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Abstract: A one-dimensional fluid model for a dielectric barrier discharge in CH4/O;, and
CH4/CO, gas mixtures is developed. The model describes the gas phase chemistry for partial
oxidation and for dry reforming of methane. The spatially averaged densities of the various
plasma species are presented as a function of time and initial gas mixing ratio. Besides, the
conversion of the inlet gases and the selectivities of the reaction products are calculated. Syngas,
higher hydrocarbons and higher oxygenates are typically found to be important reaction
products. Furthermore, the main underlying reaction pathways for the formation of syngas,

methanol, formaldehyde and other higher oxygenates are determined.



1. Introduction

Methane is currently mainly being used for home and industrial heating and for the generation
of electrical power. However, it is a greatly underutilized resource for the production of
chemicals and liquid fuels, mainly because it is one of the most stable molecules.' The direct
synthesis of hydrocarbons starting from methane is not yet feasible and the conventional indirect
methods for partial and total oxidation of methane are characterized by poor yields and require
large amounts of energy.” The utilization of natural gas as a chemical resource is currently
limited to the production of synthesis gas (i.e., syngas: H, + CO) by steam reforming, which is a
highly energy-intensive process.’ Therefore, the development of a process for the direct synthesis
of higher hydrocarbons and oxygenates from methane in an energy-efficient way towards
economy and environment would offer significant benefits.

The major difficulty for the direct conversion of methane exists in breaking the stable C-H
bond. As mentioned above, the conventional methods, which make use of a high temperature and
a noble catalyst, require large amounts of energy and are lacking selectivity.” Atmospheric
pressure non-thermal low-temperature plasmas can offer here a distinct advantage, because they
enable in a unique way gas phase reactions at ambient conditions. A range of different plasma
activation mechanisms cause vibrational and electronic excitation, as well as ionization and
dissociation of species, and in this way gas conversion processes are induced. One example of
such non-thermal plasma is the dielectric barrier discharge (DBD) which can be operated in a
pressure range of 0.1 - 10 bar, while remaining at ambient temperature.

A DBD is generated between two electrodes of which at least one is covered with a dielectric
material. The gap between the two electrodes is typically a few millimeters. An ac voltage with

an amplitude of 1 - 100 kV and a frequency ranging from a few Hz to MHz is usually applied to



this kind of discharges. Detailed information on the history and the characteristics of a DBD can
be found in literature.*”

DBDs can be used in a wide variety of applications.”'* Nowadays a lot of research is carried
out on the use of a DBD for the conversion of CHy in the presence of a co-reactant to higher
hydrocarbons, oxygenates and syngas. This co-reactant has an important influence on the
selectivities of the desired end products. Co-reactants reported in literature for the conversion of

15-1 2,20-4 . . 12, 22, 44-82 25, 83-84 78
methane are among others'> " oxygen® ***, carbon dioxide™ '** ** *® hydrogen® ****, steam’™

81-85 and nitrogen™. When focusing on the formation of syngas and oxygenates most research is

2, 20-21, 23-43

performed on the partial oxidation with oxygen and on dry reforming (CO,

reforming)® 1% 4477, 79-80.82

Of course, oxygen is very effective for low temperature plasma activation of methane.
However, a possible drawback is an excessive oxidation, resulting in the formation of CO; and a
wide variety of oxygenates. Therefore, the use of CO, as a milder oxidant can sometimes be
more preferable depending on the desired end product(s). Moreover, with CO, as a co-reactant
the two most important greenhouse gases are converted in the process. Current interests in CO,
utilization include hydrogenation of CO, and the reforming of CHs by CO,. However,
application of the former is limited because of the high cost of hydrogen.*

Experimental results on the conversion in CH4/022’ 2021, 2343 and CH4/C023’ 12, 44-77, 79-80, 82
plasmas show that the typical end products are C\Hy, H> and CO, and to a lower extent also
CH30H, CH,0 and other higher oxygenates (acids, alcohols, aldehydes, esters, ketones, ...). In
most papers the focus is largely on the formation of C.Hy and syngas. Only a few papers

explicitly focus on the formation of CH;OH, CH,O and other higher oxygenates.” 22" 31-3% 3. 3%-

43, 46, 56, 58, 68, 72, 76



In order to develop a sustainable industrial process, the yields and selectivities of the desired
end products and the energy efficiency of the process should be optimized. Therefore, a better
insight into the complicated underlying plasma chemistry acting in the conversion process would
be of great value. Fluid modeling can offer here the necessary information.

Modeling results on the plasma chemistry in CH4/O, and CH4/CO, mixtures reported in
literature mostly originate from zero-dimensional simulations, largely based on specific
empirical input, which is only valid for the experimental set-up under study.'® 2!-3% 4144 37. 76. 8790
Zhou et al. used a semi-empirical kinetic model to simulate the accumulated chemical action of
many microdischarges in CH,/0,*! and CH,/CO,* gas mixtures. Besides the densities of the
inlet gases and main products, the pathways for formation of methanol in CH4/O, and syngas in
CH./CO, were briefly discussed. Nair et al.>*, Matin et al.*’, Agiral et al.**, Goujard et al.*! and
Zhou et al.*® used a semi-empirical kinetic model to simulate the conversion in a CH4/O;, non-
thermal plasma. Agiral et al.** briefly discussed the mechanisms of the gas-to-liquid process
governing the formation of oxygenates. Goujard et al.*' performed calculations for two different
temperatures and discussed the main underlying pathways for the formation of higher oxygenates
at these temperatures. Kraus et al.'® and Luche et al.*® used a semi-empirical kinetic model to
simulate the conversion in a CH4/CO, and in a CHj/air non-thermal plasma, respectively.
Goujard et al. applied a simplified global kinetic model to study the helium dilution effect on
CO, reforming of CH, in a DBD.”® Snoeckx et al. performed a computational study ranging from
the nanoseconds to seconds time scale for the conversion of CHs and CO, into value-added
chemicals in a DBD.” A zero-dimensional chemical kinetics model was applied to study the
plasma chemistry in a 1:1 CH4/CO, gas mixture. The calculations were first performed for one

microdischarge pulse and its afterglow. Subsequently, long timescale simulations were carried



out, corresponding to real residence times in the plasma, assuming a large number of consecutive
microdischarge pulses. The conversion of CH4 and CO, as well as the selectivity of the formed
products were calculated and compared to experiments for a range of different powers and gas
flows. In a follow-up paper, the authors applied this model to a wide range of conditions,
including gas mixing ratio, gas residence time, power and frequency, to investigate which
conditions give rise to the best conversion and energy efficiency.”’ Machrafi et al. performed
calculations for a 1:1 CH4/CO, gas mixture’” by means of a so-called 3D “Incompressible
Navier-Stokes” model with strongly reduced kinetic mechanism, in order to determine the
velocity fields. This model was combined with a convection-diffusion model in order to study
the behavior of the inlet gases. Qualitative densities were shown as it was not possible to have a
huge kinetic precision using a 3D model. Wang et al. conducted a density functional theory
(DFT) study to investigate the reaction mechanisms for the synthesis of oxygenates and higher
hydrocarbons from CH4 and CO, using cold plasmas.”® The main dissociation routes of the
reactants were analyzed and the formation of various products including syngas, higher
hydrocarbons and oxygenates was discussed. Istadi et al. developed a hybrid artificial neural
network-genetic algorithm to simulate and optimize a catalytic-DBD plasma reactor in a
CH4/CO; gas mixture.” The effects of the CH4/CO, feed ratio, total feed flow rate, discharge
voltage and reactor wall temperature on the conversion of the inlet gases and the selectivities of
the main products was investigated.

In the present paper, we also present a modeling study for the conversion of CHy in the
presence of O, or CO, into higher oxygenates and syngas. However, we make use of a 1D fluid
model. This allows us to calculate also the fluxes towards the reactor walls, and to take into

account surface sticking and secondary electron emission, without losing any kinetic



information. A drawback of this modeling approach is, however, that we do not take into account
the filamentary behavior of a DBD, in contrast to some 0D model approximations®, as we
assume a uniform discharge plasma.

In order to achieve this goal, we first developed a 1D fluid model to describe in detail the
plasma chemistry in an atmospheric pressure DBD in pure CH,.”* In the present paper, this
model is extended to describe the plasma chemistry in CH4/O, and CH4/CO, gas mixtures.

Unlike in most of the above-cited papers, we focus in detail on the main underlying pathways
governing the conversion to higher oxygenates, and moreover, we make a comparison of those
pathways between a mixture with O, and a mixture with CO,.

The goal of our work is to determine whether these gas conversion processes in a DBD may
occur in an energy-efficient way and thus whether a process can be developed that is competitive
with currently existing or emerging technologies. In order to optimize such a process to become
competitive, it is indeed essential to understand the underlying plasma chemistry. This is of great
interest when a catalyst will be inserted in the plasma, which is the final goal of our work, to
improve the selectivity of the conversion process and to obtain a higher yield for one or more of
the reaction products. Indeed, it is thus essential to know whether a heterogeneous catalyst would
act on one or more of the underlying gas-phase reactions.

We present here the most important results on the partial oxidation and the dry reforming of
CH; into syngas, higher oxygenates and higher hydrocarbons. First, the spatially averaged
electron and radical densities as a function of time will be illustrated. Furthermore, the densities
of the reaction products for a range of different initial gas mixing ratios, as well as the

conversion of the inlet gases, will be discussed. Finally, the main underlying reaction pathways



for the formation of syngas, methanol and formaldehyde, which appear to be the main

oxygenates produced, will be pointed out.

