
C H A P T E R  III  
E X P E R IM E N T A L

3.1  M a ter ia ls

3.1.1 R e a c ta n ts
•  D e io n iz e d  w a te r
•  M e th a n o l p u rity  >  9 9 .8 %

3 .1 .2  G a ses
•  H y d ro g e n  (T hai In d u s tr ia l G ase s  P u b lic  C o m p a n y  L im ite d )  o f  

9 9 :9 9 %  p u rity  w a s  u se d  as a  re d u c tio n  gas.
•  O x y g e n  (T h a i In d u s tr ia l G a se s  P u b lic  C o m p a n y  L im ite d )  o f  

.9 9 .9 9 %  p u rity  w a s  u se d  as a  re d u c tio n  gas.
•  H e liu m  (T h a i In d u s tr ia l G ase s  P u b lic  C o m p an y  L im ite d ) o f  

9 9 .9 9 %  p u rity  w a s  u sed  as  a  d ilu ted  gas, p u rg e d  gas an d  c a rr ie r  g as  in  a  g as  c h ro ­
m a to g rap h .

•  N itro g e n  (T h a i In d u s tria l G a se s  P u b lic  C o m p an y  L im ite d )  o f  
9 9 .9 9 %  p u rity  w a s  u sed  as  a  d ilu ted  gas, p u rg e d  gas an d  c a rr ie r  gas in  a gas c h ro ­
m a to g rap h .

3 .1 .3  C h e m ic a ls
•  H y d ro g e n  te tra c h lo ro au ra te  ( III) , H A U CI4 .3 H 2 O , (A lfa  A E S A R )
•  Z in c  (II) n itra te  h e x a h y d ra te , Z n (N 0 3 )2 -6 H 2 0 , (S ig m a -A ld ric h )
•  F e rric  (III)  n itra te  n o n a h y d ra te , F e (N 0 3 ) 3 -9 H 2 0 , (F lu k a )
•  S o d iu m  c a rb o n a te  a n h y d ro u s , N a 2C 0 3 , (R ied e l-d e  H aen )
•  S ilv e r N itra te , A g N Ü 3 , (F lu k a )
•  G o ld  s tan d a rd  so lu tio n  fo r A A S  (F lu k a)
•  D e io n iz e d  w a te r
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3 .1 .4  S o lv en ts
•  A c e to n e , A R , 2 .5  L

3 .2  E q u ip m e n t

T h e  sy stem  o f  e x p e r im e n t fo r s team  re fo rm in g  o f  m e th an o l (S R M ) is sh o w n  
in  F ig u re  3 .1 .

Evaporizer

Syringe Pump

Temperature Controller 

Reactor

0)
EÎ3 2-way valve H I  filter

check valve [{§£)[ mass flow meter

cga 3-way valve Cg3 mixing valve

F ig u re  3.1 S ch em a tic  d ia g ra m  o f  s team  re fo rm in g  o f  m e th a n o l e x p e rim e n ta l sy s tem .

T h e re  a re  4  m a in  p a r ts  in  th is  sy stem  su ch  as liq u id  feed  sy stem , gas b le n d ­
ing  sy stem , ca ta ly tic  re a c to r  an d  an a ly tica l in s tru m en t.

3.2.1 L iq u id  F eed  S ystem
T h e  m ix tu re  o f  d is tilled  w a te r  an d  m e th an o l is f illed  in  a sy rin g e  and  

th is  m ix tu re  is in jec ted  by  sy rin g e  p u m p  at a  ra te  o f  1.5 m l/h o u r to  a v a p o riz e r  fo r 
m ak in g  th e  v a p o r o f  m e th a n o l and  s team . T h e  m e th a n o l v a p o r  and  s team , are  ca rried
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b y  h e liu m  b e fo re  e n te r in g  a  c a ta ly tic  re a c to r  an d  a  f lo w  ra te  o f  H e is m a in ta in e d  
ab o u t 34  m l/m in .

3 .2 .2  G as B le n d in g  S y stem
T h e  p re tre a tm e n t gas (H 2 o r  O 2), th e  b a lan ce  g as  and  p u rg e  gas (H e) 

are  d e liv e re d  fro m  th e  s to rag e  ta n k , an d  th en  p a ss  th ro u g h  a  m ic ro n  f ilte r  in  o rd e r  to  
rem o v e  p a rtic le s  a n d  p a ss  th e  c h e c k  v a lv e  to  p re v e n t re v e rse  f lo w . T h e  f lo w  ra te s  are 
c o n tro lle d  by  8 40  S ie rra  In s tru m e n t m o d e l m a ss  f lo w  c o n tro lle r  in  o rd e r  to  ach iev e  
the  d e s ire d  flo w  ra te . A ll s tre a m s  are  m ix ed  in  a  m ix in g  c h a m b e r b e fo re  p a ss in g  
th ro u g h  th e  ca ta ly tic  reac to r.

