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Hydrogen from Methane: Application of Microwave Discharge and Catalyst

This paper presents the results of experiments to produce hydrogen using methane pyrolysis with microwave
(MW) discharge and steel catalyst in an applied research installation PM-6. The experiments were conducted
to determine the fullest extent of methane decomposition in microwave discharge in the PM-6 installation us-
ing steel catalyst with varied nickel content. The results showed that the use of nickel catalysts provides the
highest hydrogen yield under optimal conditions. Hydrogen production technology was implemented using
catalyst in MW discharge with the maximum rate of methane conversion up to 32+2 % and hydrogen selec-
tivity up to 85+1 % at MW discharge of 0.6 kW, methane flow rate of 0.25+0.05 I/min and argon
8.0+0.2 I/min. Overall, the results of the study highlight the importance of choosing catalysts to achieve op-
timal conditions for methane pyrolysis and create efficient technologies for hydrogen production. The data
obtained from the experiments could be useful for the development of industrial pyrolysis plants, which will
contribute to a more sustainable energy future and a reduced carbon footprint.

Keywords: hydrogen, methane pyrolysis, hydrogen energy, microwave discharge, methane conversion, car-
bon, hydrogen selectivity, catalyst.

Introduction

Hydrogen energy has been gaining increasing popularity in recent years. Hydrogen can be used for en-
ergy storage, accumulation, and delivery. In this context, hydrogen energy stands out as one of the most
promising directions. Consequently, developed countries are developed their own hydrogen energy strategies
to meet the annually increasing demand for clean energy [1, 2].

Hydrogen can be produced from various raw material sources using a wide range of technologies. Cur-
rently, natural gas is the primary feedstock for hydrogen production, accounting for 68 % of the total hydro-
gen production worldwide in 2023 [3]. Therefore, to ensure the sustainable use of hydrogen, it is necessary
to develop efficient and environmentally friendly production methods. Methane pyrolysis is one such meth-
od, which, unlike traditional methods, significantly reduces CO, emissions [4—6]. Furthermore, research re-
sults have shown that methane pyrolysis is more economically advantageous compared to traditional hydro-
gen production methods due to lower feedstock costs, high product purity, and the possibility of utilizing by-
products [7-10].

In this article, methane pyrolysis is implemented using a microwave discharge. The pyrolysis process in
a microwave discharge allows for the achievement of the necessary temperatures and conditions for pyroly-
sis, significantly reducing reaction time and increasing the yield of target products [11]. It is necessary to
optimize the process, particularly through the use of catalysts to enhance the efficiency of pyrolysis and
achieve high selectivity for hydrogen.

Catalysts can be used to increase the efficiency of moment pyrolysis and research is currently underway
into various materials for use in this process. One of the key factors in enhancing the conversion rate of me-
thane is increasing the temperature of the catalyst since it heats the passing gas. As a result, excited atoms
and molecules of methane passing through the catalyst, heated by the energy of the microwave discharge,
undergo the decomposition of methane molecules under the influence of chemically active plasma particles
(ions, electrons, free radicals).

In addition, the catalyst must have both good catalytic activity and a long service life, as well as low
cost. In this regard, many studies of catalysts such as Ni and Fe have been conducted to improve the catalytic
activity of methane pyrolysis [8, 12—-19]. The main factors affecting the effectiveness of the catalyst applica-
tion should be taken into account, such as temperature and time of gas contact with the catalyst, textural
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properties, material composition and method of catalyst synthesis when choosing the material used in the
catalyst.

The integration of methane pyrolysis with high-frequency discharge technologies and metallic catalysts
can lead to the creation of closed cycles that promote cleaner and more sustainable hydrogen production.
Thus, this article presents the current results of experimental studies on methane pyrolysis in a microwave
discharge using a catalyst.

