
CHAPTER IV
RESULTS AND DISCUSSION

N u m erous researchers su ggested  that the A u  catalyst cou ld  b e  in flu en ced  by  
m an y im portant param eters that in clud e catalyst syn th esis con d ition , reactor 
operating con d ition , and storage condition , as exp lained  in  Chapter 3 . T h is research  
w ork  tries to  d evelop  the P R O X  o f  CO reaction u sin g  the A u/T iC >2 catalyst b y  
im p rovin g  th ese  con d ition s for the best e ffic ien cy  o f  the catalyst. In th is chapter, the  
overall resu lts o f  the research are show n and d iscu ssed  into three m ain  parts. T he  
first section  sh o w s the optim um  con d ition  to  syn thesize  the A u/T iC b catalyst w ith  
various p ercentages o f  m etal load ing, calcination  tem perature, and storage condition . 
T h is part can  su gg est the m ost suitable environm ent for w h ich  to  store the catalyst 
w ith  the least catalytic deactivation  from  the light. T hen, the A u /T i0 2 catalysts w ere  
tested  the catalytic  activ ity  for the P R O X  reaction w ith  the s in g le-stag e  reactor 
p rocessin g . For the secon d  part, an optim um  prepared A u /T i0 2  catalyst from  the first 
part w as applied  into the double-stage reactor in order to id en tify  the optim um  
operating con d ition  for the A u /T i0 2  catalyst in  the d ou b le-stage reactor p rocessin g  
w ith  various 0 2, w e ig h t sp lit ratios, and stage tem peratures. T he final section  
in v o lv es  the A u /T i0 2  catalyst activ ity  for the operation w ith  the real com p o sition  
reform ate gas.

4.1 Single-Stage Reactor

4.1.1 E ffect o f  C atalyst Preparation C ondition  on  the P erform ance o f  the  
C atalyst

T he first consideration  in  the d evelop m en t o f  the P R O X  o f  CO  
reaction  in  th is research is  the im provem ent o f  the catalyst preparation con d ition s. 
N e x t, the optim um  m etal load in g and calcination  tem perature o f  the A u /T i0 2  catalyst 
prepared by d eposition-precip itation  w as studied for th is project. T h e catalysts w ith  
different m etal load in gs and calcination  tem peratures w ere  tested  w ith  the sim ulated  
reform ate gas in  the s in g le -stag e  reactor p rocessin g . T h ey  w ere tested  the catalytic  
activ ity  in  a fixed -b ed  reactor u sin g 100 m g  o f  catalyst at 8 0 -1 2 0  m esh  in  s ize . T he
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reactance gas contained  1% C 0, 1%C>2, 40%  แ 2 w ith  the b alan ce b ein g  H e at a total 
f lo w  rate o f  50  m l/m in  under atm ospheric pressure.

It is  w orth noting that the first catalyst preparation is  the finding  
appropriate percentage A u  load ing on  the TiC>2 support. In itia lly , the percentage o f  
m etal load in g  w a s varied  at 1, 1.5, and 2%  o f  A u /T i0 2  (ca lc in ed  at 2 0 0°C ). Figure 
4 .1 a  sh o w s the relationship  b etw een  CO  con version , P R O X  se lectiv ity , and O2 

con su m p tion  versu s reaction  tem perature. It can b e  found that 1 and 1.5% wt o f  A u  
calcined  at 2 0 0 ° c  ga ve  100%  C O  con version  at room  tem perature (3 0 °C ). In 
addition, 2% w t provid ed  100%  C O  con version  at 50°C ; therefore, all o f  sam p les  
com p lete ly  rem ove the CO  contents from  the reactant gas at lo w  operating  
tem perature. A s  a result, the increasing o f  A u  load in g  cou ld  rem ove CO  
concentration  w ith  100%  at a h igher operating tem perature, w h ich  is  in  agreem ent 
w ith  the w ork d on e b y  W ang e t a l. (20 0 8 ). T h ey  tested  the activ ity  o f  A u  over  
m anganese(II) perform ance for the P R O X  reaction 'w ith  increasing the percent A u  
load ing from  1 to  5.5% . T hey p rop osed  that com p lete  ox id ation  o f  C O  cou ld  be 
attained at room  tem perature over 1% A u /a -M n 2 0 3 , the activ ity  o f  w h ich  is  notably  
higher than that o f  5.5%  m etal loading.

For the P R O X  se lec tiv ity  term , the 2% wt A u  provid ed  the h ig h est  
se lec tiv ity  and the lo w est O2 con su m p tion  over the tested  tem perature range. T he 1 
and 1.5% w t o f  A u  sam p les provid ed  a sligh t d ifferen ce b etw een  the P R O X  
se lec tiv ity  and the O 2 consum ption .

Furtherm ore, the pretreatm ent con d ition  is  an im portant param eter, 
w h ich  is  w orth con siderin g  for th is research w ok . T he l% w t A u  catalyst w as  
prepared at d ifferent pretreatm ent con d ition s, w h ich  are u n calcin ed , ca lc in ed  at 2 0 0 , 
and 3 0 0 ° c .  The cata lysts w ere tested  for the catalytic  activ ity  in  the s in g le-stag e  
reactor. T he cata lytic  perform ance sh ow n  in  F igure 4 .1 b  reveals that th e CO  
con version s w ere in  the order o f  2 0 0 ° c  >  u n calcin ed  >  3 0 0 ° c  at 3 0 ° c  operating  
tem perature. A t h ig h  operating tem perature ( 8 0 - 1 2 0 °C ), the l% w t A u  u n calcin ed  
catalyst exh ib ited  the lo w est CO  conversion .

