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Abstract
Hydrocarbon exhaust gases containing residual amounts of oxygen may pose challenges 
for their conversion into value added chemicals downstream, because oxygen may affect 
the process. This could be avoided by plasma treating the exhaust to convert O

2
 in pres-

ence of hydrocarbons into CO or CO
2
 on demand. The underlying reaction mechanisms of 

plasma conversion of O
2
 in the presence of hydrocarbons are analysed in a model experi-

ment using a radio frequency atmospheric pressure helium plasma in a plug flow design 
with admixtures of O

2
 and of CH

4
 . The plasma process is analysed with infrared absorp-

tion spectroscopy to monitor CH
4
 as well as the reaction products CO, CO

2
 and H

2
 O. It is 

shown that the plasma reaction for oxygen (or methane removal) is triggered by the forma-
tion of oxygen atoms from O

2
 by electron. Oxygen atoms are efficiently converted into 

CO, CO
2
 and H

2
 O with CO being an intermediate in that reaction sequence. However, at 

very high oxygen admixtures to the gas stream, the conversion efficiency saturates because 
electron induced O

2
 dissociation in the plasma seems to be counterbalanced by a reduc-

tion of the efficiency of electron heating at high admixtures of O
2
 . The impact of a typical 

industrial manganese oxide catalyst is evaluated for methane conversion. It is shown that 
the conversion efficiency is enhanced by 15–20% already at temperatures of 430 K.

Keywords Plasma catalysis · Hydrocarbon conversion · Chemical modeling · Methane 
oxidation

Introduction

Plasma oxidation of hydrocarbons is a well known process in the field of combustion or the 
removal of volatile organic compounds (VOC) [1, 2]. Plasma excitation of a gas accelerates 
the combustion speed and allows thereby a more efficient use of the fuel. Plasma-based 
removal of VOCs is a viable method to filter contaminated exhaust gas streams in indus-
trial applications. Such VOC removal could also be performed using filter technologies 
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or thermal treatment [3], but both technologies exhibit significant disadvantages such as 
limited lifetime of filters or installation and energy costs of a typical thermal treatment 
unit. VOC removal can also be performed by thermal catalysis in packed bed reactors. The 
catalyst and the operation window (surface temperature, residence time) of such reactors 
has to be carefully chosen, because different hydrocarbons exhibit different reactivities in 
thermal catalysis and such systems are prone to catalyst poisoning by coke formation. For 
example, the conversion of methane in the presence of oxygen into CO and CO2 requires 
catalyst temperatures of typically 1000 K, because methane chemisorption cannot easily 
compete with oxygen adsorption at lower catalyst temperatures [4]. The main disadvantage 
of catalytic processes is, however, their sensitivity to the gas composition. Impurities in 
small concentrations in the gas stream can easily poison the catalyst surface rendering the 
process very inefficient. Therefore, sensitive gas monitoring is required and to adjust and 
control the feed gas.

The on demand control of the gas composition that is fed to a catalytic process is a pos-
sible application of a plasma process, because plasmas react much faster to varying opera-
tion conditions in comparison to changing the temperature of a packed bed reactor filled 
with catalyst beads. In this paper, we explore the use of plasma conversion of hydrocarbons 
for the treatment of coke oven gas. This gas consists of H2 (55–60%), CH4 (23–27%), CO 
(5–8%), N2 (2–5%), H2 O (4%), CO2 (2%), less than 1% O2 and many trace compounds 
[5]. These exhaust gases are used in a second setup for recycling to for example separate 
and purify H2 in a pressure swing adsorption (PSA) stage [6]. However, these subsequent 
chemical processes can suffer from the presence of oxygen that may be present as an impu-
rity in the incoming gas stream: (i) oxygen molecules may accumulate in the PSA, and 
together with H2 from the feed gas, the explosion limit for H2:O2 could be exceeded; (ii) 
oxygen may lead to corrosion in an industrial setup; (iii) oxygen may affect the process 
windows of a subsequent catalytic process. Currently, the impact of oxygen for these pro-
cess technologies is being mitigated by regulating the allowed concentration of oxygen in 
natural gas to be below 10 ppm [7]. Such a solution by regulation cannot easily transferred 
to more complex processing environments such as blast furnaces or a coke ovens. The 
amount of O2 impurities in these gas streams mainly depends on the tightness of the coke 
oven itself that operates below atmospheric pressure. Given the complexity of these indus-
trial installations and the aging of the facility, such a residual O2 level cannot completely 
be avoided and residual concentrations between 0.1 to 2% have to be expected. Therefore, 
a plasma process is explored to remove that oxygen from the gas stream before it enters the 
consecutive PSA stage. This goal is somewhat equivalent to VOC removal. Here, the focus 
is on oxygen removal (rather than VOC removal) and the abundance of VOC in the gas 
stream constitutes the reaction partner for that removal reaction.

The analysis of a plasma chemical system such as oxygen removal by reactions with 
hydrocarbons can be performed from an empirical perspective by evaluating a plasma pro-
cess that is directly coupled to the final application. Due to the large size of a gas treatment 
facility connected to a coke oven, such an approach is not viable and more fundamental test 
experiments are required to understand the reaction mechanism in more detail to allow for 
a robust extrapolation prior to testing this on the actual industrial scale. This is achieved 
in a small model reactor, where the main reaction partners are also diluted in a helium gas 
stream to avoid the contribution of secondary reactions in a first step. Such a reduced sys-
tem is also capable to analyse in more detail any plasma catalytic effects.

Recently, we devised a model experiment using a radio frequency atmospheric pres-
sure helium or argon plasma in a plug flow design with admixtures of CO2 [8, 9]. The 
plasma conversion is analysed using infrared spectroscopy to monitor CO and CO2 as well 
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as the species temperatures. It is shown that a non-equilibrium is created by rotational tem-
peratures close to the gas temperature, but much higher vibrational temperatures. The high 
vibrational temperature originates from a balance between electron induced excitation and 
efficient quenching by collisions with noble gas atoms. The vibrational temperatures of CO 
and CO2 are higher when diluted in an argon plasma compared to a helium plasma due to 
the lower quenching efficiency of vibrational excitation by collisions with argon compared 
to helium, The conversion of CO2 is very efficient and is two times higher in the case of 
argon compared to helium.