Experimental

Experiments were conducted using the setup for studying the plasma-chemical decomposition of me-
thane in the microwave discharge PM-6 [20]. Data on the pyrolysis of methane have previously been ob-
tained at the IAE RSENNC RK, and the results are presented in works [21, 22]. The schematic layout of the
catalyst in the PM-6 installation is shown in Figure 1.
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Figure 1. The schematic layout of the catalyst placement in the PM-6 installation

Astainless-steel metal sample was chosen as a catalyst according to literature data [5, 23, 24]. The re-
search [7] has been shown that the use of a catalyst made of nickel and carbon-containing materials in the
pyrolysis of natural gas can increase the formation of hydrogen in the mixture of gaseous products. In this
regard, it was decided to apply a Ni coating to the steel catalyst.

During this research, 3 series of experiments were fulfilled using the following materials:

— Stainless Steel catalyst (Initial);

— Stainless Steel catalyst, plated nickel catalyst;

— Stainless Steel catalyst electrochemically plated by nickel.

For nickel coating, the steel catalyst was placed in a nitric acid (HNO3) solution to remove contami-
nants. Nickel nitrate (Ni(NOs),) was used as the solution for electroless nickel coating. The composition of
the liquid electrolyte in which the product was immersed for electroless coating also included nickel nitrate
(Ni(NOz),). Figure 2 shows a 20 mm long and 25.5 mm diameter steel catalyst.

c)

a)

a) Initial; b) During electrochemical deposition; c) Nickel plated;

Figure 2. Process of coating the initial catalyst

176 BecTHuk KaparaHgmMHCKoro yHmBepcuteTa



Hydrogen from Methane: Application...

Upon coating, elemental analysis of the catalysts was performed using a Hitachi TM4000PIus scanning
electron microscope (SEM) with an EDS attachment. Figure 3 shows the results.

40 -+
33

0 28 HFe

| mC

® mCr
=20

< Al

1011

10 mo

4 .

0 W Nj
0 -

Original Chemical method  Electrochemical method
Catalyst

Figure 3. Elemental analysis of the catalyst surface after nickel coating

According to the results of elemental analysis, it is obvious that the electrochemical method of coating
is more effective, since the composition of Ni in the catalyst increased by 5 at.%.

Experiments on methane decomposition in the PM-6 installation were conducted in a microwave
discharge. A mixture of working gases of methane and argon was fed into a reaction chamber made of quartz
glass with a length of 460 mm and an internal diameter of 26 mm. The reflected power was monitored on the
magnetron control unit in all experiments and was reduced to “0”. Argon was used as a plasma-forming gas
for igniting the plasma, into which methane was smoothly fed. The carbon powder deposited on the
catalyst (Fig. 4) on the wall of the quartz tube was mechanically removed and collected for analysis after
each experiment.

a) catalyst b) reaction chamber

Figure 4. View after the experiment

Results and Discussion

The reaction products were analyzed using a mass spectrometer “CIS100Gas Analyzers” based on
partial gas pressures.

Based on the mass spectrometric analysis data, a qualitative and quantitative evaluation of the methane
decomposition rate and hydrogen selectivity was performed.

The methane conversion rate K, is a qualitative value that determines the proportion of methane that

has entered into a chemical reaction from the overall original methane. The methane conversion rate was cal-
culated using the following formula:

K- Py, (in) =Py, (out)
o Pey, (in)

1100 % (1)
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Product selectivity S,, is a qualitative evaluation determining the proportion of methane from a chem-
ical reaction was used to form the target product that is hydrogen. In this work, hydrogen selectivity was cal-
culated using the formula [25]:

P, (out)—P, (in
S, _L ”2(_ )=R..(in) -100 % )
* 2 Py, (in)-Py, (out)

Figure 5 shows the partial pressure diagram of gases. In formulas (1) and (2) B, (in) and Pen, (in) are

the partial pressures of hydrogen and methane at the beginning of the experiment, B, (out) and R, (out)
are the partial pressures of hydrogen and methane at the end of the experiment.

a) Ni = 0 at.%; b) Ni = 3 at.%;
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Figure 5. Diagram of partial pressures of gases in the result of the decomposition of methane with different nickel
content in the catalyst

Table 1 shows the calculation data for the rate of methane conversion and hydrogen selectivity.

