ISSN 0023-1584, Kinetics and Catalysis, 2009, Vol. 50, No. 4, pp. 567—576. © Pleiades Publishing, Ltd., 2009.

Original Russian Text © N.M. Popova, R.Kh. Salakhova, K. Dosumov, S.A. Tungatarova, A.S. Sass, Z.T. Zheksenbaeva, L.V. Komashko, V.P. Grigor'eva, A.A. Shapovalov, 2009,

published in Kinetika i Kataliz, 2009, Vol. 50, No. 4, pp. 588—598.

Nickel—Copper—Chromium Catalyst for Selective Methane
Oxidation to Synthesis Gas at Short Residence Times!

N. M. Popova, R. Kh. Salakhova, K. Dosumov, S. A. Tungatarova, A. S. Sass,
Z. T. Zheksenbaeva, L. V. Komashko, V. P. Grigor’eva, and A. A. Shapovalov

Sokol’skii Institute of Organic Catalysis and Electrochemistry, Almaty, Kazakhstan
e-mail: tungatarova58@mail.ru; orgcat@nursat.kz
Received July 3, 2006; in final form, July 16, 2008

Abstract—Data on the selective oxidation of methane to synthesis gas on a 9% NiCuCr/2% Ce/(0 + a)-
Al,Oj catalyst in dilute mixtures with Ar at short residence times (2—3 ms) are presented. The composition,
structure, morphology, and adsorption properties of the catalyst with respect to oxygen and hydrogen before
and after reaction were studied using XRD, BET, electron microscopy with electron microdiffraction, TPR,
TPO, and TPD of oxygen and hydrogen. The following optimum conditions for the preparation and pretreat-
ment of the catalyst for selective methane reduction were found: the incipient wetness impregnation of a sup-
port with aqueous nitrate solutions; drying; and heating in air at 873 and then at 1173 K (for 1 h at either tem-
perature) followed by reduction with an H,—Ar mixture at 1173 K for 1 h. At a residence time of 2—3 ms
(space velocity to 1.5 x 10® h™!) and 1073—1173 K, the resulting catalyst afforded an 80—100% CH, conver-
sion in mixtures with O, (CH,/O, = 2 : 1) diluted with argon (97.2—98.0%) to synthesis gas with H,/CO =
2 : 1. The selectivity of CO and H, formation was 99.6—100 and 99—100%, respectively; CO, was almost
absent from the reaction products. The catalyst activity did not decrease for 56 h; carbon deposition was not

observed. A possible mechanism of the direct oxidation of CH, to synthesis gas is considered.

DOI: 10.1134/50023158409040144

INTRODUCTION

Methane and its homologs are permanent compo-
nents of natural gas and petroleum; they are released
in coal mining, etc. Because of this, the activation and
involvement of these compounds in new chemical
reactions can become an inexhaustible source of vari-
ous hydrocarbon materials and organic synthesis
intermediates and products.

Commercial steam reforming of natural gas to pro-
duce CO and H, for the subsequent synthesis of meth-
anol is currently the main process for the chemical
conversion of CH,. Large energy consumption and a
high H,/CO ratio in the resulting mixture are the
advantages of this process. The chlorination of CH, to
CCl,, the oxidative interaction of methane with NH;
to form HCN, CH, electrocracking to form a mixture
of acetylene with ethylene, flame pyrolysis to produce
a mixture of acetylene with CO and H,, and the syn-
thesis of gasoline and other liquid fuels from ethane—
ethylene fractions obtained by the thermal pyrolysis
and dehydrogenation of ethane on zeolite catalysts
have also been commercialized [1, 2].

In the past decade, a new process for the produc-
tion of synthesis gas by the direct oxidation of CH, in
an oxygen deficiency at a short residence time has

! Reported at the VII Russian Conference on Mechanisms of
Catalytic Reactions (with international participation), St.
Petersburg, July 2—8, 2006.

been actively developed. Prettre et al. [3] were the first
to perform this reaction on a Ni catalyst in 1946. In the
1990s, this reaction has been studied with the use of a
reactor with porous block catalysts (a millisecond
reactor) [2, 4—7]. It was found that synthesis gas was
formed with high selectivity (the selectivity of H, and
CO formation was ~80%) from a mixture with
CH,/O, > 2 : 1 on reduced supported Pt, Pd, and Rh
catalysts at residence time T = 102—10"*s and a high
temperature [4—6]. The best results were obtained
with the use of a Rh catalyst on Al,O4 [8].

The use of block catalysts makes it possible to con-
siderably decrease the reactor volume as compared
with that of reactors used in CH, steam reforming [9]
and to develop an alternative process for the produc-
tion of synthesis gas, which is suitable for the manu-
facture of methanol and for other purposes.

