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Effect of short periods of reduction, in CO and H2 feed, on regeneration and activity enhancement of a
5.0 wt.% CuO–CeO2 catalyst for preferential oxidation of CO in a H2-rich stream at various temperatures
is investigated. The catalyst was prepared by a co-precipitation method, calcined at 450 ◦C for 5 h, and
characterized by XRD, FESEM, EDS, BET specific surface area, H2-TPR and CO2-TPD. It was found that
fine crystallites/amorphous CuO are dispersed on CeO2 particles with average size of about 33 nm. A gas
egeneration
O oxidation
opper
eria
ransient

mixture composed of 1% CO, 40% H2 and 1% O2 in N2 was used as the feed for measurements of the
catalyst performance at various temperatures. CO2 and H2O were also added to the feed, to study their
inhibitive effects on the activity of the catalyst. The activity of the catalyst for CO oxidation significantly
enhances after transient reduction in CO and H2 feed. Higher activity enhancements are observed at
lower temperatures and shorter reduction periods. Up to 35% enhancement is observed following 3 min
reduction at 100 ◦C. The most reactive Cu1+ species may have formed during the reduction period and

eadin
regenerates the catalyst l

. Introduction

The increase in demand for clean energy based on hydrogen
as raised the interest toward fuel cell powered systems for sta-
ionary and mobile applications due to their high efficiency along
ith practically zero emissions of pollutants [1]. Among different

ypes of fuel cells, proton exchange membrane fuel cells (PEM-
Cs) have gained special interest due to their more convenient
perating conditions [2]. The hydrogen feed for PEMFCs is usu-
lly produced by a multistep process including catalytic reforming
f hydrocarbons or oxygenated hydrocarbons followed by water-
as shift (WGS) reaction. However, the gas stream obtained usually
ontains 0.5–2.0% CO, 5–10% H2O and 10–30% CO2; irrespective of
he process applied. Carbon monoxide is a poison for anode cat-
lyst of fuel cell and obviously deteriorates its performance [3].
herefore, preparation of CO-free hydrogen for fuel cells is of great
mportance. One of the promising ways to reduce the CO content
f effluents from reforming units is preferential oxidation of CO

PROX) in the presence of hydrogen [2–6]. By applying PROX, CO
ontent of the feed can be lowered to less than 10 ppm which is
n the range of tolerance limit for anode catalysts. However, the
atalyst used in the PROX reaction should exhibit a high catalytic
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g to higher CO oxidation activities.
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activity and selectivity to minimize consumption of the hydrogen
for fuel cells.

Noble metal supported catalysts are often proposed for the
PROX process [2–8]. However, the high price and limited resources
of noble metals as well as their poor selectivity at very low CO
concentration has restricted their application in the PROX process.
On the other hand, activity and selectivity of CuO–CeO2 catalysts
in PROX has been shown to be comparable or even superior to
noble metal catalysts [7,9]. It has been demonstrated that proper
metal–support interaction between copper and cerium oxide result
in the synergistic effect which is considered to be responsible for
enhancement in activity and selectivity of CO oxidation [10–12].
Thus, with regards to cost and performance, CuO–CeO2 catalyst
may be viewed as a promising catalyst for PROX.

Enhanced oxidation activity (regenerative function) after a short
period exposure to a rich (reductive) gas has been reported for
Pd/perovskite automotive exhaust catalysts. The most active Pd
species in the oxide form diffuses and buries in the perovskite struc-
ture and loses its activity in the lean oxidative exhaust gas. When
the catalyst is exposed to a rich reductive gas for a short period of
time, the Pd is reduced and re-dispersed onto the perovskite sur-
face and gains its high activity for a relatively long period of time

[13]. This phenomenon saves the amount of precious metals used
for this application.