For the P R O X  se lec tiv ity  term , the 1% w t cata lyst ca lc in ed  at 3 0 0 ° c  
catalyst ga ve  a h igher se lec tiv ity  percentage than the l% w t A u  catalyst u n calcin ed  
and ca lc in ed  at 2 0 0 ° c  at the operating tem perature range o f  30  to 8 0 ° c .  For the
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higher operating tem perature, the P R O X  se lec tiv ity  o f  th e all sam p les are sligh tly  
different.

30 40 50 60 70 80 90 100 110 120
Tem perature (°C )

Figure 4.1a E ffec t o f  m etal load in g  on  the activ ity  o f  A u /T i0 2  catalyst.
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Figure 4.1b E ffect o f  calcination  tem perature on  the activ ity  o f  A u /T i0 2  catalyst.
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Then the actual am ounts o f  A u  load ing in  all prepared cata lysts w ere  
determ ined  b y  A A S . T able 4.1 sum m arizes the exp ected  and the actual v a lu es o f  A u  
contents in  all catalysts, w h ich  w ere prepared by the D P  m ethod . The m easured  
p ercen tage o f  A u  load in g  in the prepared catalysts w as m uch lo w er  than the exp ected  
va lu es. The d isappearance o f  A u  m igh t be attributed to the error during sam p le and 
standard so lu tion s preparation w h ich  it is a d isadvantage for A A S  characterization. 
The h igh est actual m etal loading o f  2% wt A u  o f  A u/TiC b catalyst ca lc in ed  at 200°c 
sam p le w as about 0.82% . T his result corresponds w ith  the U V -v is ib le  spectrum  
resu lts sh ow n  in  F igure 4 .2 .

Table 4.1 C haracterization results o f  A u /T i0 2  catalyst w ith  d ifferent m etal load in gs  
and ca lcin ation  con d ition s

M etal
load ing

(%)

C alcination
Tem perature

(°C )

A ctual m etal 
load in g  (% )a

D au
(nm )b

A n a ta se (lO l)
(n m )c

X co
(% )“

1 2 0 0 0.61 3 .07 19 .10 100
1.5 2 0 0 0 .77 - 19 .47 100
2 2 0 0 0 .82 3 .96 19 .05 80
1 U n ca lcin ed - - 17 .56 91
1 3 0 0 - 3 .80 19 .75 47

a A c t u a l  p e r c e n t a g e  m e t a l  l o a d i n g  m e a s u r e d  b y  A A S  
b A u  p a r t i c l e  s i z e  m e a s u r e d  f r o m  T E M  i m a g e s
c T i 0 2 ( P 2 5 )  a n a t a s e  ( 1 0 1 )  c r y s t a l  s i z e  m e a s u r e d  b y  X R D  ( S c h e r r e r ’s  e q u a t io n )  
d C O  c o n v e r s i o n  a t  30°c o p e r a t e d  in  a  s i n g l e - s t a g e  r e a c t o r  w i t h  t h e  s i m u l a t e d  r e f o r m a t e  g a s
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Wavelength (ทท'!)

Figure 4 .2  u v -v is ib le  spectra o f  T iÛ 2 (P 2 5), 1, 1.5, and 2% w t o f  A u  load in gs  
calcin ed  at 200°c.

W a v e  le n g t h  ( n m )

Figure 4.3 u v -v is ib le  spectra o f  TiCh (P 2 5 ) and A u /T i0 2  ca lc in ed  at d ifferent 
tem peratures.
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Figures 4 .2  and 4 .3  d isp lay the U V -v is ib le  spectra o f  A u /T i0 2  
catalysts w ith  different percentages o f  m etal load in g , and ca lc in ation  tem peratures. 
The spectra o f  the sam p les sh ow  the adsorption o f  TiC>2 b e lo w  4 0 0  nm . T he spectra  
also  exhibit another band over 550  nm . T his band is  the representative o f  the go ld  
A u° nanoparticle quantity (L ee e t a l ,  20 0 7 ). A pparently from  Figure 4 .2 , the  
in tensity at the band over 55 0  nm  increased w ith  the in creasin g o f  m etal load in g . The  
A A S  results relate to the U V -v is ib le  spectrum  resu lts that 2% w t A u  load in g  h as the  
h ighest total m etal load ing w ith  a m axim u m  quantity o f  A u° p resen ce on  the surface  
o f  the catalyst fo llo w in g  by the 1.5 and l% w t A u  catalysts.

From  Figure 4 .3 , the ca lcin ation  tem perature param eter w a s  studied  
b y increasing the calcination  tem perature and an eva lu ation  o f  the am ount o f  A u° 
u sin g the U V -v is ib le  spectrophotom eter. The result sh ow s that the in crease o f  
calcination  tem perature increased the A u° quantity o f  the catalyst. A s  sh ow n  in  the  
U V -v is ib le  spectra, it can b e seen  that the sam ple ca lc in ed  at 3 0 0 ° c  has the h igh est  
in tensity at around 55 0  nm  fo llo w in g  by the l% w t ca lc in ed  at 2 0 0 ° c  and the  
uncalcined  sam ples. F rom  the result, the in creasin g m etal load in g , and the 
calcination  tem perature lead to the increasing o f  content o f  A u ° present in  the  
catalyst.

Subsequently, the reduction  properties o f  the cata lysts w ere studied  
b y TPR  technique, as sh ow n  in F igures 4 .4  and 4 .5 .
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Figure 4 .4  TPR  p rofiles o f  the A u /T i0 2  catalysts w ith  d ifferent A u  load in gs.

