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Selective oxidation of CO in excess hydrogen
on copper—cerium-containing catalysts
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Selective oxidation of CO that is in mixtures enriched in H, was studied to investigate
catalytic properties of the 0.5—80% CuO/Ce ;Zr, 30, system. The catalysts were prepared by
the combined decomposition of copper, cerium, and zirconyl nitrates at 300 °C. The systems
studied are active and stable under mild conditions of the process (80—160 °C) and at high
space velocities (to 100000 h=1) of the reaction mixture (2% CO, 1% O,, 40—50% H,). With an
increase in the CuO content in the catalysts up to 20%, the degree of CO removal achieves 60%
(120 °C and ¥ = 35000 h~!) and further does not change appreciably. The contribution of
oxygen participation into CO oxidation is virtually independent of the copper concentration in
the sample and ranges from 65 to 75%. The dependences of the Arrhenius equation parameters
for CO and H, oxidation on the catalyst composition were determined, which makes it possible
to calculate the conversion of reactants and selectivity of CO conversion under the specified
conditions of the process. The addition of CO, and H,0 (12—15%) to the reaction mixture
decreases the catalyst activity and simultaneously increases the selectivity of CO oxidation to
100%. It is shown by the TPR and X-ray diffraction methods that the combined decomposition
of the starting Cu?*, Ce3*, and ZrO?" nitrates produces solid solutions of oxides with a high
content of CuO. The reductive pre-treatment of fresh samples of the studied catalysts results in
the destruction of the solid solution and formation of highly dispersed Cu particles on the
surface of Ce—Zr—O0. These particles are active in CO oxidation.

Key words: oxidation; carbon monoxide; mixed copper, cerium, and zirconium oxides;
kinetics; TPR method; X-ray diffraction analysis.

Recently, researchers are intensely searching for effi-
cient methods for preparation of high-purity hydrogen,
which is necessary for operation of low-temperature fuel
elements.! When hydrogen is obtained, e.g., by steam
methanol reforming, a considerable amount of CO is
formed (up to 1 vol.%).2 Meanwhile, CO is a known
poison for Pt electrodes® and the admissible concentra-
tion of CO in hydrogen should not exceed 102 vol.%.4
Oxidation is one of the promising methods for decreasing
the CO content in hydrogen-containing mixtures. Cata-
lysts containing noble metals (Au, Pt, Ru, Pd)5—? and
copper!®11 on various porous supports (carbon materials,
zeolites, metal oxides) manifest high selectivity and activ-
ity in this process.

Copper catalysts on Ce-containing supports are of the
greatest interest from the practical point of view. It is
shown!2.13 that Cu/CeO, is highly active in CO oxidation
with oxygen (1% CO + 0.5% O, + N,) under the mild
conditions: at room temperature the CO conversion is
20%, while at 125 °C it achieves 100%. The activity of this
catalyst is much higher than that of Cu/Al,05.14 An im-
portant feature of cerium oxide is its ability to form solid

solutions with other oxides, for example, with ZrO,,15—17
and in this way to increase mobility of lattice oxygen
atoms and improve the redox characteristics of mixed
oxides. Due to these features, the modified cerium-con-
taining systems are promising for use as catalysts of CO
oxidation in excess hydrogen. In this work, we studied the
selectivity and stability of the CuO/Ce ;Zr, 0, catalysts
prepared by the combined decomposition of Cu?*, Ce3*,
and ZrO?" nitrates. Catalysts with this composition were
not earlier studied in the combined oxidation of CO and
H,. The catalytic properties of the systems were com-
pared with their redox and microstructural characteristics
obtained by the method of temperature-programmed re-
duction (TPR) and X-ray diffraction analysis.

