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Abstract

' Project Code : MRG4880004

_Project Title : Selective CO oxidation in hydrogen-rich stream for PEM fuel cell
applications
_Investigator : Asst.Prof. Apanee Luengnaruemitchai

The Petroleum and Petrochemical College, Chulalongkorn University

T

E-mail Address : apanee.l@chula.ac.th

Project Period : 2 years

X
: é

In the hydrogen production from reforming of hydrocarbon fuels for Proton
.Exchange Membrane Fuel Cell (PEMFC) applications, reformate typically contains
1%CO. A small amount of CO can poison the Pt-based catalyst in a PEM fuel cell and
can result in a dramatic loss of efficiency. Therefore, CO concentration has to he
reduced to ppm levels. In this work, the catalytic activity of the preferential CO oxidation
reaction in simulated reformates gas'over PUA type zeolite and bimetallic AuPt/A type
Izeolite catalysts were investigated. The activity and selectivity of the prepared catalysts
are presented in the temperature range of 50-310°C under atmospheric pressure. The
results showed that when a small amount of Au was added to the PUA zeolite catalyst,
the CO selectivity was improved at low temperatures, and 1% AuPt/4A zeolite (Au:Pt =
1:2, weight ratio) gave the best performance. However, the activities of the
I‘I%(122)AUPU4A zeolite did not show much difference between the presence and the

absence of H,O vapor in the feed stream. Moreover, this catalyst exhibited a stable

éatalytic performance during 12 h of testing time.

]
Keywords : Selective CO oxidation; Pt; Au: zeolite A
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2.1 gaseduazadniol

C 2.1 @l
Hydrogen hexachloroplatinate (H,PtCl;.xH,0) 983131 Alfa AESAR Co., Ltd.

Hydrogen tetrachloroaurate (lll) (HAuCl,.3H,0) Au 49.5% Ta3UTEN Alfa AESAR
Mordenite zeolite 98413%¥N Tosoh Co., Ltd.
A{CH), supplied by Sigma Chemical Co., Ltd.
Si0, (Fume Silica) supplied by Sigma Chemical Co., Ltd.
' N(CH,CH,CH), (Triethanoclamine, TEA) supplied by Fluka Chemical AG.
N{CH,CHCH,OH), (Triiscpropanolamine, TIS} supplied by Carlo Erba Reagenti Co.,
’ Ltd.
HOCH,CH,0OH (Ethylene Glyco!, EG) supplied by J.T. Baker Inc.
NaOH supplied by EKA Chemical Co., Ltd.
NaCl supplied by AJAX Chemical Co., Ltd.
f CH,CN (Acetronitrile) supplied by Lab Scan CO., Ltd
Scdium nitrate (NaNG,)
Sodium hydroxide (NaOH)
Silver nitrate (AgNO;)

2.1.2 e
ﬁwﬁ‘[’ﬂum‘mﬂaawaw‘%ﬁ'ﬂqﬂmﬁn‘smuﬁa’lnu) UWITU M9 (Thai

Industrial Gas Public Co., Ltd.) leud

w - J
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j foaiueunavanled 10 % Iufedidon
o e - &£
MaBiRuunigndgs 99.999 %
Ly o - &£ " A
MwaanBEuuigns 5 % Iufod@ey

3 ™ [ L2 o - o & o
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2.2 MRS TuNaHINAATI

2.2.1 MIFRATIEREIII58 (Precursors Synthesis)
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WUNTU (Alumatrane) TagnIRUATIERITAUNTUEBNIARUATIERHIUE INEN T IINUERM
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wr « 3 o ol « . .
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2.2.2 nriganTsistessudlalaniaiie

Flolarsiaemansodnansiihunszuoumslaas leodloaunisuazazguun
swiuasiisy wanAvaTazmoloduulaasanlod mMudandmleoluariiy
Si0,:ALO,:xNa,0:yH,0 1at x = 7, y = 410 (Sathupanya WazAme, 2003 [15]) MIHEUNK
Fsprdnmamimadmman o ldlaonsldiadas Magnetic Stirer asaaszoziann 12 4ala o
ann i nniwihmsasasesilaliuadadlulnsan i 18 il ussfeaznon
maa%'[a"laﬁ'ﬂﬁﬂLaﬁ'lﬁﬁ'dUﬁ"msf'uwns:ﬁ'alﬂunmcﬁauﬁa:ﬁﬂﬂauﬁqnm.gii 75 M
maidnw 12 73lus udrialliimsaneseudipmaila XRD uas SEM  uanihdlaleviziie

= o = L oo v oo '
e laliisionaas9l§isen Puzeolite Mu3% impregnation dall
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3.1 MIFNATIzAS e laniae uasaasalinien Przeolite
< - a ™ - - LY o ao
3UN 6 usae XRD pattems vevdlalaviziiaieiaionldlasitlonns s fism

- - v oaa - ol e - a

PULTAY (Blolavisiondoitlosan) ue: PULTAG (dlalavinimoludasese) aniuin

XRD patterns 1230 039dfNmneisulaiianulndifseiuiy XRD pattem va9dlalarin
- v - [ -, oo o w v & o

w5ould uaziSuufisudl XRD pattern wasaniafiien PYALO, Taldilluaaisnljisen
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(n ()
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ol a .
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3.2 HNAaMINAFALAVIY IR iTen Piizeolite