In this study, the effect of short periods of reduction of a 5.0 wt.%
CuO–CeO2 catalyst on enhancement of CO oxidation activity is
investigated for preferential oxidation of CO in a H2-rich stream at

dx.doi.org/10.1016/j.cej.2010.07.064
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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ineerin

v
t
e

2

2

p
C
d
a
t
k
w
l
1
p
p
l
s
f

2

d
t
s
F
d
S
p
t
p
a
m
H
P
a
m
r
s

A. Razeghi et al. / Chemical Eng

arious temperatures. Reducing oxygen concentration of the feed
o zero, for a short period, induces a sort of regeneration phenom-
na in the catalyst which in turn improves the catalyst performance.

. Experimental

.1. Catalyst preparation

The 5.0 wt.% CuO–CeO2 catalyst was prepared by a co-
recipitation method. Proper amounts of Ce(NO3)3·6H2O and
u(NO3)2·3H2O (both from Merck) for a batch of 2.5 g catalyst were
issolved in 400 ml of distilled water. 0.2 M KOH solution was then
dded drop-wise within 2 h time under vigorous stirring at 80 ◦C
o precipitate the Cu and Ce cations at pH of 10. The sample was
ept at 25 ◦C for 1 h at the same pH, and then filtered and washed
ith plenty of distilled water to remove the potassium ions fol-

owed by further washing with ethanol solution before drying at
20 ◦C for 2 h. Ethanol is used for dehydration in co-precipitation
rocess which helps to achieve a higher surface area and smaller
article size. The sample was then calcined at 450 ◦C for 5 h fol-

owed by crushing and sieving to a mesh size of 50–120. Also a
imilar batch of CeO2 catalyst was prepared by the same method
or the supplementary experiments.

.2. Catalyst characterization

The structure of the catalyst was determined by X-ray powder
iffraction (XRD), using a Bruker AXS D8 advanced diffractome-
er with Cu K� radiation (� = 1.5406 Å). The average crystallite
ize of the catalyst was determined based on Scherrer equation.
ield emission scanning electron microscopy (FESEM) and energy
ispersive spectroscopy (EDS) were performed using a Hitachi
4160 instrument in order to see the morphology, measure the
article size and analyze composition of the catalyst. BET, H2-
emperature programmed reduction (TPR) and CO2 temperature
rogrammed desorption (CO2-TPD) tests were carried out using
Quantachrome CHEMBET-3000 apparatus. BET surface area was
easured by N2 adsorption at the liquid nitrogen temperature. The
2-TPR experiments were performed on 100 mg of the samples.

rior to the test, catalyst was heated under an O2 flow up to 450 ◦C
nd stayed at this temperature for 0.5 h as a common pretreat-
ent. Afterward, the reactor temperature was lowered down to

oom temperature by keeping the same flow rate of oxygen. The
ample was then reduced by 10 ml/min of 7% H2 in Ar mixture

Fig. 1. Schematic diagram of t
g Journal 164 (2010) 214–220 215

while the temperature was raised to 1000 ◦C with a heating rate
of 10 ◦C/min.

The CO2-TPD experiment was carried out on 100 mg of
CuO–CeO2 sample. Following the same pretreatment adopted for
the TPR runs, CO2 was switched on the sample for 0.5 h. Helium
was then fed to the reactor for 0.5 h at room temperature in order
to purge out any physically adsorbed CO2 fractions. The catalyst
was then heated to 450 ◦C at a constant heating rate of 10 ◦C/min
under a flow rate of 10 ml/min of helium.

2.3. Activity and regeneration studies

A schematic diagram of the experimental setup is shown in the
Fig. 1. CO, H2, and either O2 or N2 gas streams are mixed to introduce
50 sccm of 1% CO and 40% H2 (with 1% O2 or without it) in N2 to the
reactor. Mass flow controllers were used to set the flow rates and a
4-way valve for switching between O2 and N2 with the same flow
rates for transient experiments.

Oxidation activity of the catalyst for CO conversion in the pres-
ence of H2 was studied in a fixed-bed U-shaped quartz microreactor
(4 mm ID) at atmospheric pressure. 0.10 g of the catalyst diluted
with the same amount of quartz chips of 50–120 mesh size was
used for the oxidation activity measurements. Quartz chips were
used to prevent thermal runaway during the transient experiments.
The reactor was immersed in a controlled-temperature oil bath. A
thermocouple was inserted into the catalyst bed to monitor its tem-
perature. No significant temperature changes was observed, when
the reducing CO + H2 gas was switched to the gas containing O2.

