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NAS RKis pleased to announce that News of NAS RK. Series of chemistry and
technologies scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.

Kaszakcma+ Pecnybnukacbl Ynmmbik fbinibiM akademusicbl "KP ¥FA Xabapnapbl. Xumusi xeHe
mexHorsioeusi cepusichl” fbinibIMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHdekcmernyze KabblnOaHraHbiH xabapnalobl. byn uHOekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei MeH canacbiH ycbiHadbl. KP ¥FA Xabapnapbl. XuMmusi XoHe mexHosoausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK YWiH eH 63eKmi xoHe 6edendi XUMUSIIIbIK FblribiMOap
bolibIHWa KoHmMeHmke adandbifbiMbi30bi 6indipedi.

HAH PK coobwaem, 4ymo Hay4Hbil XypHan «3eecmusi HAH PK. Cepus xumuu u mexHosnoaul» 6bi
npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web of Science.
ColepxxaHue 8 amoM UHOeKcuposaHUU Haxodumcsi 8 cmaduu paccMmompeHusi komnaHueli Clarivate
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2nybuHy koHmeHma 0151 uccriedogamerel, asmopos, usddamersel u yuypexoeHul. BkrirodeHue Nagecmusi
HAH PK e Emerging Sources Citation Index OemoHcmpupyem Hawy MnpueepxeHHoCMb K Hauboriee
akmyasibHOMY U 8/IUSIMesIbHOMY KOHMEHMY Mo XUMUYEeCKUM Haykam O Hauleeo coobuecmea.
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DEVELOPMENT OF COMPOSITE MATERIALS
BY COMBUSTION SYNTHESIS METHOD FOR CATALYTIC
REFORMING OF METHANE TO SYNTHESIS GAS

Abstract. In the modern world, natural gas is the main source for obtaining synthesis-gas from methane.
Production of synthesis-gas is constantly improved, as the demand for this raw material in the petrochemical industry
is growing every year. Also, synthesis gas is used as an environmentally friendly source of heat and energy.
Therefore, finding ways to activate CH, for synthesis of products is an important task of petrochemical industry. La —
Mg — Mn — Ni - Al catalysts were prepared by the self-propagating high-temperature synthesis method, namely its
modern modification - the solution combustion synthesis. The optimum content of metals in the catalyst was
determined by varying the ratio of elements in samples. The conditions for conversion of methane to synthesis-gas
were determined. It was found that the highest results on oxidative conversion to synthesis-gas can be obtained at
900°C and a space velocity of 2500 h™' over 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% glycine catalyst.
The catalysts were examined by a complex of physical and chemical methods, as a result of which it was established
that a number of changes occur in the catalyst structure during the testing in a flowing catalytic installation. It has
been shown that simple and mixed oxides, metal aluminates and spinel-type structures, the presence of which
promotes the active work of catalysts for the oxidative conversion of methane, are present in the catalyst. In addition,
elastic carbon nanotubes wrapped in a spiral with diameters of 40 - 50 - 70 nm were detected on the surface.

Key words: methane, hydrogen, synthesis gas, self-propagating high-temperature synthesis, solution
combustion.

Introduction

Continuous increase in fuel consumption in the energy sector, in various branches of the chemical,
petrochemical industry and transport leads to an increase in the volume of harmful substances entering the
atmosphere. This is becoming more urgent due to the toughening of the requirements to the quality of the
produced base and raw intermediate products of the petrochemical industry [1-4]. Therefore, studies
aimed at developing of various catalysts for the complex treatment of gas emissions of industry, as well as
catalysts that work effectively in the field of synthesis-gas production under more favorable conditions,
are strategically important [5-9].

It is known that the activity of multicomponent catalysts is a complex function of the chemical
composition and parameters of the micro- and macrostructure. Nature of the active centers, dispersion of
the active components, morphology of the surface, presence of microstrains and defects in the structure
are determined by the conditions of synthesis and subsequent heat treatment of the samples. Therefore, an
intensive search of new methods for the preparation of catalysts for production of synthesis-gas has been
carried out recently [10-14].

Solution combustion synthesis (SCS), self-propagating high-temperature synthesis (SHS) and other
methods of preparation, in which the energy of exothermic reactions is used to prepare the active
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components of catalysts, relate to such promising methods [15-19]. The main advantages of these methods
are: low energy costs, short synthesis times, no need for expensive equipment, the possibility of a one-
stage conversion of inorganic materials to final products using chemical reaction energy, an increase in
non-stoichiometric phases of products due to high thermal gradient and rapid cooling rate [20-22].

