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NAS RK is 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.

KasakcmaH Pecnybnukacbl ¥nmmelK fbiibiM akademusicel «KP Y¥FA Xabapnapel. Xumusi
JKOHEe MEeXHO02Usl cepusichbl» fbifibIMU XypHarsbiHbiH Web of Science-miH xaHanaHraH HycKacbl
Emerging Sources Citation Index-me uHdekcmenyze kKabbindaHraHbiH xabapnaldbl. by
uHdekcmery bapbicbiHOa Clarivate Analytics komnaHusickl XypHanobl o0aH api the Science Citation
Index Expanded, the Social Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke
Kabbinday mecerneciH Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, bacnawsinap
MeH MeKkemeriepee KoHmeHm mepeHOdiai MeH canacklH ycbiHaobl. KP YFA Xabapnapbl. Xumus
XXoHe mexHonoaus cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramOacmabIK yWiH
€H 63eKmi xoHe 6ederdi XumMusisibIK fbiribiMOap 6olbiHWa KOHMeHmMkKe adanobifbiMbi30bi 6irndipedi.

HAH PK coobwaem, 4ymo Hay4HbIl XypHarn «M3secmusi HAH PK. Cepusi xumuu u mexHorio2uii»
6611 npuHam 0ns uHOekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHOU eepcuu
Web of Science CodepxaHue 8 amomMm UHOeKcuposaHUU Haxodumcs 8 cmaduu paccMompeHus
komnaHuel Clarivate Analytics 0nsa OdanbHeluwez0o npuHamMus xypHana e the Science Citation
Index Expanded, the Social Sciences Citation Index u the Arts & Humanities Citation Index.
Web of Science npednazaem kayecmeo 8 arybuHy KoHmeHma 015 uccriedosameriell, agmopos,
u3damernel u yupexoeHul. BknoueHue Nssecmus HAH PK e Emerging Sources Citation Index
deMoHCcmpupyem Hawly npueepxeHHOCmb K Haubornee akmyarnbHOMY U 811UsimeribHOMY KOHMeHmy
M0 XUMUYECKUM HaykaMm Ot Haweao coobujecmea.
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Ni-Al-Mg-Mn COMPOSITE CATALYSTS FOR PARTIAL OXIDATION OF NATURAL GAS

Abstract: the problem of rational utilization of natural and associated petroleum gases and the cessation
of their flaring is one of the acute and unresolved environmental problems. The aim of this work is to develop
effective thermally stable catalysts of a new generation for the processes of oxidative conversion of light
alkanes of natural and associated gas into synthesis gas. The results of partial oxidation of the methane of
natural gas on the catalysts prepared by solution combustion synthesis are presented. Investigation of the
activity of catalysts produced from initial mixture of Ni(NQOs); - Al(NO3)s - Mg(NQ3), - Mn(NOgs), + urea of
different composition was carried out for the production of synthesis-gas. It was found that the optimal
conditions for producing of synthesis-gas are: CH4 conversion higher than 95%, yield of target products: H; -
97 - 99% and CO - 40 - 43%, T = 900°C, space velocity — 2500 and 6500 h™*. The catalysts were studied by X-
ray diffraction, transmission electron microscopy, specific surface area, pore volume and average pore
diameter. The presence in the catalysts of simple and mixed oxides, metal aluminates and spinel-type
structures, the presence of which contributes to the active work of catalysts for oxidative conversion of CHa,
has been established.

Key words: catalytic oxidation, methane, synthesis-gas, nickel, magnesium.