This model experiment is now used to analyse the conversion of O2 in the presence of 
CH4 in a radio frequency atmospheric pressure helium plasma. The plasma conversion is 
analysed with infrared spectroscopy and CH4 as well as the reaction products CO, CO2 and 
H2 O are monitored. Summarizing, the reaction scheme CH4/O2 is on the one hand a model 
system for the plasma chemistry of VOC removal, but also a concrete reaction scheme for 
oxygen removal in hydrocarbon containing exhaust gases from a coke oven.

Experiment

Experimental Setup

A scheme of the experimental setup is shown in Fig.  1: (a) shows the cross section of 
the plasma chamber along the gas flow direction, (b) shows the complete setup hous-
ing the plasma chamber in an evacuated compartment that is connected to the evacuated 

Fig. 1  a Cross section of the 
experimental setup along the gas 
flow. The plasma volume (26 mm 
× 13 mm × 1 mm) is confined by 
the two electrodes. The plasma 
is powered at 13.56 MHz by 
the RF generator attached to 
one electrode via a matching 
network. The IR beam path 
samples the plasma composition 
at the central position. b Sketch 
of the complete setup coupling 
the vacuum version of the FTIR 
spectrometer with the vacuum 
chamber housing the plasma 
chamber and the connection for 
gas, for temperature control, and 
for rf power and the correspond-
ing VI probe
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Fourier Transform Infrared (FTIR) spectrometer. The details of the setup including the 
various diagnostics are presented elsewhere [10] and only basic features are described in 
the following.

The plasma chamber consists of an aluminium body in which two temperature con-
trolled electrode holders are inserted from the top and the bottom. The electrodes consist of 
a copper support, a macor insulation layer and a copper electrode. The 0.5 mm thick copper 
electrode (26 mm × 13 mm) is protected by a 1 mm thin glass layer as a dielectric barrier 
to suppress arcing. The plasma volume is thereby 26 mm × 13 mm × 1 mm. The plasma 
volume is located in a central section within a rectangular gas channel with an extension of 
54 mm × 14 mm × 1 mm. The copper electrodes can be temperature regulated by guiding a 
temperature controlled oil through internal compartments inside both electrodes.

The plasma gas is fed at the beginning of the rectangular gas channel and is guided 
to an exhaust at the end. The position along the gas channel is denoted as x. The plasma 
volume is observed in transmission at an angle of 30◦ to the gas flow direction either at 
the centre (x = 13 mm) of the discharge using KBr side windows or at five positions along 
the gas channel (at x = 3 mm, 8 mm, 13 mm, 18 mm, 23 mm). This angle is required to 
avoid interferences in the optical windows [10]. The plasma forming gas consists of helium 
at a flow of 250 sccm with a variable admixture of CH4 and O2 at a flow between 0.3125 
sccm and 2.5 sccm. The dilution in helium is not a desired process parameter in any effi-
cient plasma application for methane oxidation. However, for the understanding of plasma 
reaction mechanisms, the dilution in helium suppresses the contribution of secondary reac-
tions in the reaction schemes and simplifies the analysis of the plasma chemistry to a large 
extent. Thereby, the inherent ambiguities in plasma studies of the chemistry in pure mix-
tures containing oxygen and hydrocarbons involving hundreds of species and thousands 
of reactions can be avoided. Such a system consisting of a pure mixture of oxygen and 
hydrocarbons is realistic, but many reaction coefficients involving excited plasma species 
are not well known. Consequently, the isolation of a re-action mechanism in gas mixtures 
relevant for the application at the end is very difficult. Since the flow of helium is so much 
larger than the flow of CH4 or O2 , an efficient and fast gas mixing is assured by injecting 
the helium directly in front of the molecular gas flow controllers. The flow of helium of 
250 sccm leads to a gas flow velocity in the plasma channel of 0.3 m/s and residence times 
in the order of 100 ms.

The plasma is powered by a 13.56 MHz power supply connected to one of the elec-
trodes via a matching network. The other electrode is grounded. The actual absorbed power 
in the plasma is measured using a VI probe in the RF power line. By measuring the phase 
shift between voltage and current, the actual absorbed power in the plasma is calculated 
by comparing the response of the setup with and without plasma. This yields values in the 
range of a few Watt, as being typical for atmospheric pressure non-equilibrium RF plasma 
jets [11].

Catalyst Preparation

The plasma exposed glass surfaces that cover the copper electrodes can be coated with a 
catalyst. A typical catalyst for hydrocarbon oxidation is manganese oxide that has been 
prepared by a calcination procedure to form �-MnO2 [12]. These catalyst particles are dis-
solved in a suspension of isopropanol and water, which is then pumped into a spray coat-
ing nozzle to deposit a quadratic pattern of dots on the glass surfaces. Finally, the glass 
layers are heated to 200 ◦C to remove the solvent and are then mounted on the electrodes. 
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Depending on the suspension/catalyst ratio, different catalyst loadings can be realized. 
More details of this spray coating system are presented elsewhere [13]. The loading of the 
catalyst is 0.75 mg/cm−2.

Infrared Analysis

The plasma chemistry is monitored by a Bruker Vertex 70v FTIR spectrometer using an 
external MCT detector. The parallel beam from the evacuated spectrometer is guided into 
an evacuated stainless steel housing and focused onto the plasma channel using off-axis 
parabolic mirrors with a focal length of 150 mm (see Fig. 1b). The complete beam path is 
evacuated besides a small section in front of the MCT detector that is purged with nitrogen 
gas. For each spectrum 100 scans at a wavenumber resolution of nominal 0.3 cm−1 are 
taken. Due to the 30◦ tilt of the chamber, the optical path in the gas volume between the 
KBr windows increases from 14 mm to 16 mm. This implies also a gas sampling along the 
flow direction over approximately Δx ∝ 3 mm. This can be converted into a finite temporal 
resolution of the measured gas densities in a plug flow approach of Δt ∝ 10 ms.

