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Abstract—Using XRD and temperature-programmed reduction (TPR), phase and structural transformations
of copper molybdates Cuz;Mo,04 and CuMoO, were investigated in the course of their treatment with hydro-
gen, carbon monoxide or soot. The catalytic properties of copper molybdates Cu;Mo,049 and CuMoO, were
studied in model oxidation reactions of carbon monoxide and soot. Phase and structural transformations of
the molybdates, in particular formation of Cu, _ ,M030,, and CugMo50 5 phases, was shown to have a sig-
nificant impact on the formation of active state of the catalysts in the model reactions considered.
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Copper and molybdenum oxides are widely used as
heterogeneous catalysts for redox reactions in many
areas of industry and environmental protection,
including water-gas shift reaction [1], soot combus-
tion [2—5], VOCs oxidation [6], synthesis of methanol
and higher alcohols [7], oxidation and dehydrogena-
tion of alcohols [8, 9], olefin metathesis [10—12], oxi-
dative cracking of hexane [13, 14], styrene selective
epoxidation [15, 16], and others. In some cases, for
example, (CH;),S, oxidation and selective catalytic
reduction of NO, by ammonia, the use of a combina-
tion of copper and molybdenum oxides leads to sub-
stantial improvement of catalyst properties in compar-
ison with those of individual oxides. This is related to
the formation of copper molybdates Cu;Mo,0, and
CuMoO, on the surface of multicomponent catalysts
[6, 17—20]. Mixed copper(Il) and molybdenum oxides
also showed higher catalytic activity in oxidation of
soot [21—26], propylene and butylenes [27—31].

The investigation of phase composition of catalysts
based on CuMoO, at different stages of soot combus-
tion [23, 25, 26] and watergas shift reaction [32]
showed that the active state of catalyst can signifi-
cantly differ from the initial one. For soot combustion,
the formation of copper(I) molybdates as well as
mixed copper molybdate Cu, _,Mo0;0,,, which is con-
sidered the most active phase initiating the catalytic
soot combustion, on the surface of CuMoO, was
detected under reaction conditions [23]. A study of
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catalysts based on CuMoO, in water-gas shift reaction
by synchrotron-based in situ time-resolved X-ray dif-
fraction and XANES spectroscopy showed that the
highest catalytic activity of the catalyst is provided by
MoO,-supported Cu clusters formed during the pre-
liminary reduction of the initial CuMoQO, by hydro-
gen, while CuMoO, as well as CugMo0,0,5 produced in
the course of its reduction under reaction atmosphere
is characterized by low catalytic activity [32].

At the same time, the redox properties of copper
molybdates of various composition remain poorly
studied. In contrast to CuMoOQO,, there are no studies
in literature that describe the phase and structural
transformations of Cu;Mo0,0, under the redox reac-
tion medium. The phase transformations of CuMoO,
and Cu;Mo,04 during their reduction by hydrogen
(27—33 Torr) under static conditions with recircula-
tion in the isothermal regime in the temperature range
of 400—500°C were reported in [33], where the reduc-
tion of copper(Il) molybdates by hydrogen was indi-
cated to occur through a series of consequent transfor-
mations. In case of Cu;Mo,0,, these depend on the
process temperature. Cu;Mo,0y and CuMoO, are
reduced to Cu and MoQO, with an intermediate formation
of CugMo,05 phase (or, according to [34], CusMosO )
and a mixture of CugMo,0;5 and Cu,Mo050,, phases,
respectively, under experimental conditions at tem-
peratures below 460°C. The reduction of Cu;Mo,0y is
accompanied by formation of Cu,_,Mo0;0,, phase at
temperatures above 460°C, which from the authors’
point of view is connected with the incongruent melt-
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ing of CuyMo,O;s phase. In contrast, the Cu,_,Mo0,0,
phase is not formed during the CuMoQ, reduction at
temperatures above 460°C despite the presence of the
CugMo;s0,5 phase in the reduction products. Therefore,
the dependence of the phase composition of Cu;Mo,0,
reduction products on the process temperature
observed in [33] can be due to high rate of reduction of
Cu, _,Mo;0,, intermediate produced at 400—460°C
and the diffusion limitations of the reduction process
above 460°C, rather than the incongruent melting of
Cu¢Mos05 phase. The regularities of reduction of
copper molybdates at temperatures below 400°C,
which are of interest for understanding of the mechanism
of formation of active state of catalysts operating at low
temperatures [6, 17—20], were not considered in [33].