Introduction. The problem of rational is certainly set to play a central role in meeting the
utilization of natural and associated petroleum gases world’s energy needs for at least the next two-and-
and the termination of their combustion in flares is a-half decades”. This means that technologies based
today one of the most acute and unsolved on methane will have priority. Since 1750, methane
environmental problems. Both natural and has doubled, and could double again by 2050. Each
associated petroleum gas can be considered as an year we add 350-500 million tons of methane to the
alternative source of obtaining valuable and very air by raising livestock, coal mining, drilling for oil
expensive petrochemical and organic synthesis and natural gas, rice cultivation, and garbage sitting
products on the world market, especially in times of in landfills. Methane is greenhouse gas more than
crisis. 25 times as effective in trapping heat in atmosphere

New catalytic technologies for the processing as carbon dioxide. Reducing of sources of CH4 and
of hydrocarbon raw materials, which will make it non-CO; greenhouse gases could lead to a decline
possible to produce goods that meet international in the rate of the global warming, reducing the
standards and are able to compete in the market, are danger of dramatic climate change. The production
becoming relevant and promising in connection of synthesis-gas from methane using active and
with the entry of the Republic of Kazakhstan into stable catalysts plays an important role in the
the World Trade Organization. During the last two chemical and petrochemical industries.
decades the catalytic reforming of methane has For the above processes, oxide catalysts [1],
increasing interest as an alternative route for syngas their mixtures, and composites based on them [2]
production. The International Energy Agency (IEA) have been recently used instead of the noble metals
world energy outlook clearly states that “natural gas [3,4] that were used previously. The method of self-
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propagating high-temperature synthesis has become
widespread in recent years [5], especially its
modification - the solution combustion synthesis
(SCS) [6-8], as a result of which finely dispersed
oxides and spinels are synthesized [9,10].

Previously, we investigated the process of
oxidative conversion of light alkanes into synthesis-
gasin the presence of oxygen on different types of
catalysts: noble metals [11-13], oxides [14,15] and
catalysts prepared by solution combustion
synthesis [16]. Materials.

Many researchers reported that Mg, Mn and
Ni-based catalysts possessed high activity, but one
of the major problems encountered in the
application of this process is catalyst deactivation
mainly by carbon deposition. During the past
decades nickel catalysts have been extensively
studied [17], but few studies were made on Mg
catalysts, Ni-Mg [18,19] and Mn catalysts [20].

The paper presents the data of the activity of
the developed SCS catalyst based on Ni - Al - Mg -
Mn, capable of carrying out the process of oxidative
conversion of methane into synthesis-gas.

Methods. Catalyst preparation

A series of catalysts on the base of (50%
Ni(NOs)2/50% urea, 41% Ni(NO3), + 3% AI(NO3)3
+ 3% Mg(NO3), + 3% Mn(NO3)2/50% urea, 30%
Ni(NOs), + 10% AI(NOs); + 5% Mg(NOs), + 5%
Mn(NO3)./50% urea, 20% Ni(NO3z), + 20%
AlI(NO3)s + 5% Mg(NO3), + 5% Mn(NOs3)2/50%
urea, 10% Ni(NOg)z + 30% A|(N03)3 + 5%
Mg(NOs), + 5% Mn(NO3)2/50% urea, 5% Ni(NOs),
+ 35% AINOs); + 5% Mg(NOs), + 5%
Mn(NO3)./50% urea, 10% Ni(NO3z). + 40%
AI(NOs)3/50% urea) was prepared by solution
combustion synthesis method. A mixture of salts
and distilled water was placed in a quartz glass. The
content of the glass was heated to 80 - 100°C. Then
the beaker with the solution was placed in a
preheated muffle furnace, where the catalysts were
prepared at various temperatures. At the beginning
of the reaction, a large amount of heat is generated,
which ensures a rapid spread of the combustion
front and a sharp increase in temperature. After
several minutes, structural catalysts are formed, the
formation of which is one of the reasons for the high
activity of the prepared samples. The final form of
the catalyst is shown in Figure 1.

