
CHAPTER III
E X P E R I M E N T A L  S E C T I O N

3 .1  M a t e r ia l s

3 .1 .1  G ases
T h e  g ases  u se d  in  th is  re se a rc h  w ere :

1. H e liu m  (H e  9 9 .9 9 9 % ) w a s  o b ta in e d  fro m  P ra x a ir  (T h a ila n d )  C o ., L T D ., 
w h ic h  w a s  u se d  as d ilu te d  g as , p u rg e d  gas, an d  c a rr ie r  gas in  gas 
c h ro m a to g ra p h y  a n d  e le m e n ta l a n a ly ze r.

2. O x y g e n  (8 %  0 2 in  H e) w a s  o b ta in e d  fro m  P ra x a ir  (T h a ila n d )  C o ., 
L T D ., w h ic h  w as  u se d  as th e  re a c ta n t gas.

3. C a rb o n m o n o x id e  (5 %  C O  in  H e ) w as  o b ta in e d  fro m  P ra x a ir  (T h a ila n d )  
C o ., L T D ., w h ic h  w a s  u se d  as th e  re a c ta n t gas.

4. H y d ro g e n  (U ltra  h ig h  p u r ity )  w a s  o b ta in e d  fro m  P ra x a ir  (T h a ila n d )  C o ., 
L T D ., w h ic h  w as  u se d  as th e  re a c ta n t gas.

3 .1 .2  C h e m ic a ls
T h e  c h e m ic a l re a g e n ts  u se d  fo r c a ta ly s t p re p a ra tio n  w e re  as

fo llo w s:
1. C e ro u s  (I II)  n itra te  h e x a h y d ra te  (> 9 9 % ) w a s  A R  g ra d e  o b ta in e d  fro m  

A ld r ic h  C h e m ic a l C o m p a n y , Inc .
2. Z irc o n y l c h lo rid e  o c ta h y d ra te  (> 9 9 % ) w a s  A R  g ra d e  o b ta in e d  fro m  

F lu k a  C h e m ie  A . G .
3. U re a  (> 9 9 % ) w a s  A R  g rad e  o b ta in e d  fro m  F lu k a  C h e m ie  A . G .
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3 .2  E x p e r im e n t a l  A p p a r a t u s

T h e  e x p e rim e n ta l a p p a ra tu s  u se d  in  th is  re se a rc h  is s c h e m a tic a lly  
sh o w n  in  F ig u re  3 .1 . I t co n s is ts  o f  th re e  p a rts : (i) g as  m ix in g  se c tio n , (ii) 
c a ta ly tic  re a c to r , an d  (iii)  a n a ly tic a l in s tru m e n ta tio n .

3 .2 .1  G as M ix in g  S ec tio n
T h e  re a c ta n t gas m ix tu re  c o n s is te d  o f  C O  an d  0 2 b a la n c e d  in  

o x id iz in g  c o n d itio n , an d  in  th e  re d u c in g  c o n d itio n , H 2 w a s  a d d e d  to  th e  
re a c ta n t g as  m ix tu re . A ll g ases  w e re  p a s se d  th ro u g h  m ic ro n  lin e  f il te rs  to  
re m o v e  p a r tic le s  an d  c h e c k  v a lv e s  to  p re v e n t re v e rse  flo w . T h e  in d iv id u a l 
s tre a m  flo w  ra te  w a s  c o n tro lle d  b y  S ie rra  in s tru m e n ts  m o d e l 840  m a ss  flo w  
c o n tro lle r  to  a c h ie v e  th e  d e s ire d  c o m p o s itio n . T h e  m ix e d  s tre a m  w a s  a d ju s te d  
to  d e s ire d  d ire c tio n  b y  th re e  w a y  v a lv es , an d  d e liv e re d  to  th e  reac to r.

3 .2 .2  C a ta ly tic  R e a c to r
T h e  C O  o x id a tio n  re a c tio n  w as  c a rrie d  o u t in  an  4 m m  in s id e  

d ia m e te r  P y re x  g la ss  U -tu b e  m ic ro re a c to r  a t a tm o sp h e ric  p re ssu re . T h e  
c a ta ly s t w a s  p a c k e d  b e tw e e n  g lass  w o o l p lu g s  in  th e  m id d le  o f  th e  re a c to r . 
T h e  re a c to r  w as  e le c tr ic a lly  h ea te d . T h e  te m p e ra tu re  o f  c a ta ly s t b e d  w a s  
m o n ito re d  an d  c o n tro lle d  b y  a  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 .3  A n a ly tic a l In s ru m e n ta tio n
T h e  e ff lu e n t g as  fro m  th e  re a c to r  w as  b o th  q u a lita tiv e ly  an d  

q u a n tita tiv e ly  a n a ly z e d  b y  a u to sa m p lin g  w ith  a  H e w le tt  P a c k a rd  5 8 9 0  se rie s  II 
g as c h ro m a to g ra p h  e q u ip p e d  w ith  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 tiliz e d  in  th e  c h ro m a to g ra p h  w a s  C a rb o sp h e re , 8 0 /1 0 0  m esh , 10 ft X 
1/8 in c h  s ta in le ss  s te e l p a c k e d  c o lu m n . T h e  h e liu m  c a rrie r  flo w  ra te  w a s



