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Bac pepaxrop:
KYPBIHOB Mypar ’KypbIHYJIbI, XUMHUS FBUIBIMIAPBIHEIH JOKTOPSL, ipodeccop, KP ¥FA akanemuri,
Kazakcran PecryOnmukace!l ¥ITTBIK FBUTBIM aKaieMusichiHbIH npe3ueHTi, AK «J1.B. CokobCkuii aTbIHIaFbI
OTBIH, KaTaJIH3 )KOHE IEKTPOXUMUS HHCTUTYTHIHBIHY 0ac qupektopbl (Anmarsl, Kasakcran) H = 4

Penaxkmus ankacel:

OJJEKEHOB Cepra3bl MbiHxkacapyJibl (0ac peaakTOpIbIH OpbIHOACAPHI), XMMUS FHIIBIMAAPBIHBIH
JoKTOpsI, podeccop, KP ¥FA akagemuri, «Dutoxumushy XaablKapaiblK FHUTBIMH-OHIPICTIK XOIIUHTTHIH
mupekropsl (Kaparannsr, Kazakcran) H =11

ATI'ABEKOB Buaamumup EnokxoBuu (6ac pemaxTopiblH OpbIHOAcapbl), XUMHS FBUIBIMAAPBIHBIH
JokTopsl, npodeccop, berapycs ¥YFA akanemuri, Kana marepuaniap XuMUsICbl HHCTUTY TBIHBIH KYPMETTI
nupekropsl (Munck, berapycs) H =13

CTPHAJ MupocaaB, npodeccop, Uexust FhUIBIM aKaJEMHUSICHIHBIH OJKCHEPHIMEHTTIK OOTaHHKa
MHCTUTYTBIHBIH 3epTXaHa MeHrepyurici (Onomoy, Yexust) H = 66

BYPKITBAEB Myxam6eTKaJu, XUMUs FbUTBIMAAPBIHEIH JOKTOPEL, podeccop, KP ¥FA akanemuri,
on-®apadu areigarsl Kaz¥Y Y-npiy Oipiamm npopexropsl (Anmarsl, Kazakcran) H =11

XOXMAHH J[Ixymut, Ceren ynusepcureriniy ®Papmauesruxa daxysapreTinin PapMakornosus
KadeapachHBIH MeHrepymrici, JKapaTbuiblcTaHy FBUIBIMIAPBIHBIH TTOHAPAIBIK OPTAJIBIFBIHBIH JAUPEKTOPEI
(Ceren, Bernrpust) H =38

POCC Camup, PhD noxropbl, Muccucunu yHUBEpCHTETiHIH OCIMIIK OHIMICPIH FBUIBIMU 3€PTTEY
YITTHIK opTansirel, Papmanust Mmektebinin npodeccopst (Oxcdopa, AKII) H =35

XYTOPSIHCKUM Burannii, punocodus gokropst (PhD, (apmarerr), Pequnr yHHBepCHTETiHIH
npodeccopsr (Peaunr, Aurus) H = 40

TEJTAEB Bargar Bypxan6aiiyiabl, TeXHUKa FRUIBIMIAPBIHBIH JOKTOpHI, mpodeccop, KP ¥FA
KoppecnionaeHT-mymreci, Kaszakcran PecnyOmukacer WHgycTpust koHe HWH(PPAKYpBUIBIMIABIK —JaMy
munucTpiiri (Anmarsl, Kasakcran) H = 13

DAPYK Acana Jlap, Xamnap ans-Mamxuaa [IsFsic MeuiHa KoJUIepKiHIH Tpodeccopsl, Xamaap
yauBepcuteTiHig Lsrpic Mmequiuna akynsreti (Kapaun, [Tokxicran) H =21

®A3bIJIOB Cepik /IpaxmMeTy.ibl, XUMHS FBUIBIMIAPBIHBIH JOKTOPBL, ipodeccop, KP ¥FA akanemuri,
OpraHuKajiblK CHHTE3 XKOHE KOMIp XHUMUSCHl HHCTUTYTHI TUPEKTOPBIHBIH FBUIBIMH JKYMBICTAp JKOHIHIET1
opsiabOacaps! (Kaparausl, Kazakcran) H=6