Figure 1 - General view of the catalyst prepared
by the SCS method

Characterization techniques

The catalysts were studied by XRD on a
Siemens Spellman DF3 spectrometer with Cu-Ka (A
= 1.5406A) radiation in steps of 0.03°/1" in the 20
range from 5° to 100°. For semi-quantitative X-ray
analysis, 5% KCI was added to the analyzed
samples as an internal standard. Transmission
electron microscopy (TEM) was used to determine
the morphology of the developed catalysts. The
electron-microscopic characteristics of the catalysts
were obtained on an EMK-125 K microscope
(Sumy, Ukraine) at an accelerating voltage of 75
kV. The SEM observations were carried out in a
Quanta Inspect FEI scanning electron microscope
and the EDS patterns were carried out by an EDX
analyser on samples sputter-coated with gold with a
coating thickness of 5-10 nm. Compressive strength
was measured in a 100 kN strain-controlled
universal tester at a displacement rate of 100
um/min on cylindrical specimens of diameter 1 cm
and height 2 cm. The initial mixture and reaction
products were analyzed using a Chromos GC-1000
chromatograph with the Chromos software.
Chromatographic peaks were calculated using
calibration curves constructed for the corresponding
products using the Chromos software for pure
substances. The specific surface area was
determined and the pore distribution in the catalysts
was measured by the BET method (Brunauer—
Emmett-Teller) using a GAPPV-Sorb 2800
analyzer. Nitrogen (99%) with helium (99%) was
used as the carrier gas. Pore volume and average
pore diameter were calculated by the BJH method
using desorption isotherm curves.

Catalytic activity studies

SCS catalysts were placed in a fixed bed flow
reactor of the automated flow laboratory installation
with on-line analysis of initial materials and
reaction products. The gas mixture CH4: Oz : Ar (2:
1:3), (34% / 17% / 49%) was used to study the
oxidative conversion of methane into synthesis gas
under atmospheric pressure in the temperature
range 700 - 900°C at the space velocity 500-8500
h'. Obtained data were checked for reproducibility
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of the results. For this, the data obtained for one furnace heated to 500°C. The composition of the
specific temperature were repeated at least 3 times initial mixture, combustion conditions and the final
until the results were completely reproducible. catalyst compositions are shown in Table 1.

Results and Discussion. Catalysts of the Ni -
Al - Mg - Mn + urea series were prepared in a muffle

Table 1 - The initial compositions of salts and final catalyst composition at 500°C
preheating temperature of solution

Starting compounds

Catalysts composition

50% Ni + urea

NiO, NiC, C

10% Ni + 40% Al + urea

NiAI204NiC, NiO, Ni20O3

3% Ni + 3% Al + 3% Mg + 41% Mn + urea

MgAl;04, MN304, MgMn;04, MNAI,O4

20 % Ni + 20% Al + 5% Mg + 5% Mn + urea

NiAl;04, MgAI,04, NiO, NIC, MgNiO;,
A|Ni, A|203, Mn304

30% Ni + 10% Al + 5% Mg + 5% Mn + urea

NiA|204, MgA|204, NiC, MgO, NizOs,
MgNiO;, NiO, Mn304

20% Ni + 20% Al + 5% Mg + 5% Mn + urea spent

NiA|204, MgAIZO4, NiC, Ni, C

The following reactions are possible in the process of solution combustion synthesis:

Mg(N03)2 6H.O — MgO +NO; + O, + H,0O (1)
MgO + A|203 — MgAle4 (2)
Mg(N03)2 6H,O + Al — MgA1204 + NO + NO, (3)
NiO + Al,03 — NiAl;O4 4)
MgO + NiO — MgxNiyO, (5)
KMnO4 — KMnO; + O, ¢ (6)
KMnO; — K50 + Mn,03 (7)
Mn,Osz — Mn,O + MnO (8)
MnO + A|203 — MnALO, (9)
MgO + MnO —MgxMn,0O, (10)
Presence of products were confirmed by urea catalysts, X-ray diffraction pattern of the
EDX analysis on the SEM, for example as shown in samples as shown in Figure 3 and Table 1.

