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In today's world, environmental issues are becoming more and more relevant. In connection with the growing
industrial activity of mankind, a large amount of CH4 and CO:z is emitted into the atmosphere. Since the start of
the Industrial Revolution, CO2 concentrations have increased by more than 45 %, from 280 ppm in the mid-
18™ century to 415 ppm in 2019. Biogas mainly consists of 50 - 87 % methane, 13 - 50 % carbon dioxide and
other gases. Conversion of biogas solves two important issues related to the utilization of greenhouse gases
and the possibility of obtaining synthesis-gas with an optimal ratio of 1 : 1. Carrying out the Fischer-Tropsch
synthesis reaction, the production of gasoline, jet fuel, ethanol and other oxygen-containing compounds is
possible at this ratio. Development of new applied catalysts, as well as optimal technological conditions for
synthesis-gas production in the process of catalytic conversion of biogas, is a contribution to the
petrochemical sector, namely gas processing. Optimal conditions for the oxidative conversion of a model
mixture of biogas into synthesis-gas on Ni-, Co- monometallic and Ni-Co bimetallic catalysts at different ratios
to obtain maximum vyield of products with rational consumption of raw materials and energy were determined:
T =700 °C, GHSV =6,000 h', CHs : CO2 : Ar=1:1: 1 ratio in the reaction mixture.

1. Introduction

Vast reserves of gaseous hydrocarbons and gas mixtures containing them, primarily natural gas and methane
as its main component, make them a promising resource that can meet the needs of mankind in energy and
hydrocarbon raw materials. One of the serious problems of modern gas chemistry remains the high costs of
hydrocarbon processing into synthesis-gas, which is the main intermediate product of their transformation into
final chemical products and liquid fuel. The search for more efficient and economical (in comparison with
steam and autothermal reforming of natural gas) technologies for productionof synthesis-gas is becoming one
of the main scientific and technical directions in energy and gas chemistry.

Despite significant reserves of natural and shale gas, direct synthesis of chemicals using methane as a raw
material in the chemical industry is still a huge problem. Methane conversion is divided into two types: direct
and indirect conversion (Holmen et al., 2009). Direct conversion mainly involves direct oxidation of methane to
methanol (Raja et al., 1997) and formaldehyde (Herman et al., 1997), the combination of methane oxidation to
ethylene and ethane (Pak et al., 1998) and production of aromatic hydrocarbons (Guo et al., 2014). Methane
is converted into synthesis-gas (Tungatarova et al., 2021), and then various chemical products or liquid fuels
are produced from it through the Fischer-Tropsch reaction (Kang et al., 2017) at the indirect methane
conversion.

Over the past 30 years, research on the reaction of biogas to synthesis-gas has made some progress, mainly
related to the development and design of catalysts and reactors, reduction of coke formation, elucidation of
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the mechanism and kinetics of the reaction, etc. Although the conversion of biogas to synthesis-gas has great
environmental and economic benefits, it has not yet been applied on an industrial scale due to technological
problems that need to be solved. Conversion of biogas into synthesis-gas mainly occurs at very high
temperatures, during which carbon is easily formed. The formation, migration and agglomeration of active
metal particles lead to rapid deactivation of the catalyst. A lot of research on the process of biogas conversion
to synthesis-gas is mainly focused on solving the problem of rapid catalyst deactivation. Development of a
catalyst with a high degree of conversion, long service life and prevention of sintering and carbon deposition is
an important problem that has not yet been solved.

Supported metal catalysts are mainly used in the production of synthesis-gas by dry methane reforming.
Noble metals of the VIII group: Rh (Boukha et al., 2018), Ru (Rabe et al., 2007), Pt (Khajenoori et al., 2013)
and Pt-Ru bimetallic compositions (Tungatarova et al., 2019) are the active components of the catalyst.
Studies have shown that noble metals have a high conversion rate and structural advantages in biogas to
synthesis-gas conversion reactions. Therefore, they are very suitable as active components of the reaction
catalyst. However, the cost of precious metals limits their large-scale use.

Non-noble metal catalysts are widely used as an active component in methane reforming reactions, such as
Ni (Marinho et al., 2019), Fe (Tsoukalou et al., 2016), and Co-Ni (Turap et al., 2020). Non-noble metal
catalysts may have catalytic activity close to that of noble metals. There are large reserves of them in nature,
and they have a relatively low cost, which makes their use more promising.

Active and thermally stable supported Ni- and Co-monometallic, as well as Ni-Co bimetallic catalysts,
selectively leading the process of biogas conversion into synthesis-gas, were synthesized.

