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Selective low-temperature removal of carbon monoxide from
hydrogen-rich fuels over Cu–Ce–Al catalysts
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Abstract

The selective oxidation of CO in the presence of excess H2 was investigated over a ceria-promoted Cu–alumina catalyst. This catalyst
shows nearly exclusive oxidation of CO versus H2 with an O2 concentration in stoichiometric proportion to CO, making it possible to purify a
fuel cell feed stream with a minimum loss of energy content associated with H2. The effect of the presence of CO2 and H2O in the feed on the
activity and selectivity of the catalyst, and the long-term stability were also investigated. The catalysts were characterized by X-ray diffraction
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XRD), CO chemisorption and temperature-programmed reduction (TPR). Copper is better dispersed on the ceria-promoted alum
n comparison to alumina alone. CuO is the active phase for selective CO oxidation. Oxygen vacancies supplied and enhanced
esponsible for improved activity.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte fuel cells (PEFCs) show considerable
romise for fuel-efficient vehicular applications and there-

ore a substantial amount of effort has recently been directed
t their production and optimization. The PEFC fuel cell re-
uires hydrogen as its fuel source and, in order to avoid stor-

ng high-pressure hydrogen in or on a vehicle, it has been
roposed that the hydrogen be generated on board[1].

Although the term “reformer” is often used for the whole
ystem, the production of hydrogen actually occurs in three
rocesses: (a) hydrogen is produced by autothermal reform-

ng (ATR) of a hydrocarbon (fuel + O2 + H2O↔ COx+ H2),
here without water it is partial oxidation (POX) and without
xygen it is steam reforming (SR)[2,3]; (b) the water–gas
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shift (WGS) reaction (CO + H2O↔ CO2 + H2) eliminates
most of the CO, producing more hydrogen[4]; and (c) any
remaining CO is reduced to parts per million levels by pre
ential oxidation (PROX)[2]. The PROX reaction is the sele
tive catalytic oxidation of CO in the H2-rich reformate usin
O2. Many auxiliary processes, such as fuel vaporization,
fur removal, heat integration and effluent gas combustion
make this a very complicated device.

The CO concentration from a reformer/water–gas
unit is typically about 1 mol%, which is set by the therm
dynamic equilibrium of the water–gas shift reaction.
PEFC anode uses a Pt catalyst that is very sensitive t
poisoning at low temperatures[5,6]. DOE’s Hydrogen, Fue
Cells and Infrastructure Technologies Program recomm
10 ppm CO target concentration for the fuel processor[7].
The selective catalytic oxidation step therefore must ach
a 99.9% conversion. Other challenges in fuel processin
ist, but the preferential oxidation step is highlighted sinc
is the focus of this study.

In order to achieve this low CO concentration, the PR
reactor is placed between the shift reactor and the fue
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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anode. Los Alamos National Laboratory (DOE’s lead lab-
oratory for PROX systems) has developed what many con-
sider the state-of-the-art PROX catalyst and reaction system.
It can achieve low concentrations of CO (10–20 ppm) in a
multistage reactor over a Pt/Al2O3 or Ru/Al2O3 catalyst[8].
The reaction chemistry is complicated, involving not only
catalytic oxidation of both CO and H2 but also methanation
and water–gas shift.

Considering the problems associated with other meth-
ods for CO removal (methanation and membrane-based pro-
cesses[9]), the selective catalytic oxidation of CO seems to
be the most straightforward and efficient method to reduce
the residual CO in the reformate to desired levels. The cru-
cial requirement for the PROX reactor is a high CO oxidation
rate with a high selectivity. The selectivity in this study is de-
fined as the ratio of O2 consumption for the CO oxidation
reaction (to CO2) over the total O2 consumption, which in-
cludes the oxygen loss due to H2 oxidation (to H2O). The
formation of H2O obviously reduces the amount of H2, the
input to the fuel cell. Similar losses of hydrogen can also
be caused by other side reactions, e.g. the methanation of
both CO and CO2. It is desirable to keep up a high selectiv-
ity so that the fuel efficiency of the overall system remains
high.

