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Adsorption and reaction of CO on CuO—CeO, catalysts prepared
by the combustion method
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Temperature-programmed techniques were employed to investigate the interaction of CO with CuO-CeO, prepared by the
urea-nitrates combustion method. These catalysts exhibited high and stable CO oxidation activity at relatively low reaction
temperatures (< 150 °C). The CO adsorption capacity and catalytic activity of the catalysts was analogous to the concentration of
easily-reduced copper oxide surface species. TPD and TPSR results can be explained by a dual scheme of CO adsorption: (i) on
oxidized sites, which get reduced with simultaneous formation of surface CO, and (ii) on reduced sites created by the former
interaction. 10-20% of adsorbed CO desorbs molecularly in the absence of gas-phase O,, but reacts totally towards CO, in the
presence of gas-phase O,. Inhibition by CO, observed under steady-state CO oxidation conditions is due to CO, adsorption as

found by CO,-TPD.
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1. Introduction

Copper-cerium oxide catalysts have been extensively
examined as a possible substitute for precious metals,
since they have much lower cost and comparable or even
higher activity for CO oxidation. This reaction is of
prime importance in air pollution control and purifica-
tion of hydrogen-rich streams for fuel cell applications.

CeO, is one of the most thermally stable compounds
and the oxidation state of the cerium cation may vary
between +3 and +4 under various redox conditions.
Ceria has distinct defect chemistry, ability to exchange
lattice oxygen with the gas-phase and promotes CO
removal through oxidation with lattice oxygen [1-7].

The beneficial catalytic properties of ceria are well
represented in Cu—Ce oxide catalysts, which have been
successfully tested in many catalytic reactions [3—13].
Liu and Flytzani-Stephanopoulos were the first to
report that the Cu—-Ce-O system is very active for
complete oxidation of CO [3] with catalytic activity
comparable or even superior to that of Pt-based cata-
lysts. The redox properties of ceria can enhance the
catalytic performance of copper oxide in CO oxidation
reaction, since additional active sites, generated from
oxygen vacancies, are present at the interface of the two
phases [3, 7]. Concerning the nature of the active copper
species, it is generally accepted that these are related to
well-dispersed states of copper, probably in the form of
copper oxide clusters in contact with the ceria and/or as
an interfacial solid solution [3, 6-10, 13-23]. The cor-
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relation between the reducibility of highly dispersed
copper oxide species and their catalytic activity appears
to be well established [3, 5, 7, 8, 13, 16, 24-28]. A syn-
ergistic reaction model has been proposed in order to
explain the enhanced catalytic activity shown by Cu—Ce
oxide catalysts, in which Cu’ species stabilized by
interactions between copper oxide clusters and cerium
oxide provide surface sites for CO adsorption, while
ceria provides the oxygen source [3]. The presence of
both Cu®>" and Cu'" species in the catalysts has been
found by several investigators [3, 8, 9, 24]. Quantitative
XPS analysis showed a significant enrichment of the
surface with copper oxide species [8].

In this study, temperature-programmed techniques,
such as TPD and TPSR of preadsorbed CO as well as
TPD of preadsorbed CO,, were used in order to examine
the role of ceria on the adsorptive properties of com-
bustion-synthesized CuO-CeO, catalysts. The effect of
ceria on the adsorptive behavior of the CuO-CeO,
catalysts was investigated and correlated with the cata-
lytic performance in the CO oxidation reaction.

2. Experimental
2.1. Catalysts preparation

CuO-CeO, catalysts were prepared by the combus-
tion method with cerium nitrate [Ce(NO3);r 6H,O0],
copper nitrate [Cu(NOs3)," 3H,O] and urea [CH4N->O] as
starting compounds [8]. The following catalysts were
synthesized: CuO, CeO,, Cug 10Ceg.99, Cug15Ce g5 and
Cug.0Ceq g9, Where the index of Cu corresponds to the
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atomic ratio Cu/(Cu+ Ce). An additional high-surface-
area CuO sample, denoted as HS-CuO (Sger = 21.3 m’
g~ ") was prepared by a citrate method [4].