The excitation and dissociation of CH4 , CO2 , CO, and H2 O are monitored by evalu-
ating the ro-vib transitions of the fundamentals of the stretching vibrations: the CO2 
asymmetric stretching vibration at 2340 cm−1 , the CO stretching vibration at 2149 cm−1 , 
the CH4 stretching vibration at 3019 cm−1 , and the second harmonic of the H2 O asym-
metric stretching vibration at 3755 cm−1 ( see Fig.  2). The IR absorption spectra are 
modelled based on the fundamental data taken from the HiTRAN database [14–16]. The 
line strengths Sij for CO2 , CO and CH4 are calculated by invoking individual distribution 
functions for the population of each degree of freedom of the molecules such as vibra-
tions and rotations. The calculation follows the same steps, as shown in detail by Klar-
enaar et al. [17]. The lines are then broadened by convoluting them with a normalized 
line width function f assuming pressure broadening, which is the dominant broadening 
mechanism in our experiment yielding Lorentzian line widths in the range of 0.1 cm−1 . 
The wavenumber dependence of the absorption coefficient � is calculated from the line 
strengths Sij and the density of species n by the convolution with the line width func-
tion f. The wavenumber dependence of � is used to calculate the transmission follow-
ing Lambert-Beer’s law. Finally, the spectrum T(�) is convoluted with a Gaussian using 
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a width of 0.22...0.3 cm−1 to account for the finite resolution of the FTIR spectrom-
eter. The actual width is extracted directly from the spectra. This fitting is rather robust, 
because the Gaussian line width from the instrumental broadening and the Lorentzian 
line width from the pressure broadening lead to a very distinct line shape. The fitting is 
performed using a �2-Fit by varying the temperatures and concentrations of the species. 
The accuracy of this temperature determination is typically ΔTvib± 100 K and ΔTrot± 
20 K. For the analysis of H2 O, the line strengths calculated by the HITRAN database 
at 300 K are being used. The accuracy of the FTIR modelling is tested by comparing 
the predicted line strengths Sij with the tabulated values in the HITRAN database for a 
thermal equilibrium of 300 K. Excellent agreement is found. The simulated FTIR spec-
tra are also directly compared to the simulations of Klarenaar et al. [17] for a specific 
concentration and temperatures. Both codes agree very well. An example for the fit of 
the CH4 absorption around 3019 cm−1 is shown in Fig. 3 for a plasma with 0.625 sccm 
CH4 and 0.625 sccm O2 at 3.3 W plasma power. The measurement and the model show a 
good agreement and provide a density of 2.7 × 1022 m−3 , a rotational temperature of 352 
K and a vibrational temperature for the wagging mode of 442 K.

Results

CH
4
 Oxidation Depending on Gas Mixture and Plasma Power

The oxygen removal in an O2:CH4 mixture diluted in a helium plasma is analyzed by 
using a flow of 0.625 sccm for CH4 and flows of 0.3125, 0.625, 1.25 and 2.5 sccm for 
O2 . Thereby, the ratio of CH4 to O2 in the feed gas is changed from 0.5 to 4. The helium 
flow is set at 250 sccm and the measurements are taken in the middle position of the 
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plasma volume (x= 13 mm). The power absorbed in the plasma is varied between 0.5 to 
7 W

Rotational and Vibrational Temperatures

The dependence of the rotational temperatures of CH4 on the absorbed plasma power 
is shown in Fig. 4a. The rotational temperatures of CO, CO2 and H2 O follow an almost 
identical trend (not shown). This rotational temperature is usually close to the gas tem-
perature and indicates a heating of the gas stream at higher plasma powers. This is 
not surprising, given the fact that up to 7 W are being absorbed in the plasma mainly 
by helium ionization and excitation. The power is at first absorbed by the electrons in 
the plasma that cause excitation and ionization of helium and of the admixed molecu-
lar gases. This electronic excitation of the plasma species is eventually converted into 
other degrees of freedom of the molecules such as rotation, vibration and translation in 
super elastic collisions. The corresponding heating of the different degrees of freedom 
depends very much on the collision dynamics and on the different relaxation times in 
between these degrees of freedom. For example, electronic excitation of the molecules 
causes at first a vibrational excitation, which is then converted into rotational excita-
tion and then into translational energy.

The dependence of the vibrational temperatures of CH4 , CO2 , and CO on the 
absorbed plasma power are shown in Fig. 4b–d, respectively. The temperatures of H2 O 
are not evaluated because the HITRAN fitting is based on using the line strengths at 
300 K only. It can be seen that the vibrational temperatures are significantly higher than 
the rotational temperatures. This has already been observed previously and illustrates 
the non-equilibrium character of plasma excitation [8, 9]. The vibrational temperatures 
depend only weakly on the admixed concentration of O2 with the temperatures only a 
bit higher at very low admixture levels. Such higher vibrational temperatures at very 
low O2 admixtures can be clearly identified for CO. In general, such a relation between 
vibrational temperatures and O2 admixture seem reasonable, because less molecular 
gas in the channel allows the energy to be dissipated into fewer molecules that reach 
higher excitation temperatures.

In principle, the rotational and vibrational temperatures can also be deduced from 
the emission bands of CO, which requires a complete analysis of the excitation and 
emission processes. Such experiments are planned in the future. The advantage of the 
analysis of IR absorption spectra is their straightforward method of quantification that 
yields temperatures and densities at the same time.

As a simple estimate, the increase in vibrational temperatures ΔTvib of the differ-
ent molecules is estimated based on their heat capacity CV = ΔU∕ΔT  assuming the 
same energy input ΔU from the plasma but different heat capacities due to the different 
number of degenerated vibrational modes of 1 for CO, 3 for CO2 and 4 for CH4 . There-
fore, the measured increase in vibrational temperature ΔTvib for CO can be re-scaled 
to an expected ΔTvib for CO2 and CH4 . The experiments show an increase in vibra-
tional temperature of CO from 300 to 1000 K indicated as a dashed line in Fig.  4d, 
which is extrapolated to the expected ΔTvib of CO2 and CH4 by dividing this tempera-
ture enhancement of 700 K by 3 for CO2 and by 4 for CH4 , respectively. The resulting 
temperature estimates are shown as dashed lines in Fig. 4b, c. It can be seen that these 
estimates agree fairly well. It is striking that this very simple thermodynamic analy-
sis reproduces the typical temperatures rather well and any more intricate excitation 
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Fig. 4  a Rotational temperature 
of CH4 , b Vibrational tempera-
ture of the wagging mode at 1306 
cm−1 of CH4 (the measured IR 
absorption around 3019 cm−1 
also contains lines coupled with 
the excitation of the wagging 
mode that allow a determina-
tion of this temperature), c 
Vibrational Temperature of the 
asymmetric stretching mode at 
2340 cm−1 of CO2 , d Vibrational 
Temperature of the stretching 
mode at 2143 cm−1 of CO. The 
dashed line denote the expected 
increase in temperature based on 
the different heat capacities of 
the molecules due to the different 
degrees of freedom f for vibra-
tion ( CH4 f=4, CO2 f=3, CO f=1) 
and an equal supply of excitation 
from the plasma
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and de-excitation model is apparently not needed. Apparently, the frequent collisions 
among the species assure thermal equilibrium between the different degrees of free-
dom of the molecules.

