Eurasian Chem.-Technol. J. 26 (2024) 193—-202

https://doi.org/10.18321.ectj1643

Promising Directions in Chemical Processing of Methane from Coal Industry.

Part 4. Long-term Stability Test

E.V. Matus'?*, 0.V. Tailakov?, O.B. Sukhova?, A.V. Salnikov*?, O.A. Stonkus?,

M.A. Kerzhentsev'?, S.R. Khairulin'2|Z.R. Ismagilov*? |

'Federal Research Center of Coal and Coal Chemistry, Siberian Branch, RAS, 18, pr. Sovetskiy, Kemerovo, Russia
2Boreskov Institute of Catalysis, Siberian Branch, Russian Academy of Sciences, 5,

pr. Akademika Lavrentieva, Novosibirsk, Russia

Article info

Received:
1 August 2024

Received in revised form:
8 September 2024

Accepted:
24 October 2024

Keywords:

Coal mine methane
Tri-reforming of methane
Long-term stability test

Abstract

For the processing of coal mine methane into hydrogen-containing gas, a catalytic
process of methane tri-reforming was studied under long-term testing conditions
(800 °C, 100 h). The tests were carried out using the actual composition of the
methane-containing mixture recovered by mine drainage systems of the Raspadskaya
mine (Kuzbass, Russia). Gas chromatographic analysis of coal mine gas showed that
it contains the following components with an average concentration, vol.%: CH, —
40.18, N, — 36.30, H,0 — 12.90, 0, — 9.77, CO, — 0.88, C,Hs — 0.25 and C;H; — 0.04.
It was found that the average O/C molar ratio was 0.87, so CO, addition to the
methane-containing mixture was done to maintain the O/C ratio > 1.1 to ensure
stable operation (without significant coke formation) during the catalytic process.
Long-term catalytic tests have shown high parameters of the methane tri-reforming
process, which were stable over the time of operation. At a temperature of 800 °C,
after 100 h of process using the Ce,,Niq30;,/Al,O; catalyst, the hydrogen yield was
85% at a methane conversion of 80%. A comparative analysis of the properties of
fresh and spent Ceg,Nio30,,/Al,0; catalyst was performed using low-temperature
nitrogen adsorption, powder X-ray diffraction, electron microscopy and thermal
analysis. It was established that the mesoporous texture of the catalyst was retained,
but the dispersion of the active component decreased. The Cey,Ni; 50, ,/Al,05 catalyst
is resistant to thermal sintering and coking, which ensures no deactivation. The use
of tri-reforming technology for the utilization of coal mine methane is a step towards
“green” coal mining, ensuring sustainable development of society.

1. Introduction

of electricity generated from coal is typical for such
countries as Botswana (96%), Mongolia (85%), India

Despite climate policies aimed at a low-carbon
future, coal continues to occupy an important place
in the fuel and energy sector of many countries.
Coal-fired electricity generation accounted for about
36% of the total, remaining the world's largest en-
ergy source [1]. In 2024, there were 2422 coal-fired
power plants operating worldwide [2]. A high share
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(75%), Kazakhstan (67%) and China (61%) [3].

Coal mining is carried out in about 70 countries.
Depending on the depth, density, overburden, and
thickness of the coal seam, coal is extracted from
underground or open-pit mines. The contributions
from underground and surface production are ap-
proximately equal [4]. According to the Global Ener-
gy Monitor [5], the coal mining industry today em-
ploys nearly 2.7 million workers at 3232 active coal
mines.
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Underground mining is recognized as one of the
most dangerous professions in the world. The rate
of fatal injuries in the coal mining industry depends
on the country and varies from year to year. In par-
ticular, the fatal work injury rate of approximately
20 deaths per 100000 workers for miners has been
reported in the USA [6]. In Russia, the level of fatal
injuries in coal mining amounted to 13 per 100000
workers, including 28 per 100000 employees in
mines [7]. This is six times higher compared with the
country as a whole (3.3 and 4.5 per 100000 work-
ers for USA and Russia respectively). The world's
deadliest mining accidents are caused by methane
explosions. Most recently, on September 21, 2024,
an explosion occurred in a coal mine in Tabas, South
Khorasan Province, Iran. The incident killed at least
51 people and injured 20 more [8].

