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Perovskite type catalysts are becoming more and more relevant due to their stability to high
temperature and sintering in the process of obtaining synthesis gas. Modification of perovskite
catalysts with cerium can improve oxygen mobility and intensity of interaction with active metal
particles. The purpose of this work is to study the activity of perovskite type catalysts LaNiOs
and Lay9Ce 1NiO; in the process of carbon dioxide conversion from methane to synthesis gas.
Methodology. The catalyst was synthesized by the Pechini method, studied using the X-ray phase
method and chromatographic analysis. Results of work. Catalyst La,sCeo:NiO; prepared by Pechini
method can provide almost complete conversion of methane and carbon dioxide gas at the reaction
temperature of 850°C (Xcus 98%, Xcoz2 93.6%). X-ray phase analysis shows that the synthesized
LaNiO; and La,4Ce,;NiO;are oxide catalysts of the perovskite type, and have a typical structure of
perovskites, forming phases LaNiO; and CeO,. Conclusion. Studies have shown that varying the
temperature of the reaction makes it possible to purposefully control the reaction in the direction of
obtaining synthesis gas with a given ratio, to obtain valuable products such as acetic acid, acetic
anhydride and ethylene glycol.

KEY WORDS: perovskites, catalysts, conversion, methane, carbon dioxide, synthesis gas,
greenhouse gases, ratio
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MKK npoueciHOe cuHmes 2a3biH any ywiH nepo8ckum murnmi Kamasnu3samopriap Xofapbl
memMnepamypa MeH asrioMepayusira mypakmblinbifbiHa b6alinaHbicmsl e3ekmi 6ona mycyode. [le-
posckummi kamarnu3amoprapObl yepultiMeH MoOughuKayusinay ommeaiHiH KO3fFanfbimbifbiH )XoOHe
bericeHdi memann benwekmepimeH spekemmecy KapKblHObIbIFbIH XaKcapmyFra MyMKiHOIK 6epedi.
XKymbicmbiH Makcambl: MeEMaHHbIH CUHMEe3 2a3fa KeMIPKbIWKbIIObIK KOHBEPCUSIChI MpoueciHOeai
neposckummi LaNiOs xeHe Lao o Ce, 1NiO; kamanusamopnapbiHbiH benceHoiniaiH 3epmmey 601bin
mabbinadbl. ©0icmeme. Kamanuzamopnap NevyuHu adicimeH cuHme3sdendi, peHmeaeHOik ¢hasa-
TIbIK X8He XxpoMamoeapahusiribiK manday apkbiribl 3epmmerndi. XKymbicmbiH Homuxenepi. lNeyuHu
adicimeH dalibiHOanfaH Lag Ceo NiO; kamanusamopsl 850°C peakyusi memnepamypackiHoa (Xcua
98%, Xcoz2 93,6%) MmemaH MeH KeMIPKbIWKbI 2a3biHbIH MOIbIK OepriiKk mypreHyiH Kammamachl3
eme anadbl. PeHmeeHJik ¢hasarnsik manday cuHme3denzeH LaNiO; xaHe La,9Ceo 1NiO; neposckum
munmi okcudmi kamanu3amopbi! 60sbin mabbliameiHbiH xaHe LaNiO; xeHe CeO, chaszanapbiH
KypalmbiH murnmik neposckummik KypbiribiMFa ue ekeHiH kepcemedi. KopbimbIHObI. 3epmmeyrnep
KepcemkeHOel, peaKyusi memrnepamypacbiH 632epmy CipKe KbiWKbIbl, Cipke aHaudpudi xeHe
SMUusIeHenuKosb cUsKmel KyHObI eHiMOepdi any ywiH bepinzeH kambiHacma cuHme3 2asbiH eHOIpy
peakuyusicbIH apHalibl 6aKbliayra MyMKiHOIK 6epeOi.