The partial reduction of CuMoO, during the pre-
liminary treatment of the catalyst in a stream of pure
hydrogen at 260°C with the formation of Cu and
amorphous MoQO, on the surface of the initial copper
molybdate particles was reported in [32]. However, the
use of pure hydrogen for the catalyst reduction is lim-
ited by hydrogenation processes and can lead to strong
heating and sintering of the reduced sample or active
component. In most cases, the formation of the cata-
lyst is carried out under milder reducing conditions
with a nitrogen-hydrogen mixture, reformed and fur-
nace gases (containing CO, H,, CH,, N,) or directly
under the reaction conditions.

There is also no data on the comparison between
the reactivity of simple and mixed oxides based on
molybdenum and copper in various redox atmo-
spheres under competitive conditions in the literature.
Available studies do not allow making a correct com-
parison because of different experimental conditions.

Thus, the systematic studies on phase and struc-
tural transformations of mixed molybdenum and cop-
per oxides Cu;Mo0,04 and CuMoO, in various redox
atmospheres coupled with the results of studies of their
catalytic properties in model reactions will allow
revealing the features of formation of the active state of
multicomponent catalysts on the basis thereof for a
series of redox processes.

EXPERIMENTAL
Catalysts Preparation

Copper molybdate with molar ratioof Cu: Mo=3:2
was prepared by co-precipitation method, while cop-
per molybdate with molar ratio of Cu: Mo =1 : 1 was
prepared using sol—gel technique. Ammonium hepta-
molybdate (NH,)¢Mo,0,, - 4H,O and copper nitrate
Cu(NO:s), - 3H,0 were used as precursors in both cases.

To prepare the sample with a molar ratio of Cu :
Mo = 3: 2, aqueous solutions of copper and molybde-
num precursors mixed in a desired ratio followed by
dropwise addition of 0.1 M NaOH as a precipitator to
the received solution. The suspension obtained was
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aged in a mother solution at 60°C for 1 h with contin-
ual stirring. The precipitate formed was washed with
distilled water. Then, the precipitate was dried at 50°C
for 12 h and calcined at 500°C for 4 h.

To prepare the sample with a molar ratio of Cu :
Mo =1: 1, citric acid was added to aqueous equimolar
solution of ammonium molybdate and copper nitrate
at the ratio cation : citric acid = 3 : 1; pH 1 was
adjusted with NH,OH solution. The reaction mixture
was heated at 80°C with continual stirring until a gel
was formed. The gel obtained was dried at 120°C for
24 h, precalcined at 300°C for 12 h and then calcined
at 500°C for 24 h.

Individual oxides of molybdenum and copper were
prepared by thermal decomposition of ammonium
heptamolybdate (NH,)sMo,0,, - 4H,0 and copper
nitrate Cu(NO;), - 3H,0 at 500°C, respectively. The
samples obtained were single-phase MoO; (S;= 3.5 m?/g)
and CuO (S; = 0.2 m?/g).

Catalyst Characterization

The phase composition of the samples, both as-
prepared and those after various treatments, was stud-
ied by X-ray diffraction (XRD) using MiniFlex 600
(Rigaku, Japan) diffractometer with monochromatic
CuK,, radiation (A = 1.5418 A). Recording conditions:
scanning speed 2°C/min, voltage 40 kV, current
15 mA, the angular range 20 = 10°—60°. The obtained
XRD patterns were analyzed with PCPDFWIN data-
base.

Temperature-programmed reduction by hydrogen
(TPR-H,), carbon monoxide (TPR-CO) and carbon
(TPR-C) was carried out using the chemisorption
analyzer Chemisorb 2750 (Micromeritics, USA) with
a thermal conductivity detector in a 20 mL/min flow
of 10 vol % H, in argon, 5 vol % CO in helium and
nitrogen (“high-purity”), respectively. The heating
rate was 5°C/min in all cases; additional studies were
carried out at a heating rate of 10°C/min for TPR-C.
For TPR-C, the samples were mixed with model soot
(Carbon Black, Micromeritics) in a weight ratio of
20 : 1. Prior to TPR-H, and TPR-CO experiments,
the fresh samples were oxidized in a flow of air
(20 mL/min) under temperature-programmed oxida-
tion (TPO) mode at a heating rate of 10°C/min to
500°C followed by holding at 500°C for 30 min. To
determine the amount of hydrogen consumed during
the reduction of copper molybdates, a calibration of
the thermal conductivity detector was carried out
using standard Ag,0 sample (Micromeritics).