KOPOBEKOBA Illapuna 7Kopo0eKKbI3bl, XHMHs FHUIBIMIAPBIHBIH JOKTOPBI, mpodeccop,
Kepreiscran ¥FA akagemuri, KP ¥FA Xumust koHe XUMMSUIBIK TexXHOJOTHsS HMHCTHTYTHI (Bimikek,
Kpiprezcran) H = 4

XAJIMKOB [:xypadaii XaJuKkoBHY, XUMUsI FBUIBIMIAPBIHBIH JTOKTOPBI, podeccop, Taxikeran FA
axanemuri, B.M. Huxutun ateranarsr Xumust mHCTUTYTHI ([lymante, Toxikeran) H =6

DAP3AJIUEB Barug Mekuaoribl, XuMys FBUTBIMAAPBIHBIH TOKTOPEL, podeccop, ¥FA akanemuri
(Baky, O3ipoaiixan) H=13

TFAPEJIMK Xempa, ¢unocodus noxropsr (PhD, xmmus), Xanplkapallblk Taza jKOHE KOJIaHOAIBI
XMW OJIaFbIHBIH XMHUS KOHE KOpIIaraH opTa OemnimiHiH mpe3uaeHTi (Jlonmon, Aurmms) H = 15
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I'naBHbII perakTop:
KYPUHOB Mypar KypuHoBHY, JOKTOp XMMHUYECKHX HayK, mpodeccop, akagemuk HAH PK,
npe3uaeHT HaronansHol akagemun Hayk Pecry6mmkn Kazaxcran, renepansusiii fupexrop AO «HcTHTYT
TOIUIMBA, KaTanu3a u anekrpoxumun uM. /1.B. Cokonbckoro» (Anmarsel, Kazaxcran) H =4

Penaxkuuonnas xosuierus:

AJIEKEHOB Cepra3spl MbIH:kacapoBH4 (3aMECTHUTEINb INIABHOTO PEJAKTOPA), JOKTOP XUMHUUCCKUX
Hayk, podeccop, akagemuk HAH PK, mupexkrop MexayHapoHOro Hay4HO-IIPOU3BOCTBEHHOTO XOJIANHT A
«Dutoxumust» (Kaparanna, Kazaxcran) H =11

AI'ABEKOB B aagumup EHokoBHMY (3aMeCTHTENb TJIABHOTO PENAKTOpa), IOKTOP XUMHUYCCKHX
Hayk, npodeccop, akanemuk HAH Benapycu, nouerHslit aupexrop MHCTUTyTa XMMHH HOBBIX MaTepHaoB
(Munck, benapycs) H= 13

CTPHA/I Mupocias, npodeccop, 3aBemyromuii 1abopaTtopueli HHCTUTYyTa DKCIIEPUMEHTAIBHON
6otanuku Yemnickoii akagemun Hayk (Onomoyi, Yexust) H = 66

BYPKUTBAEB Myxam0eTKkaan, JTOKTOp XMMHYECKHX Hayk, mpodeccop, akagemuk HAH PK,
[epssrit mpopextop KasHY umenn anp-dapadu (Anmarsl, Kazaxcran) H =11

XOXMAHH [IxynuTt, 3aBenyromnii kapenpoit @apmaxornozun dapmareBrHiyeckoro (akyisrera
VYansepcurera Cerena, upexTop MexXIUCIUIUIMHAPHOTO IIEHTpa ecTecTBeHHBIX Hayk (Ceren, Benrpms)
H=38

POCC Cammup, noxrop PhD, mpodeccop HIkomsr dapmanuyi HAIMOHAIBLHOTO IEHTPa HAYYHBIX
WCCIICJOBAaHUH PACTUTEIBHBIX MPOAYKTOB YHUBepcuTeTa Muccucunu (Oxcdopa, CIIA) H = 35

XYTOPSIHCKUM Butammii, noxrop durocodun (Ph.D, dapmanesr), mpodeccop Yuusepcurera
Penunra (Pepunr, Aurus) H = 40