Figure 4.5 TPR  p rofiles o f  the A u /T i0 2  catalysts w ith  d ifferent ca lcin ation  
tem peratures.
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Figure 4 .4  sh ow s the T PR  results o f  the 1 %, 1.5% , and 2% w t A u  catalyst. 
T he 2%  w t A u  catalyst has the h ighest in tensity , fo llo w ed  b y  the 1,5% w t and 1%  w t 
A u  catalyst, so  the 2% w t A u  catalyst has the m ost concentration  o f  A u  ion s in  the 
catalyst. M oreover, the catalyst w ith  1% w t A u  load ings sh o w s a reduction  peak at 
around 7 4 ° c ,  w h ereas w ith  the h igher m etal load ing w ith  1.5%  and 2% w t sh ow  the 
peak at 7 9 ° c  and 1 0 8 ° c , resp ectively . The d ifferent reduction  tem perature o f  the A u  
in  each  sam ple can  id en tify  the d ifficu lty  o f  th e catalyst to  b e active  for any reaction  
T he lo w  tem perature o f  the reducib ility  respond for the catalytic activ ity  at lo w  
tem perature (S cire  e t al. 2 0 0 8 ). A ccord in g to  the catalytic activ ity  in  F igure 4 .1a , w e  
can see  that the 2% w t A u  prefers to  be active at a h igh  operating tem perature, but the 
l% w t A u  cata lyst prefer to be active at a lo w er  one. T h is is  b ecau se  the l% w t A u  
catalyst has the lo w est  reduction  tem perature com paring to  the 2% w t sam ple.

The d ifferent calcination  sam ples w ere tested  for red u cib ility  properties w ith  
the T P R , as sh o w n  in F igure 4 .5 . A ll catalysts provided  sim ilar in ten sity  o f  the 
h yd rogen  consum ption , but th ey  have d ifferent reduction tem peratures. T he 1% w t 
A u  calc in ed  at 2 0 0 ° c  has the lo w est reduction tem perature at approxim ately 7 4 ° c ,  
and g a v e  100%  C O  con version  at 3 0 ° c .  A  peak  o f  u n calcin ed  cata lyst sh o w s at 
8 1 ๐c ,  w h ich  it is  sligh tly  h igher than the peak o f  the A u  catalyst ca lc in ed  at 2 0 0 ° c .  
T his is  because the A u  u n calcin ed  sam ple con sisted  o f  so m e contam inants during the  
preparation step, w h ich  w as not reduced or calcin ed . A d d ition a lly , the uncalcined  
sam p le provided a m axim um  CO  con version  o f  about 98%  at 5 0 ° c  operating  
tem perature, w h ich  is a lm ost the sam e catalytic activ ity as the A u  catalyst ca lc in ed  at 
2 0 0 ° c  for the operating tem perature at 5 0 ° c .  H ow ever, T P R  result cannot clearly  
in d en tify  the d ifferen ce o f  A u  ion s preset in  the catalysts u n calcin ed  and ca lc in ed  at 
2 0 0 ° c .  The A u /T i0 2  catalyst calcined  at 3 0 0 ° c  has h igher h yd rogen  consum ption  
than th e other sam p les. T he calcination  can increase the concentration  o f  A u  ion s in  
the catalyst b ecau se  it can  generate redistribution on g o ld  b y  the ca lc in ation  (H ua et 
al., 2 0 0 4 ). A s  can  be ob served  from  the u v - v i s ib le  result o f  the calcination  
param eter in  F igure 4.3 that th e concentration  o f  A u° increased; therefore, the result 
o f  the U Y -v is ib le  can  support the T P R  result.

A ctu ally , the in creases o f  the m etal load in g and the ca lcin ation  tem perature 
can change the particle s iz e  o f  the A u  (Lin and W an, 2 0 0 3 ). A s exp la in ed  in  chapter
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3, the catalyst with very small gold particle size (<5nm) exhibits impressively 
catalytic activity at a low operating temperature. Optimum activity is seen with the 
Au particles at about 5 nm, with a target range of 3 io 8 nm (Hvolback e t  a l ,  2007), 
(Grisel and Nieuwenhuysl, 2001). Then, the 1 and 2% wt Au calcined at 200°c 
samples were taken TEM images in order to measure the particle size of the 
catalysts, as shown in Figure 4.6.
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Figure 4.6 TEM images and particle size distribution of Au/Ti02, (a) 1% wt Au 
calcined at 200 °c , (b) 2% wt Au calcined at 200 °c , and (c) l%wt Au calcined at 
300°c .
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From TEM images in Figure 4.6, we can identify the effect of the 
increasing percentage of metal loading on the particle size of Au. The average Au 
particle size of the 1% wt Au catalyst calcined at 200 °c  is equal to 3.07 nm, as 
shown in Table 4.1. Then, the average Au particle size growth was increased to 3.96 
nm, when the metal loading was increased to 2% wt. Moreover, the particle size 
distribution of the two samples was compared in Figure 4.6. The trend of particle 
size distribution also shows that the Au particles grew with the increasing percentage 
metal loading from 1 to 2%wt. As a consequence, the 1 and 1.5%wt Au catalysts 
provided better performance at a lower operating temperature than the 2%wt Au 
catalyst. This is because the Au catalyst with big particle size preferred to be active 
at high operating temperatures as reported by Boccuzzi e t  a l . , (2001) who proposed 
that the large particle size of Au catalyst has a better performance at a higher 
operating temperature than the smaller particle size.

