Hydrogen production from methane conversion in a gliding arc
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Abstract

Until now the major problem of the methane conversion is to break the very strong C-H bond.
It is possible by employing some catalysts methods, however the formation of carbon powder
diminish the catalytic performance.

The use of a gliding arc described in this work has a double goal: the hydrogen production
and other syngas like acetylene and the treatment of the green house gas methane without no
performance diminution whit carbonaceous products formed.

A good approximation model describing the chemical processes concerning the methane
decomposition is described, first by the interaction of key radicals like CHs and H, and after
by chemical reactions involving other hydrocarbons.

Additionally, the experimental results demonstrated the ability of the gliding arc to accelerate
chemical reactions at low temperatures and at low energetic costs.
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1. Introduction

Because of its greenhouse effect, many studies on methane conversion into more valuable
compounds [1], such as hydrogen, synthesis gas or even carbon nanostructures synthesis [2,
3] have been studied.

In general, catalytic methods overcome to break the strong bond characteristic of methane,
nevertheless the carbonaceous powder obtained diminish the catalytic effect [4,5].

Nowadays, investigations have been deeply performed using non-conventional technology,
like plasma technology. Nonthermal plasmas are widely studied for methane conversion [5-
17]. These techniques are cheap and easy to handle; but, the main problem is their low plasma
density and subsequently the difficult to achieve higher conversion at higher flow rate.

On the other side, thermal plasmas which typically high temperature and higher density of
plasma [3, 18-22] are capable to maintain elevated injection of gas; however the instrument
cost is expensive and they spend higher power consumption.

Therefore, a plasma device combining the better characteristics of nonthermal and thermal
plasmas mentioned before, becomes interesting. The gliding arc plasma has a transition
region, allowing higher electron density, higher temperatures and it is capable to treat higher



injection flow rates, therefore this kind of devices have greater possibilities to be applied in
industry [23-26].

In the present paper a model describing the chemical processes concerning the methane
decomposition is proposed and, concerning the experimental part, the ability of the gliding arc
to accelerate chemical reactions at low temperatures and at low energetic costs is
demonstrated.

2. Theory of chemical kinetic model

The energetic electrons transfer their energy toward neutral molecules of the polluted gas
resulting in quenching, attachment, dissociation, or ionization process; species like free
radicals, metastables, atoms and ions are also formed. In particular, in the proposed kinetic
model, the radicals are initially formed and the synthesis of hydrogen and other hydrocarbons
are finally formed.

In total 24 chemical species (e, Ar, Ar - Ar metastable, CH,, CH, H, H,, CH,, CH3, H', CH*,
H', C,Hs, CoHs, C3Hx, CoHa, C4Hx, CH4', CH;', CoHy', CoHs'™, C3Hx' , CHs', C4Hx' with
x>5) and 43 chemical reactions were considered.

Specifically, the chemical kinetic model employed involves reactions with excited argon

having a non negligible role [27] in the plasma chemistry during the methane decomposition
(table 1):

Table 1. Excited argon reactions

Reaction Rate constant, Reference
cm®/s

1 e+Ar—e+Ar 8x10” , f(E/n) [28,29]
2 Ar'+CH, — Ar+CH, +2H 5.8x107" [27]
3 Ar'+CH, > Ar+CH +H +H, 5.8x107"! [27]
4 Ar'+CH, > Ar+CH,+H 5.8x107"" [27]
S Arf+Ar > Arf+Ar+e 6.2 x1071° [30,31]
6 Ar'+Ar—2Ar 3.0 x10™° [30,31]

A Rate constant depending of the reduced electric field E/n (n is the gas number density) calculated by [28],
following the energy-level diagram at 13.4eV [29]

Other reactions are also employed, like electron impact reactions, neutral-neutral reactions
and ion molecule reactions, as shown in table 2.



Table 2. Reactions and rate coefficients

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31
32
33
34
35

Reaction

Electron impact
e+CH, >CH,+H +e

e+CH, >CH,+H, +e
e+CH, > CH+H,+H+e
e+CH, >CH +H,+H +e
e+CH, >CH,+H +e
e+C,H,>CH,+H+e
e+CH, -»CH,+CH, +e
e+CH, -CH, +CH, +e
e+H,>H+H+e
e+CH, > CH, +2e
e+CH, >CH, +H +2e
e+CH,>CH,; +2e
e+C,H,—>CH, +H,+2e
e+C,H, > C,H, +CH, +2e
e+C,H, —>CH,+CH, +2e

Neutral-neutral
CH,+CH, > C,H,
CH,+CH,—>CH,+H
CH,+H—->CH,+H,
CH,+H —»CH, +H,
CH,+H —>CH,
C,H,+H —->CH,+CH,
C,H,+CH, ->CH,
C,H,+H —>C,H,
CH,+H —>CH +H,
CH+CH, > C,H,
CH+CH,>CH,
CH+CH,—>CH,
CH+CH, ->C,H,
H+H—->H,