TEJIBTAEB Baraar Bypxan6aiiyJibl, JOKTOp TEXHHYECKHUX HayK, Ipodeccop, WieH-KOPPECIIOHACHT
HAH PK, MunucrepctBo Munycrpuu u unpactpykrypHoro pa3sutus Pecriyonuku Kasaxcran (AnamMarsl,
Kazaxcran) H=13

DAPYK Acana [lap, mpodeccop kommtemka Bocrounod memmmmubel Xampaapia ans-Mapkunaa,
¢axynsreT BocTouHoil MenuuuHbl yHuBepeuteta Xamaapaa (Kapaun, [Takucran) H =21

®DA3BIJIOB Cepuk /IpaxmeToBUY, TOKTOp XHMHUYECKHX Hayk, mpodeccop, akagemuk HAH PK,
3aMeCTHTENb JUPEKTOpa 1o HaywIHO# paboTe VHCTHTYTA Opranmdeckoro cuHTe3a u yrexumun (Kaparanna,
Kazaxcran) H=06

7KOPOBEKOBA Illapumna KopodexoBHa, TOKTOp XMMHYECKUX HayK, podeccop, akanemnk HAH
Keipreserana, MactutyT Xumun u xumudeckoit texnonorud HAH KP (bumukek, Keipreseran) H = 4

XAJIMKOB [Ixxypa6aii XaJauKoBH4Y, JOKTOp XHMHYECKHX HayK, mpodeccop, axazemuk AH
Tamxukucrana, Vuctutyt xumun nmenu B.W. Hukntuna AH PT (dyman6e, Tamxukucran) H = 6

DAP3AJIMEB Barug Memkua oribl, JOKTOp XHMHYECKHX Hayk, mpodeccop, akanemunk HAHA
(baky, Aszepo6aitmxan) H=13

T'APEJIMK Xempaa, noxrop ¢unocopun (Ph.D, xumus), npesunent Otnena XUMUH U OKpYsKaromieit
cpensl MexxIyHapogIHOro cor03a YHCTO! 1 npukiiagHoi xumun (Jlonnon, Anrmst) H =15
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M. Zhumabek'?, S.A. Tungatarova'?, G.N. Kaumenova'’, A. Manabayeva'*,
S.0. Kotov®
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Ni-Co-Zr COMPOSITE CATALYSTS FOR PARTTAL OXIDATION OF
NATURAL GAS

Abstract. Reducing greenhouse gas emissions is one of the most important
problems facing humanity at the present stage. New active and selective Ni — Co - Zr
catalysts without precious metals were tested in the processes of oxidative conversion
of light alkanes into modern synthetic fuel - synthesis gas or hydrogen. Emissions after
their use are minimal. Ni — Co - Zr composite catalysts have been prepared by fast,
environmentally friendly high temperature synthesis. The morphology of the samples
was studied using X-ray phase analysis and electron microscopy. Tests of the oxidative
conversion of methane were carried out on an automated flow catalytic unit in a tubular
reactor with a fixed catalyst bed at 700 - 900°C. An Agilent 6890 N gas chromatograph
with software was used for on-line analysis of raw materials and reaction products. The
highest values for target products were obtained on the 47% Ni - 2% Co - 1% Zr - 50%
glycine - 36.15% Al - 13.85% Mg catalyst at 900°C. The yield of H, was 57.3%, the
yield of CO was 19.4% with a selectivity up to 84.2% for H, and 57% for CO, the H/
CO ratio = 2.8 - 2.9. It has been established that Ni-Co-Zr catalysts under experimental
conditions contain aluminates and metal alloys.