Methane is naturally generated in coal seams by
either a microbiological or thermal process that oc-
curred during the coal formation [9,10]. The amount
of methane in naturally occurring gas found in coal
seams is typically 80-95%. The remaining compo-
nents are higher hydrocarbons, nitrogen and carbon
dioxide. The greater the temperature, pressure, and
duration of coal burial, the higher the coal rank and
the greater the amount of methane generated [11].
When mining coal, the integrity of coal seams and
surrounding strata is disrupted during mining oper-
ations, resulting in the release of gas contained in
them. In order to improve the safety of mine oper-
ation, much attention is paid to the issues of moni-
toring and forecasting gas emissions in coal mines.
The main factors influencing gas release include the
geological occurrence conditions of coal seams, the
mine design, and its operating conditions [11]. First-
ly, it is necessary to take into account the gas con-
tent of coal which is expressed in the volume of gas
contained per mass of coal substance in situ (m3/t).
In general, gas content increases with the depth
and rank of coal and can reach 30 m3/t for anthra-
cite [12]. Secondly, the specific emission rate that
represents the total volume of methane released
from all sources divided by the total amount of coal
produced during a referenced period of time should
be taken into account. Since the total volume of
the gas released is proportional to the rate of stra-
ta destruction resulting from mining activities, the
amount of gas released during coal mining increas-
es in proportion to the increase in the rate of coal
extraction. For example, for coal mines in Kuzbass,
the value of specific methane emissions varies in
the range from 1.7 to 74 m3/t [13]. Generally, coal
mines with specific emissions of 10 m3*/t and higher

are considered gassy [11]. Thus, it is high-produc-
tion underground coal mines that develop coal de-
posits at great depths at high extraction rates and
on a large scale that are more likely to encounter
the problem of intense methane emissions.

An effective way to solve the gas emission prob-
lems and improve safer mining environments is to
capture methane from its source before it can enter
the mine airways by drainage techniques [11]. The
procedure for degassing coal mines is strictly reg-
ulated in each country. For example, according to
"Instructions for aerological safety of coal mines" of
the Russian Federation [14], drainage is mandatory
when:

- ventilation work cannot ensure the methane
content in the mine atmosphere of operating mine
workings in the amount of up to 1%;

- the natural methane content of the seam ex-
ceeds 9 m3/t of dry ash-free mass and ventilation
work cannot ensure that the methane content in the
outgoing stream of the mine working is less than 1%;

- the concentration of methane in gas pipelines
and gas drainage workings exceeds 3.5%.

The drainage is also used in all cases where the
extraction and utilization of coal mine methane is
economically profitable.

According Global Methane Initiative (GMI), in
2024 there are approximately 500 coal mine meth-
ane recovery and utilization projects at coal mines
worldwide [15]. The analysis of the International
Coal Mine Methane Project List shows that the lead-
ing countries in the processing of coal mine meth-
ane are China (126), the United States (87), Germa-
ny (53), the United Kingdom (38) and Australia (34).
Rational ways to process coal mine methane include
technologies such as methane destruction in flares;
obtaining electrical and thermal energy in modular
thermal power plants; combustion of methane-air
mixture in boiler units of mine boiler houses; cata-
lytic after burning of methane in gas turbine units;
production of chemical products [11]. Among the
end-use options for methane, heat and power gen-
eration (286) are the first, followed by projects of
flaring (83) and gas sales to pipeline (40). There is
little work devoted to the use of coal mine meth-
ane as a raw material for the synthesis of chemical
products and, as a rule, they are carried out at the
stage of laboratory research [16-21]. In particular, it
has been proposed to use coalbed methane to pro-
duce methanol both by direct partial oxidation and
from synthesis gas [21]. The optimal conditions for
obtaining synthesis gas from coalbed methane for
non-catalytic methanol production were evaluated.
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In this case, the use mixture with a fuel-air equiva-
lence ratio of at least 4 should be applied. If catalysts
are used, synthesis gas can be obtained from leaner
mixtures with an equivalence ratio of 3. The use of
porous fillers (Al,O; and ZrO,) or a Ni catalyst makes
it possible to reduce the conversion temperature of
the coal mine methane and obtain hydrogen-con-
taining gas with a concentration of 12 to 45 vol.% of
dry gas [16,20].