3.2.1 enfwazasimTasTuausnlnien

Tudrusasmsfinudniwavesd 3ol udisniiiton  wammeasauaaafions
vasnnuiashvasdninounafituuudisasiusnrions  Wldud  dnsalfison
anafinuioos: 1 uudasesivdlaleiiedonldlanitloawa (LTA4), Flalavififinoln
aiaa1e (LTAS) uss sl jidsunsfiiudiiasiuezsling (AL,0;) Fududainl§izen
afimsldiunnamivg§ited R 13 ussshmanffowasasfamiueuvauanlad,
mafndenifadunizvasiamuawuananlosuazdmmsdsuulssasioaendiannes
dsafitmeandn Tagsms/dowulasmasfomiveunananledvasdrisafisoniFo
audduldaail PULTAS > PULTAG > PUALO, (17 8)
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0 L3 T L) T L)
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Temperature (OC)
~ . o o
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oy - aa Y ad a i Py
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- uRowhliwiromiveulassnledldavysollandninljiten PULTAG 71 220 sesrusniGios
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minldsulssmaniusnuauanloduas PULTAG sansousnidiugesdim ldud dmi
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Lﬁﬂﬁuﬁqmngﬁﬁﬂndw %mamsmaaaﬁaamé’mﬁ'mj’udmmuﬁm 1AuA Kahlich uazame,
(1997) [10] , Manasilp 11 Gulari (2002) [17]u8 Son WazAm, (2002) [18]
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3.3.2 Transmission Electron Microscope
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Abstract

A series of AuPVA zeolite and PUA zeolite catalysts prepared by incipient wetngss impregnation are investigated for the preferential oxidation
(PROX) of carbon monoxide in the presence of hydrogen over the temperature rang€ af 50=310 °C under atmospheric pressure. The results indicate
that when a small amount of gold is added to the PUA zeolite catalyst, the CO selectivity is improved at low temperatures, and 1% AuPt/A zeolile
{at a weight ratio of Au:P1=1:2) gives the best performance, which provides'a high CO conversion in combination with a high CO selectivity.
In more realistic simulated reformate gases containing 10% CO; and 10%_]—[2‘(-)'. there is not much difference between those in the presence and
the absence of CO; and H,O. Transmission electron microscopic and X -ray diffraction studies show that the two metals, Au and Pt, appear to be

severely phase separated, which is confirmed by energy dispersive investigations.

®© 2007 Elsevier B.V. All rights reserved.

Keywords: Preferential carbon monoxide oxidation; Bimetallics; Au-P1 catalyst;:A-type zeolite; Fuel ¢ell; Selecuvity

1. Introduction

Minor concentrations of CO can cause Pt-based catalysts to
deactivate by strongly binding to the Pt surface. This resulls
in dramatic losses in the efficiency of proton-exchange mem-
brane fuel cells (PEMFCs). Therefore, the content of CO in
the Hy stream must be reduced to the ppun level, which is the
acceptable lirnit of CO in the H;-richisticam obtained from the
reforming of hydrocarbons. One of the miost effective methods
for removing CO from reformate is preferential catalytic oxida-
tion (PROX). The catalysts used for this process usually consist
of a noble metal [1-4] and active oxygen [5,6]. Among the cata-
lysts studied, gold is generally regarded as being the least useful
of the noble metals for catalytic purposes. Neventheless, Haruta
et al. [ 7] have reported that svitable catalyst are highly dispersed
nanosized Au particles supporied on transition metal oxides thal
can calalyze the oxidation of CO to CQ; at temperatures as
low as —70°C. Thus, Au may catalyze a wide variety of reac-

* Corresponding avthor. Tel.: +66 2 218 4148; fax: +66 2 215 4459,
E-mail address: apanee 1€ chala.ac.th (A. Luengnaruemitchai).

0378-7753/% - see front matter © 2007 Elsevier B.V. All rights reserved.
doiz10.1016/) jpowsour.2006.§2.033

tions under comparatively mild conditions. Several gold-based
catalysts have been investigated for the selective CO oxidation
reaclion, ¢.g., AwFe;03 [8.9], AwWALLCs3 [10). Aw/ZrO; and
AWTIiO, [11]. Other studies have investigated the influence of
H;0 and CO; [12], as well as of particle size, on the activity and
selectivity (13, 14] of the PROX reaction over supported Au cata-
lysts. Research in our laboratories has shown thal supported Au
catalysts, prepared via a co-precipitation technique and using
different supports, exhibit a similar or even higher activity at
comparatively low temperatures {15,16). Recently, bimetallic
catalysts have been used extensively in many important indus-
trial processes and are often preferred to their mono-metallic
counterparts in terms of catalytic activity and/or selectivity
because of their unique catalytic properties. For example, Pt-
Pd/CeO7 [17] and P1-Aw/CeO- [18] catalysts have been studied
for the PROX reacuon and found to give better performance than
mono-metallic catalysts. Therefore, the previous resulis can be
related to differences in the activity of the Au crystallite sizes in
the final catalysts.

Mectal oxides have been mainly used as a support for the
PROX reaction, whereas zeolite has not been widely investi-
gated. The supported A zeolite catalyst has been shown [19] 1o
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give higher selectivity for CO oxidation than supported mor-
denite, X-zeolite and alumina catalysts [19]. Our preliminary
results showed that a Pt/zeolite catalyst can be used to oxidize
CQ with high activity in the H-rich stream around 200 °C, but
gives quite low selectivity [20].

The main purpose of this study is to present resulis for the
PROX of CO when using bimetallic Au-Pt supported on A zeo-
lte. The catalytic aclivities are presented in the terms of CO
conversion and CO selectivity as a function of temperature in
order to find a catalyst that is able to convert CO completely to
CO, over a relatively low temperature range for application in
an on-board Hy generator for fuel cell operation. Many effects
on the catalytic activity are presented, namely, the effect of Au
on the PVA zeolite performance, sequential metal loading and
metal-loading ratio. Additionally, the performance of the best
catalyst is investigated under a realistic reformate containing
CO; and HL0.

2, Experimental
2.1, Catalyst preparation

Mono-metallic PVA zeolite (designated as PYA) with a
Pt loading of 1wt.% was prepared by incipient wemess
impregnation of the NaA zeolite with an aqueous soluton of
H7P1Clg-xH2 0. Additionally, bimetallics containing Pt and Au
with a total metal loading of 1 wt.% were prepared by incip-

ient welness impregnation. The appropriate concentrations of

the HAuCls-3H20 and HyPiClg-xH20O precursor aquecus solu-
tions were impregnated on to a NaA zeolite support. Both
co-impregnation and sequential impregnation were used forcat-
alyst preparation. [f Au is firstly ioaded on the A zeolite, followed
by Pt loading. it will be denoted as Pt-Au/A. On the other hand,
if Pt is first loaded on the A zeolite, followed by Au loading,
it will be denoted as Au-PVA. For co-impregnalion, the nota-
tion of AuPVA will be used. All catalysts were dried in an oven
al 110°C overight and subsequently calcined in air for 5h at
500°C.