Key words: methane, catalytic oxidation, synthesis-gas, nickel, cobalt, zirconium.
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M. Kymabek'?, C.A. Tynrarapoa'”, [.H. KaymenoBa'’, A. ManaoaeBa'*,
C.O. KoroB®
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TABUTU I'A3/IbI KOMIIO3UTTI Ni-Co-Zr KATAJIM3ATOPJIAPBIHIA
HAPIUAJIABI TOTBIKTBIPY

Annoramus. Kazipri tanga amamszar anaplHIa TYPFaH MaHBI3IABI MOCeleNepIiH
0ipi — MApHUKTIK ra3nap NIBIFAPBIHIBUIAPBIH a3aiTy. JKeHia ankaHgapAbl 3aMaHayH
CHUHTETHKAJBIK OTHIH CHHTE3-Ta3Ffa HeMece CYTeKKe TOThIFa alHally YpIiCiHIe *KaHa
Oercenai skoHe cesiekTHBTI Oaranbl MeTanmaapcbid Ni — Co - Zr karaau3aropiapsl
ceiHaNABl. Omapiapl  KOJJAHFAaHHAH KEWiHT1 MIbIFapbIHAbBUIAp a3aiabpl. JKorapsl
TEMIIepaTypajibl CHHTE3 apKBUIBI )KbUTIaM SKOJIOTUsIIBIK Ta3a Ni— Co - Zr KOMITO3UTTIK
KaTaju3aropyiapbl JalbIHAAIIBL. YJITUIEpAiH MOP(OIOTHACH PEHTIeHIIK (a3aibiK
Taj/1ay KoHE IEKTPOH/Ibl MUKPOCKOTHS apKbLibl 3epTTeiii. 700-900°C temmneparypana
KaTalnu3aTop/blH KO3FaIMalThiH KabaTel Oap KYOBIpIBI pPEaKTOpAAaH TypaTbiH
ABTOMATTAH/IBIPBUIFAH aFBIHJIBI KaTalU3/iK KOHJBIPFbIA METaHHBIH TOTBIFY aifHaIy
ypaici xypriziani. bacrankel xoHe peakuusi oHiMAEpiH on-line Tanxay yuriH H Agilent
6890 N ra3 OarnapiraMacbIMEH Ka0IbIKTaFa XpoMaTorpadbiHaa Kyprizinai. MakcarTsl
OHIM/JIEP/IIH €H JKoraprbl KepceTkimrepid any yira 900°C temneparypana 47% Ni -
2%Co - 1% Zr - 50% ruuH - 36,15% Al - 13,85% Mg karaau3aTopbIHia allbIHIbI.
H,/CO=2.8-2,9 e3apa apakarbiHaceinaa H, mbremver 57,3%, an CO - 19,4% Gonca
colikecinme cenexrunrinikrepi H, - 84,2% neitin, CO 57%-ap1 Kypaapl. AJOMUHUNA
xoHe Metaiul Kocnanapbl Ni — Co - Zr Karanu3aTOpbIHBIH KypaMblHAa 0ap eKeHIITri
TOXKIpHOE KaFaalbIHAa aHBIKTAIIIBI.

Tyiiin ce3nep: MeTaH, KaTalu3/IiK TOTBIFY, CHHTE3-Ta3, HUKeJIb, KOOAJIbT, IUPKOHHUH.
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Ni-Co-Zr KOMIIO3UTHBIE KATAJIM3ATOPBI IIAPLHUAJIBHOI'O
OKUCJIEHUS TPUPOJHOI'O I'A3A