Experimental

The (0.5—80.0%)CuO/Ce ;Zr, 30, catalysts were prepared
from Cu, Ce, and ZrO nitrates by combined decomposition.
Mixtures of aqueous solutions of nitrates were evaporated, dried
for 1 hat 100—120 °C, and calcined in air at 300 °C for 2 h. The
CuO content ([CuO]) in the Ce;Zr,30,-based samples was
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0.5—80.0 wt.%. Catalytic experiments were conducted at an
atmospheric pressure in a flow-type microreactor (internal di-
ameter 6 mm). A mixture consisting of 0.025—0.05 g of the
catalyst powder and 0.05 g of the quartz pellets (0.1—0.3 mm)
was loaded into the reactor. The reaction mixture had the fol-
lowing composition (vol.%): CO, 2; O,, 1; N, (internal stan-
dard), 4; H,, 46; He, 47. In several cases, CO, and H,O vapor
were introduced into the reaction mixture. The space velocity
was varied from 10* to 105 h~!. The reactor was heated with a
rate of 2 deg min~!. The heating was interrupted every 20 °C for
an interval of 30 min. During this time, two test samples of a
rection mixture were taken for analysis. The temperature was
increased to the value corresponding to the maximum conver-
sion of O,, and then the reactor was cooled in a similar tempera-
ture regime. Experiments were carried out at 80—280 °C. Under
these conditions, conversions of O, and CO changed from 0
to 98—99% and from 0 to 80%, respectively. To calculate the
rate constants of CO and H, oxidation, the descending branches
of curves of the temperature plots of the carbon oxide and hydro-
gen conversion were used.

k.
2C0+0, —» 2CO,
k2
2H2+02_’2H20

Reaction products were analyzed on a gas chromatograph
with a heat-conductivity detector (column 3 mm x 50 cm with
zeolite CaA). The conversions of oxygen (K(O,)) and CO
(K(CO)) were calculated by the formulas

K(Oy) = 100%](Po,/Pn,)o — (Po,/ Pny)il/ (Po,/ Pry)os

where (Pg,/Py,)o and (Po,/Py;,); are the ratios of surface areas
of the O, and N, peaks in the initial mixture and reaction prod-
ucts, respectively;

K(CO) = 100%[(Pco/Pny)o — (Pco/Pny)il/ (Pco/ Pryos

where (Pco/Pn,)o and (Pco/Py,); are the ratios of surface areas
of the CO and N, peaks in the initial mixture and reaction
products, respectively.

The selectivity of CO oxidation (S(CO) is the fraction of O,
involved in CO oxidation) was calculated from the relationship

S(CO) = 100%K(CO)/K(O,).

The rate constants of CO (k;) and H, (k,) oxidation were
calculated by the formulas obtained by the integration of differ-
ential equations for bimolecular parallel reactions with one com-
mon component (O,)

[H,]+[CO]
1 100 [02][ 2 _x]

-1 I :
2 [[Hz];[CO] _[02]} ! w([oz]_x)

ky

i
-1—1+ n{l— 2x/COT _ | M
In{l - 2(x - x)/[H, I}

100

1 2
2 ([H2]+[CO]
2

[02]([H21+[c01 _X)
In
[, 15101,

10,1} 0
k2= 4+_ In{l-2x/CO}} 2),
In{l-2(x - x)/[H, |}

where [H,], [CO], and [O,] are the concentrations of the re-
spective components in the initial mixture (vol.%); x and x; are
the amounts of reacted O, and CO, respectively (vol.%); ¢ is the
contact time (ratio of the catalyst weight (g) to the flow rate of
the reaction mixture (mol h=1)).

The activation energies (£) and logarithms of pre-exponen-
tial factors (Ink,) were calculated by the Arrhenius equation
using the least-squares method. The average values of the stan-
dard deviation of the Arrhenius equation parameters for CO and
H, oxidation were +8 and 16 rel.%, respectively.

The temperature-programmed reduction of the catalysts
(20 mg of powder + 20 mg of quartz pellets) was conducted in a
flow of the 10% H, + 90% Ar mixture (30 mL min~!) in a quartz
reactor (internal diameter 5 mm) with the temperature increase
from 25 to 350 °C with a rate of 20 °C min—!. At the moment of
maximum hydrogen consumption, its conversion did not exceed
15%. Then the sample was cooled in an argon flow to a speci-
fied temperature and oxidized with air (30 mL min~!) for
0.2—60 min, and the repeated reduction was carried out. The
H,—Ar mixture and argon used were purified at the reactor inlet
to remove oxygen and water traces by successive passing the
gases through columns packed with metallic copper, zeolite,
and the Mn catalyst. Water formed due to catalyst reduction was
collected in a cooled trap placed behind the reactor. A change in
the hydrogen concentration in argon was detected by a katharo-
meter.

X-ray diffraction analysis was carried out on a DRON-3M
X-ray diffractometer (CuK,, radiation, nickel filter) with a scan
rate of 1 deg min~! in a 26 angle interval of 5—75°. X-ray dif-
fraction data were obtained from the spectra processed by the
Rietveld method using the RIETAN-2000 program.!8 Particle
size was estimated from the half-widths of the (111) peak for the
Ce,Zr_,0, phase and (002) peak for the CuO phase.