CH
4
 Conversion and O

2
 Removal

Figure 5 shows the change in species densities for CH4 , CO, CO2 and H2 O for varying 
plasma power and oxygen admixture. It can be seen that CH4 depletion increases with 
plasma power and oxygen admixture. At the same time, the products CO, CO2 and H2 O 
are created.

The CO production does not vary too much, although plasma power and oxygen 
admixture vary. This indicates that CO constitutes an intermediate product. At very 
high plasma powers, the density of CO decreases again. This could be explained by the 
fact that at high plasma powers, sufficient oxygen atoms are being produced so that the 
conversion of CH4 to CO can further proceed to also create CO2 . This interpretation is 
supported by the data for very low oxygen admixture of 0.3125 sccm. Despite a high 
plasma power, no maximum in CO production is observed, because apparently the sup-
ply of oxygen atoms is insufficient to progress the reaction until the formation of CO2 . 
This is also consistent with the observation that the densities of the final products CO2 
and H2 O are also much lower for the lowest oxygen admixture.

The conversion rates for 1.25 sccm and 2.5 sccm O2 admixture are almost identi-
cal. This is striking, because the conversion of methane is not improved although more 
oxygen is admixed. Apparently, the oxygen atom production reaches an optimum with 
respect to oxygen admixture between 1.25 to 2.5 sccm. This constitutes a concentration 
between 0.5 and 1% in relation to helium. This observation is consistent with experi-
ments performed on an equivalent radio frequency discharge in helium with varying 
admixture of oxygen [11, 18, 19]: in a so-called COST-jet an optimum oxygen atom 
production at an admixture level of 0.5–0.6% has been observed, because atomic oxygen 
production suffers from the larger loss due to vibrational excitation rather than dissocia-
tion at higher oxygen admixture levels. An optimum in atomic oxygen production could 
also be linked to the back reaction of O and O2 to O3 . This reaction, however, is more 
evident in the afterglow of the plasma, since efficient ozone formation requires low elec-
tron temperatures [18].

The plasma chemistry is also analysed by regarding the mass balances of all atoms that 
are measured by FTIR in the system to identify the occurrence of other species invisible to 
our diagnostic. Figure 6 shows the carbon (a), hydrogen (b), and oxygen (c) balance of the 
atoms in the individually measured species. For example, the hydrogen balance results from 
adding the species densities times the stoichiometric factors Hbalance = 4 × nCH4

+ 2 × nH2O
 . 

It can be seen that the balances are almost fulfilled. A small decrease in all mass balances 
with increasing plasma power is observed that can be related to an increase in temperature 
with increasing plasma power and thus a lowering of the overall gas density. This hypoth-
esis is tested by inspection of the measured rotational temperatures as a measure for the gas 
temperature and using the ideal gas law to describe the temperature induced decrease of 
the species density at constant atmospheric pressure, starting with a set density at T=300 K 
taken from the set gas mixture. The resulting extrapolation of the mass balances to higher 
plasma powers is shown as dotted lines in Fig. 6. Apparently, all atoms in the molecules fed 
into the plasma can be found in the plasma reaction products. This observation indicates 
that the chemistry in the system remains rather simple and despite a strong conversion of 
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Fig. 5  Conversion of CH4 
depending on gas mixture and 
plasma power for 0.625 sccm of 
CH4 and varying oxygen admix-
ture as indicated: CH4 a CO b 
CO2 c, and H2 O d 
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the feed gas methane, most of the species are properly accounted for by the products CO, 
CO2 and H2 O only.

The mass balance concerning oxygen atoms, however, can only properly be extrapo-
lated from the set gas mixture at higher plasma powers and small admixtures of 0.625 
sccm and 0.3125 sccm. This is not surprising, since oxygen is only accounted for in 
our experiment, if measured in the infrared active molecules of CO, CO2 and H2 O. Any 
atomic or molecular oxygen that is not consumed in the reaction is inherently missing 
in the oxygen mass balance. This is consistent with the data. At an admixture of 1.25 
and 2.5 sccm, only a fraction between 0.1 and 0.7 of the oxygen is converted into the 

Fig. 6  Conversion of CH4 
depending on gas mixture and 
plasma power for 0.625 sccm 
of CH4 and varying oxygen 
admixture as indicated. The mass 
balance of the atoms in CH4 , 
CO2 , CO, and H2 O for carbon 
(a) hydrogen (b), and oxygen (c), 
respectively. The dashed lines 
denote the expected density vari-
ation based on the ideal gas law 
taking into account an increase 
in gas temperature according to 
measured rotational tempera-
tures and thus a corresponding 
decrease of density at constant 
pressure
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Fig. 7  Conversion of CH4 at 
0.625 sccm of CH4 and 1.25 
sccm of O2 measured along the 
gas flow at 5 positions for CH4 
(a) CO (b), CO2 (c), and H2 O 
(d) at varying plasma power, as 
indicated. Open symbols in (a) 
denote the measured CH4 density 
without plasma as a reference
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products CO, CO2 and H2 O leading to a significant deviation of the measured oxygen 
balance and the expectation from the ideal gas law (dashed lines in Fig. 6c).

