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In this work we evaluate the chemical kinetics of dry reforming of methane in warm plasmas (1000-4000 K)
using modelling with a newly developed chemistry set, for a broad range of parameters (temperature, power
density and CO2/CHj4 ratio). We compare the model against thermodynamic equilibrium concentrations, serving
as validation of the thermal chemical kinetics. Our model reveals that plasma-specific reactions (i.e., electron
impact collisions) accelerate the kinetics compared to thermal conversion, rather than altering the overall ki-
netics pathways and intermediate products, for gas temperatures below 2000 K. For higher temperatures, the
kinetics are dominated by heavy species collisions and are strictly thermal, with negligible influence of the
electrons and ions on the overall kinetics. When studying the effects of different gas mixtures on the kinetics, we
identify important intermediate species, side reactions and side products. The use of excess CO, leads to H,O
formation, at the expense of Hy formation, and the CO2 conversion itself is limited, only approaching full con-
version near 4000 K. In contrast, full conversion of both reactants is only kinetically limited for mixtures with
excess CHy, which also gives rise to the formation of CoH,, alongside syngas. Within the given parameter space,
our model predicts the 30/70 ratio of CO2/CH4 to be the most optimal for syngas formation with a Hy/CO ratio of

2.

1. Introduction

In recent years there is an increasing concern regarding greenhouse
gas emissions, global warming and climate change and the role of fossil
fuels. There is an urgent need for alternative feedstock and production
pathways for important chemicals. A possible solution can be found in
carbon capture and utilization (CCU) [1], where greenhouse gasses such
as CO, and CH4 can be recycled for the production of chemicals instead
of being emitted into the atmosphere, thus contributing to a circular
economy. An interesting reaction is the so-called dry reforming of CHy
(DRM) (Eq. (1) to produce syngas, a mixture of Hy and CO.

CO, + CH;—2CO + 2H, AH’ = 247kJmol ™" €))

Syngas can be further processed, for example into synthetic fuels
through the Fischer-Tropsch process.

Plasma-based DRM is interesting as it has many advantages: it is
operated with electricity and is a turnkey process, allowing it to be
quickly turned on and off, or scaled, according to the amount of avail-
able renewable energy [2-4]. Plasma-based DRM has already been
studied in various experimental settings. In so-called warm plasmas,
such as gliding arc (GA), microwave (MW), atmospheric pressure glow
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discharges (APGDs) or nanosecond pulsed discharges (NPDs), where the
gas temperature can reach up to 4000 K or even higher, the main re-
action product is indeed syngas [5,6,15-18,7-14]. Cold plasmas, on the
other hand, like dielectric barrier discharges (DBDs), also produce
mainly syngas, but they also allow the formation of additional side
products, such as Cy- and Cg-hydrocarbons and oxygenates, like meth-
anol, ethanol or formaldehyde, especially when catalysts are integrated
in the plasma zone [19-25].

While experiments are invaluable for the further development of
plasma-based DRM, the obtained information is mostly limited to the
effects of reactor design and operating conditions on the overall reaction
performance, such as energy efficiency, reactant conversion and product
yields. This only gives limited insights into the underlying chemical
processes. Therefore, additional information can be obtained through
kinetics modelling of the experimental setups, gaining important in-
sights in the chemical reactions related to the performance of specific
plasma types, reactor designs and the effects of experimental parameters
(e.g., flow rate, plasma power, gas mixture). However, this is also a
limitation as the model only considers the specific experimental condi-
tions, determined by e.g., flow dynamics and heat transfer, providing
information relevant only for that specific reactor design and operating
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conditions. Although such models contribute to a better understanding
of the experimental work, they use a limited range of parameters to
match the corresponding experimental conditions, which hinders
finding opportunities for further optimization of the chemical conver-
sion process. For example, studies by Cleiren et al. [11] and Wanten
et al. [13] consider DRM in GA and APGD plasmas, respectively, but
their modelling is limited to gas temperatures between 2000 and 2700 K
in the plasma. The most notable restriction is the maximum CHy4 fraction
of only 35 %, because of experimental limitations. They also consider a
thermal reaction zone with a lower temperature between 1600 and
2200 K, to obtain a better approximation of their experimental reactor.
The modelling work performed by Liu et al. [26] does cover a wider
range of gas mixtures, up to 50 % CH4 fraction, but it still only considers
a gas temperature of 2500 K in the plasma. These works show experi-
mentally that CO, Hy and Hy0 are the main formed products for these
gas mixtures, with much smaller and trace amounts of CoHg, CoHy, CoHg
and O,. Other studies consider DRM with the addition of other gasses,
such as O, or Ny as major components or impurities in the gas mixture
[12,27,28]. There are also studies that consider a broader range of
operating conditions for plasma-based DRM, but these studies are
limited to low temperature DBD plasmas [29,30].

Therefore, the present study aims to gain a broader understanding of
the effects of plasma parameters on the core chemical kinetics of DRM,
independent of the experimental setting. We specifically focus on warm
plasma conditions, such as found in GA, MW, APGDs and NPDs, because
they give rise to much better energy efficiency than cold plasmas [3]. It
is important to stress that such a broad study on the kinetics in this type
of warm plasmas has never been conducted before; it was only per-
formed for low temperature DBD plasmas [27,29,30]. Further, we do not
limit ourselves to a specific reactor design, but we study a general
plasma setting with a wider range of gas temperature, plasma power
density, and most importantly, a full range of gas mixtures, ranging from
90 % CO5 to 90 % CHy4, which has not been demonstrated before for
warm plasmas. We compare the kinetics of thermal gas chemistry with
those of plasma-based conversion and illustrate differences and simi-
larities between them. It has been shown that within plasma systems
thermal chemistry can be an important contributor to the conversion
process [26]. Importantly, we constructed a new chemical kinetics
scheme for this broad study, which serves as an updated/revised version
of the previous works from our group PLASMANT
[11,12,35,13,27,29-34]. Improvements are made by careful literature
review of the original sources and the use of detailed balancing to fill
gaps in the chemistry. We also specifically improved the kinetics scheme
by comparing the steady state concentrations from our model to ther-
modynamic equilibrium, which was never considered as a validation
tool in previous works.

2. Material and methods
2.1. Model description

The focus of this work is to study the influence of various parameters,
i.e., gas temperature, plasma power and CO5/CH4 ratio, on the chemical
composition in the plasma, independent of a specific reactor configu-
ration. This makes a (zero-dimensional) chemical kinetics model ideal
for this study. The simple model setup allows a wide range of parameters
to be studied with reasonable calculation times. We used the ZDPlasKin
code for these calculations [36].

The model solves the mass conservation equations for all plasma
species included, by calculating the change in number density for each
species due to chemical reactions. Eq. (2) describes the change in
number density n of species s with respect to time t due to reactions j, in
which af; and af; are the coefficients of species s on the right and left side
of the reaction i, respectively, and R; is the corresponding reaction rate.
The reaction rate, given by Eq. (3), is the product of the rate coefficient k
and number densities of the reactants n;.
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For the electron impact reactions, the rate coefficients are calculated
using Eq. (4), where ¢ is the electron energy, o. the collision cross sec-
tion, f, the electron energy distribution function (EEDF) and v the
electron velocity, given by Eq. (5), in which m, is the mass of an elec-
tron. The EEDF is calculated by a Boltzmann solver, BOLSIG+ [37],
which is integrated in the ZDPlasKin code. BOLSIG+ uses the two-term
approximation to calculate the EEDF from the reduced electric field (E/
N), which is obtained from Eq. (6), with ny, the total species number
density, P/V the power density given as input to the model, and ¢ the
plasma conductivity. The latter is calculated by Eq. (7), with u the
electron mobility, also obtained from BOLSIG+, n, the electron density
and e the elementary charge.
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For the other reactions, by the so-called heavy species (i.e., all spe-
cies besides the electrons), the rate coefficients are given by analytical
equations, e.g., modified Arrhenius equations or fall-off functions. A
complete list of all reactions in the kinetics scheme, with the corre-
sponding rate coefficients or cross sections and references, is presented
in the Supporting Information (SI).