Results and Discussion

The temperature plots of the oxygen and CO conver-
sions on the 0.5%CuO/Ce ;Zr, ;0, catalyst in the series
of successive experimental runs are presented in Fig. 1. In
this case, an experimental run is the following procedure.
The temperature was raised until the highest conversion
was achieved and then decreased until the reaction termi-
nates. When the temperature increases to 280 °C, K(O,)
and K(CO) over the starting sample achieve 99 and 55%,
respectively (see Fig. 1, a, curves I and 2). The subse-
quent temperature decrease decreases the conversion of
the reactants. However, the curve of the temperature plot
of the conversion lies above the respective curve obtained
by the temperature increase, i.e., hysteresis of the cata-
Iytic activity is observed. In the repeated run (the catalyst
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Fig. 1. Change in the conversions of O, (7, 3) and CO (2, 4) on
heating (1, 2) and cooling (3, 4) the 0.5%CuO/Ce ;Zr, 30,
catalyst: a, experiment with the fresh sample; b, repeated run
(after the catalyst was cooled in the reaction mixture to 60 °C);
¢, run after runs a and b and additional treatment of the catalyst
at 300 °C in an air flow for 1 h.

did not contact with O,), the character of the temperature
dependences of K(O,) and K(CO) remains unchanged
but the width of the hysteresis loop became much nar-
rower (see Fig. 1, b). After the oxidative treatment of the
catalyst (300 °C, 1 h), the hysteresis phenomenon be-
comes more visible (see Fig. 1, ¢), although does not
achieve the level observed for the fresh catalyst (see
Fig. 1, a).

Note that the hysteresis phenomenon for the cata-
Iytic activity is characteristic of oxidation reactions and is
widely discussed in literature. When CO was oxidized in
the H,—0,—CO (97 : 2 : 1, vol.%) mixture on the

5%Cu0/Ce(Sm)O, catalyst prepared by the impregna-
tion of the mixed oxide with a solution of Cu(NOj3),, the
same conversions of CO were achieved at higher tem-
peratures on cooling than on heating.!! The hysteresis
phenomenon was observed!® for CO oxidation (the
mixture contained no hydrogen, and Ar—0,—CO =
95:3:2vol.%) on the 0.6 and 1.5% Cu/Zr(Y)O, cata-
lysts. In this system active sites are believed to be formed
at the interface of the oxide phases and represent oxygen
vacancies in the ZrO, lattice stabilized by the Y,0; addi-
tive near which the Cu™ cations are located.!® Due to CO
oxidation, the active sites become "hot" and retain an
enhanced activity in the initial period of cooling.

It is difficult to accept a similar assumption for the
explanation of hysteresis of the CuO/Ce ;Zr, ;0, sample
prepared by the combined decomposition of the starting
salts. The sizes of hysteresis loops differ substantially in
experiments with the fresh catalyst and samples treated
with a hydrogen-containing mixture or air (see Fig. 1).
This indicates that the processes of catalyst reduction re-
sulting in the formation of active sites contribute notice-
ably to the relative increase in the catalyst activity.

The catalyst activity in CO oxidation increases with an
increase in the CuO content in the catalysts (Fig. 2).
Hereinafter we present the results for the catalysts ob-
tained for descending branch of the hysteresis loop.
The maximum changes in K(O,) and K(CO) (to 70 and
50%, respectively) are observed in the interval of CuO
concentrations from 0.5 to 7.5%. In the presence of the
20%CuO/Ceg 7Z1y 30, sample, K(CO) exceeds 60%.
On going to the samples with 50 and 80% CuO, no
noticeable increase is observed in the activity of the
CuO/Ce 7Zr1; 30, in CO oxidation, although the to-
tal conversion of O, approaches 100% due to oxygen
consumption in the oxidation of H,. Note that some
authors?%:21 found an increase in the activity of the
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Fig. 2. Conversions of CO (/) and O, (2) and the selectivity of
CO oxidation (3) vs. CuO content in the CuO/Ce;Zr,;0,
catalyst at 120 °C and ¥ = 35000 h~".
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CuO/CeO, systems (prepared by impregnation) in CO
oxidation (2.4% CO + 1.2% O, + 96.4% N,) with an
increase in [CuQ] to 3—5%. Probably, the difference be-
tween the dependence of K(CO) on [CuO] obtained in
the present and other works2%:21 is caused by specific fea-
tures of methods for preparation of the catalysts, their
chemical compositions, and conditions of CO oxidation.
The S(CO) value for the 0.5—10%CuO/Ce ;Zr,, 30, cata-
lysts is higher than 70% at 120 °C and 35000 h—!. This can
indicate that active sites of similar nature are formed in
this interval of CuO concentrations, and the ratio of the
rates of CO and H, oxidation on these active sites remains
unchanged. For the catalysts with [CuO] >10%, the in-
crease in activity in CO oxidation slows down, although
K(O,) increases from 70 to 97%, which results in some
decrease in S(CO) (to 65%).

