
CHAPTER V III

THE DEVELOPMENT OF METHANOL FUEL PROCESSOR OVER GOLD- 

BASED CATALYSTS: EFFECTS OF SINGLE AND DOUBLE STAGES FOR 

PREFERENTIAL CO OXIDATION*

8.1 Abstract

The methanol fuel processor (MFP), consisting of steam reformer (SRM) 
and preferential CO oxidation (PROX), was optimized for minimizing carbon 
monoxide (CO) concentration under Au-based catalysts prepared by deposition- 
precipitation (DP)—SRM; Au-Cu/Ceo 7sZr0 25O2 and PROX; Au/Ce02. Many 
effective parameters were studied for both single- and double-stage PROX reactors 
such as O2/CO feed ratio, amount of use catalyst, O2 and weight split ratios, and 
reaction temperature under the fixed conditions of SRM. The optimum conditions of 
the single-stage revealed that the uses of 500 mg catalyst and unity 0 2/C0 ratio 
obtained the low CO and O2 conversions at ~60 % and ~78 %, respectively, in the 
whole range of 90-150 °c. Within the same previous conditions, the superior 
improvements of PROX activity at—98 % CO conversion, full O2 conversion, and 
CO concentration at the output stream of 300-700 ppm—were achieved after 
introducing the double-stage PROX with the uses of O2 split ratio = 50:50, catalyst 
weight split ratio = 0.35:0.15, and the first-stage temperature (T 1st stage) of 110 ๐c. 
The variation of T 1st stage significantly affected the double-stage PROX performance, 
when compared to other parameters. The use of double-stage PROX was necessary 
to enhance the I T purity in the MFP process. The contamination of the CO2 and FTO 
in the reformate did not degrade much on the stability of Au/Ce02 catalyst.

Keywords: Methanol Fuel Processor; Flydrogen; CO conversion; Carbon monoxide; 
Au catalyst; Reformate

*In preparation.
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8.2 Introduction

Nowadays, the use of proton exchange membrane fuel cell (PEMFC) is 
attractive to many mobile engines due to its green technology and high efficiency to 
generate an electrical power. Only requirement of PEMFC is the high purity of 
hydrogen (H2) feeding stream that contains carbon monoxide (CO) not higher than 
10 ppm because CO can extremely poisoned and deteriorated the Pt electrode inside 
the fuel cell, related with its performance [1—4], Even though the main route to 
produce rich-FE gas was widely known as the steam reforming of liquid fuel 
(hydrocarbon and alcohol), the amount of CO by-product gas was still not acceptable 
for applying in PEMFC 15—7j. In some cases, the CO reduction unit was coupled 
with the reforming unit to specifically minimize the CO amount such as PROX and 
water-gas shifted (WGS) processes, where this combination process was also named 
as “Fuel Processor” 18— 10]. It was noteworthy that the selection of the fuel used in 
the reformer was effective to the CO amount in the product stream (reformate) before 
sending to the CO reduction unit. Among of the fuel reactants, methanol (CH3OH) 
fuel seems to be promising due to its lower operating temperature of 200-400 °c that 
was beneficial for saving energy during producing high แ 2 purity gas. The 
developments of methanol fuel processor (MFP) have been variously studied in the 
reformer unit (methanol decomposition (DM) [11], steam reforming (SRM) [12,13], 
partial oxidation (POM) [14], and oxidative steam reforming (OSRM) [14]), a type 
and number of CO reduction stages, the operating temperature, and the selection of 
use catalyst [8,15,16].

Taking into account the selection of catalyst, noble metal catalyst, especially 
for gold (Au) catalyst, was received much attention in recently due to its high activity 
in both Il2 production and CO oxidation at low operating temperature. However, the 
improvement of Au-based catalysts strongly depends on the metal oxide support 
selection [17], the co-additional precious metal with Au to form bimetallic catalyst 
[18,19], gas pretreatment [20], calcination temperature [4,5], and so on. For now, we 
synthesized the superior Au-Cu/Ce0 2 -Zr0 2 bimetallic catalyst which consisted of 
two active sites from (i) Au-Cu alloy at the metal site and (ii) Ce|.xZrx0 2 solid 
solution at the support site, that were responsible for the full CH3OH conversion
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within the ultra-low CO selectivity (~10 000-13 000 ppm) in the SRM, including 
high thermal stability at 300 ๐c  without sintering deactivation [20,21], To fulfill our 
work in the MFP development, the reformate was then sent to the PROX process 
before being applied in the PEMFC. Focusing in on the PROX process, the 1 wt% 
Au/Ce0 2  catalyst was chosen for using in this case since it normally has the good 
activity by itself [22J. In the PROX optimization, not only did the use of Au catalyst, 
but a number of stages (or reactors) and the O2 feeding amount also affected the 
PROX performance [23], In 2008, Nakham and co-workers compared between 
single- and double-stage PROX, and found that the double-stage extremely enhanced 
the CO conversion without affecting the FT amount in the simulated reformate via FT 
oxidation [23], Consequently, the main objective of this experiment was to optimize 
the PROX unit in the MFP to obtain high FT purity at low temperature under the uses 
of Au-based catalysts (Au-Cu/Ce0 2 -Zr0 2  in SRM and Au/CeÜ2 in PROX). The 
studied parameters—O2/CO fçed molar ratio, calcination temperature, reaction 
temperature, 0 2 split ratio, and catalyst weight split ratio—were optimized, while 
keeping the conditions of SRM constantly as previously [20],

8.3 Experimental

8.3.1 Catalyst preparation
The catalyst preparation was divided into two sections; bimetallic 

catalyst (Au-Cu/Ce0 2 -Zr0 2 ) and monometallic catalyst (Au/Ce02). All of them 
were prepared by deposition-precipitation (DP) method.

8.3.1.1 Monometallic preparation
For the CeC>2 support, the 0.1 M of salt solutions of cerium

(III) nitrate hexahydrate fCe(N0 3 )3.61T 0 ; Aldrich] and Na2CC>3 (Riedel-de Ilaen) 
were mixed under vigorous stirring conditions at 80 °c and pll 8 . Afterwards, the 
precipitate was washed with warm deionized water to eliminate residual ions. The 
deionized precipitate was dried at 110 °c and calcined in air at 400 °c for 4 h in 
order to obtain the Ce02 support [4,5].
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In order to obtain the 1 wt% Au/CeÜ2, the prepared CeC>2 
support was then deposited by an aqueous solution of HAUCI4.3 H2O (Alfa AESAR) 
under vigorous stirring conditions at 80 ๐c  and pH 8 , adjusted by the addition of 
Na2CC>3. The resulting solution was stirred for l h, then washed, dried, and calcined 
in air at 300 and 400 °c for 4 h.

8.3.1.2 Bimetallic preparation
The Ce0 2 -Zr0 2 mixed oxide support was prepared by the co

precipitation (CP) method, as reported in elsewhere (20,21], Appropriate amounts of
0.1 M aqueous solutions—Ce(N0 3 )3.6 H2 0 , zirconium (IV) oxide chloride 
octahydrate [Zr0 Cl2.8 H20 ; Merck], and Na2C0 3—were mixed under vigorous 
stirring conditions at 80 ๐c  and pH 8 to obtain the Ceo75Zro25Û2 solid solution. 
Afterwards, the precipitate was washed with warm deionized water to eliminate 
•residual ions. The deionized precipitate was dried at 110 ๐c  and calcined in air at 400 
°c for 4 h in order to obtain the support.