The TEM images of Au/TiCh calcined at 200 and 300 °c  are also 
shown in Figure 4.6. It can be suggested that the average Au particles size and 
particle size distribution of the Au/TiCb calcined at 300 °c  (3.8 nm) are larger than 
those calcined at 2 0 0 °c  (3.07 nm) catalysts, as shown in Table 4.1. It can clearly be 
seen that the Au/TiC>2 catalyst calcined at high operating temperatures can increase 
the Au particle size due to the agglomerate of the Au. Then, the Au/Ti(>2 calcined at 
300 °c  catalyst prefers to be active at a high operating temperature.

However, the increasing of metal loading and calcination temperature 
did have a strong influence on the support TiC>2 (P25), as seen in XRD results. 
Figures 4.7 and 4.8 depict the XRD patterns of the Au/TiOl with different metal 
loadings and calcination temperatures. The diffraction peaks are attributed to anatase 
and rutile phases of TiC>2 (P25) crystal. The peaks of gold are expected at 2 6  =  38.2°, 
44.4°, and 64.4°, but no obvious gold peak was found in the samples (Grunwaldt e t  
a l ,  1999). The gold particles sizes in the prepared catalysts are too small to be 
detected by XRD. It was observed that the increasing of metal loading parameter has 
no effect to the crystallites of the TiCfy Actually, the catalyst was calcined at only 
about 200 °c , which is too low temperature to change the pattern of the TiC>2 (P25) 
and the T1O2 anaste phase is typically transformed into rutile phase at very high 
temperature approximately 800°c  (Mazaheri e t  a l . , 2008).
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T herefore, it can be seen  from  Figure 4 .8 , that the d ifferen ce in the  
crystallity  o f  the A u /T i0 2  catalyst w h en  it w as ca lcin ed  at h igh  tem perature is not 
n oticeable. F igure 4 .8  sh ow s the X R D  pattern o f  the TiC>2 (P 2 5), that as o f  m etal 
load ing . The peak  o f  A u  cou ld  not be found from  the X R D  result b ecau se th e particle  
s ize  o f  A u  present in  the catalyst w a s sm aller than 5 nm  (as sh ow n  in T able 4 .1). In 
addition, the increasing calcination  tem perature up to the m axim um  o f  3 0 0 ° c  in air 
did not change the phase o f  the TiC>2 (P25).

F ig u r e  4 .7  X R D  patterns o f  Au/TiC >2 w ith  different m etal loadings: A n atase  (* ) and 
R u tile  (•).
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2 T h e t a  ( d e g .)

F ig u re  4 .8  X R D  patterns o f  Au/TiC >2 w ith  different calcination  tem peratures:
A natase (* )  and R utile (•).

4 .1 .2  S in g le-S tage  w ith  the P R O X  R eaction
From  our fo cu s o f  รณdy o f  the preparation con d ition s o f  the catalysts, 

it w as noted  that the A u/TiC >2 catalyst, w ith  1% m etal load ing and ca lc in ed  at 2 0 0 ° c ,  
is  the m ost e ffic ien t and optim um  cata lyst for the P R O X  o f  CO  at lo w  operating  
tem peratures. T hen, the 1% A u /T i0 2 (P 2 5) ca lcin ed  at 2 0 0 ° c ,  w a s prim arily รณd ied  
to com pare the perform ance o f  the s in g le-stag e  and d ou b le-stage reactors for the  
P R O X  o f  CO  reaction. B eg in n in g  w ith  the s in g le-stag e  reactor, the activ ity  o f  the  
A u /T i0 2  catalyst w as tested  in  the tem perature range o f  30  and 1 2 0 ° c ,  as sh ow n  in  
Figure 4 .9 . The A u /T i0 2  catalyst com p lete ly  rem oved  CO  w ith  a m axim u m  P R O X  
se lec tiv ity  o f  approxim ately 54%  v ia  the ox id ation  reaction  at 3 0 ° c .  W hen the  
reaction tem perature w a s increased  to  1 2 0 ° c , the C O  con v ersion  and P R O X  
se lec tiv ity  w ere reduced to about 53 and 24% , resp ective ly . In addition, w h en  o n ly  
T i0 2  support w ith out A u  w a s tested w ith  the P R O X  o f  C O  reaction  in  the s in g le -  
stage at the sam e range o f  reaction tem perature, it d id  not sh o w  any activ ity.
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Therefore, this result can confirm that Au is the active site of the Au/TiCT catalyst
for the PROX of CO reaction.

F ig u r e  4 .9  A ctiv ity  o f  lw t%  A u /T i0 2  and T iÛ 2 (P 2 5) support ca lc in ed  at 2 0 0 ° c  in 
a sin g le-stag e  reactor. S o lid  line C O  con version  (•), P R O X  se lec tiv ity  (♦ ), and O 2 

con version  (0): D otted  lin e  CO  (□ ) o f  T iÜ 2 (P 25).