CH
4
 Conversion and O

2
 Removal Along the Plasma Channel

The plasma chemistry of O2:CH4 conversion is also analysed by measuring along the gas 
flow direction for varying plasma power, as shown in Fig. 7 for CH4 (a), CO (b), CO2 
(c) and H2 O (d) for a mixture of 0.625 sccm CH4 and 1.25 sccm O2 that is expected to 
produce stoichiometrically correct CO2 and H2 O. The gas flow is in the direction of the 
increasing position coordinate.

It can be seen that CH4 is being increasingly depleted with increasing position along 
the gas channel and thus longer reaction times. At the highest plasma power and almost 
at the end of the channel a depletion of 85% is reached. CH4 and O2 are converted mainly 
into H2 O and CO2 and a small amount of CO. The efficiency of depletion scales with the 
power absorbed in the plasma, although at the highest absorbed power of 6 W and 7 W 
no large differences can be found. The density of CO goes through a maximum in the 
center of the gas channel, before it decreases again. This confirms the intermediate char-
acter of CO in the reaction sequence, as already discussed above. Such an intermedi-
ate character seems also to be exhibited by the reaction product H2 O. The intermediate 
character of CO is rather easy to explain given the fact that the conversion is driven by 
O atoms and CO can be further oxidized to CO2 . Nevertheless, when the oxygen atom 
driven conversion is completed and all O2 is consumed, the plasma dissociation by elec-
trons may still proceed to dissociate also the end products CO2 and H2 O even further. 
That may lead to a maximum concentration along the gas flow for the products CO2 and 
H2 O. In any application, such reactions would be avoided by restricting the residence 
times so that the products leave the plasma volume when their maximum concentration 
is reached.

The variation of the different reaction channels for CH4 conversion along the gas flow 
are analyzed in Fig. 8 in more detail for three plasma powers of 0.55W, 4 W, and 7 W 
(solid lines and symbols) in combination with the mass balances of the atoms in the 
species (solid lines). All mass balances are re-scaled to be identical to the density of 
carbon atoms in methane of 6 × 1022 m−3 . 

 (i) at a small plasma power of 0.55 W (Fig. 8a), the mass balances for hydrogen and 
carbon are almost correct. Only the mass balance for oxygen is strongly varying, 
because most of oxygen is still present as O and O2 which is not accounted for by 
our IR detection.

 (ii) at a plasma power of 4 W (Fig. 8b), one can see that the carbon balance is somewhat 
smaller at the beginning and at the end of the plasma in comparison to the center 
of the discharge. Apparently, at the beginning and at the end of the plasma channel, 
the measured species CH4 , CO2 and CO do not completely account for all species 
containing carbon atoms. This could be explained as follows: at the beginning of the 
plasma channel, the electron density is high, whereas the oxygen atom density is still 
low [20]. Consequently, electron impact reactions that cause the direct dissociation 
of methane might be more prevalent than reactions of methane with atomic oxygen. 
The electron impact reactions with methane may induce some hydrocarbon plasma 
polymerization leading to very different hydrocarbon species that are not measured 
or are at least not detectable given the sensitivity limit of our setup. Further down-



632 Plasma Chemistry and Plasma Processing (2021) 41:619–642

1 3

stream, however, these polymerized hydrocarbon species are eventually converted 
into CO and CO2 due to the abundance of oxygen atoms leading to a correct carbon 
balance, because the carbon species within CO and CO2 are now visible to the IR 
spectroscopy. The hydrogen balance is significantly lower than the scaling value, 
indicating that hydrogen atoms from the injected methane are not completely con-
verted into H2 O, but other hydrogen containing species such as H2 , CxHy or CxOyHz 
may be formed. The complete and efficient conversion of O2 into CO and CO2 is 

Fig. 8  Conversion of CH4 at 
0.625 sccm CH4 and 1.25 sccm 
O2 measured along the gas flow 
(same data as in Fig. 7). Mass 
balances for carbon (blue lines), 
oxygen (black lines), and hydro-
gen (red lines) for three plasma 
powers of 0.55 W (a), for 4 W 
(b), and for 7 W (c)
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indicated by the correct oxygen mass balance at a position of 15 mm. Therefore, 
the deficit in the hydrogen balance should correspond to H2 formation, which is 
not captured by our diagnostic. The carbon and hydrogen mass balances decrease 
also at the end of the plasma channel. This is reasonable, if we assume that the end 
products CO2 and H2 O originating from the chemical conversion of methane with 
dissociated oxygen upstream can still undergo further electron induced dissocia-
tion reactions downstream. These reactions may create H2 , CxOy and HxOy species 
that are not detected and that induce this deficit in the balances. This behavior can 
also be interpreted as an optimum at 15 mm along the gas channel for CH4 and O2 
conversion at these flows and plasma powers. If one converts the position of 15 mm 
into a residence time with the flow velocity of 0.3 m/s, one could also state that the 
optimum residence time for conversion is 50 ms.

 (iii) at a plasma power of 7 W (Fig. 8c), the trends of the mass balances with position 
along the plasma channel are similar to the trends observed at a plasma power of 
4 W. The deviation of the balances from the scaling value of 6 × 1022 m−3 is only 
larger. This is consistent since these deviations have been explained by the influence 
of direct electron impact reactions on methane and oxygen leading to H2 , CxOyHz 
and HxOy species that are not tracked by the IR spectroscopy. This dependence can 
be used to define an optimum plasma power for a given flow and gas composition 
in the process. Apparently, CH4 and O2 conversion into CO and CO2 only works at 
a residence time of 50 ms and a plasma power of 4 W.

Plasma Catalytic Conversion of CH
4
:O

2
 Mixture Using a MnO

2
 Catalyst

The impact of a catalytic active surface is evaluated by regarding the conversion of 0.25% 
CH4 and 0.5% O2 admixed to helium into CO, CO2 and H2 O at varying plasma power and 
three temperatures of 300 K, 378 K, and 423 K of the electrode surface covered with a 
MnO2 catalyst at a loading of 0.75 mg/cm2 . Figure 9 shows the dependence of CH4 (a), of 
CO (b) and of CO2 (c) on plasma power and surface temperature. It can be seen that the 
overall trend of CH4 depletion and CO and CO2 formation with plasma power is repro-
duced at the different surface temperatures. For such a comparison, it is important to note 
that the reduction in species density at higher system temperature due to the ideal gas law 
has to be compensated for to allow a direct comparison of the experiments for different 
catalyst temperatures. Therefore, all species densities are re-scaled to the reference point of 
6 × 1022 m−3 for the CH4 density at room temperature. It can be seen in Fig. 9 that the CH4 
depletion is a bit larger at higher catalyst temperatures. More significantly, however, is the 
more efficient production of CO and CO2 at higher temperatures. The higher production 
of CO and of CO2 is consistent with the corresponding larger depletion of CH4 although 
this difference cannot so easily be identified in the CH4 signal due to a larger statistical 
error. Apparently, a plasma catalytic enhancement of 15–20% is observed. Here, the cata-
lytic enhancement quantifies only the impact of the catalyst on the local conversion at the 
central position of the plasma channel. For any application at end, the net conversion after 
passing the gas stream through the plasma channel including also any back reaction would 
be needed to be measured by gas chromatography for example. Such an integral assess-
ment is not yet in the focus of our analysis.