The catalytic activity of copper molybdates was
studied in model reactions of CO and soot oxidation.
CO was oxidized in the temperature-programmed
reaction (TPR) mode using chemisorption analyzer
Chemisorb 2750 (Micromeritics) with a thermal con-
ductivity detector and a conjugated quadrupole mass
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Table 1. The amount of hydrogen consumed during the reduction of copper molybdates CusMo,09 and CuMoO, (accord-
ing to TPR-H, and theoretical calculations) as well as the phase composition of the samples reduced to the specified tem-

perature (7)

Hydrogen consumption, mmol/g Reduction
Sample Thear> °C
experemet calculation T, °C phase composition
313, 333 3.46 (0.86, 2.60)* 3.41 340 CugMo5044, Cu
CuzMo,04
380 5.97 6.06 500 Cu, MoO,
CuMOO4, Cu6M05018,
460 2.02% 2.23 430
CUMOO4 MOO3
491 7.37* 6.70 600 Cu, MoO,
CuO 325 12.53 12.50 500 Cu
MoO; 725, 787 7.03 6.94 800 MoO,

* The amount of consumed hydrogen was determined from the area of the peak obtained as a result of deconvolution of the TPR profile.

spectrometer UGA-300 (Stanford Research Systems,
USA) using a gas mixture of 1 vol % CO and 1 vol %
O, in helium in the temperature range from 25 to
500°C and at a heating rate of 5°C/min. Prior to the
experiment, a standard oxidative treatment of sample
was performed in air (20 mL/min) in the TPO mode
at a heating rate of 10°C/min to up to 500°C followed
by holding at 500°C for 30 min.

The activity of copper molybdates was studied in
the soot oxidation using a synchronous thermal ana-
lyzer STA 449 F1 Jupiter (NETZSCH, Germany).
The sample mixed with model soot with a weight ratio
of 20 : 1 was placed in an alumina crucible and treated
under argon (20 mL/min) and air (50 mL/min) atmo-
sphere in the range from 50 to 800°C at a heating rate
of 10°C/min. Heat fluxes and mass changes were mea-
sured as well as gases evolved were analyzed with a
coupled quadrupole mass spectrometer QMS 403 D
Aéolos (“NETZSCH”) during the experiment. The
data obtained were processed using the NETZSCH
Proteus® Software. The soot oxidation was further
studied in the TPR mode in a flow (20 mL/min) of
10 vol % O, in helium at a heating rate of 10°C/min
using the chemisorption analyzer Chemisorb 2750
with a thermal conductivity detector and a conjugated
quadrupole mass spectrometer UGA-300. The weight
ratio of the sample to the soot was also 20 : 1.

RESULTS AND DISCUSSION
Structure of Initial Samples

According to the XRD data, the prepared samples
are single-phase, characterized by different composi-
tion and structure, and correspond to the orthorhom-
bic Cu;Mo0,04 and triclinic CuMoO, (Fig. 1). The
structure of the triclinic copper molybdate CuMoO, is
characterized by the presence of copper in the dis-
torted octahedra CuQOg and pyramids CuO; and
molybdenum in a regular tetrahedra MoO, [36]. Cop-

per-oxygen polyhedra CuOg4 and CuQOjs are connected
by an edge forming spiral fragments from five copper
polyhedra connected by MoO, tetrahedra. The struc-
ture of orthorhombic copper molybdate Cu;Mo,Qy is
also characterized by the presence of copper in dis-
torted octahedra CuOg and pyramids CuOs, forming
zigzagging chains of Cu,O, [37, 38]. Molybdenum
atoms in MoO, tetrahedra link chains of Cu,O,
through the total oxygen at the top of polyhedra.

According to the data of low-temperature nitrogen
adsorption, the samples of copper molybdates are
characterized by low specific surface area: 2.5 m?/g for
Cu;Mo0,0, and 1.2 m?/g for CuMo0O,.

Temperature- Programmed Reduction by H,

The TPR-H, profiles of copper molybdates are
shown in Fig. 2a. The reduction profiles of individual
CuO and MoO; oxides were also presented in the fig-
ure for comparison. The reduction of Cu;Mo,0, by
hydrogen occurs at relatively low temperatures in the
range of 280—420°C. The sample CuMoO, is reduced
at higher temperatures in the range of 400—520°C.
The TPR-H, profiles of both copper molybdates are
characterized by the presence of several peaks of
hydrogen consumption, which indicates its stepwise
reduction. The phase and structural transformations
of copper molybdates during their reduction were
studied according to the data of the quantitative calcu-
lation of the consumed hydrogen (Table 1) and XRD
data of the reduced samples (Fig. 1).

The reduction profile of the Cu;Mo0,04 sample is
characterized by two clearly distinguishable regions of
hydrogen consumption at 280—350°C and 350—
420°C. The amount of hydrogen consumed in the
low-temperature region in the range of 280—350°C
corresponds to the reduction of the initial sample with
the formation of copper(I) molybdate CusMos0 5 and
evolution of a part of copper as metallic Cu:
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Fig. 1. X-ray patterns of Cu3Mo,0yq (a) and CuMoOy, (b) samples, initial (/) and reduced in the course of TPR-H, to 340 (2),
500 (3), 491 (4) and 600°C (5), and also line-diagrams of phases identified ((T) Cu3Mo,0q, ) CuMoOy, (@) Cu, (+) MoO,,

(V) CugMosO1s, (¥) MoO3).