A thermodynamic analysis indicated that the pre-
liminary incomplete combustion of CH, with the
formation of a mixture of CO + H, at an elevated
pressure considerably decreases energy consumption
in a gas turbine cycle in terms of 1 mol of consumed
methane [10].

More recently, noble metals (Rh, Ru, Pd, Pt, and
Ir) on various supports; Ni, Co, and Fe oxides; and
perovskites have been widely used in the selective oxi-
dation of methane to synthesis gas. An analysis of pub-
lished data showed that, at a ratio of CH,/O,>2: 1,
this reaction can occur on reduced catalysts over the
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temperature range of 1023—1173 K at high space
velocities (to 1 x 10° h™!). In this case, the CH, con-
version into a mixture of H,/CO = 2 : 1 was 80—100%
and the selectivity of H, and CO formation was also as
high as 80—100%. The process of selective methane
oxidation stably occurred on Rh/a-Al,O;, Rh/ceram-
ics [4—6, 11], Pt—Rh—Pd on ceramics [12], and
Rh/Zr0O, - CeO,/a-Al,O; [13] catalysts  and
Ni perovskites promoted with Pt, Rh, and Ru [14—20]
for 100—700 h at space velocities ¥V to 10 x 10° h™!
(t=10"2—=10"*s). The Ni/MgO catalysts [21]; Ni—La
and Li—Ni—La perovskites on MgAl,O, [22] and
AL O3 [23, 24]; Ni—Co on Mg, Ce, and Zr [25];
BaTi, ¢Ni, ,05 [26] and Ba, sSr, sCo, sFe, ,05 perovs-
kites [27, 28] (V' =2 x 103—7 x 10* h~!); and molybde-
num carbides (V= 5.2 x 103 h™!) [29] were character-
ized by lower outputs. Mixed Ni—Fe [30], Ni—Ce [31],
and Ni—Co catalysts [25] (V' = (0.9—1.5) x 10° h™!)
exhibited high outputs. The addition of a second tran-
sition element to nickel increases the dispersity of Ni
particles; facilitates the reduction of Ni; decreases the
temperature of selective methane oxidation; and, in a
number of cases (Ni—Rh, Ni—Cu, and Ni—Fe), facil-
itates the formation of bimetallic clusters. It is likely
that the reacting components are independently
adsorbed and activated on the mixed catalysts: CH, on
Ni and O, on the second element or an oxide support
(CeO, or La,0;). Data on the use of mixed Ni cata-
lysts in the reaction of selective methane oxidation
[25, 31] indicate that further studies are required in
order to abandon the use of noble metals.

In this work, we examined a mixed Ni—Cu catalyst.
According to published data, the (8.0% Ni +
1.0% Cu)/SiO, catalyst decomposed CH, into H, and
carbon, which was readily oxidized with carbon diox-
ide for 120 h with the use of a mixture of CH, + CO,,
in an inert atmosphere at 1033 K [32]. Janlai et al. [33]
used the (1.8% Ni + 0.8% Cu)/Al,O; catalyst for CH,
transformation under the action of CO and H,O; how-
ever, the degree of reactant conversion was low. In the
absence of oxygen, the Ni—Cu catalyst (from 8 to 50%
Cu) on Al,O; stably decomposed CH, into H, and soot
[34, 35]. At the Boreskov Institute of Catalysis, Sibe-
rian Branch, Russian Academy of Sciences (Novosi-
birsk), a wasteless technology was developed for the
production of a Ni—Cu catalyst (for the decomposi-
tion of CH,) by the mechanochemical activation of
copper and nickel oxides together with aluminum and
magnesium hydroxides (69—74% NiO and 9.5—12%
CuO) followed by reduction [36—38].

The use of Ni—Cu catalysts in redox processes is
based on the ability of Ni and Cu to form substitu-
tional solid solutions with a face-centered cubic lattice
at Cu concentrations to 60—80 vol %. For example,
the highest catalyst activity and selectivity in fat
hydrogenation was reached when the surface concen-
tration of copper was higher than the concentration of
nickel by a factor of 2—3 [39, 40]. The previously
developed Ni—Cu catalyst (atomic ratio of Ni/Cu =
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1 : 3) with a chromium additive was used for the hydro-
genation of fats [41, 42] and for the deep oxidation of
CO, CH,, and other organic compounds in processes
for the removal of harmful impurities from waste gases
at furniture factories (Almaty and Tashkent) and in the
manufacture of cables (Samara) and streptomycin
(Kiev) [43, 44].

We studied the effects of the ratio between the sup-
ported elements, the concentrations of these elements
on the support surface, and the order of supporting
upon the properties of the resulting catalyst. At a 7—
10% total concentration of the supported elements,
metal oxide clusters were formed on the surface and
alumina granules were fully and uniformly impreg-
nated. The atomic ratio Ni/Cu/Cr =1 : 3 : 0.1 was
optimal in both fat hydrogenation and CO oxidation
[42, 43].