2.2. Catalyst characterization

Temperature Programmed Reduction (TPR), Tem-
perature Programmed Desorption (TPD) and Surface
Reaction (TPSR) experiments were carried out in a
fixed-bed reactor system, described in detail elsewhere
[8]. A mass spectrometer (Omnistar/Pfeiffer Vacuum)
was used for on-line monitoring of effluent gases. Prior
to each test, the catalyst (30-50 mg with particle size of
90 < d, <180 um) was treated under a 20% O,/He
mixture at 400 °C for 30 min, cooled under the same gas
flow to 32 °C and purged with He. TPR experiments
were performed under a flow of a 3% H,/He mixture
(50 cm® min~") using a heating rate of 20 °C min~'.
Adsorption of CO (CO-TPD and TPSR-O,) or CO,
(CO,-TPD) was carried out under a flow of 1% CO/He
or 1.5% CO,/He mixture, respectively. Following
completion of the adsorption, indicated by stable signals
of CO or CO, in the mass spectrometer, the reactor was
purged with pure He for ~10 min. Then, the TPD or
TPSR run was started under a flow of 40 cm® min~' He
(CO-TPD and CO,-TPD) or 1% O,/He (TPSR-O,) with
a heating rate of 20 °C min~'. In a preliminary study,
the catalysts were characterized by BET, H,-TPR, XRD
and XPS [8]. The quantitative data of the deconvoluted
components of experimental H,-TPR profiles were
determined with the use of PeakFit 4 and are presented
in Table 1.

2.3. CO oxidation measurements

The catalytic oxidation of CO was carried out in a
conventional flow system, previously described [8]. The
feed gas was passed through a fixed bed reactor con-
taining the catalyst (50-300 mg, 90-180 um particle
size). Prior to all catalytic tests, the samples were heated
in a flowing 20 vol.% O,/He mixture at 400 °C for
30 min, followed by cooling down to the reaction
temperature in pure He. The total flow rate of the
reaction mixture was 50-100 cm® min~', yielding con-

tact times (W/F) in the range of 0.03-0.36 g s cm . The
feedstream contained 1 vol.% CO, 0.5vol.% O,,
0-1.5 vol.% CO,, 0-1.5vol.% H,O, He balance.
Product and reactant analysis was carried out by a gas
chromatograph (Shimadzu GC-14B) equipped with a
TCD.

3. Results and discussion
3.1. TPD of adsorbed CO or CO,

The TPD profiles of CO and CO, after CO adsorp-
tion at RT over CuO—CeO, catalysts are shown in
figure 1. The corresponding profiles of pure HS-CuO are
also shown for comparison purposes. That oxide was
synthesized under mild conditions in order to avoid
extensive sintering of the material (which inherently
takes place in the case of combustion-synthesized CuO)
and thus be able to have measurable adsorbed quantities
of CO or CO,. The majority of adsorbed CO (~75-
90%) is observed to desorb as CO,, a fact that indicates
reaction of adsorbed CO with surface oxygen [15, 5].
The CO, profiles are characterized by a main peak at
~108-118°C with a tail extending up to 350-400 °C.
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Figure 1. TPD profiles of CO, and CO (inset) after CO adsorption at
RT, for pure HS-CuO (1) and for combustion-synthesized Cuyg oCeg 90
(2), Cug.15Ceq.85 (3) and Cug20Ceo. 5o (4) catalysts.

Table 1
Characteristics of CuO—CeO, catalysts based on data presented in [§]

Catalyst Sger (M g7™h) TPR peak maxima (Tj, °C) and contribution (H,/Cu) of reducible species®

T, T, T Ty (H2)total/(CWnominal
Cuyg.10Ce.90 25 163 (0.18) 217 (1.15) 256 (0.41) 290 (0.21) 1.95
Cuyg.15Ce g5 39 163 (0.25) 210 (0.89) 250 (0.40) 294 (0.21) 1.75
Cug20Ceo 50 24 161 (0.11) 211 (0.63) 255 (0.68) 300 (0.42) 1.84
CuO 3 - - - 295 0.99
CeO, 10 - - - -b nm

“The values in parentheses represent the contribution of reducible species, expressed as a molar ratio of consumed H, per nominal loading of Cu

(H,/Cu), as determined by the deconvolution of TPR profiles in [8].

