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Thermal plasma-driven dry reforming of methane (DRM) has gained increased attention in recent years
due to its high conversion and energy conversion efficiency (ECE). Recent experimental work investigated
the performance of a pure CO, plasma with post-plasma CH, injection. The rationale behind this strategy
is that by utilizing a pure CO, plasma, all plasma energy can be used to dissociate CO,, while CH,4 reform-
ing proceeds post-plasma in the reforming reactor with residual heat, potentially improving the energy
efficiency compared to injecting both CO, and CHy, into the plasma. To assess whether post-plasma CH4
injection indeed improves the DRM performance, we developed a chemical kinetics model describing the
post-plasma conversion process. We first validated our model by reproducing the experimental results of
the pure CO, plasma with post-plasma CH, injection. Subsequently, we compared both strategies: inject-
ing only CO; inside the plasma while injecting CH4 post-plasma, vs. classical plasma-based DRM. Our
modeling results indicate that below specific energy inputs (SEI) of 220 kJ mol™, the total conversion
slightly improves (ca. 5%) with the first strategy. However, the ECE is slightly lower due to the low H;
selectivity caused by substantial H,O formation. The highest conversion and ECE are obtained at SEI
values of 240-280 kJ mol™, where both strategies yield nearly identical results, indicating the limited
potential of improving the performance of DRM by pure CO, plasma with post-plasma CH, injection.
Nevertheless, the approach is still very valuable to allow higher CH4/CO; ratios without problems of coke
formation within the plasma, and thus, to improve plasma stability and reach higher syngas ratios, which is
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1. Introduction

The urgent need to mitigate greenhouse gas emissions and
stimulate sustainable energy solutions has led to the explora-
tion of novel methodologies for CO, utilization and CH, con-
version. Among these, plasma-based dry reforming of methane
(DRM) proved to be a promising avenue, addressing the dual
challenge of greenhouse gas reduction and sustainable syn-
thesis of value-added products.'™ In DRM, the reaction
between CO, and CH, generates a mixture of H, and CO,
known as syngas, which can serve as a precursor for various
industrial processes, like methanol synthesis® and the
Fischer-Tropsch process.” Compared to alternative strategies
for syngas synthesis, such as steam reforming of methane
(SRM) and partial oxidation, DRM could save half of the CH,
consumption for the same amount of CO production by utiliz-
ing CO, as well.> Moreover, whereas SRM typically produces
syngas with a H,/CO ratio of 3,° thereby exceeding the require-
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more useful for further Fischer—Tropsch or methanol synthesis.

ments for methanol synthesis and the Fischer-Tropsch
process,” DRM provides more flexibility to adjust the syngas
ratio by varying the CH, to CO, ratio,® or by converting the CO
with H,O into H, and CO, through an additional water-gas
shift reaction.’

Classical DRM is limited by severe coke formation, associ-
ated with the high temperatures needed to accommodate the
strong endothermic process. The lack of commercial catalysts
with sufficient resistance toward coke deposits has prevented
DRM from being applied on a large scale.” To address this
limitation, the combination of non-thermal plasma, particu-
larly dielectric barrier discharges (DBD), with a catalyst has
gained considerable attention in recent years."*'° Indeed, the
unique non-equilibrium between gas and electrons in DBD
can overcome the thermodynamic barrier in the DRM reaction,
enabling DRM to occur at ambient conditions."* In addition,
the process only requires electricity and can be instantly
switched on and off, making it adaptable to irregular and
intermittent renewable energy supply.'*

Despite these advantages, a DBD plasma faces challenges,
such as high energy costs and low energy efficiency, preventing
it from achieving competitiveness with classical DRM.>?
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Besides DBD, various other types of plasma reactors for DRM
have been investigated in recent decades.”'? While promising
results have been obtained, many plasma reactors exhibit
limited performance due to a significant portion of the feed
gas bypassing the plasma, particularly evident in gliding arc
(GA) plasma, resulting in limited conversion and energy
efficiency.” Snoeckx and Bogaerts® introduced a target
maximum energy cost of 4.27 eV per molecule for plasma
technology to be competitive with classical DRM and other
emerging technologies. According to their analysis, only a
spark’® and an atmospheric pressure glow discharge (APGD)"*
were able to achieve energy costs below this target while main-
taining relatively high conversions. Subsequent studies in lit-
erature have reported additional plasma reactor configurations
meeting this maximum energy cost criterion and having high
total conversion (>70%), including a GA setup,'® a confined
APGD reactor,’ and four (MW) plasma
reactors.®'*'®

These recent studies highlight the potential of MW plasma
setups for DRM, reporting excellent conversion and energy
efficiency.®>'®*® In addition to its impressive performance, a
MW plasma offers the advantage of operating without electro-
des, thereby avoiding electrode erosion, which can otherwise
compromise operational longevity and introduce impurities
into the plasma.'® The highest reported energy efficiency, as
reported by Sun et al.,'® reaches 71%, with CO, and CH, con-
version of 91% and 96%, respectively. Sun et al.'® developed a
model to support their experimental findings, consisting of
two series of continuous stirred tank reactors (CSTRs) that
exchange heat and mass, representing the plasma stream and
surrounding stream. Their modeling results reveal that the
reforming proceeds as the surrounding gas enters and diffuses
out of the plasma stream due to the flow mixing, explaining
the remarkably high conversion, considering that only a
limited fraction of the gas passes through the plasma. It is
worth noting that the maximum energy efficiency associated
with thermal conversion is ca. 90%, as will be discussed in
section 4.1 below. Hence, the best energy efficiency achieved
so far, 71%,'® still stays significantly below the theoretical
thermal limit. This discrepancy can be attributed to various
factors, such as heat losses in the reactor, possibly suboptimal
mixing of the hot plasma stream with the surrounding stream,
the tendency of MW plasma to overshoot the temperature
required to achieve complete conversion, and the slow DRM
reaction Kkinetics, which restricts the conversion within the
limited reactor residence time. Hence, while the energy
efficiency of 71%"® is already remarkable, further enhance-
ments can possibly be achieved by optimizing the reactor
design.

Cho et al.’” reported that their plasma extinguishes when
they used a CH,/CO, molar ratio of 1, due to the generation of
carbon particles in the MW reactor, which was also noted in
ref. 20. To generate stable plasma, Cho et al.'” opted to segre-
gate the supply of CH, from the discharge gas (CO,) by inject-
ing CH, at the end of the discharge. This approach offers
several advantages. As demonstrated in their experiments,'”

microwave
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injecting CH, post-plasma enables to use a higher molar ratio
of CH,/CO,, as the discharge is no longer susceptible to
plasma instability caused by soot formation, leading to higher
syngas ratios (H,/CO) that are better suited for the synthesis of
value-added products.” We note however that by optimising
the reactor design and discharge conditions, it is also possible
to achieve a higher molar ratio of CH,/CO, while maintaining
plasma stability and reducing susceptibility to soot formation.
Indeed, two other vortex stabilised MW plasma setups®'®
obtained good plasma stability for a 1:1 CH,/CO, ratio within
a similar flow rate (ca. 10-30 L min™") and SEI range (ca.
100-300 kJ mol™"). Furthermore, Biondo et al.>' were able to
reach even higher CH, fractions, up to pure CH, feed gas, by
adopting a reverse vortex flow configuration for their MW
plasma at a pressure of 100 mbar. They observed that the
strong convective core-periphery transport characterising the
reverse vortex flow configuration significantly reduces the for-
mation and growth of solid carbon precursors, and inhibits
their deposition at the reactor walls. Finally, Jasinski et al.>?
were able to reach a 2:1 CH,/CO, ratio in their MW plasma,
possibly due to the high gas flow rate of 150 L min™", stimulat-
ing the removal of carbon particles from the discharge.

In addition to the advantage of circumventing discharge
instability by injecting CH, post-plasma, we assume that the
tangential flow injection at the end of the discharge will create
a more turbulent stream, improving the mixing between the
plasma stream and the surrounding stream, thereby heating
the surrounding stream and enabling conversion of the gas
that did not pass through the plasma, which was proven to
drive the overall conversion in ref. 16. Lastly, the authors of
ref. 17 claim that the main advantage of their method is the
increase in energy consumption selectivity, in which the
energy injected through the plasma decomposes only CO,
rather than CH,, yielding higher CO, conversion and higher
syngas energy conversion efficiency (ECE) compared to other
methods.