The catalyst effect is identified by comparing the reaction rates at 300 K and at 430 K. 
In principle, a comparison to the plasma conversion without a catalyst should be made 
(see for example data in Fig. 4). However, such a comparison is inherently based on two 



634 Plasma Chemistry and Plasma Processing (2021) 41:619–642

1 3

experimental campaigns using two electrode assemblies with a reproducibility in the wir-
ing , accuracy of the catalyst coating etc. that is not better than 10–15%. This reproduc-
ibility is in the same range as the catalytic effect, which makes such a comparison not 
straightforward. Therefore, we decided to keep the experiment unaltered and only vary the 
temperature from room temperature, where any catalytic surface process can be excluded, 
to higher temperatures where for example CO2 desorption from the catalyst surface can 
occur.

Fig. 9  Plasma catalytic conver-
sion of CH4 in a plasma with 
0.625 sccm CH4 , 1.25 sccm O2 
and 250 sccm He at room tem-
perature and at 378 K and at 423 
K for CH4 (a), CO (b) and CO2 
(c), electrode surface covered 
with a MnO2 catalyst at a loading 
of 0.75 mg/cm2
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Discussion

A Simple Chemical Model for Plasma Oxidation of CH
4
 in He:O

2
:CH

4
 Mixtures

The plasma chemical conversion of methane in an oxygen containing helium plasma is 
usually analysed by a complex global model invoking hundreds of species and thousands 
of reactions that are combined with a Boltzmann solver to evaluate the electron energy dis-
tribution functions that is needed to calculate the rate coefficients for the electron induced 
reactions. The cross sections for the electron induced reactions can be found in the LXCat 
database [21], the neutral chemical reactions are from the chemical kinetics database of 
NIST. Such a model is prone to inaccuracies in the tabulated cross sections and rate coef-
ficients. Therefore, we chose a data-driven approach to simulate the chemical reactions of 
methane oxidation based on a most simple chemical model that captures the reaction stoi-
chiometry correctly, but covers only the major species and sums up sequences of detailed 
elementary reactions into a single representative reaction. Such an approach is especially 
suited for our experiment, because (i) the species are heavily diluted in helium so that sec-
ondary reactions leading to a multitude of species play a minor role and (ii) the mass bal-
ances of the individual atoms in our experiment are almost preserved by accounting only 
the main species, which indicates that the complexity of the plasma chemistry is very much 
reduced. This leads to a set of 10 chemical reactions shown in Table 1.

The position dependent data are modelled with scaled rate coefficients for a change in 
concentration per [mm] plasma channel, as shown in Fig. 10. For this, each density is nor-
malized to the density of CH4 in the feed gas of 6 × 1022 m−3 . The helium flow of 250 sccm 
leads to a flow velocity of 0.3 ms−1 in the gas channel. With this flow velocity each position 
along the gas channel can be converted into a time coordinate. Thereby, a 2nd order rate 
coefficient in kliterature,2nd [ m3

∕s ] is converted into a scaled coefficient in the model kmodel,2nd 
per [mm] position along the flow path via 
kmodel,2nd [1∕mm] =

1

v[mm∕s]
kliterature,2nd[m

3
∕s] 6 × 1022[1∕m3

].

Table 1  Reactions of a simple chemical model

M corresponds to third collision partner for the recombination reactions. Second reaction for k8 and k9 is 
similar to the desired reaction and reactions rates are available

# Reaction Type Source Literat. Refs. Model

k1 CH4 + 2 O → 2 H2 O + C 0.1
k2 C + O + M → CO + M 3-body NIST 0.96 [22] 1
k3 CO + O+ M → CO2 + M 3-body NIST 0.4 [23] 0.2
k4 O2 + e− → 2 O + e− diss. LXCat 0.17 [24] 0.14
k5 2 O + M → O2 + M 3-body NIST 1.5 [23] 0.01
k6 C + O2 + M → CO2 + M 3-body 0.1
k7 CO2 + e− → CO + O + e− 0.01
k7 CO2 + e− → CO + O− diss. att. LXCat 0.004 [25]
k8 H2 O + e− → H2 + O + e− 0.02
k8 H2 O + e− → HO + H− diss. att. LXCat 0.066 [26]
k9 CH4 + e− → C + 2 H2 + e− 0.005
k9 CH4 + e− → CH+

3
 + H + 2 e− diss.ioni. LXCat 0.0116 [27]

k10 O2 + O + M → O3 + M 3-body NIST 0.86 [28] 0.03
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In addition, predictions of the rate coefficients from literature are given, for elementary 
reaction k2 to k5 , k7 and k10 . The input data from the literature are scaled in the same man-
ner as the model rate coefficients for comparison. The following assumptions are being 
made for the rate coefficients from literature:

• 3-body reactions ( k2 , k3 , k5 , k10 ): Three body collisions are necessary for most of the 
recombination reactions. For this, the density of 2.4 × 1025[m−3

] for helium at atmos-
pheric pressure is taken into account as a third body collision partner. Thereby, the rate 
coefficients from literature are converted into apparent 2nd order coefficients in the 

Fig. 10  Comparison between 
position dependent data and 
modelling for three different 
plasma powers of 0.55 W (a), 
4 W (b), and 7 W (c), respec-
tively. Solid lines and symbols: 
measured data; solid lines: 
modelling of species measured 
by IR; dashed lines: modelling of 
species not detected by IR
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model via kmodel,2nd[mm−1
] =

1

v[mm∕s]
kliterature,3rd[m

6
∕s]6 × 1022[1∕m3

]2.4 × 1025[1∕m3
] . 