Importantly, this work serves as an updated version of the kinetic
schemes for the reforming of CO; and CH4 mixtures from our earlier
works [11,12,35,13,27,29-34]. We updated the reaction rate co-
efficients using available literature, and where unavailable, we used
detailed balancing to account for reverse processes.

Both plasma power and gas temperature are considered as separate
input parameters, independent of each other, and they are both kept
constant at fixed values throughout the simulation. This means that the
gas temperature is not calculated time-dependently using the heat bal-
ance equation, and therefore, the plasma power is not responsible for gas
heating, i.e., gas temperature and plasma power are fully decoupled
parameters. This has the benefit that we can evaluate their effect, in-
dependent from each other, providing more insight in the effect of in-
dividual parameters. In reality, however, the gas temperature depends
on the applied plasma power and heat capacity of the gas mixture, as
well as heat losses to for example the reactor walls. Hence, either
external heating or cooling may be required to obtain a specific com-
bination of plasma power and gas temperature, used as input in this
study. However, this work aims to gain a better understanding of the
effects of these external parameters on the chemical kinetics, without
focusing on a specific experimental condition, which justifies this
approach. Even more, it provides a broad picture of the overall chem-
istry, and thus allows to discover possible improvements in the chemical
conversion process.

In total, 336 different electron impact reactions are taken into ac-
count for the calculation of the EEDF (see SI; Tables S1 and S2),
including 123 electron impact excitation reactions. However, the
excited species formed in this way are not included in our kinetics
scheme. Indeed, our model does not consider a state-to-state chemistry,
but instead it assumes a vibrational-translational equilibrium, i.e., the
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vibrational temperature is equal to the gas temperature, and there is no
overpopulation of the vibrationally excited levels. As an indication, it
has been demonstrated that a vibrational-translational non-equilibrium
can only be sustained for very short timescales, reaching equilibrium in
less than 0.1 ms for pressures of 25 mbar [38]. With increased pressure,
the higher collision frequency between species will result in even faster
vibrational-translational relaxation. As our study is focused on atmo-
spheric pressure plasmas and residence times up to 10 ms, we can
reasonably assume that relaxation is sufficiently fast to result in a
thermal vibrational distribution function (VDF) and a negligible influ-
ence of vibrational-translational non-equilibrium on the kinetics.

Our simulations assume a homogeneous plasma, i.e., no gradients in
temperature or power density. In principle, ZDPlasKin considers a batch
reactor, calculating the species number densities only as a function of
time, by solving the species conservation equations (Eq. (2). However,
the total number density is affected by temperature and chemical re-
actions, requiring a modification to account for these changes and to
maintain constant (atmospheric) pressure. Therefore, at each timestep,
the number densities calculated by ZDPlasKin for all species are multi-
plied with a correction factor $ (Eq. (8) to maintain the total number
density corresponding to the ideal gas law at atmospheric pressure and
the simulated temperature [39]. In our simulations the temperature is a
constant, i.e., Ty(0) and Ty(t) in Eq. (8) are equal. This approach can be
considered a batch reactor operating at constant pressure. In a flow
reactor, this correction would be equivalent to contraction or expansion
of the gas volume due to chemical reactions, and correspondingly a
decrease or increase of the velocity through the plasma.

T(7 Rk

. £(0)D_ni(0) ®
Ty (1)) ni(t)

2.2. Chemistry

The kinetics scheme considers 70 different plasma species, i.e., 40
different neutral species, 24 different positive ions, 5 different negative
ions, and the electrons, which react through 1468 reactions. A list of the
species included in the model is given in Table 1 and a full list of the
chemical reactions with the corresponding rate coefficients and the
references where the data is adopted from, is provided in the SI
(Table S1).

Most rates coefficients were obtained directly from literature sour-
ces, with some exceptions. For reverse processes of reactions between
neutral species for which no reliable source could be found in literature,
detailed balancing was used to obtain the rate coefficients. The equi-
librium constant K, is calculated using Eq. (9), with p the reference
pressure (1 bar), Ay the change in number of species in the reaction and
AG, the Gibbs free energy of the reaction, calculated using thermody-
namic data from McBride et al. [40] and Burcat et al. [41].

Table 1
Overview of species included in the chemical kinetics set, excluding the
electrons.

Neutral Species Tons

C cr

0, 0z, 03 0%,03,07, 03, 03
H, Hy H, Hf, H3, H™
€O, CO, Co*, Co3

CH, CHa, CH3, CHa, CoH, CoHa, CoHs3,
CoHa, CoHs, CoHe

CH', CH3, CH3, CH4, CH{,
CoH', CoHY, CoHE,
C,Hy, CoHE, CoHE
OH', H,0", H30", HO3,
OH™
CH,CH,0H, CH,CO, CH,0H, CH5CH,0, HCO™"

CH3CH,0H, CH3CHO, CHsCHOH, CH5CO,

CH3COOH, HCCO, CH30, CH30H, CH300,

CH300H, COOH, HCHO, HCO, HCOOH

OH, H,0, HO,, Hy0,
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Furthermore, some assumptions were made in the kinetics scheme or
reactions involving electrons. The associative ionization rate coefficients
(reactions 549-551, 1084, 1085, 1155, 1156, 1200 in Table S1) are
taken equal to the values of Park et al. for O + O (forming O3 + an
electron). Indeed, they could prove important in the higher temperature
range for the formation of electrons, as stated by Vialetto et al. [42]. The
electron detachment reaction from OH™ ions (reaction 457 in Table S1)
is estimated to be equal to the detachment process of O™ ions and was
found to be an important reaction to balance the anions in the plasma.
The electron—ion three-body recombination rate coefficients for CO™
and CO3 were also estimated based on the generalized formulation of
Kossyi et al. [43], although these reactions turn out to have minimal
impact on the overall scheme (reactions 1158-1161 in Table S1).

2.3. Overview of the simulations

In this work, we focus specifically on the kinetics in the active plasma
region, without considering an afterglow or post-plasma effects. We
varied the gas temperature between 1000 and 4000 K, which is in the
typical range for warm plasmas [3], for five different CO/CH4 ratios
(10,90, 30/70, 50/50, 70/30, 90/10). We also conducted four sets of
simulations for the power density, further referred to as thermal (0 W/
crn3) and plasma (500, 1000, 1500 W/cms) simulations. These power
densities are typical for warm plasmas, as obtained from different
literature sources [6,8,11-13,44-48] (see comparison in the supporting
information; Table S3).