Since the PROX unit is placed between the low-tempera-
ture shift reactor (∼200◦C) and the PEFC (∼80◦C), it should
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tently. The tube was placed in a tube furnace with digital
control for heating. The catalysts tested were in powder form.
A thermocouple was placed inside the reactor tube and the
tip was typically located just above the powder during the
reactions. Unit mass flow controllers were used to control
flow rates entering the reactor. Pressures above 3 psig were
not encountered. In each test, a GHSV of 22,000 h−1 was
used. The exit stream was attached to a drierite bed to re-
move H2O.

The reactor effluent CO concentration was analyzed with
a Thermo Environmental CO analyzer, capable of read-
ing CO levels in the ranges of 0–1 through 0–8000 ppm.
GC analysis was also performed with an HP 5890 using
a Haysep DB column and thermal conductivity detector to
monitor H2, O2, CO2 and CH4 levels. The conversion and
the selectivity of CO were calculated using the following
formulas:

CO conversion (%)= ([CO2]out/[CO]in) × 100

CO selectivity (%)= (0.5× [CO2]out/([O2]in − [O2]out))

× 100

Three model catalysts with different metal loadings were
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perate between these temperatures. PROX system ope
t low temperature (room temperature) is also very impo

or start-up in transportation application fuel cells. Theref
he PROX system must operate over a wide temperature
o be practical[10].

A number of catalysts have been investigated for
ROX reaction. Some of the effective catalysts include
orted zeolites[5], Pt [11,12], Au [13–16], Cu [14,17,18]
nd Ag [19]. The Pt-based and Cu-based catalysts te

hus far achieve maximum conversions at approxima
00◦C [17]. For low temperatures, highly dispersed g
n an oxide support showed high activity and se

ivity (maximized at 80◦C) [16]. However, the activit
trongly depended on the preparation method of the
ysts.

The objective of this study is to evaluate ceria-promo
u–alumina catalyst in improving the selective oxidatio
O in a stream rich in H2 and determine the effects of CO2
nd H2O on their performance. Copper was chosen as a

ernative to the expensive precious metal group element
ave been tested before. Ceria was employed in the supp

mprove the metal–support interfacial active sites as rep
n a previous study[20].

. Experimental

A quartz tube with a diameter of 3/16 in. was used as
eactor, with an upward gas flow. A bypass flow system
lso built to test the reactant stream composition inter
nrepared: 4 wt.%Cu/11 wt.%Ce/Al2O3, 4 wt.%Cu/4 wt
Ce/Al2O3, 9 wt.%Cu/11 wt.%Ce/Al2O3 and are denote

s 4Cu/11Ce/Al2O3, 4Cu/4Ce/Al2O3 and 9Cu/11Ce/Al2O3,
espectively. The catalysts were prepared from prec
aterials obtained from Johnson Matthey and Ald
hemical. The support was Al2O3 (basic, gamma). Th
recursor Cu material was Cu(NO3)2·6H2O and the cerium
recursor was Ce(NO3)3·6H2O. The preparation techniq
dopted was a stepwise incipient wetness method
istilled water as the solvent for the precursor materials.
atalysts were prepared via depositing the Ce first, dryi
10◦C for 24 h and then depositing the Cu, with subseq
rying (110◦C) and calcination at 450◦C. The catalys
as then reduced in a mixture of 5% H2 in N2 for 1 h at
50◦C.

BET surface area, chemisorption and tempera
rogrammed reduction (TPR) measurements were obt
sing a Quantachrome CHEMBET 3000. BET surface ar

he catalysts was analyzed by nitrogen adsorption–deso
echnique. CO chemisorption at−80◦C was utilized to mea
ure the dispersion of these catalysts using the pulse
ique. The spillover of CO from metal on to the supp
ives higher dispersion values than the actual metal di
ion. It has been reported that the chemisorption of C
80◦C alleviates this phenomenon[21]. For TPR experi
ents, a temperature ramp rate of 10◦C min−1 was used an

he reductant gas was a 5% H2/N2 mixture. Powder X-ra
iffraction (XRD) patterns were collected in air on a Phi
owder Diffractometer using Cu K� radiation with a nicke
lter.
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3. Results and discussion

3.1. Alumina-supported catalysts

The CO oxidation activity of 4Cu/Al2O3, 11Ce/Al2O3 and
4Cu/11Ce/Al2O3 catalysts is shown inFig. 1. The inlet feed
stream composition included 1% CO, 1% O2, in H2, with a
total space velocity of 22,000 h−1. This corresponds to 50%
selectivity for a 100% CO and O2 conversion. Before carrying
out the activity tests, all the catalysts were reduced at 350◦C
in a 5% H2/N2 mixture. The reactor temperature listed is that
of the reactor furnace itself; the temperature read at the outlet
of the catalyst bed was always higher (∼20◦C) due to the
exothermic oxidation reactions.