3 .2 .3  C a ta ly tic  R e a c to r
T h e  steam  re fo rm in g  o f  m e th an o l is  c a 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  w ith  an  in s id e  d ia m e te r  o f  9 m m  a t a tm o sp h e ric  p re ssu re  an d  in 
th e  te m p e ra tu re  ra n g e  o f  2 5 0  -  4 5 0 ° c .  In  th e  m id d le  o f  th e  reac to r, th e  c a ta ly s t is 

•p a c k e d  b e tw e e n  q u a r tz  w o o l p lu g s . T h e  re a c to r  is  in s ta lled  an d  e lec tro n ica lly  h ea ted  
in  th e  fu rn ace . T h e  te m p e ra tu re  o f  th e  c a ta ly s t b e d  is c o n tro lle d  an d  m o n ito re d  by  
P ID  te m p e ra tu re  c o n tro lle r  e q u ip p e d  w ith  a  c h ro m e l-a lu m e l th e rm o c o u p le  (T y p e  K )

3 .2 .4  A n a ly tic a l In s tru m e n t
T h e  p ro d u c t g a se s  (e .g . H 2 , C O , C O 2 an d  C H 4 ) from  th e  re a c to r  are 

an a ly z e d  b o th  q u a lita tiv e ly  an d  q u a n tita tiv e  b y  a  H e w le tt P a c k a rd  5 890  se rie s  II gas 
c h ro m a to g ra p h  eq u ip p e d  w ith  a  th e rm a l c o n d u c tiv ity  d e te c to r  (T C D ). T h e  co lu m n  
u tiliz e d  in  a gas c h ro m a to g ra p h  is  C a rb o sp h e re ® , 8 0 /1 0 0  m e sh , 10 ft X  1/8 in ch  
s ta in le ss  steel p a c k e d  co lu m n . T h e  gas ch ro m a to g ra p h  c o n d itio n s  u sed  in  th is  s tu d y  
are su m m a riz e d  as fo llo w s:

9 5 ° c  
9 5 ° c  
1 4 5 °c
H e (9 9 .9 9 %  p u rity ) . 30  m L /m in  

T h e  u n reac ted  re a c tan ts  (w a te r an d  m e th a n o l)  and  a b y p ro d u c t are 
co n d e n se d  from  th e  g as  s tream  a f te r  p a ss in g  th ro u g h  the  re a c to r. T h e  gas is d e liv e red

In je c tio n  T em p era tu re : 
O v e n  T em p era tu re : 
D e te c to r T em p era tu re : 
C a rrie r  gas:
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to  an  o n lin e  H P  5 8 9 0  G C  as d isc u sse d  ab o v e  and  th e  c o n d e n sa te  w as a n a ly z e d  q u a li­
ta tiv e ly  a n d  q u an tita tiv e ly  b y  a n o th e r  H P  5 8 9 0  G C , eq u ip p ed  w ith  a  th e rm a l c o n d u c ­
tiv ity  d e te c to r  (T C D ). T h e  c o lu m n  u ti l iz e d  in  th e  c h ro m a to g ra p h  is H a y esep  D , 
8 0 /1 2 0  m esh , 3 ’x l / 8 ”  s s  p a c k e d  co lu m n . T h e  gas ch ro m a to g ra p h  c o n d itio n s  u se d  in  
th is  re se a rc h  a re  su m m a riz e d  as  fo llo w s:

In je c tio n  T em p era tu re : 1 3 0 °c
O v e n  T  e m p era tu re  ะ 110 ° c
D e te c to r  T e m p e ra tu re  : 16 0 ° c
C a rr ie r  gas: H e  (9 9 .9 9 %  p u rity ) , 60  m L /m in

T h e  re su lts  a re  re c o rd e d  b y  A g ile n t C h e m sta tio n  so ftw a re . T h e  o b ­
se rv ed  p e a k s  are  id en tif ied  b y  c o m p a riso n  w ith  th e  re te n tio n  tim e  o f  th e  s tan d a rd  gas. 
F o r  q u a n tita tiv e  an a ly s is , th e  p e a k s  a rea  is  u sed  to  d e te rm in e  th e  c o n c e n tra tio n  o f  
each  c o m p o n e n t b a se d  o n  th e  c a lib ra tio n  cu rv es  o b ta in ed  fro m  k n o w n  c o m p o s itio n  
gases.