Annoramnus. CHIWKEHHE BBIOPOCOB NApHUKOBBIX Ta30B SBISIETCS OIHOM W3
BOKHEHIINX MPOOIIeM, CTOSIIMX Ha COBPEMEHHOM JTare Tepe yenoedectBoM. HoBbie
akTHBHBbIe M celekTuBHBIe Ni — Co - Zr xaranuzatopbl 0e3 JparoleHHbIX METaJIOB
OBUIM HCIIBITAHBl B TIPOLECCAX OKHCIUTEIHLHOTO TMPEBpAIleHHs JETKUX aJKaHOB B
COBpPEMEHHOE CHHTETUYECKOEe TOIUTMBO — CHHTE3-ra3 11ubo Bomopon. Beibpockr nocie
UX HCIOJb30BaHUS MHUHUMAaNbHBL. Ni — Co — Zr KOMIO3UTHBIE KaTall3aTopbl ObLIH
IPUTOTOBJICHBI OBICTPHIM, KOJIOTHUECKH YHCTBHIM BBICOKOTEMITEPATYPHBIM CHHTE30M.
Mopdomnorust 00pa3lioB HcclenoBaHa € TMOMOIIBIO PEHTIeHO(A30BOr0 aHaIW3a H
ANIEKTPOHHOW MHKPOCKOIUH. VICIBITaHUS OKUCIUTEIBHOTO TpEeBpallleHHs MeTaHa
IIPOBOAMJINCh HA ABTOMATU3UPOBAHHOW IPOTOYHOM KaTAJIUTHUYECKOH YCTaHOBKE B
TpyO4aToM peakTope ¢ HEMOABIKHBIM ciioeM Karanuzaropa rnpu 700 - 900°C. I'a3oBblit
xpomarorpad Agilent 6890 N ¢ nporpaMMHBIM oOecriedeHreM ObIT UCTIONB30BaH IS
on-line aHamM30B CHIPbS U MPOAYKTOB peakiuu. Hambonee BHICOKHME MOKA3aTeNd IO
[eJIeBBIM MPOAYKTaM Noiy4deHbl Ha karamuzarope 47% Ni - 2% Co - 1% Zr - 50%
s - 36,15% Al - 13,85% Mg nipu 900°C. Beixox H, cocrasun 57,3%, Beixon CO
- 19,4% npu cenexruBrnoctn 10 84,2% no H, n 57% no CO, coornomenue H,/CO
= 2,8-2,9. YcranosneHo, uto Ni — Co - Zr KaTaju3aTopbl B YCIOBHUIX 3KCIIEPHUMEHTA
coZieprKar aJIFOMUHATHI M CTIaBbl METAJLIOB.

KioueBble ciaoBa: MeTaH, KaTaJUTHYeCKOEC OKHUCICHHE, CHHTE3-Ta3, HUKEb,
KOOAJIbT, IIUPKOHHUH.

Introduction. In the course of its development, the world economy experienced
several energy surges, moving from charcoal and then hard coal to oil. At present, the
consumption of natural gas is growing rapidly. Previously, such energy transitions were
guided by cost competitiveness, but now the environmental aspects of the choice of
energy carriers are becoming important. In the face of the climate crisis, the global oil
and gas industry is turning towards a low-carbon future. Now the world community
is promoting the idea of decarbonization - the restructuring of economy and energy
systems in order to drastically reduce CO, emissions, which will reduce the burden
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on environment. The current level of technology does not allow abandoning the
use of traditional energy sources. However, even now it is possible to improve their
efficiency in order to reduce emissions. Natural gas is a promising alternative to oil due
to its huge reserves and the rapid development of exploration technologies. Currently,
processes for utilizing methane into various products are being actively developed.
Obtaining synthesis-gas for its subsequent use in production is an important step in the
transformation of natural gas into products.

There are three technological directions for processing natural gas into products
with increased added value: production of synthesis-gas (Siang, 2017: 6; Jalali, 2020:
15), direct catalytic conversion of methane to ethylene - oxidative condensation of
methane (Kassymkan, 2020: 6, Augaliev, 2021:7), direct catalytic oxidation of methane
to oxygen-containing products - alcohols and formaldehyde (Loricera, 2017:11). The
catalytic conversion of methane to synthesis gas, a key intermediate for the production
of liquid fuels and chemicals, is one of the most important ways to utilize methane.
Compared to other sources, natural gas may be one of the cheapest options for hydrogen
production.

There are three main methods for producing synthesis gas from methane:

- steam reforming of methane,

CH,+H,0=CO+3H, AH®, ;. =+ 206 kJ/mol (1)
- partial oxidation of methane,

CH,+0.50,=CO+2H,  AH°, =+ 35.6 kl/mol 2)
- carbon dioxide reforming of methane,

CH,+CO,=2CO +2H,  AH°,, =+ 247 kl/mol (3)

Each of the above methods has its own disadvantages and advantages. However,
they all have a common drawback: catalyst deactivation caused by carbon deposition
during the reaction. The most active noble metal catalysts for these processes are very
expensive. Nickel catalysts, on which high selectivities and yields with respect to target
products were also obtained, have been extensively studied in recent years. Regardless
of the high catalytic activity, nickel-based samples tend to deactivate due to sintering
and coking. Deactivation and sintering of the active metal requires refinement of Ni-
based catalysts with improved activity and stability. Despite the high performance
in this reaction, catalyst deactivation caused by coke deposition and sintering is still
a major problem because carbon formation in nickel catalysts is structure sensitive.
Therefore, modifying additives are usually used to reduce the size of the crystallites
or increase the interaction with the support. For example, oxides of alkali, rare earth
metals, belong to them.