Rephrasing the hypothesis of ref. 17: when pure CO, is
injected into the plasma, all plasma power goes into heating
and dissociation of CO,. In contrast, when a mixture of CO,/
CH, is fed to the plasma, some plasma power is absorbed by
CH,, which is more easily dissociated, and less power goes to
CO,, resulting in less CO, dissociation. Since CH, dissociates
at lower temperatures due to the weaker C-H bonds than C=0
bonds, it may be better to inject it post-plasma, as the CH,
reforming can proceed in the reforming reactor with residual
heat, yielding the most energy-efficient process.

In this work, we aim to examine whether directing all the
energy into CO, by injecting CH, post-plasma indeed leads to
better total conversion, syngas selectivity and ECE. We focus
on a CO,/CH, molar ratio of 1, excluding higher ratios that
would yield higher syngas ratios, to maintain a manageable
scope for this study. To address this research question, we
have developed a 0D chemical kinetics model that can inter-
pret the post-plasma gas conversion process occurring when
the effluent of a thermal plasma mixes with a gas stream
injected post-plasma. We first validate our model by reprodu-
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cing the experimental results of ref. 17. Subsequently, we
conduct conceptual kinetic simulations to explore the poten-
tial benefits of selectively injecting all the plasma energy into
CO,, by examining the total conversion, syngas selectivity and
ECE.

2. Model description

To gain insight in the experimental results of ref. 17, we devel-
oped a 0D chemical kinetics model in the framework of the
Chemical Reaction Engineering module of COMSOL
Multiphysics.”®> The model solves the 0D mass balance
equations for a batch reactor, given by:

d(C,’V)
dt

=RV (1)

where ¢; is the species molar concentration, V denotes the
simulation volume and R; is the species rate expression result-
ing from chemical reactions. We adopt the GRI-Mech 3.0 reac-
tion mechanism?* to describe the kinetics of the DRM chem-
istry, as was also done in ref. 16. This chemistry contains 53
different species and 325 different reactions. However, given
that the DRM process does not consider any nitrogen-contain-
ing species, we reduced the reaction mechanism to include
only 34 species, as detailed in Table 1, and 218 reactions, by
eliminating all nitrogen-containing species.

The reactor volume is adjusted to keep a constant pressure,
balancing variations in temperature and number density:

v _Tdr Ry S g, (2)

d¢ Tdt p &
with R the ideal gas constant, T the gas temperature and p the
pressure in the reactor (1 atm). We note that by considering a
batch reactor, we do not capture how the gas moves along the
reactor, as is done in a plug-flow model. However, our focus is
primarily on determining the final composition of the product
flow rather than tracking the spatial distribution of gases
within the reactor.

The initial composition within the simulation represents
the CO, plasma composition at the end of the discharge, i.e.
right before CH, injection, which accounts only for a limited
fraction of the total CO, flow. Indeed, since a MW plasma is
strongly contracted at atmospheric pressure,> only a limited
fraction of the CO, passes through the plasma and is heated to
high plasma temperatures. For simplicity, we approximate the
CO, discharge as a plasma stream with a constant plasma
temperature (Tp,) and a surrounding stream that is preheated

Table 1 List of species included in the kinetic scheme?*
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to 800 K (Tpre), as in the experiments of ref. 17. While the
authors of ref. 17 measured the temperature in the reforming
reactor, they did not determine the temperature of the CO,
plasma itself. However, D’Isa et al.>®> performed temperature
measurements of their CO, plasma under similar conditions
(MW plasma trapped in vortex flow) and found that at atmos-
pheric pressure, the plasma temperature is approximately
6000 K, regardless of the specific energy input (SEI), with the
plasma volume increasing with SEL.>®> Hence, for all SEI values
considered in this work, we assume T}, equal to 6000 K. Based
on the SEI (J mol™'), which is an input parameter to our
model, we calculate the ratio of the molar flow rate of the
plasma stream to the molar flow rate of the surrounding
stream, determining the molar ratio of hot CO, plasma (7T},) to
the surrounding CO, gas (Tpr.), according to:

SEI = Xp (1teqHco,,eq(Tp) — Heo, (300K))
+ (1 — xp) (Hco, (Tpre) — Heo, (300K))

3)

In eqn (3), x, represents the molar fraction of hot CO,
plasma, ie. the ratio of the molar flow rate of the plasma
stream to the total CO, flow rate, and Hco, is the enthalpy of
pure CO, gas (J mol™"). At the plasma temperature of 6000 K,
CO, is nearly completely dissociated and in chemical equili-
brium. Therefore, the initial composition of the simulation,
representing the CO, plasma zone, corresponds to the chemi-
cal equilibrium composition of CO, at 6000 K (ca. 50% O, 49%
CO and 1% C (ref. 26)). In eqn (3), Hco,, oq represents the
enthalpy of the CO, equilibrium mixture (J mol™"), and neq is a
factor that accounts for the increase in number of particles of
the dissociated chemical equilibrium mixture.

When CH, is injected post-plasma, CH, (300 K) and CO,
(Tpre) will mix with the hot CO, plasma stream (7},) in the
reforming reactor. We model the mixing of the gases by
adding CH, (300 K) and CO, (Tpy.) to the simulation volume,
containing only the hot CO, equilibrium mixture (7},) at the
start of the simulation. Thus, we consider diffusive mass trans-
fer from the surrounding CH, and CO, (Tpr) Stream to the
inner hot gas stream, but we neglect diffusion from the latter
to the surrounding stream. In this way, we can describe the
system in a single kinetic simulation, assuming that conver-
sion does not occur in the cold surrounding stream due to
slow reaction kinetics.

We introduce a mixing rate R, (mol s™') that determines
the rate at which the gases mix in the reforming reactor, i.e.
how fast CH, and CO, (Tp) are added to the simulation.
Therefore, the mixing rate is a source term (R,/V;) in the
species rate expression (¢f R; in eqn (1)), representing the
diffusive mass transfer from the surrounding stream to the

H, H o) 0,
C CH CH, CH,(s)
HCO CH,O CH,OH CH;0

C,H, C,H; C,H, HCCO
CH,CHO CH,CHO
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CH, CH, co CO,

CH,OH C,H C,H, C,H;
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simulation volume. Approximating the cold gas in the sur-
rounding stream as gas contained in a volume with plane-par-
allel geometry and length R (radius of the reforming reactor),
where the density is 0 at boundary x = R, the lowest-order
diffusion solution yields an exponential decay of the average
gas density:*”

n(t) = noe /™ (4)

(9

where 7 is the average gas density and D is the diffusion coeffi-
cient. Therefore, we choose an exponential decay for the
mixing rate Ry, (mol s™%):

d(n(t) _ Mot —t/zu (6)

Ry, = —
m dt Tmix

where 7, is the total amount of gas (mol) that is added, and

2
we name Tpix = (7) D the characteristic mixing time. Note
b

that the expression above integrates to ny, for ¢ - oo. The
molar ratio of CH, to CO, (Tp) and of CO, (Tpre) to CO, (Tp),

—X 1
P and —,
p Xp

.. . 1
determining n. for CH, and CO,, is equal to

respectively.
The temperature of the gas mixture is calculated in the
heat-balance equation:

dr RCO:
PCp Frinie % (Heo, (T) — Hco, (Tpre))
RCH4
——"—(Hcn, (T) — Hen, (300K)) (7)
T
Sk(T — Tpre)
- T + QR

where p is the gas density, C;, denotes the heat capacity, k is
the thermal conductivity of the mixture, R, is the plasma
radius and Qg is the total heat absorbed/released in chemical
reactions. The first two terms on the right-hand side of the
equation represent the cooling of the mixture due to mixing
with CO, (Tpre) and CH, (300 K), accounting for the energy
needed to heat up the incoming gas to the current temperature
T in the simulation volume. The third term on the right-hand
side illustrates the conductive losses of the hot inner gas
stream (i.e., the gas mixture within the simulation volume) to
the surrounding stream. Since we do not increase the tempera-
ture of the incoming CO, (Tpr) and CH, (300 K), we assume
that the heat gained by the surrounding stream due to the con-
ductive losses of the inner hot gas stream is balanced by heat
dissipation at the wall. The plasma radius is calculated assum-
ing that the ratio of the cross-section of the plasma stream to
the cross-section of the reactor equals the molar fraction of
hot CO, plasma, and thus R, = ,/X,R.