5Cu;Mo0,0, + 9H, — 2CuMo0,0,5 + 3Cu + 9H,0,

which is confirmed by the XRD data (Fig. 1a). The
hydrogen consumption at higher temperatures in the
range 350—420°C corresponds to the reduction of
CugMo;s0 5 to metallic copper Cu and molybdenum
oxide MoO,.

A detailed analysis of the hydrogen consumption
profile in the temperature range from 280 to 370°C
shows that it can be represented by two peaks with
maxima at 313 and 333°C (see Table 1) indicating that
the reduction of Cu;Mo,04 to CusMosO,3 occurs
through several steps. A small peak at 313°C was
related to partial reduction of Cu(1Il) in the initial sam-
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ple with the formation of mixed copper molybdate that
was generally described in the literature as Cu, _,M0,0,.
The corresponding phase was not detected by off-line
XRD due to its rapid subsequent reduction under
experimental conditions. The composition of the
formed phase was estimated on the basis of the quan-
titative TPR data taking into account the deconvolu-
tion of the TPR profile and assuming the reduction of
a part of Cu(II) to Cu(I) [39].

According to estimates made from the TPR-H,
data, the degree of reduction of Cu(ll) present in the
sample to the Cu(l) is 31%. This corresponds to partial
reduction of the sample to form a mixed copper



62 SOLTYS et al.

(@)

Hydrogen consumption

100 200

300 400 500
Temperature, °C

700 800

(b)

Carbon monoxide consumption

100 200

300 400 500 600 700

Temperature, °C

Fig. 2. The TPR-H, (a) and TPR-CO (b) profiles of
Cu3Mo,04 (I), CuMoOy4 (2), CuO (3) and MoOj;
(4) samples.

molybdate CuéFlCu}_4Mo3012.8, which is not stoichio-
metric towards oxygen, due to an excessive copper
content, or a mixture of oxygen-stoichiometric copper

molybdate Cu%CulI 4Mo030, and copper oxide CuO
formed as a result of the segregation of copper excess,
which is most probable given the existence region of
Cu, _,Mo;0,, [40—43]:

3Cu;Mo,04 + yH,
— 2Cuys_,_,CuyM03035_,n_ + YH,0 + 2xCuO
or for the observed reduction degree (x=00r 0.8,y = 1.4)
3Cu;Mo,0, + 1.4H, — 2Cu} ,Cu} ;M0,0,,5 + 1.4H,0
—2Cu},Cu; ;M0;0,, + 1.4H,0 + 1.6CuO.

Subsequent consumption of hydrogen in the region
of 318—350°C, described by the peak at 333°C, corre-
sponds to the reduction of the formed mixed copper
molybdate or the mixture of Cu,_ ,Mo;0;, and CuO
to form copper(I) molybdate CusMos0,; and Cu:

5Cuys_,_Cu,MosOy55_, _ + 5xCuO
+5(4.5—-y+x+27)/2H, > 3CusMos0,5 + 5(x + z)Cu
+54.5 -y +x+2)/2H,0,

or for the observed reduction degree (x=00r 0.8, y =
1.4,z=0.1)

5Cu},Cul ,M0,0,, + 4Cu0O + 20H,
— 3CugMo;O0,4 + 4.5Cu + 20H,0.

The profile of CuMoO, reduction by hydrogen can
be represented by two peaks of hydrogen consump-
tion: a low-intensity peak with a maximum at 460°C
and an intensive peak with a maximum at 491°C
(Table 1). The small peak of hydrogen consumption at
460°C is due to the partial reduction of the initial cop-
per(IT) molybdate CuMoO, with the formation of
copper(I) molybdate CusMos;0O,; and the segregation
of molybdenum(VI) oxide MoOj;:

6CuMoO, + 3H, - CusMos;0;5 + MoO; + 3H,0,

which was confirmed by the XRD data of the sample
reduced to 430°C. The intense peak at 491°C is
accompanied by the reduction of the formed mixture
of CugMo;0 3 and MoO; to metallic Cu and molybde-
num(IV) oxide MoO,:

CugMo;0,5 + MoO; + 9H, — 6Cu + 6MoO, + 9H,0.

Thereby, according to the results obtained, the
reduction of copper molybdates Cu;Mo,0, and
CuMoO, by hydrogen under TPR conditions begins at
temperatures below 400°C and is accompanied by a series
of consecutive transformations involving the intermediate
formation of copper molybdates Cu,_,Mo0;0,, and/or
CugMos044:

Cu;Mo,04y — Cuy_,Mo05;0,, + CuO
— CugMo;0;5 + Cu — MoO, + Cu,

CuMoO, — CuysMo;0,; + MoO; - MoO, + Cu.