Nickel catalysts have been extensively studied in the past decades (Ali, 2020: 12;
Adans, 2017: 10; Estiface, 2014:10), but insufficient research has been done on Co
(Horvath, 2017: 8; Ozkara-Aydinoglu 2010: 6; Zhumabek, 2021 a: 16), Ni-Co (Turap,
2020: 11; Wu, 2016: 16; Movasati, 2019: 9; Baizhumanova, 2020: 7) and Mn catalysts
(Kim, 2019: 6; Deorsola, 2016: 10; Zhumabek, 2021 b: 8; Kaumenova, 2020: 9). The
catalysts described above showed good characteristics in terms of activity and stability.
The carbon deposition of the catalysts was negligible even in the unreduced sample. The
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structure of fluorite is inherent in MnO , which exists in several valence states. (Kim,
2019: 6). The addition of zirconium improves the stability of the catalysts (Bespalko,
2020: 24). It can be assumed that Ni-Co-Zr/Al-Mg catalyst can provide good catalytic
performance in reforming of methane to hydrogen and carbon monoxide, as previously
reported (Tungatarova, 2021: 6).

Catalyst preparation. Ni-Co-Zr/Al-Mg catalysts were synthesized by SCS method. A
series of samples was prepared with varying content of Ni, Co, and Zr in the composition
of the catalysts. Certain amounts of nitrate salts: Ni(NO,),"6H,0, Co(NO,),"6H,0,
Zr(NO,),'5H,0, AI(NO,);"9H,0, Mg(NO,),"6H,0 and glycine (H,NCH,COOH) are
weighed for the preparation of catalysts. These salts are first ground in an agate mortar
and then mixed in a porcelain cup. Then 10 ml of distilled water is gradually added
to this mixture of salts. The resulting mixture is stirred in air for several minutes until
complete dissolution. The muffle furnace is preliminarily switched on up to 500°C. The
prepared mixture is transferred from a porcelain cup into a heat-resistant glass beaker
and placed in a heated muffle furnace. After 2-3 minutes, when the door of the muffle
furnace is not fully opened, combustion in the solution can be visually observed, in
which this mixture rises along the walls of the glass during rapid boiling. Glycine is
added to SCS catalysts to improve the combustion process. The presence of glycine in
the composition of the catalyst contributes to a change in the color of the solution to
brown during combustion. Then the glass is cooled in air and the finished catalyst is
placed in a glass bottle. Structures with a high concentration of defects in intermediate
and nonstoichiometric compounds are formed, which are one of the reasons for the high
activity of SCS catalysts. General view of the catalyst prepared by the SCS method is
shown in Figure 1.

£
Figure 1. General view of the catalyst prepared by the SCS method

Ni-Co-Zr/Al-Mg catalysts were also prepared by the impregnation method.
Titrated solutions of nitrates Ni(NO,),"6H,0, Co(NO,),"6H,0, Zr(NO,),-5H,O, and
Mg(NO,),"6H,0 were preliminarily prepared. Certain amounts of prepared solutions
are mixed in a porcelain cup. A pre-calculated amount of alumina carrier is added there.
The prepared mixture is thoroughly mixed in air, placed in a water bath and kept under
constant stirring for 5-6 h. The air-dry mixture is then transferred to a clean porcelain cup
and placed in an oven for 2 h at 250°C and then calcined for 2 h at 500°C. The catalysts
were characterized by X-ray diffraction (XRD) using CuKa, radiation on a Siemens
Spellman DF3 spectrometer, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).
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Catalytic activity studies. The tests of the synthesized catalysts were carried out in an
automated flow catalytic unit in a tubular quartz reactor with a fixed catalyst bed with
on-line analysis. The studies were conducted using the reaction mixture containing CH,,
0O,, and Ar to study the oxidative conversion of methane into synthesis gas at 700 - 900°C
and atmospheric pressure. The composition of the initial reaction mixture (CH, : O, :
Ar=34%: 17% : 49%) and the products were studied by the chromatographic method.
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.