2.2. Caralytic characterization

The crystallite size of Au and Pt on thesurface and the crys-
talline structure of the A zeolite support were analyzed by means
of aRigaku X-ray diffraclometer system (RINT-2200) with a Cu
tube for generating Cu Ka radiation (1.5406 A). Hydrogen pulse
chemisorption analysis detcrmined the percent metal dispersion
by applying measured pulses of Hy gas to the prepared catalysts.
A transmission electron microscope (TEM) was employed to
identify the microstructure of the prepared catalysts. The instru-
ment was 2 JEM 2010 unit operating at an accelerating voltage
of 200 kV.

2.3. Caralytic activity
The PROX reaction was conducted in a fixed-bed, U-tube,

micro-reacior by packing with 100 mg of the catalyst. The activ-
ity was investigaled at vartous temperatures over the range of

50-310°C under gas mixture conditions of 1% CQ, 1% O, and
40% H- balanced in He with a total flow rate of S0 mlmin~!.
The effluent gas from the reactor was analyzed both qualita-
tively and quantitatively by aute-sampling in an on-line gas
chromatograph equipped with a packed carbosphere column,
80/100 mesh, 10t x 1/8in. and a thermal conductivity deteclor
(TCD). Calculation of the CO conversion was based on the for-
mation of carbon dioxide. The selectivity of CO oxidation was
defined as Lhe oxygen consumption for C{¥pxidation divided by
the total consumption of oxygen.

3. Results and discussion
3.1. Catalyst characierization’

The XRD patterns of AuPU/A catalysts prepared by the incip-
ient wetness impregnation method at different Au:Pt ratios are
given in Fig. 1, together with that for A zeolite. The Au and
Pt peaks indicate ‘the metals in the prepared catalysts and the
crystallite size ﬂrlj:l.;, metals was calculated by use of the Scher-
rer equation i‘hc_ Au and Pt peaks observed at 26 values of
38.5° and Sﬁfﬁf_conespond to Au(l 1 Dand Pi(l 1 1) for Cu Ke
(1.5406 .?t‘,lem_diar.ion, respectively. This result indicates that the
metal ﬁ"lrmks of Au and Pt are not mixed o alloy form. For
the Auﬂ Catalysts, the substitution of Au by Pt is observed to
Jll:. n.asn the intensity of the Px(1 1 1) peak. The substitution of

Al byPt tends 10 decrease the Au{] 1 1) diffraction peak inten-
sity due to the dilution of Au by Pt. In addition, the total meta)
Ipadings of all catalysts are almost the same, as confirmed by
ICP results.

Hydrogen temperature programmed reduction (TPR) 1s an
effective technique 10 provide information on the character of
the above interactions. The TPR profiles of the different samples
are given in Fig. 2. All samples exhibit one reduction peak with
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Fig. |. X-ray diffraction patterns of unloaded A zeolite and AuPt supported on
A zeolite with different Au:Pt ratios.
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Fig. 2. Temperalure programmed profiles of unloaded A zeolite, PUVA. Au/A
and AuPt/A catalysts,

a maximum temperature at ~50-150 “C. The reduction peak at
~70°C can be ascribed to the reduction of gold ions in the Auw/A
catalyst. It is interesling to note that the corresponding hydro-
gen consumption peak around the reduction of gold species of
AuPVA almost overlaps those for the Aw/A and PUA catalysts,
and the reduced amount of adsorbed Hz on AuPV/A is possibly
a possible reason for the higher activity.

3.2, Activity of AuPt/A and PU/A catalysts

The preferential oxidation of CO versus temperature curves
obtaincd over PUA and AuPt (1:2¥A catalysis are shown' in
Fig. 3(a and b). Carbon monoxide conversions of 1009 are
obtaincd over both catalysis, but the calalyuc activity of PUAis
improved slightly in the presence of Au. The temperature at the
maximum CO conversion of AuPVA is shifted approximately
50°C 10 a lower temperatre (~170°C), which suggests thal
CO adsorption on Au is much weaker (bhan that on Pt [21,22].
Carbon moneoxide can be weakly adsorbed on Au and is there-
fore easily desorbed off the surface. Moreover, adsorbed CO
is generally observed only at low teémperatures. The fact is that
Au has fully occupied d-orbitals and exhibits weak coordination
ability toward CO. As a result of this adsorption, the tempera-
ture for the maximum conversion of CO on a AuPVA catalyst is
shified 10 a lower value. The bimetallic sample displays slightly
different activity to mono-metallic Pt, which suggests that the
addition of Au by co-impregnation yields large Au panticles that
are unable to oxidize CO in the presence of Ha. This conclusion
is consistent with the Au crystallite sizes determined from XRD
data. Similarly, at high temperature, both catalysts exhibit sim-
ilar selectivity in the range of ~40-50%. Al low temperatures,
however, the AuPtY/A catalyst provided 35% higher CO selectiv-
ity than the PUA catalyst. This shows that a small amount of Au
added to the PU/A catalyst causes the particle size of the Pt metal
o decrease (from ~59.910 51.1 nm) and results in the higher dis-
persion of AuPV/A on the catalyst suppon (~27%). as compared
with the PUA calalyst (~21%). Higher dispersion values equale

100

]
Z &
) f

CO Converslon {%)
&

20

50 100 150 200 250 300
(a) Temperature (°C)
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Fig. 3. Catalytc activity of PUA zeolite (@) and AuPt (1:2)A zeolite ((O) cat-
alysis. Gas composition: 1% CO, 1% O3, 40% H; and He as balance: (a) CO
conversion; (b) CO sclectivity.

lo more efficient metal atom usage for the catalytic reaction
which provides an optimal CO conversion and CO selectivity
at relatively low temperatures. The mono-metallic AwA cata-
lyst displays almost no acuivity towards CO oxidation at this
temperature range.