3 .3  P r e p a r a tio n  o f  C a ta ly st  a n d  S u p p o r t

In  th is  s tu d y , th e  c a ta ly s ts  a re  p re p a re d  b y  D e p o s itio n -p re c ip ita tio n  (D P ) 
m e th o d . A n d  th e  su p p o rts  (Z n O , F e 2 0 3 -Z n O ) are  p rep a red  b y  C o -p re c ip ita tio n  (C P ) 
m eth o d .

3.3.1 D e p o s itio n -p re c ip ita tio n  (D P ) M e th o d
B efo re  a d d in g  th e  m e ta ls , th e  su p p o rt (Z nO , F e 2 0 3 -Z n 0 ) is d r ie d  in  

an  o v en  a t 1 1 0 °c  fo r  12 h o u rs . H y d ro g e n  te tra c h lo ro au ra te  (III), H A U C I4 .3 H 2 O , is 
w e ig h e d  fo r a d e s ire d  am o u n t, an d  th en  d isso lv e d  in  d e io n ized  w a te r  u n d e r  c o n tin u ­
o u s  s tirr in g  an d  h e a tin g  at 8 0 ° c .  T h e  d rie d  su p p o rt is ad d ed  to  a so lu tio n  and  th e  p H  
o f  so lu tio n  (~ 8 ) is ad ju s ted  by  ad d in g  0.1 M  N a 2 C 0 3  th en  the  m ix tu re  is aged  fo r 1 
h o u r. T h e  su sp e n s io n  is w a sh e d  by  w a rm  d e io n ized  w a te r  to  e lim in a te  th e  re s id u e  
ion . D e io n iz e d  p re c ip ita te  is d ried  at 1 1 0 ° c  o v e rn ig h t and  ca lc in ed  in  a ir  at v a rio u s  
te m p e ra tu re s  fo r 4  h o u rs . A fte r  c a lc in a tio n s , th e  sam p le  w as g ro u n d  an d  siev ed  to  80- 
120 m esh  size , an d  k ep t in a d es icca to r.
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3 .3 .2  C o -p re c ip ita tio n  (C P ) M e th o d
3 .3 .2 .1  P r e p a r a t io n  o f  Z n O  s u p p o r t

A n  a q u e o u s  so lu tio n  o f  1M  N a 2 CC>3 is ad d ed  d ro p w ise  in  an  
aq u eo u s  so lu tio n  o f  0.1 M  Z n (N 0 3 )3 -6 H 2 0  u n d e r  v ig o ro u s  s tir r in g  c o n d itio n  a t 80°c. 
T he m ix tu re  is k e p t a t a  p H  o f  8 -9  fo r  1 h o u r. E x c e ss  ions, c r  an d  N O 3 ',  are e lim i­
n a ted  b y  w a sh in g  w ith  w arm  d e io n iz e d  w a te r. T h e  p re c ip ita te  is  d ried  a t 110°c o v e r­
n ig h t an d  ca lc in ed  in  a ir  a t 400°c fo r 4 h o u rs . A f te r  c a lc in a tio n , th e  p o w d e r  is la ­
b e led  an d  k ep t in  a  d es icca to r.

3 .3 .2 .2  P r e p a r a t io n  o f  F e 2Û 3-Z n O  s u p p o r t
A n  a q u e o u s  so lu tio n  o f  1M  N a 2 CC>3 is a d d ed  d ro p w ise  in  th e  

aq u eo u s m ix tu re  o f  0.1 M  Z n (N 0 3 )3 .6 H 2 0  an d  0.1 M  F e (N 0 3 ) 3 .9 H 2 0  u n d e r  v ig o ro u s  
s tirrin g  c o n d itio n  at 6 0 ° c .  T h e  m ix tu re  is k ep t a t a  p H  o f  8 -9  fo r  1 h o u r. E x cess  io n s, 
c r  an d  N O 3", a re  e lim in a te d  by  w a sh in g  w ith  w a rm  d e io n ized  w ate r. T h e  p re c ip ita te  
is d ried  a t 8 0 ° c  o v e rn ig h t an d  ca lc in e d  in  a ir  a t 4 0 0 ° c  fo r  2  h o u rs . A fte r  c a lc in a tio n , 
th e  p o w d e r  lab e led  a n d  k ep t in  a  d e s icca to r. -

3 .4  C a ta ly st  C h a ra c te r iz a tio n

T h e  p ro p e rtie s  and  c h a ra c te r is tic s  o f  th e  p re p a re d  c a ta ly s ts  (A u /Z n O , 
A u /F e 2 0 3 -Z n 0 ) a re  d iffe re n t d u e  to  th e  e ffe c t o f  A u  co n ten t, c a lc in a tio n  te m p e ra tu re  
and  gas p re tre a tm en t. T h e  d iffe re n t p ro p e rtie s  m ay  a ffe c t th e  a c tiv itie s  an d  se lec tiv ity  
o f  th e  ca ta ly s t; th e re fo re , it is n e ce ssa ry  to  c o n d u c t som e c h a ra c te r iz a tio n s . In  th is  
w o rk , sev e ra l c h a ra c te r iz a tio n s  a re  u tilized .