The 5%CuO/Ce ;Zr,;0, catalyst was studied over
wide range of temperatures and space velocities. An in-
crease in the space velocity resulted in a regular decrease
in the conversions of oxygen and CO (Fig. 3, a and b). In
this series of experiments, the space velocity was changed
by varying both the flow rate of the starting substances
(8.3—41.7 mL min~!) and the catalyst sample weight
(25—50 mg). The result was independent of the method
by which this space velocity was achieved, indicating the
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Fig. 3. Conversions of O, (a) and CO (b) vs. space velocity
(points are experimental data, curves are calculated from
the reaction rate constants by Eqs (1) and (2)) on the
5%Cu0/Ce 7Zr, 30, catalyst at 75 (1), 100 (2), 110 (3), 120 (4),
and 125 °C (9).

absence of external diffusion control. Since the catalysts
were used as powders, we can assume that internal diffu-
sion does not affect the kinetics of the process as well. The
values of the experimental and calculated conversions
(see Fig. 3) are close: the error on the average did not
exceed 20 rel.%. This indicates that the kinetic equations
used are adequate to the experimental data.

The variation of the CuO concentrations in the cata-
lysts also changes the activation energies and pre-expo-
nential factors. The activation energy of CO oxidation
changes from 13.7 to 23.2 kcal mol~!, and the sharpest
increase in E; (from 13.7 to 18.0 kcal mol~!) is observed in
an interval of 0.5—7.5% CuO (Fig. 4, a). The obtained E;
values are close to the published data (17—23 kcal mol~!)
for the Cu-containing catalysts (Cu/Ce(La)O 22 and
Cu/58-Al,05 23). The pattern of dependence of the pre-
exponential factor on the rate constant of CO oxidation is
similar to the E;—[CuO] profile: the maximum increase
in Inky; (from 15.8 to 25.0) is observed for the catalysts
containing 0.5—7.5% CuO. Since K(CO) mainly increases
in the same interval of CuO concentrations (see Fig. 2),
we can assume that the increase in the catalyst activity is
related to an increase in the number of active sites.

The dependence of the Arrhenius equation param-
eters for hydrogen oxidation (see Fig. 4, ) on the CuO
content passes through a smooth maximum at a concen-
tration of 20% CuO in the catalyst (E, = 20.6 kcal mol~!,
Inkgy, = 23.6). The differences revealed in the character of
the dependences of E and Ink on [CuO] in the reactions
under study reflect an increase in the fraction of O, in-
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Fig. 4. Activation energy (/) and the logarithm of the pre-expo-
nential factor of the rate constant (2) in the oxidation of CO (a)
and H, (b) vs. CuO content in the CuO/Ce ;Zr, 30, catalysts.
Reaction conditions: 60—240 °C, V= 35000 h—.
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Fig. 5. Conversions of CO (/) and O, (2) and the selectivity of
CO oxidation (3) vs. time of stream on the 5%CuO/Ce ;Zr; 30,
catalyst at 100 °C and V' = 25000 h—!.

volved in H, oxidation at high copper concentrations in
the catalyst (see Fig. 2). The dependences of the param-
eters of the Arrhenius equation on the composition of the
catalytic systems found for the oxidation of CO and H, in
the temperature interval from 60 to 240 °C make it pos-
sible to calculate the expected conversions of the reac-
tants and selectivity of CO transformation under the speci-
fied conditions of the process (7, space velocity, and ratio
of components of the reaction mixture).

The CuO/Ce ;Zry 30, systems manifest favorable
time-on-stream catalyst behavior (Fig. 5). These tests were
carried out at 100 °C when conversions of the reactants
were relatively low, and determination of variations in the
catalyst activity are more reliable. No appreciable de-
crease in the CO and O, conversions was observed for
28 h: K(CO) and K(O,) were at a level of 20—25%; the
selectivity of oxygen participation in CO oxidation being

higher than 70%. The high stability of the Cu-containing
catalyst based on CeO, was observed!? for the transforma-
tion of the 1% CO/1.25% 0,/50% H, mixture at 140 °C.