Experimental

Catalyst preparation

Nitric acid salts of various metals, in particular: lanthanum (III) nitrate, manganese (II) nitrate,
magnesium nitrate, nickel nitrate, aluminum nitrate, and glycine were used to synthesize the desired
catalysts. Preliminary calcination and treatment of salts were not performed. All used salts were weighed
and thoroughly mixed in an agate mortar. Then the mixture of salts was placed in a quartz glass, into
which 10 ml of distilled water, preheated to 80°C, was poured. The glass with the solution was transferred
to the muffle furnace, preheated to 500°C, after complete dissolution of all salts. After 5-8 minutes,
enough heat is generated to ensure the propagation of the combustion front, advancing with high speed
and self-generation of heat. This leads to a sharp increase in temperature. The temperature inside the
reaction front is so high that impurities with a low boiling point is evaporated, facilitating the production
of more pure products. As a result, structures with a high concentration of defects of intermediate and non-
stoichiometric compounds, which are one of the reasons for the high activity of SCS catalysts, are formed.
After cooling, the catalysts were placed in a glass weighing bottles for storage.

Characterization techniques

Studies of the developed catalysts were carried out by various methods: elemental analysis, X-ray
phase analysis (XRD), transmission electron microscopy on an EM-125K device. These analyzes were
performed both before and after the tests of the synthesized catalysts in reactor of the flowing catalytic
unit (FCU-1). Composition of the initial reaction mixture and reaction products was studied on the
"Chromos GC-1000" chromatograph with "Chromos" computer software. XRD analysis was carried out
on a DRON-4-0.7 diffractometer with CoKa radiation in the range of angles 26 = 6 - 100°. Conditions for
conducting of the XRD analysis: initial angle = 6.00; end angle = 100.00; step = 0.020; exposure dose =
0.6; speed = 2 g/min; the maximum number of pulses is 821. Samples were studied by the method of
shooting to lumen in the form of dry suspensions using microdiffraction on the EM-125K transmission
electron microscope.

Catalytic reaction

A series of samples with various components in the La — Mg — Mn — Ni - Al catalyst was prepared by
solution combustion synthesis method. The activity of the developed catalysts in the reaction of oxidative
conversion of methane by oxygen was determined in a flowing catalytic unit FCU-1 at atmospheric
pressure in a quartz reactor at the temperature range from 600 to 900°C. For the studies, a mixture of gases
CH;:0,:Ar=2:1:28,CH;:0,: Ar=34%:17 % : 49 % was used.

Results and discussion

The following optimal conditions: a space velocity (GHSV) 2500 h™ in the 600 - 900°C temperature
range were selected to determine the activity of La — Mg — Mn — Ni - Al catalysts after careful study of the
literature data. In the process of repeatability tests, it was established that the maximum yield of methane
to synthesis-gas is reached at 900°C. Table 1 shows the results of CO and H, yields for each catalyst with
a specific set of metals. It is seen from the Table 1 that 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 %
Al + 50 % glycine catalyst is the most active with CO and H, yield up to 21 % and 65 %, respectively.

Table 1 - Catalysts prepared by SCS method for the oxidation of methane to synthesis gas

No Chemical composition of catalysts, % wt. Yield, %
CO H,

1 5%La+20%Mg+10% Mn+5%Ni+ 10 % Al + 50 % glycine 3 7

2 5%La+10% Mg+20% Mn+ 5 % Ni+ 10 % Al + 50 % glycine 11 44

3 5% La+10% Mg+ 5 % Mn + 20 % Ni+ 10 % Al + 50 % glycine 21 65

4 5%La+10% Mg+ 10 % Mn + 5 % Ni+ 20 % Al + 50 % glycine 10 42

— ] —
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Effect of the variation of space velocity on the process indicators was investigated on the most active
5% La+ 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst. The results of the
experiments are shown in Figure 1. As can be seen from Figure 1, the increase in space velocity does not
promote the growth of conversion of methane to synthesis gas. This may be due to the fact that the gas
does not have time to come into contact with catalyst to convert organic molecule to the target products in
the process of increasing the space velocity.

—
(=) (=] (]
] = =]

L " 1

40 1

Comversion of CH4,%

600 650 700 750 800 850 900
Temperature, ©C

GHSV, h'': 1 —2500, 2 — 4500, 3 — 6500.
Figure 1 - Conversion of methane over the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst at
different space velocities

The following graphs in Figure 2 show that the highest yields of H, (65 %), CO (21 %) with
selectivity for H, (98 %) and CO (63 %) are achieved at a space velocity of 2500 h™'. Optimal yields and
selectivities were recorded in the temperature range 800 - 900°C and pressure 0.39 MPa.