“Thermal” represents purely thermal decomposition of molecules in
the gas-phase because of the high gas temperature, in which no electrons
or ions are considered, but only neutral species. The comparison with
the plasma simulations is performed for a residence time of 10 ms. This
estimate of residence time is realistic based on the work of Van Alphen
et al. [49], where a residence time distribution up to 17.5 ms was re-
ported based on CFD simulations of their arc reactor. Additionally, Dahl
et al. [50] also used a residence time of 10 ms in solar-thermal DRM
operating at 2000 K. On the other hand, we also conducted the thermal
simulations up to an extremely long simulation time (10 s, approxi-
mately 3169 years). This is of course unrealistic in practice, but it allows
the heavy species kinetics to reach a steady state. The concentrations of
the neutral species can then be evaluated against thermodynamic
equilibrium concentrations for the corresponding conditions, which are
calculated as described by Biondo et al. [51]. This comparison provides
a first validation of our heavy species kinetics. However, it is important
to note that this only applies to the steady state concentrations them-
selves, and not the kinetic pathways to obtain them, neither the time-
scales in which they are obtained. The accuracy of the model for those
aspects is related to the accuracy of the reaction rate coefficients used in
the model. These uncertainties are typically in the order of 10-30 %, but
can be higher than 100 %. Therefore, it is generally established that
chemical kinetics models can have a large uncertainty [52-55]. Wang
et al. quantified the uncertainties for their DBD model for DRM and
obtained uncertainties up to 33 % for the conversion and up to 28 % for
the syngas yield [55]. Therefore, the trends and relative values of the
species densities predicted by the model are more important than the
absolute values.

When comparing our thermal and plasma simulations and thermo-
dynamic equilibrium calculations, we define the deviation between the
species concentrations using the equation for mean absolute deviation.
The large number of species with very low density reduces the value of
the mean significantly, and therefore a weighted mean is employed to
focus on the higher density species. This weighted mean absolute de-
viation (WMAD) is calculated by Eq. (10), with Ac, the concentration
difference for species s between the results that are compared and w; the
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weight for species s. When we compare with thermodynamic equilib-
rium concentrations, we use the latter as weights in the equation. When
we compare thermal and plasma simulations, the weights are taken as
the thermal concentrations.

Z>(W5"AC5| )
WMAD = 10)

Wy
PIRZ

The CO; or CHy4 conversion is calculated using Eq. (11), where s is
CO4 or CHy, n is the corresponding number density at the inlet or outlet
(corresponding to the start and end of the simulations), and f is the
correction factor defined in Eq. (8).

out
%= (1 7[3“7) o 100% an
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3. Results and discussion
3.1. Validation of the thermal chemistry

First, we quantify the deviation between the calculated species
concentrations for the thermodynamic equilibrium and thermal kinetics
simulations, to validate in first instance the thermal chemistry in our
model, for the five different DRM mixtures, using the wMAD (Eq. (10),
shown in Fig. 1(a). The corresponding species concentrations (compar-
ison of thermodynamic equilibrium vs. thermal kinetics simulations) for
the 50/50 mixture are plotted in Fig. 1(b), as a reference. The compar-
ison at the other mixing ratios is presented in SI, Fig. S1(a—d).

Good agreement is reached between 1700 and 2700 K, with a devi-
ation (WMAD) of less than 1 %. At lower temperature, a larger deviation,
up to 1.5 % for 1000 K, is obtained. At higher temperatures, the devi-
ation also rises, but remains below 4 %. Hence, the steady state com-
positions for this kinetics scheme are in good agreement with those at
thermodynamic equilibrium, which serves as validation of the thermal
chemistry in our model.

3.2. Comparison of plasma and thermal kinetics

3.2.1. Plasma species concentrations as a function of temperature

For further characterization of the DRM chemistry, we compare
different cases with and without plasma power, to compare the plasma
and thermal kinetics, with timescales limited to the millisecond range.
The concentrations of the main species, for both the thermal and plasma
simulations, at a residence time of 10 ms and for the stoichiometric ratio
of 50/50 CO5/CHy, are plotted in Fig. 2. It is clear that, above 2400 K,
also the plasma concentrations agree with the thermodynamic equilib-
rium concentrations plotted in Fig. 1b. Below 2400 K, CO, and CH4 are
not yet dissociated within this short residence time (Fig. 2a), and H20,
CoHy and CpHy are formed to some extent (Fig. 2b), which will react
away before thermodynamic equilibrium is established.

The thermal conditions show no conversion below 1400 K, and thus
CO4 and CH4 are the only species present. The corresponding plasma
conditions do show clear conversion already in this temperature range,
being somewhat higher for CH4 than for CO,, which is logical, based on
the C—H vs C=O0 bond strength (i.e., 439 vs 532 kJ mol™ 1) [56]. Both
CO4 and CH4 conversion increase significantly towards 1600 K, which
results in the formation of Hy, CO, CoH; and H,0 (and a limited amount
of CoHy), for both thermal and plasma conditions. While syngas (CO and
Hj) is the dominant product (Fig. 2a), the formation of HyO is also quite
important (Fig. 2b), and most significant at 1800 K, competing with Hy
formation. This results in a small dip (i.e., 4.5 % and 3.9 % lower con-
centration) for Hy at 1800 K compared to at 1700 K, for the thermal and
plasma conditions, respectively. For higher temperatures, the concen-
trations of CoHy and H20 drop and become negligible around 2400 K.
Simultaneously, the CO, and CH4 conversions reach 100 % at this
temperature, leading to the maximum concentrations of 49 and 50 % for
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Fig. 1. (a) Weighted mean absolute deviation (WMAD) between the calculated
species concentrations of the thermal simulations (for t = 10'° 5) and the
thermodynamic equilibrium concentrations, in the temperature range of
1000-4000 K, for five different CO,/CH,4 ratios (90/10, 70/30, 50/50, 30/70,
10/90). (b) Corresponding species concentrations, calculated at thermody-
namic equilibrium (solid) vs. thermal kinetics simulations (dashed) for the 50/
50 mixture. The comparison at the other mixing ratios is presented in SI, Fig. S1
(a—d). Note that at thermodynamic equilibrium (or steady state) nearly all CO,
and CHy is converted into CO and H,, even at/above 1000 K, while above 2500
K, H, starts to be dissociated.

Hy and CO, respectively. The calculated species concentrations of the
thermal and plasma conditions (dotted and full lines) fully coincide
above 2000 K.

For temperatures above 2400 K, the concentration of H radicals
becomes increasingly important, at the cost of Hy, leading to H, and H
concentrations of 13 and 50 %, respectively, at 4000 K, for both the
thermal and plasma conditions. The concentration of CO also drops
slightly, but this is simply due to the splitting of Hy, which increases the
number of species, effectively diluting CO. The other free radicals, C, O
and OH, are much less significant, with calculated concentrations of
0.03 % or less. It should be noted that all radicals will recombine in the
afterglow region, where the gas cools down, but this is not considered in
our model.