Each catalyst showed a similar trend in CO oxidation ac-
tivity. A maximum occurred between 85 and 110◦C and then
the activity decreased with a further increase in the tempera-
ture. This is due to the competitive hydrogen oxidation reac-
tion occurring along with the CO oxidation. 4Cu/Al2O3 oxi-
dized 75% of the entering CO and the 11Ce/Al2O3 oxidized
approximately 30% of the CO at 100◦C. However, the most
interesting results are obtained on the Cu-loaded Ce/Al2O3
catalyst. The 4Cu/11Ce/Al2O3 catalyst showed high activity
converting >99% of CO at relatively lower temperature. The
improved activity is probably due to a synergism between the
catalyst components. This catalyst was further analyzed by
m sults
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Fig. 2. CO conversion as a function of reactor temperature using
4Cu/11Ce/Al2O3, 4Cu/4Ce/Al2O3 and 9Cu/12Ce/Al2O3 with a feed stream
consisting of 1% CO and 1% O2 in the hydrogen at a GHSV of 22,000 h−1.

with the 4Cu/11Ce/Al2O3 catalyst showing 99.9% CO con-
version at 90◦C due to its high selectivity for the CO oxida-
tion reaction. This catalyst was chosen for further study by
varying the oxygen content in the feed stream.

3.3. Oxidation of CO in the presence of excess O2

The effect of oxygen concentration on the CO oxidation
activity was studied by changing the oxygen concentration
from 1% (twice the stoichiometric concentration) to 0.5%
(stoichiometric amount).Fig. 3 shows that the CO conver-
sion decreases with a decrease in the oxygen content. At an
oxygen concentration of 0.5%, the highest CO conversion
noted is 93% corresponding to a selectivity of 93%. How-
ever, by increasing the oxygen concentration to 1%, the CO
conversion reached 99.9% with a selectivity of 49.98%. The
CO conversion corresponds very well with the results of Jor-
dano and co-workers[8]. This catalyst shows the high activity
needed to be an effective PROX catalyst.

Fig. 4 shows the CO conversion and CO selectivity on
the 4Cu/11Ce/Al2O3 catalyst. These results correspond to
the experiment described above and the CO selectivity and
CO conversion were calculated as the oxygen concentration
was increased from 0.5 to 1%. The data were taken at 90◦C,

F the
4 O,
0

odifying the metal loading on the support and the re
re presented below.

.2. Effect of metal loading

The dependence of CO conversion on the rea
emperature and on the amount of Cu or Ce, in a
ctant gas of 1% CO and 1% O2 in H2 is shown in
ig. 2. The CO conversion simply decreased with an
rease of temperature beyond 100◦C on all the catalysts
gain due to a shift in the selectivity to H2 oxidation
s explained above. The CO conversion was in the o
f 4Cu/11Ce/Al2O3 > 4Cu/4Ce/Al2O3 > 9Cu/11Ce/Al2O3,

ig. 1. CO conversion as a function of reactor temperature using 4Cu/A2O3,
1Ce/Al2O3 and 4Cu/11Ce/Al2O3 with a feed stream consisting of 1% C
nd 1% O2 in the hydrogen at a GHSV of 22,000 h−1.
ig. 3. CO conversion as a function of oxygen concentration on
Cu/11Ce/Al2O3 catalyst with an inlet composition consisting of 1% C
.5%–1% O2 and a H2 balance inlet stream.
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Fig. 4. CO conversion and CO selectivity as a function of oxygen concen-
tration on the 4Cu/11Ce/Al2O3 catalyst; feed composition: 1% CO, 0.5–1%
O2 and a H2 balance, GHSV = 22,000 h−1.

the temperature at which highest CO conversion was noted.
The selectivity increased from 49.98% at [O2]in = 0.5 to 93%
at [O2]in = 1% associated with a drop in the CO conversion
from 99.9 to 93%. The selectivity decreased simply as the
oxygen addition increased. However, these results show that
most of the oxygen added after the stoichiometric proportion
(theoretical molar concentration of oxygen needed for 100%
CO conversion) is utilized for the oxidation of CO and that
hydrogen oxidation rarely occurs in spite of the presence of
98% hydrogen.