In our works for the purpose of developing tech-
nology for chemical processing of methane from
coal industry into valuable products, thermodynam-
ic analysis of the major chemical reactions that occur
in the multicomponent system CH,—CO,—H,0O—-air is
carried out and optimal conditions of the processes
ensuring complete methane conversion and maxi-
mal yield of useful products are determined [22], an
effective catalyst composition and a method for its
synthesis were developed [23], and screening tests
were successfully carried out in model mixtures [24].
The question of the activity and resistance of this
catalyst to deactivation during processing of the ac-
tual composition of coal gas remains open.

Therefore, this work is devoted to studying
the features of tri-reforming processing of meth-
ane-containing gas recovered by mine drainage sys-
tems of the Raspadskaya mine (Kuzbass, Russia) that
continues our research on the chemical processing
of coal mine gas [22-24].

2. Experimental
2.1. Catalyst preparation and characterization

Cey,Nig30,,/AlL0; catalyst was prepared by ci-
trate sol-gel method using Al,O; as support and
Ce(NO,);:6H,0, Ni(NO;),-6H,0 and C4H;O, as initial
reagents [25]. The molar ratio of citric acid/(Ce + Ni)
was 0.25, the Ni content was ~10 wt.%, Ce — ~6 wt.%.
The Al,O; support was previously calcined at 850 °C
for 6 hours. The thermal treatment of the catalyst
included drying at 90 °C and following calcination at
500 °C for 4 hours.

Samples before and after catalytic tests were
studied using a set of methods: low-temperature ni-
trogen adsorption on a Quadrasorb evo unit (Quan-
tachrome Instruments, USA), X-ray phase analysis
(XRD) on an ARL X'tra diffractometer (Thermo Fisher
Scientific, USA) using CuKa radiation (wavelength
1.5418 A), transmission electron microscopy (TEM)
on JEM-2200FS (JEOL Ltd., Japan) and Themis Z (Ther-
mo Fisher Scientific, USA) electron microscopes,
simultaneous thermal analysis (thermogravimetric

analysis (TGA), differential thermogravimetric analy-
sis (DTGA), differential thermal analysis (DTA)) using
an STA 449 C Jupiter device (NETZSCH-Geratebau
GmbH, Germany) [26].

2.2. Coal mine gas characterization

The qualitative and quantitative composition of
the methane-air mixture recovered by mine drain-
age systems of the Raspadskaya mine (Kuzbass, Rus-
sia) was determined by gas chromatography on a
Kristall 5000.2 chromatograph.

2.3. Catalyst testing

The catalyst testing was carried out in a flow
quartz reactor (internal diameter 11 mm) at atmo-
spheric pressure, contact time 0.15 s, flow rate 200
ml/min. For the catalytic activity testing, a 500 mg
sample with a grain size of 250-500 um was used.
Initially, the catalyst was treated in situ at 800 °C for
1 h in H,+He (screening test) or He (stability test)
flow.

The screening test was performed in the stepwise
temperature rise mode 650850 °C. The heating
rate was 10 degrees per minute; the holding time at
each temperature was 40 minutes. The stability test
was performed for 100 h at 800 °C.

The composition of the reaction mixture was an-
alyzed by gas chromatography on a Kristall 2000M
chromatograph. The separation of H,, He, CO, CO,,
CH,, C,Hg and C;Hg was carried out on a steel-packed
column 2 m long, 3 mm in diameter with SKT carbon
(thermal conductivity detector, carrier gas — Ar, flow
— 30 ml/min, temperature 130 °C). The following re-
action indicators were calculated:

in out
Féh, — FEH.)

in 4
FCH4

CH, conversion, %: Xy, = 100 X

in out
(FCOZ - FCOZ

CO, conversion, %: X¢o, = 100 X =
Feo,

’

out
Fy,

(2F5},4 +Fiy + 3FC"2’H6 + 4F5‘§H8)’