2. Description of the model

Similar to our previous study on the conversion of pure CH4 in a DBD, again the one-
dimensional fluid model, called Plasimo’s MD2D**®, is applied. This fluid model consists of a
set of coupled partial differential equations which are derived from the Boltzmann equation.
More specifically, particle continuity equations and drift-diffusion equations for the various
species, as well as an electron energy balance equation, are solved. These equations are coupled
to the Poisson equation which yields the electric field. This set of coupled equations is solved
iteratively in time and in space until convergence is reached. A more detailed description of the
physics used in the model and of the numerical methods that are applied, is reported by
Hagelaar’’ and by Brok et al.”® Detailed information about our specific use of the model and the
applied boundary conditions can be found in De Bie et al.”*

The chemistry in a CH4/O, and CH4/CO, gas mixture is described by 75 species (electrons,
molecules, ions and radicals). As mentioned above, the previous model for pure CH,4 is extended.
0O, and CO; are included as extra feed gases. Furthermore CO, H,0O, CH,0, CH3;0H and some
other higher oxygenates are considered in the model, as they might be formed in the plasma.
Similar to the model for pure CHy, the radical and ionic species corresponding to the formation
products of dissociation, ionization and attachment reactions of these molecules are also taken
into account. Although some vibrational and electronic excitation reactions are included in the
model, vibrationally and electronically excited species are not taken into account separately in

order to limit the number of species and reactions. Also rotationally excited species are not taken

into account in the model. Indeed, the electron energy required for rotational excitations is
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negligible compared with this for vibrational excitations. Table 1 presents an overview of

the different species taken into account in the model. Detailed information on the transport

coefficients and wall interaction coefficients used can be found in De Bie et al.”*

Table 1. Overview of the species included in the model, besides the electrons.

Molecules | CHy, C;Hg, C;Ha, CoHa, Cso, C3Hg, C3Hs, C4Hy, Ha, O3, O,, CO,, CO, H,0, H,0,,
CH,0, CH;0H, C,HsOH, CH;CHO, CH,CO, CH;00H, C,HsOOH

Ions CHs', CHy', CH;", CH,', CH", C", CoHg', CoHs', CoHy', CoHs', CoHy', CoH,
G, Hy',H,, H',04,0,",0",04,05,0,,0,CO,",CO", H;0", H,O0", OH", H’
, OH"

Radicals CH3, CH2, CH, C, C2H5, C2H3, CzH, C3H7, C3H5, H, O, OH, HOZ, CHO, CHQOH,
CH;0, C,H50, C,HO, CH3CO, CH,CHO, CH30,, C,H50,

The 75 species can interact with each other through a large number of reactions. 1019 gas
phase reactions, including 157 electron-neutral, 48 electron-ion, 476 neutral-neutral and 338 ion-
ion or ion-neutral reactions, are considered. An overview of the reactions is given in the
Supporting Information.

The rates of the different reactions are calculated from the densities of the colliding species
and the corresponding reaction rate coefficients. The electron-neutral and electron-ion reactions
are treated by energy dependent reaction rate coefficients. The rate coefficients of the electron-
neutral reactions are obtained from look-up tables calculated with the Boltzmann solver
Bolsig+'?!, based on the energy dependent collision cross sections for these reactions. The
references for the cross sections can also be found in Table S.1 of the Supporting Information.
The lookup tables for the electron-ion dissociative recombination reactions are built using the
functions in combination with the branching ratios for the different channels, of which a detailed

overview is given in Table S.2 of the Supporting Information. The neutral-neutral and ion-



neutral reactions are defined in the model with a constant reaction rate coefficient at a pressure
and temperature of 1 atm and 300 K, respectively. These rate coefficients and their
corresponding references are summarized in Table S.3 and Table S.4 of the Supporting

Information, respectively.

3. Results and Discussion

The model is applied to a cylindrical DBD reactor, which consists of two coaxial electrodes.
The inner electrode is grounded and has an outer diameter of 22 mm. The outer electrode is
powered and has a diameter of 29.3 mm, and it is wrapped over a dielectric tube made of
alumina. The alumina tube has an inner diameter of 26 mm and a wall thickness of 1.6 mm,
resulting in a discharge gap of 2 mm between both cylinders. The length of the reactor segment
under study is 1.5 mm. The initial gas temperature and pressure are assumed to be 300 K and 1
atm, respectively. The gas temperature is kept constant in time and in space. Thus, it should be
realized that the thermochemistry of the reactions is not considered in this study. Indeed, the set-
up under consideration is cooled to keep the temperature constant.'”® The initial gas density is
calculated from the ideal gas law, and corresponds to 2.446 x 10 m™, but the total density of
gas molecules, and thus the pressure, will slightly change during the reactions, due to the
production of new molecules. More information about the reactor set-up can be found in De Bie
etal”

The calculations are carried out for a gas residence time up to 20s, at a fixed applied voltage of
5 kV and a frequency of 10 kHz. The CH4/CO; molar ratio is varied in the range of 5-80% CO,,

while the CH4/O, molar ratio is varied from 10 to 30% O,. The CH4+/CO, molar ratio can be

varied in a much wider range than the CH4+/O, molar ratio, because the latter approaches the
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upper flammability or explosion limit when the mole fraction of CHy4 in pure O, reaches 61
mole%.'"

First, the spatially averaged electron and radical densities as a function of time will be shown
for both gas mixtures, and the densities of the formed end products as a function of the initial gas
mixing ratio will be discussed (section 3.1.). Subsequently, in section 3.2., the conversion of the
inlet gases will be presented as a function of time and as a function of the initial gas mixing ratio,
and the yields and selectivities of the main products will be illustrated. Finally, in section 3.3.,
the dominant reaction pathways for the formation of syngas, methanol and formaldehyde will be

pointed out by means of schematic overviews, and a comparison will be made between a 70/30

CH4/CO; and a 70/30 CH4/O, gas mixture.

3.1. Densities of the plasma species

Figure 1 illustrates the periodic behavior as a function of time of the spatially averaged
electron density for a 70/30 (a) and 90/10 (b) CH4/O; gas mixture and for a 70/30 (c¢) and 90/10
(d) CH4/CO; gas mixture, on a logarithmic scale, for four periods of the applied voltage. The
applied voltage as a function of time is also plotted, for the sake of clarity. In the 70/30 CH4/O;
mixture, breakdown in the gas appears once each period following the applied voltage, while in
the 90/10 CH4/O; mixture and the 70/30 CH4/CO, mixture, a breakdown appears each half
period, and in the 90-10 CH4/CO, mixture, even more breakdowns occur (see below). The
electron density behavior is different for the positive and the negative polarity of the applied
voltage, which is due to the dissimilarity in surface dimensions and properties of the inner and
outer electrode (i.e., only the outer electrode is covered by a dielectric), as was also discussed in

De Bie et al’*.
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(2) CH4/O, = 70/30 (b) CH,/O; = 90/10
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Figure 1. Spatially averaged electron density on a logarithmic scale for a 70/30 (a) and 90/10 (b)
CH4/O; gas mixture and for a 70/30 (c) and 90/10 (d) CH4/CO; gas mixture, as a function of
time, for four periods of the applied voltage. The applied sinusoidal voltage is also presented, for

the sake of clarity.

As mentioned above, in the mixtures with CO, twice as many breakdowns appear, compared to
the corresponding mixtures with O,. The figures (a <> ¢, b <> d) also illustrate the different
periodical behavior. Furthermore, the number of breakdowns is also twice as large for the
mixtures with 90 % CH,4 (b and d) compared to the corresponding mixtures with 70 % CHy (a

and c). The same behavior was also observed for the current profiles and the charging of the
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electrodes, and can be attributed to the different degree of electronegativity of the various gas
mixtures and mixing ratios (see below).

It is also clear from the figures that for the mixtures with 90 % CHy (b and d) the minimum
electron density is much higher than for the mixtures with 70 % CHj (a and c). Nevertheless, the
overall spatially and time averaged electron density is almost the same for either 90% or 70%
CH,4, and amounts to ca. 10" m? for the CH4/O, mixture and to ca. 10'° m™ for the CH4/CO,
mixture. This is one and two orders of magnitude lower than the calculated value of 10" m™ for
a pure CH, plasma,” and the reason for this is given below.

The overall spatially and time averaged mean electron energy in the CH4/O, and CH4/CO; gas
mixtures was calculated to be about 1.6 eV and about 2.1 eV, respectively, compared to about 2
eV in pure CH,.’* These differences in electron density and mean electron energy between
CH4/O; and CH4/CO; can be attributed to the fact that CH4/O, gives rise to an electronegative
plasma in contrast to CH4/CO,. Indeed, the (positive and negative) ion density is three orders of
magnitude higher than the electron density in CH4/O,, while in CH4/CO; the electron density is
in the same order of magnitude as the positive ion density and one order of magnitude higher
than the negative ion density. This can be explained because in CH4/O, the electrons are more
easily trapped by attachment reactions with O,, and moreover, the higher energy electrons are
more frequently consumed in ionization and dissociation reactions as the threshold energies for
these reactions are much lower in CH4/02]04']05 than in CH4/C02106. Thus, the CH4/O; plasma is
most electronegative, containing the highest negative ion density, and this explains the lower
(spatially and time averaged) electron density than in the CH4/CO; plasma (which still contains
some negative ions), and especially compared to the pure CH4 plasma (which does not contain

negative ions).
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The number densities of the radicals and ions, produced by collisions of the electrons with the
gas molecules, exhibit the same periodic behavior as the electron density, as is illustrated in
figure 2 for the radicals, for a 70/30 CH4/O, (a, b) gas mixture and a 70/30 CH4/CO; (c, d) gas
mixture. However, this periodic trend is superimposed on a rising or declining trend, acting over

a longer time scale until periodic steady state is reached.

- 30 . 30
102 1070 [CH:O;
HO; [\ o
20 Hs 20
O 3 3
E s E ]
= 10 =T o] 10 =
Z 10" CHs g 2z g
2 < E 15 <
& 0 © o 10 0 =)
] A N 5 Q T
= a = Q
g 4o 0 © 8 110 ®
& CH: 2 & 32
-20 { 20
) o1 W
15 CHs o CH,0 30
0 T 2T 3T a7 0 T 2T aT 4T
(c) CH4/CO, =70/30 (d) CH4/CO, =70/30
. , 30 . 30
1020 H 1020
_ [ | [CHs| | | {20 . 0 {20
A N N | z 7 z
E s E -
2 10 1% 7> CHO U
B @ OH
E CHZ 10 o< E 1015 b i —— N~ 0 CE
a 5 Q HO; 5
5 23 T S @
/. e 8 CH,0 1. ®
5 10" 0 232 " CH,0 02
& sSe s
{20 CH;0; 1 -20
10"
10° -30 -30
0 T 2T aT 4T 0 T 2T aT 4T

Figure 2. Spatially averaged radical densities (left axis) as a function of time for a 70/30 CH4/O,
(a, b) gas mixture and for a 70/30 CH4/CO; (c, d) gas mixture, as well as the applied sinusoidal

voltage (gray, right axis) for four periods of the applied voltage.