Real hydrogen-containing mixtures obtained by
steam conversion of hydrocarbons and alcohols con-
tain, as a rule, H,O and CO,. Therefore, we studied the
influence of these components on the activity of the
CuO/Ce 7Zr1; 30, catalysts. The replacement of a por-
tion of helium in the reaction mixture by CO, (12 vol.%)
decreases K(O,) values from 96.2 to 74.9, whereas the
selectivity of CO oxidation increases from 74.7 to 100%
(Table 1). When CO, and H,O are simultaneously intro-
duced into the reaction mixture, the conversion of O,
decreases to 39.2% but the 100% selectivity with respect
to CO is retained. The changes occurred in the catalyst
activity can be monitored by a decrease in the rate con-
stants of CO and H, oxidation. In the initial mixture,
k; (15.5 mol g~' h=! atm~2) substantially exceeds k,
(0.13 mol g~! h—! atm=2). In mixtures containing CO, and
CO,+H,0 in which H, is not oxidized (k, = 0), k; de-
creased two- and sixfold, respectively. These data indi-
cate that the active sites of the Cu—Ce—Zr—O system
are blocked by CO, and H,O molecules. The deactivation
effect of these compounds appears, first of all, in the
oxidation of H,, indicating, most likely, that CO and H,
are oxidized on different active sites. The inhibition effect
of CO, and H,O on CO oxidation was also observed for
the CuO—CeO, catalyst!? and systems containing Pt, Pd,
and Ru.”

Let us compare the catalytic properties of the Cu-
containing systems in CO oxidation in excess hydrogen
using the rate constants of CO and H, oxidation, which
were calculated by Egs (1) and (2). Table 2 contains our

Table 1. Influence of CO, and H,O on the kinetics of CO oxidation in the presence of H, on the 5%CuO/Ce ;Zr, 30, catalyst

at 150 °C, ¥'= 50000 h~!

Composition of gas mixture (vol.%) K(O,) K(CO) S(CO) k, ky
CO 02 N2 H2 C02 He H20 (%) mol g71 h71 atm72
2 1 4 46 — 47 — 96.2 71.9 74.7 15.5 0.13
2 1 4 50 12 31 — 74.9 74.8 100 6.5 0
2 1 4 50 12 16 15 39.2 39.1 100 2.3 0
Table 2. Comparison of the properties of the Cu-containing catalysts in selective CO oxidation
Run Catalyst Conditions of process* K(CO) §(CO) k| ky Ref.

v/h~! Composition (vol.%) (%) mol g~ h~!atm—2
CO 02 H2 He N2

1 5.7% Cu0O/CeO, 120000 1 125 50 47.75 — 88 93 5.3 5.2-1073 10
2 5%Cu0/Ce( gSmg ; O, 150000 1 2 97 - - 90 26 13.2 0.2 11
3 7.5%Cu0/Ce 7Zr, 30, 35000 2 1 46 47 4 67 67 15.1 0.2 ok

* T =140 °C. ** Data of this work.
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results and the most reliable published data on the Cu-
containing catalysts obtained by the oxidation of CO in
hydrogen excess.10-11 These experiments were carried out
with the reaction mixtures containing a stoichiometric
excess of O, relatively to CO (2.5 and 4). The 90%
conversion of CO was achieved in the presence of
5.7%Cu0O/Ce0, and 5%Cu0/Cej ¢Sm, ;O,. The results
obtained on the 5%Cu0O/Ce ¢Sm,, ;0, catalyst!! are com-
parable with our data.

An important information on the state of the catalytic
Cu—Ce—Zr—O systems was obtained by the H,-TPR
method in a series of successive reduction—oxidation (air)
cycles. For the fresh 7.5%Cu0O/Ce 7Z1, 30, sample, the
TPR curve has one peak at 180—280 °C with a maximum
near 235 °C (Fig. 6). Oxidation of this sample at 300 °C
shifted the onset of hydrogen consumption to a lower
temperature (130 °C) to complete it at 220 °C. In addi-
tion, two maxima (at 160 and 185 °C) appear in the TPR
curve. In the subsequent cycles, the shape of the TPR
curves and positions of the 7" maxima were almost inde-
pendent of the oxidation temperature in the 25—200 °C
interval.