Table 1
Results of calculations of qualitative characteristics of conversion
# | Wi, KW | Qg I/min S%Hig T, °C L% %
1 36+1 34+2
2 0.6 8.0+0.2 0.25+0.05 650+70 28+1 74+1
3 32+2 85+1
Note — Wy — magnetron power, Q, — argon consumption, Q¢4 — Mmethane consumption,
T — catalyst temperature, KCH4 — methane conversion rate, SH2 — hydrogen selectivity.

Figure 6 shows a diagram of the dependence of the rate of methane conversion and hydrogen selectivity
on the amount of nickel in the elemental composition of the catalyst.
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Figure 6. Diagram of the dependence of the rate of methane decomposition
and hydrogen selectivity on at.% Ni in the catalyst

Figure 6 evidences that increasing the nickel content in the catalyst contributes to an increase in hydro-
gen selectivity.

Conclusions

Experiments were conducted to determine the maximum of methane decomposition rate in the micro-
wave discharge using the PM-6 installation with a steel catalyst with varied nickel content. Three series of
experiments were conducted with the same microwave discharge power, catalyst temperature, argon and me-
thane flow rates. Based on the results of the experiments, it was found that increasing the Ni content in the
steel catalyst to increase the rate of methane conversion and hydrogen selectivity is effective. The catalyst
with 8 at.% nickel content, deposited electrochemically, showed the maximum hydrogen selectivity value.

Analysis of the reaction kinetics showed that the use of catalysts not only increases the rate of pyrolysis,
but also helps improve the energy efficiency of the process.
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MeTaHHaH cyTeri OHAIPIcCi: aca »KOFapbl AKMIJIKTI pa3psj
MEeH KaTaJIu3aTopabl KOJIJAAHY

Maxkanana [IM-6 kommaHOadbl 3epTTey KOHIBIPFBICBIHAA aca xorapbl kHUUTKTI (AXKXK) paspsnarel xoHe
METalT KaTalIu3aTOPbIH KOJIaHa OTBHIPBIN, METaH MUPOJIM3i 9MICIMEH CyTeriH aimy OOWBIHIIA TIXipHOEHIH
HoTIKecl kentipinren. [IM-6 KOHABIPFBICBIHZQ aca JKOFAaphl JKUUIIKTI pa3psaTa MeTaH KOHBEPCHSCHIHBIH
JKOFapbl JOPEXKECIH aHBIKTay VIIiH, KypaMblHAa HHUKeIb Oap KaTaau3aTop apKbUIbl SKCIIEPUMEHTTEp
Kyprizingi. HeoTwkenep karanuzaTopia HHUKENb KypaMbl JKOFapbulaybl CyTeri CEJIEeKTHBTUIITiHIH
JKOFapbUIayblHa BIKMAJI €TETiHIH KopceTTi. MeTaHHBIH €H JKOFapbl KOHBepcHs aopexeci 32+2 % -ra neilin
JKOHE CYTETiHIH celeKTHBTLIr 85+1 % -Fa neifiH KepceTKili, aca )KOFaphl >KUUTIKTI pa3paaTeiH Kyatsl 0,6
kBt, meran mereHb 0,25+0,05 n/muH koHe aproH 8+0,2 J/MHUH KOHABIPFBI IapaMeTpliepiHAe KO
JKeTKi3inai. XKanmel anranma, 3epTTey HOTIIKENEpl METaH MUPONU3iHIH OHTAMIBI MapTTapblHa KOJ KETKi3y
JKOHE CyTeri OHMIPICIHIH THIMIOI TEXHONOTHSUIAPBIH KYpy YIIIH KaTaliu3aTopiiapAbl TaHAAybIH
MaHBI3/IbUIBIFBIH KepceTeni. Taxipudenep/ieH alblHFaH ACPEKTEp OHEPKACINTIK ACHrelae MeTaH MUPOJIH3iH
JaMBITY YLIH maiimansl OOMybl MYMKiH, Oyl €3 Ke3eriHae OSHEPTHsHBIH TYpakTbl OoalIaFblHA IKOHE
KOMIpTeri i3iHiH a3aroblHa BIKIAJ €Te/i.