The above model description applies to the experiments of
ref. 17, used for our model validation. However, the model
used later in this paper, for studying the performance of CO,
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plasma with post-plasma CH, injection and comparing it with
classical plasma-based DRM, is slightly different, as will be
explained in section 4 below.

To evaluate the performance of the DRM process, a wide
variety of performance metrics exists in literature.?® In this
work, we will focus on the CO, and CH, conversion (y°%, y*),
the CO and H, selectivity (S°°, §™), the total conversion 4"
and the energy conversion efficiency (ECE) 7, to asses the
potential of post-plasma CH, injection. Note that the ECE is
also called simply “energy efficiency”, but we prefer the term
ECE, because the expression accounts for the energy captured
in CH, (high enthalpy) and evaluates how efficiently this
energy, along with the applied power, is converted into the
energy captured by syngas.

These performance metrics are calculated as follows:

2 = xco,r %% + xep,y O (8)

)(coz _ [COZ]O — (Vf/VO)[COZ}f

[COZ}O ’ (9)
)(CH4 _ [CH4]O - (Vf/VO)[CHﬂf
[CH4],
§CO _ (Vt/Vo)[COJ;
([CH.], — (V1/V0)[CH.];) + ([CO2], — (V/V0)[CO2];)
(10)
SHz (Vf/VO)[HZ]f (11)

- 2([CH4], — (Vi/Vo)[CHa]g)

where xco, and xcy, are the molar fraction of CO, and CHy,
respectively, both equal to 0.5 since we consider a CH,/CO,
molar ratio of 1, [CO,], denotes the initial molar concentration
of CO, plus nS%: /V,, where ni9* is the number of moles of CO,
added post-plasma (¢f. eqn (6)), and [CO,]; denotes the final
molar concentration of CO,, respectively. Similar notations
apply to the other species. Similarly, V, and V¢ represent the
volume at the start and end of the simulation, respectively.
They are required in the equations to account for gas expan-
sion upon reaction, because more molecules are formed after
than before the reaction,® and because of a change in temp-
erature upon reaction. Lastly, LHVqo, LHVy, and LHVcy, are
the low heating values of CO, H, and CH,, respectively.

3. Model validation

We first model the experimental conditions of ref. 17 to vali-
date our model, and we direct interested readers to consult”
for a comprehensive description of the reactor configuration.
Specifically, we try to reproduce the measured CO, conversion
°% and CH, conversion 4™, as well as CO selectivity S°° and
H, selectivity S™, across the SEI range of 122-245 k] mol™". In
order to compare the performance of the current process to
other DRM processes, the SEI is evaluated as the plasma power

Green Chem., 2024, 26, 9712-9728 | 9715
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over the total gas flow rate, i.e. 30 slm CO, flow rate plus 30
slm CH, flow rate, as used in ref. 17. For SEI = 122 k] mol™,
we set the characteristic mixing time z,,;x equal to 0.01 s. This
value corresponds to an effective diffusivity of 1.2 x 107> m?
s~', which lies within the same order of magnitude as the
value of 8-16 x 10> m* s™* reported by Sun et al.,"® when mod-
elling the mixing of the plasma stream with the surrounding
stream in the post-plasma region of their DRM experiments
with a similar MW setup. Since the average gas temperature
increases with rising SEI and the diffusion constant is pro-
portional to 72 according to gas kinetic theory, we increase D
by a factor of 1.5 (hence 7., = 6.67 x 107° s) for SEI = 245 kJ
mol ™', and linearly interpolate D for intermediate SEIs. This
drop in characteristic mixing time allows better agreement
with the experimental results of ref. 17 compared to keeping a
constant value of 0.01 s for 7,,;x across the SEI range.

Fig. 1(a) shows the comparison between model calculations
and experimental measurements for the CO, and CH, conver-
sion as a function of SEL The experimental y“° is perfectly

100 1 I 1 1 I I 1
80 - .
<
- 60 -
2
g
o
z 40 .
o - —=— CO, model
o o
—=— CH, model
20 —o— CO, experiment -
—o— CH, experiment
100 ID- _I —I I_ -ﬂI’ :‘;.: — I-u
- 0 - -~ -0
o
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Fig. 1 Comparison of CO, and CH,4 conversion (a) and CO and H,
selectivity (b) between model and experiment,” as a function of the SEI.
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captured by the model across the complete SEI range. While
the ™ predicted by the model also follows the experimental
trend, the values slightly exceed those measured in the experi-
ment. The greatest relative deviation occurs at the lowest SEI of
122 kJ mol ™", where y°™* = 39% predicted by the model com-
pared to y“™ = 32% in the experiment. Considering the
model’s simplicity and general experimental uncertainties, we
find the agreement between model and experiment regarding
759 and y“** satisfactory.

The CO and H, selectivity predicted by the model and
measured in the experiment are shown in Fig. 1(b). The CO
selectivity agrees well between model and experiment, with a
maximal deviation of 3.5% at SEI = 245 k] mol™". In contrast,
S™ predicted by the model is significantly lower (ca. 15%) than
the values obtained in the experiment. This discrepancy is pri-
marily due to the substantial generation of H,O in the model
calculations compared to the lower quantities observed experi-
mentally. For instance, at SEI = 245 kJ mol™", the model pre-
dicts an H,O molar fraction of 4.5%, whereas H,O was
reported to account for less than 0.1% of the total product
mixture in the experimental setup.

Although the absolute values for S predicted by the model
are too low, the rising trend of S™ with increasing SEI in the
experiment (75% to 87%) is also captured by the model (88%
to 99%). This trend can be attributed to the higher tempera-
tures reached at higher SEI values (T > 2000 K), leading to
faster reaction kinetics for the conversion of H,O. Indeed, H,O
is thermodynamically unfavoured above temperatures of
1200 K.*° Consequently, at higher SEI levels, more H,O will be
converted to H, within the limited residence time of the
reactor, yielding a higher H, selectivity.

Using the GRI-Mech 3.0 mechanism,** we were unable to
reproduce the experimental H, selectivity within the existing
framework of our model. This suggests that either the
GRI-Mech 3.0 mechanism may not be ideally suited for our
specific conditions, or that multi-dimensional effects play a
role in this setup, which are not adequately accounted for in
our 0D model. Therefore, we implemented the thermal chem-
istry set from ref. 30 to examine whether a higher H, selectivity
could be achieved using a different DRM reaction mechanism.
However, the results for %, y°™ §°© and ™ are consistent
within 4% between both chemistry sets, suggesting that the
discrepancy between model and experiment for S™ might not
be due to the gas-phase chemistry used in our model.

Note that Cho et al.'” calculated the mass balance for H
and C to determine the fraction of H,O and solid C, respect-
ively, which could not be measured in the GC. However, con-
sidering the H,O concentration derived in this manner, they
found that O atoms were missing in the O mass balance.*
Therefore, they hypothesised that the missing O might be due
to oxidation reactions of the stainless steel reactor walls at
high temperatures.*’ Unfortunately, our global model cannot
account for these surface processes. If oxidation of the reactor
walls indeed absorbs a significant amount of O atoms, it could
explain the discrepancy in H, selectivity between our model
and the experiment. However, we cannot rule out the second
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option, that a substantial amount of H,O is formed in the
experiment, as predicted by our model, which was not detected
in ref. 17. In fact, this would also explain the missing O atoms
in the O mass balance. Indeed, other DRM experiments in lit-
erature do report H,O formation as major by-product (e.g., ref.
7, 20 and 32-34). Nevertheless, despite the discrepancy in H,
selectivity, our model predicts the experimental trend, and we
assume that we correctly capture the H,O formation in the
DRM process when oxidation of the reactor walls is not
important.