2. Experimental

The catalysts were obtained by the traditional method of air impregnation by moisture capacity. The alumina
was first dried at 110°C. Then the moisture content in the carrier was determined. Titrated Ni- and Co-
solutions were prepared with a concentration of 0.15 g/mL from nitrate salts of Ni(NOs3)x6H20 and
Co(NOs3)x6H20. A certain amount of a titrated solution of Ni, Co or a mixture thereof is injected into a
porcelain cup, depending on the percentage of metals in the catalysts. Then a certain amount of distilled water
is added. The whole mixture is well mixed and a dried carrier is poured into the solution. The resulting catalyst
was stirred in air and dried at 250°C for 1 h, then calcined at 500°C for 2 h. The following catalysts were
prepared: 10%Ni/B-Al203, 9%Ni-1%Co/0-Al203, 7%Ni-3%Co0/6-Al203, 5%Ni-5%Co/6-Al203, 3%Ni-7%Co/6-
Al203, 1%Ni-9%Co/6-Al203, 10% Co/6-Al20s.

Analysis of the initial mixture and the reaction products was performed using "Chromos GC-1000"
chromatograph, which was equipped with packed and capillary columns. The packed column was used for the
analysis of H2, O2, N2, CH4, C2Hs, C2H4, C3-C4 hydrocarbons, CO and CO2. A capillary column was used to
analyze of liquid organic substances, such as alcohols, acids, aldehydes, ketones and aromatic hydrocarbons.
Temperature of the detector by thermal conductivity — 200°C, evaporator temperature — 280°C, column
temperature — 40°C. The speed of the Ar as carrier gas was 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 error of chromatographic measurements is 2-3 %. The balance by products was + 3.0%.

The morphology of nanostructured carbon supported on the surface of catalyst was analyzed using a
transmission electron microscope JEM-1400 Plus (Japan). The TEM images were recorded at an accelerating
voltage of 120 kV. Before the analysis, ultrasonic dispersion of the catalyst samples was carried out in ethanol
at room temperature. A few drops of a sample of a catalyst containing a suspension were placed on a carbon-
coated copper grid. The copper mesh was then used for visualization for each sample. Physico-chemical
studies were carried out in the Laboratory of Industrial Chemistry of the University of Abo Akademi (Turku,
Finland). The resulting catalysts were characterized by X-ray diffraction (XRD) using CuKa+ radiation on a
Siemens Spellman DF3 spectrometer with 10% KCI as an internal standard for semi-quantitative XRD
analysis. Specific surface area determination was done by nitrogen physisorption at 350 °C on a GAPP V-
Sorb 2,800 Analyser using helium as a carrier gas.

The catalysts were tested in a quartz reactor with a fixed layer with a diameter of 10 mm and a length of 40 cm
at atmospheric pressure. The catalyst (2 mL) was placed between quartz granules in a tubular reactor.
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3. Results and discussion

It was found that TEM images of spent 5%Ni-5%Co/6-Al203 and 7%Ni-3%Co/6-Al2O3 catalysts after operation
show the formation of carbon nanotubes with a diameter from 10 to 30 nm (Figure 1).

104 mnm 108 mm

Figure 1: TEM images of a) fresh and b) spent 10%Co/0-Alz0s, c) fresh and d) spent 1%Ni-9%Co/6-Alz0s, e)
fresh and f) spent 5%Ni-5%Co/6-Al203, g) fresh and h) spent 9%Ni-1%Co/6-Al203 and i) fresh and j) spent
10%Ni/B-Al203

An uneven distribution of various elements can be observed in Figure 1. As a rule, one of the reasons for
deactivation of catalyst may be deposition of carbon in pores of catalyst (Kim et al., 2000). Nickel-cobalt
catalysts supported on 6-Al203 have large pores (16 - 18 nm), which contributes to their stability. From the
TEM images, it can be seen that the metal oxide particles were in the range of 10 - 25 nm without much
difference between fresh and spent catalysts. The formation of carbon nanotubes in the current case of
methane reforming corresponds to the data obtained in (Zhang et al., 2020), where it was reported that
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graphite carbon filamentous crystals can be formed under dry methane conditions at 700 - 850 °C on a nickel
catalyst. It was also reported in (Zhang et al., 2020) that graphite carbon whiskers have same diameter as
metal crystals. In addition, methane cracking is one of the reasons for the formation of coke over Ni/y-Al203
(Zhang et al., 2020). Coking of bimetallic 5% Ni - 10% Col/y-Al203 catalysts was also observed during dry
reforming of methane at 700 °C (Kassymkan et al., 2020).

The amounts of Co and Ni in the spinel exceeded their nominal loading (Table 1). It should, however, be noted
that the peak at ca. 20° can be assigned also to other structures, such as (Coo.s7Alo.13), ((Alo.60C00.40)204)
(Casado et al., 1984). In this case, the corrected amounts of Co and Ni are corresponding to their rated load.
In the fresh catalysts, Co and Ni are present in the form of Co304, NiO (Sasaki et al., 1979) and as Co3xNixO4
and Ni1xCoxO, while in the spent catalyst also metal phase was present (Table 1) (Takanabe et al., 2005).