The volume of consumed H, (0.74 mL) for the fresh
sample corresponds to H,/Cu = 1.9 (Table 3). This H,
amount is nearly twice as much as the amount of H,
required for the reduction of CuO to Cu. This indicates
that the CeZr-oxide matrix is partially reduced. A change
in the state of the sample after its reduction and oxidation
causes reduction of the H,/Cu ratio to 1.0. In the subse-
quent experiments, the H,/Cu ratio decreases succes-
sively and reaches a value of 0.79 after reoxidation at
25 °C. The variation of the duration of low-temperature
treatment of the sample with air (from 0.2 to 20 min)
insignificantly changes the degree of its oxidation: the
H,/Cu ratio varies from 0.69 to 0.76. This degree of dis-
persion indicates a small size of copper particles in the
reduced catalyst, which favors a sufficiently high rate of
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Fig. 6. Temperature-programmed reduction of the

7.5%Cu0/Ce ;7Zr, ;0, catalyst oxidized for 1 h at different tem-
peratures/°C: 25 (1), 50 (2), 100 (3), 200 (4), 300 (5), and fresh

sample (6).
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Table 3. Volumes of consumed H, (V') and the H,/Cu molar
ratio for the fresh 7.5%CuO/Ce ;Zr( 30, catalyst and samples
repeatedly oxidized in an air flow at different temperatures

T/°C T/min V/mL H,/Cu/mol
Fresh 0.74 1.89
300 60 0.39 1.0
200 60 0.39 1.0
100 60 0.36 0.91
50 60 0.33 0.84
25 60 0.31 0.79
25 0.2 0.27 0.69
25 1 0.28 0.71
25 2 0.30 0.76
25 20 0.30 0.76
300 60 0.38 0.97

1 is the duration of oxidation.

their oxidation. After the temperature of oxidative treat-
ment was increased to 300 °C, the H,/Cu ratio again
achieved a level observed in the experiment after the first
oxidation of the sample (see Table 3). Reversibility of
the redox transitions indicates a high stability of the
CuO/Ce—Zr—O system.

The results obtained for the CuO/Ce-containing sup-
port system by the TPR method are interpreted in differ-
ent ways.20,21.24=26 According to the published data,20-21
the hydrogen reduction of the fresh 0.5—10%CuO/CeO,
sample obtained by impregnation occurs in two steps in
the 130—270 °C interval. This character of reduction is
related to CuO particles with different sizes on the sup-
port surface. With an increase in the fraction of large
particles, hydrogen consumption shifts toward high tem-
peratures. A similar TPR spectrum with two maxima at
190 and 239 °C was obtained?® for the 1.27%Cu0O/CeO,
sample. The presence of two maxima is explained?® by the
stepwise change in the valent state of Cu?", which in-
cludes particular steps Cu?™ — Cu* and Cu* — Cul.

The study of the Cu,Ce;_,O, systems (x = 0.1—0.7)
obtained by co-precipitation of metal hydroxides showed24
that for the samples containing 5.7—12.8% CuO (x = 0.2)
the TPR curves have only one peak (near 170 °C).
This peak was assigned to the reduction of CuO in the
CuO—CeO, solid solution. An increase in the CuO
content resulted in the appearance of the second peak
with a maximum at 210 °C, which shifts to the high-
temperature region with the [CuO] increase. This shift
was explained?4 by replenishment of all site vacancies in
the cerium oxide lattice and migration of CuO to the
CeO, surface. The authors of another work? found an
excessive consumption of hydrogen caused, in authors”
opinion, by the reduction of the oxide surface in the
2.7—5.7%Cu0O—Ce(4.5 at.% La)O, systems, whose
preparation included co-precipitation (solution of metal
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nitrates + carbamide) and calcination at 650 °C. On the
basis of excessive hydrogen consumption (H,/Cu was 1.7
and 1.2, respectively), the authors concluded!5 that the
presence of CuO in Ce(La)O, favored the reduction of
the oxide matrix under mild conditions (below 200 °C),
although individual CeO, interacts with H, only at tem-
peratures higher than 500 °C.

Taking into account the published data, we
can make some conclusions on the state of the
7.5%Cu0/Ceq ;Zry 30, system. The combined de-
composition of nitrates with thermal treatment at
350 °C results in the formation of the oxide system as a
solid solution. The main part of copper cations are
linked through oxygen bridges with the cerium ions
(Ce**—0—Cu?*—0—Ce*"), and reduction affects both
Cu?* ions and the respective amount of Ce*" ions. This is
indicated by the high H,/Cu value (1.9) determined for
the fresh 7.5%Cu0O/Ce, ;Zr, 30, sample (see Table 3).
The process can be presented by the following scheme:

Cu?*(0Ce**), + 2 Hy = Cu® + 2 Ce3®" + 2 H,0.