3.3. Effect of sequential metal loading

The sequential order of metal loading does not have a sig-
nificant effect on CO conversion, as shown in Fig. 4. Maximum
CO conversion takes place at a temperature around 190°C. By
contrast, the sequential order of metal loading has a significant
effect on CO selectivity at low temperatures (lower than 170 °C).
It can be seen that a higher CO selectivity is obtained at low tem-
peratures for all lested catalysis. These results can be explained
by the fact that the average metal crystallite sizes do not dif-
fer greatly among the prepared catalysts (~71 nm). The same
metal crystallite sizes lead 1o the same metal dispersion, result-
ing in similar catalytc activities among all samples (Pt-Aw/A,
Au-PUVA and AuPUA catalysts). This suggests that if either Au
or Pt is initially loaded in the sequential metal loading or if co-
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Fig. 4. Calulylic activities of P1-Au (@), AuP1 () and Au-P1 (¥) supported on
A zeolife calndysts with a AufPt ratio of 1. Gas composition: 1% CO, 1% O;,
40% H, and He as balance: (a) CO conversion; {b) CO selectivity.

impregnation is used, there is no effect on the metal coverage
on each metal.

3.4. Effect of meral-loading ratio

To improve the catalylic activity.of the AuPVA catalyst, the
effect of the addition of Au to the PYA was investigated. The
AuPVA catalysts were prepared by co-impregnation. The Au:Pt
ratos were 1:1, 1:1.5 and 1:2. As shown in Fig. 5, the presence
of Au on the PUA catalyst improves both the CO conversion and
seleclivity. The resulls indicate.that although both a Au and Pt
are present in the samples, the ratio of Pt and Au exerts an effect
on the catalytic activity. The AuPU/A catalyst containing a An
to Pt ratio of 1:2 gives the highest CO conversion {100%) and
seleclivity. Morcover, the temperature at maximum CO con-
version is also shifted to a lower temperature compared with
other Au/P1 ratios. This behavior can be autributed to the crys-
tallite size of Au in the samples because the presence of smail
crystallites of Au enhances CO oxidauon, as shown in Fig. I.
Consequently a ratio of PUAu=1:1, gives the lowest activity.
The catalyst performance depends on many variables, however,
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Fig. 5. Catalytic activily of AUPYA zeolite at various Au:Pratios, 1:1 (@), 1:1.5
(¥) and 1:2{(0)) supported on A zeolite catalysts, Gas composition: 1% CO, 1%
03, 40% H; and He as balance: {a) CO conversion; (b} CO selectvity.

such as the support, the actual (otal metal loading and the metal
dispersion of the metal. Therefore, additional studies arc needed
10 quantify these results. In addition, the metal particles of Au
and Pt are not mixed to form an alloy because TEM observa-
tions of AuPYA (not shown here) suggest that the two metals
appear to be severely phase scparated, as confirmed by the EDS
technique. This result 1s in a good agreement with that reported
by Chandler et al. [23], who showed that the co-impregnation
of Au with Pt from chlonde salis yielded catalysts with litile or
no interaction between the two metals.

3.5. Effect of water vapour on catalytic performance

The effect of the water vapour in the feed stream on the
catalytic performance of the 1% (1:2) AuPW/A catalyst was inves-
tigated. In practice, a reformate stream usually contains up to
10-15% H2O. Therefore, it is essential 1o investigate the influ-
ence of water vapour on the PROX reaction while maintaining
gas conditions. The catalytic activities of the catalyst were tested
with a reaclant gas composition of 10% H;0, 1% CO, 1% O3
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Fig. 6. Effect of HzO on catalylic activitics of 19 (1:2) AuPVA zeolile catalyst.
Gas composition: 15 CQ, 1% Oy, 40% Hy, 0~10% H; O and He as balance: ®
0% Hz0 and () 10% Hz0—{a) CO conversion; (b) CO seleciivity.

and 404 H; balanced in He. As shown in Fig. 6(a and b), the
presence of water vapours does not have #wsignificant effect on
CO conversion, bul has a positive &ffech on CO selectivity at
high temperatures. The CO selectiyity ificreases from 50 to 55%
at 190°C. Schubent et al. [21] -.'._w.:l::ilined the influence of CO;
and H20 on selective CO oxidation over Aw/a-Fe,O4. It was
concluded that the addition of HyO exerts a positive effect of the
selectivity by suppressing the competing H; oxidation reaction
and promoting the water—gas shift reaction. As aresult, more CO
is converied to COgp at high temperatures and causes an increase
in CO selectivity. Additionally, the presence of Ha0 increases
the formation of hydroxy! groups on the catalyst support, which
makes water a better oxidant than oxygen and increases the oxi-
dation rate of CO and Hy. This resuli can be confirmed by the
reduction of O3 consumption. On the other hand, Calla et al. [24]
found that the presence of H;O in a feed stream significantly
increased the rate of CO oxidalion over Auw/Al, O3 because the
activation energy CO oxidation was reduced. By conlrast, we
found that the presence of H2O vapour had a negative effect on

the performance of the Pt/A catalyst. Based on these findings,
i1 can be concluded that when a small amount of Au is added to
a PVA catalyst, the activity of 1% (1:2) AuPVA does not show
much difference in the presence or absence of HyQ vapour in
the feed stream.