A mixture of 1% CO, 40% H2 and 1 vol.% O2 balanced with N2
was used as the feed with the total flow rate of 50 sccm in order to
investigate the activity of the catalyst for preferential oxidation of
CO. The gas space velocity was 30,000 ml g-cat−1 h−1. The reactor
effluents were analyzed by Shimadzu GC-8A gas chromatograph
equipped with a methanizer and FID. The reactor effluent gas was
also analyzed on-line with an FTIR spectrometer (Bruker Vector22).
The FTIR was equipped with a 0.8 cm ID and 10 cm length gas cell
and KBr windows. Transmission mode was applied with a resolu-
tion of 5 cm−1 in the range of 4000–400 cm−1. There was also a set
of valves which allowed by-passing of the reactor feed directly into

the GC or FTIR gas cell which provided the direct measurement of
the CO concentration in the feed. Using the GC data, a carbon bal-
ance based on the total carbon-containing species, with less than
2% error was obtained at steady state PROX conditions. In order
to study the effect of in situ reduction on the activity enhance-

he experimental setup.
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Fig. 2. XRD pattern of fresh CuO–CeO2 catalyst prepared by co-precipitation
method, calcined at 450 ◦C for 5 h.

CuO–CeO2 catalyst. Two broad reduction ranges are observed in
the TPR profile of CeO2; a 300–600 ◦C reduction range ascribed to
the reduction of surface ceria and a second high temperature range
with a maximum at about 900 ◦C attributed to the reduction of the
bulk ceria. Three main reduction peaks are discernable in the H2-
16 A. Razeghi et al. / Chemical Eng

ent of the CuO–CeO2 catalyst, the oxygen stream was switched
ff for different time intervals at different temperatures. This pro-
ided working in transient mode and investigating the regenerative
ehavior of the catalyst. In that case, mixture of 1 vol.% O2 in N2 is
witched to N2 and the former goes to vent while the latter was
ixed with the stream of 1% CO and 40% H2 in order to maintain

he total flow rate of 50 sccm during the regeneration time as well.
rior to each regeneration experiment, the sample was heated with
he rate of 10 ◦C/min from the ambient temperature to 220 ◦C under
he feed mixture, and was kept at that temperature for 1 h. Then the
eactor was allowed to cool down under the same feed mixture to
he desired temperature, at which the stable performance of the
atalyst was ensured by 1 h operation.

In order to meet more realistic feed conditions, the effect of CO2
nd H2O on the activity and regenerative behavior of the catalyst
as also investigated by addition of 15 vol.% CO2 and 5 vol.% H2O

n the feed gas mixture. Water vapor was added by bubbling an N2
tream in a sparger kept at 60 ◦C. The gas feedstock was delivered
hrough a tube heated to 80 ◦C to avoid H2O condensation.

The CO conversion (%), selectivity of oxygen (%) to oxidized CO
nd excess oxygen factor (�), are defined as follows:

O conversion(%) = nin
Co − nout

Co

nin
Co

× 100

2 selectivity(%) = 1
2

nin
CO − nout

CO

nin
O2

− nout
O2

× 100

= 2
nin

O2

nin
Co

here n is defined as the number of moles of each component.
In addition, temperature programmed reduction of the fresh

atalyst (pre-oxidized in air flow at 300 ◦C) in 1% CO and 40% H2
n the absence of oxygen was employed to investigate the redox
roperties of the catalyst. 0.1 g of the catalyst was placed in the
eactor and a mixture of 1% CO and 40 vol.% H2 was passed over the
atalyst bed. The flow rate of the gas mixture was set with mass
ow controllers to 10 sccm and the reactor temperature was raised

rom 50 to 900 ◦C with a heating rate of 10 ◦C/min.