Table 1: XRD and TEM results

Catalysts Fraction of phases,% Crystal size, nm (XRD) Crystal size, nm (TEM)
o-Al203 Co3xNixOs4 Ni1xCoxO Co1xNix Dcos-xNixoa Dnit-xcoxo  Dcot-xnix (TEM)

10%Co/6-Al203 <1 20.3 <1 <1 18 n.d. (20) 14(17)

1%Ni-9%Co/6-Al203 <1 19.2 <1 <1 16 n.d. (18) 39(28)

5%Ni-5%Co/6-Al203 2.1 16.5 1.2 <1 13 a (14) 22(17)

9%Ni-1%Co/6-Al203 1.6 <1 7.1 <1 a 17 (13) 21(17)

10%Ni/6-Al203 29 <1 6.8 <1 a 16 (12) 17(16)

a2below the detection limit
Spent catalysts are indicated in parentheses

The spinel structure is found in all other samples but not in 9% Ni-1% Co/8-Al203 and 10% Ni/6-Al203 since
only Ni cannot form a spinel structure. The amount of Co is insufficient to stabilize the spinel structure in Ni-
rich catalysts. Spinel structure formation is preferred for cobalt oxide due to coexistence of Co?* and Co®".The
unit cell sizes of 8-Al20s and a-Al203 phases agree with the corresponding literature values (Feret et al.,
2000). The crystal sizes of the particles were determined from the individual peak widths using the Scherrer
formula. The chosen peaks were (202/002), (200), (440), (200) and (002) for 8-Al203, Ni1-xCoxO, Co3-xNixOa,
Co1-xNix and graphite, respectively. Large crystal particle sizes of the spinel structure were observed in the
fresh 10% Co/B-Al203, 9% Ni—1% Co/6-Al203 and 10% Ni/B-Al203 catalysts (Table 1). The metal particle size
in the spent catalysts decreased with increasing nickel content most probably due to easier reduction of nickel
in comparison to cobalt (Al-Fatesh et al., 2019). Furthermore, the smallest CosxNixOasparticles were found in
5% Ni—5% Co/6-Al203 catalysts, which exhibited the same amount of a-Al2O3 as 10% Co/6-Al203. On the
other hand, the same metal oxide particle size as for 10% Co/6-Al203 catalyst was found for 10% Ni/6-Al203
catalyst with a higher amount of a-Al20s. This indicates that the amount of a-Al2O3 did not have any major
effect on metal oxide particle size. The spent catalysts with nickel content between 5-10 wt% contained
additionally crystalline graphite with the size of 4-6 nm. The crystal sizes of 8-Al203 were the same for different
catalysts decreasing slightly for the spent catalysts.

The variation of reaction space velocity and temperature, where the conversion of CHs and COz increases
with increasing of space velocity were investigated. It reaches the maximum at 6,000 h™" and T = 700 °C.
Then the conversion of CH4 decreased from 97.3% to 93.0%, and CO2 conversion decreased from 93.0% to
87.0%. Thus, it was determined that 6,000 h™' and T = 700 °C are optimal for conversion of CHs and CO2 into
synthesis-gas (Zhang et al., 2020).

The characteristics of Ni-, Co-monometallic and Ni-Co bimetallic samples supported on 8-Al203 were studied
for reforming CH4 with CO2 at 700 °C. Methane conversion was maximal for 5%Ni-5%Co/6-Al203 and 3%Ni-
7%Ni/6-Al203 catalysts after 2 h of operation. The degree of decontamination calculated on the base of
methane conversion was the highest for 5%Ni-5%Co/6-Al203, and the lowest for 10%Co/6-Al203 catalysts.
The highest conversion of methane was obtained on monometallic catalysts, although the carbon content in
10%Co/6-Al203 catalyst was much lower than in 10%Ni/6-Al2O3 catalyst.
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Figure 2: Comparison of the conversion of methane and carbon dioxide on a series of developed Ni-, Co- and
Ni-Co catalysts at 700 °C, CH4: CO2: Ar=1:1:1 and space velocity of gases 6,000 h-'

The optimal conditions for oxidative conversion reaction of a model mixture of biogas into synthesis-gas were
determined: T = 700 °C, GHSV = 6,000 h™', the ratio of gases in the reaction mixture CH4: CO2: Ar = 1:1:1
and the ratio of active elements Ni:Co = 1 : 1 to obtain the maximum vyield of products with rational
consumption of raw materials and energy. A new Ni1xCoxO phase appeared in the nickel-cobalt catalyst,
which is assumed to have led to high activity and stability of the catalyst (Tran et al., 2020).

4. Conclusions

New oxide catalysts have been prepared by the traditional method of impregnation by moisture capacity,
showing high activity in the catalytic conversion of biogas into synthesis gas. It was found that 5% Ni - 5%
Co/6-Al203 catalyst has high initial activity among bimetallic compounds. CH4 and CO:2 conversion were 75
and 82% at 700 °C, accordingly. However, the activity decreased rapidly with increasing time, according to the
XRD data, and along with the phase transition of spinel-type metal oxide into the structure of a mixed metal of
a Co - Ni face-centered cubic type. Synthesis-gas with the ratio of H2/ CO = 1 / 1 was obtained, which is most
suitable for its further use in the synthesis of methanol and hydrocarbons by the Fischer-Tropsch mechanism.

Nomenclature

D — diameter, nm
GHSV - gas hourly space velocity, h™! T — temperature, °C
S - peak area, cm? V - amount of substance, mL
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