4 .1 .3  E ffect o f  CO? and H?Q C oncentrations
Firstly, the l% w t A u /T i0 2  w a s tested  for perform ance w ith  the  

sim ulated  reform ate gas com p osition  (1 % C 0 , 1% 02, 40%  แ 2 and balanced  w ith  H e), 
as sh ow n  in section  (a) o f  Figure 4 .10 . T he catalyst produced  very  im p ressive  
activ ity . H ow ever, w h en  10% or 10 0 ,0 0 0  ppm  o f  H 2O w as added into the reactant 
gas, H 2O had a s ligh tly  low er e ffec t on the activ ity  o f  the catalyst. A s  sh ow n  in  
Figure 4 .1 0  section  (b), the CO  con version  dropped to ap p roxim ately  82% , but the 
P R O X  selec tiv ity  increased  sligh tly  to about 55% . T his m ay be due to the fact that 
the H 2O b locked  the e x c e ss  to the active site o f  C O  and O 2 . T h ese  resu lts are in  
agreem ent w ith  the fin d in gs o f  D até and Haruta (2 0 0 1 ). T h ey  fou n d  that the m oisture  
m ultip lied  the catalyst activ ity  10 tim es up to 2 0 0  ppm  H 2O. T he role o f  w ater is to 
supply hydroxyl group o n  the surface o f  the catalyst, w h ich  can  support O 2 for the
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P R O X  reaction. T h is action did not change the m ech an ism  o f  the reaction; h ow ever, 
w h en  the concentration o f  H 2O w as increased to  over 6 0 0 0  ppm , the activ ity  w as  
depressed  due to the b lock in g  o f  the active sites. For this research, the m assive  
concentration  o f  H 2O w ith  the reactant gas had n egative  e ffec ts  on  the activ ity  o f  the 
catalyst for the reaction.

W hen, 10% or 100 ,000  ppm  o f  C O 2 w as added into the reactant 
m ixture in  order to investigate the deactivation  o f  the catalyst, it cou ld  reduce the 
e ffic ien cy  o f  the catalyst for the CO oxidation , as sh ow n  in the F igure 4 .1 0  section  
(c). The CO con version  and P R O X  se lec tiv ity  dram atically dropped to around 54  and 
20% , resp ectively . From these results, w h en  com paring the e ffec ts  o f  the addition  o f  
H 2O  and CO 2 in  the reactant gas on  the perform ance o f  the cata lyst for the reaction , it 
w a s noted  that C O 2 has m ore d isadvantages for the catalytic activ ity  than FI2O. T his 
is  because the carbonate sp ecie  b lock ed  the active s ite s  o f  the catalyst. 
Luengnaruem itchai e t al. (2 0 0 4 ) used  A u /C e 0 2  catalyst for th e P R O X  b y increasing  
the CO 2 concentration in the feed  stream  from  2 to 20% . T h ey  found that the CO  
con version  dropped from  92 to 85% . For the se lec tiv ity , it rece iv ed  little  im pact from  
the presence o f  C O 2 in  the reactant gas. S teyn  e t a l. (2 0 0 7 ) studied the activ ity  o f  
A u /T i0 2  as a catalyst in  the presence o f  C O 2 in  the reactance gas m ixture, and found  
that the percentage o f  CO  con version  reduced to around 8 %.

F inally , 10% o f  C O 2 and 10% o f  H 2O w ere added to  the reactant in 
order to study the e ffects  o f  the com bination  o f  the both com p on en t p resen ces on  the  
activ ity  o f  A u /T i0 2 . From  Figure 4 .1 0  (d), the resu lts sh ow ed  that the ab ility  for  
rem ovin g  CO  concentration rose to  approxim ately 70% . T he C O 2 interm ediate can  
be d ecom p osed  b y  H 2O (D até e t al., 2 0 0 4 ). H 2O reacts w ith  the carbonate (p o ssib ly  
v ia  C O 3 +  H 2O —> C 0 2  +  2 0 H )  to generate O H - sp ec ies at lo w  operating tem perature  
(Schum acher et al., 20 0 4 ). M oreover, som e p o sitiv e  e ffec ts  from  H 2O are m ore  
dom inant than the n egative effec ts  o f  C O 2 . H 2O can en h an ce W G S reaction  and 
prom ote som e O H - sp ec ies (S im sek  e t a l., 2 0 0 7 , D até and Haruta, 2 0 0 1 ). Therefore, 
the catalytic activ ity  trend b ecom es good  for the com b ination  feed in g  o f  H 2O and 
C O 2 w ith  the reactant gas.
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T im e -o n -s tr e a m  (h )
F ig u r e  4 .1 0  E ffect o f  C O 2 and H 2O concentrations in  the reactant gas over the 
A u /T i0 2  catalyst. R eactant com position: (a) sim ulated reform ate gas, (b) 10%  H 2O, 
(c) 10% C 0 2, and (d).10%  C 0 2 +  10% H 20 .

4 .1 .4  Storage In fluen ce on the A ctiv ity  o f  the C atalyst
M any researchers proposed  that the Au/TiC>2 catalyst is  very  sen sitive  

to the light. T he light can  affect the structure, particle s ize , and perform ance o f  the 
catalyst. T herefore, in  th is research w ork, w e  attem pted to  study the p o ssib ility  o f  the  
deactivation  o f  the catalyst under the light. The catalyst w as kept in  tw o  d ifferent 
environm ents for 1, 2 , and 3 m onths (exp osed  and u n exp osed  to  a light sou rce) in  
order to  evaluate the in flu en ce  o f  ligh t on  the perform ance o f  the catalyst for the  
PR O X . The activ ity  o f  the fresh catalyst and sam ple exp osed  to  the ligh t w ere  
com pared in the sin g le-stag e  reactor, as sh ow n  in  F igure 4 .1 1 .