The 7.5%Cu0O/Ce ;Zr; 30, sample contains more
Cu?*(0Ce*"), fragments than the CuCe(La)O, 25 system
with a lower content of CuO (5.7%). For this system, the
H,/Cu ratio was only 1.2. The observed differences are
evidently related to methods of sample preparation. The
preparation of the CuO/Ce ,Zr, ;0, catalysts by the ther-
mal decomposition of a mixture of salts provides, prob-
ably, a more uniform distribution of components in this
oxide system than that in the case of precipitation
methods.24.25

The fresh 7.5%CuO/Ce ;Zr, 30, sample can be
reduced (see Fig. 6) in the high-temperature region
(180—280 °C). The reason is probably that the destruc-
tion of the Cu—Ce—Zr—O0, solid solution is impeded by
ion diffusion from the bulk to the oxide matrix surface.
Based on this fact, we believe that the low-temperature
peak in the TPR curves of the Cu,Ce;_,0, samples can-
not be explained completely by reduction of the solid
solution.24 When interpreting the TPR data, one has to
take into account, most likely, the texture features of the
samples and the character of Cu?* distribution in par-
ticles of the oxide matrix, which can affect the ability of
copper ions to undergo reduction. After the reduction
and repeated oxidation of 7.5%CuO/Ce ;Zr;30, (see
Fig. 6), the state of this system changes, because, most
likely, the main part of Cu?* ions irreversibly leave the
mixed CeZr oxide. The CuO oxide localized on the sup-
port surface is reduced at lower temperatures in two
steps, which is characteristic of the CuO-containing sys-
tems.20-21.26 The stepwise character of this process can be
caused by both the Cu?* — Cu™ — Cu® transitions26 and
the reduction of the Cu?* ions contacting with the oxide
matrix.20

An additional information on the interaction of the
components in the CuO/Ce;Zr, 30, systems was ob-
tained by X-ray diffraction analysis. The positions of the
main reflections at 28.8, 33.3, 47.9, and 56.8° (20) in the
X-ray patterns of the fresh samples, including CeO, and
Cey 7Zr, 30, (Fig. 7), correspond to the cubic structure of
Ce0,. An increase in the CuO content to 20% does not
produce reflections characteristic of the CuO structure.
This can be related to both the localization of Cu?* ions
in a solid solution and the small size of CuO particles
unidentified by X-ray diffraction method. The X-ray pat-
terns of the samples with a high content of CuO (50 and
80%) exhibit peaks at 35.4 and 38.8° (20), indicating the
formation of the monoclinic CuO phase. Their intensities
increase regularly on going from 50%CuO/Ce ;Zr, 30,
to the sample with 80% copper oxide. The peaks from the
CuO phase are not observed in the X-ray patterns of the
20%Cu0O/Ce 7Zry 30, sample treated with hydrogen
(300 °C, 0.5 h) and then oxidized (air, 25 °C). This indi-
cates the formation of a highly dispersed CuO phase un-
detected by the X-ray diffraction method.

The microstructural characteristics of the samples un-
der study are presented in Table 4. The cell parameter (a)
of individual CeO, is 0.5425 nm, which corresponds to
the published data.?’-28 In the case of Ce-Zr, ;0,, the
cell parameter decreases to 0.5403 nm. This indicates that
Z1r**" ions with a smaller size (0.086 nm) are incorporated
into the CeO, lattice (ion radius of Ce** 0.102 nm), which
agrees with known datal6:17.28 for the Ce—Zr—O systems.
A change in the cell parameter of Ce, Zr;_, O, depends, to
a great extent, on the method of preparation and the
calcination temperature of the samples.?? The oxide ob-
tained by the decomposition of Ce nitrate at 300 °C oc-
curs as particles with a mean size of 9.5 nm. At the same
time, the formation of mixed oxide Ce, ;Zr; 30, results in
the formation of particles with a smaller size (~7.5 nm).