3.4 .1  B E T  S u rface  A re a  M e asu rem en t.
A u to so rb -1  G as S o rp tio n  S y stem  (Q u a n ta c h ro m e  C o rp a ra tio n )  are  

u sed  to  m easu re  th e  B E T  su rface  a rea , to ta l p o re  v o lu m e  an d  av e rag e  p o re  d ia m e te r  
o f  the  ca ta ly s ts . T h e  e q u ip m e n t m ea su re m e n t is b a se d  on  B ru n a u e r-E m m e t-T e lle r  
(B E T ) eq u a tio n . T h is  te c h n iq u e  is d o n e  b y  ca lc u la tin g  the  p h y s ica l m u lti- la y e r  a d ­
so rp tio n  o f  N itro g en . A  sam p le  is o u tg a sse d  by  h e a tin g  u n d e r v acu u m  to  e lim in a te  
v o la tile  a b so rb e n ts  in  th e  su rface  a t 2 5 0 ° c  fo r at le a s t 4 h o u rs  p r io r  to  th e  an a ly sis .
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N itro g en  gas w ith  th e  c ro ss-sec tio n a l a rea  o f  1.62x1 O '19 m 2/m o le c u le  is a d so rb ed  on  
th e  ca ta ly s t su rface  at liq u id  N itro g e n  tem p e ra tu re  (-1 9 6 °C ). T h e  su rface  a rea  is c a l­
cu la ted  from  th e  22 p o in ts  n itro g e n  ad so rp tio n . T h e  av e ra g e  p o re  d ia m e te r  and  p o re  
v o lu m e  are  o b ta in e d  at P/Po ra tio s  c lo se  to  un ity . T h e  re su lt is an a ly zed  b y  A u to so rb  
A n y g as  S o ftw a re  v e rs io n  2 .1 , w h ich  a re  c a lc u la ted  u s in g  th e  B E T  eq u a tio n  as sh o w n  
in  E q u a tio n  3.1.

w here:

1 ( c - i U f ,  ไ
i r . - c  ( w . c ) \ p )

(3 .1 )

p  =  p re ssu re  o f  gas.
Po =  sa tu ra te d  v a p o r  p re ssu re  o f  th e  liq u id  at th e  o p e ra tin g  te m p e ra tu re  
พ  =  w e ig h t o f  gas a d so rb e d  at a  re la tiv e  p re ssu re , Po 
พ m = w e ig h t o f  a d so rb a te  c o n s titu tin g  a m o n o la y e r  o f  su rface  co v e ra g e  
c =  c o n s ta n t tha t is re la ted  to  th e  en e rg y  o f  a d so rp tio n  in the  first ad so rb ed  

la y e r an d  m a g n itu d e  o f  th e  a d so rb e n t/a d so rp b a te  in te rac tio n

T h e  su rface  a rea  is c a lc u la ted  by  E q u a tio n  3 .2 .

พ m.A N .(6 .02x1 o 23)
5  = ----------- Ç - ------------ (3 .2 )

M  พ,N1
W here:

ร = sp ec ific  su rfa c e  area (m 2/g )
A N2 = c ro ss -se c tio n a l area  o f  o n e  m o lecu le  N 2 (0 .1 6 2  n m 2 at -1 9 6 °C )
Mvv. N 2  = m o lecu le  w e ig h t o f  n itro g e n  (28 g /g -m o l)

3 .4 .2  X -R ay  D iffra c tio n  (X R D )
T h e  c ry s ta llin e  s tru c tu re  o f  o x ide  su p p o rt an d  th e  m ean  p a rtic le  d i­

a m e te r o f  go ld  are  an a ly zed  by  m ean s o f  a R ig ak u  X -R ay  D iffra c to m e te r  sy stem  
(R IN T -2 2 0 0 ) w ith  c o p p e r  tu b e  fo r g en e ra tin g  C uK o ra d ia tio n  (1 .5 4 0 6  À ). and  n ickel 
filte r. It is a lso  p o ss ib le  to  a c h ie v e  a re la tiv e  a n a ly s is  by th e  in ten sity  o f  th e  peak . F o r
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th e  sam e  c ry s ta llin e  su b s ta n c e  th e  h ig h e r  o f  the  p e a k  in d ica te s  th e  h ig h e r  c o n te n t o f  
th a t p h ase .

