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Abstract. In this paper, results of hydrogen production via methane pyrolysis in the atmospheric pressure
microwave plasma with CH4 swirl are presented. A waveguide-based nozzleless cylinder-type microwave
plasma source (MPS) was used to convert methane into hydrogen. The plasma generation was stabilized by
a CH4 swirl having a flow rate of 87.5 L min−1. The absorbed microwave power was 1.5–5 kW. The hydrogen
production rate and the corresponding energy efficiency were 866 g (H2) h−1 and 577 g (H2) kWh−1 of
microwave energy absorbed by the plasma, respectively. These parameters are better than our previous
results when nitrogen was used as a swirl gas and much better than those typical for other plasma methods
of hydrogen production (electron beam, gliding arc, plasmatron).

PACS. 52.50.Dg Plasma sources – 52.50.Sw Plasma heating by microwaves; ECR, LH, collisional heating
– 82.30.Lp Decomposition reactions – 84.40.Dc Microwave circuits

1 Introduction

Methane or natural gas reforming is widely used in indus-
try to obtain hydrogen or synthesis gas (H2+CO), which
are utilized in industry, for example as source materials
for the production of raw chemicals (e.g. methanol and
ammonia), as well as hydrogenation agents in oil refinery
and reducing gases in steel industry. Recently hydrogen
gains in importance as fuel in fuel cell applications, com-
bustion engines or gas turbines with the goal to achieve
more efficient exploitation of energy sources and to reduce
noxious emissions [1].

Usual reforming of methane is carried out thermally
with steam and oxygen where oxidation of methane takes
place to provide reaction heat because the methane re-
forming reaction using steam is endothermic. The main
reaction in the steam reforming of methane is the oxi-
dation with steam, yielding a mixture of hydrogen and
carbon monoxide:

CH4 + H2O ↔ CO + 3 H2, ΔH298 = 206 kJ mol−1. (1)

Since that process is highly endothermic, to decrease
activation energy, it requires catalyst, which is usually
Ni/Al2O3 working at temperature 1100–1150 K. Hence
the reforming system is sensible to impurities in substrates
which deactivates catalysts.
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Conventional technologies of hydrogen production, i.e.
coal gasification, hydrocarbon reforming and water elec-
trolysis, are too expensive or not applicable for specific
applications (e.g. for fuel cells) due to technical reasons.
Thus, new methods are under development, like water
photolysis, biological and plasma methods.

One of the attractive methods for reforming hydrocar-
bons to produce hydrogen is the use of plasmas [1–19].
The plasma contains reactive radicals, ions and highly-
energetic electrons. High reactivity shown by these species
enhances the chemical reaction rates whereby expensive
and impurity vulnerable catalysts can be avoided. These
advantages as well as its high energy density ensure the
compactness of the plasma reformer. Besides, the plasma
system can be adapted for reforming various hydrocar-
bons, like natural gas, gasoline, heavy oils and biofu-
els. Fast response time can be also achieved because the
plasma is operated by electricity. When steam is used as
the plasma supporting gas, reductive and oxidative radi-
cals such as H, OH, and O, are produced in the plasma,
enabling the plasma to be effective for reforming different
hydrocarbons.

Recently developed microwave plasma sources (MPSs)
operated at atmospheric pressure [7,8,18–27] seem to have
a high potential for hydrogen production via hydrocarbon
reforming. The microwave plasma at atmospheric pres-
sure is one of the plasma techniques providing the electron
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temperature of 4000–10000 K, and the heavy particle tem-
perature of 2000–6000 K [22–27].

Our previous investigations in methane conversion to
hydrogen [19] were carried out using methane (17.5–
175 L min−1) and nitrogen swirl (50–100 L min−1) at rel-
atively high absorbed microwave powers (3000–5000 W).
The best conditions corresponded to the absorbed mi-
crowave power of 3000 W and methane flow rate of
175 L min−1. Since the hydrogen production presented
in [19] was carried out in the presence of nitrogen without
any oxygen carriers, the main chemical reaction producing
hydrogen was methane pyrolysis.

Presence of nitrogen as well as methane conversion by-
products, i.e. acetylene and unconverted methane, necessi-
tate to separate hydrogen from other gaseous components
using a pressure swing adsorbent (PSA) unit or membrane
filter unit. In order to avoid separation process we propose
to use methane as the only gas entering the plasma gener-
ator. Results of methane conversion to hydrogen without
any other gaseous admixture are presented in this paper.