Table 4. Microstructural characteristics of the CuO/Ce 7Zr; 30,
catalysts according to the X-ray diffraction data

Sample [CuO] a* Particle size
(%) /nm /nm
Ce,Zr;_,0, CuO
CeO, — 0.5425 9.5 —
Ceg 721 30, — 0.5403 7.6 —
CuO 100 — — 39.4
5%Cu0/Ce 7Zry 30, 0 0.5397 6.3 —
10%Cu0O/Ce 7Zr1 30, 0 0.5398 5.6 —
20%CuO/Ce 7Zr, 30, 0 0.5375 4.8 —
20%CuO/Ce 7Zry ;0,** 0 0.5371 5.8 —
50%Cu0O/Ce 7Zr, 30, 16.1 0.5370 3.8 20.1
80%Cu0O/Ce( 7Z1; 30, 50.6 0.5366 42 249

* Cell parameter.
** H,, 300 °C; air, 20 °C.
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Fig. 7. X-ray diffraction patterns of the CuO/Ce ;Zr, 30, samples with different concentrations of copper oxide (calcination for 2 h
at 300 °C): CeO, (1), Cey7Zry30, (2), 5%CuO/Ce( 7Z1y 30, (3), 10%CuO/Ce 7Z1) 30, (4), 20%CuO/Ce 7Z1, 30, (5),
20%Cu0O/Ce 7Z1; 30, (H,, 300 °C) (6), 50%CuO/Ce 7Z1, 30, (7), and 80%CuO/Ce ;Zr; 30, (8).

When the Zr content increases from 20 to 50 mol.% in the
Ce,Zr,_,O, samples prepared by co-precipitation of the
oxides in the presence of a surfactant C;4H,oN(CHj3);Br
and calcined at 200 °C, the size of crystals of the oxide
system decreases from 9.0 to 6.0 nm. The authors!? be-
lieve that the ZrO, additive inhibits the growth of mixed
oxide particles.

On introducing CuO (ion radius of Cu?* 0.079 nm)
into the Ce ;Zr( ;0, oxide matrix, its cell parameter de-
creases (see Table 4). This indicates that some Cu?* ions
are incorporated into the structure of mixed oxide. The
formation of a solid solution was also observed for the

CuO/Ce0, system?! in which the cell parameter of CeO,
decreased with an increase in [CuO] to 15%. On going
from Ce 7Zr; 30, to the 5—80%Cu0O/Ce ;Zr, 30, sys-
tems (see Table 4), the incorporation of CuO also de-
creases the size of oxide matrix particles from 7.5 to ~4 nm,
which indicates a noticeable influence of the ratio of start-
ing salts on the texture of the mixed oxides formed. It is
most likely that the thermolysis of salts results in the
formation of particles of both the solid solution and cop-
per oxide. An increase in the copper oxide content im-
pedes agglomeration of mixed oxide particles. This influ-
ence is mutual, which is indicated by an almost twofold
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decrease in the CuO particle size in the samples with 50
and 80% CuO (20—25 nm) compared to a similar param-
eter of individual copper oxide (40 nm).

In the 50%Cu0/Ce 7Z1, 30, and
80%Cu0O/Ce ;Z1, 30, systems, the CuO content cal-
culated by the X-ray diffraction data is much lower
than the real values: 16.1 and 50.6%, respectively (see
Table 4). Similar discrepancies were observed?? for
the 5—15%Cu0O/Ce0O, impregnation systems in which
62—77% CuO were detected by X-ray diffraction analy-
sis. Comparison of these results show that the method of
combined decomposition of starting nitrates gives more
dispersed systems. They contain only X-ray amorphous
copper oxide at [CuO] lower than 20%, and even the
50%Cu0O/Ce 7Z1, 30, sample exhibits only ~30% of the
incorporated amount of CuO.

Thus, the combined decomposition of the starting salts
creates favorable conditions for the formation of a solid
solution of metal oxides containing considerable amounts
of CuO (to 10%). The reduction of copper ions in a solid
solution is impeded, which is a reason for broad loops of
temperature hysteresis of the activity of fresh samples.
The destruction of a solid solution produces highly dis-
persed Cu particles on the Ce—Zr—O support surface.
They are the centers of selective oxidation of CO. Their
concentration increases almost proportionally as the [Cu]
increases up to 10%. At [Cu] >10%, an increase in the
activity of the catalyst in CO oxidation slows down due to
the formation of larger Cu particles. This decreases the
fraction of surface copper atoms, prevents their contact
with the Ce—Zr matrix, and impedes redox transitions in
the Cu—Ce—Zr—O system. Some decrease in the selec-
tivity of the process is probably caused by the presence of
large Cu particles in the catalysts with [Cu] >10%. The
high activity, selectivity, and stability of the catalysts in
carbon monoxide removal from the hydrogen-containing
mixtures are achieved at the optimum copper content in
the Cu—Ce—Zr—O systems prepared by the combined
decomposition of the starting salts.
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