3.6. Effect of combination of CO; and H;0 on caralytic
performance

The effect of the presence of CQ and Hy O in the feed stream
on the catalytic performance of the 1% (1:2) AuPVYA catalyst was
also examined because reformuic typically contains up t0 25%
COs3 and 10-15% H,O. It is essential, therefore, (o investigate
the influence of both CO; and H20 on the preferential oxidation
of CO in order to evaluate whether the high activity and selectiv-
ity observed in simulated reformate are still maintained under
more realistic conditions. From the CO conversion profiles in
Fig. 7(a), the presence of CO; and H>Q in the feed stream has a
slightly negative gffect on the CO conversion profile of the 1%
(1:2) AuPuUArcatialyst. The maximum CO conversion is shifted
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Fig. 7. Effcct of CO; and HzO on catalytic activity of 1'% | 1:2) AuPt/A zeolite
catalyst. Gas composition: 1% CO. 1% O, 40% H,, 0-10% €O, 0~10% H,0
and He as balance: (8) 0% COy + 0% HyO and (7)) 10% CO7 + 10% HaO--(a)
CO conversion: (b} CO selectivity.
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1o a higher temnperature by approximately 10°C. The CO selec-
tivity of the catalyst is not significantly changed by the presence
of COs and H30 in the feed stream. Avgouropoulos et al. [9)
investigated the influence of CO, and H;O on catalyst activity
for the preferential oxidation of CO over a Au/a-Fe; Oy cata-
lyst. They reported that the presence of CO; and H0 further
reduced CQ conversion, but increased CO setectivity. In addi-
tion, the Pt/y-Al; (O3 catalyst is more resistant than Aw/a-Fe, O3
and CuO-CeQ; catalysts towards deactivation. Based on these
results, it can be concluded that the presence of Au in the PYA
catalyst can slightly reduce the influence of CO; and H»0.

4. Conclusions

A bimetallic catalyst prepared by incipient wetness impreg-
nation, which is a conventional synthesis, results in catalysts
conlaining segregated Pt and Au particles. When a small amount
of Au is added o the PUA catalyst, CO selectivity is improved
at low temperatures. Additionally, the temperature at maximum
CO conversion on AuPt (1:2)/A is shifted by 50°C 10 a lower
temperature. These differences are the result of the presence of
Au in the Au-Pt bimetallic particles. The sequential order of
metal loading has no significant effect on the calalytic activity.
The AuP/A catalyst containing a Au to Pt ratio of 1:2 pro-
vides the best performance; it completely removes CO from
the Hz-rich stream and achieves a high selectivity. Moreover,
the temperature of maximom CO conversion is also shifted to
lower temperatures. Under practical conditions, the presence of
CO7 and H70 in the feed suream has a negative effect on CO
conversion and slighily effects CO selectivity.
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Abstract

The catalytic performance of Pt/A-type zeolite has been investigated for the
preferential oxidation (PROX) of CO in Hj-rich stream in the temperature range of 100-
300°C and . = 2. The NaA zeolite was synthesized by sol-gel process and microwave
heating technique and compared with the commercial one. The results indicated that
both synthesized and commercial NaA zeolite-supported Pt catalysts gave similar CO
conversion profiles. CO was completely removed at temperatures of ~200-220°C,
whereas the maximum selectivity (~80%) and CO conversion of ~95% were obtained at
a temperature of ~160°C. The effects of H;O and CO;, present in the simulated
reformate stream, on the catalytic performance were also studied. It was found that CO;
had no significant effect on the conversion, while H,O depressed the selectivity and
conversion of both Pt/A-type zeolite catalysts.

Keywords: Pt; zeolite; LTA; preferential oxidation of CO

1. Introduction

Recently, proton exchange membrane fuel celis (PEMFC) were found to be idealf-y
suited for the propulsion system of vehicles, due to their high power density,
compactness, light weight, relatively low emissions, extreme quietness, transient
response, quiék start up, and low operating temperatures [1-2]. PEMFCs require only
pure H; as fuel; however, it is not practical to store sufficient amounts of H on-board.
Therefore, on-board H, generation from liquid hydrocarbons or alcohols reformer, was
used to produce a Hp-rich strcam. One of the major drawbacks of PEMFC is its

sensitivity toward CO; only a trace amount of CQO can severely depress the performance



of the PEMFC. Thus, CO in the reformate stream needs to be removed before entering
the PEMFC. To achieve this goal, a water gas shift (WGS) reactor connected with the
preferential oxidation of CO (PROX) or selective CO oxidation reaction in series has
been used to oxidize 0.5-1.0% CO to less than 10 ppm without a large consumption of
H;. The catalyst used in the PROX reactor must be highly active for the CO oxidation
and must not consume H; via H; oxidation or CO methanation reactions. Although the
noble metals (Pt, Rh, Ru and Pd) have been intensively reported on the high activity for
this reaction, especially Pt, (such as P/ALZOs [3,4,5], Pt-Fe/ALL O3 [6], P/CeQ2-ZrO, [7),
Pt/Cegs3Z103702 , Pt/Si02-AL0;3, PYSiO;, Pt/La,03, PYMgO [8], and P/Ce0; (8, 9]
catalysts), an improvement in the selectivity for the CO oxidation at low temperatures is
nceded. It has been reported that Pt supported on zeolite catalysts showed better
select.ivity than the conventional Pt supported on alumina catalysts due to “molecular
sieve effect” of =zeolite, in the order of A-type zeolite>mordenite>X-type
zeolite>alumina [10]. Linde type A zeolite ((X)2m)(S112A112043).#H20, X= cation, m=
charge number, LTA) is the most useful among the zeolites due to its highest cation
exchange capacity (CEC) [11]. In addition, it has been reported that among A-type
zeolite supported Pd, Ru, and Pt catalysts, the Pt/3A showed a complete CO conversion
in a wide temperature range and high selectivity {12]. From our previous study
regarding the success of small and uniform NaA synthesis via a sol-gel process and
microwave heating technique using alumatrane and silatrane as precursors [13],we
therefore decided to choose the synthesized NaA as a support for this reaction.

In most studies, the composition of reformate was simplified by using a Hy/CO
mixture. However, the realistic reformate also contains CO; and H,O; thus both must be

considered. In this paper, we present the catalytic activity of Pt/synthesized A-type

-



zeolite, Pt/commercial A-type zeolite, and the conventional Pt/AL O catalysts at various

temperatures and under typical reaction conditions.