In contrast to [33], the data obtained indicate the phase
formation of mixed copper molybdate Cu, _,Mo0,0,, as
the intermediate reduction product of orthorhombic
copper molybdate Cu;Mo,04 to CugMos0 5. The for-
mation of the mixed copper molybdate Cu,_ ,M050,,
during the CuMoO, reduction was not observed
experimentally, which can be attributed to high rate of
its reduction due to the reaction process at higher tem-
peratures as well as to the peculiarities of structural-
phase transformations of triclinic copper molybdate.

In general, the reduction of copper and molybde-
num in copper molybdates by hydrogen differs from
their reduction in individual oxides. In comparison
with CuO that is characterized by a one-step hydrogen
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reduction of copper(II) to form metallic copper under
experimental conditions in the temperature range of
290—350°C, the reduction of copper(Il) in copper
molybdates occurs consecutively with the intermedi-
ate formation of copper(I) and complete reduction to
metal at temperatures above 400°C. On the contrary,
Mo(VI]) in copper molybdates is reduced by hydrogen
through one step to form MoO, at 350—500°C, while
the reduction of the individual molybdenum(VI)
oxide under experimental conditions is observed
above 600°C and characterized by hydrogen con-
sumption at 725 and 787°C for the temperature range
studied, which corresponds, according to [44], to the
consecutive reduction of MoO; to Mo,0,; and MoO.,.
The observed decrease in the reactivity of copper(Il)
and/or copper(l) and increase in the reactivity of
Mo(VI]) in copper molybdates as compared to individ-
ual oxides strongly depends on the composition and
structure of the initial copper molybdate, which can be
associated with the stabilization of copper ions in the
structure of complex oxides and the activation of
molecular hydrogen on the copper particles formed
during the reduction followed by the spillover of the
active species on copper(I) molybdate, respectively.

Temperature- Programmed Reduction by CO

The TPR-CO profiles for copper molybdates as
well as CuO and MoQO; individual oxides are shown in
Fig. 2b. The profile of CuO reduction is characterized
by a single intense peak of CO consumption with a
maximum at 221°C due to the reduction of copper(II)
oxide to metallic copper. The profile of MoO; reduc-
tion shows a slight CO consumption above 500°C in
the form of an unresolved peak due to the beginning of
MoO; reduction to Mo,0,; [44, 45].

The reduction of both copper molybdates by CO
begins at higher temperatures than the reduction of
CuO. For both samples, the TPR-CO profiles are
characterized by the presence of unresolved peaks of
CO consumption, which indicates their partial reduc-
tion in the investigated temperature range in compari-
son with the reduction by hydrogen. Similar to TPR-
H,, the reactivity of copper molybdates Cu;Mo0,0,
and CuMoOQ, is different. The reduction of orthor-
hombic copper molybdate Cu;Mo,0, is characterized
by CO consumption in the range of 280—700°C with peaks
at 380 and 542°C. According to the XRD data, a mixture
containing mixed copper molybdate Cu,_,Mo0;0,,, cop-
per(I) molybdate CusMos0,; and copper(l) oxide
Cu,0 is formed in the course of its reduction within
the temperature range studied (Fig. 3a). The compo-
sition of products of the CO reduction of Cu;Mo0,0, in
conjunction with the TPR-CO data indirectly indi-
cates that the formation of mixed copper molybdate
Cu, _,Mo;0, is a consequence of the partial reduction
of Cu(Il) in it to Cu(I), which agrees with the peak of CO
consumption at 380°C. The formation of Cu,_ Mo,0,,

KINETICS AND CATALYSIS  Vol.59 No.1 2018

and its subsequent reduction to CugMos0 5 seems to be
accompanied by the segregation of copper excess in
the form of CuO quickly reducing to Cu,O, which
agrees with the peak of CO consumption at 542°C.

As for TPR-H,, the reduction of CuMoO, by CO is
observed at much higher temperatures than the reduc-
tion of Cu;Mo,0,. The corresponding profile of the
reduction is characterized by CO consumption in the
range of 460—700°C with maxima at 521 and 551°C.
According to the XRD data, the copper molybdate
CuMoO, reduces in the temperature range studied to
form a mixture including mixed copper molybdate
Cuy_,Mo0;0,,, copper(I) molybdates with different
composition — CugMos0,3 and Cuy,Mos0,; and also
molybdenum oxides MoO, and Mo,O,, (Fig. 3b). The
composition of products of CuMoO, reduction indi-
rectly indicates that its reduction occurs through the
intermediate formation of the mixed copper molyb-
date Cu,_ Mo;0,, with the segregation of molybde-
num excess in the form of MoO; followed by forma-
tion of copper(I) molybdates CusMos0,3 and Cu,.
Mo;s0,,. Considering the absence of copper oxide and
metallic copper phases in the final products, the presence
of Mo,0O,, and MoO, in the products can be associated
both with the reduction of MoO; and partial reduction of
CuyMo;0, to form an additional amount of CugMos0 .

