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Plasma driven, water assisted CO2 methanation
W.F.L.M. Hoeben, E.J.M. van Heesch, F.J.C.M. Beckers, W. Boekhoven and A.J.M. Pemen

Abstract—By application of pulsed corona discharges in a
carbon dioxide atmosphere over a water film, the formation
of methane has been observed under mild reaction conditions,
without application of a dedicated catalyst. Methane is proposed
to result from hydrogenation of carbon monoxide and possibly
also carbon dioxide at the NiCr alloy high voltage electrodes,
the precursors being formed by plasma-induced decomposition
of carbon dioxide and water. Applying energy densities up to
46 kJ/L has yielded methane levels of approximately 440 ppm
at a production efficiency of 398 pmol/J. The observed plasma
chemistry occurs at ambient pressure, while gas phase heat is
cooled away by the water film, the latter being thermally nearly
unaffected.

Index Terms—Plasma applications, Plasma devices, Corona,
Chemistry.

I. I NTRODUCTION

CARBON dioxide as precursor for synthetic hydrocarbons
prevents the depletion of precious fossil fuels, thus safe-

guarding this source for pharmaceuticals, crop protection, food
conservation, garments and advanced polymeric materials.By
making use of sustainable energy sources for converting CO2

back to precious organic precursors, the net effect of this
chemistry is the recycling of CO2 as carrier molecule for green
energy. Also, a growing interest can be observed in power
to gas (P2G) technology [1], [2], [3]. Due to the increasing
renewable power production by very unpredictable and non-
stationary sources (wind and solar), massive energy storage
capacity is needed. Energy in the form of methane is easy to
store or transport and related cost and difficulty is far lessthan
with electric energy. Converting renewable power into methane
is a very much desired technology, if it can be performed in an
efficient and cost effective way. Since the process consumes
CO2, it offers at the same time an elegant greenhouse gas
reduction method.

Methanation of CO2 is the most simple process of CO2
upgrading: CO2 + 4H2 → CH4 + 2H2O. Due to the fact that
this process is of exothermic nature and kinetically hindered,
the use of a catalytic material at elevated temperature and
pressure is necessary [4]. Regarding these non-ambient process
conditions, it is of high interest to study the possibilities of
plasma chemical methanation. Plasma chemistry is based on
the efficient excitation and dissociation of reactant species
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at ambient temperature, herewith different reaction pathways
may be offered with lower activation energy than classical
thermal chemistry [5].

Not until the end of the twentieth century, plasma chemical
research was mainly dedicated to oxidative degradation of
harmful organic materials in either gas or liquid phase [6],
[7], [8]. Also, plasma-induced synthesis was then applied for
simple chemistry, e.g. ozone and nitric oxide production. From
that time, interest in plasma-induced synthesis of added-value
chemicals like organic precursors or future fuels is rapidly
growing. Since some years, plasma chemistry is combined
with catalysts to further enhance reactant conversion and
product selectivity [9]. Apart from plasma-induced partial ox-
idation of methane or methane-CO2 mixtures [10], [11], [12],
[13], [14] or syngas production from CO2 and H2O [15] to
obtain oxygen-functional fuels, plasma-enhanced methanation
of CO2 is a topic of increasing interest [16], [17], [18],
[19] in addition to conventional non-plasma catalytic CO2

hydrogenation [4].
Observation of the plasma-induced chemistry of pure carbon

dioxide in contact with a water film has yielded a remarkable
insight. In this paper we report first results on direct synthesis
of methane from carbon dioxide and water vapour, using
non-thermal plasma chemistry without any dedicated catalyst,
under mild reaction conditions.

II. EXPERIMENTAL SETUP

The plasma is produced by application of steep & short
nanosecond high voltage pulses on a wire-to-plate electrode
geometry in a gas/liquid batch reactor with gas recycle flow.
The time-dependent strongly non-uniform electric field pro-
duces pulsed corona discharges. Via the created high energy
electrons, processes are induced from efficient vibrational
excitation, to dissociation and further ionization of the gas
phase components.

The experimental configuration consists of a carbon diox-
ide 4.5 grade atmosphere over a deionized water film in a
capacitive electrode configuration, as depicted in Figure 1.
Four parallel metal wires (Nikrothal-80) of 32 cm length and
250 µm thickness comprise the high voltage electrodes. The
electrodes-to-water distance is 18 mm. Water film and insulat-
ing reactor bottom thickness are 4 mm and 5 mm respectively.
The water volume is 100 mL. In order to produce a non-
thermal plasma with this setup, utilization of a standard fast
pulse 30 kV capacitor-sparkgap switch configuration appeared
to be insufficient. Therefore a 65 kV Drift-Step-Recovery-
Diode based pulse source topology has been applied; details
are presented in [20]. Characteristic pulse voltage & current
oscillograms are given by Figure 2. By integrating the power
over the pulse time, the pulse energyEp [J] is obtained, see
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Fig. 1. Pulsed corona plasma reactor configuration. The reactor vessel is
mounted on the ground electrode; in between the 4 mm water filmand ground
electrode is the insulating reactor bottom of 5 mm thickness.