For the Au-Cu co-deposition (3.5 wt% Au-3.5 wt% Cu or 
Au/Cu atomic ratio of 1/3), two metal aqueous solutions—copper (II) nitrate 
trihydrate [Cu(N0 3)2.3 H2 0 ; MERCK] and HAUCI4 .3 H2O—were mixed under 
vigorous stirring conditions of 80 °c and pH 7. The resulting solution was then 
washed, dried, and calcined in air at 300 °c for 4 h [20.21 ].

8.3.2 Catalyst characterization
An X-Ray Fluorescence Spectrometer, XRF (AXIOS PW4400), was- 

used to determine the actual surface (Au, Cu, Ce, and Zr) composition.
Powder XRD measurements were carried out on a JEOL X-Ray 

diffractometer system (JDX-3530) with a CuK(1 (1.5406 Â) X-ray source operating at 
40 kV and 30 mA.

The sizes of the Au and Au-Cu alloy particles deposited on the 
supports were directly observed by a transmission electron microscope. TEM (JEOL, 
JEM 2010), at an accelerating voltage of 200 kV in bright field mode. Before being 
transferred into the TEM chamber, the samples were dispersed in ethanol and then
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dropped onto a copper grid. The volume-area average Au particle size diameter 
(d[[;ivi) was calculated from the following formula: dxEM -  ร (ท,d|3)/(n,d|2), where ท, is 
the number of Au particles of diameter dj.

The Fourier transform infrared spectra (FT1R) of the spent catalysts 
were recorded using a Thermo Nicolet Nexus 670 FTIR spectrometer in absorbance 
and transmittance mode at 32 scans with a resolution of 4 cm-1. The spectra in the 
frequency range of 4000 to 400 cm' 1 were obtained by using a deuterated 
triglycerinesulfale detector with a specific detectivity of 1 x 109 cm FIz1,2 พ '1.

Temperature-programmed reduction (TPR) of the catalysts was 
carried out in a conventional TPR reactor with a 30 ml/min of 10% H2 in argon with 
a conventional TPR reactor equipped with a thermal conductivity detector. The 
reduction temperature was raised from 30 to 850 ๐c  at a ramp rate of 10 °c min'1.

8.3.3 Catalytic activity measurements
8.3.3.1 SRM

The overall process flow diagram of the MFP has been 
showed in the Fig. 8.1. Firstly, the SRM reaction was carried out in a fixed-bed 
reactor containing 100 mg of Au-Cu/Ce02-Z r0 2 catalyst under atmospheric pressure 
at 300 ๐c. The molar ratio of distilled water to methanol was mixed at 2/1 and 
injected continuously by a syringe pump at a rate of 1.5 mL h' 1 to a vaporizer, which 
was mixed with He carrier gas before entering the catalytic reactor. The gas hourly 
space velocity (GHSV) was kept at 21 000 mL g-cat"1 h '1. The product gases (e.g. H2, 
CO, C 02, and CH4) from the reactor were analyzed by auto-sampling in an on-line 
gas chromatograph, Agilent 6890N, with a packed carbosphere (80/100 mesh) 
column (10 ft X 1/8 inch), and a thermal conductivity detector (TCD). The selectivity 
of each product gas was defined by the mole percentage in the product stream, and 
the free-methane products’ selectivity of 81 % H2, 1.3 % CO, and 17.7 % C02 was 
evaluated in the reformate before sending to the PROX unit.

8.3.3.2 PROX
The reformate stream from the SRM unit was injected into 

the PROX reactor with the average total flow rate of 33 mL min’1, and the oxygen
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gas was fed into the PROX reactor with different O2/CO molar ratios under the use 
of 100 mg of Au/Ce02 catalysts calcined at 300 and 400 °c, which were packed in 
the single-stage PROX as the fixed-bed reactor. Afterwards, the amount of catalyst 
was varied from 100 to 600 mg during the operating temperature range of 90-150 
°c. Based on the same optimum conditions as the first-stage PROX, the variations of 
0 2 split ratio, weight split ratios, and reaction temperature of each reactor must be 
optimized in the double-stage PROX. The GHSV values of both single-stage and 
double-stage reactors were summarized in Table 8.1. Since the total amount of 
oxygen gas fed into the PROX unit was very low, this did not interrupt the change in 
GHSV as much as the variation of catalyst amount. The outlet products from the 
PROX reactor were directly analyzed by the same on-line gas chromatograph. The 
CO and 0 2 conversions were calculated from the moles of CO and 0 2 consumptions, 
respectively. The CO concentration was observed at the output stream of the MFP in 
ppm unit.



Table 8.1 Summary of the conditions of single- and double-stage PROX reactors
Type of reactor O2/CO ratio O2 split ratio Amount of catalyst 

(mg)
GHSV 

(mL g-caf1 h-1)
W/F

(g-cat*min mL'1)
1sl stage 2 nd stage 1st stage 2 nd stage 1st stage 2 m1 stage 1st stage 2 nd stage

Single-stage PROX 0.5 - - 1 0 0 - 19.800 - 0.003 -
1 .0 - - 1 0 0 - 19,800 - 0.003 -
1 .0 - - 300 - 6,600 - 0.009 -
1 .0 - 500 - 3,960 0.016 -
1 .0 - - 600 - 3,300 - 0.018 -

Double-stage PROX 1 .0 60 40 250 250 7,920 7,920 0.008 0.008
1 .0 50 50 250 250 7,920 7,920 0.008 0.008
1 .0 40 60 250 250 7,920 7,920 0.008 0.008
1 .0 50 50 350 150 5,657 13,200 0 . 0 1 1 0.005
1 .0 50 50 150 350 13,200 5,657 0.005 0 . 0 1 1
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Figure 8.1 Process flow diagram of the methanol fuel processor (MFP).
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8.4 Results and discussion

8.4.1 Catalyst characterization
According to the Table 8.2, all chemical compositions of DP catalysts 

were closely to the nominal values, which confirmed the high accuracy of using DP 
technique. When focusing on the mean ceria crystallite size calculated by the 
Scherrer equation, those of all fresh and spent samples were around 7.68-8.83 nm, 
suggesting the slight difference in crystal growth even exposure to the reaction. The 
XRD patterns of the Au/CeC>2 catalysts (Fig. 8.2A) presented many CeC>2 diffractions 
at 20 of 28.5, 33.08. 47.47, 56.33, 59.08, 69.40, 76.69, and 79.07°, corresponding to 
Ce02 planes (111), (200), (220), (311), (222), (400), (331), and (420), respectively 
[24,25], The increase of Ce()2 intensities at the calcination temperature of 400 ๐c 
was related with the crystallinity improvement. Meanwhile, the Au diffraction was 
not detectable in the Au/Ce()2,\  probably due to the highly dispersed Au 
nanoparticles. For the Au-Cu/Ceo 7>Zro 25O2 catalyst (Fig. 8.2B), the slight shifting to 
higher 20 degree of ceria diffractions, represented the Zr4' incorporation inside the 
Ce4+ lattice to cause the shrinking structure to form solid solution which was 
confirmed by the reduction of ceria lattice constant from 0.544 nm (pure Ce02) to
0.540 nm (Ceo.75Zro.25O2), calculated by Bragg’s equation [22,26,27], The 
appearance of Au (111) diffraction was observed, and it shifted from 38.34° 
(monometallic Au [20]) to 38.17° in the zoom-in diffraction, as the consequences of 
adding Cu to form Au-Cu alloy particle. This also resulted in the growth of Au 
crystallite size in bimetallic catalyst to 13.19 nm, where the highly dispersed CuO 
particles possibly acted as the shell around the Au core to form larger size [20,21], 
Another measurement of AuxCui-x alloy formation was the gold lattice constant of
0.4053 nm that was between the pure gold (0.4079 nm) and pure copper (0.3615 nm) 
[20,28], The TEM images (Fig. 8.3) showed the highly dispersed Au nanoparticles in 
the Au/Ce02 with 2.86 nm particle size, while the homogeneous Au-Cu alloy 
particle sizes at -38 nm in the bimetallic catalyst was in accordance with the XRD 
results.