In summary, the plasma activates the chemistry at low temperature
(below 1700-1800 K), yielding higher conversion than the pure thermal
process. As the conversion process is initiated by electron impact re-
actions through the creation of radicals. Even more, below 1400 K,
plasma reactions already give rise to a clear conversion, whereas ther-
mal reactions alone cannot. Above 1500 K, the differences between



J. Slaets et al.

a
60

50 fgeee
40
30 -

20 A

Concentration (%)

T T T T
2000 2500 3000 3500

Temperature (K)

T
1500 4000

15

10

Concentration (%)

k)

0 5 f T f
1000 1500 2000 2500 3000
Temperature (K)

T
3500 4000

CO; —o— CHy CcO
Csz

—— H,

—a— H —— Hzo —— C2H4

Fig. 2. Calculated concentrations of the main plasma species for the temper-
ature range of 1000-4000 K and a 50/50 CO,/CHj4 ratio, at a residence time of
10 ms, for both thermal (dotted lines) and 1000 W/cm? plasma conditions
(solid lines).

thermal and plasma kinetics gradually become smaller, and thus, ther-
mal reactions start to dominate. As temperature increases, thermal re-
actions are accelerated, thus contribute more to the initial creation of
radicals and causing conversion on even shorter timescales compared to
electron impact reactions. Above 2000 K, the thermal and plasma ki-
netics coincide, so the chemistry becomes purely thermal. Finally, above
2400 K, the concentrations follow thermodynamic equilibrium (cf.
Fig. 1b), indicating that the kinetics is fast enough to reach steady state
within the simulation time of 10 ms.

3.2.2. Deviation between plasma and thermal kinetics

We use the deviation between the simulations with and without
plasma power to quantify the influence of plasma-specific reactions
compared to thermal kinetics. Fig. 3 presents the deviation (WMAD)
between the thermal and plasma concentrations for the 50/50 ratio,
between 0.1 and 10 ms, for an applied power density of 1000 W/cm®.
For a residence time of 0.1 ms, the difference between thermal and
plasma concentrations is very small, with a wMAD of less than 0.4 %, but
after 1 ms, the difference increases, resulting in a maximum wMAD of
1.8 % at a gas temperature of 1700 K. At still longer residence times of
10 ms, the maximum wMAD increases to 8.7 %, and shifts to a lower gas
temperature of 1500 K. This larger deviation with time is logical, as a
longer residence time simply allows for more reactions to occur.

The deviation obtained for low temperatures near 1000 K is due to
the very small, almost negligible thermal conversion, while the plasma
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Fig. 3. Weighted mean absolute deviation (WMAD) between the calculated
species concentrations for thermal and plasma kinetics (1000 W/cm®) as a
function of residence time (0.1-10 ms) and gas temperature (1000-4000 K), for
a stoichiometric (50/50) CO,/CH,4 ratio.

power activates electron impact dissociation, enabling more conversion.
This is explained in more detail in Section 3.2.3. Raising the temperature
up to 2000 K accelerates the thermal reactions, allowing the products
from electron impact dissociation to react away faster. This drives the
conversion process even more forward and increases the deviation
compared to pure thermal conversion, where the initial dissociation of
the reactants can only occur from thermal kinetics. The deviation rea-
ches a maximum around 1500-1700 K, after which the thermal kinetics
increases further, taking over the conversion process. Above 2000 K,
thermal chemistry fully controls the conversion, resulting in a negligible
deviation between the thermal and plasma conditions, with a wMAD
below 0.2 %.

A similar behavior is observed for the other CO,/CH,4 ratios, for
which the deviation also rises and shifts towards slightly lower gas
temperatures with increasing residence time. In our further discussion,
we only consider a residence time of 10 ms, typically giving rise to the
largest deviation. The deviation between plasma and thermal kinetics
depends on the gas mixture, as shown in Fig. 4. For mixtures with an
excess of CHy4 (i.e., 30/70 and 10/90 CO,/CHy), the wMAD reaches

14
—— 10/90

12 1 —e— 30/70

10 - —e— 50/50
= —e— 70/30
s g —e— 90/10
a
S 6
z

4 -

2 -

1000 1500 2000 2500 3000 3500 4000
Temperature (K)

Fig. 4. Weighted mean absolute deviation (WMAD) between the calculated
species concentrations for thermal and plasma kinetics (1000 W/em®) at a
residence time of 10 ms, in the temperature range of 1000-4000 K, for five
different CO,/CH4 ratios (90/10, 70/30, 50/50, 30/70, 10/90).
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maxima of 11 and 13 %, respectively, at 1500 K. For mixtures with
excess COy, the maxima are obtained at slightly higher gas tempera-
tures, i.e., at 1600 K for the 70/30 ratio (8.1 %) and at 1700 K for the 90/
10 ratio (12 %). Similar to the 50/50 COy/CH4 mixture, the wMAD
between the thermal and plasma kinetics is negligible (<0.2 %) above
2000 K. An exception to this is the 90/10 mixture, showing a small
deviation between 2000 and 3000 K, with a maximum of 0.71 % at 2500
K, which will be discussed in Section 3.4.1. As expected, the difference
between thermal and plasma kinetics slightly rises with the applied
power density. The maximum wMAD for the different mixtures ranges
between 4.1 and 6.4 % for 500 W/cm®, while for 1500 W/cm?, it is
between 12 and 19 %, see SI (Fig. S2). In the rest of our paper, we will
focus only on the 1000 W/cm?® case, being the intermediate power
density.

From these results we can conclude again the importance of the
plasma kinetics for the DRM reaction below 2000 K. Moreover, the de-
viation (WMAD) for the thermal and plasma kinetics becomes larger with
longer residence times and higher power densities. On the other hand, at
temperatures above 2000 K, the chemistry is almost purely thermal.
These results suggest that for warm plasma conditions characterized by
temperatures (largely) above 2000 K, being typical for GA, MW and
APGDs, the DRM process can reasonably be described by only consid-
ering the thermal kinetics. It should be noted, however, that the energy
balance is not solved in this study and electron impact collisions can still
influence the plasma heating mechanisms.

3.2.3. Product formation as a function of time

In Fig. 2 we observed only some differences in absolute values of the
species concentrations between the thermal and plasma kinetics (below
2000 K), without any drastic changes in product distribution. When
comparing the species concentrations at different timepoints in the
simulations, we observe a clear relation with gas temperature, as the
product concentrations shift towards higher gas temperatures for shorter
residence times (presented in Fig. S3 in the supporting information).
This is logical as, for the same temperature, a shorter residence time
results in less reaction, i.e., higher reactant concentrations and lower
product concentrations. However, above 3000 K, thermodynamic
equilibrium concentrations are already reached for a residence time of
0.1 ms. Indicating that the conversion process occurs on a much shorter
time scale compared to typical residence times in warm plasma systems.

To explain this in more detail and to obtain a better picture of the
kinetics responsible for the conversion process, the concentrations of the
major species are plotted as a function of time in Fig. 5, for a gas tem-
perature of 1500, 2000 and 4000 K, and for both thermal and (1000 W/
cm®) plasma conditions, at a 50/50 COy/CHy4 ratio.

Fig. 5a presents the time evolution at 1500 K, where the effects of the
plasma kinetics were most significant, according to Figs. 2-4. It is clear
that the temporal concentration profiles (i.e., rise or drop as a function
of time) are similar in both thermal and plasma kinetics, but the time-
evolution occurs faster for the plasma condition. As both cases are still
in the early stages of conversion at the residence time of 10 ms, we show
an extended timescale to clearly indicate this shift in timescale between
both conditions. Indeed, the product species reach a local maximum in
concentration at a specific point in time, which is similar in absolute
values, but the maximum is located earlier in time for the plasma case.
For example, the maximum concentration reached for HoO is 16 % for
the thermal conditions after 760 ms, while it is 14 % for the plasma
condition and reached after only 142 ms. Hence, we can conclude that
the plasma generally accelerates the conversion process, rather than
altering the overall kinetic pathways and intermediate products. This
suggests that electron impact reactions are important in the initial
dissociation step, and much less in further reactions of the dissociation
products.