Figure 2 of 3% Ni + 3% Al + 3% Mg + 41% Mn +

PP —
13408 22 Jul 2020

Figure 2 - SEM images of the 3% Ni + 3% Al + 3% Mg + 41% Mn + urea catalyst and its EDS
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X-ray diffraction pattern of the samples are
shown in Figure 3. It can be seen from the figure
that the catalysts had a rather similar qualitative
composition, but differed in the phase ratio. The
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phase ratio can be determined from the relative
intensity of the X-ray diffraction peaks for each
phase.
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Figure 3 - X-ray spectra for the Ni - Al - Mg - Mn + urea catalysts

As a result of TEM studies at low
magnification, a small frame-type aggregate of
large dense particles with a size of 50-100 nm is
shown on Figure 4.

Figure 4 - TEM images of the 3% Ni + 3% Al +
3% Mg + 41% Mn + urea catalyst

The microdiffraction pattern is represented
by reflections located along rings and individual
reflections and can be attributed to a mixture of
phases: MnO (JCPDS, 2-829), MgAl.O4 spinel
(JCPDS, 21-1152), NiAl,Os (JCPDS, 10-339),
MgC, (JCPDS , 3-748), Ni,O3 (JCPDS, 14-481).
Also, a semitransparent plate filled with particles
with a size of 30-50 nm and more was shown. The
microdiffraction pattern is represented by
reflections that can be attributed to a mixture of
phases: 0-Al,03 (JCPDS, 35-121),
MnAl,O.Galaxite (JCPDS, 29-880), B-
MnO2pyrolusite (JCPDS, 24-735).

The specific surface area of the catalysts is
low. This is due to high combustion temperatures
during preparation of catalysts. Despite this, the
synthesized catalysts have a high specific activity,
which allows them to compete even with catalysts
of the Pt group.
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The results on the yield of hydrogen and CO,
as well as the selectivity for catalysts are presented
in Figure 5.
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Figure 5 - Conversion of methane, yields,
selectivities by Hz and CO, as well as H,/CO ratio
on catalysts at different concentrations of Ni in the

oxidation of methane to synthesis gas

Figure 5 shows that 20% Ni content is
optimal for producing the highest syngas results
from the entire series of catalysts prepared by the
solution combustion method. High selectivities for
H, and CO (100% and 99.4%, respectively) and
yields for H, and CO (97.5% and 40.2%,
respectively) were produced on the above catalyst
composition. The H»/CO ratio close to 2 was found
under these conditions, which is suitable for the
production of olefins and alcohols in the future.

Unlike Ni, the optimum Mg content is 5%,
where optimum results are obtained. The yields of
H, and CO corresponded to 97% and 43%, the
selectivity for H, - 100% and for CO - 99%, Figure
6. The H»/CO ratio reached 2.2.
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Figure 6 - Conversion of methane, yields,
selectivities by H, and CO, as well as H2/CO ratio
on catalysts at different concentrations of Mg in the
oxidation of methane to synthesis gas

The Mn content also affects the performance
of the oxidative conversion of methane into
synthesis gas. With an increase in the Mn content,
starting from 5% in the composition of the catalyst,
the yields of the target products, as well as their
selectivity, begin to decrease continuously.

On optimal 20% Ni + 20% Al + 5% Mg + 5%
Mn + 50% urea catalyst under conditions: 34% CHy,
17% Oz and 49% Ar, CHs : Oz = 2 : 1, catalyst
volume 2 ml in the temperature range 850 - 900°C,
the effect of the space velocity from 500 to 8500 h-
! was investigated.

At a space velocity of 6500 h?, hydrogen
yields were achieved up to 97.5 - 98.7%, CO - up to
43% with selectivity up to 100% for hydrogen and
99.4% for CO, H,/CO ratio = 2.2 - 2.4. Similar
results were obtained at a space velocity of 2500 h
. A further increase in the space velocity led to a
decrease in the process parameters.