Table 8.2 Chemical composition and physical properties of the Au/CeC>2 and Au-Cu/CeCC-ZrCC catalysts

Catalyst Total loading Calcination temperature Au* ” Cu* Ce* Zr* Crystallite size (nm)
(wt%) (°C) (wt%) (พt%) (พt%) (พt%) Ce02a Aub

Au—Cu/Ceo 7sZro 25O2 7 300 3.27 3.53 79.06 14.15 7.79 13.19
Au/Ce0 2 1 300 0.95 - 99.05 - 7.68 <5
Au/CeOs 1 400 0 . 8 6 - 99.14 8.29 < 5
Ce0 75Zr0 25O2 support - 400 - - 83.62 16.38 7.85 ■ -
CeÛ2 support - 400 - - 1 0 0 . 0 0 - 8.83 -
Spent Au/CeC>2 PROX Ie 1 400 0.83 - 99.17 - 8.50 <5
Spent Au/Ce02 PROX 2C 1 400 0.85 - 99.15 - 8.23 <5

*measured from XRF.
“Mean crystallite sizes were calculated from the average values of CeCn plane (111). (200). (220), and (311).
bAu crystallite size was calculated from the diffraction plane (111).
cSpent catalyst from the realistic reformate after exposure to the stability testing.

COoo
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Figure 8.2 XRD patterns of the (A) fresh and spent 1 wt% Au/Ce02 catalysts, and 
(B) 7 wt% Au-Cu/Ce02-Zr02 catalyst.
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Figure 8 .3  T E M  im a g e s  o f  th e  (A )  1 w t%  A u /C e C h  c a lc in e d  a t 4 0 0  °c a n d  (B )  7 

w t%  A u - C u /C e 0 2 - Z r 0 2  c a ta ly s ts  c a lc in e d  a t 300 °c.

A c c o rd in g  to  th e  แ 2 -T P R  p ro f i le , a s  s h o w n  in  F ig . 8 .4 . it w a s  u se d  to  
a n a ly z e  th e  d i f f e r e n c e  in in te r a c t io n  s ite  a n d  n u m b e r  o f  I E  c o n s u m p t io n  in  d i f f e re n t  
c a ta ly s ts .  T h e  C eC >2 s u p p o r t  p re s e n te d  th e  te m p e ra tu re  p e a k  a t 4 8 7  ๐c  b e in g  m a tc h e d  

w ith  th e  o x y g e n  s u r fa c e  r e d u c t io n , an d  th e  h ig h  te m p e ra tu re  p e a k  a t 8 1 7  °c th a t  w a s  
a t t r ib u te d  to  th e  C e 0 2 ~ > C e 3 C>4 b u lk  r e d u c t io n  [4J. A f te r  d e p o s i t in g  A u  m e ta l ,  th e se  
tw o  s u p p o r t  p e a k s  s lig h tly  s h i f te d  to w a rd  lo w e r  te m p e ra tu re s  a t 4 6 8  °c a n d  8 0 9  °c, 
r e s p e c t iv e ly , p o s tu la t in g  th a t  a n  a c t iv e  A u  m e ta l s t r o n g ly  in te r a c te d  w i th  th e  C eC >2 

s u p p o r t  to  c a u s e  b e t te r  r e d u c ib i l i ty  [ 2 9 ,3 0 J. T h e  lo w e s t r e d u c t io n  te m p e ra tu re s  o f  
1 1 4 - 1 2 3  °c w ith in  v e ry  h ig h  in te n s i t ie s  w e re  a s s ig n e d  to  th e  A u xOy o r  c a t io n ic  A u  

( A u a+) r e d u c t io n  [4 ], W h e n  in c re a s in g  c a lc in a t io n  te m p e ra tu re ,  th e  a m o u n t  o f  แ 2 

c o n s u m p t io n  s u b s ta n t ia l ly  d e c r e a s e d  w i th o u t  a n y  c h a n g e s  in  s u p p o r t  r e d u c t io n . It 
w a s  n o te w o r th y  th a t  c a lc in a t io n  w a s  “ th e rm a l t r e a tm e n t '’ th a t  w as  a b le  to  r e d u c e  th e  
A u 64 to  A u  m e ta l l ic  (A u °)  s ta te , b e in g  le s s  re d u c t iv e  [4 ,1 7 ] , T a k in g  in to  a c c o u n t  th e  
a r e a  u n d e r  th e  A u  r e d u c t io n  p e a k  r e la tin g  w ith  th e  a m o u n t  o f  IT  c o n s u m e d  o n  A u Sh 

s ite , th e  m o re  A u  r e d u c t io n  a re a  w e re , th e  m o re  I f  a n d  A u s ‘ n u m b e r  w e re  u se d  in 
th e  r e d u c t io n  p ro c e s s .  W ith  th is  k n o w le d g e , it w a s  r e a s o n a b le  to  c o n c lu d e  th a t th e  
A u /C e C >2 c a lc in e d  a t 4 0 0  °c h a d  m o re  A u °  (o r  le ss  A u 6h) s p e c ie s  th a n  th o s e  o f  3 0 0
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° c .  F o r  th e  s h i f t in g  o f  A u  r e d u c t io n  to w a rd  lo w e r  te m p e ra tu re  ( 1 2 3 ->  114 ° C ) , it 
c o u ld  r e p r e s e n t  a n  e a s ie r  a n d  b e t te r  r e d u c ib i l i ty  o f  th e  A u  s ite s  o n  th e  c a ta ly s t  s u r fa c e  
a n d  th e  s tro n g  A u - A u  (m e ta l -m e ta l)  in te r a c t io n , w h ic h  h a s  b e e n  r e p o r te d  p r e v io u s ly  
[4 ,5 ] .

0 100 200 300 400 500 600 700 800 900

T e m p e r a t u r e  ( ° C )

Figure 8.4 T P R  p ro f ile s  o f  1 w t%  A u /C e C b  c a ta ly s ts  c a lc in e d  a t 3 0 0  a n d  4 0 0  °c.

8 .4 .2  S in g le - s ta g e  P R O X  P e r fo rm a n c e
A c c o rd in g  to  th e  F ig . 8 .5 , s ta r t in g  w i th  u s in g  100  m g  o f  1 w t%  

A u /C e C b , it w a s  c le a r ly  s e e n  th a t  th e  o v e ra l l  t r e n d s  o f  C O  c o n v e r s io n  d e c r e a s e d  w ith  
in c re a s in g  r e a c t io n  te m p e ra tu re  fo r  b o th  O 2 /C O  r a t io s  d u e  to  c o m p e t i t iv e  แ 2 

o x id a t io n  a t h ig h  te m p e ra tu re  116], T h e  lo w e s t c a ta ly t ic  a c t iv i ty  w a s  fo u n d  a t th e  
O 2 /C O  ra tio  o f  0 .5  in  th e  w h o le  s tu d ie d  te m p e ra tu re  o f  9 0  -1 5 0  °c, w h e re  th e  C O  
c o n v e r s io n  a n d  O 2 c o n v e r s io n  (n o t s h o w n  h e re )  w e re  in  th e  ra n g e  o f  ~ 5 - 3 7  %  a n d  