TYWIH CO3EP: neposckummep, kamanusamopap, KOH8epPCUsl, MemaH, KOMipKbILKbII
2a3bl, CUHMe3 2as, napHUKmiK 2a3dap, kKambiHac
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[ns nonyyeHusi cuHmes-2asa 8 ripoyecce YKM kamarnu3zamopb! Nepo8CKUMHO20 mura ece
bonbwe npuobpemarom akmyarnbHOCMb 3a c4em ceoeli cmabunbHOCMU K 8bICOKOU memMnepa-
mype u cniekaHur. Modughukayusi nepo8CKUMHbIX Kamanu3amopos uepuemMm MOXem yiyHuwumsb
nood8UXHOCMb KUCIopoda U UHMeHCU8HOCMb 83aumModelicmeusi ¢ Yyacmuuyamu akmugHo20 Me-
manna. Llenbto 0aHHoU pabomsi siensemcs uccnedosaHue akmugHOCMU Kamarnu3amopos re-
posckumHoeo muna LaNiO; u LaoeCeo.1NiO; 8 npoyecce yernekucriomHol KOHeepcuu mema-
Ha 0o cuHme3 2a3a. Memodonoaus. Kamanusamopbl cuHme3uposaHsi o memody [lequHu,
uccnedosaHsbl € MOMOWbI0 peHmaeHogha308020 Memoda U xpoMamoepaghuyecKkoao aHau3a.
Pes3ynbmambi pabomsi. Kamanuszamop LagoCeo1NiOs npuzomoeneHHbIt Mmemodom evuHu,
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Moxxem obecriequms OYMu roIHYH KOHBEPCUI MemaHa U ye/ieKucrioeo 2a3a npu memmnepamy-
pe peakyuu 850 °C (Xsg 98%, Xoo2 93,6%). PeHmaeHogha308bIl aHanu3 caudemesiscmeayom o
mom, ymo cuHme3auposaHHble LaNiO; u LaggCeq.1NiOz siensromes okcudHbIMU Kamanu3amopamu
1eposcKUMHO20 murna, u uMeem murnu4Hyto CmpyKkmypy neposckumos obpa3ysi ¢pasbi LaNiOs u
CeO0.,. BaknoueHue. ViccriedosaHus rnokasasnu, Ymo eapbUposaHUe memrnepamypb! peakyuu daem
B803MOXHOCMb UeneHarnpasneHHo20 yrpasiieHus peakyuel 8 CmMopOoHY MoyYeHUs: CUHme3-2asa Cc
3a0aHHbIM COOMHOWeEHUEM, 01151 MOy4YeHUs UeHHbIX npodyKmos, maKkux KaK yKcycHas Kucrioma,
YKCYCHbIU aHeuOpud u amuneHanuKorb.

KITKOYEBBIE CJIOBA: neposckumsl, Kamasnu3amopbl, KOH8epCcus, MemaH, QUOKcuO yarie-
poda, cuHmes — 2as, napHUKO8bIE 2a3bl, COOMHOWEeHUe

due to the burning of fossil fuels, especially the oil and gas industry, for the

production of energy and electricity, is the main cause of air pollution and the
greenhouse effect. Ultimately, this led to many problems, such as climate change and
global warming of the earth's atmosphere, which will affect the normal life of people
[1]. To reduce the impact of greenhouse gases on the environment, new forms of energy
should be applied, such as hydrogen, which is more efficient, cleaner, with higher energy
density and can be easily converted into electricity and heat as an environmentally friendly
primary energy carrier. Light alkanes (i.e. methane, ethane, propane and butane) can be
used to activate industrial plant CO, emissions to produce synthesis gas, which is a key
precursor for the production of higher hydrocarbon fuels through Fischer-Tropsch synthesis
[2]. Synthesis gas from CO, can be obtained by carbon dioxide conversion of methane
(CCM) according to the reaction [3]:

ntroduction. Excessive global emissions of greenhouse gases (CO,, CH,, etc.),

CH4+C02 _)2CO + 2H2, AH 208K — 247 kJ/m(_)l»l (1)

The carbon dioxide conversion of methane leads to the production of H,/CO close to
unity and is of interest both for adjusting the synthesis gas composition and for reducing the
carbon footprint of conversion by reducing emissions of the two most common greenhouse
gases [4].