. Results and discussion

.1. Catalyst characterization

XRD pattern of the fresh 5.0 wt.% CuO–CeO2 catalyst calcined at
50 ◦C for 5 h is given in Fig. 2. The diffraction pattern of only CeO2
rystallites is observed. The reflections in the 2� range of 15–80◦,
ndicate a cubic, fluorite structure (JCPDS No. 43-1002) with the
ighest intensity at (1 1 1) plane. There is no peak related to CuO
hase, probably due to the fine dispersion and/or amorphous struc-
ure of CuO nanoparticles on the surface of ceria. However, the unit
ell parameter calculated for both CeO2 and CuO–CeO2 samples
ere 5.45 and 5.42 Å, respectively. This lattice shrinkage may be the

onsequence of partial incorporation of CuO into the CeO2 lattice
hat has been reported for co-precipitation synthesis [11,14].

The average crystallite size of ceria in the catalyst was calculated
o be 7.6 nm, using the Scherrer equation. BET surface area of the
atalyst is 131 m2/g. The fine crystallite size along with the high
urface area of the catalyst would indicate the proper use of ethanol

n the synthesis process already reported [14].

Fig. 3 presents the FESEM micrograph of the catalyst. It seems
hat 7 nm catalyst particles calculated based on the BET area, are
gglomerated to approximately 33 nm sized particles. EDS analysis
hows the presence of about 5.8 wt.% CuO in the CuO–CeO2 catalyst.
Fig. 3. FESEM micrograph of the CuO–CeO2 catalyst calcined at 450 ◦C for 5 h.

Fig. 4 presents the H2-TPR profiles of the ceria and fresh
Fig. 4. H2-TPR of fresh 5.0 wt.% CuO–CeO2 and CeO2 catalysts by 10 sccm/min of 7%
H2 in Ar, with the heating rate of 10 ◦C/min from 50 to 1000 ◦C.
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ig. 5. CO2-TPD profile of 5.0 wt.% CuO–CeO2 catalyst from room temperature to
50 ◦C with the heating rate of 10 ◦C/min.

PR profile of the CuO–CeO2 catalyst, two overlapping peaks in the
ange of 180–350 ◦C and the third peak with a maximum at about
00 ◦C. The overlapping peaks can be attributed to the reduction
f the finely dispersed CuO clusters on the surface of ceria as well
s further reduction of the bulk CuO phase [14–16]. Furthermore,
t has been suggested that a portion of surface ceria reduction can
e overlapped with the reduction of CuO [17–19]. CuO may facil-

tate the reduction of the surface ceria which normally reduces at
igher temperatures in the range of 300–600 ◦C (see Fig. 4). The
hird broad reduction peak at higher temperatures is related to the
eduction of the CeO2 phase as in the ceria with no CuO.

Fig. 5 presents the CO2-TPD profile of the CuO–CeO2 catalyst.
he TPD profile shows that CO2 desorption starts at bout 50 ◦C and
hows a peak at 140 ◦C with a tail continued to 400 ◦C.

.2. Activity and selectivity of the catalyst

Fig. 6 illustrates the CO conversion and O2 selectivity of 5.0 wt.%
uO–CeO2 catalyst and pure ceria in the temperature range of
0–210 ◦C. Ceria shows no detectable CO conversion activity up to

◦
00 C whereas the catalyst shows an S-shape profile for CO con-
ersion up to the reaction temperature of 165 ◦C where the CO
onversion is 100% (T100) and then the conversion decreases by
urther increasing the temperature and reaches to 90% at 210 ◦C.
owever, selectivity of the catalyst drops below 90% at about

ig. 6. CO conversion (solid symbols) and O2 selectivity (open symbols) over CeO2

–�–) and 5.0 wt.% CuO–CeO2 (–�– H2O and CO2 free, –�– with 5 vol.% H2O and
5 vol.% CO2).
g Journal 164 (2010) 214–220 217

130 ◦C. This indicates that at temperatures above 130 ◦C H2 oxi-
dation starts to become significant. This is a consequence of the
considerable difference in partial pressure of the two reductants
[12] as well as higher activation energy of H2 oxidation, as com-
pared to that of CO [20].