H, vield, %: Yy, = 100 x

i
(FCI]}‘M + ngz + ZFCl'rZIHG + 3FCl'r3[H8) I

CO yield, %: Yco = 100 x

where F; is the molar flow rate of reagent (i) at the
inlet (in) and outlet (out) of the reactor.
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3. Results and discussion

3.1. Characterization of coal mine gas and its cata-
lytic conversion

Sampling was carried out and the composition of
the methane-air mixture recovered by mine drain-
age systems of the Raspadskaya mine was analyzed.
The selection of this mine among the coal mines of
Kuzbass was made based on cluster analysis [13].
The Raspadskaya mine is characterized by high val-
ues of specific (~ 50 m3/t) and absolute (~ 350 m3/
min) methane emissions. Table 1 presents the aver-
age gas composition, as well as the minimum and
maximum values of component concentrations. The
composition of the methane-air mixture changed
from day to day and varies within the following lim-
its, vol.%: methane — 27-64, oxygen 6—13, nitrogen
20-50, water vapor 6-19, carbon dioxide 0-2, eth-
ane — 0-0.5, propane — 0-0.5. The O/C molar ratio
ranges from 0.32 to 1.50, with an average value of
0.87. When the O/C molar ratio < 1.1, the addition
of an oxygen-containing agent (CO, and/or water) is
necessary to ensure a stable regime (without signifi-
cant coke formation) of the tri-reforming process of
coal mine methane with a high yield of target prod-
ucts [27]. The composition of the methane-air mix-
ture, taking into account pretreatment, which con-
sists of the addition of an oxygen-containing agent
for mixtures with a molar ratio 0/C< 1.1, is indicated
in Table 1. It was revealed that a one-component ad-
ditive (carbon dioxide) is sufficient for optimization
of the O/C molar ratio.

Figure 1 demonstrates the temperature depen-
dence of the concentration of reagents, conversion
of methane and carbon dioxide, yield of hydro-
gen and carbon monoxide in tri-reforming of the
methane-air mixture recovered by mine drainage
systems of the Raspadskaya mine. As the reaction
temperature increases from 600 to 850 °C, a de-

crease in the concentration of the initial reagents
and an increase in the concentration of the reaction
products in the mixture are observed. In particu-
lar, the concentration of methane decreases from
18 to 2 vol.%, and hydrogen increases from 24 to
42 vol.%. Already at 600 °C, a fairly high methane
conversion occurs — 40%. Considering the absence
of carbon dioxide conversion in this temperature
range, the main oxygen-containing reagents in the
low-temperature range are oxygen and water. No-
ticeable CO, conversion begins at 700 °C. All reac-
tion parameters (conversion — X and product yield
—Y) improve with increasing reaction temperature,
reaching the highest values at 850 °C: X(CH,) = 93%,
X(CO,) = 82%, Y(H,) = 90% and Y(CO) = 95%. Note
that these values are close to those achieved under
thermodynamic equilibrium conditions at the same
temperature: X(CH,) = 99%, X(CO,) = 84%, Y(H,) =
94% and Y(CO) = 95% (Fig. 2). At low temperatures,
the reaction parameters are lower than thermody-
namically possible due to kinetic limitations.

Long-term testing showed the stability of reac-
tion parameters over time (Fig. 3). In the initial pe-
riod, conversion and yield values increase slightly,
and then practically reach a plateau. As noted in
the experimental part, before the long-term experi-
ment, the catalyst was not reduced, but was treated
in He. Therefore, the formation of particles of cat-
alytically active metallic Ni° occurred in situ under
the reaction conditions. Consequently, at the initial
stage of the reaction, the number of active Ni° sites
increased, which led to an increase in the reaction
performance. At a temperature of 800 °C after 100
h of process, the hydrogen yield was 85% at a meth-
ane conversion of 80%. Note that the ability of the
catalyst to be activated by the reaction medium is
advantageous because it allows it to operate ef-
fectively in a daily startup—shutdown (DSS) regime
without additional treatment.