®No reduction peaks were observed at temperatures lower than 500 °C.
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The CO, peak of Cu;sCegs catalyst is slightly shifted to
higher temperatures, probably due to re-adsorption
phenomena, since the desorbed quantity of CO, is sig-
nificantly higher in that case. A similar CO, profile was
obtained for pure CuO, which consisted of a small peak
at ~100 °C with a tail extending up to 300 °C.
Regarding pure CeO,, very small amounts of CO, were
detected during TPD (not shown), with CO, appearing
above 225 °C and slightly increasing with temperature.
For all Cu-containing catalysts, small amounts of CO
are desorbing at low temperatures with a single, sym-
metrical peak at 75-85°C (inset of figure 1). CO
desorption starts immediately upon initiation of the
temperature ramp. The position and the shape of CO,
and CO peaks suggest that the characteristics of CO
adsorption over pure copper oxide remain the same
upon addition of ceria. TPD profiles consisting of a
small CO peak at 70-80 °C and a CO, peak at 110 °C
with a tail extending up to 450 °C, have been also
reported by Martinez-Arias et al. [15] for a 1% CuO/
CeO, catalyst prepared by impregnation and activated
at 500 °C. Luo et al. [5] reported negligible CO desorp-
tion during CO-TPD over CuO/CeO, catalysts (pre-
pared by impregnation and calcined at various
temperatures), while one CO, desorption peak was
observed at about 110 °C. The adsorbed amount on pure
CuO and CeO, was very small. Only one CO, desorption
peak at about 110°C on CuO/CeO, was also observed by
Lin et al. [29]. These results are quite similar to what was
found in this work. Intact CO desorption (albeit at small
amounts) during TPD implies that at least part of CO
adsorbs molecularly and reversibly on the catalysts when
the adsorption is carried out at RT. The main step of
surface transformation of adsorbed CO with increase of
temperature, however, appears to be its reaction with
surface oxygen towards CO,.

As TPD profiles of CO, include the desorption of
significant amounts of CO, at high temperatures, i.e. at
~ 300-400 °C, this may be attributed either to decom-
position of carbonates formed upon interaction of
adsorbed CO with surface oxygen towards adsorbed
CO», which is bound as carbonate species on the surface

[5, 1, 15, 30-32] or to reaction of strongly bound CO
with surface oxygen [33].

The quantities of desorbed CO, and CO (in umol/g)
following adsorption of CO at RT are presented in
Table 2. It can be observed that: (i) the amount of CO
desorbed is 10-25% of the total (CO + CO,) amount
desorbed from the catalysts, (ii) the amount of desorbed
CO, is 2.5-4 times higher in CuO—-CeO, catalysts com-
pared to pure CuO and (iii) there appears no definite
trend with copper content. Among the samples exam-
ined, the Cug 5Ceg g5 adsorbed the highest amount of
CO during CO adsorption, and most of that amount
interacted with surface oxygen to a higher extent com-
pared to the other samples. Recently, Jung et al. [34]
reported that the total CO uptake of a 5 wt.% CuO-
CeO, catalyst calcined at 700 °C is 240 ymol g~', of
which ~50% (124 umol g™ ') represents the irreversibly
adsorbed CO (not desorbed under vacuum at 35 °C).
Our results indicate a smaller CO uptake, which may be
due to the much higher CO pressures (100-500 mmHg)
employed by Jung et al.

TPD experiments of CO, desorption following
adsorption of CO, at RT were also carried out in view of
the inhibiting role of CO, in oxidation of CO over CuO-
CeO, catalysts [8, 25]. The TPD profiles of CO, after its
adsorption at RT are shown in figure 2 for CuO-CeO,
catalysts as well as for pure HS-CuO and CeO,. The
shape of CO, peaks is quite similar with the CO, profiles
after adsorption of CO at RT (figure 1). In the case of
CuO-CeO, catalysts, a main CO, peak at ~88 °C was
found with a tail up to 300400 °C. However, the CO,
peaks from CuO-CeO, appear at lower temperatures
compared with the corresponding CO, peaks after CO
adsorption (~ 108—118 °C). The shift is more intense for
the Cu;s5Cegs catalyst. The amounts of adsorbed CO,
(per gram of catalyst) are considerably smaller than the
amounts of adsorbed CO (Table 2), although the feed
gas during adsorption contained 1.5% CO, compared to
1% CO in the case of CO-TPD. This implies that CO,
adsorption is weaker than CO adsorption. For pure HS-
CuO, CO, desorption took place in the form of a peak at
100 °C with a tail up to 300 °C. For pure CeO,, the CO,