Kinm cesdep: cyteri, MeTaH NHpPOJM3i, CyTeri JHEPreTHKAachl, aca >OFapbl JKUUIIKTI paspsia, MeTaH
KOHBEPCHSCHI, KOMIPTEK, CyTETiHIH CEICKTUBTIIr], KaTaIH3aTop.
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T.P. Tynen6eprenos, A.B. I'pago6oes

Bonopoa 3 merana: npumenenue CBY paspsina n karaausaropa

B cratbe npesncTaBiaeHs! pe3ynbTaThl SKCIIEPUMEHTOB TI0 MOIYYEHUIO BOAOPOAA METOIOM NMUPOJIH3a METaHa C
MpUMeHeHHeM cBepxBbicokouacToTHOro (CBY) pa3spsiia u MeTa/uIMUeCKOro KaTaau3aTopa ¢ Pa3IudHBIM CO-
JepXKaHUeM HHKEJIsl Ha YCTaHOBKE JUISl NPUKIAAHBIX HccienoBanuii [IM—6. DKcnepuMeHTbI IPOBOIHINCE C
LETbI0 OMpeseNieHus] Hanboliee MONMHON CTENIeHN Pa3lioKEHHss MEeTaHa B MHKPOBOJIHOBOM paspsijie Ha ycTa-
HoBke [IM—6 ¢ ucnonbp30BaHUEM CTaNBHOIO KaTalld3aTopa ¢ Pa3IMUYHBIM COAEPKAHUEM HUKeIs. Pe3ynbrarel
MOKa3aJIH, YTO NPUMEHCHNE HUKEJICBBIX KaTann3aTopoB obecnednBaeT Hanboliee BEICOKHI BBIXOJ BOJOPOIA
IIPU ONTUMAIBHBIX YCIOBHUAX. Peann3oBaHa TeXHOIOTUSA NOIy4eHHs BOAOPOJA C UCIOIb30BaHUEM KaTallu3a-
Topa B CBY pa3spsiie ¢ MaKCUMalbHON CTENEHbIO KOHBEPCHH MeTaHa 10 3242 % U CeJIeKTUBHOCTBIO BOAOPO-
nga 1o 85+1 % mpu mourHoctn CBUY paspspa 0,6 xBt, pacxoge merana 0,25+0,05 n1/mun n aprona 8+0,2
a/MHH. B 1enom, pe3yabTaThl HCCIEOBAHUS MOJYEPKUBAIOT BaXKHOCTh BBIOOpA KaTaau3aTOPOB IS JOCTH-
JKEHHsI ONTUMAIIBHBIX YCIOBUH MUPOIM3a METaHa M cO31aHus 3()()EKTUBHBIX TEXHOIOTHH IJISI IIPOM3BOICTBA
BOJOpOJa. JlaHHBIE, TOTYYCHHBIE B XOJE SKCIEPUMEHTOB, MOTYT OBITH IOJE3HBI I Pa3pabOTKH MPOMBIII-
JICHHBIX YCTAHOBOK ITHPOJIM3a, YTO, B CBOIO Ouepesb, OyzeT crnocoOcTBoBaTh 00jIee YCTOHINBOMY SHEPIreTH-
YeckoMy OyayIieMy U CHIDKEHUIO YIIepOJHOTO Clesa.

Knrouesvie cnosa: BOJOpOJ, NHUPOJKU3 METaHa, BOAOPOAHAs 3HEPICTHUKA, CBerBLICOKO‘laCTOTHLIfI paspsn,
KOHBEpCHA METaHa, Yrii€poa, CECJICKTUBHOCTL BOJAOPOaa, KaTajlnu3aTop.
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