1 9

3 3 .7 5  m l/m in  in  th e  o x id iz in g  c o n d itio n  and  13.75 m l/m in  in  th e  re d u c in g  
c o n d itio n . T h e  te m p e ra tu re  o f  o v en , in je c to r an d  d e te c to r  w e re  m a in ta in e d  at 
7 0 , 110 a n d  1 7 5 ° c , re sp e c tiv e ly . T h e  o u tp u t o f  c h ro m a to g ra p h  w a s  re c o rd e d  
b y  a  H e w le t t  P a c k a rd  336 5  se rie s  II C h e m sta tio n .

T h e  o b se rv e d  p e a k s  w e re  id e n tif ie d  b y  c o m p a riso n  w ith  
re te n t io n  tim e s  o f  s ta n d a rd  g ases . T h e  c o m p o s itio n  o f  th e  e f f lu e n t g as  w a s  
Q u a n tita t iv e ly  d e te rm in e d  b y  c o m p a riso n  o f  p e a k  a re a  w ith  c a lib ra tio n  c u rv e  
o b ta in e d  fro m  k n o w  c o m p o s itio n  gases.
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T he catalyst w as prepared  by sol-gel m ethod. T he so lu tions used  for 
th is experim ent w ere  salts o f  zirconium , cerium  and urea, and w ere  p repared  
by  d isso lu tion  in d istilled  w ater. T able 3.1 show s the concen trations o f  these  
th ree  so lu tions prepared.

3 .3  C a t a ly s t  P r e p a r a t io n  P r o c e d u r e

T a b le  3 .1  M olecu lar w eigh t and concen tration  o f  the com ponents
Salt M olecu lar W eight M olar C oncen tration

(g/g m ole)
C O (N H 2) 2 (U rea) 60.06 0.4

Z r0 C l2 .8H 20 322.25 0 .1

C e (N 0 3)3 .6H 20 434.23 0 .1

T he sam ples w ere m ade by m ixing together the zircon ia , ceria  and 
u rea  so lu tions. F or exam ple, C e0.50Z r0.50O 2 m ixed oxide catalyst w as p repared  
by m ixing  equal volum e o f  each so lu tion  o f  ceria, z ircon ia  and u rea  together. 
U rea  w as req u ired  for the reaction  to  take p lace because during the reaction  
the  z ircon ia  and ceria  react w ith  one another and produce H + ions, the u rea 
m eanw hile  decom poses during the reaction  and produces O H ' ions w hich  reac t 
w ith  the H + ions to form  w ater, H 20 .  It w as im portant that the am ount o f  u rea  
w as alw ays one th ird  o f  the to tal volum e o f  the sam ple and that it w as the last 
so lu tion  to  be added  to the sam ple, since it w as the hydro lysis catalyst.

A fte r the so lu tions had been prepared , they w ere accurately  m easured  
in to  the G lass Schott B ottles, using  a p ipette  to  ensure the vo lum e w ere  
accurate.

T he nex t step, the so lu tions had been m easured  into the G lass Schott 
bo ttles; the bottles w ere sealed  and then pu t in the oven at 1 0 0 °c . A fter the 
desired  reaction  tim e w as passed, the sam ple w as taken  outside the oven, and
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allow ed to  cool dow n before the lid w as rem oved because i f  the lid w ere 
rem oved im m ediately , the sam ple w ould  boil as it w as in the oven at a h igh  
tem perature.

The sam ple w as then  pu t into the centrifuge tubes, w hich  w ere  then 
centrifuged  at 1600 rpm  for 10 m inutes. The liquid w as poured  ou t and the 
tubes w ere  filled w ith  distilled  w ater up to  the 10 m l m ark. T his step  w as to  
w ash  the solids. T he sam ples w ere then centrifuged again for 10 m inutes, and 
then  the liquid  w as poured  out. A  second w ashing w as repeated  as the sam e 
procedure. A fter the second w ashing  w ith  the distilled w ater, the sam ple  w as 
w ashed  in the sam e w ay w ith  ethanol and then centrifuged. T he sam ple w as 
w ashed  w ith  the distilled  w ater to  rem ove ions from  the sam ple, and  the 
ethanol w as used  to p reven t the hydroxides from  form ing agglom erates after 
the sam ple had  dried.