Comparison of catalyst preparation methods
(solution combustion method and traditional
impregnation method) for yield and selectivity for
H, and CO at 900°C for 20% Ni + 20% Al + 5% Mg
+ 5% Mn + 50% urea catalyst was carried out. It has
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been shown that the solution combustion method
has some advantages over the impregnation method.
This is an important result, since the method of
solution combustion is more economical, it is
carried out within a few minutes compared to many
hours of high-temperature impregnation process.
The stable operation of the catalyst was
confirmed during continuous operation of the
sample for 60 h, Figure 7. Product yields, methane
conversion, and selectivity for CO and H; showed
constant results throughout the entire test period.
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Figure 7 - Effect of the duration of experiment on
the stability of 20% Ni + 20% Al + 5% Mg + 5%
Mn + 50% urea catalyst

Conclusion. Thus, it was found that the
synthesized 20% Ni + 20% Al + 5% Mg + 5% Mn
+ 50% urea catalysts are active in the reaction of
partial conversion of methane into synthesis-gas.
The optimal conditions for the maximum operation
of this catalyst are: 34% CHa, 17% O, 49% Ar,
space velocity — 2500 and 6500 h* at the
temperature of 900°C. The presence in the catalysts
of simple and mixed oxides, metal aluminates and
spinel-type structures, the presence of which
contributes to the active work of the catalysts for the
oxidative conversion of methane, has been
established. 97.5 - 98.7% of H,, 43% of CO with
selectivity up to 100% for H, and 99.4% for CO,
H,/CO ratio = 2.2 - 2.4 were obtained as a result of
the research. It has been shown that the solution
combustion method has some advantages over the
impregnation method for preparation of catalysts,
which is an important practical achievement for
further applications in catalysis, since. In addition to
economic advantages, this method is also more
environmentally friendly, since less exhaust gases
are released into the atmosphere at significantly
shorter preparation time.
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TABUFU I'A3/1bl KOMITIO3UTTI Ni-Al-Mg-Mn KATAJIU3ATOPJIAPBIH/JIA
ITAPIUAJLABI TOTBIKTBIPY

AHHOTAIUSA: TaOWFH JXKOHE iJeclie MyHal ra3fapblH YTBHIMIBI MaiilanaHy »oHE OJapiAblH JKaHYBIH
TOKTaTy Maceseci 03eKTi KoHe MIelIiMi TaObUIMaraH YKOJIOTHSUIIBIK MaceleNiep iH 0ipi 00bin TabbuTaasl. by
JKYMBICTBIH MaKcaThl — TAOUFH JKOHE 1JIeCTIe ra3blH )KEHIJT aTKaHIapbIHBIH CHHTE3-Ta3Fa TOTBIFY KOHBEPCHSICHI
ypaicTepi YIIiH jkaHa OyBIHIBI THIMAI TEPMUSUIBIK TYPaKThl KaTallM3aTopiapblH kacay. Epitinmi me xaHy
oMliciMeH JaWbIHIANFaH KaTaau3aTopiapaarbl TaOWFM Ta3 METAHBIHBIH JKAPTHUIAH TOTHIFY HOTIDKENEpI
kenaripinren. Cuares-ra3z any yurs op typii Kypammarsl Ni (NO3)2 - Al (NO3); - Mg (NOs)2 - Mn (NOs); +
MOYEBMHA KOCHAJIapblHAH jKacajJFfaH Karanu3artopiap OelceHIulriHe 3eprreyiep skypriziami. CuHTes-ra3
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ay by oHTaie! maptrapsl: CHa-HBIH KOHBepcusch 95%, MakcaTThl ©HIMHIH WBIFBIMBL: Ho - 97-99% sxone
CO - 40-43%, T = 900°C, xeneMiK KbUTIAMABIFE - 2500 xoHe 6500 car™. Katamusatopnapra peHTreHIiK
(dazanplk  Tanmay, CcoyJiedi  AJEKTPOHABl MHUKPOCKONMSUIBIK — 3€pPTTEyJiep JKYpri3iimi, COHmakl-ak
KaTaln3aTopiapAblH MEHIIIKTI OeTTIK ayJgaHbl, KeyeKTep KeJieMi MeH KEyeKTEepHAiH opTaiia Juamerpi
anbIkTanabl. CHs-HBIH TOTBIFY KOHBEPCHACHI YINIH KaTajgw3aTopiiap KYpambIHAa HETi3Ti XOHE apaliac
OKCHJITEP, METAJUT aTJFOMHUHATTAPbI JKOHE INMUHENb THITI KYPBUIBIMAAPAbIH 0ap €KeHIIr aHbIKTAJIbI, oap
KaTajau3aTopJIapIblH OCJICEH Il dKYMBIC XKacayblHa dCEp STe/I.
Tyiiin ce3aep: KaTaIu3miK TOTHIFY, METaH, CHHTE3-Ta3, HUKEJIb, MATHUN.
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Ni-Al-Mg-Mn KOMITIO3UTHBIE KATAJIU3ATOPBI TAPLIUAJIBHOT'O
OKUCJIEHUSA TPUPOJHOI'O I'A3A