R IN T -2 2 0 0  is u se d  to  o b ta in  X R D  p a tte rn  a t a  g e n e ra to r  v o lta g e  o f  40  
k v  an d  a  g e n e ra to r  c u rre n t o f  3 0  raA . T h e  g o n io m e te r  p a ra m e te rs  a re  d iv e rg e n c e  s lit 
=  1° (2 0 ); sca tte rin g  s lit  =  1° (2 0 ); and  rece iv in g  s lit =  0 .3  m m . T h e  scan  sp e e d  o f  5°
(2 0 )/m in  w ith  scan  s te p  o f  0 .0 2  (2 0 )  is u sed  fo r th e  co n tin u o u s  ru n  in  5 to  9 0 ° c  (2 0 ) 
ran g e . S a m p le  sh o u ld  b e  g ro u n d  to  th e  fin e  h o m o g e n e o u s  p o w d e r  and  h e ld  in  a  b eam  
in  a th in -w a lle d  g la ss  co n ta in e r. T h e  sig n a l is sen t to  th e  o n -lin e  c o m p u te r  to  reco rd  
an d  a n a ly z e . S ch e rre r  eq u a tio n  in  th e  fo rm  o f  E q u a tio n  (3 .3 ) sh o w s th e  re la tio n sh ip  
b e tw e e n  th e  c ry s ta llin e  th ic k n e ss  ( D b ) an d  the  b ro a d e n in g  ( B d ) o f  th e  d if f ra c tio n

line  c o rre sp o n d in g  to  th e  B rag g  an g le  (0 )  u s in g  w a v e le n g th  ( A  ).

w h ere :

B d c o s #
(3 .3 )

D b =  m ean  c ry s ta llin e  d ia m e te r  (Â )

K  =  S c h e rre r  c o n s ta n t, 0 .9
A =  X -R a y  w a v e le n g th  (Â )
B d =  an g le  w id th  o f  p e a k  in  te rm  o f  A (2 6 )  ( rad ian )

0  =  B ra g g  an g le  o f  th e  re fle c tio n  (d eg ree )
It is im p o rta n t to  n o te  h e re  th a t the  re su lts  fro m  th e  S c h e rre r  eq u a tio n  

are  a  c ry s ta llin e  th ic k n e ss  th a t is p e rp e n d ic u la r  to  th e  d iffra c tio n  p la n e s  ra th e r  th a n  an  
ac tu a l p a r tic le  size. It is n e c e ssa ry  to  ap p ly  a  c o rre c tio n  fa c to r  th a t d e p e n d s  on  the  
a c tu a l sh a p e  o f  th e  c ry s ta llin itie s  an d  o n  th e  M ille rs  in d ice s  o f  th e  d iffra c tio n  p lan es  
in  o rd e r  to  o b ta in  th e  ac tu a l c ry s ta llite  s ize  from  th e  th ick n ess .

3 .4 .3  T ra n sm iss io n  E le c tro n  M ic ro sco p y  (T E M )
T he tra n sm iss io n  e lec tro n  m ic ro g ra p h s  w ill b e  em p lo y ed  fo r in v e s ti­

g a tin g  th e  av e rag e  p a r tic le  s ize  an d  id en tify in g  th e  m ic ro s tru c tu re  o f  p re p a re d  c a ta ­
ly sts . T h e  c a ta ly s t sa m p le s  w ill b e  g ro u n d ed  in to  f in e  p o w d e r  an d  u ltra so n ic a lly  d is ­
p e rsed  in e th an o l. A  sm all d ro p le t o f  th e  su sp en s io n  w ill be  d e p o s ite d  on  a co p p e r 
g rid , an d  th e  so lv en t w ill be  e v a p o ra te d  p r io r  to  lo a d in g  th e  sam p le  in to  th e  m ic ro ­
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sco p e . T E M  w ill be  ca rried  o u t u s in g  in  a  JE O L  2 0 0 0 C X  o p e ra te d  at an  a c c e le ra tin g  
v o lta g e  o f  120 k v  in  b rig h t f ie ld  m o d es . A  b eam  w ill be  p a s se d  th ro u g h  a  se ries  o f  
le n se s  to  fo rm  a  m a g n ifie d  im ag e  o f  a  sam p le  th a t is in se rte d  in  th e  a rea  o f  th e  o b je c ­
t iv e  lens. T h e  im ag e  from  se le c te d  a rea  w ill be  v ie w e d  th ro u g h  p ro je c tio n  o n to  a 
v ie w  o f  sc reen . H o w ev e r, e le c tro n  b eam s c a n  be  e a s ily  s c a tte re d  b y  a ir  m o le c u le s , 
a n d  T E M  c o lu m n s  m u st be k e p t u n d e r  h ig h  v acu u m . A d d itio n a lly , th e  e le c tro m a g ­
n e tic  len se s  w ill be  u sed  fo r fo c u s in g  th e  e lec tro n  b eam .