Results and Discussion. Investigation of the activity of catalysts based on the initial
mixture 47% Ni - 2% Co - 1% Zr - 50% glycine - 36.15% Al - 13.85% Mg, obtained
in the process of solution combustion synthesis (SCS), was carried out in the reaction
of oxidative conversion of methane. A mixture of gases 34% CH,, 17% O,, and 50%
(Ar+H,0), CH, : O, =2 : 1, in the temperature range 750 - 900°C was used to study
the oxidation of methane to synthesis gas. The results on the yield of hydrogen and CO,
as well as the selectivity for target products for these catalysts depending on the space
velocity (500 - 8500 h') at different temperatures (850 - 900°C) are shown in Figures
2a and 2b.

The yields of hydrogen and CO, their selectivity, as well as the H /CO ratio, which
plays an important role in the further synthesis of alcohols and hydrocarbons, were
determined on this catalyst by varying the temperature and space velocities from 500
to 8500 h'. It was shown that it is possible to obtain the highest rates of yield and
selectivity for target products at space velocities from 1000 to 2500 h''. For example,
up to 55 - 57.3% H,, 19 - 19.4% CO were obtained with a selectivity of up to 84.2%
for hydrogen and 57% for CO, the ratio H,/CO = 2.8 - 2.9 at GHSV = 2500 h™'. Similar
results were also obtained at a space velocity of 1000 h™'. It should be noted that the H,/
CO ratio is more optimal and corresponds to a value of 2.3 - 2.4. A further increase of
the space velocity or decrease leads to a decrease in process performance.

As a result of temperature variation, it was found that carrying out the process at
900°C allows achieving the highest values of both the yield and selectivity for H, and
CO. However, the H,/CO ratio slightly increases from 2.3 - 2.5 (T = 700 - 800°C) up to
2.8 -2.9 (T =900°C) at GHSV = 2500 h'!, Figure 3.
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Figure 2. Effect of varying the space velocity on the yield and selectivity by H, and CO at different
temperatures on the 47% Ni - 2% Co - 1% Zr - 50% glycine — 36.15% Al - 13.85% Mg catalyst: a — yield
of I- H,, IT - CO; b — selectivity for I - H,, Il - CO
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Figure 3. Influence of the temperature of the process of oxidative conversion of methane on the yield and
selectivity by H, and CO: a - H, and CO yield, b - H, and CO selectivity. 1 - H,, 2 - CO

It is known that the addition of water vapor to the reaction mixture in the processes
of oxidative conversion of methane often plays a positive role, softening the conditions
of the process, increasing the selectivity, and reducing the carbonization of the samples.
The addition of water vapor to the initial reaction mixture and variation of the CH, : H,O
ratio (1:0,1:1,1:0.5,1:0.3) were studied on the indicated catalyst compositions. It
was found that the addition of water vapor is insignificant, but reduces the production of

synthesis gas, while increasing the yield of carbon dioxide from 0.1% to 1.1%, Figure
4. The H,/CO ratio also increases from 2.8 to 3.3.
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Figure 4. Influence of water vapor content in the reaction mixture on the yield and selectivity of the
process by H, and CO: a— H, and CO yield, b — H, and CO selectivity; GHSV = 2500 h"!