Table 2
Desorbed amounts of CO or CO, after CO (CO-TPD and TPSR-O,) or CO, (CO,-TPD) adsorption at RT over CuO-CeO, catalysts

Catalyst Desorbed amount of CO or CO,, Qqes
CO-TPD TPSR-O, CO,-TPD
umol CO, g™! umol CO g™! pmol (CO + CO,) g™ umol CO, g™! umol CO, g™!
Cuyg.10Ce.90 49.4 14.8 64.2 63.6 35.5
Cug 15Cep 85 111.5 19.7 131.2 130.5 434
Cug.0Ce 50 62.3 18.8 81.1 79.2 323
HS-CuO* 31.4 2.2 33.6 31.8 26.7
CeO, - - - - 30.8

“High surface copper oxide prepared with the amorphous citrate method, hydrothermally treated at 150°C and calcined in air at 300°C.

2 1

SBET = 21.3 m"~ g .
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Figure 2. TPD profiles of CO, after CO, adsorption at RT, for
pure HS-CuO (1) and for combustion-synthesized Cug 10Ce.oo
(2), Cug.15Ceo85 (3), Cug20Ceos0 (4) and CeO, (5) catalysts.

profile consisted of a low-temp main peak at 85 °C and a
second -lower in intensity- peak at 250 °C. It has also to
be noted that the amount of adsorbed CO, for CuO-
CeO, catalysts seems to have quite similar values with
those for pure CuO and pure CeO,, implying that CO,
adsorption on CuO—-CeO, catalysts takes place on both
CuO and CeO,. In summary, CO,-TPD has shown that:

e the adsorbed amounts of CO, are considerably
smaller than those of CO

e the CO, peak from CO, adsorption appears at a
lower temperature than the CO, peak from CO
adsorption

e a similar tail in CO, peaks from both CO-TPD and
CO»-TPD is evident in the profiles.

Recently, Marino et al. [35] reported that under
steady-state CO oxidation conditions in the presence of
CO», the inhibition of CO; on catalyst activity diminishes
with increase of reaction temperature allowing complete
CO conversion to be achieved at temperatures around
160-200 °C. This is in accordance with the TPD results,
which show that CO, desorption takes place at around
90 °C. It is expected, therefore, that the surface coverage
of CO, will become quite low at temperatures around
130 °C or higher. In addition, one would expect stronger
inhibition over pure CuO than on CuO-CeO, catalysts.
This is due to: (i) the stronger adsorption of CO, on pure
CuO compared to CuO—CeO, catalysts, as indicated by
the higher CO, peak temperature in the former case and
(i1) the higher value of the ratio CO,4s/CO5,qs on CuO-—
CeO, catalysts compared to pure CuO, indicating that
CO, occupies a larger fraction of active sites on pure CuO,
causing in this way a stronger inhibition.

3.2. TPSR of adsorbed CO with O,

TPSR experiments following adsorption of CO at RT
were carried out using an 1% O,/He mixture as the

carrier gas. No CO was found to desorb during the
temperature ramp, in contrast to what was found during
TPD experiments. Therefore, reversibly adsorbed CO
gets oxidized in the presence of gas-phase oxygen. The
only product detected in the gas-phase was CO,. TPSR
profiles of CO, from CuO—CeO, catalysts and pure HS-
CuO are shown in figure 3. Compared to what happens
in the absence of O, (figure 1), the reactivity of pread-
sorbed CO has significantly increased in the presence of
gas-phase O, as deduced from the shift of CO, peaks to
lower temperatures. All profiles are rather broad show-
ing a tail extending up to 400 °C. On the other hand, the
gas-phase oxygen does not appear to enhance the rate of
oxidation of preadsorbed CO on pure HS-CuO and the
CO, profiles during TPD and TPSR are quite similar.
The amounts of CO, produced during TPSR from all
catalysts examined are shown in Table 2. In all cases, the
amounts of CO, produced during TPSR are almost
equal to the sum of (CO + CO,) produced during TPD
of preadsorbed CO. This result, therefore, helps validate
and confirm the corresponding TPD results.