3 .4 .4  T em p era tu re  P ro g ra m m e d  R e d u c tio n  (T P R )
T em p era tu re  P ro g ra m m e d  R e d u c tio n  (T P R ) is  c o n d u c te d  u s in g  a  in - 

h o u se  T P R  sy stem . A  m e a su re m e n t is c a rried  o u t by  p la c in g  a  sam p le  in  a  q u a rtz  re ­
ac to r. T h e  sam p le  is su b jec ted  to  T P R  a n a ly s is  u s in g  10%  H 2 in  A r fo r 3 0  m l/m in . 
T h e  re d u c tio n  te m p e ra tu re  is ra ise d  from  30  to  8 5 0 ° c  a t a  ra m p  ra te  o f  1 0 ° c /m in . A  
th e rm a l c o n d u c tiv ity  d e te c to r is u se d  to  m o n ito r  th e  d iffe re n ce  o f  h y d ro g e n  co n ten t 
b e fo re  an d  a f te r  th e  red u c tio n . T h e  te m p e ra tu re , a t w h ic h  th e  re d u c tio n  is  c o m p le ted , 
c o u ld  be  d e te rm in e d  fro m  T P R  p a tte rn .

3 .4 .5  T em p e ra tu re  P ro g ra m m e d  O x id a tio n  (T P O )
T e m p e ra tu re  P ro g ra m m e d  O x id a tio n  (T P O ) is u se d  to  ev a lu a te  am o u n t 

o f  c a rb o n  fo rm a tio n  o f  sp en t c a ta ly s ts . T h e  50  m g  o f  sp e n t c a ta ly s t is p laced  in  
q u a r tz  tu b e  reac to r. T h e  sp en t c a ta ly s t is c o n d u c te d  to  T P O  a n a ly s is  u s in g  2 %  O 2 in  
H e  fo r 30  m l/m in  b efo re  th e  te m p e ra tu re  is lin ea rly  in c re a se  at a  ra m p  ra te  o f  
1 2 ° c /m in . C a rb o n  fo rm a tio n  is o x id ized  in to  ca rb o n  d io x id e  th e n  co n v e rt to  m e th an e  
in  th e  m e th an a to r. F ID  SR I m o d e l 110 is u sed  to  d e tec t th e  e ff lu e n t gas fro m  m eth a - 
n a to r. T h e  re su lt from  m e a su re m e n t can  b e  u sed  to  d e te rm in e  a m o u n t o f  d ep o s ited  
ca rb o n .
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3 .5  A c tiv ity  M e a su r e m e n t

S team  re fo rm in g  o f  m e th a n o l re a c tio n  is c a rried  o u t in  a  fix ed  b ed  re c to r  
u n d e r  a tm o sp h e ric  p re ssu re . A fte r  th e  c a ta ly s t is p ack ed  in  the  re a c to r , it is p re tre a te d  
w ith  H 2 o r  O 2 a t the  f lo w  ra te  34 m l/m in . T h en , it is f lu sh ed  w ith  H e  fo r 60  m in  a t th e  
d esired  re a c tio n  te m p e ra tu re .

M a n y  p a ra m e te rs  a ffe c tin g  th e  a c tiv ity  an d  se lec tiv ity  o f  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 re  s tu d ied  in  th is  re sea rch  su ch  as th e  e ffec ts  o f  Z n O -F e 2 (> 3  

m o la r  ra tio , A u  co n ten t, c a lc in a tio n  te m p e ra tu re , c a ta ly s t p re tre a tm en t, an d  re a c tio n  
te m p e ra tu re . M o re o v e r , th e  su itab le  c o n d itio 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  are c h o se n  fo r fu r th e r  s tu d y  in  th e  p re se n c e  o f  d e c o m p o s itio n  o f  m e th an o l (D M ) 
an d  w a te r  g as  sh ift re a c tio n  (W G S ) reac tio n s . F in a lly , the  d e a c tiv a tio n  te s ts  o f  b o th  
c a ta ly s ts  a re  a lso  p e rfo rm e d  fo r 2 4  h o u rs . A ll o f  th e se  p a ra m e te rs  a re  su m m a riz e d  in  
T ab le  3 .1 .