The Ni—Cu—Cer catalysts on Al,O;, Keles clay, and
activated carbon are highly pyrophoric; as found by
dehydrogenation with para-benzoquinone, they can
sorb a considerable amount of hydrogen [45]. Under
anodic polarization with para-benzoquinone, the
major portion of hydrogen was desorbed at high
anodic potentials; this fact suggests that hydrogen was
tightly bound to the catalyst [46].

Thus, the currently available data on the properties
of Ni—Cu—Cr catalysts suggest that these catalystsin a
reduced state can activate and decompose CH, and
sorb the resulting hydrogen in the bulk after decompo-
sition. In this work, we used the 9% NiCuCr/(0 + a)-
Al,Oj; catalyst modified with 2% Ce.

EXPERIMENTAL

The Ni—Cu—Cer catalyst was prepared by the incipi-
ent wetness impregnation of the cerium-modified
microspherical granules of (6 + o)-Al,O; (granule size,
100—200 pum; specific surface area, S, = 57.7 m?/g)
with aqueous solutions of corresponding metal
nitrates [47]. The metal contents of the catalyst were as
follows (wt %): Ni, 2; Cu, 6.7; Cr, 0.2; and Ce, 1.8.
The total concentration of Ni, Cu, and Cr was
about 9%.

As found by derivatography, the catalysts were
formed in two steps: initially, the starting components
interacted with the surface of Al,O; to form hydrated
complex compounds; thereafter, the dehydration and
decomposition of metal nitrates occurred. Phys-
isorbed water was removed at 350—370 K; dehydration
occurred at 440—460 K (endotherm); transition metal
nitrates decomposed at 560—620 K (exotherm), and
cerium nitrate decomposed with the formation of an
oxide at 780—875 K. Based on these data, we used the
following conditions for the thermal treatment of the
catalysts: drying at 450—470 K for 4—5 h; heating at
873 K for 1—1.5 h; calcination in air under conditions
of slowly increasing temperature to 1173 K; and, finally;,
reduction with a mixture of H,/Ar =40 : 60 (by volume)
at 1173 hfor 1 h.
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The selective catalytic oxidation of methane,
which was present in a low concentration in a mixture
of CH,/O,/Ar = (1.4-2.2) : (0.6—0.8) : (97-98)
(by volume), was performed in a flow reactor (inner
diameter of 4.5 mm) on a 9% Ni—Cu—Cr catalyst
(asample of 10 mg) in accordance with a published
procedure [16]. To perform the reaction under condi-
tions close to a plug-flow mode and to produce iso-
thermal conditions, catalyst grains were mixed with an
inert material (quartz, particle size of 0.20—0.25 mm)
in a ratio of 1 : 43.

The compositions of gas mixtures at the reactor
inlet and outlet (the experiment time was 180 min)
were determined on an LKhM-72 chromatograph
with a thermal conductivity detector. A column
packed with NaX was used in the analysis for H,, O,,
N,, CH,4, and CO, and a column with Polysorb 2 was
used for the determination of CO,.

The phase composition of the catalysts was deter-
mined on a DRON-4-7 X-ray diffractometer with a
Co anode (25 kV, 25 mA; 26 = 15°—80°). The mor-
phology, size, and chemical composition of particles
were studied using an EM-125 K transmission elec-
tron microscope at a magnification of up to 100000
with the use of a replica technique and electron
microdiffraction. A multipurpose vacuum system was
used for the sputtering of carbon replicas; the catalyst
support was dissolved in HE The microdiffraction pat-
terns were identified using JSPDS data (1986). The
specific surface areas of the catalysts were determined
by the BET method on an Accusorb instrument
(Micromeritics, United States) using the low-temper-
ature adsorption of N,. The temperature-programmed
desorption (TPD) of oxygen and temperature-pro-
grammed reduction (TPR), which were described in
greater detail elsewhere [48], were used for measuring
the amounts of oxygen sorbed by catalysts and for
characterizing this oxygen and its ability to react with
a reducing agent (H,).

Before the TPD of oxygen, the traces of H,O, OH
groups, and CO, were removed from catalysts, which
were preheated at 873 K in air, by vacuum training at
573 K and 1073 Torr for 1 h. Then, the sample was
treated with oxygen at 673 K (treatment time, 1 h; flow
rate, 40 ml/min). The ability of the reduced catalysts
to absorb oxygen from its mixture with He (10% O,)
was evaluated by gradually increasing temperature
under programmed conditions at a rate of 8§ K/min
with the use of a thermal conductivity detector.