In order to be able to compare more clearly the effect
of gas-phase oxygen on the reactivity of adsorbed CO,
the TPD and TPSR profiles of CO, from the
Cuy.15Ceq g5 catalyst are shown in figure 4. It can be seen
that heating in the presence of gas-phase oxygen
enhances the rate of oxidation of preadsorbed CO.
Taking into account that:

(i) the catalysts can be considered as fully oxidized
before CO introduction because they were already
pre-treated under an oxidative atmosphere,

(i) if CO adsorption took place molecularly without
any further reaction at RT, i.e. reaction with surface
oxygen leading to adsorbed CO, or carbonate for-
mation and to partial reduction of the surface (Cu ™"
and/or Ce®* ions), then one would not expect any
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Figure 3. TPSR profiles of CO, (Carrier gas: 1% O,/He), after
adsorption of CO at RT, for pure HS-CuO (1) and for combustion-
synthesized Cug10Cep.00 (2), Cug15Cepss (3) and Cug0Ceoso (4)
catalysts.
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Figure 4. TPD profiles of CO (1) and CO, (2) along with TPSR
profiles of CO, (Carrier gas: 1% O,/He) after adsorption of CO at RT,
for Cug,15Ceq g5 catalyst.

important effect of the presence of gaseous O, upon
initiation of the TPSR run, because the catalyst
would already contain all the oxygen species it can
accommodate.

Therefore, the TPSR results can only be explained
assuming the occurrence of catalyst reduction upon
introduction of CO at RT. It should be mentioned that
no CO, was detected in the gas phase, during exposure
of the catalysts to CO at RT implying that produced
CO» remains on the surface because the temperature is
low. Martinez-Arias et al. [36] have observed formation
of Cu" carbonyls via FTIR spectroscopy by contacting
a CuO-CeQO, catalyst with CO at RT. They attribute
this phenomenon to interaction of CO with Cu®* ions
with unsaturated coordination leading to their reduction
with accompanying CO, formation. They did not
observe CO, evolution in the gas-phase, but the large
absorbance in the carbonate region of FTIR spectra
indicated formation of carbonate species on the surface.
Based on DRIFTS, FTIR and catalytic activity results,
showing CO chemisorption at low temperatures, Mar-
tinez Arias et al. [15, 36] suggested the formation of
carbonyl species upon CO adsorption on those reduced
centers. An important question refers to which are the
specific regions in the TPD and TPSR profiles of CO,
corresponding to the decomposition of such carbonates.
We propose that these regions are the ones, which are
the least influenced by the presence of O, in the gas-
phase, i.e. the long CO, tail from ~150-200 °C up to
400 °C. On the other hand, the similarity of TPD and
TPSR profiles in the case of pure HS-CuO indicates
either that reduction of the CuO surface does not take
place upon exposure to CO at RT or that appearance of
CO, in the gas-phase is limited by the process of
desorption of CO,.

Based on the TPD and TPSR results, we can postu-
late that upon exposure of the CuO—CeO, catalysts to
CO at RT, CO adsorbs on the oxidized sites and reduces

part of them itself being oxidized to adsorbed CO,. CO
can then adsorb on a reduced Cu” site. During TPD,
CO adsorbed on Cu” desorbs molecularly but as tem-
perature increases the possibility of further reaction with
surface oxygen cannot be excluded. With further
increase in temperature surface CO, desorbs from the
catalyst. In the presence of gas phase O,, the CO-Cu ™
species are highly reactive so that they appear as CO, in
the TPSR profile (first low-temp peak). The second
peak-during TPSR is essentially the CO, peak observed
during TPD and is only slightly affected by the presence
of O,. Sedmak et al. [37] have carried out transient
experiments in which they exposed the CuO—-CeO, cat-
alyst to isothermal step changes in CO concentration.
They observed two peaks in the CO, response, which
they attributed to: (i) adsorption of CO on an oxidized
site and subsequent reduction of this site (first peak) and
(ii) oxidation of CO adsorbed on a reduced Cu™ site by
catalyst oxygen (second peak). In our case, the peak
sequence is reversed, because we add oxygen from the
gas-phase which reacts with preadsorbed CO.