2. Experimental

2.1. A-type zeolite synthesis

Precursor synthesis

Silatrane was synthesized by mixing the reactants, silicon dioxide (0.10 mol) and
triethanolamine (0.125 mol), in an ethylene giycol (EG) solvent in a simple distillation
set. The reaction was conducted under nitrogen atmosphere at 200 °C for 10 h. Then, the
excess EG was removed under vacuum at 110°C for 8 h. The crude product was washed
three times with dried acetonitrile to remove undesired organic residues to obtain a
white powder. Alumatrane was synthesized by a similar process, except that aluminum

hydroxide and triisépropanolamine were used as reactants [13].

Sol-gel process and microwave techniques

To synthesize Na-A zeolite, silatrane and alumatrane were mixed with NaOH at a
ratio of S102:Al,0;:7Na,0:410H;0. The mixture was aged for 12 h at room ternperature
to form a gel. The gel was then brought to hydrothermal treatment using the microwave

technique for 18 min. The obtained product was washed by distilled water three times

[13).

2.2 Catalyst preparation



For comparison, a commercial A-type zeolite in sodium form with SV/AI = 1.0
,obtained from IFP(France), is used. Both the commercial and the synthesized Na-A
zeolites were used as supports and all catalysts were prepared by the impregnation
method. To obtain the desired amount of Pt loading, an appropriate amount of Pt
precursor (H;PtClg.6H,0) was impregnated onto the commercial and synthesized
zeolite supports. The catalysts were then dried in an oven at 110°C overhight and
calcined at 500°C for 5 h. Prior to each catalytic measurement, the catalyst was ground
and sieved to an 80-120 mesh size. The Pt contents determined by XRF were 0.95 and

0.90 wt %, abbreviated as P/Al and PYA2 for Ptsynthesized A-type zeolite and

Pt/commercial A-type zeolite, respectively.
2.3 Catalyst characterization

The Brunauer-Emmett-Teller (BET) method, using a Quantachrome Corporation
Autosorb, was used to determine the total surface area and pore size of the prepared
catalyst by N, adsorption/desorption at -196°C. The cryslalli;le; phases of the catalyst
support and the Pt were analyzed using a Rigaku X-ray diffractometer (XRD) system
equipped with 2 RINT-2200 wide angle goniometer using CukK, radiation (1.5406 A)
and a generator voltage and current of 40 kV and 30 mA, respectively.

To determine the exposed metal surface, distinct from the total surface arca, H;
pulse chemisorption was carried out using a TPDRO instrument (Thermoquest TPDRO
1100 model). Prior to H; pulse chemisorption, the sample was pretreated by reducing

under H; flow at 500°C for 2 h. Then, pulse chemisorption was performed in isothermal



condition at S0°C. From the amount of H; uptake by the sample and the amount of
metal in the sample, the metal surface area and de;gree of metal dispersion are derived.

A JEOL 5200-2AE scanning electron microscope (SEM) was used to capture a
micrograph of the support morphology. The powder sample was placed on a stub and

coated with gold in the sputtering device before taking the micrograph.

2.4. Activity measurement

A 100 mg sample was packed inside a U-tube microreactor with a 6 mm inside
diameter. Prior to the reaction, the catalyst was pretreated in H; at a total flow rate of 50
ml/min at 400°C for 1 h. The catalytic activity was investigated in the temperature range
of 100-320°C. The mixture consisted of 40%H,;, 1%CO, 1%0;, 0-10%CO,, 0-10%H,0
(He balance) at a total flow rate of 50 ml/min under atmospheric pressure. The product
stream was analyzed by an on-line GC, Agilent Technologies 6890N, equipped with a
TCD detector. All products were separated in a 10 ft X 1/8 inch Carbosphere ¢column.
The CO conversion {Xcp), selectivity (8), and O; conversion (Xg2) were calculated
using the following formulas: B

o = [CO]E,,C‘—OIEICO]W: %100

= &0_ =100
[0;1c0 +1O, 1,

- [Ol]in —[02 ]out X]OO

o (0,1,

where [CO);, and [Oy], are the concentrations of the introduced reactants,



[COJow and [O2]ou are the concentrations of the corresponding compositions in
the effluents, and [O;]¢co and [O;]u: are the amounts of O, for CO oxidation and

H; oxidation, respectively.

3. Results and Discussion

3.1. Catalyst characterization

The mean metal size, metal dispersion, and surface area of the pfepared catalysls are
summarized in Table 1. The commercial zeolite-supported catalyst has a surface area
higher than the synthesized zeolite-supported catalyst. The mean particle sizes are
consistent with those calculated by the Scherrer Equation. As expected, the P/A2 has a
metal dispersion of 21.34%, which is higher than that of Pt/Al (17.71%). The XRD
patterns of the LTA zeolite, PUAl, PUAZ, and Pt/Al;O; are shown in Fig. 1. The PVA2
catalyst shows the typical patterns of the LTA zeolite and no metal peaks were found,
suggesting that the Pt particle on the A2 is too small to be observed by XRD. On the
contrary, some additional peaks to the pattemn of the LTA support, at 26 of 39.8 and
46.4°, which correspond to the Pt(111) and PtO, were observed in the P/Al. This
suggests that the size of the Pt particle on the P/A1 is bigger than that on the Pt/A2. For
the P/Al, the mean particle diameter perpendicular to the (111) plane was about 4.82
nm, which is in agreement with the one obtained from the H; chemisorption technique
(Table 1). SEM micrographs were taken to observe the morphology of the prepared
catalysts as compared to unloaded LTA. As revealed in Fig. 2, it can be seen that the
PUA1, whose zeolite was synthesized via the sol-gel process, shows the typical cubic

single crystals, while the crystals of Pt/A2 have more rounded edges and are more



irregular. This discrepancy is attributed to the different nucieation processes of the two

methods.