Rate constant,
cm’/s
4.5x10*®
7.3x10”
3.7x107
4.0 x10™°
0.8 x10™°
1.7 x10”
2.3 x107
2.8 x107
0.2 x107
3.4 x10°
3.2 x10°
3.0 x107
3.0 x107
4.0 x107
5.0 x107

3.7x107™"!
4.88 x10”
5.85x107%!
0.21
0. 7x10™"
0.6 x10™"°
42x10™"
2.8 x10™"
2.7 x107™"°
1.0 x10™"°
2.0 x10™"°
4.0 x107™"°
3.0 x10™°
1.0 x10°"

Reference

[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]

[32]
[33]
[33]
[33]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]
[32]



Table 2. Reactions and rate coefficients (continued)

Reaction Rate constant, Reference
cm’/s
lon-molecule
36 CH; +CH, - CH; +CH, 1.5 x10” [32]
37 CH; +CH, »>C,H; +H, 1.2 x10” [32]
38 CH;+CH, >C,H; +H,+CH,  50x10" [32]
39 C,H;+C,H, >CH; 4.3 x107™° [32]
40 C,H;+C,H, >C,H; 1.3 x10™" [32]
41 C,H; +C,H, >C,H  +CH, 3.1 %107 [32]
42 C,H! +C,H, >C,H; 3.03 x10™ [32]
43 C,H +C,H, >C,H +H, 0.1x10™° [32]

3. Experimental Setup

Methane and argon are mixed before their introduction to the three phase gliding arc reactor
(figure 1). An optical emission spectroscopy study was done with an Ocean Optic ®
spectrometer in order to observe some lines and bands of species formed. Mass spectrometry
(Cirrus) was also employed to observe products formed.

Figure 1: Experimental reactor

The alternating current supply, depicted in figure 2, is based in a half bridge inverter, the
resonant circuit load has a step-up transformer 1:12, in series with a capacitor C;=110nF, this
circuit has an operating frequency at 23.4kHz, high voltages up to SkVpp can be obtained.
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Figure 2. Thriphasic alternating current supply

4. Results
4.1 Chemical Model

The evolution of species formed in the plasma reactor can be appreciated in figure 3. The CHy
diminish quasi instantaneously (time < 1x10°®) and the major product formed is composed by
H, and hydrocarbons with x>5. The acetylene (C,H4) is formed but at very low
concentrations. Results reported in [32] explain a quasi static evolution in the diminution of
methane contrary than results here presented. This could be explained by the introduction of
argon in the model having a very important role in the formation of metastable argon acting in
the CH4 decomposition. However it is worth to note that the model reported in [32] is based
in a more complete model, a plug flow-rate one.

— — CH4
— — CH
— —H

— — CH»
CH3
H+
CaHg
CaHs
Cng
CaHy
CaHy
CoHa
——— CqHs
— CHsg
C4H§

Concentration (ppr)

1 D' 1 1 1 1 1 L
] 0.1 0z 03 0.4 0a 08 07 0s 0s 1

Time () R

Figure 3. Time evolution of chemical species density



4.2 Electrical analysis

In figure 4, voltage, current and power in line S are illustrated. Small values of these
electrical parameters correspond to the initiation of an arc of plasma (i.e situated at the
gases entry, were the electrodes are closest). The electric parameters augment in a linear
way as the electrodes diverges.
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Figure 4. Electrical parameters in line S.

The RMS power obtained from power plotted in figure 4, is depicted by figure 5,
where the stabilization of power turns around 248W approximately. Taking into
account that the input power was 324W the electrical efficiency is about 76%. The
electric loss can be explained by the fact of an elevated number of semiconductors
and switching devices.
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Figure 5. Total power and power RMS



4.3 OES analysis

OES analysis was realized in argon plasma and in a CHs-argon plasma (figure 6). When
methane is introduced, the optical spectrum becomes very rich in carbon bands indicating the
CHy dissociation. Concerning the H, synthesis, in figure 7 the pick situated at 656.3nm [34]
indicates its presence when methane is introduced to the plasma.
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Figure 6. Spectrum of argon plasma and methane-argon plasma
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Figure 7. Spectrum of argon plasma and methane-argon at wavelength characteristic of Ho.



4.4 Mass spectrometry analysis

The mass spectra of the gases measured at the outlet of the plasma reactor for argon
plasma and when methane is introduced are respectively showed in figures 8 and 9.

As can be appreciated, H,, is produced (figure 9) from the decomposition of methane.
However, a quantitative analysis was not possible by the fact that other chemical species
like hydrocarbons are superposed to oxygen and nitrogen lines obtained in pure argon
plasma.
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Figure 8. Mass spectrometry of gases obtained from argon plasma.
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Figure 9. Mass spectrometry of gases obtained from argon-methane plasma.



5. Conclusion

Hydrogen can be obtained from the degradation of methane by a glow discharge, highlighting
the important role of argon metastable in this process. It is worth to note that additional
experiments have to be done to quantitatively determine the production of hydrogen and other
hydrocarbons and to be able to correlate experimental results to model analysis.
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