- 1 0 - 2 7  % , r e s p e c tiv e ly . A l th o u g h  th e  u n ity  O 2/C O  fe e d  ra tio  s l ig h t ly  e n h a n c e d  th e  
C O  c o n v e r s io n  u p  to  9 - 4 5  %  to g e th e r  w i th  th e  s ig n if ic a n t  im p ro v e m e n t  o f  O 2 

c o n v e r s io n  to  6 0 - 7 0  % , th e  a m o u n t o f  C O  r e m a in in g  a t  th e  o u tp u t  s t r e a m  w a s  s till 
v e ry  h ig h  a t  7 0 0 0 - 1 2 0 0 0  p p m . T h is  in i t ia l  s tu d y , a t  le a s t , s u g g e s te d  th a t a n  
in s u f f ic ie n t  O 2 fe e d in g  c o u ld  n o t p ro m o te  th e  e f f ic ie n t  C O  o x id a t io n  re a c t io n  [ 8 ];



2 0 2

m o re o v e r ,  w e  b e l ie v e d  th a t  th e re  m u s t b e  o th e r  f a c to r s  th a t s t r o n g ly  a f fe c te d  th e  
P R O X  a c t iv i ty  su c h  a s  c a lc in a t io n  te m p e ra tu re  a n d  th e  a m o u n t o f  u s e  c a ta ly s t . A s  
e x p e c te d , u n d e r  th e  u n ity  O2 /CO, th e  c a ta ly s t  c a lc in e d  a t 4 0 0  °c g a v e  -25^19 %  CO 
c o n v e r s io n  (C O : 6 8 0 0 - 9 8 0 0  p p m )  a n d  - 6 9 - 7 4  %  O 2 c o n v e r s io n , w h ic h  w e re  th e  
c o n s e q u e n c e s  o f  th e  im p ro v e m e n t  o f  s u p p o r t  c ry s ta l l in i ty ,  s t r o n g e r  A u - A u  
in te ra c t io n , a n d  th e  c o m b in a t io n  o f  r ic h  A u °  a n d  le s s  A u 5+ s p e c ie s  th a t w e re  
r e s p o n s ib le  fo r  b e t te r  P R O X  a c tiv i ty .

T o  b e t te r  u n d e r s ta n d  th e  ro le  o f  A u 8 +/A u °  re la t iv e  to  P R O X  re a c t io n , 

s o m e  r e s e a rc h e r s  p ro p o s e d  th a t  io n ic  A u 5+ s p e c ie  w a s  re s p o n s ib le  fo r  th e  lo w -  
te m p e ra tu re  re a c t io n , w h ile  th e  m e ta l l ic  A u ° w a s  a c t iv e  fo r  s te a d y - s ta te  h ig h  c a ta ly t ic  
a c t iv i ty  [3 1 ] . S o m e tim e s , th e  c o - e x is te n c e  o f  A u °  a n d  A u s+ w ith  a p p r o p r ia te  a m o u n t 
w a s  a lso  a c t iv e  fo r  th e  c a ta ly t ic  a c t iv i ty  [ 2 1  j. ๒ th is  w o rk , w e  in te r p r e te d  th a t  tw o  
ty p e s  o f  A u  s p e c ie s  e x h ib i te d  th e  c o m b in in g  p o s i t iv e  e f fe c ts  fo r  b o th  lo w -  a n d  h ig h -  
te m p e ra tu re s ,  a n d  m o re  A u °  c o n te n ts  in  th e  h ig h  c a lc in e d  c a ta ly s t  w e re  a lso  
im p o r ta n t  fo r  th e  a c t iv i ty  in  th is  e x p e r im e n t.  H o w e v e r ,  th e  e x a c tly  a c t iv e  g o ld  s ta te  is 
s till u n c le a r  a n d  h a s  n o t y e t b e e n  e lu c id a te d .

T h e  u se  o f  d i f f e r e n t  c a ta ly s t  a m o u n t  in  th e  f ix e d  b e d  r e a c to r  s tro n g ly  
in f lu e n c e d  o n  th e  P R O X  p e r f o rm a n c e  [8 ,2 3 ) . a n d  th e  re su lt  r e v e a le d  th a t  C O  
c o n v e r s io n  w a s  m a x im iz e d  to  - 5 9 - 6 5  % , r e s u l t in g  in  th e  d e c r e a s e  in  C O  
c o n c e n t r a t io n  f ro m  1 3 0 0 0  to  4 5 5 0 - 5 3 3 0  p p m  a f te r  in c re a s in g  th e  c a ta ly s t  a m o u n t  to  

5 0 0  m g . T h e  o v e ra l l  P R O X  a c t iv i ty  w a s  m o re  s ta b le  a t  T  >  120  °c a f te r  u s in g  higher- 
a m o u n ts  o f  c a ta ly s t  d u e  to  th e  fa c t th a t  th e  in c re a s in g  in  c a ta ly s t  a m o u n t  led  to  th e  
in c re m e n ts  o f  a c tiv e  A u ° /A u 81 s p e c ie s , r e a c t iv e  s u r f a c e  a re a s , a n d  lo n g e r  c o n ta c t  
t im e  o f  th e  re a c ta n t  g as . H e n c e , th e  P R O X  a c t iv i ty  w a s  th e n  e n h a n c e d . S im ila r ly , 
S ir ic h a ip r a s e r t  e t a l. ( 2 0 0 6 )  a n d  M o n y a n o n  et al. ( 2 0 0 6  a n d  2 0 0 7 )  r e p o r te d  th e  
in c re a s e  in  C O  o x id a t io n  ra te  l in k in g  w ith  th e  in c re a s in g  o f  W /F  ( c a ta ly s t  
w e ig h t /v o lu m e tr ic  fe e d  f lo w  ra te )  r a t io  [8 ,3 2 ,3 3 ] . W h e n  c o r r e la t in g  w ith  th e  s p a c e  
v e lo c i ty ,  th e  in c re m e n t in  a m o u n t  o f  c a ta ly s t  u s e d  in  th e  r e a c to r  le d  to  th e  s ig n if ic a n t  
d e c re a s e  in  s p a c e  v e lo c i ty  f ro m  1 9 8 0 0  to  3 3 0 0  m b  g -c a f i ' h '1, w h e re  th e  e f f ic ie n t  
P R O X  p e r f o rm a n c e  w a s  m a tc h e d  w ith  th e  lo w e r  s p a c e  v e lo c i ty  [3 4 ] . In te r e s t in g ly , 
th e  P R O X  a c t iv i ty  w a s  d r a m a t ic a l ly  s u p p r e s s e d  to  th e  lo w e s t v a lu e  w h e n  fu r th e r
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in c re a s in g  th e  c a ta ly s t  a m o u n t  to  600 m g . T h e  p o s s ib le  e x p la n a t io n  w a s  b e lo n g e d  to  
th e  re ta rd  o f  k in e t ic  r a te  o f  P R O X  re a c tio n  b y  th e  h ig h  p re s s u re  d ro p  in s id e  th e  
r e a c to r  tu b e  a f te r  p a c k in g  to o  m u c h  c a ta ly s t . E v e n  th o u g h  th e  u se  o f  500 m g  c a ta ly s t  
w a s  th e  o p t im a l  c o n d i t io n ,  th e  m a in  c o n c e rn s  w e re  a b o u t  th e  lo w  c o n v e r s io n s  a n d  th e  
h ig h  C O - o u tp u t  c o n c e n t r a t io n  w h ic h  w a s  n o t a c c e p ta b le  to  b e  a p p l ie d  in  th e  P E M F C . 
T o  e n h a n c e  th e  P R O X  p e r f o rm a n c e , th e  u se  o f  d o u b le - s ta g e  P R O X  m u s t b e  c a r r ie d  
o u t u n d e r  th e  s a m e  o p t im a l  c o n d i t io n  a s  th e  s in g le - s ta g e  o n e , a n d  th e  T  1st stage w a s  
f ix e d  a t 110 °c s in c e  th is  te m p e ra tu re  w a s  s im ila r  to  th a t  o f  P E M F C  (80-120 °C ).
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♦  0.1 g, 0 2/CO = 0.5, and calcined at 300 °c
— O —  0.1 g, (>2/CO = 1.0, and calcined at 300 °c