PR
OX

 se
lec

tiv
ity

 (%
) 

CO
 co

nv
ers

ion
 (%

)

47

20 40 60 80 i 100 120 140

T em p era tu re  ( ° C )

F ig u re  4 .11  A ctiv ity  o f  Au/TiC>2 catalyst w ith  d ifferent storage conditions: (a) CO  
con version , and (b) P R O X  se lectiv ity .
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From  Figure 4 .1 1 a , all storage con d ition s (excep t at 3 m onths) 
ex p o sed  to the ligh t provided  alm ost the sam e CO  con version  for the reaction at a 
lo w  operating tem perature (3 0 -7 0 °C ). A t the lo w  operating tem perature, it can  
clearly  be seen  that the deactivation  o f  the sam ple occurred on  the on e exp o sed  to  the  
light for 3 m onths b ecau se it provided low er C O  con version  than the other sam ples. 
A t the h igher operating tem perature (1 0 0 -1 2 0 °C ) , the cata lysts exp o sed  to  the light 
seem  to  be s ligh tly  m ore active  than the fresh catalyst. M oreover, the exp o sed  to  the 
ligh t catalyst has a P R O X  se lec tiv ity  h igher than the fresh catalyst, as sh ow n  Figure  
4 .11b .

T he TPR resu lts reveal that the catalyst exp o sed  to  the ligh t for 3 
m onths has the lo w est  A u  ion  intensity, as sh ow n  in F igure 4 .1 2 . W e n otice  that the 
exp o sed  catalysts h ave low er A u  ion  intensity than the fresh  catalyst. T h is  ind icates  
that the light has an ability  to reduce A u  ion  on  the surface o f  the catalyst, and A u  
m ay m igrate into the bulk TiC>2 during storage (L ee  e t a l., 2 0 0 7 ). T h is result can be  
supported by u v - v i s ib le  result, as sh ow n  in F igure 4 .13 . T h e fresh cata lyst has som e  
A u° concentration  present on  the surface o f  the A u /T i0 2  catalyst. T he sam ple  
exp o sed  to the ligh t for a m onth. A fter that, it w as tested  w ith  the U V -v is ib le  to  
evaluate the quantity o f  A u° present on  the surface o f  the catalyst, and (F igure 4 .1 3 )  
sh ow ed  slight increase o f  A u° due to  the reduce o f  A u  io n  b y  the light. A ccord in g  to  
T PR  result in  F igure 4 .1 2 , it sh ow s a reduction  peak o f  A u  ion  for the sam ple  
exp o sed  to the ligh t for 1 m onth  at approxim ately 6 2 ° c  w h ich  is  sig n ifican t sm aller  
than the reduction peak o f  A u  ions o f  the fresh catalyst. F or the cata lysts exp o sed  to 
the ligh t for lon ger period  2 and 3 m onths, the T P R  results are sh ow n  in  F igure 4 .12 . 
T he A u  ions reduction  peak o f  the both sam p les b ecam e sm aller w h en  they w ere  
exp o sed  to  the ligh t for a lo n g  tim e. Furtherm ore, the U V -v is ib le  resu lts o f  the 2 and 
3 m onth  light ex p o s  are sh o w  not m uch d ifferen ce o f  the A u ° concentration  present 
on the surface o f  the catalyst from  the one exp o sed  to  the ligh t for o n ly  1 m onth, 
b ecau se som e o f  A u ° on  the surface m igrated in to  the pore o f  support.

T E M  im ages indicate that light has in flu en ce  on  the particle s ize , as 
sh ow n  in Figure 4 .1 4 . The catalyst exp osed  to  the light h as an average particle s ize  
b igger than the fresh catalyst, as sh ow n  in T able 4 .2 . M oreover, the particle s ize  
distribution trend (Figure 4 .1 4 )  is  b igger w h en  the catalyst w a s exp o sed  to  the light
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for 1, 2 , and 3 m onths. Furthermore, s in ce  A u  is very  sen sitiv e  to the light, the  
catalyst exp o sed  to the ligh t for over 3 m onths has a b igger  particle s ize  o f  about 0 .6 6  
nm  w hich  is  larger than the catalyst storage in  the dark bottle. T he ligh t is  capable o f  
reducing the A u , and h ave a p ossib ility  o f  sintering the A u(III). O w in g  to  the larger 
particle s ize  o f  the catalyst, the catalyst ex p o sed  to the ligh t for 1, 2 , and 3 m onths is  
m ore active than the fresh catalyst at the h igh  operating tem perature, as sh ow n  in  
Figure 4 .11 .

F ig u r e  4 .1 2  T P R  p rofiles  o f  A u /T i02: (a) fresh catalyst, (b) ex p o sed  to  light for 1 
m onth , (c) exp o sed  to  ligh t for 2 m onths, and (d) ex p o sed  to ligh t for 3 m onths.
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T a b le  4 .2  Characterization results o f  l% w t A u /T i0 2  200°c calcin ed  catalyst w ith  
different storage con d ition s

Storage con d ition  o f  the catalyst D au
(n m )a

A n atase (1 0 1 )  
( n m f

X c o
(% )d

A u/TiC >2 fresh 3 .07 19 .10 100
A u /T i0 2  ex p o sed  to the light 1 m onth 3 .1 7 2 2 .0 6 99.1
A u/TiC >2 ex p o sed  to  the light 2 m onths 3 .4 9 2 1 .7 5 99 .5
A u /T i0 2  ex p o sed  to  the light 3 m onths 3.73 21 .31 9 6 .6

a A u  p a r t i c l e  s i z e  m e a s u r e d  f r o m  T E M  i m a g e s
b T i 0 2 ( P 2 5 )  a n a t a s e  ( 1 0 1 )  c r y s t a l  s i z e  m e a s u r e d  b y  X R D  ( S c h e r r e r ’ s  e q u a t io n )  
c C O  c o n v e r s i o n  a t 30°c o p e r a t e d  in  a  s i n g l e - s t a g e  r e a c t o r  w i t h  t h e  s i m u l a t e d  r e f o r m a t e  g a s

w a v e le n g th  (n m )

F ig u r e  4 .1 3  U V -v is ib le  spectra o f  T iÛ 2 (P 25) and Au/TiC >2 w ith  d ifferent storage  
con d ition s.
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F ig u r e  4 .14  T E M  im a ges and particle s ize  d istribution o f  A u /T i0 2 : (a) fresh  
catalyst, (b) ex p o sed  to  light for 1 m onth, (c )  exp osed  to  ligh t for 2  m on th s, and (d) 
exp o sed  to  ligh t for 3 m onths.
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2Theta (deg.)