Fig. 5b illustrates the species concentrations as a function of time at
2000 K, where the plasma and thermal kinetics exhibit a negligible
deviation; cf. Figs. 2-4 (with a wMAD of only 0.44 %). Compared to
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and C,Hy4, which are formed less than 1 %.
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Fig. 5a (at 1500 K), the temporal concentration profiles look similar, but
they are shifted to shorter timescales. Indeed, a higher temperature al-
lows for faster reactions, so the simulations reach a further point in the
reaction pathway at higher temperature. This allows the heavy species
(thermal) kinetics to compete and even take over from the plasma-
specific reactions, as will be further discussed in Section 3.3.

Both Fig. 5a and 5b indicate that the reaction pathways can be
summarized as the conversion of CHy being the first step, yielding the
formation of Hy and Cy-hydrocarbons (CaHp and CyHy). The conversion
of COy, is slightly slower than for CH4 and results in the formation of CO
and H»0O, the latter being obtained through the reverse water gas shift
reaction (Eq. (12). This explains the temporary drop in Hp
concentration.

CO, +H,—-CO + H,0 12)

Before reaching steady state, the created HyO and C; species react
further into CO and Hy. Hence, our calculations suggest that the con-
version process can be tuned by the temperature and residence time, to
more specifically target these valuable C; species. Indeed, CoHp reaches
its maximum at 66 ms at 1500 K (Fig. 5a) and at 0.40 ms at 2000 K
(Fig. 5b), while CoH4 (which is even more valuable) reaches its
maximum at 14 ms and 54 ps, at 1500 and 2000 K, respectively. How-
ever, these maximum concentrations are still lower than for Hy, so post-
plasma separation will be necessary, and even post-plasma catalysis
[57], to valorize them. In general, it should be noted that further re-
actions in the post-plasma afterglow can also have an impact on the
obtained species distribution, which is not considered in this work.

The chemical pathways clearly change upon higher temperatures, as
presented in Fig. 5¢ for 4000 K. The conversion does not proceed via
H50, CoHy or CyHy, like at 1500 and 2000 K, but instead, CH3 and H
radicals are formed in major concentrations, due to faster thermal CH4
dissociation. The CHj radicals react further towards products (Hy, CO),
hence the drop in their concentration, while the H radicals build up
more towards steady state, although finally they will recombine in the
afterglow (not simulated here). As shown in Figs. 2-4, at this tempera-
ture the effect of plasma is negligible, and the (thermal) kinetics is even
faster, with the simulation reaching steady state well before the refer-
ence residence time of 10 ms.

It should also be noted that the time dependence in Fig. 5 looks
similar in shape to the temperature dependence in Fig. 2. This can be
explained by acceleration of the kinetics at higher temperature, result-
ing in the simulations reaching a further point in the reaction process.
For the same reason, the formation of CyHj, CoHy4 and HoO shown in
Fig. 2b results from different points along the reaction path. The 10 ms
timepoint at 1500 K (Fig. 5a) is early in the reaction pathway, where the
conversion just started. In contrast, the 2000 K case (Fig. 5b) is already
more towards the end of the pathway, closer to reaching steady state.
Hence, the maximum concentrations for CyHy, CoH4 and HyO were
already reached and both species are reacting away at the 10 ms time-
point, explaining why their concentrations are lower in Fig. 2b at 2000 K
than at 1700-1800 K.

From this analysis of the time dependence, we conclude that the
plasma kinetics accelerates the conversion process, rather than changing
the product distributions, but the effect is only significant for tempera-
tures below 2000 K. Higher temperatures, on the other hand, lead to a
change in reaction pathway, with radical formation being more signif-
icant due to efficient thermal dissociation. At lower temperatures, rad-
icals are also formed, even by electron impact dissociation, but their
concentrations remain below 1.5 %.

3.3. Mechanisms of COz and CH4 conversion

The kinetic differences and similarities between the thermal and
plasma conditions can also directly be explained from the (time-inte-
grated) reaction rates. The relative contributions of the main loss re-
actions for CO, and CHy4 in a 50/50 CO5/CH4 mixture are presented as a
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function of temperature in Fig. 6. The conversion as a function of tem-
perature is also plotted, for comparison. It is clear from Fig. 6a that the
CO4, conversion is driven by electron impact dissociation up to 1500 K.
The largest contributions are from direct electron impact dissociation
(78 % at 1000 K) and dissociative attachment (21 % at 1000 K). How-
ever, the CO, conversion itself is still below 4 % in this temperature
range. It only starts to rise dramatically above 1500 K, driven upon re-
action with a H radical (starting from 1400 K), which is obtained from
the CH4 conversion. Above 1700-1800 K, the contribution of electron
impact dissociation becomes negligible.

The CH4 conversion occurs through heavy species reactions (see
Fig. 6b). At 1000 K the main dissociation reactions are with O and OH,
contributing for 41 and 42 %, respectively, but decreasing with tem-
perature. For temperatures below 1500 K, the O radicals originate from
electron impact CO, dissociation, and OH is the product of CHy4 disso-
ciation upon collision with O radicals (first reaction in the legend of
Fig. 6b). This means that one dissociated CO, molecule can dissociate
two CH,4 molecules, by these two reactions. This effect, together with the
lower C—H bond dissociation energy, explains the much higher con-
version of CH4 compared to CO», for temperatures below 1500 K (i.e.,
30 % vs 4 % at 1500 K; cf. Fig. 6).

Above 1500 K, reactions with H, CH3 and C,Hj3 take over as the main
loss reactions for CH4. The reactions with CHs and CyHs have a
maximum contribution of 33 % at 1600 K and 27 % at 1700 K, respec-
tively. The highest contribution is obtained for the reaction with H
radicals: it reaches a maximum of 44 % at 1500 K, then drops to 30 % at
1700 K and subsequently increases again to almost 80 % at 2500 K and
above. The drop at 1700 K is due to the strong formation of HyO,
effectively capturing H radicals, and thus lowering their contribution to
CH4 dissociation.

For temperatures above 2500 K, the CHs and Cy radicals formed in
the above dissociation reactions (see legend in Fig. 6b) quickly convert
further into CO and Hy, allowing less of them to react with CHy, and thus
reducing their contribution to the dissociation. On the other hand, the
thermal dissociation of Hy does allow H radicals to be still present and
their contribution to the CHy4 dissociation is dominant in almost the
entire temperature range, even up to 4000 K. The reaction with CoH
radicals has a minor contribution to the overall CH4 dissociation
throughout the entire temperature range, with a maximum of 13 % at
2000 K. Above 3500 K, thermal dissociation of CH4 into H and CH3 upon
collision with any neutral molecule (M) also becomes important, and its
contribution rises with temperature to reach 44 % at 4000 K. These
dissociation pathways agree with the work presented by Liu et al. [26] in
which the reaction with H is the main dissociation reaction for both CO5
and CHy at a gas temperature of 2500 K.

Our model indicates that direct dissociation of CH4 through electron
impact reactions is not important within the given parameter space.
However, below 1500 K the importance of O and OH radicals links the
dissociation of CH4 to electron impact dissociation reactions of CO,.
Therefore, the DRM reaction pathways are really a coupled process
between CO, and CHg4, both requiring the other species for the chemical
reactions.