The predictions from literature for three body collisions, usually assume a third reac-
tion partner of the same kind instead of a light helium atom. Therefore, some differ-
ences between literature predictions and model values might be expected.

• electron induced reactions ( k4 , k7 , k8 , k9 ): The cross sections from the LXCat database 
are converted into rate coefficients assuming an Maxwellian distribution function with 
an electron temperature of 2 eV, which is very typical for helium plasma jets [19].

• dissociative electron attachment and ionization ( k7 , k8 , k9 ): The rate coefficients for 
electron induced dissociative ionization and attachment are used as an estimate for the 
similar reactions k7 , k8 and k9 of the simple model, where no direct rate coefficients 
could be found. This remains a crude assumption.

• sum reaction ( k1 ): The sum reaction k1 describes the conversion CH4 + 2 O → 2 H2 O 
+ C and represents a real fitting parameter without any predictions from literature. The 
consecutive reactions of elemental carbon to CO and CO2 ( k2 and k3 ) can be compared 
with rate coefficients from literature. Reaction k1 is a simplification and it summa-
rizes presumably a much more detailed elementary reaction sequence. Such a reaction 
sequence might not necessarily lead directly to elemental carbon but rather to more sta-
ble species such as CO and CO2 . As an alternative, one could also combine reaction k1 
with reactions k2 and k3 to create two stoichiometric reactions of CH4 + 4 O → CO2 + 2 
H2 O and of CH4 + 3 O → CO + 2 H2 O. However, this would require two fitting values 
instead of only one as above.

• unknown rate coefficients ( k6 ): no literature value is available, but the reaction should 
be similar to the reaction of carbon with atomic oxygen ( k2 ). Since the reaction partner 
in k6 is an oxygen molecule rather than an atom, a 10 times smaller value for k6 is cho-
sen in comparison to k2 . This is a crude estimate.

The model analysis is started by regarding the experiments at a plasma power of 4 W (b) 
and fixing the electron density to generate a specific oxygen dissociation rate consistent 
with a rate coefficient k4 close to the prediction by LXCat. This yields an electron density 
of ne = 4 × 1017 m−3 . The depletion of methane is then quantified by the fitting param-
eter coefficient k1 , but which is very much bound by the data, once the creation rate of 
oxygen atoms is set by k4 based on the LXCat predictions. Thereby, the creation rate of 
C atoms and of O atoms is set and the secondary reactions of CO formation and of CO 
oxidation are also very much defined. The comparison between the scaled rate coefficients 
from the model and literature predictions indicate good agreement (except for k5 and k10 ) 

Fig. 11  Scaling of the measured 
plasma power and the fitted 
parameter n
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and apparently reproduces the main reaction pathways of the CH4/O2 chemistry very well. 
This quantitative analysis of the chemistry works surprisingly well given the simplicity of 
the model, since almost all rate coefficients are within a factor 2 or less in agreement with 
literature values. Only the back reactions of oxygen atoms to create O2 ( k5 ) or O3 ( k10 ) seem 
to be much less dominant than predicted by literature.

The reliability of the fit is tested by extrapolating the reaction scheme at fixed rate coef-
ficients to the experiments at lower and higher plasma powers of 0.55 W (a) and 7 W (c), 
respectively. For this, the electron density is adjusted and the position dependent varia-
tion of the species density is modelled. The correlation of the fitted electron density with 
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Fig. 12  Extrapolation of the model (left column) for different gas mixtures in comparison to the data (right 
column, same data as in Fig. 5). The electron density is normalized to 4 × 1017 m−3
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plasma power is shown in Fig. 11 showing an almost linear dependence (red line for illus-
tration). Such a linear dependence of the electron density on plasma power is consistent 
with a typical global plasma model. Nevertheless, the comparison of the model with the 
data at the highest plasma power (c), indicate larger deviations between model and data 
suggesting that the chemistry model may be too simple at very high electron densities.

The model is also extrapolated by comparing the modelled densities of CH4 , CO, and 
CO2 for different mixtures of CH4 and O2 in the feed gas depending on plasma power, as 
shown in Fig. 12 with the model (left column) in comparison with the data (right column, 
same data as in Fig. 5). It can be seen that the model reproduces the major trends very well. 
For example, the observed independence of the CO concentration on the admixture of oxy-
gen in the experiment is also shown in the model. Nevertheless, some trends are not repro-
duced by this model extrapolation: (i) at the lowest admixture of oxygen, the depletion in 
the model is too small in comparison to the measured data; (ii) at the highest admixture of 
oxygen, the depletion still changes with oxygen concentration in the model although the 
data indicate almost no variation. One may speculate that this deviation between data and 
model originates from the interplay between electron density and oxygen concentration in 
the gas stream [20]. At high admixture of oxygen, the power absorbed by the plasma is 
more and more dissipated by the excitation of molecules rather than dissociation reactions. 
The opposite occurs at very low admixture of oxygen. This non-linearity in the dependence 
of power and electron density is not yet covered by the model. A more detailed description 
of such data driven models comparing different formulations is being addressed elsewhere 
[29]. Most interesting would be a direct measurement of the atomic oxygen concentration 
in the plasma using for example laser spectroscopy such as TALIF.

In the current status, the model describes the measured data accurately below a maxi-
mum CH4:O2 ratio of two and at electron densities or plasma powers up to a specific maxi-
mum that is sufficient to trigger the complete chemical conversion of CH4 and O2 into CO2 
and H2 O. Such a limit of the model validity is reasonable, because any higher values of 
plasma power may increase the contribution of electron induced secondary reactions that 
are not part of the simple chemical model.

Based on the observed trends in the data, one may develop a design recommendation for 
oxygen removal from exhaust gas streams. Apparently, the plasma power has to be adjusted 
accurately to trigger the complete stoichiometric conversion of O2 . If the plasma power 
is too low, residual oxygen molecules may remain, if the plasma power is too high, the 
plasma process will be energy inefficient, but, even more important, secondary reactions 
may lead to many other CxHyOz and HxOy species that could be harmful to a consecutive 
catalytic process.