The activation energies of desorption of O, and H,
were determined using a modified Polanyi—Wigner
equation from the temperature dependences of their
concentrations [49]. The TPD of hydrogen from the
9% NiCuCr/2% Ce/(0 + a)-Al,O5 catalyst, which was
preevacuated for 0.5 h and reduced, was performed by
increasing temperature at a linear rate of 15 K/min
from 393 K to a stabilization temperature (1173 K) in
a flow of argon (60 ml/min) on a Setaram adsorption

KINETICS AND CATALYSIS Vol. 50

No. 4 2009

4 o a-Al,O;
6 6-Al,03
v 7-ALOs
A Al,O4

(hexagonal)

o CeO,

A CuO

o NiO

o CeOy

+ Ni(Cu)Al,04
* Ce,Cu O,
CuNi

|
80 70 60 50 40 30 20
20, deg

Fig. 1. X-ray diffraction patterns of (/) the support and the
9% NiCuCr/2% Ce/(0 + a)-Al,O5 catalyst after heating
in air at (2) 873 or (3) 1173 K and (4) after reduction at
1173 K.

system (France) equipped with a thermal conductivity
detector.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis and Electron Microscopy
with Electron Microdiffraction

An XRD study [50] demonstrated that the initial
Ni—Cu—Cr catalyst after heating at 873 K (Fig. 1,
spectrum 2) contained 6- and a-Al,O;; the nanoparti-
cles (20—100 A) of Ni (reflections with d/n = 2.4 and
2.08 A) and Cu oxides (2.52, 2.33, 1.91, 1.79, and
1.51 A) or their mixtures; CeO, (intense reflections at
3.13 and 191 A); CeO,, (2.80 and 1.96 A);
Ni(Cu)AL,O, aluminates (low-intensity reflections at
2.44,1.99, 1.53, and 1.42 A); and other phases (200 A),
which can be ascribed to CuCrO, (1.63 and 1.54 A),
NiCrO,, and Cr;0,,.

Further heating caused considerable changes in the
phase composition of the catalyst: the crystallization
of CeO, and the transformation 6-Al,0; — a-Al,04
occurred (Fig. 2). Above 1073 K, the concentration
and particle size of Ni(Cu)Al,O, increased. As a result
of these processes, the total specific surface area
decreased from 60 to 5—8 m?/g.

As can be seen in Fig. 1 (spectrum 3), the intensity
of reflections due to CuO and NiO considerably
decreased after heating at 1173 K. A wide region of
intense absorption (halo) appeared at 26 = 15°-30°;
this suggests an increase in the concentration of X-ray
amorphous oxide phases.
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Fig. 2. Effect of the temperature of heating in air (for 5 h
at each temperature point) of the 9% NiCuCr/2% Ce/(6 +
a)-Al,O3 catalyst on (4) its specific surface area and
reflection intensities: (/) Ni(Cu)Al,O4(1.43 A), (2) a-
Al,05 (1.74 A), and (3) CeO, (1.91 A).

After reduction with hydrogen at 1173 K, the con-
centration of aluminates in the catalyst decreased
(Fig. 1, spectrum 4) and the particles of Ni (d/n =2.06
and 1.67 A), Cu (2.08 and 1.81 A), Ces0,, (50—60 A),
CeO, and mixed phases Ce,Cu,O, (2.24 and 2.72 A)
appeared (see Fig. 3c).

Electron-microscopic analysis with electron
microdiffraction demonstrated that the initial Ni—
Cu—Cr catalyst (Fig. 3a) contained NiO and CuO par-
ticles (30—50 A) and Cu (30—50 A) and Ni (to 100 A)
aluminates. Heating at a higher temperature (1473 K,
Fig. 3b) caused an increase in the particle size of alu-
minates to 200 A or more.

The electron micrographs of the catalyst reduced at
1173 K (Fig. 3¢) exhibit semitransparent films and dis-
perse dense fine particles of size ~40 A [51]. The cor-
responding microdiffraction pattern has a shape of wide
rings, which correspond to Cu’ and Ni’ metals. The
composition of the compound is described by the for-
mula NiCus ;. The Cu® and Ni® metals are also the con-
stituents of films with consolidations. CesO,, is shown
as semitransparent particles (50—60 A) in the micro-
graphs.

The catalyst after 56-h-long operation under con-
ditions of selective methane oxidation without a
decrease in the activity consisted of Ce,O,,, Cu’, and
Ni® particles (50—100 A) and the NiCu; ; compound
as a polycrystalline film and coarser dense aggregates
of disperse particles of size 50 A (Fig. 3d). The forma-
tion of carbon particles on the catalyst was not
observed.

Thus, the XRD and electron microscopic studies
with electron microdiffraction demonstrated that the
initial 9% NiCuCr/2% Ce/(0 + o)-Al,O5 catalyst was
a mixture of Cu’ and Ni® metals, NiCus g as a polycrys-
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talline film, and CeO,, oxides (of size 50—60 A) on
the surface of a-Al,O5;.