Many traditional metal/support catalyst systems, although highly active in the CO,
conversion process, deactivate within hours due to surface coke deposition or sintering of
active metal clusters. To overcome these problems and withstand the extreme operating
temperatures of CCM, active metals can be incorporated into crystalline oxides such as
perovskites, pyrochlores, hydrotalcites and hexaaluminates. These metal-containing oxides,
after reduction of the active metal, form a finely dispersed active catalyst [5]. Especially
perovskites have high thermal stability, which makes them popular candidates for high
temperature gas phase reactions. CCM can be catalyzed by metallic nickel, therefore, some
perovskite oxides containing Ni cations can be precursors of this reaction [6]. Perovskite
type oxide with the general formula ABO3 is considered a potential auto exhaust catalyst,
where "A" represents an alkali metal or alkaline earth metal and "B" represents a transition
metal [7]. Perovskite-type oxides with different physical properties can be synthesized by
substituting different metals in positions "A" and "B" and varying the chemical composition
[8]. Moradi et al. [9] reported that an A-situ substituted perovskite type oxide exhibits
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significant electronic and ionic conductivity at elevated temperatures. In addition, partial
"In-situ" substitution improves structural stability and catalytic behavior.

Elements "A" or "B" can be partially replaced by other metallic elements to modify
the structure or nature of the oxide in order to increase its catalytic activity. Perovskite-
type oxide catalysts are active for the conversion of CO, with methane [9].

The most popular systems for carbon dioxide reforming of methane include LaNiOs; the
formation of various crystalline phase states of LaNiO; on the surface makes the composition
beneficial for accelerating the CCM reaction and reducing carbon deposits [10,11].

The authors of [12] report that 75% efficiency of CO, conversion to gaseous CH,/CO,/
He = 10/10/80 at 700°C can be achieved on a 50 mg LaNiO; catalyst at a gas flow rate
of 100 ml/min. Early studies have shown the possibility of adding base or noble metals
to promote the substitution of La to form Lal*MxNiO; (eg M = Pt, Ce, Sr [8, 9]). The
resulting compound has a high resistance to carbon deposition due to the presence of the
optimal size of Ni crystallites and a large number of oxygen vacancies. Cerium-promoted
catalysts have recently attracted increasing attention due to their high oxygen storage
capacity and high oxygen mobility in the lattice. Structural defects in perovskite oxides
can be formed by adding other metallic elements to increase its catalytic activity [13].

Therefore, the development of efficient and effective CCM catalysts remains an
important task.

Materials and research methods. Ni(NO), * H,O (technical standard 4055-
70); Ce(NOs); * H,O (technical standard 6-09-4081-75); La(NO;); * H,O; (technical
standard 6-09-4676-863); H, - purity 99.9%; Ar - purity 99.9%; CH, - purity 99.9%,
the gases were purchased from MTK "Cryogen", Russia, were used without additional
purification.

Preparation of catalysts. Catalysts LaNiO; and Lay,Ce, ;NiO; were synthesized by
the Pechini method [14]; metal nitrates of the corresponding stoichiometry were used in
the synthesis. In particular, 1.6 g La(NO;);°6 H,0; 0.18 g of Ce(NO;);6H,0 and 1.19
g of Ni(NO;),*6H,0 together with 1.58 g of citric acid are dissolved in 100 ml of water
at a ratio of metal cations and citric acid 1:1, designated as a solution A. 1.58 g of citric
acid are dissolved in 2 ml of ethylene glycol and designated as solution B. Solution B
was added dropwise to solution A. The resulting solution was stirred for 15 minutes at
400 rpm and then heated to 120°C to form a viscous gel and finally a solid precursor was
obtained. This product was then transferred to an air calcination oven at 750 °C for 5
hours to obtain the corresponding catalyst samples.

Studies of the activity and phase composition of catalysts. The study of the activity
of the synthesized catalysts in the process of carbon dioxide conversion of methane was
carried out on an automated laboratory unit of the PKU-1 flow type (Scheme I). The tests
were carried out in a quartz tubular quartz reactor with an inner diameter of 10 mm and a
length of 22-25 ¢m with a fixed catalyst bed. The catalyst volume was 2 ml. The reactor
is vertically located in the furnace. The reactor temperature was set by a temperature
controller and controlled by a XA thermocouple, sheathed in quartz and located inside
the catalyst layer. The mixed initial gas mixture (CH,+CO,=1:1) was fed at a rate of
50 cm?/min into a quartz reactor with a catalyst on top. Further, the remainder of the initial
reagent and the reaction products are sent online for analysis to the Chromos GC - 1000
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chromatograph equipped with a thermal conductivity detector and a flame ionization
detector for identification. Before starting the reaction, the catalysts were reduced at 500°C
for 3 hours in a flow of H, and Ar at a total gas flow rate of 20 ml/min.