4. Can post-plasma CH,4 injection
improve the DRM performance?

After obtaining reasonable agreement with experiment,'” we
now evaluate whether injecting all plasma energy into CO,,
with post-plasma CH, injection, effectively leads to improved
CO,, conversion and ECE.

4.1. DRM equilibrium calculation

Before evaluating the performance of post-plasma CH, injec-
tion, it is useful to first calculate the DRM equilibrium,
because the latter allows us to determine the maximum ECE
achievable for thermal conversion, under the assumption that
we do not recover the residual heat. Indeed, by comparing the
performance of a specific DRM process with this thermal
limit, we can assess the potential for further process improve-
ments. Fig. 2(a) illustrates the molar fractions of the dominant
species for the thermodynamic equilibrium of a CO,/CH,
mixture with a molar ratio of 1, across the temperature range
900-3500 K. The total conversion (3**"), hydrogen selectivity
(S™) and ECE () are plotted in Fig. 2(b) across the same temp-
erature range. The equilibrium was determined by running the
GRI-Mech 3.0 mechanism until the concentrations of all domi-
nant species remained constant for an extended duration (10"
s). Since all reverse processes are calculated from the equili-
brium constant, this ensures the correct thermodynamic equi-
librium composition. The time required to reach equilibrium
(right y-axis) is determined as the point in time when the con-
centrations of all dominant species deviate less than 0.001%
from their final value, i.e., the final timestep of the simulation
where all concentrations remained constant for an extended
duration.

It is clear from Fig. 2(a) that the equilibrium largely shifts
towards CO and H,, which exhibit molar fractions around 50%
in most of the temperature range, while CO, and CH, are only
present (with molar fractions of 10 and 15%) around 900 K.
Note however, that the time to reach this equilibrium is very
long in the lower temperature range (¢f. Fig. 2(b)), so in prac-
tice, at realistic residence times, there will still be considerable
amounts of CO, and CH, in the mixture. At 900 K, there is also
about 5% H,O present, while above 2400 K, the H molar frac-
tion starts to rise, upon dissociation of H,, as follows indeed
from the molar fraction of the latter.
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Fig. 2 Thermodynamic equilibrium calculations of a CO,/CH4 mixture
with a molar ratio of 1. (a) Molar fractions of the dominant species, and
(b) total conversion »*°*, hydrogen selectivity S and ECE 7 (left y-axis),
as well as the time needed to reach equilibrium (right y-axis). The verti-
cal black and blue dashed line indicate the temperature at which 99%
syngas yield is reached, and the temperature at which equilibrium is
reached within 10 ms, respectively.

Fig. 2(b) illustrates that both »** and S™ > 99% for tempera-
tures above 1200 K. $°° is not plotted, as it is close to 100%
across the entire temperature range of 900-3500 K. Hence, the
syngas yield is determined by S™. Notably, the CO,/CH,
mixture yields 99% syngas already at an average gas tempera-
ture of 1250 K (indicated by the black dashed line in Fig. 2),
corresponding to n = 89.5%. However, as mentioned above,
reaching equilibrium at these temperatures takes more than
10° s (see right y-axis in Fig. 2(b)). To reach equilibrium within
a more realistic reactor residence time of 10 ms, an average
gas temperature of 3125 K is required (indicated by the vertical
blue dashed line in Fig. 2), corresponding to 5 = 67%, close to
7 = 71.3% reported by Sun et al.,'® where CH, and CO, were
injected directly into the plasma.

The slow equilibrium attainment at lower temperatures is
attributed to the slow CO, dissociation process at these temp-
eratures, which requires breaking the highly stable C=O
bond.*® Hence, one way to potentially lower the SEI required
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for reaching a given syngas yield is by accelerating the CO, dis-
sociation process. This could potentially be achieved by inject-
ing all the plasma energy into CO,, while reforming CH, at
lower temperatures with residual heat, effectively treating more
CO, at higher temperatures for the same SEI compared to
directly heating the complete CO,/CH, mixture in the plasma,
as we will study in detail in the next section.

4.2. Effect of post-plasma CH, injection

To verify whether directing all the plasma energy into CO, can
improve the syngas yield and energy efficiency, we compare
both strategies, ie. (i) injecting only CO, inside the plasma
while injecting CH, post-plasma, vs. (ii) injecting both CH, and
CO, inside the plasma. To conduct this comparison, we
perform two conceptual kinetic simulations, assuming uniform
plasma heating and neglecting any heat losses at the wall. As it
is a conceptual study, this simplification aims to ensure trans-
parent simulation results and general modeling insights, by not
focusing on plasma contraction and heat losses specific to the
experimental setup of a certain plasma reactor. We note that by
considering uniform plasma heating, we are effectively model-
ing a global diffuse plasma rather than a contracted plasma.

This modeling approach differs from the one detailed in
section 2 that was used to simulate the experiments of ref. 17,
as explained in the paragraph below. To ensure the most repre-
sentative comparison, in scenario (ii), we inject half of the 1: 1
CO,/CH, mixture into the plasma and the other half of the
1:1 CO,/CH, mixture post-plasma. In this way, the SEI within
the plasma, i.e. the ratio of plasma power over the discharge
gas flow rate, is the same for both strategies.

At the start of the simulation, the simulation volume con-
tains the discharge gas at room temperature, which is pure
CO, for case (i) and 50% of the 1:1 CO,/CH, mixture for case
(ii). Next, the discharge gas is heated over a heating period
theat Of 5 ms, as this is a typical gas residence time in atmos-
pheric pressure MW plasmas.®® The power is calculated from
the applied SEI (k] mol™"):

SEI - ng - V(
p— 0 Yo

13
Cheat ( )

where P (kW) is the plasma power, n, is the initial molar
density of the discharge gas and V, is the initial volume. For
simplicity, we neglect any heat losses within the discharge.
While this idealized case is a reasonable approximation for
vortex stabilized MW plasma,®® other discharge set-ups may
experience significant heat losses to electrodes and walls. We
note that these losses are likely higher for the CO,/CH, plasma
compared to the CO, plasma due to the higher thermal con-
ductivity of CH,. This could potentially reduce the energy
absorbed by the CO,/CH, plasma relative to the CO, plasma,
thereby decreasing the syngas yield (¢f. Fig. 5).

After the 5 ms heating period, the power is set to zero, and
the gas injected post-plasma, i.e. pure CH, for case (i) and the
other half of the 1:1 CO,/CH, mixture for case (ii), is added to
the simulation, representing the mixing with the gas injected
post-plasma (as explained in section 2). We set the character-

9718 | Green Chem., 2024, 26, 9712-9728

View Article Online

Green Chemistry

istic mixing time equal to 2.71 ms (¢f. eqn (4) and (5)). This
corresponds to a total mixing time of 10 ms, which is a reason-
able estimate for the reaction time in a reforming reactor
based, on our modeling results for the conditions described in
ref. 17. After the total mixing time of 10 ms, 99% of the gas
has been added to the simulation. Subsequently, the gas
mixture is immediately quenched to 300 K, simulating its exit
from the reactor. For simplicity, we assume instant quenching
since our calculations indicate that the quenching rate has a
negligible impact on the syngas yield. Thus, the heat-balance
equation is formulated as follows:

T

t<5ms:pCPE:P+QR (14)

dr

5ms <¢<15ms: pCp——

dt
CO, /CH, (15)

= _mT(AHCOZ/CHJ + Qr

t > 15ms: T =300K (16)

Qg is the total heat absorbed/released in chemical reactions, as
explained in section 2. In eqn (15), the first term on the right-
hand-side represents the cooling due to the mixing with the
gas (300 K) injected at the end of the discharge. We note that
the simulation results are relatively insensitive to the chosen
value of the total mixing time (10 ms). For instance, dividing
or multiplying the total mixing time by a factor of 2 results in
only minor changes: a decrease in 4™ by approximately 1%
and an increase in 4" by approximately 2%, respectively, for
both strategies.

Fig. 3 illustrates the calculated temperature profile over
time for both strategies, considering an SEI of 200 kJ mol .

