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Highly dispersed, fluorite-like solid solutions (Ceq goZro.10La0.05M0.0502 — 5), where M = Nd, Sm or Gd, were syn-
thesized by co-precipitating metal hydroxides, followed by heat treatment. The chemical composition of the
resulting materials was confirmed by inductively coupled plasma optical emission spectroscopy. X-ray phase
analysis confirmed the formation of the Ceg goZrg.19Lag.05Mp.0502 _ 5 solid solutions, where M = Nd, Sm or Gd,
based on the cerium dioxide crystal lattice. According to transmission electron microscopy data, the average
particle size is 13 £ 2 nm. The synthesised materials have a mesoporous structure with a specific surface area
of 83-86 m?/g, a total pore volume of 0.101-0.104 cm®/g and a pore diameter of 3.6-3.8 nm. The catalysts
exhibit high activity in the complete oxidation of methane (model mixture composition: CH, — 1 vol.%; O, — 8 vol.%;
N, — balance). A correlation has been established between the catalytic activity of solid solutions and the ionic
radius of the rare earth dopant M. The activity of synthesised solid solutions (Ceg.goZrg.10Lag.0sMo.0502  5), where
M = Nd, Sm or Gd, decreases in the order Gd — Sm — Nd. The highest activity is observed in the presence of
the Ceq goZro.10La0.05M0.050, _ 5 catalyst, which has the smallest ionic radius of the M®* dopants studied. The
temperatures at which 50% and 99% conversion are achieved in the presence of the sample are 356 ‘C and
477 °C, respectively. The application of Ceq goZrg. 10Lag.05Mo.0502 _ 5 as a carrier for the active component, pal-
ladium, shows promise. The catalytic activity of 0.3% PdO/Ceq goZrg.10Lag.05Mo.0502 _ 5 exceeds that of the
industrial analogue, 0.3% PdO/y-Al,O4, demonstrating the feasibility of using the synthesized solid solution as
a carrier for the active component.
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Introduction house effect is 10—12 times greater than that of carbon

dioxide, so it is necessary to prevent it from entering the
atmosphere [2]. Additionally, the temperature rises to
1400 °C during the oxidation of methane due to the exo-
thermic nature of the reaction. This results in the forma-
tion of NO_, as well as incomplete combustion products

ne of the trends in the development of the modern
economy is the transition to low-carbon energy.
This involves using methane not only as an energy
source, but also as a raw material for chemicals. The most

significant industrial method of methane processing cur-
rently is the production of synthesis gas (CO + H,), the
basis for synthesising ammonia, methanol, acetic acid
and synthetic gasoline. Of particular interest is the use
of methane as a reducing agent in metallurgy for the di-
rect reduction of iron ore in the form of metallised pellets
(DRI, or Direct Reduced Iron) and hot briquetted iron
(HBI), which reduces energy consumption and gas emis-
sions compared to the traditional process [1]. However,
methane has a significant disadvantage in that its green-

such as: CO and soot. One solution is to purify gas emis-
sions through catalytic (flameless) methane combustion
[3, 4]. The complete oxidation of methane is a catalytic
reaction that occurs at temperatures below 600 °C. This
prevents CO and soot from entering the atmosphere and
reduces the NO, content to 5 ppm. In contrast, non-
catalytic oxidation produces 150—200 ppm of NO_ [4].
Catalysts based on noble metals (MO, /y-Al,O,, where M
is Pd or Pt) are typically used for the complete catalytic
oxidation of methane. Their advantages are their high
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activity and low cost, while their disadvantages are their
low thermal stability. This problem could be solved by
using complex oxide compositions based on d- and f-ele-
ment oxides, such as perovskites and ferrites [3]. Cerium-
containing fluorite-like solid solutions are promising as
they can be used as both catalysts and carriers of active
components. Unlike y-Al,O,, these components exhibit
their own activity, which increases the catalyst’s service
life and reduces the process temperature [3—7].

This study aimed to investigate the catalytic activity
of highly dispersed multicomponent solid solutions
(Ce 5021 10Lag 0sM 950, _ 5), where M = Nd, Sm or
Gd, in the complete oxidation reaction of methane. The
study also examined the potential use of these materials as
carriers for the active component, PdO, and compared the
synthesised materials with the industrial analogue, 0.3%
PdO/y-Al,O;.