Effects of CO2 and H2O added to the feed mixture on the activity
and selectivity of the catalyst is presented in Fig. 6. It is observed
that addition of CO2 and H2O to the hydrogen-rich feed stream
increases the T50 and T90 of CO oxidation by 16 and 14 ◦C, respec-
tively. It has been reported that blocking effect of CO2 and H2O on
CO adsorption sites decreases the catalytic activity for CO oxidation
[4,21–23]. Furthermore, carbonate formation over reducible metal
oxides such as CuO–CeO2 caused by adsorbed CO2, is reported to
prevent the participation of lattice oxygen and inhibits the oxygen
mobility on the ceria support [21,22]. As another reason for activ-
ity decline in CO oxidation, the presence of H2O has been reported
to occupy the oxygen vacancies [4]. However, From Fig. 6, it is
observed that the selectivity profile does not change drastically by
adding H2O and CO2 to the feed mixture. This implies that CO and H2
oxidation rates are decreased to the same amounts. Water-gas shift
and reverse water-gas shift reactions were found to be negligible
under our experimental temperature [22,23].

3.3. Regeneration of catalyst and enhanced oxidation activity

Fig. 7a shows the transient behavior of the catalyst, when at
115 ◦C, oxygen in the feed is replaced by N2 (reducing atmosphere)
for a period of 1 or 9 min and then the oxygen is introduced into
the reactor, instead of N2, similar to the steady state operation.
Prior to each transient experiment, the stable performance of the
catalyst was ensured by 1 h operation at the same temperature.
Under reducing atmosphere, the CO conversion gradually decreases
to no conversion for the period of 9 min. After the reduction period,
when the oxygen is introduced to the feed, CO conversion sharply
increases to values higher than that of steady state operation and
levels off at longer times on stream. This overshoot of CO conversion
after a short period of reduction is called (reductive) regeneration
of the catalyst, in this paper. The CO conversion based on CO2 pro-
duction for 9 min reduction period is also shown in Fig. 7a. The
conversion based on CO2 production is higher than that based on CO
consumption. At longer times the latter sharply decreases to zero
at 9 min, while significant production of CO2 is continued. This may
indicate desorption of CO2 already adsorbed on the catalyst and/or
adsorbed CO oxidation, using catalyst lattice oxygen. From the CO2-
TPD profile (see Fig. 5), it is observed that CO2 desorption mainly
occurs in the range of 100–200 ◦C. This may explain the production
of CO2 in the absence of oxygen, while CO consumption in the gas
phase is not detected.

Activity changes of the catalyst after exposure to the reducing
atmosphere for different time periods at 115 ◦C, at which 50% CO
conversion occurs at steady state, are shown in Fig. 7b. Maxima
of CO conversion enhancements are 12, 13, 12 and 9%, after expo-
sure to the reducing atmosphere for 1, 3, 5, and 9 min, respectively.
The CO conversion enhancement gradually decreases, approaching
that of steady state. For reduction times of 1–5 min the significant
enhancements continues up to 20 min, while for 9 min reduction,
the CO conversion reaches more rapidly to its initial value and even
negligibly drops below that of steady state. The CO conversion tran-
sient behaviors of the catalyst and pure ceria after 3 min exposure
to the reducing atmosphere at various temperatures, is presented
in Fig. 8a. It is observed that pure ceria does not contribute to

activity enhancement of the catalyst. Thus, the presence of CuO
is believed to be essential for regenerative behavior of the catalyst.
The variation of Emax with temperature is shown in Fig. 8b. Emax is
defined as the difference between the maximum CO conversion in
a transient and that of steady state normalized to the steady state
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Fig. 8. (a) CO conversion transient as a function of operating temperature during
regeneration for 3 min over CeO2 (–�– 205 ◦C) and CuO–CeO2 (–�– 110 ◦C, –©–
115 ◦C, –�– 125 ◦C, –�– 145 ◦C, –�– 205 ◦C) catalyst. (b) Maximum enhancement
percentage of CO conversion as a function of operating temperature, after regener-
ation for 3 min.
ig. 7. Reductive regeneration of the catalyst in PROX transient at 115 ◦C (T50): (a) CO
onversion within and after various regeneration times (–�– 1 min, –�– 9 min) and
O2 production (–�– 9 min), (b) CO conversion after 0–9 min regeneration times.