T T T T
solid: CO, plasma .

dashed: CO,/CH, plasma
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1500

Temperature (K)
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10 15
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Fig. 3 Gas temperature as a function of time for SEl = 200 kJ mol™.
The black vertical dashed line at t = 5 ms indicates the onset of post-
plasma injection.
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Initially, up to ¢ = 5 ms, the temperature rises due to the
applied power, reaching its maximum temperature of T =
3325 K for the CO, plasma and T = 3200 K for the CO,/CH,
plasma. Subsequently, the temperature declines due to mixing
with the cold gas injected at the end of the discharge, as illus-
trated in Fig. 3. At ¢ = 15 ms, the temperature immediately
drops to 300 K, quenching the product mixture. In case of the
CO, plasma (i), the temperature shows a relatively linear
increase up to 2800 K, beyond which the endothermic CO, dis-
sociation starts contributing significantly, as seen by the
sudden drop in the slope of the temperature profile.
Conversely, in case of the CO,/CH, plasma (ii), the temperature
profile exhibits a kink at a lower temperature of 1800 K since
the dissociation of CH, has a much lower reaction barrier,
becoming significant at much lower temperatures.

The maximum gas temperature Trx at ¢ = 5 ms is plotted
in Fig. 4 for both strategies, across the SEI range of 80-300 kJ
mol™'. We note that by assuming uniform gas heating, the
global temperature is lower than the temperature of the hot
CO, plasma filament (6000 K) used in modeling the experi-
mental conditions of ref. 17, within a similar SEI range, since
we are no longer modeling a contracted plasma. In addition to
the maximum temperature, the fractional energy consumption
E. (%) is plotted on the right y-axis in Fig. 4, defined as the
fraction of plasma power absorbed in chemical reactions:

theat =5 MS QR

E. = J ~—dt-100% (17)
0 p

At lower SEI values, the CO,/CH, plasma reaches signifi-

cantly lower maximum temperatures compared to the CO,
plasma (see Fig. 4). For instance, at SEI = 100 k] mol™, Ty =

4000 T T T T 100

3500 m
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Fig. 4 Maximum gas temperature at the end of the plasma (t = 5 ms)
(left y-axis) and (fractional) energy consumption in the plasma (right
y-axis), as a function of the SEI. The solid and dashed lines indicate the
results for the CO, plasma with post-plasma CH,4 injection, and for half
of the CO,/CH4 mixture injected into the plasma and the other half of
the CO,/CH4 mixture injected post-plasma, respectively.
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2730 K for the CO, plasma and Ty, = 1980 K for the CO,/CH,
plasma. This difference can be attributed to two factors. First,
the CO,/CH, mixture has a higher average heat capacity, due
to the higher heat capacity of CH, compared to CO,. Second,
the energy absorbed in endothermic processes is higher for
the CO,/CH, mixture. Indeed, CH, is efficiently dissociated at
temperatures below 2000 K, and the created H atoms acceler-
ate the CO, dissociation process, since the reaction CO, + H =
CO + OH has a significantly lower energy barrier than the reac-
tion CO, + M = CO + O + M, ie. E, = 105 k] mol™" vs. E, =
542 k] mol™',** respectively, resulting in relatively high CO,
and CH, conversion even at the lower SEI values. For example,
at the end of the plasma, before post-plasma injection, at SEI =
100 kJ mol™, 4% = 53% and 4“™ = 87% for the CO,/CH,
plasma (conversion of reactants relative to the amount of dis-
charge gas) compared to " = 20% for the CO, plasma. This
is also clear from the (fractional) energy consumption, which
is higher for the CO,/CH, plasma than for the CO, plasma (see
blue curves in Fig. 4).

Notably, at higher SEI values (SEI > 140 kJ mol™"), the
energy consumption becomes higher for the CO, plasma com-
pared to the CO,/CH, plasma (see again blue curves in Fig. 4).
The reason is that CO, dissociation is more efficient at these
elevated temperatures (7 > 3000 K), allowing more energy to be
stored in the strongly endothermic CO, dissociation process.
Indeed, AH,qo5 x = 283 k] mol™ for CO, + M = CO+ 0O + M
compared to AH,og x = 247 k] mol™ for CO, + CH, = 2CO +
2H,, and twice the amount of CO, is present in the pure CO,
plasma. Nonetheless, T\, remains higher for the CO, plasma
across the complete SEI range due to the lower heat capacity of
CO,.

To compare the performance of both strategies, the CO,
and CH, conversion and CO and H, selectivity are plotted in
Fig. 5(a) and (b), respectively. Fig. 5(a) illustrates that at lower
SEI, the CO, conversion is significantly higher for strategy (i),
i.e., CO, plasma with post-plasma CH, injection, e.g. at SEI =
100 kJ mol™, 4" = 56% compared to ¥ = 28% for strategy
(ii), i.e., CO,/CH, plasma with post-plasma CO,/CH, injection.
This confirms our hypothesis defined above, because in strat-
egy (i) all plasma power goes into heating and dissociation of
CO,, while in strategy (ii) some plasma power is absorbed by
CH,, resulting in less CO, dissociation. Note, however, that the
majority of the CO, conversion for strategy (i) occurs behind
the plasma upon CH, injection, since CO, conversion within
the plasma is limited by the dissociation equilibrium of pure
CO,, gas, which will be discussed in section 4.3.1 below.

Conversely, the CH, conversion is higher for strategy (ii) at
lower SEI, which is also in line with our hypothesis, because
some CH, is already converted inside the plasma, while in
strategy (i) the CH, conversion only takes place post-plasma.
However, the difference between both strategies is less pro-
nounced compared to the CO, conversion, e.g. at SEI = 100 KkJ
mol ™, y° = 44% for strategy (ii) compared to y°™ = 31% for
strategy (i). The difference in CO, and CH, conversion between
both strategies decreases at higher SEI, with both strategies
yielding approximately the same values for " and ™ at SEI
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Fig. 5 CO, and CH,4 conversion (a) and CO and H, selectivity (b) as a
function of the SEI. The solid and dashed lines indicate the results for
the CO, plasma with post-plasma CH, injection, and for the CO,/CH,4
plasma with post-plasma CO,/CH, injection, respectively.

values above 220 k] mol™", reaching very good conversions
above 95%. Clearly, at high enough SEI, the injection method
does not matter, because the temperature behind the plasma
is high enough for conversion of both CH, and the CO,/CH,
mixture injected post-plasma.

As depicted in Fig. 5(b), both $°° and §™ are much lower
than 100% at lower SEI values (<200 kJ mol™") for both strat-
egies, indicating that significant amounts of byproducts are
formed in the DRM process. The main byproducts are C,H,
and H,0, with molar fractions around 1-8% and 1-14%,
respectively, while C,H, is the next most prominent byproduct,
having a molar fraction below 0.5% across the complete SEI
range. While the CO selectivity remains above 85% even at the
lowest SEI values for the CO, plasma with post-plasma CH,
injection (i), §°° is significantly lower at the lowest SEI values
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for the CO,/CH, plasma with post-plasma CO,/CH, injection
(ii), e.g. at SEI = 100 kJ mol ™", $9° = 40%. The low CO selecti-
vity is due to the substantial formation of C,H, in the CO,/
CH, plasma at the lowest SEI values, as will be discussed in
section 4.3.1 below. However, for SEI > 140 k] mol™, CO, dis-
sociation becomes more favourable in the CO,/CH, plasma,
and $° is approximately the same for both strategies. At SEI
values below 120 k] mol™, the H, selectivity is rather low (S™
< 65%) since significant amounts of H,O and C,H, are formed
in both strategies. In contrast to the CO selectivity, S™ is
higher for the CO,/CH, plasma compared to the CO, plasma.
The reason is that a substantially larger amount of H,O is
formed in the CO, plasma with post-plasma CH, injection, as
will be discussed in section 4.3 below. However, similar to the
conversion, both strategies yield approximately the same S°©
and S™ values at SEI values above 220 kJ mol ™", achieving 99%
syngas selectivity at SEI = 280 kJ mol ™.

Fig. 6 shows 4" and 7 (left y-axis), as well as the energy cost
(EC) of the conversion (right y-axis) as a function of the SEI for
both strategies. At lower SEI values (<200 kJ mol ™), the total
conversion is slightly higher for the CO, plasma with post-
plasma CH, injection (i), because the increase in CO, conver-
sion outweighs the lower CH, conversion compared to the
CO,/CH, plasma with post-plasma CO,/CH, injection (ii) (see
Fig. 5(a) above).