3.3. CO oxidation activity

Figure 5 shows the CO conversion as a function of
temperature over the differently loaded CuO-CeO,
catalysts. The corresponding curves of the pure oxides
are not included in the same figure for reasons of clarity,
since these samples exhibited poor activity towards CO,
production. Thus, all the CuO-CeO, catalysts are sig-
nificantly more active than the pure CuO and CeO,
samples, indicative of an activity-enhancing synergy
between the two phases. Among the catalysts prepared
by the combustion method, the Cug 5Ceqgs catalyst
showed the highest activity. Indeed, under our standard
experimental conditions (W/F = 0.03 gscm™, 1%
CO, 0.5% O,), the temperatures at which 50 and 99%
conversion is obtained are significantly lower for
the Cug 5Ceg g5 catalyst as it can be seen in Table 3.

100 DR —Rg=N—0
m}; =
] ~
® 8o /U/
g | /
o
0 60—
[
4 4
g 40 | 1%CO, 0.5% O,, He
(3] WI/F = 0.03 gscm®
b 4.7 cuD.mceD.W
8 20 - — Cu,,Ce,,.
/ * cuD.cheD.Bﬂ
0 1 R/ open symbols: with 1.5% CO,
T T I T I T I
50 100 150 200
T,°C

Figure 5. CO oxidation activity of Cug 10Cep.90 (®), Cug.15Ceoo (M)
and Cug,0Cegogo (A) catalysts at W/F = 0.03 g s cm™>. The open
symbols denote the presence of 1.5 vol.% CO; in the feed.
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Table 3
Comparison of catalyst performance in CO oxidation®
Catalyst rcos (moleo 5™ g ear) 50" (°C) Tos". (°C)
50°C 75°C 100°C
Cuy.10Cep.90 0.41 (0.28) 1.75 (1.32) 6.22 (5.41) 106 (108) 177 (177)
Cuy.15Ceo 85 0.81 (0.65) 3.00 (2.60) 9.90 (9.70) 97 (99) 150 (150)
Cuyg0Ce 50 0.33 (0.20) 1.65 (1.27) 5.87 (4.89) 110 (114) 200 (200)

“the values in parentheses were obtained in the presence of 1.5% CO, in the feed.

"W/F = 0.03 gs cm™.

Additionally, complete CO conversion can be achieved
at 160 °C with the Cug 5Ceggs catalyst, compared to
200 °C with the Cug 19Ceg9o catalyst and 220 °C with
the Cug,oCeggo catalyst. The same trend of activity
variation with copper loading is evident in the values of
the CO oxidation rate, measured at three different
temperatures, namely 50, 75 and 100 °C, and listed in
Table 3. These values are 16-30 x and 160-300 x times
higher than the corresponding values on pure CuO and
ceria, respectively (not shown). Thus, the catalytic
activity order for the composition range studied is the
fOllOWing: CCOZ << CuO << CuO.zoceoAgo < CuO.lO-
Cep.g9 < Cug 15Ceggs. These results are in agreement
with the catalytic activity order, previously reported, for
the preferential CO oxidation reaction over these cata-
lysts, where no hydrogen was oxidized at temperatures
lower than 120-140 °C [8]. In a study over co-precipi-
tated CuO—-CeQO, catalysts, similar values of the CO
oxidation rate were determined, regardless of the pres-
ence of 50% H, in the feed [37]. Recently, we compared
the CO oxidation activity of various CuO—CeO, cata-
lysts reported in the literature, on the basis of calculated
reaction rate at 75 °C. Despite the varying catalyst and
operation parameters (preparation method, copper
loading and partial pressures), the calculated reaction
rates are all in the range of 1-3 umol g~' s™' [4], in
agreement with the corresponding reaction rates mea-
sured in the present study.