Temperature- Programmed Reduction,
Oxidation, and Desorption Studies

The use of TPR and the TPD of oxygen from Ni—
Cu—Cer catalysts supported on 2% Ce/(0 + a)-Al,0O4
made it possible to study in more detail the mecha-
nisms of reduction and oxygen release from oxides and
to evaluate the ability of the catalysts to adsorb O, from
a gas phase [52].

Figure 4 shows the TPR spectra of the 9%
NiCuCr/2% Ce/(6 + o)-Al,O5 catalyst heated at
(1) 873, (2) 973, (3) 1173, and (4) 1473 K in air and
(5) sample 4 reduced at 1223 K and reoxidized at 973 K,
as well as the TPO spectra of catalysts /, 3, and 4.
In Fig. 4, it can be seen that the TPR spectrum of the
catalyst heated at 873 K exhibited four peaks of H,
consumption. According to published data [35, 53,
54], these peaks correspond to the reduction of CuO
(maximum temperature 7, = 523 K), NiO—CuO
mixed oxides (7,,,, = 573 K), NiO (7,,., = 673 K),
CeO,, and, partially, the resulting aluminates of Ni
and Cu (T,,,, = 1073 K). As the heating temperature
was increased, the intensity of these peaks decreased.
After heating at 1473 K, peaks corresponding to the
reduction of NiO, CuO, and mixed oxides disap-
peared and the absorbed hydrogen was consumed for
the reduction of CeO, and the reductive decomposi-
tion of Ni and Cu aluminates (spectrum 4).

In the course of TPO, the adsorption of oxygen ini-
tially occurred (7,,,, = 523 K) and then metal oxides
were formed (7,,,, = 673 and 800 K). The catalyst
heated at 1473 K, which contained Ni and Cu alumi-
nates (spectrum 4), was also capable of sorbing O, at
low temperatures (spectrum 4') after the reductive
decomposition of the aluminates at temperatures to
1223 K. This suggests that the reduction of the heated
catalyst at 1173—1223 K facilitated the appearance of
Cu’ and Ni° on the surface; oxides were formed upon
the reduction of these metals, and the reduction of
these oxides under TPR conditions manifested itself as
a single peak at 1173 K (spectrum 5).

Thus, although catalyst elements deeply interacted
with the support in the course of oxidative treatment
and this interaction was accompanied by the forma-
tion of Ni and Cu aluminates, the subsequent treat-
ment with hydrogen at 1173—1223 K resulted in the
complete decomposition of these aluminates and the
formation of Ni’ and Cu® metals, which readily inter-
act with oxygen, on the surface.

Thermal Desorption of Oxygen

In a previous study of the 9% NiCuCr/(y + 0)-Al,O4
catalyst heated in an atmosphere of O, at 873 K, it was
found [55] that the TPD curve of oxygen preadsorbed
at 673 K exhibited inflections at 773 and 923 K and a
No. 4
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Fig. 3. Electron micrographs of 9% NiCuCr/2% Ce/(6 + a)-Al,05 catalyst samples: (a) after heating at 873 K, (b) after heating
at 1473 K, (c) after reduction with hydrogen at 1173 K, and (d) after the selective oxidation of CH4 at 1173 K for 56 h.
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Fig. 4. TPR spectra (solid lines) of 9% NiCuCr/2%
Ce/(6 + a)-Al,O3 samples heated in airat (/) 873, (2) 973,
(3) 1173, and (4) 1473 Kand (I', 3', and 4') the TPO spec-
tra (dashed lines) of samples 7, 3, and 4, respectively,
reduced at 1175—1225 K. (5) The TPR spectrum of the
catalyst initially reduced at 1223 K and then reoxidized at
973 K.

maximum at 1023—1270 K. They appeared because of
the desorption of adsorbed oxygen (in the range of
670—870 K) and the decomposition of copper oxide,
mixed oxides, and, partially, Ni and Cu aluminates
(above 1173 K). The activation energy of oxygen des-
orption is 88.0 £ 8.8 kJ/mol, and the activation energy
of O, release from mixed oxides is 144.0 + 14.4 kJ /mol.

This pattern is also consistent with the TPD spectrum
of oxygen from the 9% NiCuCr/2% Ce/(0 + a)-Al,O4
catalyst (Fig. 5, curve /). In this case, the activation
energy of oxygen desorption is 90.8 kJ/mol, and the
activation energy of decomposition of mixed oxides is
142.0 + 14.2 kJ/mol.

After a long-term heating of the catalyst at 1473 K,
the first peak (desorption of adsorbed oxygen) fully
disappeared from the TPD spectrum and the release of
oxygen dramatically decreased in the region of
decomposition of Ni and Cu oxides and at a stabiliza-
tion temperature of 1070 K (spectrum 2). This can be
explained by the fact that the major portion of metal
oxides reacted with the support to form Ni(Cu)Al,O,
aluminates, as found by XRD analysis and electron
microscopy. After the reduction of the catalyst with
hydrogen at 1273 K and the adsorption of O, on it, the
TPD spectrum of oxygen approached its initial shape
(Fig. 5, spectrum 3). The catalyst became capable to
adsorb oxygen once again (desorption temperature of

POPOVA et al.
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Fig. 5. Thermal desorption of oxygen from the 9%
NiCuCr/2% Ce/(6 + a)-Al,O5 catalyst: (/) after heating
at 873 K in air, (2) after heating at 1473 K in air, and (3)
after reduction with an Hy—Ar mixture at 1273 K.