It is clear from figure 2 that the densities of some radicals, such as O, OH, CHO, CH,OH,

C,Hs, C,H; and H in the CH4/O; gas mixture, and CH3 and CH; in both gas mixtures, vary over
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several orders of magnitude throughout a period. This is because their formation or loss (e.g., H
radicals are consumed in reactions with O5) is strongly dependent on electron impact dissociation
of one of the inlet gases. On the other hand, the densities of radicals which are not directly
formed by electron impact dissociation of one of the inlet gases, such as C,Hs, C;H3, H, O, OH,
CHO, CH,0H in the CH4/CO; gas mixture, and HO,, CH3O and CH30O; in both gas mixtures,
vary by less than one order of magnitude throughout a period. The overall spatially and time
averaged radical densities vary from about 10° m™ for the less abundant radicals, to about 10"
m” for the most abundant radicals. The most abundant radicals in the CH4/O, gas mixture are O,
OH, HO,, CH30 and CH30,, while H, O, CH3, CH,, C,Hs and C,H; are mostly abundant in the
CH4/CO, gas mixture (see also below). This will determine the different reaction pathways for
the formation of the oxygenates in the CH4/O, and CH4/CO; gas mixtures, as will be elaborated
in section 3.3. below.

Figure 3 shows the spatially and time averaged radical densities as a function of the initial gas
mixing ratio in both the CH4/O, and CH4/CO, gas mixtures. It is clear that the mixtures with
CO,, at an identical initial fraction of CHy, yield higher densities of CiHy, H, CHO and CH,OH
radicals than the mixtures with O,, while the densities of O, OH, HO,, CH;0 and CH;0, are
higher in the mixtures with O, than in the mixtures with CO,. This can be explained because the
net formation of C(H, directly or indirectly from CHy is higher in the mixtures with CO,.
Furthermore, the formed H, CHO and CH,OH radicals immediately react with O, into HO,, CO
and CH,;O, respectively, and therefore the net formation of H, CHO and CH,OH is higher in the
mixtures with CO,. Likewise, the O, OH, HO,, CH3;0 and CH3;O, radicals are directly or
indirectly formed from O, (see section 3.3. below), which explains their higher density in the

CH4/O, mixtures. Upon rising initial fraction of CO; between 5 and 80 %, the densities of the
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CH, radicals and of the H atoms drop by half an order to one order of magnitude, due to the fact

that these radicals are directly or indirectly formed out of CHy. A similar trend is observed upon

rising fraction of O,. On the other hand, the densities of O, OH and other O-containing radicals

increase by half an order to several orders of magnitude upon rising fraction of CO; in the gas

mixture, which can be explained by the fact that these radicals are directly or indirectly formed

out of CO». For the same reason, the densities of the O and OH radicals increase a bit upon rising

fraction of O, in the gas mixture, while the other O-containing radicals decrease by half an order

to several orders of magnitude. The latter can be explained by the fact that a higher inlet fraction

of O, leads towards full oxidation of CHy (see also figure 4 below).
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Figure 3. Spatially and time averaged radical densities as a function of the initial gas mixing

ratio for the CH4/02 (left panel) and CH4/CO2 (right panel) gas mixtures.

16



The ion densities also exhibit a similar periodic behavior as the electrons, which is logical, as
they are mostly formed by electron impact ionization or by (dissociative) attachment from the
inlet gases, for the positive and negative ions, respectively. The most abundant ions in the
CH4/O; gas mixtures are CHs", C,Hs", 04", H;0", Oy, O, and OH', while CHs", C,Hs" and OH"
are the most abundant ions in the CH4/CO, gas mixtures. Their spatially and time averaged
densities are in the order of 10" m™ and 10'® m™ for the CH4/O, and CH4/CO, gas mixtures,
respectively. This is typically 2 or 3 orders of magnitude lower than the spatially and time
averaged densities of the most abundant radicals in both gas mixtures, indicating that the ions
play a minor role in the plasma chemistry (see section 3.3. below). Therefore, we do not go in
further detail on the ion densities.

The molecules do not exhibit such a periodic behavior as the electrons, as they are not directly
correlated with the electron density and electron energy, because they are typically formed by
recombination of the radicals (see section 3.3. below). The densities of the molecules formed
from the inlet gases, i.e., Hp, CO, higher order hydrocarbons and oxygenates, exhibit a rising
trend as a function of time, during each half period of the applied voltage, because their net
production is higher than their net consumption. The inlet gases, on the other hand, have a higher
net consumption, so they are characterized by a gradual decrease in their densities during each
half period. It appears that the conversion is most pronounced in the first few seconds and that
the densities of the molecules do not significantly change anymore for a longer residence time.
Below, we present the densities as a function of time, but here we first focus on the densities of
the different end products as a function of the initial gas mixing ratio after a certain residence

time.
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Figure 4 illustrates the densities of the various molecules as a function of the initial gas mixing
ratio, after a residence time of 5 seconds, for the CH4/O, (left panel) and CH4/CO, (right panel)
gas mixtures. A residence time of 5 s corresponds to a gas flow rate of 0.2 L-min”' for the plasma
reactor under study.” It is clear that the densities of the higher hydrocarbons (CiHy), as well as
H,, CH,O (formaldehyde), CH3;CHO (acetaldehyde) and CH,CO (ketene or ethenone) are higher
in the mixtures with CO,, while the densities of O3, H,O, H,O, (hydrogen peroxide), CH;OH
(methanol), C,HsOH (ethanol), CH300H (methyl hydroperoxide) and C,HsOOH (ethyl
hydroperoxide) are higher in the mixtures with O,. CO is formed at high density in both gas
mixtures and therefore the H,/CO ratio is higher than 1 in the mixtures with CO, and lower than
1 in the mixtures with O,. Note that in the gas mixtures with O, as a co-reactant also a significant

amount of undesired CQO; is formed.

18



1 025

10%*

Density (m™)

1016

1014

1 025

10%* |

Density (m™)

1 020

1019

1 024

1023 L
1022 L

10%
10%°
10"
108

Density (rn's)

10" }

106

10%2 |
10%° |

1018 L

102 |
102 |

10" |

CH4/O;

1026
CH,
10%
5~ 422
CH, ":E' 10
C;H ]
rillil § 1018
EcaHﬁ CiH, 108
C3Hg 10"
0 10 20 30 40
Initial O, fraction (%)
10%6
co 102
co > & 10
H,0, E 10"
2z 10"
e 10"
o 1012
10'0
10°
108
0 10 20 30 40
Initial O, fraction (%)
' CH10H 10%
22
.—wcmoou 10%2
c CH,0 10
1 2H500.H & .[013
E 10
F z 14
2 10
C,H-OH 8 107}
\CHBCHO ‘[010 L
8
CH,CO 107
10°
0 10 20 30 40

Initial O, fraction (%)

CH4/CO;

0 10 20 30 40 50 60 70 80 90 100

Initial CO, fraction (%)

H% — : : : ' = CO,
| WH2O

| ;Z‘”
"

0 10 20 30 40 50 60 70 80 90 100

Initial CO,, fraction (%)

S
Qe Pz o

CH,CO

oH
Gt C,H-O0H

CH;00H

0 10 20 30 40 50 60 70 80 90 100

Initial CO, fraction (%)

Figure 4. Spatially averaged molecule densities as a function of the initial gas mixing ratio, after

a residence time of 5 seconds, for the CH4/O; (left panel) and CH4/CO, (right panel) gas

mixtures.
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These results are in good agreement with reported results in literature on the formation of
oxygenates in CH4/O, and CH4/CO, in discharges at similar conditions. Larkin et al 2% 2426
discussed the formation of CO, CO,, CH3;0H, CH,O, HCOOH (formic acid) and CH;COOH
(acetic acid) in CH4/O; in a plasma reactor surrounded by a water cooling jacket to increase the
formation of liquid oxygenates. They also showed that in the presence of enough O, the
selectivity of CH, will remain low. Okumoto et al.”> >’ made use of dilution gases to enhance
the formation of oxygenates in CH4/O, and reported the formation of C Hy, CO, CO,, H,, H,O,
CH;0H, CH,0 and CH;CHO. Nozaki et al.>"***’, Goujard et al.*' and Agiral et al.** carried out
experiments for CH4/O;, gas mixtures in a microplasma reactor, which was immersed into a
water bath maintained near room temperature to enhance the condensation of liquid components
on the cooled reactor wall. Furthermore, they intermittently injected distilled water in addition to
the inlet gases in order to wash out these liquid components and they collected all condensable
components at the end of the reactor by a cold trap. They found that if oxygen was totally
consumed, so after a long residence time, or when the inlet oxygen fraction was excessively
high, the main products were CO, CO, and H,O. Besides also the formation of H,, CH,,
HCOOH, H,0,, CH3;00H, CH30H and CH,O were reported, and the concentration of CH;0OH
was much higher than that of CH,O without the cooling, which is in good agreement with our
results. However, the selectivity of CH,O and HCOOH drastically increased when cooling the
reactor. Indarto et al.** ¥ discussed the formation of H,, CO, CO,, H,0, CHy and CH;0H in
CH4/O, and found that a proper selection of catalyst can drastically enhance the yield and
selectivity of CH30OH. Our results are also in reasonable agreement with the results reported by

Zhou et al.*? comparing the use of a single and a double dielectric plasma reactor for the direct
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oxidation of CH4 to H,O, and oxygenates, where the double dielectric reactor favored the
formation of these products.