2 Experimental setup

The main parts of the experimental setup used in this in-
vestigation were: a microwave generator (magnetron), mi-
crowave plasma source (MPS), microwave supplying and
measuring system, and gas supplying system (Fig. 1).
The microwave power (2.45 GHz, 6 kW) was supplied
from the magnetron to the MPS via a rectangular waveg-
uide (WR-430) having a reduced-height section. Below the
reduced-high section a radiator conducting heat from the
microwave plasma source was placed.

The absorbed microwave power PA, i.e. microwave
power delivered to the discharge was calculated as PI−PR,
where PI and PR are the incident and reflected microwave
powers, respectively. The incident and reflected microwave
powers PI and PR were directly measured using direc-
tional coupler equipped with bolometric heads and HP
power meters (Fig. 1).

For hydrogen production via methane conversion we
used similar waveguide-based nozzleless cylinder-type
MPS as in our previous work (Fig. 2, [19]). In contrary to
the previous work, the processed methane (87.5 L min−1)
was introduced to the plasma not by the central duct of
MPS but in the form of a swirl. The swirl concentrated
near the quartz cylinder wall and stabilized plasma gen-
eration. The swirl held the discharge in the centre of the
cylinder and thus protected the cylinder wall from over-
heating. The inner diameter of the quartz discharge tube
was 26 mm.

Moreover, we added external and internal cylindrical
electrodes to the MPS. The external electrode was a cop-
per cylinder shielding the quartz one. The diameter of the
external cylindrical electrode was 46 mm, so microwave at
frequency of 2.45 GHz cannot be guided along it (opera-
tion below the cut-off frequency). This causes lower losses
of microwave energy, i.e., the higher microwave power is
delivered to the unit volume of the plasma. The internal
cylindrical electrode was a bras tube of outer diameter

Fig. 1. (Color online) Photo of the experimental setup with
the waveguide-based nozzleless cylinder-type MPS.

Fig. 2. (Color online) Sketch of the waveguide-based nozzleless
cylinder-type MPS.
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Fig. 3. FTIR spectra of the working gas mixture after the
microwave plasma processing. Absorbed microwave power:
5000 W, methane flow rate: 87.5 L min−1.

20 mm. This inner electrode forms a section of microwave
coaxial line, which causes that maximum of the electric
field corresponds to the down position of the plasma. We
observed that the inner electrode improved the stability
of plasma generation.

Important advantages of the presented waveguide-
based nozzleless cylinder-type MPS are: stable operation
in various gases (including CO2, air and methane) at high
flow rates, easy initiation of the discharge in various gases
without any admixture of noble gases, no need for any
special cooling system and for sophisticated impedance
matching (e.g., no need for a three-stub tuner).

Diagnostics of the working gas composition before
and after the microwave plasma processing of methane
was carried out using gas chromatograph (SRI 8610C)
and Fourier transform infrared spectrophotometer (Perkin
Elmer 16 PC). Production of hydrogen was calculated
from methane and its conversion products mass balance.

3 Results

Diagnostics of the exit gas composition showed that un-
processed methane was found as the only gaseous by-
products resulting from methane conversion in microwave
plasma (Fig. 3). The methane decomposed to hydrogen
H2 and carbon (soot). The soot deposit could be easily
noticed on the reactor walls. The soot deposition started
just after plasma ignition, however not all soot deposited
on the reactor walls. Major part of the soot was blown off
the reactor by the high gas flow. As a result, the thickness
of the soot layer deposited on the reactor walls has not
exceeded 2 mm and did not influence the reactor lifetime.

Concentrations of H2 and CH4 in the exit gas de-
pend on the absorbed microwave power (Fig. 4). At
the power of 1.5 kW concentrations of hydrogen and
methane were 99.88% and 0.12%, respectively, whereas
at the power of 5 kW they were 99.94% and 0.06%, re-
spectively. Thus, the total methane decomposition degree

Fig. 4. (Color online) Concentrations of methane and hydro-
gen resulting from methane conversion using the waveguide-
based nozzleless cylinder-type MPS. Methane flow rate
87.5 L min−1.