Therefore, the TPR-CO data indicates that the
reduction of both copper(Il) molybdates occurs
through the intermediate formation of the mixed cop-
per molybdate Cu,_,Mo0;0,,, and that the reactivity
of copper(Il) and/or copper(I) in copper molybdates
decreases as compared with the individual copper
oxide due to the stabilization of copper ions in the
structure of complex oxides. However, in contrast to
TPR-H,, an increase in the reactivity of Mo(VI) in
copper molybdates was not observed as compared to
that of the individual molybdenum(VI) oxide. This
confirms that in case of hydrogen reduction the acti-
vation of molecular hydrogen takes place on the
metallic copper particles formed during the reduction
followed by the active particle transfer to copper(I)
molybdate contributing to its further reduction.

Temperature- Programmed Reduction by Carbon

The TPR-C profiles of simple and complex oxides
of copper and molybdenum are shown in Fig. 4. In
contrast to reduction by hydrogen and CO, the carbon
reduction of individual CuO and MoO; oxides as well
as copper molybdates occurs in the close temperature
ranges above 400°C under similar experimental condi-
tions (heating rate of 5°C/min) (Fig. 4a). The reduc-
tion of CuO occurs in the temperature range of 400—
700°C and is characterized on the TPR-C profile by
the two peaks of CO, evolution with maxima at 491
and 644°C corresponding to the sequential formation
of Cu,0 and Cu, which correlates with the literature



64 SOLTYS et al.

()

Intensity

*<

K+

Cuy _ xMo30}, PDF 24-0056

[ . Ll I‘ | |lm| |.||.| . e Ly
Cu,Mos0,3 PDF 40-0885
I | Lo dibht I

Cu,0 PDF 02-1067 ‘

10 15 20 25 30 35 40 45 50
20, deg

(b)

Intensity

&+

CU4M050|7 PDF 39-0181

Ll

CU4,XMO3012 PDF 24-0056
| || . ‘||||,|,ul "l. wau 1y
‘ CugMos0,5 PDF 40-0885
m 1 III | l”
M04O]1 PDF 05-0337
1

‘||I l||‘| Ll |||||
MoO, PDF 05-0452

| | |‘| I |

10 15 20 25 30 35 40 45 50
20, deg

Fig. 3. XRD patterns of CusMo,0y (a) and CuMoOy (b) samples reduced during TPR-CO, as well as line-diagrams of phases
identified ((+) MOOz, (V) CuGMOSOIS’ (’) CU4 _xMO3012, (A) CU4M05017, (<>) M04011, (#) Cu20).

data [26, 46]. There is an asymmetric peak of CO, evo-
lution with a maximum at 601°C in the temperature
range of 550—710°C in the TPR-C profile of MoO;,
which is caused by the reduction of the initial oxide to
form MoO,. The carbon reduction of orthorhombic
copper molybdate Cu;Mo,0, begins at 425°C under
experimental conditions and is characterized by the
intense peak of CO, evolution with a maximum at
480°C and a shoulder at 503°C, smaller intense peak
with a maximum at 584°C, and also wide unresolved
peak at higher temperatures at the TPR-C profile. The
reduction of triclinic copper molybdate CuMoO,
begins at 406°C and is characterized by two peaks of
CO, evolution with maxima at 471 and 560°C, and a
weak CO, evolution at higher temperatures.

The presence of several peaks in the TPR-C pro-
files of the samples indicates the consecutive reduc-
tion of copper molybdates similar to reducing by other
agents. According to the XRD data, the CO, evolution

during the reduction of Cu;Mo0,0, in the range of
430—530°C is caused by the reduction of Cu(ll) to
Cu(I) accompanied by the consecutive formation of
Cu,_,Mo;0, and CuysMosO3 and segregation of
copper excess in the form of Cu,O (or CuO, rapidly
reducing to Cu,0) (Fig. 5a). The further reduction of
the sample in the studied temperature range results in
the formation of a mixture containing significant
amounts of CucMos0,5, M0O, and Cu, as well as the
admixture of Cu,O.