T  " 0.1 g, 0 2/CO = 1.0. and calcined at 400 °c
—̂ — 0.3 g, 0 2/C 0  = 1.0, and calcined at 400 °c
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T e m p e r a tu r e  o f  T ‘ s t a g e  ( ° C )

Figure 8.5 E ffe c ts  o f  0 า / € 0  m o la r  ra tio , c a lc in a t io n  te m p e ra tu re ,  a n d  a m o u n t  o f  
c a ta ly s t  o n  th e  s in g le - s ta g e  P R O X  a c tiv i ty  u n d e r  1 w t%  A u / C e 0 2 c a ta ly s t .
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8 .4 .3  D o u b le - s ta g e  P R O X  P e r fo rm a n c e
8.4.3.1 Effect of O2 Split ratio

It h a s  b e e n  re p o r te d  th a t  th e  P R O X  p e r f o rm a n c e  w a s  
e n c o u r a g e d  b y  in t r o d u c in g  d o u b le - s ta g e  P R O X  [8 ,2 3 ] , A d ju s t in g  th e  a m o u n t o f  O 2 

fe e d in g  in  e a c h  r e a c to r  w a s  e x p e c te d  to  be  o n e  o f  th e  w a y s  to  e f f ic ie n t ly  re m o v e  C O . 
U n d e r  th e  sa m e  o p t im u m  c o n d i t io n s  a s  s in g le - s ta g e  (2 5 0  m g  p e r  e a c h  s ta g e , r  1 St stage 

=  110 °c, a n d  O 2 /C O  r a t io  =  1). th e  v a r io u s  0 2 s p l i t  ra tio s  ( l sl s ta g e : 2 nd s ta g e ; 4 0 :6 0 , 

5 0 :5 0 , a n d  6 0 :4 0 )  w e re  in v e s t ig a te d  a s  a fu n c t io n  o f  T 2nd stage o f  9 0 - 1 5 0  °c, as  sh o w n  
in  F ig  8 .6 . E v e n  th o u g h  th e  s p l i t  o f  c a ta ly s t  a m o u n t  c a u s e d  th e  d e c r e a s e  in  W /F  ra tio  
in  e a c h  s ta g e  to  0 .0 0 8  g -c a t* m in  m L "1, th e  s u m m a tio n  o f  e a c h  W /F  v a lu e  w a s  s ti l l  th e  
s a m e  a s  th a t o f  s in g le - s ta g e  r e a c to r  (0 .0 1 6  g - c a t* m in  m L "1). It w a s  a p p a re n t ly  fo u n d  
th a t  b o th  C O  a n d  O 2 c o n v e r s io n s  w e re  s ig n if ic a n t ly  e n h a n c e d  in th e  w in d o w  
te m p e ra tu re .  T h e  m a x im u m  C O  c o n v e r s io n s  w e re  o b s e rv e d  a s  fo l lo w in g ;  9 7 - 9 9  %  a t 

โ2 ท<1 stage f  100 °c fo r  a n y  ra tio s , a n d  th e n  d e c r e a s e d  to  th e  m in im u m  v a lu e s  a t 7 8 - 9 0  

%  a f te r  in c re a s in g  T 2nd stage to  150  °c. It s e e m e d  th a t th e  m in im u m  c o n v e r s io n  w a s  
m u c h  h ig h e r  th a n  th a t  o f  s in g le - s ta g e  P R O X . F o r  th e  O 2 c o n v e r s io n ,  th e  fu ll O 2 

c o n v e r s io n  w a s  o b ta in e d  fo r  th e  ra t io s  o f  5 0 :5 0  a n d  6 0 :4 0  in th e  w h o le  ra n g e  o f  T 2 nd 
stage, w h e a re a s  th a t o f  4 0 :6 0  ra tio  d e c re a s e d  to  - 6 5 - 7 9  %  a t T 2nd stage >  11 0  °c. 
H o w e v e r ,  th e se  r e s u lt s  c o n f i rm e d  th a t th e  a d d i t io n  o f  d o u b le - s ta g e  d e f in i te ly  
im p ro v e d  th e  P R O X  p e r fo rm a n c e  in a n y  O 2 s p l i t  ra tio s , w h ic h  w e re  in  a g r e e m e n t  
w ith  m a n y  p re v io u s  w o rk s  [2 3 ,3 5 ,3 6 ] ,

W h e n  in te rp re t in g  a ll r e s u lt s ,  th e  P R O X  a c t iv i ty  in  th e  2 nd 
s ta g e  w a s  d iv id e d  in to  2 s e c tio n s ; th e  lo w - te m p e r a tu re  r a n g e  ( 9 0 - 1 0 0  ๐C ) a n d  th e  

h ig h - te m p e ra tu r e  r a n g e  (>  100 °C ) , in  o rd e r  to  b e t te r  u n d e r s ta n d  th e  ro le  o f  O 2 s p l i t  
r a t io  in  th e  d o u b le - s ta g e  P R O X . W h e n  f o c u s in g  o n  th e  a m o u n t o f  O 2 fed  in to  th e  2 nd 
s ta g e , it s e e m e d  th a t th e  in c re a s in g  a m o u n t o f  O 2 in  th e  2 nd r e a c to r  ( 6 0 :4 0 - ^ 5 0 :5 0 )  
s ig n if ic a n t ly  e n h a n c e d  th e  C O  c o n v e r s io n  a t h ig h - te m p e ra tu r e  r a n g e , w h ile  n o t a f fe c t  
m u c h  o n  th e  lo w - te m p e r a tu re  c o n v e r s io n  a n d  fu ll O 2 c o n v e rs io n . W h e n  a p p ly in g  th e  
h ig h e s t  a m o u n t o f  O 2 in  th e  2 "d s ta g e  w ith  4 0 :6 0  s p l i t  ra tio , th e  h ig h - te m p e ra tu r e  C O  
c o n v e r s io n  s h o w e d  th e  s lig h t d ro p  o f  ~ 5  % . b u t th e  o p p o s i te  r e su lt  o f  h ig h -  
te m p e ra tu re  O 2 c o n v e r s io n  w a s  fo u n d  w ith  th e  s ig n if ic a n t  d ro p  to  6 5 - 7 9  % . T h e s e
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r e s u lt s  su g g e s te d  th a t  th e  in c re a s in g  o f  (ว2 a m o u n t  in  th e  2 nd s ta g e  r e a c to r  w a s  
n e c e s s a r y  fo r th e  P R O X  im p ro v e m e n t  in  th e  h ig h - te m p e ra tu re  r a n g e , w h ile  u s in g  to o  
m u c h  <ว2 fe e d in g  in  th e  2 nd s ta g e  r e a c to r  g a v e  th e  n e g a tiv e  e f f e c t  in s te a d  s in c e  th is  
le d  to  th e  lo w e s t O 2 f e e d in g  a m o u n t in to  th e  1st s ta g e  r e a c to r .  W 'hich m ig h t  b e  n o t 
s u f f ic ie n t  fo r th e  O 2 c o n s u m p t io n  a n d  w a s  p ro b a b ly  r e s p o n s ib le  fo r th e  m a in  0 2 