As the main CO; dissociation pathway for gas temperatures below
1700 K is through electron impact reactions, we also present the electron
density and electron temperature, to further explain these findings
(Fig. 7). Firstly, this figure shows that the electron density steadily in-
creases from around 2 x 10*! to 2 x 103 cm™ within the studied gas
temperature range. This indicates that a high electron density is not the
main driver behind the electron impact dissociation of CO5 below 1700
K (Fig. 6). On the other hand, the electron temperature (around 17,000
K) is significantly higher for these lower gas temperatures, resulting in a
larger fraction of electrons with sufficient energy to dissociate CO». This
in turn leads to higher reaction rates for electron impact dissociation
reactions, increasing their contributions in Fig. 6. While it is logical that
the electron temperature decreases upon rising electron density, the
sharp decrease indicates other effects are responsible. It should also be
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Fig. 7. Calculated electron density (blue line) and electron temperature (red
line) for the gas temperature range of 1000—4000 K and a 50/50 CO,/CH, ratio
and 1000 W/cm® plasma condition, at a residence time of 10 ms. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

noted that this coincides with a strong increase in conversion and the
formation of CO, Hy, CoHy and HyO (Fig. 2). Therefore, we relate this
lower electron temperature above 1700 K to these species. They have
larger elastic collisional cross sections, compared to CO, and CH4, and
combined with their higher concentrations, this results in more electron
energy loss, i.e., a lower electron temperature.

In general, we can conclude that thermal kinetics dominates the
dissociation process above 2000 K, while electron impact reactions are
the main mechanism for CO5 dissociation below 1500 K. Figs. 4 and S2
indicate that a variation in power density within a range typical for
warm plasmas does not significantly alter the temperature at which
thermal kinetics starts to dominate.

Electron impact dissociation occurs through excitation to high elec-
tronically excited states, which requires more energy than direct

thermal dissociation [3,58]. This explains why warm plasmas, for which
the conversion is largely thermal, are more energy efficient than cold (or
non-thermal) plasmas, which operate near room temperature and have a
large contribution of electron impact dissociation, because thermal
chemistry is negligible. In addition, cold plasmas require a higher power
density to improve the conversion, due to their dependence on electron
impact reactions. This is consistent with experimental findings from
literature, which illustrate a much lower energy cost for DRM in warm
plasmas (such as GA, MW, APGD and NPD) than in non-thermal plasmas
(such as DBD) [3,4,11-14,17,59].

3.4. Effect of gas mixing ratio

In previous Section 3.3 we only considered the stoichiometric gas
mixture (50/50). In this section we extend the analysis to mixtures with
excess COy or CHy. First, we can make the same general conclusions as
for the 50/50 ratio. Below 2000 K, we again observe the acceleration
effect of the plasma kinetics, which becomes negligible towards 2000 K.
Furthermore, thermodynamic equilibrium is also reached within the
simulation timescale of 10 ms. Hence, the effects of the plasma are the
same, but the product distribution is significantly altered, because of the
deviation from the stoichiometric mixture. Competing side reactions
cause the products to deviate from the DRM reaction as presented in Eq.
(1) in the Introduction.

3.4.1. Mixtures with excess CO,

For mixtures with excess CO5 (i.e., 90/10 and 70/30 CO,/CH4 ratio)
the concentrations of the major species are plotted as a function of
temperature in Fig. 8. First of all, as expected, we note a significantly
higher CO5 concentration at 1000 K (in line with the mixing ratio), as
there is no conversion yet, and a clear drop in CO, concentration upon
increasing temperature. Furthermore, unlike the 50/50 ratio, where
complete conversion was achieved above 2000 K, mixtures with excess
CO4 require higher temperatures to reach full conversion. At 2000 K, the
CO5, concentration is still about 10 % and even about 50 %, for the 70/30
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and 90/10 CO2/CHy4 ratios, respectively. These values agree with the
concentrations at thermodynamic equilibrium, presented in the SI
(Fig. S1(a,b)). Hence, the CO, conversion for these mixtures is strongly
limited by the thermodynamic equilibrium above 2000 K. Nevertheless,
upon increasing temperature, the CO, concentration drops further, to
0.6 % and 2.1 % at 4000 K, for the 70/30 and 90/10 mixtures, respec-
tively, because CO5 becomes less thermodynamically favored. At these
high temperatures, O and OH radicals are formed in large amounts, but
they can react back to CO5 in the afterglow. Hence, for mixtures con-
taining an excess of CO2 (70/30 and 90/10 CO2/CHy4), the CO3 con-
version is strongly limited by the thermodynamic equilibrium, while a
complete conversion of CH4 can be achieved below 2000 K.

It is also clear from Fig. 8 that CO is the major product in case of
excess CO,, with a maximum concentration of 55 % at 2600 K and 51 %
at 3600 K, for the 70/30 and 90/10 CO,/CHy4 ratios, respectively. On the
other hand, the excess of O atoms, originating from COs, strongly re-
duces the formation of Ho, and instead favors the formation of H,O. This
is also indicated by the thermodynamic equilibrium concentrations
(Fig. S1). This is in contrast with the 50/50 CO5/CH4 ratio, where H,O
was only an intermediate species in the reaction pathway towards Hy
and CO (cf. Fig. 5). The Hy concentration reaches a maximum of 20 % at
2100 K and 4.5 % at 1600 K, for the 70/30 and 90/10 ratios, respec-
tively. In contrast, the H,O concentration reaches similar values to Hy
for the 70/30 ratio (max. 21 % at 1800 K), while it is significantly higher

for the 90/10 ratio (max. 15 % at 2300 K). We observe the competition
of Eq. (13) as a side reaction, which is the combination of DRM (Eq. (1)
and twice the reverse water gas shift reaction (Eq. (12).

3CO, + CH;—4CO + 2H,0 13)

Above 2500 K, H, OH and O radicals are also formed in significant
amounts, due to thermal decomposition of Hp, HyO and CO5. However,
these radicals will react away in the post-plasma afterglow. For instance,
the O radicals can recombine with CO into COs, reducing its conversion.
Indeed, this back-reaction plays an important role in the afterglow of
pure CO; plasmas [39,60-62], and is thus expected to be significant in
DRM as well, especially at large CO;, fractions. Finally, below 2000 K, we
also see the formation of CoHj, but only with a maximum concentration
of 8.6 and 2.5 %, for the 70/30 and 90/10 ratios, respectively, while the
CyHy4 concentration is even lower.

The change in gas mixture influences the dissociation mechanisms of
CO2 and CHy4 compared to the 50/50 ratio presented in Fig. 6. Fig. 9
depicts the relative contributions of the main loss reactions for CO5 and
CH4 in a 90/10 CO5/CH4 mixture as a function of temperature. The same
trends are observed for the 70/30 mixture, which is presented in the
supporting information (Fig. S4).