A fter w ash ing  and centrifug ing  had been com pleted, the sam ples w ere  
then pu t in the oven at 1 10 °c , for at least 12 hours overnight to  let it dried. 
T he sam ples w ere then pu t into the v ials and kept in the dessicato r until th ey  
w ere  ready  to  be analyzed.

Several param eters w ere  varied  during the progression  th rou gh  th is 
experim ent; the param eters, w hich  w ere  chose to  be changed, w ere  the m olar 
ratios o f  z ircon ium  and cerium  and the reaction  tim es o f  the sam ples in the 
oven.

3.3.1 M olar R atios
T o investigate the optim um  yield, the m olar ratios w ere  varied  

several tim es to  determ ine w hich  ratio  o f  z irconium  to  cerium  resu lted  in  the 
m axim um  y ield  o f  product. The fo llow ing  m olar ratios w ere  used  to  
investigate this variable:
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M olar R atios o f  Ce : Z r -100 :0
75:25
50:50
25:75

0:100
T he to tal m olar concen tration  o f  the so lu tions w ere  equal to  0.1

m olar.
3 .3 .2  A g ing  T im es

T he sam ples w ere  pu t in itially  aged in the oven for 50 hours. 
H ow ever, after several results had been collected  for these conditions, the tim e 
w as changed  to  1 2 0  hours.

3 .4  C a t a ly s t  C h a r a c t e r iz a t io n

3.4.1 D eterm ination  o f  B E T  Surface A rea
T he surface areas o f  all catalysts p repared  w ere  m easured  by 

the five-po in t B E T  m ethod  using  a Q uantachrom e C orporation  A u toso rb  I. 
B efore  m easurem ent, a catalyst sam ple w as outgased by  be ing  h eated  und er 
vacuum  to elim inate  vo latile  adsorbents on the su rface (523 K , 4 h). B y 
m easuring  the quantity  o f  gas adsorbed  onto or desorbed  from  a so lid  su rface 
at 5 equ ilib rium  vap o r p ressure  (P /P0) value  (0 .1115, 0 .1615, 0 .2115, 0 .2615 
and 0 .3115) by the static  vo lum etric  m ethod, the da ta  w ere  ob tained  by 
adm itting  or rem ov ing  a know n adsorbate gas, n itrogen, in to  or ou t o f  a 
sam ple cell con ta in ing  the solid  adsorbent m ain ta ined  at a constan t 
tem peratu re  below  critical tem perature  o f  the adsorbate, that is 77 K  for 
nitrogen.

T he adsorp tion  data w ere calculated  using  the B runauer- 
E m m ett-T eller (B E T ) equation.



2 4

1 /  [ พ  ( ( P f P ) - i ) ]  =  1 / [ พ mc ]  + [ ( C ~ i ) / ( w mc ) ]  * ( P /P 0)  (3.1)

w here  พ  =  w eight o f  gas adsorbed at relative p ressure  P 0;
Wm =  w eight o f  adsorbate constitu ting  a m ono layer o f  surface

coverage;
c  =  constan t that is related  to  the energy o f  adsorp tion  in

the first adsorbed layer and m agnitude o f  
adsorbate/adsorbent in teraction.

T he surface area  can be obtained from  the fo llow ing equation .

S u r fa c e  a r e a  o f  s a m p le  =  พ'mA „itrogen( 6 .0 2 * 1 0 2 3 ) /M w1 nitrogen (3.2)

w here  A nitrogen =  C ross-sectional area o f  one m olecule n itrogen
=  0.162 nm 2 (at 77K );

M w1 n itr o g en  = m olecu lar w eight o f  n itrogen  (28).

3 .4 .2  D eterm ination  o f  C atalyst S tructure
A  R igagu  X -ray d iffractom eter (X R D ) system  equ ipped  w ith  a 

R IN T  2000 w ide angle goniom eter and a Cu tube for genera ting  a C uK  a  1 
rad ia tion  (A, =  1.54 Â ) w as used to  obtain the X -ray d iffrac tion  pa tterns at a 
genera to r vo ltage  o f  40 k v  and a generator curren t o f  30 m A . N ickel filter 
w as used  as th e  Kp filter. The goniom eter param eters w ere  d ivergence  slit =  
1°(20); sca tte ring  slit =  1°(29); and receiv ing  slit =  0.3 m m . T he  catalyst 
sam ples w ere  com pared  on a glass slide, firm ly p ressed  by ano th er glass slide. 
A  scan speed  o f  5°(20)/m in  w ith  a scan step o f  O.O2°(20) w as used  during  a 
continuous run  in the 5 to  9O°(20) range.
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T h e  S ch e rre r e q u a tio n , w h ic h  re la te s  th e  m e a n  c ry s ta llite
d ia m e te r  a n d  th e  b ro a d e n in g  o f  th e  X -ra y  d if fra c tio n  lin e d  p e r  th e  e x p re ss io n ,
c a n  b e  w rit te n  as,

db = K A  /  B d c o s  G (3.3)

w here  A  

K  

B d

0
db

= w ave length o f  the m onochrom atic X -ray  d iffrac tion
(A);