According to XRD, the reduction of CuMoO, at
the range of 425—500°C is accompanied by the forma-
tion of a mixture of copper(l) molybdates CusMo50 4
and CusMos;0,; (Fig. 5b). The formation of mixed
copper molybdate Cu,_, Mo;0,, in the course of
CuMoOQO, reduction was not reliably confirmed by off
line XRD, but the presence of seral overlapped peaks
in the range 425—500°C in the TPR-C profile does
not exclude its formation before formation of cop-
KINETICS AND CATALYSIS  Vol. 59
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per(I) molybdates. The further temperature increase
in the range of 500—600°C results in the primary
reduction of Cu,Mo50,; to Cu and MoO,. The reduc-
tion of CugMo50,4 with formation of Cu and MoO, is
observed above 550°C and does not occur completely
in the investigated temperature range.

Generally, the copper oxide CuO and the initial
copper molybdates CuMoO, and Cu;Mo,0, show a
comparable reactivity towards interaction with carbon
to form Cu(I) under the experimental conditions. In
contrast to the interaction with H, and CO, the
absence of significant differences in the reactivity of
the initial compounds towards carbon seems to be
caused by the peculiarities of heterogeneous reactions
between solids, which are limited by the transfer of
components to the reaction zone. The observed effect
can be related to the induction period of the interac-
tion of initial compounds and soot under TPR-C con-
ditions due to a set of initial changes in the system
(covering one component with others through the sur-
face diffusion or sublimation, particle reorientations)
as well as with a low rate of bulk diffusion of atoms of
the components at the temperatures considered. The
increase of the heating rate during the TPR-C
(Fig. 4b) leads to a shift in the profiles of the copper
molybdates reduction to the high-temperature region
without a significant change in the form of the curve,
which makes the differences in their reactivity more
noticeable. Similar to their reduction by hydrogen and
CO, the reduction of orthorhombic copper molybdate
Cu;Mo,0, by carbon with the formation of copper(I)
molybdates occurs at lower temperatures than those of
the trigonal copper molybdate CuMoQO,.

At the same time, the depth of Cu(l) reduction to
Cu and Mo(VI) reduction to Mo(IV) in the samples is
different independently on heating rate in the investi-
gated temperature range and is determined by the reac-
tivity of the intermediate products — copper(l) molyb-
dates CuyMo50,; and CugMos0 ;. Copper molybdate
CugMo;0,3 demonstrates relatively low reactivity
towards carbon, while copper molybdate Cu,;Mo;0,
is characterized by a higher reactivity in comparison
with the individual oxides. The observed differences in the
reactivity of the initial and formed copper molybdates can
be connected with the different crystallochemical mecha-
nisms of the reduction of Cu(I) molybdates, which may be
due to the difference in their structure, mobility of individ-
ual atoms in the lattice, etc.

Generalizing the results of the phase and structural
transformations of the mixed molybdenium and cop-
per oxides Cu;Mo,04 and CuMoO, interaction with
different reactants, it is noteworthy that their reduc-
tion accompanied by a series of consecutive transfor-
mations, normally including the intermediate forma-
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Fig. 4. The TPR-C profiles of Cu3Mo,0q (1), CuMoOy,
(2), CuO (3), MoOs5 (4) samples obtained at heating rate of
5 (a) and 10°C/min (b).

tion of copper molybdates Cu,_,M0,0,,, CugMo0s0
and/or Cu,Mo;0,;:

— CugMos0,; — MoO, + Cu,

CuMoO, — Cu,_,Mo0;0,,
— CuyMo;0,; + CugMo50,3 = MoO, + Cu.

The non-stoichiometric excess of copper or molybde-
num in the course of such transformations segregates
as CuO and MoO;, which can be further reduced to
Cu,0, Cuand Mo,0,;, Mo0O,, respectively. The depth
of the reduction of initial copper molybdates and the
rate of the individual steps depend appreciably on the
composition and structure of the initial and interme-
diate copper molybdates as well as on the nature of the
reducing agent determining the catalytic properties of
the samples on the basis thereof and giving grounds for
a purposeful control of the system state. As an exam-
ple, catalytic properties of copper molybdates with dif-
ferent compositions of Cu;Mo,04 and CuMoO, were
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Fig. 5. X-ray patterns of Cu3;Mo,0g (a) and CuMoO, (b) samples reduced during TPR-C to 494 (1), 500 (2), 538 (3), 575 (4) and
700°C (5), and also line-diagrams of phases identified ((®) Cu, (+) MoO,, (V) CugMosO03, (#) Cuy_ ,M030;, (&) CusMos07,

(©) M040y;, (#) Cuy0).

studied in the model reactions of CO and soot oxida-
tion.

Investigation of Catalytic Properties

The dependence of CO conversion as well as the
rate of CO oxidation on temperature for Cu;Mo,0q
and CuMoQ, samples are shown in Fig. 6. For Cu;Mo,0,,
the CO oxidation begins at 300°C and its rate signifi-
cantly rises with the temperature increase. The com-
plete CO conversion is achieved at 500°C. The second
CO oxidation on this sample has shown a reproducible
result. For CuMoOQO,, the noticeable CO oxidation
begins at temperatures above 450°C.