Experimental part

The synthesis of Ce qZr, ;oLag osM 050, _ 5» Where
M is either Nd, Sm or Gd, was carried out by co-precip-
itation of cerium, zirconium, and rare earth metal hydro-
xides. Rare earth metal nitrates were used for the synthe-
sis: Ce(NO,); (p.a.), La(NO,), (p.a.), Nd(NO,); (p.a.),
Sm(NO,); (p.a.), GA(NO,), (p.a.), and ZrO(NO,), (p.a.).
Isopropyl alcohol was used to prepare the initial metal ni-
trate solutions. The concentration of the metal nitrate so-
lutions was 0.5 mol/L. The salt solutions were then mixed
inastoichiometric ratioof Ce: Zr: La: M=16:2:1:1, which
corresponds to the chemical composition of the solid solu-
tion Ce g0Zr, ;Lag 0sM( 050, _ 5. Precipitation was car-
ried out by adding ammonia solution (0.5 mol/L) (puriss.
spec.) until a pH of 10—11 was reached. The precipitate
was kept under a layer of the mother liquor for 1 hour, then
filtered on a vacuum filter and thoroughly washed with dis-
tilled water. The precipitate was dried at 95 °C for 10 hours
in a drying oven and calcined in a muffle furnace at 600 °C
for 2 hours, with a temperature rise rate of 5 °C/min.

The calculated amount of the palladium acetylaceto-
nate precursor (Pd(C,H-0,),), at a concentration of
0.3 wt.% (based on the metal content), was dissolved by
heating in ethanol. This solution was then mixed with the
synthesised sample and held at the boiling point of ethanol
(78 °C) until the solvent had completely evaporated. The
solution was then calcined at 350 °C for two hours with a
temperature rise rate of 5 °C/min.

For the comparative study, an analogue of the indus-
trial catalyst, 0.3% PdO/Al,O,, was prepared using
granulated y-Al,O, (AOK-63-11, grade B, granule size
0.4 — 1 mm, specific surface area 185 m2/g and total pore
volume 0.501 cm3/g) as a carrier. The PdO was applied
using the above-described method.

The phase composition of the synthesised materi-
als was studied using X-ray diffraction with a Bruker D8
Advance (Bruker) instrument with monochromatic Cuk,,
radiation (A = 1.5418 A), with a step size of 0.01° and an
accumulation time of 0.3 s/step. The crystallographic
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characteristics were calculated using full-profile analysis
with Topas R software. The coherent scattering region
(CSR) was calculated using the Selakov-Sherrer equation.

The elemental composition of the samples was deter-
mined using inductively coupled plasma optical emission
spectroscopy (ICP-OES) on an Agilent 5800 VDV ICP-
OES spectrometer (Agilent Technologies).

Transmission electron microscopy (TEM) was used to
determine particle size. The studies were conducted using
a JEOL JEM-2100 electron microscope (resolution —
0.18 nm, voltage — 200 kV). To eliminate particle agglom-
eration, preliminary dispersion in isopropyl alcohol was
performed. The resulting suspensions were sonicated for
10 minutes in an ultrasonic disperser. Then, 10 pl of the
sample suspension was taken and applied to a special cop-
per mesh with an amorphous carbon film.

The textural characteristics of the synthesized samples
were studied by low-temperature nitrogen adsorption on
a NOVA 1200e analyzer (Quantachrome). The samples
were activated at 200 °C for 4 hours. The specific sur-
face area of the materials (Syy) was calculated using the
Brunauer-Emmett-Teller (BET) equation in the P/P,
range from 0.05 to 0.3. The total pore volume (V) was
determined at a relative pressure of P/ P 0.99. The volume
of micropores was calculated using the t-method with the
installation software. The average pore diameter was cal-
culated using the formula:

4V
D=——. (1)

sp

The catalytic activity of the synthesised materials in
the complete oxidation reaction of methane was deter-
mined using the flow method. One gram of the catalyst
was mixed with quartz to prevent localised overheating,
then placed in a U-shaped quartz reactor. A gas mixture
was then passed through the reactor and heated to the
required temperature. The catalysts were tested for
complete methane conversion using a model mixture of:
CH, — 1 vol.%; O, — 8 vol.%; N, — balance (Linde Gas
Russia OJSC), with a flow rate of 60 ml/min and a tempe-
rature range of 20—700 °C. The concentrations of the gas
mixture components (O,, N,, CO, CH,, CO, and H,0)
were determined using a CHROM-5 gas chromatograph
(CHROM). NaX (/= 2.5 m, d = 3 mm) and PoraPak Q
(/=5 m, d =2 mm) molecular sieve columns were used
for separation. A thermal conductivity detector was used
to record the signal. The chromatograms were processed
using Ekokhrom software.

To calculate the conversion of methane X, the follo-
wing equation was used:

c,—¢

x==—, @)

where C, is the methane concentration in the initial gas
mixture (vol.%), C is the methane concentration in the
mixture at the reactor outlet (vol.%).
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To evaluate the activity of the catalysts, the tempera-
tures at 50% and 99% methane conversion were used.

Results and discussion

Fig. 1 shows the results of the X-ray diffraction study of
the phase composition of the synthesized materials.