The effect of the presence of 1.5% CO, in the reaction
mixture on the activity of CuO-CeO, catalysts is also
shown in figure 5. The investigation of the role of CO; is
interesting from the fact that CO, acts as an inhibitor of
the CO oxidation reaction [8, 23, 25, 33, 35, 38]. How-
ever, the presence of 1.5% CO, in the feed induced a
minimal loss in the catalytic activity, which disappeared
at temperatures higher than 100-120 °C. Taking into

steady-state CO oxidation conditions. CO, desorption
takes place at around 90 °C. When the CO oxidation
reaction temperature is lower than the desorption tem-
perature of CO,, the catalytic activity will be diminished
due to the adsorption of CO, on the active sites [33]. It is
expected, therefore, that the surface coverage of CO,
will become quite low at temperatures higher than
130 °C, and the inhibition will be eliminated. Regardless
of the presence of CO,, the same trend of the activity
with the copper loading of the catalysts is observed.
However, the inhibiting effect of CO, was more intense
in the case of pure copper oxide, since the ratio of the
reaction rate in the presence of CO, to the reaction rate
in the absence of CO, at temperatures lower than 100 °C
was significantly lower than 1. Therefore, addition of
CeO, makes the catalysts more tolerant towards deac-
tivation by CO».

The effect of contact time on the catalytic activity of
Cug 15Ceogs sample is shown in figure 6. With an
increase in the contact time the activity curve is shifted
to lower temperatures. Indeed, complete CO conversion
can be achieved at ~110 °C with a W/F ratio equal to
0.36 gs cm ™, compared to 160 °C with W/F = 0.03 g's
em™. In agreement with the above discussion, the
inhibiting effect of the presence of 1.5% CO, in the feed,

100 4—g—@

. D/D —0

1 <4
¥ 80| </°
c
o i / ./
o 60 -
OL.) i :] Catalyst: Cu, Ce, .
z / Feed: 1% CO, 0.5% O,, He
391 e e
(@) | / €036
(&)

20 -

open symbols: with 1.5% CO,

. i o
account previous studies over the same catalytic system 1 D *:’:;:fg’(‘;v?;:";ae)
[8, 23, 25, 33, 35, 38], which reported a significant shift 0 T T T T T
of the activity curves to higher temperatures, by about 60 90 120 150

2040 °C, in the presence of 15% CO, in the feed, it is
evident that the inhibiting effect is more pronounced as
the CO; concentration in the feed increases [35]. Any-
way, TPD following exposure of catalysts to CO,
showed that CO, also adsorbs on the catalysts surface,
thus explaining the inhibition of CO, observed under

T,°C

Figure 6. CO oxidation activity of Cug5Cepgs catalyst at W/
F = 0.03 (w) and 0.36 (€) g s cm™. The open symbols denote the
presence of 1.5 vol.% CO, in the feed, while the circle symbols denote
the presence of both 1.5 vol.% CO; and 1.5 vol.% H,O in the feed (W/
F=036gs em™).
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on the catalytic activity, is evident only at temperatures
lower than 100 °C (figure 6). In addition with the CO,
effect, the influence of the presence of 1.5% H,O in the
CO»-containing feed was examined for the Cug ;5Ce g5
sample (figure 6). At temperatures up to 100 °C, the
catalyst lost a significant portion of its initial activity
when both CO, and H,O are present in the feed and a
given CO conversion can be obtained at a temperature
higher by about 20 °C. Complete CO conversion was
achieved at ~110 °C, regardless of the presence of CO,
and H»O in the feedstream. The presence of water vapor
induced a more significant loss on the catalyst activity
only at temperatures lower than 100 °C, probably due to
desorption of water above that temperature [33]. The
Cuy 15Ceq g5 catalyst was also tested for its performance
with reaction time at two different temperatures, namely
at 90 and 110 °C. As shown in figure 7, the catalyst
exhibited a stable behavior in both reaction tempera-
tures, regardless of the presence of CO, and H,O in the
feed. In agreement with the above discussion, the pres-
ence of H>O provoked a higher degree of deactivation
but only at the lower temperature. However, pre-
liminary studies showed that this inhibition by the
presence of CO, and H,O is not irreversible and the only
consequence at temperatures lower than 110 °C, is that
higher contact or higher reaction temperature is
required in order to achieve the same CO conversion.