The EC is a metric for evaluating how much energy is
needed for converting the reactants, particularly with the goal
of energy-efficient removal of greenhouse gases. Since it is
equal to the SEI divided by ™", the EC will be slightly lower for
the CO, plasma with post-plasma CH, injection for SEI <
200 kJ mol™. The minimum EC of 212 kJ mol ™" for strategy (i)
is reached at SEI = 140 k] mol ™", corresponding to " = 66%,
while a slightly higher minimum EC of 224 kJ mol™ is

100

- Xtot

%' (%), M (%)

——n

solid: CO, plasma
dashed: CO,/CH, plasma

1 1 1 1

100 150 200 250 300
SEI (kJ/mol)

Fig. 6 Total conversion and ECE (left y-axis) and EC of conversion
(right y-axis) as a function of the SEI. The solid and dashed lines indicate
the results for the CO, plasma with post-plasma CH, injection, and for
the CO,/CH4 plasma with post-plasma CO,/CH, injection, respectively.
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reached at SEI = 200 k] mol ™" for strategy (ii), corresponding to
7% = 89%. Although the model suggests that injecting all the
energy into CO, can slightly reduce the EC by about 5% due to
enhanced CO, conversion at lower SEI, this reduction is not
particularly significant. Furthermore, the ECE is a more critical
metric for evaluating the DRM process, as it measures how
efficiently syngas can be produced, which is the key objective
for DRM and crucial for industrial applications.*®

The trend of the ECE is more complicated. Below SEI values
of 140 kJ mol™", 7 is slightly higher for strategy (i), due to the
higher values for y°%* and $°°, and the product of both defines
the amount of CO formed (¢f. eqn (12) above). However, for SEI
> 140 kJ mol™", 7 becomes slightly higher for strategy (ii), due
to the strong increase in CO selectivity and significantly higher
S™ values (cf. Fig. 5(b)), resulting in higher values for 5 despite
the lower total conversion. Finally, since the CO, and CH, con-
version and CO and H, selectivity are approximately the same
for SEI values above 220 k] mol™?, the ECE is also nearly iden-
tical in this SEI range, reaching its maximum value of 77% at
260 k] mol ™",

Remarkably, since the best performance, characterised by
high conversion and ECE, is obtained at high SEI values where
both strategies yield identical results, our model suggest that
there is no strong advantage of considering a pure CO, plasma
with post-plasma CH, injection. Indeed, the hypothesis that
post-plasma CH, injection results in better syngas yield and
ECE holds only in the suboptimal SEI range below 140 kJ
mol ™", characterised by low conversion and low ECE. Our con-
clusion is also supported by the reported ECE values in litera-
ture, where the value of 67% reported by Cho et al.'” is among
the highest values reported in literature due to the high
thermal efficiency of their particular setup, but it does not
exceed the value of 71% reported by Sun et al.,'® where CO,
and CH, are injected directly into the plasma.

We note however that post-plasma CH, injection might still
be advantageous to increase the CH,/CO, ratio, by mitigating
discharge instability caused by soot formation, associated with
high CH, fractions within the plasma. This could potentially
lead to higher syngas ratios, more appealing for industrial
applications.

4.3. Kinetic analysis

To gain insight into the DRM process, we perform a kinetic
analysis and evaluate how the species react over time. In par-
ticular, we aim to explain why the first strategy, i.e. (i) injecting
only CO, inside the plasma while injecting CH, post-plasma,
fails to enhance the ECE with respect to the second strategy,
i.e. (ii) injecting half of the 1:1 CO,/CH, mixture inside the
plasma and the other half of the same mixture post-plasma,
within the SEI range of 140-200 k] mol ™" (section 4.3.1), and
why both strategies are equivalent in the optimal SEI range
above 240 k] mol ™" (section 4.3.2).

4.3.1. Kinetic analysis at low SEI (140 kJ mol ™). Before dis-
cussing why strategy (i) fails to enhance the ECE for SEI >
140 kJ mol ™', we briefly address the region of SEI < 140 kJ
mol ™', where the hypothesis that injecting all the energy into
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CO, yields improved ECE holds true. For SEI < 140 k] mol™", in
strategy (ii), CH, is mainly converted to C,H,, since the O
atoms resulting from CO, dissociation are not used for oxidis-
ing CH,. Instead, the O atoms react with H,, resulting from
CH, dissociation, to form H,O. For instance, at SEI = 100 KkJ
mol ™, the amount of CO produced is only 6% higher than the
amount of converted CO,, indicating that most of the O atoms
(94%) are used to form H,0. Consequently, the substantial for-
mation of C,H, and H,O for SEI < 140 k] mol™" results in rela-
tively low S°° and S™ for strategy (ii). For strategy (i), the CO,
conversion is much higher, leading to higher $°° since nearly
every converted CO, molecule will create a CO molecule,
unlike CH, conversion that mainly yields C,H,/H,/H,0 within
this SEI range. Due to the significantly higher > and $°° of
strategy (i) compared to strategy (ii), the ECE of strategy (i) is
significantly higher, e.g., at SEI = 100 k] mol ™", # = 27% and
n = 18% for strategy (i) and (ii), respectively. However, this SEI
range (<140 kJ mol™") is not interesting for industrial appli-
cations due to the low conversion and ECE.

In contrast, at SEI = 140 k] mol™*, there is a sharp increase
in $°° and s™ for strategy (ii) (cf. Fig. 5(b) above), since the O
atoms resulting from CO, dissociation will now primarily
oxidise CH, to CO. The reason is that, in contrast to SEI <
140 kJ mol™, enough energy is present to convert C,H, and
H,0, formed during the reforming process, to CO and H,, as
indicated in Fig. 7, which is discussed below. As a result, the
ECE of strategy (ii) slightly exceeds that of strategy (i) for SEI >
140 kJ mol ™", as observed in Fig. 6 above.

Fig. 7 depicts the evolution of the CO, and CH, conversion
over time (a), as well as the molar fractions of H,O and C,H,
(b). The conversion is calculated as the amount of reactant
consumed relative to the total amount of reactant supplied to
the system, encompassing both the discharge gas and the gas
injected post-plasma. Therefore, the time-dependent conver-
sion y(t) is calculated for strategies (i) and (ii) as:

(i)

n$% - vy — nC0: () - v(¢)

Sk ng® - v, (18)
}(CHq (t) — IO Ry™ (t) V(tl(;l)f —n (t) ) V(t) (19)
ng*-Vo

(i)

){coz/cm (t) _
n M vy [ RO (v (e)de — /O (1) v (e)  (20)
ZHOCOZ/Cm Vo

where eqn (18) and (19) represent the CO, and CH, conversion
at time ¢ for strategy (i), and eqn (20) represents the CO, and
CH, conversion, which have identical expressions, for strategy
(if). We note that ngOZ/ “ represents the initial density of CO,/
CH, present in the simulation, i.e. the discharge gas, and n“®/
CHi represents the actual density present at time t. Finally, Ry,

is the mixing rate, defined by eqn (6) above.
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Fig. 7 CO, and CH4 conversion (a), as well as H,O and C,H, molar
fraction (b), as a function of time, for SEI = 140 kJ mol™. The solid and
dashed lines indicate the results for the CO, plasma with post-plasma
CHy, injection, and for the CO,/CH,4 plasma with post-plasma CO,/CH,4
injection, respectively. The vertical dashed line at 5 ms indicates the
post-plasma mixing.

To explain the evolution of the CO, and CH, conversion
shown in Fig. 7(a), we plot the net rates of conversion for CO,
and CHy,, i.e. the sum of all individual reaction rates, in Fig. 8.
To account for the change in simulation volume V over time
(due to gas expansion upon reaction and rise in temperature),
we scale the net volumetric reaction rate R; of reactant i (CO,/
CH,) by multiplying it with the actual V, and then divide this
product by the number of moles of reactant i present in the
simulation, ie., the initial molar density n;, times V,, to
render the rate value independent of the system size, ie., the
initial volume V:

_ Ri(t) - V(t)

Ri(¢) —T
1,

(21)
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where R’; is the net rate of conversion of reactant i with unit
s7', effectively indicating how many times the initial amount
of reactant reacts away per second. For instance, if R’; has a
constant value of 100 s, reactant i will be completely con-
verted at ¢ = 0.01 s. The temperature along the simulation is
also included in Fig. 8 (black dashed line, right y-axis).