3 .5 .1  E ffec t o f  Z n O -F e^ O i M o la r  R a tio
In  the  c a se  o f  A u /Z n 0 -F e 2 0 3  c a ta ly s ts , th e  e ffec t o f  Z n O -F e 2 C>3 ra tio s  

is s tu d ied  o n  th e  a c tiv ity  an d  se le c tiv ity  in  m e th an o l s team  re fo rm in g  rea c tio n . T h e  
Z n 0 -F e 2 0 3  ra tio s  a re  v a rie d  w ith  a 9 :1 , 3 :1 , 1:1, 1:3, an d  1:9 m o la r  ra tio  o f  Z n O  to  
F e 2C>3 . T h e  su itab le  Z n O -F e 2 C>3 ra tio  is c h o sen  fo r th e  n e x t study .

3 .5 .2  E ffec t o f  A u  C o n te n t
T h e  e ffe c t o f  go ld  co n te n t w ith  th e  su itab le  Z n 0 -F e 2 0 3  ra tio  o n  

A u /Z n O  a n d  A u /Z n O -F e 2C>3 c a ta ly s ts  a re  s tu d ied  on  the  ac tiv ity  an d  se le c tiv ity  in  
m e th an o l s team  re fo rm in g  reac tio n . T h e  g o ld  c o n te n ts  are v a rie d  w ith  1%  a to m , 3%  
a to m  and  5 %  a tom . T h e  su itab le  g o ld  c o n te n t is c h o se n  fo r th e  n e x t study .

3 .5 .3  E ffec t o f  C a lc in a tio n  T e m p e ra tu re
T he e ffe c t o f  c a lc in a tio n  te m p e ra tu re  w ith  the su itab le  Z n 0 -F e 2 0 3  r a ­

tio  an d  g o ld  co n ten t on  A u /Z n O  an d  A u /Z n O - F e 2 0 3  ca ta ly s ts  a re  s tu d ied  on  th e  a c ­
tiv ity  and  se le c tiv ity  in  m e th an o l s team  re fo rm in g  reac tio n . T h e  c a lc in a tio n  te m p e ra ­
tu re s  o f  3 0 0 , 4 0 0  an d  5 0 0 ° c  are  s tu d ie d  fo r A u /Z n O  c a ta ly s ts  an d  2 0 0 , 3 00  and
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4 0 0 ° c  are  s tu d ie d  fo r  A u /F e 2 0 3 -Z n 0  c a ta ly s ts . T h e  su ita b le  c a lc in a tio n  te m p e ra tu re  
is  c h o se n  fo r th e  n e x t study .

3 .5 .4  E ffe c t o f  C a ta ly s t P re tre a tm e n t
T h e  e ffe c t o f  c a ta ly s t p re tre a tm e n t w ith  th e  su itab le  Z n 0 -F e 2 0 3  ra tio , 

g o ld  c o n te n t an d  c a lc in a tio n  tem p e ra tu re  o n  A u /Z n O  an d  A u /Z n 0 -F e 2 0 3  c a ta ly s ts  is 
s tu d ie d  on  th e  a c tiv ity  an d  se le c tiv ity  in  m e th a n o l s team  re fo rm in g  re a c tio n . แ 2 p re ­
tre a tm e n t at 4 0 0  ๐c  fo r 1 h o u r an d  <ว2 p re tre a tm en t at 2 0 0  ° c  fo r 1 h o u r  a re  s tud ied . 
T h e  su itab le  c a ta ly s t p re tre a tm e n t is ch o sen  fo r  th e  n ex t study .

3 .5 .5  E ffe c t o f  R e a c tio n  T em p e ra tu re
T h e  e ffe c t o f  r e a c tio n  te m p e ra tu re  w ith  th e  su ita b le  Z n 0 -F e 2 0 3  ra tio , 

g o ld  co n ten t, c a lc in a tio n s  te m p e ra tu re  an d  ca ta ly s ts  p re tre a tm e n t o n  A u /Z n O  an d  A u / 
Z n 0 -F e 2 0 3  c a ta ly s ts  is s tu d ie d  o n  th e  a c tiv ity  an d  se le c tiv ity  in  m e th a n o l s team  re ­
fo rm in g  re a c tio n . R e a c tio n  te m p e ra tu re s  a re  v a r ie d  in  th e  ra n g e  o f  2 0 0 -4 5 0 ° c .  T he 
su ita b le  re a c tio n  te m p e ra tu re  is c h o se n  fo r s tu d y  th e  d e a c tiv a tio n  test.