=0 a b
70 1 1
60 1 100 4 0—-_,_*__,_-4———*_'.—-__*___,_.’
o 50 1 o
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a—yield: 1 — H,, 2 — CO; b — selectivity: 1 — H,, 2 — CO.
Figure 2 - Effect of the reaction temperature on the yield and selectivity of process over 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni
+ 10 % Al + 50 % glycine catalyst

Figure 3 shows the XRD spectra of 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst. As a result of the obtained data, it was shown that the following phases are present in the
catalysts: Ni (reflexes, A: 2,0335; 1,8955; 1,7612; 1,2604; 1,2455 — ASTM, 4-850); MgO periclase (reflexes,
A: 2,5154 2,415; 1,4855; 1,3656; 1,3304; 1,2150 - ASTM, 4-829); La,NiO, (reflexes, A: 3,787s; 3,1240;
2,901s; 2,72¢6; 2,1871; 2,09¢7; 1,6877; 1,650 — ASTM, 34-314); and Mn;0, (low-intensity reflexes, A:
5,0411; 2,5334; 3,3303 - ASTM, 4-732)
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Figure 3 - XRD spectrum of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst

In the course of the study, the transmission electron microscope showed the results for the 5 % La +
10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst before and after investigations on flow
catalytic unit FCU-1. Figure 4a shows the accumulation of large particles isothermal shape with a size of
100 - 500 nm. The microdiffraction pattern is represented by a small set of reflexes, which can be
attributed to MgNiO, (JSPDS, 24-712). Figure 4b shows an aggregate of large semitransparent particles
with a size of 70 - 100 nm or more. However, small amorphous particles with a size of 10 - 15 nm are
visible inside these particles on translucent edges. The microdiffraction pattern is represented by a small
set of reflexes arranged in rings, which can be attributed equally to AlyN;05; (JSPDS, 35-830) or possibly
to LaAIMOlg (JSPDS, 33-699)

a

SO0 HM

Figure 4 - TEM images of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst before the tests

Properties of catalysts after testing on the FCU-1 installation were studied repeatedly. The presence of
carbon nanotubes was detected during the transmission electron microscope analysis. Nanotubes are
elastic, often wrapped in a spiral, whose diameters reach 40 - 50 - 70 nm, Figure 5.
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Figure 5 — TEM images of the 5 % La + 10 % Mg + 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst after tests

Figures 5a and 5b, presented at low magnification, show the accumulation of carbon nanotubes and
dense round-shaped particles with a size of 50 - 70 - 100 nm. The microdiffraction pattern is represented
by a large set of rings and reflexes corresponding to 3-MgAl,O4 (JSPDS, 20-660), it is possible presence
of the La,03 (JSPDS, 24-554) and LaN (JSPDS, 15-892) in mixture. Figure 5b shows a small aggregate of
dense particles 60 - 100 nm in size (there are nanotubes), which can be attributed to LaAl;;0,5 (JSPDS,
33-699).

Figures 5c and 5d show aggregates of various shapes and densities with particle sizes from 10 - 20 to
50 - 100 nm. The diffraction pattern is represented by a large set of rings and reflexes and can be
attributed to phase mixtures of Mg,NiH, (JSPDS, 36-916), NiLa,O4 (JSPDS, 11-557), HNi, (JSPDS, 33-
606), Mg,C; (JSPDS, 1-1138), ALL,O; (JSPDS, 33-699), La,MnAl;;0,9 (JSPDS, 36-1317) and MgO
(periclase) (4-829).

5% La+10% Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 % glycine catalyst was investigated on a
scanning electron microscope; the elemental composition of sample was established during the analysis.
Figure 6 illustrates the results of these analyzes.

— 10 ——
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Figure 6 - SEM images of the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst before the tests

The results of elemental analysis for catalyst at the points indicated in the images correspond to the
experimental data. It was shown that the surface of catalyst is not homogeneous.