c o n s u m p t io n  in  th is  d o u b le - s ta g e  p ro c e s s . H e n c e , it w as  r e a s o n a b le  to  c o n c lu d e  th a t 
th e  u s e  o f  h ig h  O 2 a m o u n ts  in b o th  s ta g e  r e a c to r s  w a s  im p o r ta n t  to  b e  b a la n c e d  in 
o r d e r  to  a c h ie v e  th e  h ig h  C O  a n d  O 2 c o n v e r s io n s  in  b o th  lo w -  a n d  h ig h - te m p e ra tu re  
ra n g e s . A s m e n t io n e d  p re v io u s ly , th e  O 2 s p l i t  ra tio  o f  5 0 :5 0  w a s  c h o s e n  a s  th e  
o p t im u m  c o n d i t io n  s in c e  it p ro v id e d  h ig h ly  s ta b le  C O  c o n v e r s io n  a t 9 0 - 9 5  %  (C O - 
o u tp u t  c o n c e n tra t io n  =  6 5 0 - 1 3 0 0  p p m )  a n d  fu ll O 2 c o n v e r s io n  a lo n g  th e  e n tire

fînd  stage-

8.4.3.2 Effect o f Weight Split ratio
T h e  u se  o f  c a ta ly s t  a m o u n t  in e a c h  s ta g e  w a s  v a r ie d  in to  

0 .1 5 : 0 .3 5 ,  0 .2 5 : 0 .2 5 ,  a n d  0 .3 5 : 0 .1 5  u n d e r  th e  to ta l  a m o u n t o f  5 0 0  m g , a s  i l lu s t ra te d  
in  F ig . 8 .7 . T h e  w e ig h t  s p l i t  ra tio  s u b s ta n t ia l ly  a f fe c te d  th e  CO c o n v e r s io n , w h ile  n o t 
im p a c t  th e  fu ll O2 c o n v e r s io n . T h e  h ig h e s t CO c o n v e r s io n  o f  ~ 9 8  %  w a s  o b s e rv e d  a t 

T 2nd stage o f  9 0  °c fo r  th e  0 .1 5 : 0 .3 5  a n d  0 .2 5 : 0 .2 5  ra tio s , a n d  1 0 0  °c fo r  th e  0 .1 5 : 0 .3 5  

ra tio . F o r  T 2nd stage >  1 1 0 °c, th e  CO c o n v e r s io n  d e c re a s e d  a p p ro x im a te ly  2-8 %, 
w h ic h  w as  r e a s o n a b le  w ith  th e  in c re a s e  o f  CO c o n c e n tra t io n . T h e  ra tio  o f  0 .1 5 : 0 .3 5  

o b ta in e d  b e t te r  CO c o n v e r s io n  th a n  th a t o f  0 .2 5 : 0 .2 5 ,  w h ile  th e  ra tio  o f  0 .3 5 : 0 .1 5  

g a v e  th e  h ig h e s t 9 5 - 9 7  %  CO c o n v e r s io n  (CO: 3 0 0 - 7 .0 0  p p m )  w h ic h  te n d e d  to  be  
th e  o p tim u m  c o n d i t io n . In  fa c t, th e  o v e ra l l  t r e n d s  o f  th e  P R O X  a c tiv i ty  d id  n o t 
fo llo w ' th e  tre n d  o f  w e ig h t  s p l i t  ra tio , p ro b a b ly  d u e  to  th e  d i f f e r e n c e s  in  ra te  o f  CO 
o x id a t io n  an d  W /F  ( o r  sp a c e  v e lo c i ty )  in e a c h  s ta g e . W e  s u g g e s te d  th a t th e  b e s t  
c a ta ly t ic  a c t iv i ty  d id  n o t a lw a y s  f o l lo w  th e  u s e  o f  h ig h  a m o u n ts  o f  c a ta ly s t  in  b o th  
r e a c to r s ,  b u t it w a s  m a tc h e d  w ith  th e  s u i ta b le  c a ta ly s t  a m o u n t  fo r  e a c h  r e a c to r  to  
a c h ie v e  th e  b e s t p e r f o rm a n c e .
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F i g u r e  8 .7  E ffe c t o f  th e  w e ig h t  s p l i t  r a tio  o n  th e  d o u b le - s ta g e  P R O X  a c t iv i ty  u n d e r  

1 w t%  A u /C e C b  c a ta ly s t  c a lc in e d  a t 4 0 0  °c. ( R e a c t io n  c o n d i t io n s :  0 2 / C 0 ,  1; 0 2 s p lit  

r a t io ,  5 0 :5 0 ; T|S, stage, 1 1 0  °c.)
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8.4.3.3 Effect o f React ion temperature
T h e  o p e ra t in g  te m p e ra tu re  o f  e a c h  s ta g e  w a s  a lso  th e  

im p o r ta n t  p a r a m e te r  fo r  th e  o p t im iz a t io n .  In th is  e x p e r im e n t ,  th e  T  1st stage w a s  k e p t a t  
c o n s ta n t  te m p e ra tu re s — 9 0 , 10 0 , a n d  110  ° c — w ith  v a r y in g  th e  T 2 nd stage f ro m  9 0  ๐c  

to  150  ° c  (F ig . 8 .8 ). It s e e m e d  th a t th e  C O  c o n v e r s io n  s t r o n g ly  d e p e n d e d  o n  th e  
v a r ia t io n  o f  T | Sl stage d u r in g  th e  w h o le  ra n g e  o f  Tjnd stage- T h e  C O  c o n v e r s io n  
d r a m a t ic a l ly  d e c r e a s e d  to  8 0 - 8 6  %  a n d  6 7 - 7 2  %  w h e n  d e c r e a s in g  th e  T  1st stage to  100  
๐c  a n d  9 0  °c, r e s p e c tiv e ly . T h e  fu ll O 2 c o n v e r s io n  w a s  o b ta in e d  fo r  e v e ry  Î 2 nd stage 

w i th  TIs, stage >  10 0  °c, w h ils t  th e  lo w e s t  T  1st stage in it ia l ly  p r o v id e d  ~ 8 0  %  c o n v e r s io n , 

a n d  th e n  in c re a s e d  to  100 %  a t Tgnd stage o f  140  ๐c  (n o t s h o w n  h e re ) . F o r  th e  o u tp u t 
C O  c o n c e n t r a t io n ,  th e  v a lu e s  in c re a s e d  to  1 8 0 0 -2 6 0 0  p p m  a n d  3 7 0 0 - 4 4 0 0  p p m  a t 
X  1st stage <  110 ๐c ,  r e s p e c t iv e ly . T h e s e  r e s u l t s  r e v e a le d  th a t  th e  s u p p r e s s io n  in  d o u b le 
s ta g e  P R O X  p e r f o rm a n c e  w a s  d e f in i te ly  o c c u r re d  w h e n  d e c r e a s in g  4'ist stage to  be  
lo w e r  th a n  th e  a p p ro p r ia te  v a lu e  o f  110 ๐ c. T h e  p o s s ib le  e x p la n a t io n s ‘w e re  th a t ( i)  
th e  d e c re a s e  in  r e a c t io n  te m p e ra tu re  o f  th e  l sl s ta g e  c o u ld  lo w e r  th e  ra te  o f  C O  
o x id a t io n  a n d  th e  ra te  o f  O 2 c o n s u m p t io n  in  te rm s  o f  k in e t ic  r e la t io n  th a t  r e s u lte d  in  
th e  la rg e  s u p p r e s s io n  in  o v e ra l l  C O  a n d  O 2 c o n v e r s io n s  o f  th e  p ro c e s s ,  a n d  ( ii)  th e  
lo w e r  T | S1 stage c o u ld  c a u s e  th e  p a r t ia l  c o n d e n s a t io n  o f  th e  s te a m , c o n ta m in a t in g  in  th e  
r e fo rm a te ,  th a t w a s  a b le  to  d e a c t iv a te  th e  c a ta ly s t  s u r f a c e  a s  w e ll . H o w e v e r ,  th e  