Table 1. The composition of the methane-air mixture recovered by mine drainage systems of the Raspadskaya mine

Specification of mixtures according

Component composition of gas, vol.%

to component content CH, 0, H,0 co, N, C,Hs CsHg
Initial mixture
Average 40.18 9.77 12.90 0.88 36.30 0.25 0.04
Minimum 27.10 5.50 6.38 0.40 20.40 0.00 0.00
Maximum 64.40 13.40 18.60 1.91 49.80 0.53 0.49
Mixture after CO, addition
Average 35.41 8.61 11.37 12.65 31.99 0.22 0.035

Eurasian Chemico-Technological Journal 26 (2024) 193-202
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3.2. Catalyst resistance to sintering and coking

When using a catalyst in reforming processes,
an important issue is its resistance to sintering and
coking. So, a comparative analysis of the properties
of Cey,Nip50;,/Al,0; catalyst before and after the
stability test was performed using low-tempera-
ture nitrogen adsorption, powder X-ray diffraction,
electron microscopy and thermal analysis (Table
2, Fig. 4-6). As was shown earlier [25], the fresh
Cey,Nip50,,/Al,0; catalyst (after calcination at 500
°C) is a mesoporous material with a specific surface
area of 89 m?/g and total pore volume of 0.32 cm?/g.
The sample before reaction (after treatment in situ
in He at 800 °C) retains its textural characteristics

(Table 2) and a mesoporous structure, as evidenced
by the obtained adsorption isotherms of type IVa
with a hysteresis loop of type H2 (Fig. 4a) according
to the IUPAC nomenclature [28]. After the stabili-
ty test, while maintaining mesoporosity, a moder-
ate decrease in the specific surface area (by ~ 24%)
and an increase in the average pore diameter (by ~
17%) are observed. This may indicate partial block-
age of the smallest pores of the material as a result
of intensification of sintering processes due to pro-
longed exposure of the material at a temperature of
800 °C to the components of the reaction medium,
especially water vapor. In addition, if carbonaceous
deposits are formed during the reaction, they can
contribute to changes in textural properties.

Table 2. Textural and structural properties of Ceg,Nio30,,/Al,O; catalysts before and after the stability test in

methane tri-reforming reaction

Sample Textural properties Structural properties
S,m?/g V,cm3/g D, nm Phase Unit cell Coherent
composition parameter, scattering
A region, nm
Fresh 89 0.32 14.2 (y+6)-Al,0,4 7.914 -
C902 - -
NiO - -
Before reaction (after treatment 84 0.34 16.3 (y+6)-Al, 0,4 7.947 -
in situ in He at 800 °C) CeO, 5.387 4
After reaction (100 h on stream 64 0.32 19.1 (y+6)-Al, 0,4 7.907 -
at 800 °C) CeO, 4
NiO 4.179 20
Ni 3.529 17
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Fig. 4. Adsorption isotherms (a) and pore size distribution (b) of fresh Ce,,Niy30,,/Al,0; catalyst (1), before (2) and
after (3) the stability test in methane tri-reforming reaction. Nitrogen sorption—desorption isotherms are shifted

along the Y axis (for ease of comparison).
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According to the XRD analysis, the fresh
Cey,Nig04,/Al,O; catalyst includes a support phase,
which is a mixture of two modifications (y- and &-) of
aluminum oxide, as well as trace amounts of the ce-
rium (IV) oxide based phase characterized by a cubic
modification of the fluorite structure and a nickel (Il)
oxide phase. As a result of the treatment in situ in
He at 800 °C before the reaction, the (y+6)-Al,0; and
CeO, phases are observed. Compared to the fresh
sample, the formal parameter of aluminum oxide
increases (7.914 - 7.947 A), which indicates the for-
mation of a Ni-Al-O solid solution based on the spi-
nel structure of aluminum oxide. After the stability
test, in addition to the (y+68)-Al,0; and CeO, phases
in the catalyst, phases of nickel oxide and metallic
nickel are observed (Table 2) with approximately the
same value of the coherent scattering region (20 and
17 nm respectively).

For a more detailed study of the structural prop-
erties, the samples were examined by TEM (Fig. 5).