In the next series of experiments, the composition of the catalyst was studied. The
following catalysts were tested, Figure 5:

1-47% Ni -2% Co - 1% Zr - 50% ruus — 36.15% Al — 13.85% Mg,

2 -35% Ni-10% Co - 5% Zr - 50% rmiuun — 36.15% Al — 13.85% Mg,
3-20% Ni - 20% Co - 10% Zr - 50% rmummn — 36.15% Al — 13.85% Mg,
4—-16.7% Ni—16.7% Co — 16.7% Zr - 50% rmuumn — 36.15% Al — 13.85% Mg.
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Figure 5. Influence of the composition of catalysts on the yield and selectivity for H, and CO: a - H,
and CO yield, b - H, and CO selectivity. 1 - 47% Ni - 2% Co - 1% Zr - 50% glycine - 36.15% Al - 13.85%
Mg, 2 - 35% Ni - 10% Co - 5% Zr - 50% glycine - 36.15% Al - 13.85% Mg, 3 - 20% Ni - 20% Co - 10%
Zr - 50% glycine - 36.15% Al - 13.85% Mg, 4 - 16.7% Ni - 16.7% Co - 16.7% Zr - 50% glycine - 36.15%
Al - 13.85% Mg; GHSV = 2500 h'!

It is shown that the compositions with the highest nickel contents give the highest
results in terms of synthesis gas. Nevertheless, the selectivities for the target products are
quite high and the H,/CO ratio is the most optimal in comparison with the other sample
compositions (2.3 instead of 2.8 - 2.9) at 20% Ni content in the catalyst composition.

A decrease in the dilution of the reaction mixture (as a result of a decrease in the argon
content) reduces the yields for H, and CO, but significantly increases the selectivity for
products (for H, - up to 97-98%, for CO - 58-60%). The most optimal composition of
the catalyst, tested for 120 h, did not reduce its activity in terms of the main indicators,
Figure 6.
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Figure 6. Effect of the duration of experiment on the yield and selectivity by H, and CO: a - H, and
COyield, b - H, and CO selectivity; GHSV = 2500 h*!

Comparison of data on the oxidative conversion of CH, on catalysts with the
composition 47% Ni - 2% Co - 1% Zr - 50% glycine - 36.15% Al - 13.85% Mg prepared
by SCS and impregnation methods shows that the values of the process parameters are
close. However, in terms of commercial use, the catalyst prepared by the SCS method
has a greater advantage due to lower energy costs. The process of impregnation, drying
and calcination requires many hours of thermal procedures, which leads to an increase
in the cost of the catalyst.

X-ray diffraction studies have shown that all diffraction patterns are almost identical.
Reflexes 2.03; 1.76; 1.24 refer to Ni (ASTM 4-850), and the X-ray amorphous
component of the structural elements related to Co, Mg, Zr, Al was not detected. Figure
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7a shows films contaminated with particles ranging in size from 8 - 10 to 15 nm. The
microdiffraction pattern is represented by rings and reflections and can be attributed
to a mixture of phases: ZrO,,, (JCPDS, 17-385), ZrH, (JCPDS, 17-1424), CoAlO,
(JCPDS, 10-459), possibly Zr (JCPDS, 5- 665). Figure 7b shows a dense aggregate,
along the edge of which there are particles 5—8 nm in size. The microdiffraction pattern
is represented by diffuse rings and can be attributed to Ni,Zr (JCPDS, 4-835), MgNiO,
(JCPDS, 24-712), and to a lesser extent MgO, (JCPDS, 19-771). Images of highly
dispersed samples are presented in Figure 7c.

Figure 7. TEM (a, b) and SEM (c) images of Ni - Co - Zr - glycine - Al - Mg catalysts

Conclusion. In the present work, Ni - Co - Zr - glycine - Al - Mg catalysts prepared
by solution combustion synthesis and impregnation methods were active in the reaction
of partial conversion of methane into synthesis-gas. The optimal conditions for the
maximum operation of this catalyst are: 34% CH,, 17% O,, 49% (Ar + H,0), space
velocity — 2500 h' at the temperature of 900°C. 57.3% of H,, 19.4% of CO with
selectivity up to 84.2% for H, and 57% for CO, H,/CO ratio = 2.8 - 2.9 were obtained as
a result of the research. Reducing the dilution of the reaction mixture led to an increase
in the selectivity for hydrogen up to 97 - 98%, and for CO - up to 58 - 60%.
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