Figure 7 shows the results of the sample analysis on a scanning electron microscope after the tests.
According to elemental analysis, only a decrease in oxygen was detected, as well as a lack of nitrogen in
the sample. This is connected, apparently, with the fact that their volatilization from the catalyst occurs at
high temperatures. The percentage of nickel and lanthanum increased, which indicates the compaction of
these components in the mass of catalyst.
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Figure 7 - SEM images of the 5 % La + 10 % Mg+ 5 % Mn + 20 % Ni + 10 % Al + 50 %
glycine catalyst after the tests
Conclusion

Based on the results of the tests, the following conclusions can be drawn:

- 5%La+10%Mg+5% Mn+20 % Ni+ 10 % Al catalyst was the most active for conversion of
methane to synthesis gas from numerous combinations of catalysts with the following set of La — Mg —
Mn — Ni - Al components prepared by solution combustion synthesis;

- space velocity of 2500 h™' at temperature of 900°C are optimal conditions for the active operation
of this catalyst;

- the presence of simple and mixed oxides, metal aluminates and spinel-type structures in the
catalyst, the presence of which promotes their active work in the process of oxidative conversion of
methane, was established by TEM and SEM research. The presence of carbon nanotubes was also
established. Nanotubes are elastic, often wrapped in a spiral with diameters of 40 - 50 - 70 nm.
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METAH/AbI CUHTE3 I'A3FA KATAJIMTUKAJIBIK PUO®OPMUHI'VIEY IE
KAHY 9ICIMEH KOMIIO3UTTI MATEPUAJIZAPJBI KKACAY

Annoranus. Kazipri 3amaHna MeTaHHaH CHHTE3-ra3 alyblH HEri3ri Ke3i TaOuFu ra3 OOJIbI TaObUIAJIBL
MyHali-XUMHsi ©HEPKACIOIHAE CHHTE3-Ta3bl OHJIPY YHEeMi OChl MIMKI3aTKa AEreH KaXKETTUIIKTIH JKbUI CalblH
aprybiHa okenyae. COHBIMEH KaTap, CHHTE3-Ta3 SKOJIOTHSJIBIK Ta3a IKbUTy IKOHE OHEeprusi Ke3i periHze
naiinananeiia pl. COHIOBIKTAH MYHal-XMMHUSI ©HEPKICIOIHIE OpraHMKaNbIK CHHTE3JIH JKapThulail eHIMJEpiH aiy
MaKcaTbhlHa OarbITTaNIFaH )KOHE METaH[Ibl OCJICEHAIPY KOIJapbiH Taby MaHbI3bl MiHAET 00JIbIN TaObuIaAbl. OChIFaH
OaiiaHbICThl JKOFapbITEMIIEpaTypajia O3AIriHeH »aHy CHHTE31 oJicCi, ocipece OHbBIH 3aMaHayH TYpPJCHIIpLIreH
epitiHaige xxaHy ypaici Ooiibiaina La — Mg — Mn — Ni — Al karanuzaTtopiapbl naiiblHIanIbl. 3epTTey METaHHBIH
KOHBEPCHUSICBIHBIH CHHTE3-T'a3fa aifHaIybIHbIH OHTAMJIbI JKaFAaiiaphl XKOHE IEMEHTTEeP/IIH KAThIHACKIH TYPJICHAIDY
HOTH)KECIHJIE KaTaIN3aTOP/bIH KYPaMbIHIIaFbl METAIIAp/AbIH MOJIIIEep] aHbIKTANIbl. MeTaHHbIH CUHTE3-Ta3Fa TOThIFa
aifHamy GapsiceiHaa 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% raunuH KaTaau3aTopbIHa TeMIIepaTypa
900°C Gonranma xone 2500 car! KemeMmiK JKBUIIAMIBIKTA AQHAFYPIBIM JKOFapbl HOTWKEJEepAl aimyra OOJIaTBIHBI
aHbIKTaabl. KaranuzaTopiapiasl arbIM/ibl KaTaJIMTHKAJIBIK KOHABIPFaJa 3€PTTEreHHEH COH, (H3HKa-XUMHSIIBIK
ozicTepiMeH 3epTTey OapbhIChIHIA KATaln3aTOpJIapblH KYpPbUIBIMBI ©3repiCKe YINbIPAUTHIHBI KEIISH I aHBIKTAJIJIbI.
3eprrey GaphIChiHIA KAaTaIM3aTOPJIApAbIH KYpaMblHIA METAIT AlFOMUHATTAPbl MEH KYPbUIBIMBI IIIMHHENb TYPIHIET]
KO KOHE apanac OKCUATEPiHIH 0ap OOJybl aHBIKTAIIBIHBII, OJAPIbIH METAHHBIH TOTBIFA aliHaJIybIHA OEJICeH Il acep
ereringiri kepcerinren. CoHbIMEH Kartap, OeTki KabarbiHma muamerpi 40 - 50 - 70 HM-00JaThIH CHHpaIbFa JKHI
OpaJIFaH ULTIM/II KOMIPTEKTI HAHOTYTIKIIEASPIiH TY3UIr€HI aHbIKTaIbI.