((CH4)conv/(CH4)tot × 100%) was 99.76–99.88%, where
(CH4)tot is the total (initial) mass of CH4, and (CH4)conv

is the converted mass of CH4. The selectivity of methane
conversion to hydrogen (H2/(2CH4)conv × 100%) was
100%. Such a high selectivity as well as lack of other
gaseous by-products and significant production of soot
show that reaction of methane pyrolysis was the main path
of methane conversion into hydrogen.

The energetic parameters of the hydrogen production
via the methane pyrolysis, i.e. the hydrogen production
rate and energy efficiency were up to 866 g (H2) h−1 and
577 g (H2) kWh−1 of microwave energy absorbed by the
plasma, respectively. In our experiment, the plug efficiency
of the microwave magnetron generator was higher than
66%, so taking into account this efficiency, the energy ef-
ficiency of hydrogen production is 381 g (H2) kWh−1 of
electrical energy used.

Comparison of the energy efficiency of hydrogen pro-
duction for different methods in which electric energy is di-
rectly used for methane conversion into hydrogen, is given
in Table 1.

It must be pointed out that the energy efficiency of
hydrogen production shown in Table 1 take into account
only the electrical energy used in the reforming (in some
cases it is not clear either the total electric energy used
or absorbed by the plasma is considered). In the plasma
methods presented in Table 1, the energy equivalent of
methane used in the reforming was not considered.

It is seen from Table 1 that the plasma methods
(except the electron beam [9] and dielectric barrier dis-
charge [13]) exhibit higher energy efficiency of hydrogen
production than the conventional water electrolysis [29].
However, when the energy equivalent of methane used
in the conversion is taken into account, the energy effi-
ciency of hydrogen production for the plasmatron with
catalyst [2] and our method presented in this paper, which
exhibit the highest yields, are comparable with that of the
conventional water electrolysis.
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Table 1. Comparison of the energy efficiency of hydrogen pro-
duction for different methods in which electric energy is di-
rectly used for methane conversion into hydrogen.

Hydrogen Initial Energetic

production method composition mass yield

(g (H2) kWh−1)

Conventional methods

Water electrolysis
H2O 21

[29]

Plasma methods

Waveguide-based

cylinder-type MPS CH4 381∗

(this paper)

Waveguide-based

cylinder-type MPS CH4 + N2 85

[19]

Electron beam [9] CH4 + H2O 3.6

Dielectric barrier
CH4 + air 6.7

discharge [13]

Gliding arc [4] CH4 + H2O 40

+ air

Plasmatron with CH4 + H2O 225

catalyst [2] + air

∗ total electric energy used.

Comparing results presented in this paper with those
obtained by us when using nitrogen swirl with methane
introduced to plasma by the central duct (Tab. 1, [19])
one can see that we improved much the energy efficiency
of hydrogen production. The total methane decomposi-
tion degree, reaching 99.88%, was also much higher than
13.2% presented in [19]. We suppose that residence time
of methane in high temperature region is the reason of
such different results. When nitrogen swirl was used then
it cooled space in the plasma vicinity causing that high
temperature region was limited to plasma only. However,
when only methane was introduced into the reactor there
was no cooling gas and high temperature region expands
beyond plasma. As a result methane residence time in high
temperature region was much longer comparing to that in
the experiment with nitrogen swirl.

Considering both the cost of methane and the to-
tal energy consumption (including losses in power sup-
plies), nowadays, among the hydrogen production meth-
ods, it seems that the conventional steam reforming of
methane [28] ensures the lowest cost of hydrogen pro-
duction. However, the conventional steam reforming of
methane is a large volume hydrogen production method.
When the distributed hydrogen production method are
considered, the microwave plasma method presented in
this paper seems to be attractive.

4 Conclusions

The results of this investigations show that the energetic
parameters of the hydrogen production, i.e. the hydrogen
production rate (866 g (H2) h−1) and the energy efficiency
(577 g (H2) kWh−1), via methane pyrolysis in the atmo-
spheric pressure microwave plasma are attractive.

Taking into account the energy losses in the microwave
power supply (∼33%), the energy efficiency of hydrogen
production reaches about 381 g (H2) kWh−1 of the total
electric energy used.

The proposed atmospheric pressure microwave plasma
system for hydrogen production via methane pyrolysis is
expected to be of low cost and effective, and thus promis-
ing for applications in the distributed hydrogen produc-
tion.

This research was supported by the Ministry of Science
and Higher Education (MNiSW) under the programme
3020/T02/2006/31.
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