ne {100(COconv., transient, max-COconv., ss)/COconv., SS}. Emax decreases
ith temperature and the maximum in CO conversion disappears

t 165 ◦C.
The regenerative behavior of the CuO–CeO2 catalyst in the pres-

nce of 5 vol.% H2O and 15 vol.% CO2 was investigated at 115 ◦C and
min reduction time. The results are presented in Fig. 9. By adding
O2 and H2O to the feed, CO conversion decreases from 50 to 26%
t steady state conditions and the maximum of CO conversion is
educed from 63 to 34% after regeneration. Still the regeneration
ignificantly enhances the CO conversion up to about 30%. The over-
ll decline in the catalyst activity in the presence of CO2 and H2O
ay be related to the competitive adsorption of CO2 and water on

ctive sites that occupy some of the vacancies, on which CO could
e adsorbed [21–23].

.4. Temperature programmed reduction in CO and H2

Temperature programmed reduction of the 5.0 wt.% CuO–CeO2
atalyst in the presence of CO and H2, with the same composition as
he microreactor feed during the reductive regeneration period, is
resented in Fig. 10. The lattice oxygen of CuO and/or CeO2 is used

or oxidation of CO and H2 to CO2 and H2O, respectively. Water-gas
hift reaction may also contribute to CO2 production. Small amount
f methane is produced, most probably by methanation of CO on
educed Cu in the presence of H2, at temperatures in the range of
00–600 ◦C [4,24].

Fig. 9. CO conversion transient at 115 ◦C during regeneration for 3 min over
CuO–CeO2 catalyst (–�– H2O and CO2 free, –�– with 5 vol.% H2O and 15 vol.% CO2).
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ig. 10. Temperature programmed reduction of the CuO–CeO2 catalyst in 10 sccm
f 1% CO and 40% H2 mixture, with heating rate of 10 ◦C/min.

CO consumption starts at room temperature, when CO adsorbs
n highly active Cu species and reduces catalyst. However, CO2
roduct desorption is observed at higher temperature in agree-
ent with CO2-TPD results presented in Fig. 5. Reduction of CuO

y hydrogen in H2-TPR (Fig. 4) starts at about 180 ◦C, which is
uch higher than the reduction of CuO in CO and H2. No sig-

ificant H2O production is observed at temperatures lower than
80 ◦C (Fig. 10). This indicates preferential reduction of CuO by
O at lower temperatures. At higher temperatures both CO and
ydrogen may contribute to reduction of CuO and/or CeO2. It has
een shown that CuO is reduced first to Cu2O and then to Cu0 [25].
uO reduction activation energy is much lower than that of Cu2O
26]. Simultaneous decrease in H2O and increase in CO2 produc-
ion may indicate significant water-gas shift reactions at higher
emperatures of about 300 and 500 ◦C.

The quantitative analysis of CO consumption was studied by
he deconvolution of CO uptake peaks in Fig. 10. Two overlapping
eaks at 120 and 210 ◦C together with a high temperature peak at
90 ◦C are observed for CO uptake in Fig. 10. The low temperature
eaks (i.e. 120 and 210 ◦C) are related mostly to the reduction of Cu
pecies; however, the total amount of CO uptake for these peaks
s 831 �mol/g, which is 213 �mol/g higher than the stoichiomet-
ic amount for the reduction of Cu species to metallic copper. It
s observed that the amount of CO consumption at 120 ◦C is equal
o the required amount for reduction of about 61% of Cu2+ into
u1+, while CO uptake at 210 ◦C is more than the required amount
o reduce the rest of Cu cations into metallic copper. Thus, some
eduction of surface ceria should also take into account at low
emperatures, which is in agreement with the results reported by
aputo et al. [19]. This excess amount of CO uptake (i.e. 213 �mol/g)