Tyiiin ce3aep: MeraH, CyTeK, CHHTE3-Ta3, JKOFaphITeMIIepaTypajia e3/irHeH )KaHy CUHTEe31, epiTiHAiAe KaHy.
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PA3PABOTKA KOMITIO3UTHBIX MATEPUAJIOB METOJ0OM I'OPEHUSA JJISA
KATAJIMTHYECKOI'O PUOOPMHUHI'A METAHA B CUHTE3-T'A3

AHHoTanus. B coBpeMeHHOM MUpe MPUPOIHBIHN ra3 ABISETCS OCHOBHBIM HCTOYHUKOM IOJTYYEeHHUS CHHTE3-Ta3a
n3 MeraHa. [IponW3BOACTBO CHHTE3-Ta3a IIOCTOSHHO COBEPIICHCTBYETCS, TaK KakK CIPOC Ha 3TO CBHIPhE B
HEe(PTEXUMHUIECKON MMPOMBIIIUIEHHOCTH PACTET C KaXIbIM TogoM. Kpome Toro, cHHTE3-ra3 NCHOIb3YeTCsl B Ka4eCTBe
9KOJIOTHYECKH UYHUCTOTO HCTOYHHMKA Terua W SHeprud. llostomy mowmck myrteil akrtuBammm CHy mnst cuHTe3a
MPOAYKTOB SIBISETCS BAKHOW 3ajmadeil He(YTEXUMHUYECKOW NPOMBIIIICHHOCTH. METOIOM CaMOpacipOCTPaHSIO-
IIETOCS BBICOKOTEMIIEPATYpPHOTO CHHTE3a, & UMEHHO COBPEMEHHOW ero MoAuQHKanueil - MpoLeccoM TOpeHHs B
pactBope Obutn TpurotoBieHsl La — Mg — Mn — Ni - Al karanuzaropsl. B pe3ynbraTe BappupoBaHUs] COOTHOILICHHUS
AJIEMEHTOB B 00pa3iax ObUIO yCTAaHOBJICHO ONTHMANBHOE COJCpPKAHME METAJIOB B KaTaJM3aTOPE M OIPEAEICHBI
yCIIOBHsS KOHBEpPCHH MeTaHa B cuHTe3-ra3. Haiinewo, uto npu 900°C u ob6wemHo#i ckopoctn 2500 u' Ha
katanu3arope 5% La + 10% Mg + 5% Mn + 20% Ni + 10% Al + 50% runuH BO3MOXHO HOJydeHHe Haubosiee
BBICOKHX PE3YJIbTATOB MO OKHCIHTEILHOMY IPEBPAICHUIO B CHHTe3-ra3. Karanu3aTopbl ObUIM HCCIEI0BaHbBI
KOMIUIEKCOM (PH3UKO-XMMHUYECKUX METOJIOB, B pPE3yJIbTaTe YEro YCTAaHOBJIEHO, YTO B IIpoIlecce MPOBEICHHS
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WCIBITAHUN HAa NMPOTOYHOM KAaTAIUTUYECKOM YCTAHOBKE B CTPYKTYpE KaTalu3aTropa IPOUCXOAMT Psii U3MEHEHHUHU.
[ToxazaHo, 94TO B KaTaIM3aTOPE MPUCYTCTBYIOT MPOCTHIE M CMEITAHHBIE OKCH/BI, ATIOMHUHATHI METAJUIOB M CTPYKTYPHI
LIIMTUHEIBHOTO THUIA, MPHCYTCTBHE KOTOPBHIX CHOCOOCTBYET aKTHBHOW padOTe KaTauu3aToOpOB OKHUCIHTEIBHOTO
mpeBpaimeHust MetaHa. KpoMe Toro, Ha TOBEPXHOCTH OOHAPYKEHBI AMACTHYHBIC, YACTO 3aBEPHYTHIE B CIIUPAIH C
nuamerpamu 40 - 50 - 70 HM yraepoaHbIe HAHOTPYOKH.

KiroueBble c10Ba: MeTaH, BOAOPOJ, CHHTE3-Ta3, CaMOPacIPOCTPAHSIOMINIACS BEICOKOTEMITEPaTyPHBII CHHTE3,
TOpPEHHE B pacTBOpE.
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