673—873 K) and to form Ni and Cu oxides (desorption
temperature above 973 K).

These results are fully consistent with those
obtained by XRD analysis, TPR, and TPO in a study
of the redox treatment of the Ni—Cu—Cer catalyst.

Thermal Desorption of Hydrogen

Figure 6 shows the TPD spectra of hydrogen from
the 9% NiCuCr/2%Ce/(0 + a)-Al,O; catalyst, which
was heated at 1173 K and reduced at various tempera-
tures, over a range from 293 to 1373 K (stabilization
temperature). Desorption occurred in two regions:
narrow (373—733 K; T,,,, = 443—483 K), which cor-
responds to the molecular adsorption of hydrogen,
and wider (773—1373 K; T,,.x = 1060—1141 K), which

Katharometer signal

1303

803 1053
Temperature, K

303 553

Fig. 6. Thermal desorption of hydrogen from the
9% NiCuCr/2% Ce/(6 + 0)-Al,03 catalyst heated at
1173 K in air and reduced with an H,—Ar mixture at
(1) 673, (2) 873, (3) 973, (4) 1073, and (5) 1173 K.
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Table 1. Effect of the temperature of hydrogen adsorption on the parameters of hydrogen desorption from the 9% NiCuCr/2%

Ce/(6 + a)-Al,O; catalyst (sample of 0.25 g)

) Total amount Region | Region 11
Reduction Ti h | of desorbed hvd
temperature, K | S| © els(g)fs N ly rogen, amount of desorbed H/Ni amount of dissolved H/Ni
mol/gcy hydrogen, 107> mol/gc,, hydrogen, 10~ mol/gc,,

673 3 13.44 7.14 1.60 Not determined —
873 3 13.98 7.14 1.60 0.35 0.085

973 3 15.07 7.85 1.88 1.42 0.34

1073 1 16.25 6.78 1.60 4.64 1.11

1173 1 21.50 7.85 1.88 8.57 2.03

Table 2. Effect of space velocity (residence time) on the selective catalytic oxidation of CH4 to CO and H, on the 9% NiCu-

Cr/2% Ce/(0 + a)-Al,O; catalyst reduced at 1173 K

Outlet concentration, % Selectivity, %
Vx10°,h~!| 1, ms Xcp,» % H,/CO
(¢[0) Cco, H, ¢ (¢[0) H, CoO,
18.0 2.00 1.20 0 2.40 77.42 100 100 0 2.00
16.2 2.22 1.25 0 2.50 80.65 100 100 0 2.00
15.3 2.35 1.40 0 2.80 87.50 100 100 0 2.00
14.4 2.49 1.40 0 2.79 96.55 100 99.64 0 1.99
13.5 2.67 1.385 0.005 2.77 99.29 99.64 99.64 0.36 2.00
12.6 2.86 1.445 0.005 2.89 100 99.66 99.66 0.34 2.00
11.7 3.27 1.395 0.005 2.79 100 99.64 99.64 0.36 2.00
10.8 3.33 1.37 0.03 2.77 100 97.86 98.93 2.14 2.02
10.2 3.50 1.46 0.04 2.93 100 97.33 97.67 2.67 2.01
9.9 3.64 1.36 0.04 2.80 100 97.14 100 2.86 2.06
9.0 4.00 1.38 0.02 2.80 100 98.57 100 1.43 2.03
7.2 5.00 1.44 0.01 2.90 100 100 100 0.69 2.01
4.5 8.00 1.495 0.005 3.00 100 100 100 0.33 2.01

Note: Reaction temperature, 1173 K; CHy/O, = (1.9-2.0) : 1I; the tabulated values were obtained 1 h after the start of the reaction.

corresponds to the desorption of H,; and hydrogen
dissolved in the catalyst structure (above 700 K). In the
latter region, peaks appeared only in the case that the
catalyst was reduced at a temperature of no lower than
1073 K.

In Table 1, it can be seen that the total amount of
desorbed hydrogen increased from 13.4 x 10~ to
21.5 x 107> mol/gc,, as the reduction temperature was
increased from 673—873 to 1173 K. In this case, it var-
ied from 6.8 to 7.9 x 107> mol/g,, in the former region
and reached a maximum value of 8.6 x 10~> mol/gc,
in the latter region (the most strongly bound hydro-
gen).