s approximately equal to 16% reduction of Ce4+ to Ce3+ ions.
Comprehension of PROX reaction mechanism is of great impor-

ance in understanding the regenerative behavior of CuO–CeO2
atalysts. Martinez-Arias et al. [3,27–31] have proposed that both
opper and cerium cations on the catalyst are engaged in PROX
eaction and the interface species between them are the most reac-
ive ones due to the higher liability of the surface oxygen for both
opper and cerium. Sedmak et al. [12,32] reported that copper
pecies serve as adsorption sites for carbon monoxide in CuO–CeO2
atrix. After the CO molecule adsorbs on the catalyst active sites

copper cations), it extracts oxygen from the surface leaving an
2+ +
xygen vacancy. Simultaneously, Cu reduces to Cu which is sub-

equently re-oxidized by reduction of Ce4+ ions in their vicinity into
e3+. There are three oxidation states of Cu0, Cu1+ and Cu2+ for Cu

n the catalyst. CO is easily desorbed from Cu0 and Cu2+, while it
trongly chemisorbs on Cu+ sites [32–35]. As a mechanism pro-
g Journal 164 (2010) 214–220 219

posed by Sedmak et al., in the absence of oxygen, the number of
surface oxygen vacancies increases due to the reduction of copper
species from Cu2+ to Cu1+. Consequently, the potential difference
between the concentration of oxygen on the surface of the cata-
lyst and in the catalyst bulk is increasing which further result in
diffusion of the ceria lattice oxygen to the catalyst surface leading
to the formation of bulk oxygen vacancies in cerium oxide [12,32].
This would probably contribute to the redispersion of Cu ions on
the surface. As oxygen transfer from bulk to the surface faces mass
transfer limitations, the amount of Cu1+ cations – which do not
reoxidize to Cu2+ – increases in the absence of oxygen.

TPR in CO + H2 may indicate that Cu2+ is reduced to Cu1+ by CO
during the early stages of reduction at low temperatures (Fig. 10).
Figs. 6 and 7 show that the reduction of the catalyst during the
regeneration time at low temperatures for short periods of time
result in significant enhancement of CO oxidation activity of the
catalyst. During the regeneration time the Cu2+ species may have
reduced to the most reactive Cu1+ species responsible for the activ-
ity enhancement. The Cu1+ is re-oxidized to the less reactive Cu2+

at longer time of PROX in the presence of O2-containig gas after
the regeneration and the catalyst activity declines (Fig. 7a and b).
Regeneration duration as short as 1 min is sufficient to significantly
enhance the catalyst oxidation activity. Exposure of the catalyst to
the reducing atmosphere of CO + H2 (with no oxygen) during the
regeneration time at higher temperatures and/or for longer periods
of time may partially reduce Cu2+ more deeply to the less reactive
Cu0 and/or sinter it, leading to lower activity enhancement of the
catalyst in PROX.

4. Conclusion

Effect of a short reduction period (regeneration time) on activity
enhancement of a CuO–CeO2 catalyst for preferential oxidation of
CO in a H2–rich stream (PROX) was investigated. CuO was shown to
play a key role for PROX as no significant activity and regeneration
results is observed for pure ceria. The activity of the catalyst for CO
oxidation significantly enhances after the regeneration in CO and
H2 feed (with no O2) at lower temperatures. The overall activity of
the catalyst appreciably declines, when CO2 and H2O are added to
the feed. Still the regeneration significantly enhances the CO con-
version up to about 30%. During the regeneration the Cu2+ species
may have reduced to the most reactive Cu1+ species responsible for
the activity enhancement. Exposure of the catalyst to the reducing
atmosphere during the regeneration at higher temperatures and/or
for longer periods may partially reduce Cu2+ more deeply to the
less reactive Cu0 and/or sinter it, which results in lower activity
enhancement of the catalyst in the PROX. The regenerative behav-
ior discussed, can be effectively applied in the catalytic reactor for
PROX process to reduce the operating temperature and promote
the oxidation activity of the catalyst.
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