Reaction Mechanisms for Plasma Catalytic Oxidation of CH
4

The occurrence of a plasma catalysis mechanism is discussed by using a typical Ni catalyst 
for thermal catalysis in a CH4:O2 mixtures as a reference case [4]. A more direct reference 
case for thermal catalysis would be a MnO2 catalyst for methane oxidation, as it is used in 
the experiment, but a detailed microscopic model for MnO2 is not available in the litera-
ture. We, therefore, used existing models for methane oxidation on a Ni catalyst to motivate 
the important temperature windows for the formation of CO and of CO2 . These tempera-
ture windows are governed by the binding energies of CO and CO2 on these surfaces and 
are rather similar for many catalysts. In thermal catalysis for methane oxidation, the limit-
ing step is the breaking of the first CH bond of the incident hydrocarbon upon impact at 



640 Plasma Chemistry and Plasma Processing (2021) 41:619–642

1 3

the catalyst surface. This is in competition with the blocking of surface sites by oxygen 
atoms, because oxygen molecules undergo dissociative chemisorption at the catalyst sur-
face already at room temperature. This oxygen only desorbs at temperatures above 1000 K 
providing free sites for hydrocarbon chemisorption. Then, association reactions between 
adsorbed oxygen and adsorbed carbon take place creating adsorbed CO and CO2 . CO2 may 
already desorb from the surface above 400 K, whereas the binding energy of CO is much 
higher implying a surface temperature above 700 K necessary for desorption. As a result, 
thermal catalysis of a CH4:O2 mixture leads preferably to CO at surface temperatures above 
1000 K.

The experiments showed an 15% enhancement of the production of CO2 and CO due 
the presence of a catalytic surface at elevated temperatures of 400 K only, if compared to 
room temperature conversion. Apparently, feed gas molecules or their dissociation prod-
ucts in the plasma may adsorb at the catalyst surface and recombine to create adsorbed CO 
and CO2 species. Such an association at the surface may become visible as an enhanced 
production of CO2 in the gas phase, because CO2 is also able to desorb from the catalyst 
surface typically at temperatures above 400 K. In methane oxidation by thermal catalysis 
in CH4:O2 gas mixtures, however, the dissociative chemisorption of methane is the rate 
limiting step that competes with dissociative chemisorption of oxygen. As a result, CO2 
formation at the very surface requires very high temperatures of typically 1000 K so that 
oxygen also desorbs leaving free sites for methane chemisorption. As a consequence, any 
CO2 production in such thermal catalysis systems at 450 K is not expected.

In case of plasma catalysis, however, the temperature windows for CO2 production may 
be different because dissociation products of CH4 such as CH3 , CH2 , CH or C may much 
more easily chemisorb in competition with dissociative chemisorption of oxygen. In addi-
tion, energetic particles from the plasma may also induce desorption of oxygen atoms from 
the surface that provides open sites for CHx adsorption. As a consequence, CO2 formation 
may still be possible, if the plasma assists CHx adsorption to compete with the inherent 
dissociative oxygen adsorption, followed by CO2 association and desorption above 400 K.

According to this sequence, the enhanced production of CO2 can be explained. However, 
also an enhanced production of CO is observed in the experiment, although it can only des-
orb from the surface at much higher temperatures of 700 K. CO may still be formed via 
association at the surface similar to CO2 above, but will not desorb at 400 K. Therefore, we 
speculate that the observed plasma catalytic effect may be linked to other effects: (i) it may 
be possible that the rate of oxygen atom creation is higher in the presence of the catalyst, 
which would lead to a higher CO and CO2 production at the same time. Such a surface 
assisted oxygen production could consist of the dissociative chemisorption of oxygen at the 
surface followed by a plasma particle induced desorption of oxygen atoms. Such a mecha-
nism could also explain that the effect of the catalyst is more pronounced at higher plasma 
powers, which can most clearly be seen when inspecting the CO2 density data - above a 
plasma power of 3 W, the data for different temperatures start to deviate. Apparently, the 
plasma catalytic effect scales with the electron density in the plasma; (ii) it may also be 
possible that the plasma assists the desorption of CO from the surface at low substrate 
temperatures; (iii) the presence of the catalyst may affect the plasma generation and thus 
the plasma dissociation due to different secondary electron emission coefficients. However, 
such an effect should be almost independent on the surface temperature. In addition, all 
experiments are related to the absorbed power in the plasma, which would include any 
catalyst induced improvement of plasma generation. A direct experimental verification of 
the hypothesis of any surface assisted oxygen creation rate in the plasma is extremely dif-
ficult and we can provide here only possible mechanisms. Complete simulations and new 
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experiments monitoring the surface coverages in real time are required to identify the exact 
mechanisms.

At the moment, the mechanisms that govern plasma catalytic oxidation cannot be iden-
tified from these data. These experiments nevertheless show that an enhancement of the 
conversion can be observed in a system where surface and species temperatures are con-
trolled and well known. This removes the ambiguity in most plasma experiments, where 
the unintentional plasma heating of the surfaces may give the impression of a plasma cata-
lytic effect although the enhancement can be explained by pure thermal catalysis where the 
catalyst is just heated by the plasma.

Conclusion

It is shown that the plasma reaction for oxygen (or methane removal) is triggered by the 
formation of oxygen atoms from O2 by electron impact since the threshold energy for elec-
tron induced dissociation of oxygen molecules is smaller than that for methane. Oxygen 
atoms are efficiently converted into CO, CO2 and H2 O with CO being an intermediate in 
that reaction sequence. At very high oxygen admixtures, however, the conversion efficiency 
is limited because the formation of oxygen atoms from O2 by electron impact saturates 
presumably at high oxygen admixtures. The impact of a typical manganese oxide catalyst is 
evaluated for methane conversion. It is shown that the conversion efficiency is enhanced by 
15–20% at temperatures of 430 K. It is shown that the efficiency of oxygen removal from 
the gas stream is affected by the nonlinear interplay between plasma power and oxygen 
atom generation. Consequently, any industrial implementation of the plasma based removal 
of oxygen should invoke also a direct monitoring of the oxygen concentration in the gas 
stream to regulate the plasma operating parameters.
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