=  Scherrer constant w hose va lue  depends on  the shape 
o f  the partic le  (assum e equal to  1 );

=  angular w id th  o f  the peak in th e  term s o f  A(2 0 )
(radian);

=  g lancing angle (degree);
=  m ean crystallite diam eter (Â).

3.4.3 D eterm ination  o f  D esorption  P roperty  o f  C atalysts
A  M icrom eritics T P D /T P R  2900 w as em ployed  as an analyzer 

for tem pera tu re  p rogram m ed reduction  (TPR). T he tem peratu res o f  th erm al 
condu ctiv ity  detector (TC D ), valve and loop w ere m ain ta ined  at 100 °c , 100 °c  
and 2 5 °c , respectively . 5 % hydrogen w as selected  as a carrie r gas w ith  a 
flow  rate o f  50 m l/m in. T he detector current w as set at 55 m A . T he furnace 
con tro ller w as se t to  increase the furnace tem perature  up to  9 0 0 °c  at the linear 
ram p rate  o f  10°c/m in . A s the tem perature  increases, a surface species beg ins 
to  be red uced  and the signal from  the therm al conductiv ity  de tec to r is 
d isp layed  as a function  o f  tem perature.

3.4 .4 D eterm ination  o f  Functional G roups o f  C atalysts 
F T -R am an spectra w ere perform ed on a P erkin  E lm er 2000 FT-

R am an instrum ent, w hich  64 scans at a resolution  o f  4 cm "1 w ere  taken , w ith
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diode pum p ed  Y A G  laser and a room  tem perature super InG aA s detector. The 
laser pow er w as about 460 m W . A  frequency o f  4000-100 cm ' 1 w as observed.

3.4.5 E xam ination  o f  C atalyst M orphology
Scanning electron m icrographs (SEM ) w ere  taken  on the JE O L  

5200, m agnification : 35-200,000) scanning electron m icroscope. T he  SEM  
prov ides un ique in form ation about the surfaces o f  m aterials, w h ich  are the 
catalysts for the presen t research. A ll o f  the catalysts, w h ich  had  to  be 
characterized  by SEM , w ere heated  at about 100°c for one hou r to  rem oved 
m oisture  and stored  in dessicator before m icroscopic exam inations. T he pure 
C e 0 2, Z r 0 2 and the C e 0 2-Z r0 2 m ixed oxide catalysts, w h ich  w ere  calcined  at 
500 and 9 0 0 °c  and aged at 50 and 120 hours w ere exam ined. T he catalysts 
w ere  stick  on the stubs and coated w ith gold by ion sputtering  device  (JFC - 
1100E) fo r 4 m inutes to  preven t specim en charging. The exam inations w ere 
taken  th rough  th is m icroscope w ith  m agnification  range from  750 to  2 ,000.

3 .5  R e a c t io n  E x p e r im e n t

C O  oxidation  experim ent w as carried out at atm ospheric  p ressu re  in 
the fixed bed  reacto r as described previously . 1 0 0  m g o f  catalyst w as used  in 
th is study. T he reactan t gas m ixture consisted  o f  1 %  C O  and 1 %  0 2 

balanced  in helium  in the oxidation condition, and 1 % C O , 1 % 0 2 and  40 % 
H 2 ba lanced  in helium  in the reducing  condition. The to tal flow  rate  w as 50 
m l/m in.

T he C e i^  Zrx 0 2 m ixed oxide catalysts (x =  0, 0.25, 0.50, 0 .75 , 1.0) 
w ere  screened  by continuously  increasing the tem perature  from  200 to  4 0 0 °c  
at a rate  o f  l° c /m in . T he catalytic  activities w ere m easured as a function  o f  
tem perature . The tem perature  corresponding  to  50 % conversion  o f  CO  (T 50) 
or light o f f  tem perature  w as use as the index to determ ine the cataly tic
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activ ity . T he low er T 50 show ed relatively  h igher cataly tic  activ ity  o f  the 
C q \.xZ xx0 2 m ixed  oxide catalysts (T an ielyan and A ugustine, 1992).
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