o p tim a l c o n d i t io n s  w a s  fo u n d  a t  th e  u se s  o f  T ist stage =  1 1 0  °c a n d  T 2nd stage =  1 0 0  ° c  
w h ic h  m in im iz e d  th e  o u tp u t  C O  c o n c e n t r a t io n  to  3 0 0  p p m .
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F i g u r e  8 . 8  E f f e c t  o f  th e  f ir s t - s ta g e  r e a c t io n  te m p e ra tu re  o n  th e  d o u b le - s ta g e  P R O X  

a c t iv i ty  u n d e r  1 w t%  A u / C e 0 2 c a ta ly s t  c a lc in e d  a t 4 0 0  °c. (R e a c tio n  c o n d i t io n s :  
0 2 /C O , 1; 0 2 s p l i t  ra tio , 5 0 :5 0 ; w e ig h t s p l i t  ra tio , 0 .3 5 :0 .1 5 .)

8 .4 .4  S ta b il i ty  T e s t in g
F ro m  a ll s tu d ie s ,  th e  b e s t  c o n d i t io n s — 0 2 s p l i t  r a tio  =  5 0 :5 0 , w e ig h t  

s p l i t  ra tio  =  0 .3 5 :0 .1 5 , T ist stage =  110 ๐c ,  a n d  T 2nd .stage =  1 0 0  °c— o f  th e  d o u b le - s ta g e  
P R O X  w e re  te s te d  fo r th e  s ta b il i ty  fo r  2 0  h in  o rd e r  to  a s s e s s  th e  c a p a b i l i ty  o f  th e  
M F P , a n d  th e  re s u lt  o f  th e  F ig . 8 .9  s h o w e d  th e  s u p e r io r  a c t iv i ty  in  w h ic h  n o  
d e a c t iv a t io n  in  th e  fu ll 0 2 c o n v e r s io n  d u r in g  th e  tim e  o n  s tre a m , w h ile  th e re  w a s
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o n ly  s lig h t d ro p  in  C O  c o n v e r s io n  f ro m  9 7 .8  %  to  9 4  %  a f te r  th e  f irs t  h o u r  o f  
e x p e r im e n t.  T h e  tre n d  o f  C O  c o n c e n t r a t io n  fo llo w e d  th e  tre n d s  o f  C O  c o n v e r s io n , 
w h e re  it d e c r e a s e d  s ig n if ic a n tly  f ro m  1 3 0 0 0  p p m  to  3 0 0  p p m  a t th e  in itia l t im e , a n d  
th e n  in c re a s e d  to  8 0 0  p p m  u n til th e  e n d  o f  th e  e x p e r im e n t.  T h e  s m a ll  r e d u c t io n  in  
a c t iv i ty  w a s  p r o b a b ly  c a u s e d  b y  th e  p a r t ia l  b lo c k a g e  o f  th e  c a ta ly s t  a c t iv e  s ite s  b y  th e  
a d s o rb e d  w a te r ,  in te rm e d ia te  c a r b o n a te  s p e c ie s , o r  th e  C O - I T O  s u r fa c e  c o m p le x e s  
[3 4 ,3 7 ] ,