Equation 1. The energy densityǫ [J/L] is calculated according
to Equation 2, whereEp [J] is the average pulse energy, f
[Hz] is the applied pulse repetition rate,∆t [s] equals the
plasma operation time and Volg [L] is the gas phase volume,
i.e. 803 mL. Then, the methane production efficiency GCH4

[mol/J] is calculated from Equation 3, where Cǫ
CH4

[ppm]
is the observed methane concentration at energy densityǫ
[J/L] and Vm [L/mol] is the molar gas volume at reaction
temperature& pressure.

Gas chromatography-mass spectrometry (Shimadzu
QP2010p GC-MS) with a parallel Flame Ionization Detector
(FID) and a JSB/Agilent PoraPLOT U broad spectrum
separation column has been applied to identify the plasma
chemistry. The FID is a mass-sensitive detector with a wide
linear operation range of about 7 orders of magnitude and
a detection limit of few pictograms carbon per second [21]
and non-sensitive to e.g. carbon monoxide, carbon dioxide,
hydrogen, nitrogen, oxygen& noble gases.

In subsequent experiments, together with the QP2010p
diagnostic tool, parallel gas phase analysis was performed
using a Shimadzu GC2010p gas chromatograph with a Supelco
Carboxen 1010 column and Thermal Conductivity (TCD) -
Methanizer (MTN) - Flame Ionization Detector (FID). This
additional GC resolves permanent gases, that are not sepa-
rable by the PoraPLOT column, like e.g. hydrogen, nitrogen
and oxygen; also separation of CO and O2 is feasible now.
The Methanizer enables highly sensitive detection of carbon
monoxide and carbon dioxide via the FID, by catalytic reduc-
tion to methane, in the context of this study an interesting
detail.

Ep =

pulselength∫

0

Vpulse(t) · Ipulse(t)dt (1)

ǫ =
Ep · f ·∆t

V olg
(2)

GCH4
=

10−6 · Cǫ
CH4

Vm · ǫ
(3)
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Fig. 2. Typical oscillograms recorded at energy densityǫ=45.6 kJ/L

III. R ESULTS

By application of energy densities in the range 15-46 kJ/L,
the formation of carbon monoxide, oxygen and methane has
been observed. Figure 3 shows the GCMS Total Ion Current
(TIC) chromatograms for increasing values of the energy
density ǫ. Peak identification and retention times tr are as
follows: carbon monoxide tr=3.44 min, oxygen tr=3.46 min.,
methane tr=3.63 min, carbon dioxide tr=3.98 min., water
tr=12.45 min. Although hydrogen is a well-known product
of plasma induced water decomposition [5], detection of the
former is not possible with the applied analytical configuration.

Figure 4 shows the response of the hydrocarbon-specific
FID for increasing values of the energy density. Both GC-
TIC and GC-FID chromatograms withǫ=0 kJ/L, representing
the reference plasma-off situation, reveal weak signals from
carbon monoxide and methane, low level system impurities.
The identity of the observed products is confirmed by the
deconvoluted TIC chromatograms i.e. Mass chromatograms,
see Figure 5. CH4 is confirmed by m/z values{16, 15}, CO
{28, 16, 12}, CO2 {44, 28, 16, 12} and O2 {32, 16} [22].
As a function of the energy density, the CH4 signal peak
area increases together with that of CO and oxygen. The CO2
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Fig. 3. GC-Total Ion Current chromatograms as a function of the energy
density.

0 5 10 15 20 25 30

0

1x10
4

2x10
4

3x10
4

4x10
4

0 kJ/L

14.9 kJ/L

30.1 kJ/L

45.6 kJ/L

F
ID

s
ig

n
a

l
in

te
n

s
it
y

(µ
V

)

Retention time (min.)

Fig. 4. GC-Flame Ionization Detector chromatograms as a function of the
energy density.

peak area decreases, but due to the large order of magnitude
differences between reactant CO2 and product concentrations,
this is not visible in Figure 3.

The observed maximum peak area corresponds to approx-
imately 440 ppm CH4 at 45.6 kJ/L, the production effi-
ciency GCH4

=3.98·10−10 mol/J, or approximately 26.0 keV
per methane molecule. Although the theoretical thermal effi-
ciency of the methanation reaction is 77.9%, calculated from
the dissociation enthalpy of hydrogen (+571.6 kJ/mol, +5.9
eV/molecule) and the combustion enthalpy of methane (-890.5
kJ/mol, -9.2 eV/molecule), the observed efficiency corresponds
to only 0.04%.

Methanation studies on catalytic hydrogenation of methane
mainly use nickel based catalysts at higher reaction temper-
atures (up to 773 K), where both a high conversion (76%)
and selectivity (99%) are obtained [4]. Emerging power-to-
methane pilot plants report efficiency values of 11% to 50%
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Fig. 5. GC-Total Ion Current & fragment Mass Chromatograms (m/z values)
for the experiment withǫ=45.6 kJ/L. Arrows indicate methane formation.