3.4. Catalytic performance with time

The 4Cu/11Ce/Al2O3 catalyst was tested for its perfor-
mance with time (at 90◦C, the temperature for highest con-
version). As shown inFig. 5, the catalyst was stable for 80 h
of operation, with the CO conversions still above 99%. Gas
chromatography was frequently used during the experiments
to monitor any undesired product formation. No byproducts
(such as methane) were observed in the effluent during any
of the experiments at any of the temperatures tested. This is
true of all catalysts tested during this study. Typical PROX
catalysts such as Pt/Al2O3 and Ru/Al2O3 achieve such low

F the
4 1%
O

Fig. 6. CO conversion as a function of reactor temperature using the
4Cu/11Ce/Al2O3 catalyst with an inlet composition consisting of 1% CO,
1% O2, 18% CO2 and/or 7% H2O and a H2 balance inlet stream at a GHSV
of 22,000 h−1.

CO concentrations (10–20 ppm); however, the reaction chem-
istry involves not only oxidation of both CO and H2, but also
methanation and water–gas shift[8,14]. In view of the above
results, the 4Cu/11Ce/Al2O3 catalyst seems to be the most
suitable catalyst for the preferential oxidation of CO in excess
hydrogen, considering its high activity and selectivity.

3.5. Effect of CO2 and H2O

Under realistic conditions, the product gas from a
methanol or hydrocarbon reformer also contains CO2 and
H2O along with H2 and CO. Therefore experiments were
performed to study the effects of the presence of these com-
ponents on the stability and activity of the 4Cu/11Ce/Al2O3
catalyst.Fig. 6 shows the dependence of CO conversion on
reaction temperature and the presence of these two compo-
nents. The inlet feed stream composition included 1% CO,
1% oxygen, 7% H2O and/or 18% CO2 in hydrogen. The pres-
ence of H2O and/or CO2 caused a decrease in the CO oxida-
tion activity of the catalyst. Maximum conversion occurred
at 100◦C for all the feed conditions. The effect of CO2 on
catalytic activity was greater than that of H2O. The combined
effect of CO2 and H2O was even worse, although not additive,
with the CO conversion dropping to around 45% compared
to 82% at the dry conditions (without CO2 and H2O). The
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ig. 5. CO conversion as a function of time on stream using
Cu/11Ce/Al2O3 catalyst with a feed stream consisting of 1% CO and

2 in the hydrogen at a GHSV of 22,000 h−1.
bserved decrease in activity in the presence of H2O and/or
O2 is probably a kinetic rather than a equilibrium effec
ater–gas shift reaction owing to the low operating tem
tures (<180◦C) [22].

.6. Catalyst characterization

The best performance was obtained using the c
romoted Cu–alumina catalyst. Although identical reac
onditions were used in each experiment, the CO oxid
ctivity of Ce–alumina and Cu–alumina was very low co
ared to the Cu–Ce–alumina catalyst. Therefore, some
rgistic effect must be present. Exploring this possibility
ccomplished using XRD, CO chemisorption and TPR a
sis.
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Table 1
Compositions, BET areas and dispersions of oxide catalysts

Catalyst BET area (m2 g−1) Dispersion (%)

4Cu/alumina 198 35
11Ce/alumina 165 –
4Cu/11Ce/alumina 103 58

BET surface area and dispersion values of the catalysts
used in the experiments described inFig. 1 are listed in
Table 1. The decrease in BET surface areas of the ceria-
promoted catalyst is presumably a result of micropore plug-
ging by CuOx. However, the most interesting results are ob-
tained in the dispersion values of these catalysts. Cu is better
dispersed in the ceria-promoted catalyst than in the alumina
catalyst suggesting that the ceria-promoted alumina support
improves the metal dispersion. Previous experiments con-
ducted at lower space velocities and higher metal loadings
did not effectively improve the CO conversion, hence, im-
proved dispersion alone cannot be attributed to the superior
performance of the Cu–Ce–Al catalyst. Additional studies
were conducted on these catalysts to examine the synergistic
effect between the active Cu metal and the Ce–Al phase, if
any.