The conversion of CHy in the presence of CO, is much less reported. Zou et al.® discussed the
formation of CO, H,, CH,, H,O, CH,O, CH;OH, C,HsOH, HCOOH, CH3COOH and other
alcohols, acids, aldehydes, ketones and esters in CH4/CO; in the presence of starch. It was shown
that the selectivity of C,H, was much higher than for the oxygenates, which is in good agreement
with our results. Kozlov et al.*’, Zhang et al.”® and Scarduelli et al.” reported the formation of a
variety of hydrocarbons and oxygenates in CH4/CO,. Li et al.>® found that CH;COOH and
C,HsOH were the major oxygenates among other alcohols and acids formed in CH4/CO,, but of
course their selectivities were much lower than those for CyHy and CO. Sentek et al.%® discussed
the formation of H,, CO, CH, and alcohols in a CH4/CO, plasma in the presence of a catalyst.
Finally, Goujard et al.’® studied the effect of helium dilution on the formation of CO, CH,,
CH,0 and CH;0H in CH4/CO,.

The flexible adaptation of the H,/CO ratio in a DBD by altering the inlet gas mixing ratio is an
advantage compared to classical processes, including steam reforming, partial oxidation, and
CO, reforming, which typically produce syngas with H,/CO molar ratios of >3, <2, and <I,
respectively.*” * The Ho/CO molar ratio from steam reforming (>3) is much higher than that
required by the stoichiometry for many synthesis processes. A low H,/CO molar ratio is
desirable for many industrial synthesis processes, such as the Fischer Tropsch synthesis or the
synthesis of valuable oxygenated chemicals. Methanol can even be produced from syngas with a
H,/CO molar ratio as low as 0.5, when the system can simultaneously carry out methanol

synthesis and the water-gas-shift reaction.***
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If the initial fraction of O, increases from 10 to 30%, the densities of C,Hg, C3Hg, C3Hg, Ho,
H,0,, CH,0, CH30H and CH300H decrease up to one order of magnitude, and the densities of
C,HsOH, CH3CHO, CH,CO and C,HsOOH decrease even with several orders of magnitude.
Meanwhile, the densities of C,Ha, C,H,, C4H,, CO,, CO and H,O increase up to one order of
magnitude and the density of Os increases with several orders of magnitude, pointing towards
full oxidation of CHy4. In other words, if higher oxygenates, such as CH,O and CH3OH, are the
desired end products of the gas conversion of CHy, it is appropriate to make use of CH4/O; gas
mixtures with a not too high fraction of O,. These results are in reasonable agreement with
reported research on the effect of the initial gas mixing ratio in similar discharges in CH4/O; by
Larkin et al.**?°, Okumoto et al.>” and Zhou et al.*.

Likewise, increasing the initial fraction of CO; from 5 to 80% results in a drop of the densities
of CiHy, Hy, and CH,O up to one order of magnitude, while the densities of CO, CH30H,
CH;3CHO and CH,CO increase up to one order of magnitude and the densities of O,, O3, H,0,
H,0,, C;HsOH, CH3;00H and C,HsOOH increase even with several orders of magnitude. In
other words, the ideal gas mixing ratio for CH4/CO, gas mixtures depends on the desired higher
oxygenate to be formed. Since the H, density drops and the CO density increases upon rising
initial fractions of O, and CO,, the H,/CO molar ratio will significantly decrease, which is
interesting, in view of the desired stoichiometry for industrial synthesis processes (cf. above).

These results are again in reasonable agreement with literature studies on the effect of the initial

1.5 1.8,

gas mixing ratio in similar discharges in CHy/CO, by Zou et al.’, Li et al.’® and Zhang et a
Note that the trends illustrated in figure 4 correspond to a residence time of 5 seconds;

however, the different molecules might have their maximum densities at a different residence

time for the different gas mixtures studied, so the trends depicted in figure 4 are not necessarily
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the same at other residence times. Besides, the gas composition in the CH4/O, gas mixtures
completely changes at the moment when O, is fully consumed, which happens after 5.6s and
15.2s, in the case of 10 and 20% O,, respectively (see figure 6 below).

To make this more clear, we show in figure 5 the characteristic density profiles as a function of
the residence time, as we have observed for the different molecules, for a 90/10 CH4/O; (a) and a

90/10 CH4/CO, (b) gas mixture.

(a) CH4/O, =90/10 (b) CH4/CO, =90/10
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Figure S. Spatially averaged molecule densities as a function of the residence time, for the 90/10
CH4/O; gas mixture (a) and the 90/10 CH4/CO, gas mixture (b). The labels of the curves
characterize some specific molecules (see text). For panel (a): 1 = H, (density divided by 10), 2 =
CyHg, 3 = O3 (density multiplied by 10), 4 = CO,, 5 = H,0,, 6 = CH,0 (density multiplied by 5).
For panel (b): 1 = Hy, 2 = C,Hy (density multiplied by 1000), 3 = C3;Hg (density multiplied by

100), 4 = O, (density multiplied by 10'°).

In the mixture with O, we can distinguish six different density profiles:

1. H, and CO show a continuously rising trend.
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The higher hydrocarbons (CHy), ethanol (C,HsOH) and ketene (CH,CO) have
negligible values up to 5.6s, followed by a strong increase up to an equilibrium value
after 10s.

O3 exhibits a maximum within 1s, and then reacts away within 3 s.

CO,, H,0O and methanol (CH3OH) show a steady increase to a maximum at around 6-
8s, followed by a very slow decrease.

Hydrogen peroxide (H,0,), methyl hydroperoxide (CH;OOH) and ethyl hydroperoxide
(C,HsO0H) go over a maximum at 4-6s and then decrease rapidly.

Finally, formaldehyde (CH,O) and acetaldehyde (CH;CHO) also reach a maximum at

4-6s, but after a fast drop, their density increases again after 8s.

Except for the profile of O; (no. 3), which has already reacted away after 4s, the effect of O,

being fully consumed after 5.6s can be observed in the changes of the density profiles of all

different molecules at this moment of time. Indeed, the densities of the higher hydrocarbons, for

instance, start rising at that time, because in the absence of O,, the CH4 will mainly be converted

into higher hydrocarbons, while the densities of the oxygenates typically show a (sharp) drop in

time, when O; is fully depleted.

In the mixture with CO, four different density profiles can be distinguished:

1.

H,, CO, ethane (C,H¢) and methanol (CH3OH) exhibit a steady rise as a function of
time.

Ethylene (C,Hy4), acetylene (C,H,), C4H,, H,O, formaldehyde (CH,O), acetaldehyde
(CH3CHO) and ketene (CH,CO) go over a maximum at around 6-8s.

Propane (C;Hg), propene (CsHg) and ethanol (C,HsOH) rise rapidly, but reach an

equilibrium density after 2s.
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4. 0O,, Os, hydrogen peroxide (H,O,), methyl hydroperoxide (CH;OOH) and ethyl
hydroperoxide (C,HsOOH) reach a maximum within 5 ms, and then react rapidly away.
Thus it is clear that the higher hydrocarbons and oxygenates (no. 2 and no. 3) can be formed at
rather high density, but they react away again after a longer residence time towards H, and CO,
respectively, which explains why H, and CO show a continuously rising trend. Besides H, and
CO, also C,H¢ and CH30H exhibit a steady rise (no. 1) as their formation is strongly connected
to the dissociation products of CHy, in particular the CH3 and CH,; radicals. Finally, O,, O3 and
the different peroxides are only present at very low densities, and for a very short time, as they
are formed as an intermediate in the direct or indirect formation of CO.
An identical behavior is observed for all these species in the other gas mixing ratios of CHy

with O, and CO,.

3.2. Conversion of CHy, O, and CO; and yields and selectivities of the main reaction
products
Before showing the conversions, yields and selectivities, we first want to make clear which

definitions are used for the conversion X, the yields Y and the selectivities S:

. nCH4/C02/02,converted

XcH,/c0,4/0, =100 % (1)
NcH,/co,10,, feed

n

Y, = ——— 2 x100% (2)
2 x Ny 4. feed

XX Ne Ko, ,

Ye,no, = ————x100%  CH4/O, mixture 3)
’ nCH4, feed
X X nCXHyOZ 0 .

Yeno = x100%  CH4/CO, mixture 4)

xyYz

r]CH 4, feed + nCOZ, feed
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NH,0

YHZO x100 % CH4/02 leture (5)
2 ><(nCH4,feed + nOZ, feed )
nHZO .
Yh,0 x100 % CH4/CO; mixture (6)
2 ><(nCH4,feed + rlCOZ,feed )
nH2
Sn, = x100 % (7)
2 x nCH4,converted
X*Nc H,0
SCXH OZ = —_— XlOO % CH4/02 letuI'e (8)
Y rlCH 4,converted
XX Nc H,0, .
Scho, = : x100%  CH4/CO; mixture  (9)
Y nCH 4.converted + r]COZ,converted
nHzo .
Sh,0 x100 % CH4/O, mixture (10)
2 ><(nCH 4.,converted + nOz,converted )
NH,0 0 .
Sh,0 x100 % CH4/CO; mixture  (11)

2 X(nCH 4,converted + nCO2 ,converted )

Note that the parameter x in these definitions denotes the stoichiometric balance coefficient,
which corresponds also to the index in the compound name of CiH,O,. Furthermore, note that

the yield and selectivity of CO are calculated with YCxHyOz and SCxHyOz , respectively, with y = 0.

Figure 6 shows the conversion of CH4 and O, (a) and of CH4 and CO, (b) as a function of
residence time for different gas mixing ratios. The conversion of CHy after 20s is around 20% in
all considered mixtures with O,, while in pure CHy4, a conversion of 40% was calculated after
20s.”* This is logical, because in the CH4/O, mixture a considerable fraction of the energy is also

consumed by O,. O, is indeed converted very quickly, and the time for full conversion depends
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on the initial fraction of O, i.e., full conversion is reached faster in the case of a lower O, initial

fraction (see figure 6(a)), which is logical.