Figure 4.15 XRD patterns o f Au/Ti02 with different storage conditions: Anatase 
( * ) 5 and Rutile (•).

The catalysts with different storage conditions were tested for the XRD, as 
shown in Figure 4.15. The anatase and rutile forms o f titania were observed. The 
position o f XRD peaks 20 o f the all samples were o f similar pattern. It was observed 
that for the longer storage, the diffraction o f titania becomes shaper because the light 
could modify the titania to more crystallinity and give large crystallite size, as shown 
in Table 4.2. There was no evidence o f Au peak on the XRD result because the Au 
crystalline size was smaller than 5 nm.

4.1.5 Stability o f the Catalyst
The A u/T i0 2 catalyst was tested for stability with the PROX o f CO at 

30°c for 60 hours, as shown in Figure 4.16. From the results, the catalyst shows poor 
stability in activity during the tested time. The catalyst provided 100% CO 
conversion for only 8  hours. After that, the percentage o f CO conversion 
significantly dropped to 70% after 60 hours. The deactivation o f the catalyst during 
the reaction is caused by the accumulation and deposition o f by product on the 
catalyst surface (Schumacher e t  a h , 2003).
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Figure 4.16 Stability o f  the Au/Ti0 2  catalyst.

4.2 Double-stage Reactor

4.2.1 Influence o f o? Split Ratio o f Double-Stage Reactor on the Process 
Performance

Another method used to improve the PROX o f CO oxidation from the 
simulated reformate gas is to operate in the double-stage reactor. The optimum O2 

spit ratio between both reactors is the first parameter for improving the process 
performance. Because o f similar reactor temperatures with different O2 split ratios, 
results could provide various process performances, as shown in Figure 4.17. The 
temperature o f both reactors were fixed at 30°c  and the O2 split ratios were varied at 
20:80, 40:60, 50:50, 60:40, and 80:20. From Figure 4.17, the O2 split ratios at 20:80, 
50:50, and 80:20 provided the highest CO oxidation approximately 90%. However, 
the highest percentage o f PROX selectivity is given roughly 80% by the O2 split ratio 
at 50:50. Therefore, an optimum O2  split ratio is 50:50.
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Figure 4.17 Catalytic activities o f 1% Au/TiÛ2 calcined at 2 00°c  in a double-stage 
reactor with various c>2 split ratios at a reaction temperature o f  30°c.
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However, Srinivas and Gulari (2006) operated double-stage reactor 
for the PROX o f CO reaction by Pt/y-Al2 0 3 , and found that the highest CO 
conversion o f 99.88% was obtained at the O2 split ratio o f 60:40.

4.2.2 Influence o f Stage Temperature o f  Double-Stage Reactor on the 
Process Performance

The temperature o f both reactors is also an important parameter that 
has an influence on the process performance. The Au/Ti0 2  catalyst was tested in the 
double-stage reactor with a fixed O2  split ratio o f 50:50, with various temperatures o f  
the first reactor from 30 to 120°c and a fixed temperature o f the second reactor at 
30°, 50°, 80°, 100°, and 120°c, as shown in Figure 4.18. The points which provided 
the highest CO conversion are at 3 0 °c  at the first stage temperature, and fixed the 
second stage temperature at 30 and 80°c. Furthermore, if  considering on the PROX 
selectivity, when the stage temperature was fixed at 3 0 °c  for both reactors and 30°c  
at the first reactor and the second stage temperature - at 50°c , both conditions 
provided the highest over 80% PROX selectivity. At high temperatures (80-120°C), 
it is seen that the double-stage reactor shows higher percentage o f  PROX selectivity 
than the single-stage in all conditions. From the results, it can be concluded that the 
30°c temperature o f the first and the second stages gave the best performance.
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Figure 4.18 Au/Ti0 2  catalyst activities with various reactor temperatures in 
double-stage reactor at an O2 split ratio o f 50:50.
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4.2.3 Influence o f Weight Split Ratio o f Double-Stage Reactor on the 
Process Performance

The weight o f the catalyst in each reactor is the last important 
parameter, to influence the activity o f the catalyst for operating in the double-stage 
reactor. The first and second reactors were split with the weights as 20/80, 40/60, 
50/50, 60/40, and 80/20. They were then tested for the catalytic activity for the PROX 
reaction in the single-stage reactor processing (as shown in Figure 4.19). For the CO 
conversion, the catalyst with the weight split ratio at 50/50 provided the highest 
activity. In addition, the weight split ratio at 40/60 and 60/40 gave slightly different 
CO conversion results. For the PROX selectivity, it seems that when the weight o f the 
catalyst in the first stage increased, the percentage selectivity also rose. The weight 
split ratio at 80/20 exhibited the highest PROX selectivity, but this weight split ratio 
gave the lowest CO conversion. Therefore, the optimum for the weight split ratio is at 
50/50 because it provided the highest CO conversion and high PROX selectivity over 
80%.
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Weight split ratio

Figure 4.19 Catalytic activities o f 1% Au/Ti0 2  calcined at 200°c in a double-stage 
reactor with various weight split ratios at a reaction temperature o f  30°c and an O2 

split ratio o f 50:50.
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Figure 4.20 Comparison of activities o f the single-stage and the double-stage 
processes. Conditions: 30°c  and O2 split ratio o f 50:50.