According to current understanding the catalytic
activity of copper-oxide catalysts in the CO oxidation
is caused by the formation of Cu(I) surface sites under
catalytic conditions [47—49]. The relatively high cata-
lytic activity of Cu;Mo,0, towards CO oxidation cor-

relates well with the possible formation of copper(I)
compounds, according to the TPR-CO data, in par-
ticular Cu,_,Mo050,,, under reactive atmosphere at
temperatures above 280°C. The compounds formed
can be both bulk and surface phases. In general, the
catalytic activity of the sample based on orthorhombic
copper molybdate Cu;Mo,0, towards CO oxidation is
not very high in comparison with such catalysts as
Ag/Si0O, and Pd/CeO, [50, 51]. This indicates the for-
mation of centers of selective oxidation in it, but not
those of deep oxidation, which are attractive for the
partial oxidation of organic compounds [52, 53].

In case of copper molybdate CuMoQO,, the forma-
tion of copper(I) compounds occurs at temperatures
above 450°C under the TPR-CO conditions, which
also correlates with the absence of its catalytic activity
towards CO oxidation at lower temperatures under the
reaction conditions.

KINETICS AND CATALYSIS No. 1
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Fig. 6. The temperature dependences of CO conversion (a)
and CO oxidation rate (b) for CuzMo,O9 (7, 2) and
CuMoOy (3): (1) CO oxidation on a fresh sample, (2) re-
using of catalyst.

The results of the study of catalytic properties of
Cu;Mo,04 and CuMoO, in soot oxidation are shown
in Fig. 7. Non-catalytic soot combustion occurs in the
temperature range of 550—700°C with a maximum
oxidation rate at 670°C (Figs. 6a, 6b). The tempera-
ture of soot oxidation in the presence of copper
molybdates Cu;Mo,0, and CuMoO, appreciably
decreases, which correlates with the literature data
[21, 22]. In contrast to CO oxidation, the soot oxida-
tion in the presence of copper molybdates of various
compositions occurs in the same temperature range of
400—600°C.

In all cases, the soot combustion occurs with the
formation of CO,, the evolution of CO (according to
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Fig. 7. TG-curves (a) and mass spectrometric analysis data
(b) of soot oxidation gaseous products under different con-
ditions: (/) the non-catalytic oxidation, (2) Cuz;Mo,0q
catalyst, (3) CuMoOQ, catalyst.

the mass-spectrometric analysis of gaseous products,
when He was used as an inert diluent) is not observed.
The soot oxidation occurs on Cu;Mo,04 at 477 and
533°C. The soot oxidation over CuMoO, is also
accompanied by the appearance of two peaks of CO,
evolution at closed temperatures: an intensive peak at
477°C and a small one at 528°C.

The presence of two peaks of CO, evolution in the
TPR-C profiles corresponding to two peaks in the
DTG curves is a reproducible result (Fig. 8). This was
attributed to the phase-structural transformations of
copper molybdates under the reactive atmosphere.
Similar to [22, 23], the first peak of CO, evolution is
related to the soot combustion in the presence of
mixed copper molybdate Cu,_,Mo;0,,, which,
according to the present studies, is the product of the
partial reduction of initial CuMoQO, and Cu;Mo,0,.
The appearance of the second peak is explained by
deeper conversion of copper molybdates under the
reactive atmosphere, particularly by the formation of
the CugMosO,g characterized with its own catalytic
activity. This correlates with the obtained results of
TPR-C under experimental conditions comparable to
the conditions of catalytic studies (heating rate of
10°C/min, flow rate of 20 mL/min) (Fig. 8). Thus, the
beginning of the soot oxidation by gas oxygen on
Cu;Mo,0, coincides with the beginning of consecu-
tive sample reduction to Cu,_ Mo0;0,, and CugMo50 ¢
under the TPR-C conditions in the range of 450—
550°C. The appearance of the second peak of CO,
evolution accords with the possibility of CusMos0 4
formation under the TPR-C conditions. According to
the obtained results, the amount of CO, evolved due to
the catalytic CO oxidation is much lower than the
amount of gas oxygen reacted. This also indicates that
the soot oxidation is directly connected with the
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during the reaction. The made assumptions undoubtedly
require additional studies, including in situ methods.

In general, the results of the present study indicate

(2)
Quantity, vol %

7 that the phase and structural transformations of cop-
or per molybdates under the reaction medium, particu-
larly the formation of Cu,_,M0,;0,, and CusMo050 4
6L phases, have a significant impact on the formation of
2 the active state of the copper molybdate-based cata-
lysts in the studied model reactions.
| .
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