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Abstract

We designed and developed an ultrahigh-frequency (microwave) plasma torch with a combined (nitrogen, methane) plasma-forming environ-
ment, and microwave output of up to 2 kW, continuously. We demonstrate the possibility of using it in order to process natural and associated
petroleum (APG) gas into valuable products (hydrogen and carbon nanomaterial CNM) with up to 70% efficiency. Based on the developed
microwave plasma torch, we developed an apparatus capable of converting hydrocarbon feedstock at a capacity of 50 g/h yielding CNM and
hydrogen of up to 70 vol. %. In its mobile small-tonnage version, this technology can be used on gas-condensate fields.
© 2016 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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1. Introduction

The requirements of today, for the rational use of nonrenew-
able hydrocarbon-containing natural resources, define the need
to search for new effective methods and means of their deep
processing. In this aspect, the processing of natural and asso-
ciated petroleum gas comes in first. One of the options for the
deep processing of hydrocarbon-containing gases is converting
them to hydrogen and carbon nanomaterial (CNM), which are
both in high demand. Significant results in the solution of this
problem are obtained when using chemically active plasma of
electrical discharges in gases. Among the various types of dis-
charges (arc, barrier, high-frequency, microwave, etc.), the
microwave discharge has an obvious advantage as far as impact
performance on hydrocarbon gases and other fluids [1–4].

Preliminary studies on the effects of microwave discharge
plasma on hydrocarbon gases have shown that there is a lack of
stability among the known types of plasma torches. The opera-
tional instability is associated with carbon formation during the
decomposition of the hydrocarbon gas (methane) in the micro-
wave discharge.

Further studies have been devoted to developing a method
and an apparatus that can convert hydrocarbon gases into

hydrogen and carbon, based on the combined effects exposure
to a metal (Fe, Ni) catalyst and microwave discharge plasma
will have on the gas, at atmospheric pressure [5]. A microwave
plasma torch with a “passive” initiator of microwave discharge,
in the form of disordered stacking of tungsten spirals, is used as
the plasma source. The developed method and apparatus have
allowed us to achieve a high (up to 70%) degree of conversion
of methane and up to (70 vol %) yield of H2. However, these
results were obtained at relatively low gas flow rate of about
0.16 ÷ 0.4 m3/hr. When increasing the gas flow rate up to
1 m3/hr and above, there is a problem of stability due to the
“burning” of the microwave discharge due to the carbonization
of the discharge chamber of the plasma torch, which results in
a disruption of the microwave discharge.

In order to solve this problem, a new version of the micro-
wave plasma torch was developed, having a discharge initiator,
in the form of an electric gas discharge tube with a nitrogen
plasma environment [6]. This gap creates an initial plasma
concentration, which is sufficient to initiate the main microwave
discharge. The use of this initiator allowed us to partially
remove the problem of carburizing the inter-electrode gap of the
discharge chamber and thus, increase the time of continuous
operation of the microwave plasma torch.

In this paper, the plasma source used to process the hydro-
carbon gases is the microwave plasma torch with an active
radial discharge initiation system, consisting of four gas arrest-
ers arranged in the center plane of the discharge chamber.
Experiments have shown that this system ensures a stable
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initiation and “burning” of the microwave discharge at elevated
(greater than 1 m 3/hr) convertible gas outputs, which are of
practical interest.

2. Experimental plasma torch

A diagram of the microwave plasma torch is shown in Fig. 1.
The microwave plasma torch developed by the authors of

this study is a waveguide-to-coaxial transition (WCT)1, con-
sisting of a rectangular waveguide 2 and a coaxial line. The
inner 3 and outer 4 conductor of the coaxial line form the
discharge chamber. The discharge chamber has a built-in active
discharge initiation system, consisting of four gas dischargers
5, located in the center line of the cylindrical discharge
chamber, with an interval of 90° along the circumference. Each
of the dischargers 5 consists of a body 6, a central electrode 7,
high-voltage input 8, and is fitted with an individual pipeline 9
for supplying plasma gas (nitrogen) into the discharge gap.

The external appearance of the discharge initiation system is
shown in Fig. 2.

The waveguide 2 is equipped with a pipeline 10 for supply-
ing the converted gas. The input of the waveguide 2 through the
ferrite valve 11 is connected to a microwave generator (mag-
netron 12) with a capacity up to 5 kW in a continuous mode and
operating frequency (2450 ± 50) MHz. The magnetron is pro-
tected from reflected waves by using the ferrite valve. Automo-
bile spark plugs are used as high-voltage gas discharge inputs.
Waveguide 2 with a cross-section of 90x45 mm is made of
stainless steel. At the output end of the waveguide there is a
mounted sliding short circuit 13 so that the plasma torch can be
adjusted. The inner conductor 3 of the coaxial line with a
diameter of 16 mm and the outer conductor 4 with an inner
diameter of 40 mm are also made of stainless steel. In order to
form a microwave plasma torch discharge in its hollow inner
conductor 3, the coaxial nozzle is filled 14.