(a) CH4/02 (b) CH4/C02
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Figure 6. Conversion of CH4 (black) and O; (a, blue) or CO; (b, blue) as a function of residence

time.

In the CH4/CO; gas mixture, the conversion of both CH4 and CO, strongly depends on the
initial gas mixing ratio. No clear trend can be observed from figure 6(b), because the initial gas
mixing ratio strongly affects the discharge characteristics and therefore the conversion of the
inlet gases. The effect of the initial gas mixing ratio on the conversion will be discussed below.
Our calculations predict a maximum conversion of 68% for CHy4 and 55% for CO, after a
residence time of 20s in a 20/80 and a 95/5 CH4/CO, gas mixture, respectively (not shown in
figure 6(b)). It is logical that a higher CH4 conversion is reached at a lower initial CH4 fraction in
the gas mixture, and vice versa for CO,, because these conditions yield a higher co-reactant
concentration, which contributes to a more efficient conversion.

When comparing the conversion of CHy4 in both the CH4/O, and the CH4/CO, gas mixtures

with the same gas mixing ratios, it is clear that at a 70/30 gas mixing ratio, the CH4 conversion is
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equal (i.e., around 20%) in both gas mixtures, while at the 80/20 and 90/10 gas mixing ratios, the
CHy4 conversion was found to be slightly higher in the mixtures with CO, than in the mixtures
with O,. This can be explained because the loss (by electron impact dissociation and ionization)
of CHy4 is about a factor 2 higher in CH4/CO,; than in CH4/O; due to the fact that much more
electrons are consumed by electron impact reactions with O, than with CO, (cf. the
electronegative character, explained in section 3.1. above). However, the lower consumption of
CH4 in the CH4/O; gas mixture is partially compensated by the increasing importance of the
reaction with OH when the initial fraction of O, in the gas mixture increases. Furthermore, in the
CH4/CO, gas mixture, the production (or regeneration) of CHy is around 50% of the CHy4
consumption when the initial fraction of CO; is in the range of 10-30%, while in the CH4/O,
mixture, the CHy4 production is decreasing with increasing O, initial fraction, from 30% of the
CH4 consumption in 90/10 CH4/O; to 8% in 70/30 CH4/O, (i.e. one order of magnitude lower
than in 70/30 CH4/CO,). In other words, the much lower regeneration of CHy4 in the 70/30
CH4/O; mixture than in the 70/30 CH4/CO,; mixture compensates enough for the lower
consumption of CHy in the 70/30 CH4/O, mixture than in the 70/30 CH4/CO; mixture. This
effect, together with the increasing importance of the reaction with OH radicals, results in an
almost equal net conversion of CHy4 in both gas mixtures at a 70/30 gas mixing ratio (see more
details in section 3.3. and figure 8 below).

Figure 7 shows the conversion of CH4, O, and CO; as a function of the initial gas mixing ratio,
for both the CH4/O, and CH4/CO, gas mixtures, after a residence time of 5s. The CH4 conversion
is roughly independent from the initial O, or CO; fraction up to 30-40%, with a value of about
10%, but it increases for higher initial CO, fractions, especially above 70%. Indeed, at higher

initial CO, fractions, the conversion of CHy rises due to the increasing importance of the reaction
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of CHy4 with CO,", which becomes the most important channel for consumption of CHy, while at
lower initial CO, fractions electron impact dissociation of CHy is the most important loss channel
(see also section 3.3. and figure 8 below). For the same reason, the conversion of O, and CO,
increases with decreasing initial O, or CO; fraction, because of the additional loss reactions with
CHy4 molecules (or CHs-derived species). For instance, in the 70/30 CH4/O; mixture, a three-
body reaction with O radicals is the most important loss process for O,, while in the 90/10
CH4/O; mixture, the most important loss processes for O, are three-body reactions with CH; or
H radicals (see also section 3.3. and figure 9 below). Likewise, in the CH4/CO; mixtures with
high initial CO, fractions, electron impact ionization of CO, is the most important loss channel,
while at lower initial CO, fractions, the reaction of CO, with CH, radicals is the most important

loss channel for CO; (see again section 3.3. and figure 9 below).
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Figure 7. Conversion of CHy4, O, and CO, as a function of the initial O, or CO, fraction in the
gas mixture, for a residence time of 5 seconds. The CH4 conversion in the CH4/CO, mixture is

depicted in red, while the CH4 conversion in the CH4/O, mixture is presented in pink.

As was also clear from figure 6, the O; conversion is much higher than the CO, conversion,

which is only in the order of 20% at low CO, fractions, and even below 3% at higher CO,
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fractions. This is because the threshold energies for electron impact ionization and dissociation
are much lower for O, than for CO,. The CHy4 conversion is comparable to the CO; conversion at
low CO, fractions, i.e., around 10%, but it rises to 35% at high CO; fractions. Finally, it is worth
to mention that figure 7 illustrates the conversion, relative to the amount of CH4, CO; or O,
present in the mixture. The absolute (or effective) conversion of CHy is of course higher at a
higher initial CHy fraction, and vice versa for the absolute CO, and O, conversions, which is
logical, as there is more of these gases initially present in the gas mixture.

Besides the conversion of CH4, CO, and O,, we are especially interested in the yields and
selectivities of the formed value-added chemicals. Table 2 shows the maximum yields of Hj,
CO, formaldehyde (CH,0) and methanol (CH3OH), as well as the gas mixtures and residence
times for which these maximum values were obtained. Also the corresponding selectivities are
presented. Note that the sum of the selectivities does not have to be equal to 100%, because in
the CH4/CO, mixture, the selectivities of CO, CH,0 and CH3OH are calculated with respect to
both the CH4 and CO; conversion, while the H; selectivity is only calculated with respect to the
CHy conversion. Similarly in the case of the CH4/O, mixture, the selectivities of CO, CH,0O and
CH;O0H are calculated with equation 8 above, while the H, selectivity is calculated with equation

7, resulting in a difference of a factor 2.
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Table 2. Overview of the maximum yields for some important end products in both the CH4/O,
and CH4/CO, gas mixtures, as well as the corresponding gas mixing ratio and residence time at
which these maximum yields are obtained. The corresponding selectivities of these end products

are also listed.

H, CO CH,0O CH;0H
Yield (%) 9 10 0.3 4
CIL/O Mixture 90/10 | 70/30 | 90/10 and 80/20 | 80/20
e Residence Time (s) | 20 20 5.4 and 14.9 20
Selectivity (%) 33 39 3 and 2 15
Yield (%) 34 10 0.9 0.4
Mixture 20/80 | 20/80 | 90/10 25/75
CH4/CO; Residence Time (s) | 20 20 10.3 20
Selectivity (%) 50 52 4 2

Methanol is one of the most commonly used raw materials in the chemical industry. More than
one-third of it is used in the production of formaldehyde; the rest is mainly utilized to produce
acetic acid and gasoline octane improvers. Additionally, the direct use of methanol as fuel in
internal combustion engines and fuel cells opens up the possibility of methanol powered vehicles
and consumer electronics.*> Formaldehyde is a common building block for the synthesis of more
complex compounds, which are used in a wide range of products.

It is clear that syngas is the main product in both gas mixtures, but the H,/CO molar ratio is
somewhat different, as was also discussed in section 3.1. above. In the CH4/O, mixture, the H,
yield reaches a maximum at 10% O, fraction, while the CO yield reaches a maximum at 30% O,
fraction, which is logical. In the CH4/CO, mixture, the maximum H, and CO yields are both
reached at 80% CO,. For Hy, this can be explained because, although the absolute formation of
H, is of course lower at a higher initial CO, fraction, its yield becomes higher as the latter is

calculated with respect to the initial CHy4 density, which is obviously lower at higher initial CO,
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fraction. For CO, electron impact dissociation of CO; is the most important production channel,
and the highest density and yield of CO are found at the highest initial CO, fraction. Note that at
lower initial CO, fractions, the most important production channel of CO is the reaction of CH;
radicals with CO,, but this reaction does not lead to a higher CO density (see also section 3.3.
and figure 11 below). The H,/CO molar ratio in the case of the 20/80 CH4/CO, gas mixture is
around 1.5, which is desirable for many industrial synthesis processes (cf. above). At higher
CH4/CO, gas mixing ratios, the H»/CO molar ratio rises to about 5, because the H, density
increases, while the CO density decreases upon higher CH,4 fraction in the mixture.

The maximum yields of CH,O and CH3;0H are clearly lower than the maximum H, and CO
yields. This is especially true in the CH4/CO, mixtures, where both yields are below 1%. In this
case, the highest CH,O yield is obtained at 90% CHy,4 fraction, while the highest CH3;0H yield is
reached at 25% CHy. In the CH4/O; mixtures, the highest CH,O yield is also below 1%, but the
maximum CH3;OH yield reaches a value of 4%, which is not negligible. Nevertheless, a really
selective production process towards CH,O or CH3OH seems not feasible in a DBD plasma, at
least not at the conditions under study. We expect that for this purpose, a catalyst will need to be
integrated into the plasma region.

Finally, it is clear from Table 2 that the highest yields are not necessarily reached at the longest
residence time. Indeed, the H,, CO and CH;OH yields reach their maximum at 20s residence
time, pointing out that their densities are still rising as a function of time (cf. figure 5 above),
while the CH,O yield clearly reaches its maximum at a shorter residence time (see also figure 5
above), and the exact value depends on the gas mixture and gas mixing ratio, as appears from
Table 2. This indicates that, when the production of formaldehyde is targeted, the optimal

residence time should be carefully selected.
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Indeed, similar results were reported in literature. Okumoto et al.>’ stated that CH;OH and
CH,O0 are in fact intermediate products in the oxidation of CH4 and are easily decomposed or
converted to CO, CO, and H,O. In other words, the formation of oxygenates is strongly
dependent on the initial gas mixing ratio, the residence time and a variety of other parameters.
Okumoto et al. found that 15 vol.% of O, showed optimum performance for the formation of
CH;0H and CH,0 in CH4/02.27 Note that the authors made use of dilution gases to enhance the
formation of oxygenates. Also Zou et al.’ discussed the existence of an optimum feed
composition to attain the maximum selectivity of the desired oxygenates. They obtained the
highest total selectivity of oxygentates at a CH4 concentration of 35 vol.% in CH4/CO; in the
presence of starch with the highest selectivities of alcohols, such as CH;OH, and acids when the
CO; fraction in the feed increases to 74 vol.%, and the highest selectivity of CH,O at a higher
CH4 concentration of about 50 vol.%. These findings are in reasonable agreement with our

results.