Reflections 28.5; 33.1; 47.5; 56.3; 59.1; 69.4; 76.7
and 79.1 correspond to the crystallographic planes (111),
(200), (220), (311), (222), (400), (331), and (420) of the
cubic lattice of cerium dioxide (JSPDS No. 81-0792).
No peaks attributable to zirconium or rare earth metal
compounds were observed in the X-ray diffractograms.
However, the molar ratio of the components of the syn-
thesized samples corresponds to the conditions specified
in the experiment, as determined by elemental analysis.
It appears that the single-phase composition of the sam-
ples is due to the formation of solid substitution solutions
based on the cubic lattice of cerium dioxide [8, 9]. At the
same time, the lattice parameter of the synthesized com-
positions differs slightly from that of cerium dioxide.

According to the residual crystal size (RCS) calcula-
tion results for the synthesised samples, carried out using
the Selakov-Sherrer equation, the size of the crystallites in
the solid solutions is smaller than that of cerium dioxide
(25.2 nm). This is due to the dopants partially segregating
on the surface, which increases the system’s dispersion
[10]. Reflections characteristic of palladium compounds
could not be detected on the X-ray diffractogram of 0.3%
PdO/Ce 4571 15Lag 950, _ 5 due to insufficient content
for identification by X-ray diffraction.

According to the results of studies conducted using the
TEM method, the synthesized materials have an agglo-
merated mosaic-type structure. The particles are spheri-
cal in shape, with an average size of 13 = 2 nm. At the
same time, particles of the deposited palladium-contai-
ning compounds are not visualized on the surface of the
PdO/Ce goZr, L2, sGd) (5O, _ 5 sample, particles of
deposited palladium-containing compounds are not visu-
alized, which may be due to both the high density of
cerium-containing materials, which makes research diffi-
cult, and the possible formation of surface nanostructures
that cannot be detected by TEM (Fig. 2) [11].

The synthesized solid solutions belong to mesoporous
structures, as evidenced by the presence of capillary-
condensation hysteresis on nitrogen adsorption-desorp-
tion isotherms (Fig. 3). Nitrogen adsorption-desorption
isotherms belong to type IV isotherms according to the
TUPAC nomenclature. According to de Boer’s classifica-
tion, the hysteresis loop shape corresponds to H,, cha-
racteristic of materials with a corpuscular structure hav-
ing a heterogeneous distribution of pores by size [12]. The
average pore diameter of the synthesized materials is 4.5—
5.0 nm (Table). Doping cerium dioxide with Zr*4, La™>,
Nd™3, and Gd™ ions is accompanied by an increase in
specific surface area from 56 m?/g to 83—86 m?/g and an
increase in pore volume from 0.063 to 0.107 cm?/g, re-
spectively. Apparently, the reason for this is the formation
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X-ray diffraction pattern of synthesized samples:

1—CeOy; 2— CeqgoZry.10La0.1002 —5;

3 — Ceq.80Zro.10Lag.0sNdg.0s02 _5;

4— Ceqg0Zro.10L29.05Sm0 0502 — 5

5— Ceqg0Zro.10L20.05Gd.0502 — 5

6 — PdO/Ce 59Zry Lag 45Gdg 9502 — 5

Fig. 1.
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Fig. 2. Transmission electron microscopy micrograph of the sample
0.3%Pd0O/Ce gsZr; 1sLay ysO, _
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Fig. 3. Isotherm of nitrogen adsorption-desorption of synthesized

samples:
1 — CeOy; 2— PdO/Ceq g9Zr¢.10Lag.0sGdo.0502 — 5
3= Ceg 502rg.10129,05Gd 950, _ 5

of solid solutions accompanied by a restructuring of the
crystal structure, leading to the development of the surface
and an increase in defectivity. After palladium impregna-
tion on the surface of Cej¢sZr, sLa; (5O, _ 5, a slight
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Table
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Crystallographic characteristics, textural properties, and catalytic activity of synthesized samples

Crystallographic
characteristic

Chemical composition

of the sample

Textural characteristics Catalytic activity

: RCS, Seps Vi Vy . .
56 45 495 645

Ce0, 5.423 25.2 0.02 0.083
Cey 80270 1030.1002 5 5.416 16.9 82 0.03 0.101 4.9 472 606
Cey 80270 10L20.0sNdg 0505 _ 5 5.413 16.7 86 0.04 0.107 5.0 441 575
Ceg.80Z%0.101-20.055M, 0502 - 5 5.414 15.9 85 0.04 0.103 4.8 408 516
Ce 8027 10L30.05Gd0 0505 _ 5 5.411 15.4 83 0.04 0.104 5.0 356 477
PdO/Ce g0Zr0 10120 5G9 0502 _ 5 5.415 16.5 81 0.04 0.090 4.4 285 395
*micropores
Conversion, X, % a large number of anion vacancies compared to cerium
100 dioxide, which is the reason for the higher catalytic activity
of the samples.
80 Lattice oxygen, i.e., oxygen that is part of the crys-
tal lattice, also participates in the oxidation of methane
60 on cerium-containing catalysts. Its mobility is largely
6 5 determined by the strength of the metal-oxygen bond.
40 ® 3 - ; Apparently, as a result of the formation of solid solu-
- tions due to crystallographic distortions and the ap-
20 pearance of anion vacancies, structures are formed in
which the metal-oxygen bond energy is lower than that
0 of cerium dioxide, which contributes to higher catalytic
150 250 350 450 550 650

