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DRY REFORMING AND OXIDATIVE CONVERSION OF METHANE
TO SYNTHESIS GAS IN THE PRESENCE OF Ni-Co-Mg-Ce CATALYSTS

Abstract. Catalytic carbon dioxide conversion of methane is the preferred method for producing synthesis gas
in connection with the implementation of the process under milder conditions and solving environmental problems
associated with a decrease in the rate of global warming. The activity of catalysts based on Ni-Co-Mg-Ce, obtained
during combustion in solution, was studied in the processes of cartbon dioxide conversion and oxidative conversion
of methane. Comparative results indicate that the preparation of the catalyst by the impregnation method is inferior to
the SHS method, in which higher values of the feed conversion and H, yield are obtained.
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Introduction

Over the past two decades, the catalytic carbon dioxide conversion of methane to synthesis gas has
attracted increasing attention as an alternative way for obtaining of synthesis gas (CO + H,) by reaction
CH, + CO, — 2CO + 2H, [1-9]. This process is an attractive industrial process because of the low ratio of
H,/CO products and is therefore preferable for the Fischer-Tropsch process. According to the analysis of
the energy prospects of the International Energy Agency (IEA) in 2013, "natural gas will certainly play a
central role in meeting global energy needs, at least in the next two and a half decades." This means that
technologies based on methane will have priority in the future.

Since 1950, methane production has doubled and could double by 2050. Annually 350-500 million
tons of methane is added to the air (livestock, coal mining, oil and natural gas production, rice cultivation,
garbage in landfills). Global annual emissions of anthropogenic greenhouse gases (by CO;) are estimated
at around 75%, and methane - around 14%. Reducing emissions of CH, and CO, can reduce global
warming, reducing the risk of climate change. One way of doing this is catalytic reforming of methane
with carbon dioxide to produce synthesis gas.

Many researchers have found that catalysts based on Fe, Co and Ni have a high activity, but one of
the main problems arising during the application of this process is deactivation of catalyst mainly due to
the deposition of carbon. Over the past decades, nickel catalysts have been extensively studied [10-12], a
few studies have been done on cobalt catalysts, Ni-Co catalysts [13,14], and Ni-Ce-based catalysts [15-
20]. It is known that the catalysts detected during these works show high activity and excellent anti-soot-
forming properties.

At present, new composite catalysts are prepared not only by traditional methods of impregnation, but
also by modern methods of self-propagating high-temperature synthesis (SHS) and combustion in solution
[21-25]. Such conditions for the preparation of samples often lead to the synthesis of very active and
selective catalysts. In this paper, a comparative study of the catalysts prepared by the above indicated
methods in the processes of carbon dioxide conversion and oxidative conversion of methane is presented.
13




H3zeecmua Hayuonanvroti akademuu Hayx Pecnybnuxu Kasaxcman

Experimental

Catalyst preparation

The SHS catalysts on the base of Ni-Co-Mg-Ce were prepared from powder mixtures. The specimens
were preheated in an electric furnace at 700 — 900°C for several minutes. The second series of catalysts
was prepared by the traditional method: samples were prepared by the incipient wetness impregnation of
dispersed ALO; (granule size 100 — 200 pm, S — 57.7 m*/g) by water solutions of metal nitrates with
subsequent heating on air at 250°C within 5 h and 600°C within 2 h.

Characterization techniques

The analysis of the initial mixture and reaction products was carried out using a chromatograph
"Chromos GC-1000" with the "Chromos" software and on a chromatograph "Agilent Technologics
6890N" (USA) with computer software. Chromatograph "Chromos GC-1000" is equipped with packed
and capillary columns. The packed column is used for the analysis of H,, O,, N,, CH,, C;Hs, C;H,, C5-Cy
hydrocarbons, CO and CO,. A capillary column is used to analyze of liquid organic substances, such as
alcohols, acids, aldehydes, ketones and aromatic hydrocarbons. The temperature of the detector by thermal
conductivity — 200°C, evaporator temperature — 280°C, column temperature — 40°C. Carrier gas velocity
Ar = 10 ml/min. The chromatographic peaks were calculated from the calibration curves plotted for the
respective products using the "Chromos" software for pure substances. Based on the measured areas of the
peaks corresponding to the amount of the introduced substance, a calibration curve V = f (S) was
constructed, where V - amount of substance in ml, S - peak area in cm®. Concentrations of the obtained
products were determined on the basis of the obtained calibration curves. The balance of regulatory
substances and products was + 3.0%.

Catalytic reaction

Experiments on the oxidative conversion were carried out on flow type installation at atmospheric
pressure in a tubular quartz reactor with a fixed catalyst bed. The catalyst was placed in the central part of
reactor and quartz wool placed above and below the catalyst bed. The free space of the reactor below the
catalyst bed was filled with quartz wool to reduce the free volume and gas phase zone of catalyst bed as
well as to minimize the further reaction of the desired product in post-catalytic volume. Gas mixture
containing methane and carbon dioxide (or oxygen) diluted with an inert gas (Ar) in the presence or
absence of water vapor was used for oxidation.