3.3. Dominant Reaction Pathways
We will now discuss the dominant reaction pathways for the conversion of the inlet gases into
syngas, higher order hydrocarbons and oxygenates for a 70/30 CH4/CO, gas mixture and for a

70/30 CH4/O, gas mixture.

(a) Electron impact dissociation of CH4, CO; and O;: initiating the conversion process
As soon as the discharge is ignited, electron impact ionization and dissociation of the inlet
gases occurs, resulting in the creation of new species (electrons, ions, radicals), as discussed in

section 3.1. above. The formation of new electrons and ions in the plasma enables to sustain the
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discharge, while the formation of radicals is important for the production of syngas, higher order
hydrocarbons and oxygenates.

The dominant reactions for CH4 consumption (and production) for a 70/30 CH4/CO, gas
mixture and a 70/30 CH4/O; gas mixture are depicted in figure 8(a) and figure 8(b), respectively.
Electron impact dissociation, yielding the formation of CHs, CH; or CH radicals, are important
channels for CH4 consumption in both gas mixtures, with relative contributions of about 33%,
6% and 2% in CH4/CO; and 34%, 7% and 2% in CH4/O,. In the 70/30 CH4/O, gas mixture, the
reaction with OH radicals, forming CHj; radicals and H,O, also contributes for about 19% to the
loss of CH4. This reaction is negligible in the CH4/CO;, mixture, due to the much lower OH
radical density in that case (see figure 2 above). Furthermore, also electron impact ionization and
reactions with ions or radicals contribute to the loss of CHy4, accounting in total for about 20%,
31% and 6%, respectively, in CH4/CO; and for about 15%, 21% and 22% (including the 19% of

the reaction with OH), respectively, in CH4/O.
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(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

¢+CH,->¢ +CH;+H (33%)

CH,"+CH, > CH' + CH, (18%) ¢ +CH,->¢+CH, +H (34%)

¢ +CH, ->2¢ +CH,' (13%) CH,+OH->CH; + H,0

(19%)

e +CH,>2¢ +H+CH," (7%) ¢ +CH,->2¢ + CH* (10%)

CH ™+ CH, > CHS + H, (6%) CH,"+CH, > CHS' + CH, (8%)
¢+ CH,->e+CH, + H, (6%) € +CH > ¢ +CHy+ H, (1%)
C0,"+CH ->CH," + CO, (4%)

CH,+0 > OH +CH, (5%)
CH,+CH->C,H, +H (4%)

¢ +CH->2¢ +H+ CH;" (5%)
¢+ CH,>e +CH+H,+H @%)

) i CH;™ + CH, > C,H "+ H, (5%)
¢ +C;H,->e +C,H, +CH, (30%) 28

- - CH,+CH->C,H,+H 39
¢ +CH, > ¢ +C,H, + CH, 27%) 4 L (3%)
CH."+C,H > C,H"+ H,+ CH, (16%) €+CH ->¢+CH+H,+H (2%)
+ + o,
CH{ +H,0 >H,0"+CH, (15%)

+ + 0,
CHS +H20-> I-I30 +CH4 (94%)
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Figure 8. Time-averaged reaction rates of the dominant reaction pathways for the consumption
and production of CHy, for a 70/30 CH4/CO; gas mixture (a) and a 70/30 CH4/O, gas mixture
(b). The consumption rates are defined as negative values (i.e., left-hand side of the figures),
while the production rates are plotted as positive values (i.e., right-hand side of the figures). The

relative contributions of these consumption and production processes to the overall consumption

and production of CHy4 are also indicated.

It should be noted that electron impact vibrational excitation of CHj is also important, but this
process is only considered in our model as an energy loss for the electrons, and not as a chemical
loss process for CHa, because the vibrationally excited species are not taken into account
separately in our model.”*

The most important pathways for the production (or regeneration) of CHy in the mixture with

CO, are based on electron impact dissociation of higher hydrocarbons, such as C;Hg and C;Hg,
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while in the mixture with O, these reactions appear negligible, and a charge transfer process of
CH;s" with H,O is the most important production process.

Finally, it is clear from figure 8§ that the total production (or regeneration) rate of CHy4 in the
70/30 CH4/CO, gas mixture is almost one order of magnitude higher than in the 70/30 CH4/O,
gas mixture, while the consumption rate in both gas mixtures is in the same order of magnitude.
However, the total loss rate is still a factor 2 higher than the total production rate in the CH4/CO,
mixture, and even a factor 12 higher in the CH4/O; mixture, resulting in a clear loss of CHy.

At a higher initial CO, fraction, the reactions of CH,4 with CO," and CH4" become the most
important channels for the consumption of CHy (see also section 3.2.), accounting both for about
29% in 20/80 CH4/CO,, while the electron impact dissociation reaction yielding the formation of
CHs; only contributes for about 15% at these conditions. The most important pathway for the
production (or regeneration) of CH, then becomes the charge transfer process of CHs' with H,0,
with a contribution of 32%. A decrease of the initial fraction of CO, results in an increase of the
contributions of the electron impact dissociation reactions for the consumption of CH4 and also
an increase of the contributions of the electron impact dissociations of C3Hg and C;Hg for the
regeneration of CHy. A decrease of the initial fraction of O; to 10% results in a drastic decrease
of the contribution of the reaction with OH radicals (3%). Electron impact dissociation yielding
the formation of CHj3 remains the most important loss channel in this case, with a contribution of
42%. Meanwhile, the contribution of the charge transfer process of CHs™ with H,O, the most
important production process of CHa, decreases from 94% in 70/30 CH4/O, to 38% in 90/10
CH4/0,, as electron impact dissociation of CsHg and CsHg becomes more important, like in the

mixtures with CO,.
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The dominant reactions for CO, consumption (and production) for a 70/30 CH4/CO, gas
mixture and for O, consumption (and production) for a 70/30 CH4/O, gas mixture are depicted in
figure 9(a) and figure 9(b), respectively. The most important channel for consumption of CO, at
this gas mixing ratio is the reaction with CH, radicals, contributing for about 48% to the CO,
loss, followed by electron impact dissociation and ionization, which contribute for 16% and 30%
to the total consumption of CO,, respectively. At lower CO, fractions, the contribution of the
first process will even increase to 77% for a 90/10 CH4/CO, gas mixture. On the other hand, at
higher CO, fractions in the gas mixture, the latter two processes will become gradually more
important. For a 20/80 CH4/CO, gas mixture, electron impact ionization and dissociation
contribute for 52% and 27%, respectively, while the reaction with CH; radicals contributes for
9%. It is worth to mention that the reaction with CH; radicals is also the most important pathway

for the production of CH,O and CO in the 70/30 CH4/CO, gas mixture (see below).

37



(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

0+0,+M->0;+M (35%)
(16%)
(12%)
(9%)
(9%)
(6%)
(5%)

e€+0,>e+0+0
CH;+0,+M->CH;0,+M
H+0,+M->HO,+M
0,+ CHO > CO +HO,

CH, +CO0,-> CH,0 + CO 02“'+02+02_>04+.¢_02

0,+CH,0H -> CH,0 + HO,

(48%)

€ +C0,->2¢ + €O, (30%) €H0,>e+0,+0 (32%)

o 010 HO, + CH,0,-> CH,00H + 0, (10%)

_+ o -+ + 0,

e 27 (16%) 0 +HO,->0,+0H (10%)
€ +C0, >0 +C0 (3%) 0+CH;0,->CH;0+ 0, (10%)

04"”;)2.>02++02+02 (8%)
H+03->0H -*-02 (8%)
0,+HO,->0,+0,+0H (6%)
H02+H02-> H202+01 (3%)

CO" +C0, > C0," +CO 2%)

C0," +CH ->CH," + CO, (85%)
CO+OH > COI +H (9%)

0,+0,->0,+0, (3%)
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Figure 9. Time-averaged reaction rates of the dominant reaction pathways for the consumption
and production of CO, for a 70/30 CH4/CO, gas mixture (a) and for the consumption and

production of O, for a 70/30 CH4/O, gas mixture (b).

The most important channels for consumption of O, are three-body collisions with O, CH3 or
H radicals, with either CHy4, O,, H,O or CO; as third body (denoted as M in figure 9(b)), as well
as electron impact dissociation of O, and a chemical reaction with CHO radicals. The three-body
reaction with O radicals, forming Os, is the most important loss process, with a contribution of
36%. However, almost all the O3 will be decomposed back to O, by electron impact dissociation,
so that the net contribution of this reaction will be lower.

Electron impact dissociation of O, yields the formation of O radicals, while the reactions with
CH3; , H and CHO yield among others the formation of CH30, and HO,. The O and HO, radicals
will react further into OH (see below), which is an important species for the consumption of CHy4

(see above), while CH30, plays an important role in the formation of CH3;OH and CH300H (see
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below). When the initial fraction of O, decreases to 10%, the three-body collisions with CH; and
H radicals become more important for the consumption of O,, with contributions of 29% and
25%, respectively. Meanwhile, the contribution of electron impact dissociation of O, decreases
to 11% and the three-body collision with O radicals decreases drastically to 10%.