Temperature, T, °C

Fig. 4. Catalytic activity of synthesized samples in the complete oxidation
of methane reaction:
1—CeO,, 2— Cey goZr.10L29.1002 5,
3 — Ceq.30Zro.10Lag.0sNd.0s02 5,
4 — Ceq g0Zry.10La9,0s5my 0502 _ s,
5 — Ceg goZrg.10L29.05Gd.0s02 — 5,
6 — PdO/Ce.39Zr.10Lag 05Gd0.0502 5

decrease in specific surface area and porosity is observed,
which is associated with partial pore overlap (Table).

A comparative analysis of methane conversion curves
1—4 (Fig. 4) demonstrates the advantage of multicom-
ponent systems over cerium dioxide, which is due to the
formation of Se™ ions, anionic vacancies, and crystal-
lographic distortions resulting from lattice rearrangement
as a result of heterovalent doping. Thus, the tempera-
tures of 50% and 99% conversion in the presence of the
Ceo_gozr().loLao_OSGd0.0soz -3 Sample are 356 °C and
477 °C, respectively, while for CeO, they are 495 °C and
645 °C, respectively.

The observed difference in the activity of the synthe-
sized samples can be interpreted as follows. One of the
stages of catalytic oxidation of methane on oxide catalysts
is the adsorption of molecular oxygen on the surface. It
is known that the presence of anionic vacancies increases
the adsorption capacity of molecular oxygen on the cata-
lyst surface, which leads to an increase in catalytic activity
[9]. Solid solutions obtained by heterovalent doping have

activity.

It should also be noted that the presence of Ce>" ions
contributes to increased activity due to the presence of the
Ce3+/Ce4Jr redox transition, which participates in the
oxidation of adsorbed molecular oxygen and the transport
of lattice oxygen.

For the samples studied, catalytic activity decreases in
the following order:

Ceg.580Z19.10L-30,05Gd 0502 5

> Ceq 5021y 1012 05SMg 0505 5 >

> Ceq 50219 19189 0sNdg 9505 -

Apparently, the observed effect is due to the formation
of a crystal structure that provides higher mobility of lat-
tice oxygen.

At the same time, there is a correlation between the
temperature of 99% oxidation of cerium-containing
solid solutions and the ionic radius of dopant M. Thus,
the catalytic activity of the synthesized samples increases
with a decrease in the ionic radius of dopant M. It should
be noted that similar results were obtained by the authors
when studying the catalytic activity of cerium-containing
solid solutions in CO oxidation reactions [13].

The Ce 571, 5La, (5O, _ 5 sample was selected as
the carrier for the active component — palladium oxide
(PdO) — which exhibits high activity in oxidative cataly-
sis processes due to the Pd**/Pd*" redox transition. The
0.3% PdO/Ce 4571, 1oLa (5O, _ 5 catalyst exhibited higher
catalytic activity in comparison to the 0.3% PdO/Al,O,
reference sample. The observed effect is attributable not
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only to the manifestation of the Ce ¢sZr, ;,La; 150, _ 5
carrier’s inherent catalytic activity, but also to the en-
hanced dispersibility of the deposited component on the
carrier surface, resulting in the formation of smaller pal-
ladium oxide particles, which contributes to an increase in
catalytic activity. [14].

Conclusion

Based on the studies conducted, it can be concluded
that highly dispersed, fluorite-like solid solutions of the
form Ce Zr, ;0L osM; 50, _ 5» Where M = Nd, Sm
or Gd, exhibit high catalytic activity in the complete
oxidation reaction of methane. A correlation has been
established between catalytic activity and the ionic ra-
dius of the rare earth dopant. The most active sample is
Ce.g0Zry 10Lag 05Gd 950, _ 5, due to the formation of a
structure with greater crystallographic distortion compared
to Nd®" and Sm>" jons. The Ce;g,Zr, 10120 0sGd 0505 _ 5
solid solution can be used as a carrier, with the PdO/
Ce.g0Zry 10Lag 05Gdg 950, _ 5 activity exceeding that of
PdO/Al,0,, indicating the feasibility of its use in catalytic
compositions.
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