3 .5 .6  E ffe c t o f  D M  an d  W G S  R eac tio n s
T h e  e ffe c t o f  D M  an d  W G S  re a c tio n  w ith  th e  su itab le  Z n O -F e 2 C>3 ra ­

tio , g o ld  c o n te n t, c a lc in a tio n  te m p e ra tu re , an d  c a ta ly s t p re tre a tm e n t o n  A u /Z n O  and  
A u /Z n O -F e 2 0 3  c a ta ly s ts  is s tu d ied . T h e  re a c tio n  te m p e ra tu re  o f  D M  an d  W G S  re a c ­
tio n  a re  v a ried  in  th e  ra n g e  o f  2 5 0 -4 5 0  ° c  an d  th e  m o la r  ra tio  o f  C O  to  H 2 O  is 1:2 fo r 
w a te r  gas sh if t re a c tio n .

3 .5 .7  D e a c tiv a tio n  T est
T h e  d e a c tiv a tio n  te s t o f  th e  c a ta ly s t is s tu d ied  on  m e th a n o l steam  

fo rm in g  fo r 24  h o u rs . T h is  s tu d y  is c o n d u c ted  w ith  th e  o p tim u m  Z n O -F e 2 Û 3 ra tio , 
g o ld  co n ten t, c a lc in a tio n  te m p e ra tu re , c a ta ly s t p re tre a tm e n t an d  reac tio n  tem p e ra tu re .
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T a b le  3.1 S u m m a ry  o f  th e  w o rk  p lan

Studies Catalysts Param eter Run
No.

1. Effect o f Zn0 -Fe2 0 3  molar Au/Fe2C>3-ZnO 9:1 (Zn0:Fe203> 1
ratio 3:1 2

1:1 3
1:3 4
1:9 5

2. Effect o f Au Content Au/ZnO 1 % atom 6
3% atom 7
5% atom 8

Au/Fe20 3 -ZnO 1 % atom 9
3% atom 10
5% atom 11

3. Effect o f calcination tempera- Au/ZnO 300 °c 12-
ture 400 °c 13 -

500 ° c 14
Au/Fe20 3 -Zn0 2 0 0  °c 15

300 ° c 16
400 ° c 17

4. Effect o f catalyst pretreatment Au/ZnO 0 2 pretreatment 18
(200°C)

H2 pretreatment 19
(400 °C)

Au/Fe20 3-Zn0 0 2 pretreatment 20
(200 °C)

H2 pretreatment 21
(400 °C)

5. Effect of reaction temperature Au/ZnO 200-450 ° c 22
Au/Fe20 3 -Zn0 200-450 ๐c 23
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Studies Catalysts P aram eter Run
No.

6. Effect o f  DM and W GS reac- Au/ZnO DM 24
tion W GS 25

A u/Fe20 3-Z n 0 DM 26
W GS 27

7. D eactivation test Au/ZnO 24 hours 28
A u/F e203-ZnO 24 hours 29

3 .6  C a lc u la t io n s

T h e  m e th a n o l c o n v e rs io n , h y d ro g e n  y ie ld , h y d ro g e n  se lec tiv ity , ca rb o n  
m o n o x id e  se le c tiv ity  an d  ca rb o n  d io x id e  se lec tiv ity  are  c a lc u la te d  b y  E q u a tio n s  3 .4  - 
3 8

x . £ 2 ± ^ ± H L . m  %  (3 .4 )

w h e re
X  =  m e th an o l co n v e rs io n  (% )
M e O H 0n) =  m o le  o f  m e th a n o l in le t

YH1 =  X * s „ 2 (3 .5 )

w h ere

5  H '
H  2 +  C H a + C O  +  C 0 2

ร 0 , . ------------ -------------------------H  2 +  C H 4 +  C O  +  C O  2

ร  C6>2
c° 2 H  2 +  C /7 1 + C O  +  C O ,

•100%

•100%

(3 .6 )

(3 .7 )

•100% (3 .8 )
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w h ere
Y  112 =  H 2 y ie ld  (% )

ร  11 =  h y d ro g e n  se le c tiv ity  (% )

ร'c0 =  ca rb o n  m o n o x id e  se le c tiv ity  (% )

5 c 02 =  c a rb o n  d io x id e  se le c tiv ity  (% )

H 2 =  m o le  o f  h y d ro g e n  in  th e  p ro d u c t stream
C O  =  m o le  o f  c a rb o n  m o n o x id e  in  th e  p ro d u c t s tream  
C O  1 =  m o le  o f  c a rb o n  d io x id e  in  th e  p ro d u c t s tream

C / / 4 =  m o le  o f  c a rb o n  m e th a n e  in  th e  p ro d u c t s tream
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