The microwave plasma torch operates as follows. At the first
stage in the area of the discharge gap of each of the arresters 5,

each individual pipeline 9 is fed nitrogen, and the central elec-
trode 7, through a high-voltage input 8 gets pulses of amplitude
up to 15 kV at a repetition rate of 100 Hz. Pulses are generated
by a high-voltage source (not shown). The electrical discharge
is ignited under the influence of these impulses, which creates
plasma, the concentration of which is sufficient to initiate the
ground (microwave) discharge. Then, the natural gas is fed into
the discharge chamber containing about 95 vol. % methane
(SH4), through the hollow inner conductor 3 of the coaxial
WCT, as well as microwave power from generator 12. The
coaxial WCT line turns into the circular waveguide by virtue of
its own continuation, which is the outer conductor of 4 coaxial
with a diameter of 40 mm. The waveguide of this diameter is
the limit for the working wave of the generator λ0 12 45= , cm.
Due to this, in the end zone of conductor 3, there is an increase
in the electric field strength, and the microwave discharge is
ignited at atmospheric pressure. Along with this, the conditions
for the initiation and further maintenance of stable combustion
of the microwave discharge are ensured by using the radial
discharge initiation system. The process is such that the trigger
(auxiliary) discharges burn in the zone having the predominant
concentration of nitrogen, and the main (microwave) discharge
is in the zone where the methane concentration is dominant.
With this division of gas flow, we can ensure stable combustion
of the microwave discharge in a broad range of convertible gas
flow and levels of microwave power input into the discharge.
Due to this construction, discharge initiation thereby decreases
the likelihood of forming carbon “bridges” that would overlap
with the discharge intervals, the reaction volume is increased,
and the spatial uniformity of plasma formation is improved,
which also increases the degree of methane conversion.

The methane conversion products (hydrogen and carbon)
that are formed using microwave discharge plasma are removed
from the discharge chamber as gas flow, which passes through
a filter system after which the products are collected by their
respective accumulators.

An apparatus was created based on the developed microwave
plasma torch, and a series of experiments were conducted, toFig. 1. Microwave plasma torch with a radial discharge initiation system.

Fig. 2. The external appearance of the microwave discharge initiation system.
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test the conversion of natural gas with a methane content of
95–97%, into hydrogen and carbon. Along with the microwave
plasma torch, the apparatus includes: a radio-transparent flow
reactor with Fe catalyst and a filtration system to purify the
hydrogen and carbon products. This installation layout allowed
us to realize two different options that can be used to convert
methane. The first option involves the combined effect of the
catalyst on the gas and microwave plasma discharge. The
second option involves the impact of only the microwave dis-
charge plasma. In the first option, preliminary heating of the
convertible gas occurs at the expense of its passage through the
metal catalyst, which is being heated by the microwave energy.
The advantages of this method include the fact that the process
has a low inertia, there is volumetric heating, and there is an
absence of carbonization of the catalyst due to the presence of
electric micro-discharges between catalyst particles in the
microwave field.

3. Research results

In the preliminary studies [5], it was found that the highest
degree of conversion of the natural gas and hydrogen yield are
achieved using Fe and Ni catalysts. Since the Fe-catalyst is
cheap and available, it was chosen to be the primary catalyst in
order to study the combined effects of the catalyst and micro-
wave discharge plasma on the convertible gas. The Fe-catalyst
consists of metal particles that are about 0.5–1.5 mm.

The results of the conversion of the natural gas on a hot
catalyst without microwave discharge, and on a cold catalyst
with microwave discharge, as well as the combined effects of
both the hot catalyst and microwave discharge, are shown in
Table 1.

As shown in Table 1, the degree of the conversion of the gas
and the hydrogen yield depend on many parameters, one of
which is the catalyst temperature, since it also heats the passing
convertible gas. In the absence of the microwave discharge, the
degree of conversion increases with rising temperature, but it
remains low (a few percent), whereas given a cold catalyst
(+20°S) and microwave discharge, it reaches 48%.

The low degree of conversion in the first case is explained by
the catalyst temperature, which is insufficient for the full imple-
mentation of natural gas pyrolysis. Obviously, the temperature of
700°S is that “threshold” above which the conversion process
begins. As noted in Reference [7], at a temperature of 450–
650°S, iron (Fe) in methane atmosphere is converted into
cementite (Fe3C) which does not work as a catalyst. At tempera-
tures of about 700–750°S, cementite is destroyed and there is a
process in whichmethane decomposes into hydrogen and carbon.