The most important production mechanism for CO; in the CH4/CO, gas mixtures is a charge
transfer process between CO," and CHy, while electron impact dissociation of O3 (see above) is
the most important production process for O, in a 70/30 CH4/O, gas mixture. As a result of the
lower production of O3 (see above) in a 90/10 CH4/O; gas mixture, the reaction of HO, radicals
with CH;30, radicals towards CH3;OOH is the most import process for regeneration of O, in this
mixture, with a contribution of 33%. However, the rates for regeneration of CO, and O, are
again a factor 2.6 and 1.3 lower than their corresponding loss rates, so that there is a net

consumption of CO; and O,.

(b) Recombination of CHj3 radicals: the formation of CHy vs. the formation of CH;0,

The most important species produced from CHy are the CHj radicals (see above). Figure 10(a)
and figure 10(b) show the dominant reactions for CH; consumption and production, again for a
70/30 CH4/CO; gas mixture and a 70/30 CH4/O, gas mixture, respectively. In the 70/30 CH4/CO,
mixture, the CHj radicals will mainly recombine towards higher hydrocarbons, such as C,Hg and
CsHsg, which contribute for 48% and 46% to the consumption of CH3, respectively. On the other
hand, in the 70/30 CH4/O; gas mixture, these reactions are negligible compared to the three-body
recombination reaction with O, molecules, forming CH30, radicals (see figure 10(b)). This is in
good agreement with Nozaki et al.*” and Goujard et al.*', who also discussed the importance of

the formation of CH3O; in the methane partial oxidation mechanism towards the formation of
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CH3;0H. Furthermore, this result explains the lower densities for the higher hydrocarbons in the
gas mixtures with O, as co-reactant (see figure 4 (a,b) above). The formation and loss
mechanisms of the higher hydrocarbon molecules in both gas mixtures are similar to the case of

pure CH,”*, and will therefore not be presented here.

(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

CH;+CH;+M->C,H,+M CH;+0,+M->CH;0,+M (100%)
CH3 +C2Hq +M > C3H8+ M
) €+ CH >¢ +CHy+H (47%)

CH;+H+M->CH,+M

CH,+OH->CH; + H,0 (26%)

¢+ CH,->¢ +CHy+H (49%)

CH,"+CH,->CH;" + CH, (10%)
CH,"+ CH,-> CHS" + CH; (27%) )

- - 0,
C,H +H->CH, + CH, (17%) CH,+0 -> OH +CH, (7%)
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Figure 10. Time-averaged reaction rates of the dominant reaction pathways for the consumption
and production of CHs, for a 70/30 CH4/CO, gas mixture (a) and for a 70/30 CH4/O, gas mixture

(b).

At higher initial fraction of CO,, the recombination of CH; towards C,Hs, C3Hg and CHy4 will
contribute for 57%, 22% and 19% to the consumption of CH3, respectively. On the other hand, at
a lower initial fraction of CO,, the recombination towards C;Hg will become more important
than the recombination to C;Hg. In a 90/10 CH4/O, gas mixture, thus a lower O, content, the
recombination towards C,Hg and C3Hg becomes more important, with contributions of 38% and
30%, respectively, while the three-body recombination with O, molecules, forming CH30,

radicals, contributes for 29% to the consumption of CHj.
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(c) Formation of syngas

In Figure 11(a) and figure 11(b) the most important channels for production and loss of CO in
a 70/30 CH4/CO; and a 70/30 CH4/O, gas mixture are illustrated, respectively.

As already mentioned above, the reaction of CO, with CH, radicals is the most important
channel for the production of CO in a 70/30 CH4/CO, gas mixture, with a relative contribution of
37% (see figure 11(a)). Two other important production mechanisms are the reaction of C,Hs
with CHO, as well as electron impact dissociation of CO,, which contribute for 28% and 13% to
the total formation of CO in a 70/30 CH4/CO, gas mixture. In the 70/30 CH4/O; gas mixture, on
the other hand, 90% of the CO formation occurs through the reaction of O, molecules with CHO
radicals. It is thus clear that the chemistry yielding CO formation is completely different in both
gas mixtures. Note that in a 20/80 CH4/CO, gas mixture, electron impact dissociation of CO,
becomes the most important channel for the production of CO.

The same applies to the loss of CO. Indeed, electron impact dissociation and ionization and
reactions with H radicals are the most important loss processes for CO in the CH4/CO, gas
mixture, while the reaction with OH radicals is the most important loss process for CO in the
CH4/O, gas mixture. However, it is clear from figure 11 that the total rate for CO formation is a
factor 5 and 2.6 higher than the total loss rate, in the CH4/CO, and CH4/O, gas mixtures,

respectively.
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(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

e+CO0->e+C+0 (33%)

H+CO+M->CHO+M (25%)

¢ +C0->2¢ +COT (23%)

CO+0OH->CO,+H (13%)

CO+0OH->CO,+H '(86%)

CH, +CO,->CH,0 + CO (37%) T
CO+0 ->CO,+¢ (6%)
C,H +CHO > C,H, +CO (28%) i
e+ COZ =>e+CO0+0 (13%) 02+CH0 =>CO+ H02 "9000)-
C,H;+CHO -> C,H +CO (8%) T
C[l2 + O2 =>CO+ IIZO (5%)
CO++CI-I4->CH4++CO (3%)
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Figure 11. Time-averaged reaction rates of the dominant reaction pathways for the consumption

and production of CO, for a 70/30 CH4/CO, gas mixture (a) and a 70/30 CH4/O; gas mixture (b).

Figure 12(a) and figure 12(b) show the dominant reactions for production and loss of H; in a
70/30 CH4/CO; and a 70/30 CH4/O; gas mixture, respectively.

In the 70/30 CH4/CO; gas mixture, electron impact dissociation of C,Hg and CsHg are the most
important formation channels of H,, while electron impact dissociation of CHy4 only contributes
for 12% (i.e., 8% (towards CH, +H;) + 3% (towards CH + H, +H) + 1% (towards C +2H>, not
shown in figure 12(a)). In the 70/30 CH4/O, gas mixture, however, electron impact dissociation
of CHy is clearly most important. Indeed, the higher hydrocarbons are of lower importance in
this case (see figure 4(a,b) above). However, when the initial fraction of O, decreases, electron
impact dissociation of C,Hgs and C3;Hg become the most important formation channels of H,.
Furthermore, electron impact dissociation is the most important loss process for H, in both the

CH4/CO, and the CH4/O; gas mixture. In the CH4/CO, mixture, the total loss rate is a factor 2
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lower than the total production rate, while in the CH4/O, mixture, it is a factor 4 lower.

Nevertheless, the overall H, production is still much more pronounced in the CH4/CO; mixture

than in the CH4/O, mixture (with a total rate of 1.8 x 10" em>s! vs 4.5 x 10'° cm'3s'l; see figure

12), and this explains the higher H, density, as well as the higher H,/CO molar ratio, in the

CH4/CO; mixture. The reason for the higher H, production in the CH4/CO, mixture is the higher

formation of higher hydrocarbons (see above), which represent additional formation channels for

H,, as is clear from figure 12(a).

(a) CH4/CO, = 70/30

e'+H2->e'+H+I-I
C+H,>CH+H
e'+H2 > ’..Pe'+H2Jr

e'+CzHﬁ > e‘+(?2H4+ I-I2 (36%)

¢ +CHy->e + CH, +H, (20%)

+ +
CH," + C,H,-> C,H," + H, + CH, (9%)
~y + ~ -~ +
CH;* +CH, -> C,H/* + H, (8%)
¢ +CH,->¢ +CH, + H, (8%)
€ +H;0" > OH+H, (5%)
¢ +CH,->¢ +CH+H, +H (3%)
H+ CH,0 -> H, + CHO (2%)
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(b) CH,/O, = 70/30

e'+H2->e'+H+H
C+H,->CH+H
O +H,->e¢+H,0
H, +OH->H+H,0
e'+CII4->e'+CIIZ+II2

+ +
CH;" +CH, > C,H;" +H,
H +H,0->OH +H,

- +

¢ +H,0" ->0OH+H,
CH,+0,->CO, +H,
e‘+CH4->e'+CH+H2+H

e‘JerHa->e‘+C+HZJrH2

(62%)
(18%)
(11%)
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Figure 12. Time-averaged reaction rates of the dominant reaction pathways for the consumption

and production of Hy, for a 70/30 CH4/CO; gas mixture (a) and a 70/30 CH4/O, gas mixture (b).
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(d) Formation of methanol and formaldehyde

Figure 13(a) and figure 13(b) illustrate the dominant reactions for production and loss of
CH;O0H in a 70/30 CH4/CO, and a 70/30 CH4/O; gas mixture, respectively, while in figure 14(a)
and figure 14(b) the dominant reactions for production and loss of CH,O in a 70/30 CH4/CO;
and a 70/30 CH4/O, gas mixture are illustrated, respectively.

In the 70/30 CH4/CO, gas mixture, the production of methanol occurs almost entirely through
the three-body reaction between the CH3; and OH radicals, while in the 70/30 CH4/O, gas
mixture, methanol is almost entirely formed by the reaction between H,O and CH3O radicals.
Indeed, the rate of the three-body reaction between the CH; and OH radicals is one order of
magnitude higher in CH4/CO, than in CH4/O; (1.1 x 10" cm™s™ vs 1.6 x 10'* cm™s™), but the
rate of the reaction between H,O and CH;O radicals is four orders of magnitude higher in
CH4/O; than in CH4/CO; (8.5 x 10" cm3s! vs 1.4 x 10" cm'3s'l). When comparing the overall
production rates in figure 13, it is clear that the total CH3;OH production rate is almost two orders
of magnitude higher in the CH4/O, mixture than in the CH4/CO; mixture, explaining the higher

CH30H density and yield in the CH4/O, mixture (see figure 4 and table 2 above).
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(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

OH + CH,OH > H,0 + CH,0H (66%)

. B ‘e
OH + CH,0H -> H,0 + CH;0 (12%) OH + CH,0H -> H,0 + CH,0H (67%)

H + CH;0H -> CH,0H + H, (8%) 0+ CH;OH -> OH + CH,0H (18%)

0 + CH;OH -> OH + CH,0H (7%) OH + CH;0H -> H,0 + CH,0 (12%)

0+ CH,0H -> OH + CH,0 (3%)

CH; +OH +M->CH;0H+M (84%)

H,0 + CH,0 -> CH,OH + OH (81%)
OH’ + CH,-> CH,0H + ¢ (7%)
OH + CH,0, -> CH,0H + 0, (10%)
H+ CH,0H + M -> CH,OH + M (5%)
CH,0, + CH,0, -> CH,0H + CH,0 +0, %)
C“Il;+(‘I120[I -> C[I3OII+C2II_‘ (3%)
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Figure 13. Time-averaged reaction rates of the dominant reaction pathways for the consumption

and production of CH3OH, for a 70/30 CH4/CO; gas mixture (a) and a 70/30 CH4/O, gas mixture

(b).