[1], [2], [23]. In this respect, the presented data must be
considered as a proof of principle of the cold plasma method
only.

Further evidence of plasma-induced CO2 methanation has
been obtained with additional GC-TCD-MTN-FID diagnos-
tics. The pulsed power source and reactor configuration are
similar to previously applied, except that the high voltage
electrodes have been exchanged for low alloy steel ones.
Applied energy densities have been in the range 90-359 kJ/L.

Methane formation has been confirmed by the GC-MTN-
FID chromatograms, see the small peak at tr=7.5 min in
Figure 6, the concentration being sub ppm level now. Other
peaks are Methanizer transformed CO (tr=4.8 min) and CO2
(tr=9.6 min), the peak at tr=3.8 min as rapidly eluting species
seemingly H2, but not as such detectable by the FID. CO2

conversion is rather high, i.e. 64% at 359 kJ/L; the conversion
efficiency ranging from 73 nmol/J (143 eV/molecule) at 64%
to 116 nmol/J (90 eV/molecule) at 25% conversion. An
estimated maximum energy efficiency based on CO production
from plasma-induced CO2 dissociation then is calculated from
the combustion energy of CO (2.93 eV/molecule) yielding
3.3%, which is reasonable for a non-optimized plasma setup.

Referring to the observed gas chromatograms, it is obvious
that the high CO2 conversion values also might imply the
formation of water soluble organics; verification of the carbon
mass balance requires complex liquid chromatography-mass
spectrometry analysis, which is beyond the scope of this study.

The GC-TCD chromatograms are given by Figure 7, indi-
cating the conversion of CO2 (tr=9.5 min) and subsequent
formation of CO (tr=4.7 min) and O2 (tr=4.0 min). The
formation of H2 (tr=2.8 min) is at ppm level. The compound
at tr=8.7 min might be water, but this is indefinite. The identity
of the compound at tr=12 min is unknown; it may be a higher
hydrocarbon, detectable by the FID but likely lost in the strong
CO2 MTN methanized CH4 signal represented by Figure 6.
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Fig. 6. GC - Methanizer - Flame Ionization Detector logarithmic chro-
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by the small peak at tr=7.5 min.
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Consideration of the remarkable differences in methane
formation between the described experiments yielded an un-
expected catalytic effect, that is directly connected to con-
ventional CO2 methanation. The initially applied Nikrothal-
80 electrodes, comprising an austenitic nickel-chromium alloy
(19-21% Cr), appeared to yield energy density dependent
remarkable CH4 concentrations, while steel electrodes only
induce energy density independent meagre CH4 formation.
The catalytic effect of nickel and Ni alloys thus seems to also
play a major role in plasma-assisted CO2 methanation.

Resuming, fundamental plasma processes explaining CO2

methanation are as follows: the non-thermal pulsed corona
plasma induces dissociation of CO2 into CO and O2, while
vapor phase H2O is dissociated into hydroxyl radicals OH
and hydrogen atoms [5]. Hydrogen may also be produced
according to the reaction CO + H2O → H2 + CO2. At the
high voltage electrodes apparently plasma-enhanced d-metal
catalytic activity exists, where dissociative adsorptionof CO,
CO2 and H2 induces carbon hydrogenation to CH4. A parallel
path may exist, featuring direct hydrogenation of CO2. In con-
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Fig. 8. Gibbs free energy change of the reaction CO2 + 4H2 → CH4 +
2H2O as a function of temperature, at a pressure of 1 atmosphere.

trast to Fischer-Tropsch catalysis [24], the reaction conditions
in the plasma reactor are mild, i.e. at atmospheric pressure
and the gas phase heat is cooled away by the water film
interface, while the latter is thermally nearly unaffected; these
low temperatures especially favor the equilibrium towards
methane. Figure 8 shows the Gibbs free energy change of the
CO2 methanation reaction as a function of the temperature,
at ambient pressure [25], reflecting the reaction equilibrium
constant via Keq=exp(-∆rG0(T)/RT) [26].

IV. CONCLUSION

By application of pulsed corona discharges at high energy
density in a CO2 atmosphere over a water film, methane
formation has been indicated under mild reaction conditions.
Dissociation of CO2 and H2O seem to induce CO hydro-
genation chemistry at the corona-energized high voltage wires,
where NiCr wire material appears to be superior to low alloy
steel. An approximate methane production efficiency is 398
pmol/J at 46 kJ/L, while CO2 conversion efficiencies of 90-
143 eV/molecule have been observed in the range 90-359 kJ/L.

This proof of principle may open new ways to apply CO2

as carrier for green energy and, at the same time, serve power
to gas technology. However, improvement of the conversion
efficiency needs thorough attention and seems feasible by
application of a nickel based low temperature plasma aided
catalyst, sub nanosecond risetime pulsed corona discharges
[27] and tuning of the spatial& energy distribution of the
plasma [28].
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