Data obtained using TPR and electron microdif-
fraction indicate that, at temperatures higher than
1000 K, Ni and Cu oxides began to reduce to metals
and then formed a NiCu, g alloy, and molecular hydro-
gen, which desorbed in the former region, can be
adsorbed on their surface.
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The appearance of the most strongly bound hydro-
gen, which desorbed above 873 K, was due to its disso-
lution in the lattice of Ni° and the alloy of nickel with
copper (the ratio between hydrogen and the metal var-
ied from 1.10 to 2.03). The alloy was formed only after
the reduction of the catalyst at high temperatures.
Published data [56, 57] are indicative of the dissolu-
tion of hydrogen at temperatures higher than 1200 K
with the incorporation of hydrogen into octahedral
interstitial voids of the lattice of Ni° and its alloys. Pre-
viously, in a study of the Ni—Cu—Cr catalyst on active
carbon containing 33% Ni, it was also found that a
portion of hydrogen was desorbed very slowly [45].
An analysis of the charging curves of the 12%
NiCuCr/clay catalyst in anodic polarization with
para-benzoquinone demonstrated the presence of
strongly bound hydrogen, as distinct from a monome-
tallic Ni catalyst [46].
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Fig. 7. Effect of temperature on (/) the conversion of
methane, the selectivity of (2) H, and (3) CO formation,
and (4) the H,/CO ratio in the reaction of selective meth-
ane oxidation on the 9% NiCuCr/2% Ce/(0 + a)-Al,O3

catalyst. CHy/O,=19:1;t1=3.5ms; V=1.02 x 10°h~ L,

Thus, the TPD of hydrogen demonstrated that the
Ni—Cu—Cir catalyst can sorb hydrogen not only on the
surface (H,,4,); its structure also contained strongly
bound, dissolved hydrogen.

Catalytic Activity

The selective methane oxidation reaction was per-
formed on the 9% NiCuCr/2% Ce/(0 + a)-Al,O; cata-
lyst, which was heated at 1173 K in air and then
reduced with an H,—Ar mixture (40 : 60, by volume)
at 1173 K. The effects of temperature, CH,/O, ratio,
and residence time on the process were studied.

Table 2 shows the effect of residence time (t from 2
to 8 ms) on the selective oxidation of methane (CH,
concentration of 1.40—1.45%) with a mixture of O,
with Ar (0.7—0.8% O,) ata CH,/O, ratioof 1.9: 1. The

Table 3. Effect of the CH,4/O, ratio on the main characteris-
tics of the reaction of selective methane oxidation at 1173 K
on the 9% NiCuCr/2% Ce/(0 + a)-Al,0; catalyst reduced at
1173 K

CH4202 XCH45% xoz’% Sco,% Sl—[2>% Hz/CO
20:11| 80.65 100 100 100 2.00
26:1| 63.89 100 99.13 91.30 1.84
2.8:1 | 58.97 100 99.13 89.56 1.81

3.75:1 | 51.11 100 100 82.61 1.65

Note: The tabulated values were obtained 1 h after the onset of reac-
tion; T =2—2.4 ms.

POPOVA et al.

degree of oxygen conversion (x02 ) was 100% at all res-

idence times, and the complete conversion of CH, was
reached starting at T = 2.67 s. The H, /CO concentra-
tion ratio at the reactor outlet was 2 : 1 at any t. For the
most part, the selectivity of CO formation (S.) was
99—-100%, and it decreased to 97% only at T = 3.30—
3.64 s because of the formation of a comparatively
small amount of CO,. The balance on carbon over
starting and resulting products was 100%.

Figure 7 shows data on the effect of reaction tem-
perature on the conversion of CH, and the selectivity
of formation of selective methane oxidation products.
In the range from 1073 to 1223 K (CH,/O,=1.9: 1;

T = 3.5 ms; space velocity, 1.02 x 10° h™!), the conver-
sion of methane (xcy, ) increased from 80 to 100% and

the selectivity of H, and CO formation increased from
75t0 94—96%.

Table 3 illustrates the effect of the CH, : O, ratio in
the starting reaction mixture on xcy, , Sco, and Sy, at

similar values of T (2—2.4 ms) and a temperature of
1173 K. As CH,/O, was increased from 2 : 1 t0 3.75: 1,

Xcy, decreased from 81 to 51%, Sco remained

unchanged and close to 100%, and S H, decreased
from 100 to 83%. At the ratio CH,/O, =2 : 1, a maxi-
mum value of xcy, = 80.6% was reached at S¢o and

Sy, = 100% and an optimum value of H,/CO =2: 1.

The above data suggest that the reduced Ni—Cu—
Cr catalyst supported on alumina promoted with
cerium can selectively perform the complete oxidation
of methane at 1173 K to synthesis gas with H,/CO =2
at very short residence times (2.8—8.0 ms).