3.2. Activity testing

3.2.1. Effect of catalyst support

Fig. 3 compares the CO conversion, O, conversion, and selectivity of the Pt/Al,
Pt/A2, and PVALO; catalysts for PROX in ideal reformate conditions. The results
showed a peak of CO conversion for all of the catalysts. Overall, the activity of the
synthesized zeolite-supported Pt catalyst is somewhat lower than the commercial one,
but is still reasonably high. CO was completely converted to CO; by PV/AT at 220°C,
while P/A2 gave the maximum conversion at ~200°C. In contrast, the Pt/AL,O; could
not achieve 100% CO conversion; it gave a maximum CO conversion of ~88% at
220°C. These observations are consistent with the work reported by Kahlich et al. [4)
and Son et al. [14], suggesting that, at high temperatures, the amount of O; is consumed
for the simultaneous H, oxidation; therefore, the conversion and selectivity were
decreased. A similar behavior was observed by Manasilp and Gulari [15] on the
1%Pt/Al,O4 catalyst, where the selectivity stayed constant (~45-50%) from 110 to
170°C; however, the maximum selectivity of the P/A1 and Pt/A2 catalysts was ~80% at
16G°C. O, conversions simply increased with increasing temperature for all catalysts.
As can be seen, the CO conversion for our catalysts and the results of other groups for
similar Pt/A catalysts is comparable; however, it should be noted that our samples were

demonstrated to be more active than catalysts described in other reports [10. 12]. This



would be expected to be essentially perturbed by the location of Pt metal on the support
and the amount of Pt leading. In this work, incipient wetness impregnation was used,
and by this method the metal is placed outside the pore of the LTA on the surface. By
the ion-exchange method, the Pt metal might be located inside the pore of the LTA,
leading to lower performance of the catalyst.

It has been proposed that the crystallite size is an important factor that affects the
heats of dioxygen adsorption on Pt metals [16]. From XRD results, the difference
between the P/A] and Pt/A2 was the size of the Pt particle and/or may be the phase of
the supported Pt. The different Pt particle size might lead to the different metal
disperston, as summarized in Table 1. Moreover, the small Pt particle was reported to be
more active and selective to CO oxidation due to the stronger adsorption of CO on the
smali Pt than on the larger one. Because of 'the relatively low heat capacity of the small
particle, and the exothermic reaction, the microscopic temperature rose and contributed
to the high activity, and kept water from physically adsorbing. In contrast, the large
particles can adsorb more heat, so the microscopic temperature was not raised much and
was not high enough to desorb water. The large particles were thus slowly deactivated
by the accumulated water [16]. Accordingly, PYA2, having high surface area and high
metal dispersion, exhibited extremely high CO oxidation and high selectivity at low

temperatures,
3.2.2. Effect of CO; concentration

Generally, the reformate stream from the steam reformer unit contains some

amount of CQOy; therefore, the effect of CO; on the catalytic activity of the prepared



catalysts was studied. The results showed that when 10% CO; was added to the reactant
gas, as shown in Fig. 4, it has only a slight effect on the CO conversion of the Pt/A2. It
boosted the CO conversion of the Pt/A2 over the temperature range and reduced the
100% conversion temperature by 20 degrees from 200 to 180°C, and had no effect on
the O; conversion profile of the Pt/A2.

Interestingly, the CO selectivity of the PUYA2 catalyst was significantly increased
over the entire temperature range of interest, especially at temperatures below 160°C.
On the- other hand, that of Pt/Al was only slightly changed in terms of maximum
selectivity temperature. It was shifted 20°C, from 160 to 180°C.

To explain this phenomenon, it has been proposed that the RWGS reaction may take
place and cause a limiting of the catalyst performance at the high temperature range.
Another possible explanation is that the CO» dissociated the adsorption on the Pt,
providing a higher effective CO concentration on the catalyst surface, thus reducing the
rate of oxidation. The positive effect of CO; on the Pt/AZ catalyst for the selective CO
oxidation implies that the LTA support could inhibit the occurrence of the reverse water
gas shift reaction. Regarding the RWGS inhabitation, it might be due to the structure of
a zeolite, since the pore size of a zeolite is close to the diameter of a CO; molecuie
(about 2.5 A), which could cause the difficulty of the CO, admittance into the zeolite
pores. On the other hand, it still promoted the oxidation of CO to CO; since the O
conversion was not changed, whether it had CO; in the feed stream or not; while the CO
conversion increased. Thus, the H; oxidation rate was slowed while the CO oxidation
rate was speeded up. This unusual behavior of the P/LTA catalyst is good for use in the

PROX unit and is an advantage of the PYLTA catalyst over the conventional Pt/Al, O3

10



catalyst, However, the reasons for this are still not clear. Further study of this behavior

is still needed.

3.2.3. Effect of water vapor

Generally, CO; is produced from the reforming reaction and water vapor is present
in the feed stream; therefore, it is interesting to study the effect of water vapor on the
catalytic activity of PYLTA catalysts. 10% water vapor was thus added to the reactant
gas. From Fig. 5, it was observed that the presence of water vapor had a negative effect
on the performance of the catalyst. CO conversions are shifted both in absolute
temperature and relative to each other for different catalyst supports. The CO
conversion of the P/A2 catalyst was slightly decreased (~3%) at the temperature profile
20°C higher over the temperature range. The CO selectivity of the PYA2 was also
reduced at below 180°C, from around 80% to ~65%. However, above 180°C, the
selectivity of the systems with and without water vapor in the feed stream seemed to
converge and be independent of the feed composition.

Similarly, the water vapof also influences the PY/A1 catalyst, reducing the CO
conversion. The highest CO conversion was decreased from 100% to ~75% at 220°C.
The O; consumption of the Pt/Al, unlike the PA2, was faster below 200°C. For the
CO selectivity, it was also decreased over the temperature range of interest. The peak of
the CO selectivity of the Pt/A ] was reduced from 80% to 60% at 160°C.