As already mentioned above, the reaction between CO, and CHj; radicals is the most important
channel for the production of formaldehyde in the 70/30 CH4/CO; gas mixture, while in the
70/30 CH4/O; gas mixture, formaldehyde is mainly produced by the reactions of O, with CH,OH
and CH;0, with relative contributions of 64% and 23%, respectively. The total production rate of
CH,O is a factor 4 higher in the CH4/O, mixture than in the CH4/CO, mixture, but the total loss
rate of CH,O is a factor 4.6 higher in the CH4/O; mixture than in the CH4/CO, mixture,
explaining the higher CH,O density and yield in the CH4/CO, mixture (see figure 4 and table 2

above).
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(2) CH4/CO, = 70/30 (b) CH,/O, = 70/30

OH +CH,0 -> H,0 + CHO

OH + CHZO -> HIO + CHO (63%) 0 +CH,0 - OH + CHO

0, +CH,0H -> CH,0 + HO,

H + CH,0 -> I, + CHO (28%)

0, + CH;0 -> CH,0 + HO, (23%)
0+ CH,0 -> OH + CHO
CH;0, + CH,0, -> CH;0H + CH,0 + 0, (4%)

CH2 + CO2 -> CH20 +CO (90%) CH,0 + CH,0 -> CH,0 + CH,;0H (4%)
0, +CH,CHO -~ CH,0 + CO+OH Yo
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Figure 14. Time-averaged reaction rates of the dominant reaction pathways for the consumption

and production of CH,O, for a 70/30 CH4+/CO, gas mixture (a) and a 70/30 CH4/O, gas mixture

(b).

The most important loss process in both gas mixtures for both methanol and formaldehyde is
the reaction with OH radicals. The overall loss rates are again typically lower than the overall
production rates.

Note that for the 70/30 CH4/O2 gas mixture the degradation of methanol leads to the formation
of CH,OH (figure 13(b)), which subsequently reacts to formaldehyde (figure 14(b)). The
degradation of formaldehyde leads to the formation of CHO, which is subsequently converted to
CO (figure 11(b)). In other words, the formation processes of three of the desired end products
(CH3;0H, CH;0 and CO) are dependent on each other in the 70/30 CH4/O; gas mixture, which is

in good agreement with the findings of Larkin et al.**

. The development of a catalyst that
activates or inhibits one of the reactions influencing the balance between these molecules should

make it possible to favor selectively the formation of one of them.
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(¢) Summary of the dominant pathways governing the conversion of CHy into higher
oxygenates

Figure 15 summarizes the dominant reaction pathways for the conversion of CH4 and CO; into
higher oxygenates in a 70/30 CH4/CO, gas mixture. The conversion process starts with electron
impact dissociation of CH,, yielding the formation of the CHjs radicals. The CHj radicals will
recombine towards higher hydrocarbons, such as C,Hg and C;Hg. Subsequently, a number of
dissociation and recombination reactions leads to the conversion towards the other, unsaturated
hydrocarbons, and dissociation of CH4 and the higher hydrocarbons also yields the formation of
H;. The reaction mechanisms towards H, and the higher hydrocarbons in the CH4/CO, mixture
are exactly the same as in the case of pure CHy, and thus, more details can be found in De Bie et
al’*, However, in the CH4/CO; mixture, the CHj radicals can also form methanol (CH;OH) and
CH;30, radicals, albeit to a lower extent. Moreover, the CH; radicals, which are also formed by
electron impact dissociation of CHgs, react with the CO, molecules, to form formaldehyde
(CH,0) and CO. Finally, the O atoms, created from electron impact dissociation of CO,, initiate
the formation of other oxygenates, like acetaldehyde (CH3;CHO), which also reacts further into
CH;3CO radicals, which can subsequently be converted into ketene (CH,CO). However, this
reaction path is not so important, because of the limited formation of O radicals compared to CO
and CH,O out of the CO, molecules. H,, CO, ethane (C,Hg), propene (CsHg) and CH,O are the
main end products of the conversion of CH4 and CO; in a 70/30 CH4/CO, gas mixture (see also

figure 4 above).
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For a schematic overview of the
dominant reaction pathways for the
conversion of CH,; into higher

/ CsHs hydrocarbons: see De Bie et al.®
CHs;

CH,4

CO,

-0 CH3;CHO CH;CO ‘CH,CO

Figure 15. Schematic overview of the dominant reaction pathways for the conversion of CHy
and CO, into higher oxygenates in a 70/30 CH4/CO; gas mixture. The thickness of the arrows is

linearly proportional to the rate of the net reaction.

The dominant reaction pathways for the conversion of CH4 and O; into higher oxygenates in a
70/30 CH4/O, gas mixture are schematically illustrated in figure 16. Again, electron impact
dissociation of CH4 results in the formation of CHj; radicals. The latter can recombine into
methanol or higher hydrocarbons, but more important is the recombination into CH30O; radicals,
which form either CH;O radicals or methyl hydroperoxide (CH3;OOH). The CH;0 radicals yield
the formation of methanol, which can react further into formaldehyde through the CH,OH
radicals, and formaldehyde can further be converted into CO through the CHO radicals (see

above). Furthermore, formaldehyde is also partially converted into water. The O, molecules are
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converted into HO, radicals, O atoms and CO. They are also converted into O3 molecules, but
the O atoms and O3 molecules quickly react back into O, molecules at a somewhat larger rate, so
there is a net formation of O, molecules out of O3 (see the direction of the arrow in Figure 16).
This delicate balance between O,, O and O; was also discussed in detail in Aerts et al.'” CO can
be further oxidized into CO,, which is of course undesired. The O atoms are also converted into
CH;0 and OH radicals, which can again form water. The most important products in this CH4/O,
mixture are H,O, CO, CO,, H,, O3, CH30H, methyl hydroperoxide (CH;OOH) and hydrogen
peroxide (H,O,) (see also figure 4 above). The reaction scheme revealed by our model for the
conversion of CH4 and O, into higher oxygenates is in good agreement with the proposed

mechanisms for partial oxidation of CH, by Goujard et al.*' and Zhou et al.*.
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Figure 16. Schematic overview of the dominant reaction pathways for the conversion of CH4

and O, into higher oxygenates in a 70/30 CH4/O; gas mixture. The thickness of the arrows is

linearly proportional to the rate of the net reaction.

4. Conclusions

In this paper, we have presented the detailed plasma chemistry in a DBD plasma for the
conversion of CHy in the presence of O, or CO, into syngas, higher hydrocarbons and higher
oxygenates. We have studied the densities of the various plasma species as a function of
residence time and gas mixing ratio. The spatially averaged densities of the electrons, ions and

radicals exhibit a periodic behavior as a function of time, following the sinusoidal applied
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voltage, while the spatially averaged molecule densities do not show a periodic behavior. While
the densities of some molecules steadily rise as a function of residence time, the densities of
other molecules go over a maximum, or show a plateau after some time. This is important to
realize, as a careful selection of the residence time can entail a higher production of some
targeted molecules. We have also presented the densities of all molecules as a function of the
initial gas mixing ratio. The mixtures with CO, favor the formation of H,, CH,O, CH;CHO and
CH,CO, while the densities of H,O,, CH;0H, C,HsOH, CH;00H and C,HsOOH are higher in
the mixtures with O,. CO is formed at high density in both gas mixtures. Note that in the gas
mixtures with O, as co-reactant also a significant amount of undesired CO, is formed.

The calculated conversions of the inlet gases as a function of residence time and initial gas
mixing ratio are also illustrated. The conversion of CHy is roughly independent from the initial
0O, or CO, fraction (up to 30-40% CO,), but it increases for higher initial CO, fractions,
especially above 70%. The conversion of O, and CO, both decrease with increasing initial O, or
CO, fraction. However, the O, conversion is much higher than the CO, conversion.

Finally, the underlying plasma chemistry of the conversion process is analyzed in detail, and
the dominant reaction pathways for the consumption of CH4, O, and CO; and the production and
loss of the dominant end products, 1.e., CO, H,, CH;0H and CH,O, are discussed. Electron
impact dissociation of the inlet gases initiates the conversion process. The recombination of CHj
radicals plays a crucial role and it was shown that this recombination leads to the formation of
higher hydrocarbons in the mixtures with CO,, while CH30O; radicals are favored in the mixtures
with O,. In the CH4/CO, mixture, also CH, radicals play a role, which can be converted into

formaldehyde and CO molecules. In the CH4/O; mixture, the CH30, radicals lead among others
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to the formation of methanol, which can react further into formaldehyde and the latter can form
CO.

Our results are in reasonable agreement with reported results from literature for similar CH4/O;
and CH4/CO, discharges. Moreover, our model provides additional information, mainly on the
comparison between the formed end products in CH4/O, and CH4/CO; gas mixtures and on the
different pathways leading to these products. In this way, the model can help to determine the
most suitable feed gas ratio, residence time, co-reactant and other plasma parameters, to obtain
the highest yield and/or selectivity of a desired oxygenates. However, as a lot of different
products are typically formed in a plasma, the development of a catalyst, which increases the
selective formation of some desired oxygenates, will be crucial. Furthermore, besides the
conversion, yield and selectivity of specific products, also the energy efficiency of the discharge
is critical, to determine whether or not plasma technology can compete with conventional

technologies.
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