3.4. Promoting role of CeO,

The promoting role of CeQO, is evident, first of all, in
the structural characteristics of CuO-CeQO, catalysts, i.e.
in the enhancement of their specific surface area which
becomes optimal for the composition Cug5Cegs
(Table 1). A similar behavior is found for CuO—CeO,
catalysts prepared by a modified citrate method [4]. The
optimal Cug 5Ceqgs catalyst has also the highest

Feed: 1% CO, 0.5% O,, He
100 ——— [ —

addition of both
1.5%CO, and 1.5%H,0

O—H0—Mn qpo—rn

addition of 1.5% CO, i

R 90—l —In
<
°
o A ‘
2 80 - UA—LINN—LI Catalyst: Cu,_Ce, -
o L W/F =0.36 gscm®
° -+ 110°C
8 \ -\~ 90°C
70 - : A\
1 : AN N
(a) ‘(b (c]
60 : T ®) T T g ) T T
0 40 80 120 160

Reaction time, hours

Figure 7. Variation of CO conversion with the reaction time at 90 (A)
and 110 °C (O) and at W/F = 0.36 g s cm™ over the Cug ;sCeo.ss
catalyst, in the absence of CO, and H,O (a), in the presence of
1.5 vol.% CO, (b), and in the presence of both 1.5 vol.% CO, and
1.5 vol.% H,O (c) in the feed.

amount of easily reduced species (Table 1). The hydro-
gen consumption values during TPR up to the temper-
ature of 500 °C (Table 1) are significantly higher than
the theoretical ones corresponding to the complete
reduction of Cu®>" to Cu’. The H,/Cu molar ratio was
found to be 1.75-1.95 for the combustion-synthesized
catalysts and there is no definite trend with copper
content. These values are slightly higher than the
reported values of 1.65 over Cej9sCugosO, by Shan
et al. [22] and 1.3 over 10-15 at.% Cu/CeO, catalysts by
Gayen et al. [28]. Much higher values were reported for
low copper loadings ( < 5 at.%) [28].

There exists a direct analogy between the amount of
easily reduced species and the quantity of adsorbed CO.
The quantities of adsorbed CO (Table 2) are 56-59% of
the corresponding hydrogen consumption values of the
first deconvoluted peak. It is, therefore, quite plausible to
assume that CO adsorption takes place mainly on these
easily-reducible sites. These sites have a higher surface
density on CuO-CeO, than on CuO, as can be deduced
by comparing the amounts of adsorbed CO per unit
surface area of the catalysts (these are 2.57-3.38 umol
m~? for CuO-CeO, and 1.6 umol m™ for pure CuO).
Based on the above, we can postulate that well-dispersed
copper oxide species having a wide interface perimeter
with ceria constitute the preferred adsorption sites for
CO [5] and, as a consequence, the active sites for the
reaction. The enhanced reducibility could be related to
the higher oxygen mobility of the defective ceria struc-
ture created upon substitution of Ce* " ions by Cu®" or
Cu'" ions at the interface of both oxides [6, 7,9, 20,21,
27]. TPSR results have shown that CO can reduce Cu® "
even at room temperature, while CO adsorbed on
reduced sites is highly reactive with gas-phase oxygen.
On the other hand, pure CuO or ceria didn’t show any
similar redox behavior, thus indicating that the above
properties resulted by strong interaction of both oxides.

4. Conclusions

The optimal CO oxidation CuO-CeO, catalyst when
synthesized by the combustion method with urea as fuel
has an atomic ratio of Cu/(Cu+Ce) = 0.15 and is
characterized by the following properties:

e A reproducibly-obtained, larger specific surface area
than all other compositions

e The highest concentration of easily reduced sites

e The highest CO adsorption capacity.

We found a direct correlation between the amount of
easily reduced sites and the one of adsorbed CO.
Adsorption of CO proceeds through initial reduction of
Cu’' and formation of adsorbed CO, followed by
adsorption of CO on reduced Cu™ centres. The inhibi-
tion of CO oxidation by the presence of CO, is elimi-
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nated at temperatures higher than the desorption tem-
perature of CO, as found by TPD. The promoting role
of ceria can be attributed to the creation of additional
sites for CO adsorption and reaction, which get easily
reduced.
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