These results are consistent with Igarashi ef al. [10], who reported that negligible
degradation of activity occurred on Pt/mordenite when 20% H;0 was added to the feed,

although the CO conversion and the O conversion slightly decreased in the initial

H



stage. In contrast to Watanabe er al. [17] and Kotobuki et af, [ 18], they found that in the
presence of 20% H,O, the activity of the Pt/mordenite and Pt-Fe/mordenite were
extremely stable for 24 h. However, this is opposite to the Pt/Al;O; catalyst reported by
Manasilp and Gulari [15], and Schubert et al., [19], reporting from the result of in-situ
diffuse reflectance infrared fourier transform spectroscopy (DRIFTS). This reaction was
strongly enhanced by water. Kahlich ef al. proposed that the formate group formed on
the Ai;O; support may participate _in the reaction and increase the CO conversion. In
this present work, a decreased CO conversion in the presence of H;0 may be linked to
the catalyst active sites by adsorbed water, as well as to the formation of CO-H,O
surface complexes. Or, the water gas shift reaction might be suppressed by the stronger
effect of the sieving capability of LTA on this reaction. Or, water vapor was
accumulated in the pores of the LTA, which is acting as very good molecular sieve for
water vapor, and the accumulated water was simply not available for Hz. This caused a
reduction of the selectivity of the catalyst. One piece of evidence that supports this
hypothesis is that for Pt/Al,O;, the water had only a slight effect on the selectivity, even

though it had a strong effect on the CO and O; conversions.

3.24. Effect of combinatioln of H,0 and CO,

Conventional reformed gases wsually contain both CO; and H,O in a methanol
reformate stream. The effects of 10%C0; and 10%H;0 on the PROX performances
were therefore examined as a function of temperature. For 1%Pt/A2, even the CO
conversion was promoted by COz; but in the presence of CO; together with water vapor,

the CO conversion was significantly retarded, as shown in Fig. 6. This suggests that the
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H3O has a stronger influence on the catalytic performance of the 1%PVAZ2 catalyst than
the CO. In comparing the activity of Pt/Fe-mordenite catalysts studied by Watanabe ef
al., they observed that the performance of Pt/Fe-mordenite slightly decreased from 100
to 99.1% at 200°C due to a reverse water gas shift reaction in the presence of COz. This
effect on the catalytic performance of Pt/Al,O; was also studied by Manasilp and
dulmi. They fed 1% CO, 1% O3, 0-10% H;0, 0-25% CO,, 60% Ha, and He as balance
to the reactor and found that the combination of 25% CO; and 10% H,O had a
dramatically positive effect on the CO conversion of their Pt/A1,O3 catalyst, even
though the CO conversion was retarded by the CO; alone. This indicates a stronger
effect of water vapor on the catalytic activity of the PALO; catalyst compared to the
CO;, which is consistent with our work.

The O; conversion of the 1%Pt/A2 catalyst was affected by the combination of CO;,
and -water vaper in the same way as the CO conversion. The Oy conversion was
consumed much faster in the presence of water in the feed stream.

For the selectivity towards CO oxidation, it was found that the CO selectivity of
]"/;;PUA2 was significantly suppressed at temperatures lower than 180°C. Above 180°C,
the selectivity was independent of reactant composition. Th_is supports the idea that the
H;0 molecules accumulated in the pores of the LTA support and consequently reduced
the selectivity of the catalyst. Morcover, the H>O has a stronger effect, again, compared

to the CO; effect.

The PvA1 showed the same behavior as to the effect of the combination of 10%CO;
and 10%H0 on the catalytic activity. The values of CO conversion, O; conversion, and
selectivity of the 1%Pt/Al being affected by CO; and water vapor together, were

between those values which were caused by the effect of CO; or HyO alone. The above
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data suggest a conclusion that the decrease of CO conversion in the presence of CO;
and H,O may be attributed to the reverse water gas shift reaction, the blockage of
catalyst active sites by adsorbed water, or the formation of CO-H;0 surface complexes

which are less active than adsorbed CO.

4. Conclusions

The catalytic performance for the selective CO oxidation of the PYLTA-zeolite has
been studied in this work, The synthesized LTA (abbreviated Al), commercial LTA
(abbreviated .A2), and v-Al,O; (abbreviated Al;O3) were used in order to study the
effect of the support for this reaction. The effect of CO; concentration, water vapor, and
the combination of CO; and H;O were also investigated. All results found in this work
lead to the following conclusion:

Both Pt/A1 and Pt/A2 catalysts show good performance on the selective CO
oxidation reaction. They have better catalytic activity than the conventional PY/ALO;
catalyst, both in terms of CO conversion and CO selectivity. CO; has no significant
effect on the catalytic performance of both the PUA1 and Pt/A2, whereas water vapor
has a negative effect on the catalytic performance of both catalysts. The combination of
the CO; and H,0 had a significant effect on the catalytic performance of the PYLTA
catalyst and its activity is between the activities in the presence of CO2 and H;O. The
Pt/A catalyst exhibited good stability as shown in Fig.7. No deactivation activity was
observed during the 12-hour time on stream of the catalyst, suggesting that there is no

sintering or coke formation on the catalyst during the reaction.
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Fig. 2 SEM micrographs of (A) 1%Pt/Al and (B) 1%PV/A2.
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Fig. 6 Effect of 16%CO; and 10% water vapor over 1% Pt/A catalysts. Reactant
composition: 1%CO, 1%03, 0-10%H,0, 0-10%C0,, 40%H; and He (balance) for 0%CO,
and 0%H;0 (¢, V), 10%CO; and 10%H0 (o,V).
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Fig. 7 Stability testing, the selective CO oxidation was performed at 200°C under atmospheric
pressure: CO conversion (#), Oz conversion {©), and CO selectivity ( ¥). Reactant
comyposition of 1% CO, 1% O, 40% H;, and He (balance).
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Table 1 Characteristics of the prepared catalysts

Catalyst Metal Particle Size® Metal Dispersion”  BET Surface
(nm) (%) Area (m'/g)
1%Pt/AL,O; 1.33 76.80 161.06
1%PVA T (Synthesized) 5.75 17.71 36.26
1%Pt/A2 (Commercial) 4.77 21.34 60.77
- * measured by H; chemisorption

et
¢ |

Ll U