Fig. 7 shows the XRD patterns obtained for Ce–Al and
supported Cu and Cu–Ce catalysts.Fig. 7(A) represents XRD
peaks corresponding to the Ce–Al support consisting of ceria
and alumina alone. The 4Cu/Al2O3 catalyst showed only line
characteristic of the alumina support (Fig. 7(B)). The absence
of XRD peaks characteristic of crystalline CuO suggests that
copper exists as a well-dispersed copper surface phase (prob-
ably as small particles not detectable by XRD). These results
are consistent with previous work done by Friedman et al.
[23]. The 4Cu/11Ce/Al2O3 catalyst inFig. 7(C) clearly shows
t rticu-
l the
s that
c pec-
u rface
b eas on
t due
t hase.

F
(

Fig. 8. TPR patterns of (a) 4Cu/11Ce/Al2O3 and (b) 11Ce/Al2O3, operating
conditions: 10◦C min−1, 5% H2 in N2.

The data from TPR experiments over these catalysts are
shown inFig. 8. Two reduction peaks can be observed on the
11Ce/Al2O3 catalyst, one at 520◦C and another at 730◦C.
From Yao et al.[24], the surface capping oxygen anion which
attaches to a surface Ce4+ is reducible at 500◦C, and the bulk
oxygen anion that is bonded to Ce4+ in bulk ceria is reducible
at 750◦C. The peaks at 520 and 730◦C on the 11Ce/Al2O3
catalyst can thus be attributed to the reduction of surface
oxygen anion (Ce4+ → Ce3+) and the bulk ceria, respectively.
It has been reported that the TPR peak temperature of surface
oxygen ions of ceria shifts downward in the presence of a
precious metal[25,26]. An explanation for the peak shift to
lower temperature after copper had been loaded on YSZ was
also proposed by Dow et al.[27]. The same reasoning is
applicable to the TPR patterns ofFig. 8 as it is clear that
the peak at 500◦C shifts to 350◦C in the presence of Cu.
No significant differences were found between the reduction
profiles of 4Cu/Al2O3 and Cu–Ce–Al catalysts, and hence
not represented.

For CO oxidation over alumina-supported copper oxide
catalysts, it is generally considered that the reaction involves
a redox mechanism on the CuO surface. Jernigan et al.[28]
proposed that CO oxidation proceeds by a redox mechanism
involving CuO and Cu2O and that the reduction of CuO by
CO is the reaction’s rate-determining step. Since the selective
oxidation reaction may require adsorption of CO at oxygen
v t for
C y be
c d en-
h

4

H
s s in-
v fuel
c ROX
c for
he signals corresponding to all the components and pa
arly that of crystalline CuO. The significant increase in
elective CO oxidation activity of this catalyst suggests
rystalline CuO is the active phase for CO oxidation. We s
late that when alumina alone acts as the support, the su
ecomes saturated with a copper surface phase, wher

he Ce–Al catalyst, the metal forms fine CuO crystallites
o some interaction between the Ce–Al and the metal p

ig. 7. XRD patterns measured for (A) 11Ce/Al2O3, (B) 4Cu/Al2O3 and
C) 4Cu/11Ce/A12O3.
acancies, the availability of these vacancies is importan
u-based catalysts. On the basis of TPR results, it ma
oncluded that the oxygen vacancies are supplied an
anced in the presence of ceria.

. Conclusions

The selective or preferential oxidation of CO in a2
tream using a ceria-promoted Cu–alumina catalyst wa
estigated for potential application downstream from a
ell reformer. These catalysts are quite effective as P
atalysts due to their high activity and high selectivity
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CO oxidation. Also, these catalysts were observed to be very
stable with time. However, the performance is decreased to
some extent in the presence of H2O and CO2. Characteriza-
tion techniques on these catalysts suggest that the increase
in selectivity and activity for CO oxidation is possibly due
to the formation of crystalline CuO and that the presence of
an oxygen-ion conducting support such as ceria leads to the
supported copper exhibiting a precious metal-like catalytic
behavior.
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