Electron impact dissociation is the main loss reaction for CO5 below
1500 K, but still contributes for around 6.5 % between 2000 and 3000 K,
in contrast to the 50/50 COy/CH4 mixture, where electron impact
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dissociation became negligible above 2000 K (Fig. 6). Fig. 4 indeed
shows a slight difference between the plasma and thermal calculations
in this temperature range for the 90/10 CO2/CH4 mixture (maximum
WMAD of 0.71 % at 2500 K). This is attributed to the large amount of
CO3 (around 50 %) still present in the mixture, while electron impact
dissociation of COj is still notable in this temperature range. This effect
is however minor and does not significantly change the overall product
concentrations. Indeed, between 1500 and 3000 K, most CO5 is con-
verted upon reaction with H radicals (see Fig. 9a), similar to the 50/50
ratio. Finally, for gas temperatures approaching 3000 K, the reactions
with OH and O radicals become increasingly important, and the con-
version further increases to nearly 100 % at 4000 K, with a negligible
contribution of electron impact dissociation.

For CH4 dissociation (Fig. 9b), largely the same reactions and tem-
perature dependence is observed as for the 50/50 ratio of CO2/CHy
(Fig. 6). However, reactions involving CH4 dissociation products (H,
CHs, CoH and CyH3) do contribute less, which is logical, as the excess of
CO; reduces their overall concentration. The contribution of CoH and
CoHj are reduced to less than 5 % over the studied temperature range
(1000-4000 K) and therefore not shown in Fig. 9b. The reaction with OH
increases significantly up to 43 %, and is therefore comparable with the
reaction upon collision with H radicals (which was dominant at the 50/
50 ratio of COy/CHy; Fig. 6). Finally, also thermal decomposition is
increasingly more important above 2200 K, with a contribution of 66 %
at 4000 K.

Again, our model shows similar findings to the work of Liu et al. [26]
for the same CO5/CHj4 ratio at 2500 K, where the reaction with H is again
the largest contributor to CO dissociation, while for CHy4 dissociation, H
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and OH have the highest contribution in our results, but we find a lower
contribution of the reaction with any neutral species (M) compared to
Liu et al. This is likely related to differences in the modelling approach
and kinetic schemes.

3.4.2. Mixtures with excess CHy

Fig. 10 shows the species concentrations as a function of tempera-
ture, for mixtures with excess CH4 (i.e., 30/70 and 10/90 ratio). The
corresponding thermodynamic equilibrium concentrations are plotted
in the SI (Fig. S1(c,d)). The much lower O atom concentration in the
mixture limits the oxidation of CH4 into CO. Consequently, the CO
concentration only reaches a maximum of 30 % at 2200 K for the 30/70
ratio and 10 % at 2100 K for the 10/90 ratio. CHy is still fully converted
above 2000 K, although not to CO, but to Hy and CaHs. Hj is by far the
most abundant product, reaching concentrations of 60 % at 2200 K and
nearly 70 % at 2100 K, for the 30/70 and 10/90 ratios, respectively.
CoH, is the third major product (after Hy and CO) for the 30/70 ratio,
with a maximum concentration of 17 % at 1700 K, and it is even the
second major project after Hy, reaching 22 % at 1800 K, for the 10/90
ratio. However, these values are obtained below 2000 K, where steady
state is not fully reached yet at 10 ms residence time, so the concen-
tration is expected to drop again upon longer residence time. Similarly, a
maximum concentration of 11 % and 3.5 % is observed for H,O at 1800
K, for the 70/30 and 10/90 CO5/CH,4 mixtures, respectively. As inferred
from Fig. 5, HyO is formed as an intermediate species, which is present at
those conditions because the conversion process is still ongoing. Finally,
H atoms are the main radicals formed at high temperature, upon thermal
decomposition of Hy, and they become even the dominant species above
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3500 K, with also small amounts (up to 7 %) of CoH.

We confirm that the lower O atom concentration, due to the limited
CO; concentration in the mixture, allows Eq. (14) to be more important,
producing CyH, as a final product. Furthermore, we observe several
other benefits for these mixing ratios, such as full conversion of both
reactants and Hy/CO ratios above 1, which are preferred for the
downstream processing of syngas into desired products, as discussed in
depth in Section 3.5. However, mixtures with excess CH4 are more
difficult to handle in practice, due to excessive solid carbon formation
[14-18], which is not taken into account yet in our model. On the other
hand, our model does show significant formation of CoHy, which might
be overestimated as this is an important precursor species for the for-
mation of solid carbon [49,63,64], which is not yet accounted for in our
model.

2CH4—>C2H2 + 3H2 (14)

The relative contributions of the main loss reactions for CO, and CH4
in a 10/90 COy/CH4 mixture as a function of temperature are presented
in Fig. 11. The same trends are observed for the 30/70 mixture, which is
presented in the supporting information (Fig. S5).

The reaction mechanism for dissociation of CO, (Fig. 11a) is very
similar to that for the 50/50 COy/CH4 mixture (Fig. 6a). Below 1500 K
electron impact reactions are the main dissociation mechanism, and
above 1500 K the reaction with H is the most significant. However, for
CH4 (Fig. 11b) there are more significant changes in the dissociation
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reactions. Firstly, electron impact dissociation now has a non-negligible
contribution in the lower temperature range (<1500 K) with a
maximum of 11 % at 1000 K. The higher concentrations of CH4 disso-
ciation products further increase their contribution to the dissociation
process of CHy. Therefore, reactions with CHs and CaHs become more
important, and their maximum contributions rise to 39 % at 1500 K and
43 % at 1700 K, respectively, followed by a drop towards 3000 K. The
reaction with H takes over the dissociation of CHy, similar to the 50/50
ratio, however with a lower contribution, as the rate of the reaction with
CoH has increased between 2000 and 4000 K. These reactions are the
two most important up to 4000 K. On the other hand, the thermal
dissociation of CH4 remains below 5 % and is therefore not shown in
Fig. 11b. This is caused by the much higher concentration of CHy
dissociation products in the mixture.

3.5. Optimization of the syngas ratio

The main product of DRM is syngas and the obtained syngas ratio
(Hy/CO ratio) is important to evaluate the performance of DRM, with
regard to further post-processing. For the Fischer-Tropsch process and
methanol synthesis from syngas, a syngas ratio around 2 is desired [65].
The CO,/CHy ratio is important for controlling the syngas ratio, as
illustrated in Fig. 12, which depicts the syngas ratio as a function of
temperature at 10 ms for the five gas mixtures.

Near 1000 K, all gas mixtures result in syngas ratios below 1, even
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Fig. 12. Syngas ratio (H/CO) obtained at a residence time of 10 ms, as a
function of temperature, for five different CO,/CH,4 ratios (90/10, 70/30, 50/
50, 30/70, 10/90). For the 10/90 mixture, the peak in syngas ratio is 54
(outside of the y-axis scale).

though at these conditions more CHy is converted than CO,. Indeed, the
syngas ratio remains low due to the formation of side products, like H5O,
CoHy and CoHy, which compete with Hy formation. Raising the tem-
perature to about 1500 K strongly enhances the syngas ratio, as the CH4
conversion and Hy formation strongly increase compared to the CO,

12

conversion and CO production. This is attributed to the faster reaction
kinetics at higher temperatures, with the CO, conversion typically lag-
ging behind on the CH,4 conversion, and the fact that steady state is not
yet reached within 10 ms at this temperature (cf. Fig. 5). The difference
between the CH4 and CO5 conversion reaches a maximum around 1500
K, leading to the highest syngas ratios (see Fig. 12). For the most extreme
cases (i.e., 10/90 and 90/10 CO,/CHj, ratios) syngas ratios of 54 and 1.0
are reached, respectively. The other CO5/CH4 ratios provide syngas ra-
tios (well) above 3 at this temperature, and thus, neither of the condi-
tions seem desirable. Raising the temperature further up to 2000 K, the
CO; conversion rises further, and the CH4 approaches the steady state
limit, leading to a drop in syngas ratio. At 2000 K, the syngas ratio de-
creases to 0.93 for the stoichiometric mixture, while we obtain lower
syngas ratios for mixtures with excess CO», i.e., 0.36 and 0.056 for 70/
30 and 90/10 CO4/CHy, respectively. On the other hand, for mixtures
with excess CHy4, the syngas ratio remains above 1, i.e., 2.0 and 7.1 for
30/70 and 10/90, respectively. These results are logical, considering the
competing side reactions discussed in Section 3.4, allowing for more Hy
formation through Eq. (14). Finally, the syngas ratio slightly decreases
upon higher temperatures, as the formation of H radicals becomes sig-
nificant, resulting in less Ho. However, in practice, this will not be a
problem, because after the plasma, the H radicals can recombine back
into Hy, which is not simulated by our model.