Results and discussion

Dry conversion of methane was studied on the following catalyst 23% Ni + 13% Co + 9% Mg + 5%
Ce/36.15% Al + 1.85% Mg, obtained by the SHS method at GHSV = 860 h™' and a ratio components of
the reaction mixture CH, : CO, : Ar=33.3: 33.3: 33.3 as well as at GHSV = 2500 h™' at a mixing ratio of
CH, : CO, : Ar=46.7 : 23.3 : 30.0. The studies were carried out both in the absence and in the presence of
water vapor in the reaction mixture. The results are shown in Figure 1.
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Figure 1 - Influence of space velocity and the addition of water vapor on feed conversion and yield of reaction products

— |4 ——



ISSN 2224-5286 Cepusa xumuu u mexronozuu. Ne 3. 2018

It can be seen from the figure the space velocity decreases from 2500 h™ to 860 h™', the conversion of
CH,, yields of H, and CO increase, and the addition of water vapor further increases the conversion of raw
materials and the yield of H,.

Similar experiments were carried out on the same catalyst composition, however, prepared by
impregnation at space velocities of 860 and 2500 h™ at 850 and 900°C in the presence and absence of
water vapor. It can be seen from Figure 2 that, in the same way as in the case of SHS catalysts, the
addition of water vapor favored the selective yield of H, and CO, with higher yields obtained at a space
velocity of 860 h™'.

The comparative results shown in Figure 3 indicate that the preparation of the catalyst by the
impregnation method is inferior to the SHS method, in which higher values of the feed conversion and H,
vield are obtained.
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Figure 2 - Dependence of the conversion of raw materials and the yield of reaction products
on the conditions of carrying out the process of carbon dioxide conversion on a catalyst prepared by impregnation
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Figure 3 — Effect of the method of preparation of the catalyst on the parameters of the process of carbon dioxide conversion

Investigation of the activity of catalysts based on the initial mixture of 43% Ni(NO;), + 4% Co(NOs),
+ 2% Mg(NOs), + 1% Ce(NOs), + 50% glycine + 36.15% AI(NO;); + 11.85% Mg(NOs), obtained in
solution combustion synthesis (SCS) was conducted in the oxidative conversion of methane. A mixture of
34% CH,, 17% O, and 50% (Ar = H,0), CHy: O, =2 : 1 was used to study the oxidation of methane to
synthesis gas in the temperature range 700 - 900°C. The results on the yield of hydrogen and CO, as well
as the selectivity for the target products for these catalysts as a function of temperatures (700 + 900°C) are
shown in Figures 4a and 4b.
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Figure 4 - Effect of varying the process temperature on the yield and selectivity for H, and CO
on the catalyst 43% Ni(NOs ), + 4% Co(NO3), + 2% Mg(NOs), + +50% glycine + 36.15% AI(NO5); + 13.85% Mg(NOs),

As a result of the temperature variation, it was found that carrying out the process at 900°C makes it
possible to achieve the highest values of both yield and selectivity for H, and CO, but the ratio H,/CO
decreases from 6.1 (T = 700°C) to 3.9 (T = 900°C) at GHSV = 2500 h™".

On this catalyst, the yields of hydrogen and CO, their selectivity as well as the H,/CO ratio, which
plays an important role in further syntheses of alcohols and hydrocarbons, were determined when the
temperature and space velocities varied from 1000 to 8500 h™'. It was shown it is possible to obtain the
highest yield and selectivity parameters for the target products at space velocities from 1000 to 2500 h™.
For example, up to 55.8 - 56.9% H,, 14.6% CO with a selectivity up to 93.6% by hydrogen and 48% by
CO., a ratio of H,/CO = 3.8 - 3.9 were obtained at GHSV = 2500 h™'. Similar results were obtained at a
space velocity of 1000 h™. A further increase in the space velocity leads to a decrease in the process
indices, Figures 5a and 5b.

On these catalyst compositions, the addition of water vapor to the initial reaction mixture and
variation of CH, : H,Oratio (1:0,1:1,1:0,5,1:0,3, 1:0,25) were investigated. It has been established
that the addition of water vapor to the CH, : H,O = 1 : 0.5 ratio slightly increases the yield of synthesis
gas, while increasing the yield of H, from 55.8 - 56.9 to 63.0 - 64.0%, and CO - from 14.0 to 15.6 -
15.8%, Figure 6. Further increase in the vapor content to the ratio CH, : H;O =1 : 1 leads to a decrease in
yield and selectivity. The ratio of Hy/CO remains practically unchanged in the range 3.9 - 4.0.
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Figure 5 - Influence of the variation of the process space velocity on the yield and selectivity for H, and CO on the catalyst 43%
Ni(NO3), + 4% Co(NO3), + 2% Mg(NOs), + 50% glycine + 36.15% AI(NO;); + 13.85% Mg(NOs),
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Figure 6 - Effect of water vapor content in the reaction mixture on the yield and selectivity of the process for H, and CO

Reducing the dilution of the reaction mixture (as a result of decreasing the Ar content) increases the
yields for H, (from 55.8 to 69.7%) and CO (from 14.0% to 21.0%), but decreases the selectivity for
products (H, - up to 53.7%, CO - 32.5%) while maintaining the ratio H, : CO = 3.3.