From the previous results, the optimum operating conditions for the 
Au/TiC>2 catalyst in the double-stage reactors were identified at 50:50 O2 split ratios, 
stage temperature o f 30°c  for both reactors, and 50:50 weight split ratios. The 
catalytic activity at the optimum operating condition in the double-stage reactors was 
compared with the catalytic activity operating in the single-stage reactor at 30°c, as 
shown in Figure 4.20.

The PROX selectivity could be seen to increase significantly from 
54% in the single-stage, to 80% in the double-stage. The แ 2 loss from the PROX 
reaction can be reduced. The concept is that in the double-stage reactor, a limited 
amount o f O2 is supplied for the first reactor in order to reduce CO concentration as 
much as possible. After that a massive amount o f O2 was fed into the second reactor 
to completely remove the surplus CO from the first reactor, so the oxygen 
consumption o f the double-stage was less than the single-stage.

The double-stage reactor can reduce the consumption o f  O2 when compared 
with the single-stage reactor. Luengnaruemitchai e t  a l . (2007) deduced the same
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findings that double-stage reactor can increase from 48% CO selectivity in the single- 
stage to 58% in the double-stage reactor. However, the single-stage provided a better 
CO conversion. Moreover, Ahluwalia e t  a l . (2005) found that by increasing the 
number o f reactors, the selectivity for CO oxidation can be enhanced. The results are 
in contrast with the results o f Srinivas and Gulari (2006). Their percentage o f  the 
PROX selectivity for the double-stage operation was almost equal to that o f the 
operation with the single-stage reactor at about 49%. Here, the O2 is totally consumed 
for the reaction.

However, the CO conversion reduced by about 9% in the double-stage process, 
as shown in Figure 4.20. The explanation for this reduction is the different amounts o f  
GHSV in the single-stage and double-stage reactor processing in Table 4.3. The 
GHSV o f both processes are not equal because the double-stage process has the total 
amount o f oxygen from the reactant mixture and is not the same as a single-stage, 
which is approximately 1%. The oxygen supply for both reactors is the fraction o f  
total oxygen 1%. Moreover, the catalyst weight loading in the first and second reactor 
are about 0.05g, so the GHSV o f the double-stage reactor processing is higher than the 
single-stage reactor processing, as shown the formula o f GHSV in the equation below.

Snytnikov e t  a l . (2008) applied Cu/Ce0 2  for the PROX o f CO reaction in a 
single-stage packed-bed reactor and varied the GHSV from 55,000 to 440,000 
cm3h'1gcat’1. They proposed that when there was an increase in GHSV value, the 
capacity o f the catalyst for CO oxidation was reduced.

GHSV = Mixture flow rate X 60
Catalyst weight
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Table 4.3 Gas hourly space velocity (GHSV) in the single and the double-stage 
processes

Single-Stage case
GHSV of 1st reactor (CmVgcat'1) 30,000
Double-Stage case
GHSV of 1st reactor (Cm3 h'gcat'1) 59,400
GHSV of 2nd reactor (Cm3 h'gca,1) 60,000

4.3 Double-Stage Reactor with PROX Reaction in the Real Composition 
Reformate Gas

Finally, the l%wt Au/Ti0 2  catalyst was tested the catalytic activity 
for the PROX reaction with the real composition reformate gas. Commercial Cu- 
Z11/AI2 O3 catalyst was used for methanol steam reforming reaction. The catalyst 
produced the reformate gas with the composition o f 20% o f CO2 and H2 O, as shown 
in Figure 4.21 section o f  reforming. Then, the l%wt Au/TiC>2 catalyst was used to 
lower the CO concentration in the real composition reformate gas with a double
stage reactor. The catalyst was operated at stage temperature o f 30°c  for both 
reactors, and 50/50 O2 and weight split ratio which are the optimum operating 
conditions as operated in a double-stage reactor with simulate reformate gas. Figure
4.21 illustrates that the Au/Ti0 2  can reduce the CO concentration by the PROX 
reaction in a double-stage reactor with 90% CO conversion and 27.32% PROX 
selectivity. According to Figure 4.21, the PROX reaction created more 1.1% o f the 
CO2 content from the converting o f CO to CO2 . Moreover, the H2 content outlet from 
the PROX reaction is almost the same as the แ 2 content outlet from the reformate 
gas. Because, the double-stage reactor operating can reduce the H2 loss from the 
PROX reaction (Srinivas and Gulari, 2006) However, the l%wt Au/Ti0 2  catalyst 
calcined at 200°c could not completely removed CO concentration from the real 
composition reformate gas. This happened because the real composition reformates 
gas contains approximately 20% o f CO2 and some amount o f H2 O, but the simulated
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reformate gas contains only 10% CO2 and 10% H2 O. Therefore, the presence o f CO2 

and H2 O in massive amounts from the real composition reformate gas are adsorbed 
on the catalyst surface and block the active site o f the catalyst (Avgouropoulos e t  a l . ,
2006). However, testing o f the PROX reaction with the real reformate gas 
composition can confirm that the Au/TiC>2 catalyst can be used to lower CO 
concentration in the H2 rich steam from the reforming unit with the lowest CO 
content approximately 2 0 0  ppm.

Figure 4.21 Gas composition o f the reforming and PROX o f CO reaction.
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