AHHOTamus: podIeMa PalMOHAIBHOTO UCIIOIb30BAHUS MIPUPOIHBIX U MOMYTHBIX HE(PTSHBIX ra30B U
MIPEKPAICHUS UX COKUTAHUS SBISICTCS OJHON M3 OCTPBIX M HEPEUISHHBIX SKOJIOTHYECKUX mpobieM. Llenbio
JMaHHOW PaOOTHEI ABIAETCS pa3paboTka 3(P(HEKTHBHBIX TEPMHUUYCCKH CTAOMIBHBIX KaTaln3aTOPOB HOBOTO
MTOKOJICHUSI JIJIsl MTPOLIECCOB OKUCITMTEIBHON KOHBEPCHUH JIETKUX AJKAHOB MPHPOIHOTO M IOMYTHOTO Ia3a B
cuHrte3-ra3. [IpuBeneHbl pe3yabTaThl YaCTUYHOTO OKHCIIEHUS METaHa MPHUPOJHOrO ra3a Ha Karajau3aTopax,
TIPUTOTOBJICHHBIX METOJIOM PAacTBOPHOTO TopeHHs. [IpoBemeHo MccienoBaHne aKTHBHOCTH KaTaH3aTOPOB,
monydeHusix u3 ucxomuoi cmecu Ni(NOs)2 - AI(NO3); - Mg(NOs)z - Mn(NQOg3), + ModeBrHA pa3IHIHOTO
cocraBa JJisi TOJYYCHHsI CHHTE3-Ta3a. BbUIO YCTAHOBJIEHO, YTO ONTHUMAJIBHBIMU YCJIOBHSMH IOJyUCHUS
cuHTe3-ra3a sBistoTcs: koHBepcus CHa 6onee 95%, Brixon neneBbix npoaykTos: Ho - 97 - 99% u CO - 40 -
43%, T = 900°C, obwemHast ckopocTh - 2500 u 6500 gl Karanmzarops!l OBITH HCCIIETOBAaHBI METOAAMH
peHTreHo(}a30BoOro aHaan3a, MPOCBEUYMBAIOIICH AJICKTPOHHOM MHUKPOCKOIWH, ObLjla OMpPEC/iCHA Y/Ie/IbHAS
MIOBEPXHOCTh, 00BEM TOp U CPEAHUN JAUAMETpP MOp. YCTAaHOBJICHO HAIMYME B KaTaau3aTopaxX MPOCTBIX U
CMEIIaHHBIX OKCHOB, ATFIOMUHATOB METAJJIOB M CTPYKTYP THIIA IIITMHENN, HAJTHIHE KOTOPBIX CITIOCOOCTBYET
aKTUBHOW paboTe KaTann3aTopoB OKHCIUTENsHOTO ipeBpamenus CHa.

KiroueBble cj10Ba: KaTaJUTHYECKOE OKUCIICHUE, MEMAH, CUHMe3-2a3, HUKENb, MACHUL.
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