The fresh sample includes y- and 6-Al,0; support
phases, on the surface of the crystallites of which
various forms of stabilization of cerium and nickel
cations are found [25]. In particular, cerium and
nickel are found both as single atoms doping the
support and as small crystallites (1.5-4 nm), con-
sisting of CeO,, NiO with a disordered structure and
a highly defective substitutional solid solution Ce,.
Ni;O, on the surface of the support. In the sample

5nm:. . 50 nm

Fig. 5. HAADF-STEM images of the regions of the Ce,,Niy30;,/Al,0; catalyst after calcination at 500 °C (a), before (b)

before the stability test (after the treatmentin situin
He at 800 °C), nickel and cerium are predominantly
distributed evenly over the surface of the alumina.
Nickel cations are stabilized in the form of dispersed
particles (2-4 nm) of the Ni-Al-O solid solution and
larger particles (10—-15 nm) of the NiO. After the
stability test (100 h on stream at 800 °C), the sam-
ple contains mainly particles of metallic nickel with
a size of 10-15 nm, as well as their agglomerates
with a size of up to 100 nm (Fig. 5c—e). Some nickel
is present as NiO particles which are hollow inside
(Fig. 5d). Part of Ni particles is encapsulated with
carbon due to the tubular growth of carbon depos-
its (Fig. 5e). Large (100—200 nm) deposits of multi-
layer carbon were also observed. These carbon de-
posits, as well as C-tubes, contain Ni nanoparticles,
thus their growth promotes the detachment of Ni
particles from the support. Cerium is stabilized in
the form of highly dispersed particles and clusters
(Fig. 5c), with part of the cerium still remaining in
ionic form in the Al,O; support structure, as seen in
HAADF-STEM images.

Thermal analysis of the spent catalyst showed
that the amount of carbon deposits formed during
100 h of reaction was ~7 wt.% (Fig. 6), which corre-
sponds to the carbon accumulation rate of 0.7 mgC/
(ger'h). Carbonaceous deposits are heterogeneous,
as evidenced by two minima in the DTG curve at
515 and 800 °C. Based on TEM data, the first type

hollow NiO
article

and after (c) stability test and the corresponding EDX mapping images (d—g) showing the distribution of aluminum
(green), nickel (red), cerium (blue) and carbon (yellow) in the selected regions; HAADF-STEM (d) and TEM (e) images
showing hollow NiO and C-encapsulated Ni nanoparticles in the Ce,,Ni, 30, ,/Al,0; catalyst after stability test.
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Fig. 6. Thermal analysis of the Ceq,Niy50,,/Al,05 catalyst after stability test.

of carbon deposits is carbon closely associated with
metallic Ni, which catalyzes its burnout. The second
type is multi-walled carbon filaments, which have a
high degree of condensation, are weakly bound to
the catalyst and burn out at a higher temperature.

3.3. Correlations between catalytic properties and
catalyst structure

To identify correlations, a comparative analysis of
the catalytic properties of the catalyst and its physi-
cochemical characteristics was carried out.

In the process of tri-reforming methane in the
presence of a Cey,Niys0;,/Al,0; catalyst, no de-
crease in process performance was observed. On
the contrary, with increasing reaction duration, the
conversion of reagents and the yield of products
increased slightly, which can be due to the gradual
generation of active Nio sites from the slow reduc-
tion of Ni* in the Ni-Al-O solid solution during the
reaction. This Ni-Al-O joint phase was formed prior
to the reaction by treatment in helium at 800 °C, as
shown by X-ray diffraction and TEM analysis. It was
demonstrated [29,30] that the difficult reduction
of Ni** in Ni-Mg-O solid solution generates nickel
nanoparticles with a size smaller than the minimum
Ni size required for coke formation and prevents Ni
nanoparticles from sintering.