Hence our model predicts that syngas ratios of 2 (and above) are
achievable for all gas mixing ratios, except for 90/10 CO5/CHy, at a
temperature around 1500 K, due to kinetic effects, because the CHy
conversion initially rises faster than that of CO3. As such, high syngas
ratios can be achieved by limiting the conversion, even for mixtures with
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excess COy. However, due to the limited conversion, the corresponding
syngas yield will be low. Moreover, the strong time and temperature
dependences make it difficult to target these specific conditions. We
believe it is better to target the temperature region above 2000 K, when
steady state and maximum conversion are reached. Obviously, a syngas
ratio of 2 can be obtained from the 30/70 COy/CHy4 ratio, at high con-
version and thus also high syngas yield.

3.6. Final considerations: limitations of our model and of DRM

Note that experimental setups are inherently more inhomogeneous
than our idealized batch reactor model, due to temperature gradients,
transport of species, residence time distributions, as well as the after-
glow region, in which back-reactions can occur. Together these effects
can introduce deviations from our model predictions, but we believe
that our model is valuable to gain deeper insights in the underlying
mechanism, and to search for optimized reactor conditions.

Note that our model predicts a variety of products being formed at all
conditions investigated, and this is also experimentally observed,
although syngas is typically the major product, in line with our calcu-
lations. Moreover, in reality the CO2 and CH4 conversion will be typi-
cally below 100 %, due to post-plasma recombination of the reaction
products back into CO5 and CHy4 [39,60-62,66], and because not all gas
will pass through the active plasma region, and thus, being subject to
conversion [6,8,11,67]. The unconverted reactants (CO, and CHy), as
well as the side products (like CoHy and H2O) next to syngas require an
extra separation step before further processing. Unfortunately, this
cannot be avoided when considering only a binary mixture of CO, and
CH4, because there exists no mixing ratio that allows complete conver-
sion, in combination with the optimal syngas ratio of 2, and no side
products. Therefore, it might be interesting to explore other mixtures,
such as COy/CH4/H20 (so-called bi-reforming of methane). Indeed,
theoretically, this mixture, in a ratio of 1/3/2, can stoichiometrically
produce pure syngas with a ratio of 2 at full conversion without side
products [68,69]. This may be interesting to investigate in future work.

4. Conclusion

We studied the chemical kinetics of plasma-based DRM by means of
batch reactor simulations, in a temperature range between 1000 and
4000 K relevant for warm plasma conditions and a wide range of COy/
CH4 ratios, and we compared with pure thermal conversion, as well as
thermodynamic equilibrium calculations. This computational study
provides a broad view of the influence of plasma parameters on con-
version and product distribution, and insights into possible improve-
ments to the process. Importantly, we provided an update of the
chemical kinetics scheme compared to earlier models by our group
PLASMANT, consisting of 70 different species and 1468 different
chemical reactions. We were able to verify and validate the thermal
chemistry in our model at steady state, by reproducing thermodynamic
equilibrium concentrations.

Furthermore, we used the model to compare plasma-based DRM to
purely thermal gas-phase DRM, thereby isolating the influence of elec-
tron and ion reactions and thus revealing the contribution of the plasma-
specific chemistry. Our simulations show that plasma can significantly
improve the conversion below 2000 K, compared to the pure thermal
chemistry. This is attributed to electron impact dissociation of COo,
which creates O atoms, that give rise to CH4 conversion. This electron
impact reaction can occur at low gas temperatures, allowing the first
step in the conversion process to proceed. On the other hand, the purely
thermal conversion, without electrons, must rely on molecular collisions
to dissociate CO2 and CH4 which in this temperature range (below 2000
K) are much slower and cannot obtain significant dissociation. Note that
this acceleration does not significantly alter the product distribution, but
only the timescale at which they are formed, as the further reactions to
product species are through radical reactions, which are the same in
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both the plasma and thermal process. Consequently, the residence time
is an important parameter to target certain products, because for this
temperature range (below 2000 K) steady state is not yet reached for
residence times in the ms-range.

When increasing the temperature above 2000 K, thermal reactions
start to dominate the kinetics in the plasma, even when varying the
power density between 500 and 1500 W/cm® (i.e., the typical range
characteristic for warm plasmas). Hence the kinetics of warm plasmas,
which typically operate above 2000 K, can be described by thermal
chemistry. The importance of thermal conversion at these high tem-
peratures explains why warm plasmas are typically more energy-
efficient than non-thermal (cold) plasmas, where the conversion oc-
curs by electron impact dissociation, requiring more energy than strictly
needed for bond breaking.

Furthermore, we studied the effect of the CO,/CH4 ratio on the
conversion, product distribution and syngas ratio. Mixtures containing
excess CO, lead to the formation of Hy0O, at the expense of Hy produc-
tion. Moreover, at temperature where steady state is reached, the CO,
conversion is limited by thermodynamic equilibrium. As a result, full
conversion can only be achieved at extremely high temperatures above
4000 K, through dissociation into radicals. Yet, such large concentra-
tions of radicals can recombine back into CO; in the afterglow, which
will lower the final conversion. From this we conclude that mixtures
with excess CO, have several disadvantages; mainly the limited con-
version combined with the low Hy, and high H»O production are unfa-
vorable for further processing. On the other hand, for gas mixtures with
an excess of CHy, full conversion can be achieved, as this is thermody-
namically favored at temperatures for which steady state is reached
(above approximately 2100 K). Due to the increased H content in the
mixture, a high concentration of Hy can be obtained, while CyHy be-
comes a major carbon product, competing with CO.

Finally, our model predicts that high syngas ratios can be achieved in
the temperature range between 1000 and 2000 K, by carefully exploring
the kinetics (i.e., selecting the right residence time and temperature),
due to the faster destruction of CH4 compared to CO5 at these conditions.
However, this also limits the conversion and consequently the syngas
yield. At higher temperatures, where steady state is reached, high syngas
ratios can be obtained by using gas mixtures with an excess of CH4. We
found a mixture of 30/70 CO2/CH4 to be optimal for obtaining a syngas
ratio of 2, which is important for further processing using the Fischer-
Tropsch process and methanol synthesis.

Altogether, we believe our model predictions are useful to gain
deeper insights in the underlying chemical kinetics of DRM, for a broad
range of conditions, independent of actual reactor designs. This
knowledge can be further employed in designing and optimizing
experimental reactors to improve the DRM process.
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