1 1]

MEC

v

Gl —»Mixing Chamber

) (‘—\
o | s
‘Thermocouple

Catalyst bed
GC-1000

—]

1 Condenser

Scheme 1 - Flow catalytic plant

The catalysts were tested in the temperature range of 500-850°C with W=1000 h!,
the ratio of reagents (CH,:CO,) was maintained equal to 1:1 at a total gas mixture flow
of 33.3 ml/min, at atmospheric pressure. The conversions of CH,, CO, and the yields of
H,, CO were calculated as follows [9]:

_ [n(CHY)in—n(CH,) aut ]

% conversion CH, = m(CHm] * 100 2)
%conversion CO, = [n(coz[)rir(lCTO:;fr?]Z) %l 100 3)
Yo% = s * 100 )
Yoo = ocom on[;l:f:zc]m) samone] * 100 (5)

H, _nout (Hp) (6)
co n out(CO)

The phase composition of the catalysts was determined using X-ray diffraction analysis
on a modernized DRON-3 automated diffractometer with CuKa-radiation, B-filter. Conditions
for shooting diffraction patterns: U=35 kV; [=20 mA; shooting 6-20; detector 2 deg/min.

Results and discussion. At the initial stage, the LaNiO; and La,,Ce, NiO; catalysts
synthesized by the Pechini method were studied using the X-ray phase method (XRD).
Figure 1 shows X-ray diffraction patterns of LaNiO; and La,,Ce,;NiO; catalysts. Figure 1
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shows that LaNiO; gives diffraction lines characteristic of highly crystalline LaNiO;. The
LaNi, and La,(NiO,) phases are also observed.
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Figure 1 - X-ray patterns of LaNiO; and La;sCe,sNiO; catalysts

The x-ray diffraction pattern of the La,,Ce,;NiO; catalyst also shows reflections
characteristic of the highly crystalline rhombohedral LaNiO; phase, and the formation
of diffraction reflections of crystalline La,O; phases (JCPDS 22-0369) with a degree of
substitution of 0.1 is clearly detected, which is associated with the presence of CeO, oxide,
also revealed formation of La,NiO, g3 (JCPDS 81-1962) [15]. The results obtained indicate
that the synthesized LaNiO; and La,¢Ce, ;NiO; are oxide catalysts of the perovskite type.
The catalytic activity of LaNiO; and La,4Ce, ;NiO; perovskite samples was studied in
the CCM process at a space velocity W=1000 h-1 and a ratio of CH4:CO2=1:1 in the
temperature range of 500-850°C. The results of the influence of the reaction temperature
on the conversion of methane and carbon dioxide are shown in Figure 2.

| [, e, NiO,

09”01

[ LaNiO,

2

CH_ conversion, %
CO, conversion, %

500 550 600 650 700 750 800 850

700 750 800 850
Temperature, °c Temperature, °c
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Figure 2 - Influence of reaction temperature on the activity of LaNiO; and LaysCe,1NiO; catalysts
in the CCM process
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Figure 2 a, b shows that the conversion of the initial reagents (CH, and CO,) on
perovskite LaNiO; and La,¢Ce, NiO; catalysts increases with an increase in the temperature
of the CCM process. On the LaNiO; catalyst at an initial process temperature of 500°C, the
conversion of CH, is Xcyy = 25.6% and CO, - X, = 15.4%, the yield of H, is 8.8%, the
yield of CO is 13.0% and increases, respectively, to 96.4 and 94.0% at 850°C. It should
be noted that one of the advantages of using perovskite as a catalyst is that the strong
interaction between Ni and La,O; can prevent metal sintering [16].

Partial substitution of La for Ce in LaNiOj; increases the activity of the catalyst
(LagoCey NiQy) at relatively low temperatures (500-600°C) of the CCM process. On a
Ce-containing catalyst, the conversion of CH, at 500°C is Xy = 27.6 and CO»-X ¢, =
28.2%, the yield of H, is 8.5%, the yield of CO is 11.2%. At 600°C, the conversion of
methane and carbon dioxide is - Xcpy= 50.2 and X,=58.8%, the yield of hydrogen and
carbon monoxide YH, =27.8 (600 °C) and Y -0=23.2%, respectively.