T a k in g  in to  a c c o u n t  th e  w h o le  p e r f o rm a n c e  o f  M F P , w e  d e f in e d  b o th  
แ 2 p u rity  (%  m o le )  a n d  C O  c o n c e n t r a t io n  a s  th e  m o s t tw o  im p o r ta n t  m e a s u r e m e n ts  
to  id e n tify  th e  e f f ic ie n c y  o f  th is  fu e l p ro c e s s o r .  E v e n th o u g h  th e re  w a s  n o  s ig n if ic a n t  
c h a n g e  in  แ 2 p u r i ty  o f  th e  r e fo rm a te  (81 —83 % ) a f te r  p a s s in g  th e  P R O X  u n it ,  th e  
o v e ra l l  p ro c e s s  p e r fo rm a n c e  w a s  s ti l l  n o t g o o d  e n o u g h  fo r u s in g  in  th e  P E M F C  
d i re c t ly  s in c e  th e  C O  c o n c e n t ra t io n  r e m a in in g  f ro m  th is  p ro c e s s  s h o u ld  b e  le s s  th a n  
10 p p m . H e n c e , th e  d e v e lo p m e n t  a n d  o p t im iz a t io n  in  th is  p ro c e s s  h a v e  to  b e  fu r th e r  
in v e s t ig a te d  o n  o th e r  p a ra m e te r s .  N o n e th e le s s ,  th e  b e n e f ic ia l  id e a s  fo r  u s in g  th is  
M F P  w e re , a t  le a s t , r e f le c te d  o f  ( i)  th e  h ig h  p u rity  o f  IT  g a s , ( i i)  e x t re m e  r e d u c t io n  o f  
C O  c o n c e n t ra t io n , a n d  ( i i i )  th e  u se  o f  lo w  o p e ra t in g  te m p e ra tu re  o f  P R O X  ( 1 0 0 - 1 1 0  
๐C ) th a t w a s  a lm o s t  th e  sa m e  a s  th a t in  P E M F C , so  th e re  w a s  n o  n e e d  o f  c o n d u c t in g  
h e a te r  o r  c o o le r  u t i l i ty  b e fo re  s e n d in g  th e  p ro d u c t s t r e a m s  to  th e  fu e l c e ll .
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T o  c o n f i rm  th e  a p p e a ra n c e s  o f  th e s e  b lo c k in g  a d s o rb e d  s p e c ie s ,  th e  
F T IR  c h a r a c te r iz a t io n  w a s  u se d  to  d e te c t  so m e  fu n c t io n a l  g ro u p s  r e m a in in g  o n  th e  
s u r fa c e  o f  th e  s p e n t  c a ta ly s ts  o f  e a c h  s ta g e , a s  s h o w n  in  F ig . 8 .1 0 A  a n d  B . T h e  
s p e c tra  w e re  s e p a r a te ly  d e te c te d  in to  2 ra n g e s ; (A )  2 0 0 0 - 3 8 0 0  c m ' 1 a n d  (B )  5 0 0 -  
18 00  c m " 1. U n lik e  th e  f re sh  c a ta ly s t ,  th e  s tro n g  b a n d  o f  3 2 0 0 - 3 6 0 0  c m "1, w h ic h  
m a tc h e d  w ith  th e  h y d ro x y l (O i l ) g r o u p  p o s s ib ly  c o m in g  f ro m  th e  u n re a c te d  s te a m  o f  
th e  s te a m  re fo rm e r ,  b e c a m e  s tro n g ly  p r o n o u n c e d  in  th e  s p e n t  c a ta ly s ts .  This 
p o s tu la te d  th a t  th e  s te a m  p ro b a b ly  b lo c k e d  th e  a c t iv e  s ite s  o f  th e  s u r fa c e  o f  A u  
c a ta ly s t  a n d  k e p t s ta y in g  u n til  th e  e n d  o f  e x p e r im e n t.  In a d d i t io n , th e re  w e re  th e  
d e te c ta b le  b a n d s  o f  v a r io u s  c a r b o n a te  ( - C 0 3 2"; 8 5 3 , 1 0 6 2 , 13 2 9  c m 1) a n d  
b ic a rb o n a te  ( - C O 3 I I ;  1 5 2 2 -1 6 3 7  c m " 1) s p e c ie s  o n  th e  f re sh  c a ta ly s t  s u r fa c e , w h ic h  
h a v e  b e e n  r e p o r te d  a s  th e  a d s o rb e d  s p e c ie s  o n  th e  r e d u c e d  c e r ia  [ 4 ,3 8 - 4 0 ) .  It in fe r re d  
th a t th e s e  c a r b o n a te  s p e c ie s  w e re  f ro m  th e  N a 2CC >3 th a t  u s e d  in th e  c a ta ly s t  p r e p a r in g  
p ro c e d u re . T h is  k in d  o f  c a rb o n a te  o b s e rv a tio n  h a s  b e e n  p r o p o s e d  in  th e  f re sh  
A u /C e 0 2 - F e 2 0 3  c a ta ly s t  b y  u s in g  T e m p e r a tu r e -p ro g r a m  o x id a t io n  (T P O )  
c h a r a c te r iz a t io n  [5 ], F o r  th e  s p e n t  c a ta ly s ts  in  e a c h  s ta g e , th e  m a in  c a r b o n a te  b a n d s  
a t o f  1 2 0 0 - 1 7 0 0  c m " 1 b e c a m e  s t r o n g ly  p ro n o u n c e d  a f te r  e x p o s u re  to  th e  r e a c t io n ,  
w h ic h  m ig h t  b e  g e n e ra te d  f ro m  th e  c o m p le x  m e c h a n is m s  o n  th e  A ll c a ta ly s t  s u r f a c e ,  
s u c h  as th e  d e h y d ra t io n  b e tw e e n  b ic a rb o n a te  a n d  h y d ro x y l  s p e c ie s  o r  th e  a d s o rp t io n  
o f  C 0 2 p r o d u c t  [ 3 8 ,4 1 1. M e a n w h ile ,  th e  d e c r e a s e  in  in te n s i ty  o f  s o m e  s m a ll  
c a r b o n a te  b a n d s  a t 8 5 3 - 8 5 6  a n d  1 0 6 0 -1 0 6 5  c m " 1 w a s  fo u n d  w ith  th e  e x is te n c e  o f  th e  
l in e a r  C 0 2 a d s o rb e d  s p e c ie  a t 2 3 4 8 - 2 3 5 2  c m "1. T h is  p o s tu la te d  th a t  th e  c o - e x is te n c e  
o f  s te a m  m ig h t  p a r t i a l l y . d e c o m p o s e  c a r b o n a te  [4 2 ,4 3 ]  to  fo rm  le s s  s ta b le  
b ic a rb o n a te ,  a n d  th e n  c o n t in u a l ly  c h a n g e d  to  C 0 2 a d s o rb e d  s p e c ie s  [4 4 ] , In  s o m e  
c a s e s , th e  p o s i t iv e  e f fe c t  o f  th e  s te a m  a d d it io n  w a s  fo u n d  to  p r o m o te  th e  P R O X  a n d  
W G S  c a ta ly s ts  [3 7 ,4 5 ,4 6 ] . H o w e v e r , th e  e x a c t m e c h a n is m s  w e re  n o t d is c u s s e d  in 
th is  p a p e r . F ro m  th e  X R D  m e a s u r e m e n t  o f  th e  s p e n t  c a ta ly s ts  in  e a c h  s ta g e , th e  
p re s e n c e s  o f  u n c h a n g e d  c e r ia  c r y s ta l l i te  s iz e  a n d  d i f f r a c t io n  p la n e s  e v id e n c e d  th a t  th e  
s tru c tu re  o f  th e  c a ta ly s t  d id  n o t c h a n g e  o r  c o l la p s e  m u c h  d u r in g  th e  re a c t io n .



%
 T

ra
ns

mi
tta

nc
e

213

3800 3600 3400 3200 3000 2800 2600 2400 2200 1600 1400 1200 1000 800 600

W a v e n u m b e r  (cm"*)  W a v e n u m b e r  (cm "*)

F ig u r e  8 .1 0  F T IR  a n a ly s is  o f  1 w t%  A u /C e 0 2  c a ta ly s ts  c a lc in e d  a t 4 0 0  °C : (A ; 
2 0 0 0 - 3 8 0 0  c m '1, B ; 7 0 0  18 00  c m "1) (a )  F re sh  c a ta ly s t .  A f te r  e x p o s u re  to  th e  P R O X  
re a c tio n : (b )  s p e n t c a ta ly s t  f ro m  th e  f irs t s ta g e  a n d  (c )  s p e n t c a ta ly s t  f ro m  th e  s e c o n d  
s ta g e .

8 .5  C o n c lu s io n s

T h e  d e v e lo p m e n t  o f  M F P  w a s  s u c c e s s f u l ly  a c h ie v e d  b y  th e  u se  o f  7 w t%  
A u - C u /C e o 7 5Z ro 25 0 2  in  th e  S R M  u n it  a n d  1 w t%  A u /C e C >2 in  th e  P R O X  u n it  in 
o rd e r  to  p ro d u c e  th e  h ig h  แ 2 p u r i ty  w ith  m in im u m  C O  c o n ta m in a t in g  c o n te n t .  T h e  
d o u b le - s ta g e  r e a c to rs  s h o w e d  m u c h  h ig h e r  C O  o x id a t io n  a c t iv i ty  th a n  th a t  o f  s in g le -  
s ta g e  r e a c to r ,  w h e re  th e  C O  c o n c e n t r a t io n  w a s  r e d u c e d  f ro m  13000 p p m  to  300-700 
p p m  in  th e  te m p e ra tu re  ra n g e  o f  90-150 °c. T h e  o p t im u m  c o n d i t io n s  w e re  fo u n d  in  
th e  0 2 s p l i t  r a tio  o f  50:50, w e ig h t  sp lit  r a t io  o f  0.35:0.15, a n d  th e  f ir s t - s ta g e  
te m p e ra tu re  o f  110 °c u n d e r  th e  to ta l  a m o u n t o f  500 m g  u se  c a ta ly s t  a n d  th e  O 2 /C O  
fe e d  m o la r  ra tio  o f  1, w h ic h  g a v e  th e  h ig h e s t C O  c o n v e r s io n  o f  97.8 %  a n d  fu ll O 2 

c o n v e r s io n . A m o n g  o f  th e s e  e f f e c t iv e  p a ra m e te r s ,  th e  d e c r e a s in g  in  th e  f ir s t - s ta g e  
te m p e ra tu re  p re s e n te d  s e v e re ly  n e g a tiv e  e f fe c t  th a n  o th e rs . F ro m  th e  s ta b il i ty  
o b s e rv a tio n , th e  c a ta ly s t  w a s  s u i ta b le  to  b e  th e  lo n g  l i f e - t im e  c a ta ly s t  w i th o u t  a n y  
d e g ra d a t io n  fo r  2 2  h. S in c e  th e  C O  c o n c e n t ra t io n  f ro m  th e  M F P  w a s  s ti ll  a t 300 p p m , 
th e  in v e s t ig a t io n  o f  o th e r  p a ra m e te r s  fo r  d o u b le - s ta g e  P R O X  m u s t  b e  fu r th e r  c a r r ie d
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