M  
rea c tio n . T h ere fo re , it is  e s s e n t ia l to  s tu d y  th e p er fo rm a n ce  o f  A u /Z n O  and  A u /Z n O -  
F e 2 Ü 3 c a ta ly s ts  in  th is  r e a c tio n . • •• • •

C O (g )  +  H 20 ( g )  4-+ H 2 (g )  +  C 0 2 (g )  A H °r =  -41 k J m o f 1 (4 .3 )

T h e  c a ta ly s t  u se d  in  th is  stu d y  w a s  te s te d  at th e  o p tim u m  c o n d it io n s . 
T h e  rea c tio n  c o n d it io n  w e r e  1.5 m l/h o u r  o f  liq u id  f lo w  rate, at a 2:1 m o la r  ratio  o f  
H 2O  to  C O , a f lo w  rate o f  carrier gas (H e )  o f  3 4  m l/m in  an d  r e a c tio n  tem p era tu re  
ran g e  o f  2 5 0 -4 5 0 ° C .
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(b ) H 2 S e le c t iv ity

F ig u r e  4 .2 6  C a ta ly tic  p er fo r m a n c e  o f  A u /Z n O  and  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  w ater  
g a s  sh if t  rea c tio n .

From  F ig u re  4 .2 6 , it can  b e o b se r v e d  that th e  ca ta ly tic  p e r fo n n a n c e  o f  
th e  A u /Z n O -F e 2 0 3  is  m u ch  h ig h er  than  that o f  th e  A u /Z n O  c a ta ly s t  in W G S  reactio n .
A  m a x im u m  C O  c o n v e r s io n  o f  7 3 .2 5 %  w a s  a c h ie v e d  w ith  A u /Z n 0 -F e 2 0 3  ca ta ly st, 
w h ile  A u /Z n O  g a v e  5 6 .4 8 %  C O  c o n v e r s io n  at th e  rea c tio n  tem p era tu re  o f  4 5 0 ° c .  
M o r e o v e r , the I F  s e le c t iv ity  o f  A u /Z n 0 -F e 2 0 3  ca ta ly st is  h ig h e r  than that o f  A u /Z n O  
at lo w  tem p era tu re ran g e . A d d it io n a lly , A n d r e e v a  el a l ,  ( 1 9 9 5 )  c o n d u c te d  the e x p e 
r im en t o f  w a ter  g a s  sh ift  rea c tio n  o v e r  A u /a -F e 2 0 3 , A U / A I 2O 3 , and a - F e 2 0 3 - It w a s  
fo u n d  that A u /a -F e 2 0 3  g a v e  th e  h ig h e st  ca ta ly tic  a c tiv ity  b e c a u s e  o f  a s p e c if ic  in te - .
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ra c tio n  b e tw e e n  A u  an d  ferric  o x id e  su p p ort. M o r e o v e r , in  1 9 9 6  A n d r e e v a  e t al. re 
p o rted  th e m e c h a n ism  o f  W G S  rea c tio n  p r o c e e d in g  o n  A u /a - F e 2 0 3  c a ta ly s t  that A u  
w a s  fo rm ed  in te r m e ta llic  b o n d  w ith  F e 2C>3 and  the re a c tio n  o ccu rred  th ro u g h  the re
d o x  tran sfer  o f  F e 3+ F e 2+ in  F e 3Û 4 .

T h e  h ig h  p er fo rm a n ce  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t  in  W G S  rea c tio n  can  
e n h a n c e  th e  p er fo r m a n c e  o f  th is  ca ta ly st in  S R M  rea c tio n . T h e r e fo r e , it ca n  b e  s u g 
g e s te d  that a h ig h e r  FÎ2 s e le c t iv ity  o f  A W  Z n 0 -F e 2 0 3  c a ta ly s t  in  S R M  r e a c tio n  at lo w  
tem p era tu re  ran g e  is  in f lu e n c e d  b y  W G S  reac tio n . T h is  e n h a n c e d  C O 2 p r o d u ctio n  
w a s  a c c o m p a n ie d  b y  an  in crea se  in  แ 2 o n ly  at lo w  tem p era tu re  ran g e  (2 5 0 -3 0 0 ° C ) .

4 .3 .4  C o m p a r iso n  o f  C a ta ly tic  P e r fo rm a n ce  in  S R M . D M  and  W G S  R e a c 
t io n s

T h e  c o m p a r iso n  o f  ca ta ly tic  p er fo rm a n ce  o f  A u /Z n 0 -F e 2 0 3  and  
A u /Z n O  c a ta ly s ts  in  th e  S R M , D M  and W G S  rea c tio n s  at 4 5 0 ° c  is  sh o w n  in  F ig u res
4 .2 7  and 4 .2 8 ,  r e sp e c t iv e ly . It ca n  b e se e n  th at at lo w  tem p era tu re  ran g e  (2 5 0 -3 0 0 ° C )  
a  h ig h e r  H 2 s e le c t iv ity  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s t  in  S R M  r e a c tio n  is  p ro d u c e d  w ith  a 
h ig h e r  s e le c t iv ity  in  th e  W G S  and  D M  rea c tio n , w h e r e a s  th e  p r o d u c tio n  o f  H 2 w ere  
n o t o b se r v e d  for  A u /Z n O  ca ta ly s t  in  the W G S  rea c tio n . T h ere fo re , it can  b e  c o n 
c lu d e d  that a d d it io n  o f  F e 2 0 3  to  A u /Z n O  ca ta ly s t  w a s  en h a n c e d  th e  H 2 s e le c t iv ity  in  
th e  W G S  r e a c tio n  at lo w  tem p era tu re ran ge. H o w e v e r , at h ig h  tem p era tu re  range  
(3 5 0 -4 5 0 ° C )  th e  fo r m a tio n  o f  CH4  and  C O  w a s  o b se r v e d  in  th e  p ro d u ct stream  o f  
A u /Z n 0 -F e 2 0 3  ca ta ly s t  in  S R M  rea c tio n . It ca n  b e su g g e s te d  that th is  fo rm a tio n  is  
in f lu e n c e d  b y  a h ig h er  CH4 and C O  s e le c t iv ity  in  D M  rea c tio n .
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(a )  S R M  rea c tio n (b ) D M  r ea c tio n

(c )  W G S  rea c tio n

F ig u r e  4 .2 7  C o m p a r iso n  o f  ca ta ly tic  p er fo rm a n ce  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  in  
S R M , D M , and W G S  r e a c tio n s .
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(a ) S R M  r ea c tio n (b ) D M  r ea c tio n

(c )  W G S  r ea c tio n

F ig u r e  4 .2 8  C o m p a r iso n  o f  ca ta ly tic  p e r fo rm a n ce  o f  A u /Z n O  c a ta ly s ts  in S R M , 
D M , and W G S  rea c tio n s .
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