The CO, conversion (~50%) was lower than the
CH, conversion (~80%) during all time of operation.
A similar situation was observed during the tri-re-
forming of feedstock with a CH,/0,/H,0/CO, ratio
of 1:0.1:0.0125:0.5, where at 700 °C within 50 h the

conversion of CH, and CO, was ~86% and ~28%, re-
spectively, in the presence of 5 wt.% Ni/ZrO, [31]. At
the composition of feedstock with a CH,/0,/H,0/CO,
ratio of 1:0.1:0.9:0.67, at 800 °C and 1.4 bar the CH,
conversion was ~90% while the CO, conversion was
also lower and fluctuated between 35 and 50% during
300 hours-on-stream [32]. An increase in the CO, con-
version can be facilitated by the introduction of Mg or
La oxides into the catalyst composition [33—35]. The
coal mine methane tri-reforming reaction used three
oxygen-containing reagents (O,, H,O and CO,) with
a CH,/0,/H,0/CO, molar ratio of 1/0.24/0.32/0.36.
There is competition between these molecules for
the active sites of the catalyst. So, at a high mole frac-
tion of oxygen and/or water, the CO, conversion de-
creases. In addition, the high concentration of water
in the system favors the steam reforming reaction
of CO, which reduces the conversion of CO,. It is be-
lieved [36] that oxygen, as the most reactive compo-
nent, is completely consumed in the reaction of total
or partial oxidation of methane, mainly in the upper
layer of the catalyst. Thus, after stability testing, the
Cey,Nigs0,,/AlL,0; catalyst contains NiO particles
along with Ni° particles.

As a result of the long-term operation of the
Cey,Nig30,,/Al,0; catalyst, some sintering of the
Ni-containing phase was observed, which, however,
did not lead to a deterioration in its activity. It is typ-
ical for high-loading catalysts in the high-tempera-
ture reforming process. In particular, for 5 wt.% Ni/
HAP (hydroxyapatite support Ca;o(PO,)s(OH),) cat-
alyst the fresh sample exhibited Ni° particles rang-
ing from 10 to 90 nm, while after 50 h on stream in
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tri-reforming reaction, larger nickel particles up to
170-180 nm appeared [32]. It is supposed [32] that
this thermal sintering quickly happened in the first
minutes of the reaction, and did not further evolve,
which allowed keeping the catalyst stable for the
rest of reaction time.

Despite some excess of the oxidizing agent (mo-
lar ratio O/C = 1.1), the formation of a by-product —
carbon deposits — was observed in the process with-
out influence on the catalytic properties with time
on stream. The rate of their accumulation was low
0.7 mgC/(g.-h) and comparable to known literature
values [32,37]. Further optimization of the catalyst
composition or its preparation mode is necessary to
increase CO, conversion and reduce the rate of for-
mation of carbon deposits.

4. Conclusions

A long-term test of the tri-reforming process of
the methane-air mixture recovered by mine drainage
systems of the Raspadskaya mine was carried out.
The catalyst testing was carried out in a flow quartz
reactor at atmospheric pressure, contact time 0.15
s, flow rate 200 ml/min, at 800 °C for 100 hours. The
methane-air mixture containing ~35 vol.% CH,, ~9
vol.% O,, ~11 vol.% CO,, ~13 vol.% H,0 and traces of
C,H¢ and C;Hg, was successfully converted into syn-
gas containing ~42 vol.% H, and ~25 vol.% CO. After
100 h of the process, the hydrogen yield was 85% at
methane conversion of 80%. The Ceg,Niy30;,/Al,0;
material, prepared by the citrate sol-gel method and
containing ~10 wt.% Ni and 6 wt.% Ce, was used as
a catalyst for the tri-reforming process. The changes
occurring in the catalyst under reaction conditions
were traced using the methods of low-temperature
nitrogen adsorption, powder X-ray diffraction, elec-
tron microscopy and thermal analysis. It was found
that after 100 h of the reaction the textural char-
acteristics of the catalyst moderately decrease and
the average particle size of the Ni-containing phase
increases. It was revealed that during the reaction,
carbon deposits of various types are formed with a
carbon accumulation rate of 0.7 mgC/(g...-h). The ob-
served changes in the textural and structural proper-
ties of the catalyst are not critical, since they do not
affect the efficiency of the process, which remained
stable over 100 h of reaction. The conducted studies
indicate the promise of coal mine methane conver-
sion technology using the tri-reforming method for
reducing methane emissions into the atmosphere,
preserving this valuable fossil resource, and increas-
ing the safety of underground coal mining.
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