Fig. 7(a) illustrates that at the end of the discharge (¢ =
5 ms), a maximum CO, conversion of 42% is reached for the
CO, plasma, corresponding to the dissociation equilibrium of
CO, at Tmax = 3020 K (¢f. black dashed line in Fig. 8, panel (i)).
Subsequently, upon post-plasma CH, injection, the hot CO,
equilibrium mixture, ie., O, O, and CO,, reacts with CH, at
the elevated post-plasma temperatures. As a result, the CO,
conversion sharply increases (¢f Fig. 7(a)), reaching a
maximum value of 80%, after which the net rate of CO, con-
version becomes negligible due to the slow reaction kinetics
around T = 1800 K (cf: Fig. 8(i)). Hence, the higher overall CO,
conversion in scenario (i) (¢f. Fig. 5 above) is not due to higher
conversion inside the plasma (as it is even a bit lower than in
scenario (ii); ¢f Fig. 7(a)), but due to the additional CO, con-
version post-plasma upon reacting with CH,, as also men-
tioned in section 4.2 above.

Cho et al.’” mentioned that the O, resulting from CO, dis-
sociation in the CO, plasma reacts with the CH, injected
downstream. Since the oxidation of CH, by O, is an exother-
mic reaction with a low energy barrier, CH, can be efficiently
oxidized by O, post-plasma using residual heat at a lower
temperature. However, achieving complete CO, conversion
within the plasma requires very high SEI values, e.g., at SEI =
300 kJ mol™, the CO, conversion reaches 92% by the end of
the plasma. At intermediate SEI values, a substantial amount
of unreacted CO, must react with CH, downstream, requiring
much higher temperatures due to the lower reactivity of CO,
compared to O,, similar to strategy (ii). Consequently, the total
conversion for strategy (i) is only slightly higher (ca. 5%) than
for strategy (ii) at SEI < 220 kJ mol .

Fig. 7(b) illustrates that when the hot CO, gas mixes with
CH,, CH, is initially completely converted to CO due to the
presence of reactive oxygen species (O, and O atoms) resulting
from CO, dissociation, as indicated by the absence of C,H, for-
mation for ¢ < 6 ms. Since most of the oxygen is used in the
oxidation of CH,, the CH, conversion at ¢t = 6 ms, approxi-
mately 37%, is close to the CO, conversion of 42% in the
plasma. Notably, the CO, conversion at t = 6 ms is around
75%, which is significantly higher than the conversion at the
end of the plasma, suggesting the generation of new reactive
oxygen for CH, oxidation. However, most of the CO, at ¢ <
6 ms is converted to CO and H,O via the water—gas shift reac-
tion (¢f. section 4.3.3), as is clear from the substantial increase
in the H,O fraction shown in Fig. 7(b). Consequently, no
additional reactive oxygen is created in this manner, which
explains the formation of C,H, after ¢ = 6 ms.

For strategy (ii), CO, is almost completely converted in the
CO,/CH, plasma, corresponding to y° = 49%, considering
that only half of the total CO, flow passes through the plasma.
When the remaining half of the 1:1 CO,/CH, mixture is

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Net rates of conversion of CO, and CHy, as a function of time, for SEI = 140 kJ mol™ (left y-axis). The temperature is indicated by the
dashed black line (right y-axis). The left panel (i) and right panel (ii) show the results for the CO, plasma with post-plasma CH, injection, and for the

CO,/CH, plasma with post-plasma CO,/CHj, injection, respectively.

injected, the CO, conversion rises to its maximum value of
60%, after which, similar to case (i), the CO, conversion
freezes around T = 1800 K (¢f. Fig. 8(ii)).

We stress that the total amount of CO, converted within the
plasma is actually higher for the CO,/CH, plasma, despite the
lower temperature and only half of the CO, being present,
compared to the pure CO, plasma. This can be attributed to
the presence of CH, that strongly shifts the equilibrium
mixture to CO at lower temperatures compared to a pure CO,
mixture, and the accelerated CO, dissociation due to the pres-
ence of H atoms. However, for strategy (i), when CH, is
injected after the CO, plasma, the CO, conversion sharply
increases and surpasses that of strategy (ii), i.e. ¥ = 80%
compared to y°%* = 60%, respectively. This is due the fact that
for strategy (i), all the remaining CO, that was not converted
within the plasma is reacting at the high afterglow temperature
upon CH, injection, resulting in rapid CO, dissociation kine-
tics, as seen in Fig. 8(i), i.e. R'co, =410 s™" at ¢ = 5.6 ms. In con-
trast, for strategy (ii), the CO, entering the simulation due to
mixing with the plasma stream after post-plasma injection on
average reacts at a lower temperature since the plasma after-
glow is cooler (cf: Fig. 8) due to the colder plasma and the pre-
vious mixing with the incoming cold gas.

For SEI = 140 kJ mol™", the pure CO, plasma yields better
CO, conversion, as more CO, is heated to the elevated plasma
temperatures compared to case (ii), where half of the CO, is
injected post-plasma. However, there is not enough residual
heat to facilitate sufficient CH, reforming, since a maximum
CH, conversion of 53% is reached around T = 1700 K (c¢f.
Fig. 8), beyond which the CH, dissociation freezes. Moreover,
as shown in Fig. 7(b), a large amount of H,O is formed in the

This journal is © The Royal Society of Chemistry 2024

plasma afterglow (up to 20%), resulting in the low H, selecti-
vity of 56% (cf. Fig. 5(b)). For strategy (ii), a higher CH, conver-
sion of 60% is achieved, since half of the CH, is completely
converted within the discharge, and ca. 20% of the CH,
injected post-plasma (equivalent to 10% of the total CH,4) can
be converted with residual heat. Moreover, as illustrated in
Fig. 7(b), strategy (ii) produces only 5% H,O, almost a factor 3
lower than in strategy (i), resulting in the significantly higher
H, selectivity of 80% (cf: Fig. 5(b)). The disparity in H,O pro-
duction between the two strategies can be attributed to the
equilibrium of the water—gas shift reaction, which will be dis-
cussed in detail in section 4.3.3.

Although the pure CO, plasma with post-plasma CH, injec-
tion yields higher CO, conversion for SEI values under 220 kJ
mol™", resulting in slightly higher total conversion with
respect to strategy (ii), the H, selectivity is significantly lower
due to substantial H,O formation. As a result, the ECE is lower
for the pure CO, plasma with post-plasma CH, injection
within the SEI range of 140-200 kJ mol™" (cf. Fig. 6). Therefore,
our model suggests that it is not possible to improve the per-
formance of the DRM process by considering a pure CO,
plasma with post-plasma CH, injection, within this SEI range
of 140-200 kJ mol™'. Furthermore, Fig. 6 indicates that the
optimal performance, characterized by high conversion and
ECE, is achieved at SEI values between 240-280 k] mol™?,
where both strategies yield identical results.

4.3.2. Kinetic analysis at high SEI (220 k] mol™"). To gain
deeper insights into why both strategies yield nearly identical
results for SEI values above 220 k] mol™", we analyse the tem-
poral evolution of CO, and CH, conversion for SEI = 220 k]
mol™, as well as the molar fractions of H,O and C,H,, as
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plotted in Fig. 9(a and b). In addition, we examine the net
rates of conversion of CO, and CH,, using the same scaling
approach as in Fig. 8, as plotted in Fig. 10. Here, we focus on
the mixing process after post-plasma injection, starting from ¢
= 5 ms, because we aim to evaluate whether sufficient residual
heat is present to completely convert the fraction of gas
injected post-plasma, unlike the case at low SEI (140 k] mol ™)
discussed in section 4.3.1. This is true when the rate of CH,
conversion for strategy (i) and the rate of CO, and CH, conver-
sion for strategy (ii) equal the mixing rate Ry, i.e. the rate of
CH, addition for strategy (i) and the rate of CO, and CH,
addition for strategy (ii). Therefore, we also plot Ry, in Fig. 10,
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Fig.9 CO, and CH4 conversion (a), as well as H,O and C,H, molar
fraction (b), as a function of time, for SEl = 220 kJ mol™. The solid and
dashed lines indicate the results for the CO, plasma with post-plasma
CHy, injection, and for the CO,/CH,4 plasma with post-plasma CO,/CH,4
injection, respectively. The vertical dashed line at 5 ms indicates the
post-plasma mixing.
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Fig. 10 Net rates of conversion of CO, and CH4 and mixing rate (solid
black line) as a function of time, for SEI = 220 kJ mol™! (left y-axis). The
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panel (i) and right panel (ii) show the results for the CO, plasma with
post-plasma CH,4 injection, and for the CO,/CH, plasma with post-
plasma CO,/CHy, injection, respectively.

scaled in the same manner as the net rates of CO, and CH,
conversion.