To determine the effect of the Fe-catalyst on the composition
of CNM, we conducted experiments related to the conversion of
methane located only in the microwave discharge plasma, and
with no catalyst, and then with the combined effects of the
Fe-catalyst and the microwave discharge plasma.

Table 2 shows the results of studying CNM deposits,
obtained as a result of converting methane in microwave dis-
charge plasma and the combination: Fe–catalyst–plasma.

The phase composition of CNM and the dimensions of
coherent scattering areas (CSA) of the X-rays were determined
using the standard methods of X-ray analysis, using the XRD-
6000 X-ray diffractometer, as well as a device used for deter-
mining the specific surface area “Sorbi” and a scanning electron
microscope “Philips SEW 515” in the Centre of Collective Use
(CCU) TSU in the city of Tomsk. The structure of the resulting

Table 1
The results of various conditions at which natural gas is converted.

T, °S Catalyst
type

Conversion conditions Gas flow,
m3/hr

Conversion
degree, %

Concentration
H2, vol.%

600 Fe Without microwave discharge 0.4 <1 <1
700 Fe Without microwave discharge 0.4 10 9
800 Fe Without microwave discharge 0.4 57 16
20 Fe Microwave discharge 0.4 48 56
600 Fe Microwave discharge 0.4 60 60
700 Fe Microwave discharge 0.4 62 69
800 Fe Microwave discharge 0.4 68 73

Table 2
Phase composition and CSA dimensions for samples of carbon nanomaterial deposits.

The sample
number, n/p

Phase composition Phase
content,%

CSA
size, nm

Conversion conditions

1 MWCNT 10 14 Microwave discharge without catalyst
SWCNT 12 9
Onions 18 10
Amorphous carbon 60 –

2 MWCNT 41 27 Microwave discharge, Fe-catalyst
SWCNT – –
Onions 35 12
Amorphous carbon 24 –
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CNM included single-layer (SWCNT), multi-layer (MWCNT)
and onion carbon nanotubes, as well as amorphous carbon.

Table 2 shows that the combined action of the catalyst and
the microwave discharge plasma in the CNM content increases
the content of carbon nanotubes (almost 2-fold), in comparison
to the regime involving the microwave discharge without the
catalyst.

The combination of the catalytic processes and the plasma
chemistry leads to complex dependences in the endothermic
methane decomposition reaction. Fig. 3 shows the experimental
dependence of the degree to which methane is converted on the
time of contact with the catalyst.

Decreasing the time of contact with the catalyst given a
constant linear velocity for methane decreases the degree of
methane conversion and the hydrogen concentration in the
output products of the reaction.

Increasing the linear velocity of methane strongly reduces its
conversion, the hydrogen yield, and increases the concentration
of S2+ hydrocarbons in the reaction gases.

In the process of conducting the experiments, we also
obtained dependences of the degree to which methane is con-
verted and the hydrogen yield on the natural gas flow at a fixed
microwave power level input into the discharge chamber. The
given dependences are shown in Fig. 4.

As we can see from the given dependences, the maximum
(up to 70%) conversion and hydrogen yield (up to 70 vol. %) are
achieved at low (0.16÷0.4 m3/hr) convertible gas flows. The
decrease in these indicators as the amount of convertible gas
being spent increases is possibly associated with insufficient
energy input into the discharge.

4. Conclusions

As a result of the conducted investigations of how natural
and associated petroleum gas in microwave discharge plasma is
processed, it was found that the most effective method involves
the combined effects of the metal Fe-catalyst and the microwave
discharge plasma on the gas. Due to the impact of the chemi-
cally active plasma particles (ions, electrons, free radicals), the
pre-excited atoms and gas molecules passing through the cata-

lyst heated by microwave energy undergo a plasma-chemical
decomposition reaction of methane molecules (SH4) into
hydrogen and CNM, consisting of carbon nanotubes (single-
layer, multi-layer, and onion) and amorphous carbon.

In microwave heating of the catalyst to temperatures of 600–
800°S, and it being affected by microwave discharge plasma at
atmospheric pressure, sufficiently high indicators as to
the degree of methane conversion (up to 70%) and carbon
nanotubes in CNM (up to 76%) are achieved.

Based on the developed microwave plasma torch, an appa-
ratus for the conversion of natural gas into CNM and hydrogen
is created with CNM yield of up to 50 g/hr, and hydrogen yield
of up to 70 vol. %.
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Fig. 3. The dependence of the degree to which methane is converted on time of
contact.

Fig. 4. The dependence of hydrogen yield and the degree of conversion from
natural gas flow at R microwave =2 kW. 1- conversion degree; 2- hydrogen yield.
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