Conclusion

23% Ni + 13% Co + 9% Mg + 5% Ce/36.15% Al + 1.85% Mg catalysts prepared by self-propagating
high-temperature synthesis and impregnation method were investigated in dry conversion and oxidation of
methane at different space velocities, temperatures and compositions of reaction mixture. It was found that
the preparation of the catalyst by impregnation method is inferior to the SHS method, in which higher
values of the feed conversion and H, yield are obtained. As a result of the temperature variation, it was
found that carrying out the process at 900°C makes it possible to achieve the highest values of both yield
and selectivity for H, and CO, but H,/CO ratio decreases from 6.1 (T = 700°C) to 3.9 (T = 900°C) at
GHSV = 2500 h™". It has been established that the addition of water vapor to the CH, : H,O =1 : 0.5 ratio
slightly increases the vield of synthesis gas, while increasing the yield of H, from 55.8 - 56.9 to 63.0 -
64.0%, and CO - from 14.0 to 15.6 - 15.8%.
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METAH/JBI CHHTE3-T'A3FA Ni-Co-Mg-Ce KATAJIN3ATOPJIAPBI KATBICBIHAA KYPFAK
PE®OPMHUHIVIEY MEH TOTBIKTBIPY KOHBEPCHUCBI

Annortamust. KahaHaslk SKeUDIBIHYIBI TOMECHICTY >KarJaililapbiHa OAMIAHBICTBI IKOJOTHSUIBIK MOCEJCJICpPAi
IMCIIyAC MCTAHHAH CHHTC3-TA3 a4y OJICIHIH OHTAMIBl YPAICIH KOMAMIBI JKaFmaiiga >Ky3ere acelpy YIOiH
KaTATUTUKAIBIK KOMIPKBIIKBLIIEI KOHBEPCHACHI THIM/1 006 Ta0bIIaAb1. EpTiHAige KaHy YPAICI ApKbLTbI ATbIHFAH
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Ni-Co-Mg-Ce HeriziHmeri Karaau3aTopiaapAaslH OSJICCHIIMITT METAHIB TOTHIKTHIPA AHHANIBIPY KOHE KOMipKBIII-
KBUIOBI KOHBSPCHACH YPpAiCiHAe 3epTTenmi. CanbICTRIPMANBI 3¢PTTCY HOTHIKCIICPIHIH, KOPBITBIHABICH CIHIPY OMiCIHE
KaparaHAa e3[iriHeH >KaHy OZiCIMCH MJAaHBIHAAFAH KATAIM3aTOPIapJa CYTEKTIH IIBIFBIMBI JKOHE IMHKI3AT
KOHBEPCHSICHIHBIH MOHI KOFAPBI CKCHIH KOPCETTI.

Tyiiin ce3aep: Kyprax peOpMUHT, ;KOFAPBITEMIICPATYPAJIA O3AITIHEH KAHY CHHTE31, METaH, CHHTE3-Ta3.
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CYXO PEOOPMHUHI 1 OKUCJIUTEJIBHAS KOHBEPCHSI METAHA B CHHTE3-TA3 B
MNPUCYTCTBHH Ni-Co-Mg-Ce KATAJIM3ATOPOB

AHHOTaHI/Iﬂ. Karamurmueckas YIICKUCIIOTHAA KOHBCPCHA MCTAHA ABJLACTCA NPCAMOYTHTCIBHBIM crocodomM
MOJNYYCHHA CHHTE3-Ta3a B CBA3M C OCYLICCTBICHHECM mporecca B 00Jee MATKAX YCIOBHAX H PEHICHHEM
OKOJOTHYCCKUX r[p06neM, CBA3AHHBIX CO CHIDKEHHEM TEMIIOB IJI00QJIBHOTO MOTCIUICHUSI. AKTHBHOCTH
Katamm3atopoB Ha oCHOBE Ni-Co-Mg-Ce, MOMYUCHHBIX B HPOILCCCE TOPCHHSA B PacTBOPE, OBLIA MCCICIOBAHA B
MPOLECCAX YIJICKHCIOTHOH KOHBEPCHH H OKHCIHTCIBHOTO MPEBpPALICHHA MCTaHA. CPABHUTCIBHBIC PE3yJIbTAThI
YKa3bIBAIOT HA TO, YTO MPHUTOTOBICHUC KATAIM3aTOPa METOAOM HpomuTKH ycrymaer meroaxy CBC, mpu xoTopom
TOJTYYCHBI 00JICE BRICOKHC 3HAUCHNIA KOHBSPCHH CHIPBS M BBIXo1a Ho.

Kirouepnie cioBa: cyxoil peoOpMHHT, CAMOPACTIPOCTPAHSAIOIIHIACS BBICOKOTEMIICPATYPHBIH CHHTC3, METAH,
CHHTC3-Ta3.
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