Figure 3 shows the results of the influence of the reaction temperature on the H,/CO
ratio in the reaction products of CCM on LaNiO; and La,,Ce, ;NiO; catalysts. It can be seen
from the obtained data that when the reaction temperature is varied from 500 to 850°C, the
H,:CO ratio in the reaction products changes from 0.6 to 1.5. The ratio of target products
in the temperature ranges of 575-600 and 750-800°C is closer to 1.0 on both catalysts. The
maximum ratio H,:CO=1.5 is achieved on the LaNiO; catalyst in the temperature range
600-650°C. Synthesis gas, consisting of a mixture of H, (47.5%) and CO (42.1%) in various
proportions, is an alternative source of feedstock for the petrochemical industry.

As a result of the study, it was determined that varying the reaction temperature in
the range from 500 to 850 °C makes it possible to control the reaction in the direction
of obtaining synthesis gas with a given ratio, i.e. for the production of acetic acid and
acetic anhydride, the ratio H,:CO = 1:1 and for the synthesis of ethylene glycol - 1.5:1.0.

Synthesis gas can be effectively used in the power industry for the production of
heat and electricity at gas turbine and combined cycle plants and in metallurgy for the
reduction of iron ores.
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Figure 3 - Influence of the reaction temperature on the H2/CO ratio in the CCM process
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The obtained results indicate that the cerium-modified La, oCe, ;NiO; perovskite-type
catalyst exhibits increased activity at relatively low temperatures (500-600 and 800°C)
compared to the LaNiO; perovskite catalyst. The activity of the La,¢Ce, ;NiO; catalyst can
be explained by the fact that it provides a larger number of oxygen atoms for the reaction
with the adsorbed CH group to form CHO and further dissociation of CHO into CO and
H,, which agrees with the data of. According to the authors of, partial replacement of
La* by Ce*" leads to a higher conversion of CH, and CO, due to the redox properties of
cerium, which contributes to the disproportion of CO, on oxygen vacancies generated by
cerium, providing a greater number of oxygen species that oxidize carbon on the surface.
It is also noted in [17] that the partial replacement of the metal in positions “A” and “B”
with some other metals (for example, Ca, Sr, Co, Ce, Pt, etc.) in a perovskite catalyst
suppresses carbon deposition after by increasing the number of oxygen vacancies, and also
increases the structural stability and catalytic activity of oxides due to the synergistic effect.

Conclusions. Thus, modern literature data on the influence of the nature of perovskite
catalytic systems on the carbon dioxide conversion of methane were analyzed and possible
ways of improving perovskite catalysts for the production of synthesis gas from two
greenhouse gases (CH, and CO,) were discussed.

Oxide catalysts LaNiO; and La, ,Ce, ;NiO; were prepared by the Pechini method and,
according to XRD data, they are oxide catalysts of the perovskite type. The study of the
activity of catalysts in the process of CCM to synthesis gas showed that the conversion
on perovskite LaNiO; and Lay,Ce, ;NiO; catalysts of the initial reagents CH, and CO,
increases with an increase in the reaction temperature from 500 to 850°C. It has been
established that the addition of cerium to the composition of LaNiOj; leads to an increase
in catalytic activity in the CCM process at low temperatures (500-650°C). At a reaction
temperature of 500°C, the conversion of CH, and CO, on Lay,Ce, ;NiO; is Xy = 27.6
and Xco, = 28.2%, the yield of H, is - 8.5%, the yield of CO is -11.2%.

It is shown that when the reaction temperature is varied from 500 to 850°C, the H,/CO
ratio in the reaction products of CCM changes from 0.6 to 1.5. As a result of the study, it
was determined that varying the reaction temperature in the range from 500 to 850 °C makes
it possible to control the reaction in the direction of obtaining synthesis gas with a ratio
of H,:CO = 1:1 and 1.5:1.0. Synthesis - gas with a ratio of H,/CO=1:1 is used to produce
acetic acid and acetic anhydride, and for the synthesis of ethylene glycol - H,/CO=1.5:1.

Perovskite-type catalysts for utilizing greenhouse gases CH, and CO, with the
production of valuable hydrogen products and/or synthesis gas with various H,/CO ratios
open up great prospects for application and are in demand. €

The work was carried out at the RSE on REM "Institute of Combustion Problems"
with the support of the Ministry of Science and Higher Education of the Republic of
Kazakhstan within the framework of the scientific project BR18574084.
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