CONCLUSIONS

Thus, in this work, we used a number of physic-
ochemical techniques to optimize conditions for
the preparation and pretreatment of the
9% NiCuCr/2% Ce/(0 + a)-Al,O5 catalyst for the
selective oxidation of methane to synthesis gas. These
conditions include the impregnation of the modified
support with aqueous solutions of metal nitrate salts
and drying followed by heating in air at 873 K and then
at 1173 K for 1 h at either temperature and reduction
with an H,—Ar mixture for 1 h at 1173 K. Initially, the
nanoparticles of Ni and Cu oxides and their mixtures
were formed (particle diameters of 20 to 100 A). Upon
high-temperature heating, these nanoparticles were
partially converted into CeO, and coarser mixed
oxides of nickel with chromium, cerium with copper,
and copper with chromium, as well as nickel and cop-
per aluminates. In the course of reactionat 1173 K, Cu
and Ni oxides were reduced with hydrogen to form
Ni°, Cu’, and NiCus (4 = 2.08, 1.08, and 1.27 A,
respectively) as a loose polycrystalline film. On the
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surface of the resulting o-Al,O;, semitransparent
Ce¢O,; particles (50—60 A) and coarser dense mixed
phases were present. The catalyst retained its phase
composition in the course of selective methane oxida-
tion with the formation of synthesis gas.

The conversion of Ni and Cu aluminates into metal
particles and the formation of NiCus g clusters under
the action of H, and CH, were supported using TPR
and electron microscopy with electron microdiffrac-
tion. The formation of a Ni—Cu alloy on Al,O; in a
reducing atmosphere upon the decomposition of CH,
was also considered in a number of publications [34—
38, 58]. It is likely that copper, which is reduced and
oxidized more readily than nickel and other elements,
plays a leading role in the reductive decomposition of
Ni(Cu)AlL,O;. Previously, we found that the promoting
of the Co/Al,O; catalyst with palladium prevented the
formation of CoAl,O, in both reducing (H,, CO) and
oxidizing atmospheres [59, 60]. As found by EXAFS,
this was due to the formation of CoPd clusters and
mixed oxides on the surface.

Optimum conditions for the selective oxidation of
CH, on the reduced 9% NiCuCr/2% Ce/(0 + a)-Al,O4
catalyst in dilute mixtures with O, and Ar to form syn-
thesis gas were determined: reaction temperature,
1173 K; CH,/O, =2 :1;t=2.35-3.27 ms; and V' =
(1.17—1.53) x 10° h~!. In this case, the conversion of
methane was as high as 88—100% and the selectivity of
CO and H, formation was 99.6—100 and 99.0—100%,
respectively; CO, traces were also formed (0.005%).

The catalyst did not decrease its activity for 56 h;
surface carbon deposition was not observed [61—63].
In terms of efficiency and output, the 9% NiCuCr/2%
Ce/(0 + a)-Al,O; catalyst was close to NiCe/Al,O4
[31], LiNiLa/Al,O4 [19], and Ni catalysts promoted
with noble metals. Thus, further studies of the catalyst
stability in the reaction of selective methane oxidation
with the use of more concentrated mixtures of CH,
with other alkanes are promising. Recent results [12,
20] suggest that, obviously, selective methane oxida-
tion can be performed as an individual reaction using
O, as an oxidizing agent or in combination with steam
reforming on porous block supports of cordierite and
metal alloys.

The selective oxidation of CH, on the 9%
NiCuCr/2% Ce/(0 + a.)-Al,O5 catalyst came into play
in the first minutes (experiment times were 180 min)
and occurred almost without the formation of CO,;
the residence time did not affect the composition of
the resulting products. This suggests that the reaction
occurred through the dissociative adsorption of CH,
on Ni’ and NiCus, ¢ clusters with the formation of car-
bon and atomic hydrogen, which dissolved in the
NiCu, ¢ alloy. According to the results of TPO and
TPD of oxygen, the activation of oxygen, which inter-
acted with carbon, could occur at Cu’ Ni’ and
NiCu, 4 cluster particles. It is likely that the activation
of individual components occurred at different cluster
constituents: CH,, at Ni atoms and O,, at Cu atoms.
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Ceq0,, can also be a source of active oxygen. Because
copper was the predominant constituent of the cata-
lyst, the rate of oxidation of carbon particles was
higher than the rate of their formation; because of this,
carbon was not accumulated (the balance on carbon
was 100%).

The ability of the Ni—Cu—Cer catalyst to absorb the
resulting atomic hydrogen in the bulk is of consider-
able importance for the mechanism of selective meth-
ane oxidation. It is well known that dissolved hydrogen
was released from Ni, Fe, Co, and their alloys at sur-
face sites where strongly bound hydrogen was chemi-
sorbed. In the case of the Ni—Cu—Cr catalyst, this
occurredat 7., = 1123—1163 K.

max
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