As is clear from Fig. 9, for strategy (i), in contrast to the pre-
vious case at SEI = 140 k] mol™", enough residual heat is
present to almost completely convert the CH, injected post-
plasma, yielding " = 95%. Indeed, the temperature post-
plasma is above 3000 K in the first 1.5 ms, and only drops
below 2000 K after 7 ms post-plasma (¢f Fig. 10, panel (i)),
while at 140 k] mol ", the temperature post-plasma drops
below 2000 K already after 2 ms for strategy (i) and after 1 ms
for strategy (ii) (¢f Fig. 8, panel (i)). The nearly 100% CH, con-
version is also clear from Fig. 10(i), where the rate of CH,
addition due to mixing is nearly balanced by the net rate of
CH, conversion (cf. black solid and red dashed line). Similarly,
at this high SEI of 220 k] mol ™", strategy (ii) also achieves near-
complete conversion of CO, and CH, since enough residual
heat is present to convert the other 50% of the 1:1 CO,/CH,
mixture post-plasma. This is again illustrated in Fig. 10(ii),
where the net rates of CO, and CH, conversion closely match
their rate of addition due to mixing.

We stress again that high SEI values above 220 k] mol ™" are
needed for the pure CO, plasma to have complete conversion
of CH, downstream. However, at these SEI values, the DRM
kinetics are fast enough to also completely convert the 1:1
CO,/CH, mixture injected post-plasma for strategy (ii).
Consequently, our modeling results indicate that it is not poss-
ible to improve the ECE of the DRM process by using a pure
CO, plasma with post-plasma CH, injection.

4.3.3. Water-gas shift reaction to explain the H,O for-
mation and H, selectivity. Remarkably, Fig. 9(b) illustrates that
at 220 k] mol~" both strategies converge to the same H,O frac-
tion (reached around ¢ = 13 ms), despite the reaction kinetics
being completely different. Indeed, in strategy (i), H,O is
initially formed post-plasma at high temperatures (7 > 3100 K)
and is subsequently decomposed when the mixture cools
down and cold CH, is added, while in strategy (ii), H,O is
gradually formed as the mixture cools down and cold CO, and
CH, are added to the simulation. This convergence suggests

This journal is © The Royal Society of Chemistry 2024
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that some sort of equilibrium is reached for the H,O fraction.
However, at these temperatures the H,O fraction at thermo-
dynamic equilibrium is negligible (¢f. Fig. 2(a)).

The reason is that the H,O fraction follows the equilibrium
of the water-gas shift (WGS) reaction:

_ [CO,] - [Hy]

[H,0] [CO - Keg

where K.q is the equilibrium constant of the WGS reaction,
declining with temperature due to the negative Gibbs free
energy of the reaction (AG, = —28.6 k] mol™"), as shown in
Fig. 11. At temperatures surpassing 1200 K, CO, will eventually
convert entirely to CO over a sufficiently extended period, as is
clear from the DRM equilibrium calculations in section 4.1,
reaching a negligible H,O fraction, in accordance with the
WGS equilibrium. However, the time required to attain equili-
brium at the temperatures under consideration exceeds the
total residence time of 15 ms (5 ms heating + 10 ms mixing).
For instance, at T = 2500 K, more than a second is needed to
reach DRM equilibrium (¢f. Fig. 2). Consequently, CO, is not
fully converted yet, allowing for a significant H,O fraction. The
WGS equilibrium explains why both strategies converge to the
same H,O fraction, as nearly equivalent CO, and CH, conver-
sions are achieved (cf Fig. 5(a)) due to the rapid reaction kine-
tics at the elevated temperatures associated with SEI > 220 kJ
mol ™. We stress that we did not impose the WGS equilibrium
in the kinetic simulations. Instead, by analyzing the species
concentrations, we found that the kinetics of the WGS reaction
are sufficiently fast, allowing the WGS equilibrium to be
attained throughout the complete simulation until the temp-
erature drops below ca. 1800 K.

We now explain the H,O formation, determining S, for
strategy (i) and (ii) at 140 and 220 k] mol™", by means of the

103

10"

500 1000 1500 2000 2500 3000 3500

Temperature (K)

Fig. 11 Equilibrium constant of WGS reaction as a function of
temperature.
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WGS equilibrium. For strategy (i), comparing Fig. 9(b)-7(b),
the H,O fraction reaches a lower maximum value at SEI =
220 kJ mol™, with x**© = 14% for SEI = 220 k] mol™* vs. x"© =
20% for SEI = 140 kJ mol™. The lower H,O fraction at SEI =
220 kJ mol™" is due to the substantially higher CO, conversion
compared to SEI = 140 kJ mol™, outweighing the lower value
for K.q associated with the higher afterglow temperature. In
addition to the lower maximum H,O fraction at SEI = 220 k]
mol ™, H,O is able to react away more effectively, yielding a sig-
nificant lower final H,O fraction of 4% compared to x™° =
13% for SEI = 140 k] mol™'. When CH, is injected after the
CO, plasma, the H,O fraction initially increases until it
reaches its maximum value, after which it decreases due to
dilution of the H,O fraction through CH, addition, as well as
further conversion of CO, to CO and the cooling of the gas
mixture, which shifts the WGS equilibrium to CO, and H,. The
reason that the decline in H,O fraction is much smaller at SEI
=140 kJ mol ™" is that the mixture cools to temperatures where
the kinetics of the WGS reaction are too slow (T < 1800 K; cf.
Fig. 8(i)), effectively freezing the H,O concentration. Indeed,
the drop in H,O fraction is mainly due to dilution. This is
illustrated in Fig. 12, where the calculated H,O fraction as a
function of time decouples from the theoretical H,O fraction
predicted by the WGS equilibrium around ¢ = 7 ms, in contrast
to the case of SEI = 220 k] mol™" where the calculated H,O
fraction perfectly aligns with the equilibrium prediction.

For strategy (ii), Fig. 7(b) and 9(b) illustrate that H,O reacts
away at the end of the plasma and is slowly formed during the
reforming of CH, when the cold 1:1 CO,/CH, mixture is
added post-plasma, reaching a final value of x™° = 5% and
x™© = 4% for SEI = 140 kJ mol™ and SEI = 220 k] mol™?,

25 T T T T T
—— SEI = 140 kJ/mol
SEI = 140 kJ/mol K,
20 , —— SEI = 220 kJ/mol
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Fig. 12 H,O fraction as a function of time, for the CO, plasma with
post-plasma CH, injection, at SEI = 140 kJ mol™ and SEI = 220 kJ
mol~. The dashed lines indicate the H,O fraction predicted by the WGS
equilibrium.
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respectively. For SEI = 140 kJ mol ", following the WGS equili-
brium, H,O0 is almost completely converted near the end of the
plasma, since near-complete conversion of CO, is achieved
inside the plasma, as seen in Fig. 7(a) and (b). However, in
contrast to the WGS equilibrium that predicts a high final H,O
fraction of 28% due to the relatively low CO, conversion of
60%, the H,O fraction reaches a rather low value of 5% after
complete addition of the cold CO,/CH, mixture. Indeed,
similar to the injection of cold CH, after the CO, plasma (i),
the WGS reaction kinetics quickly get frozen when the gas
mixture cools down due to mixing with the cold CO,/CH,
mixture, explaining the low final H,O fraction.

From the discussion above, it is clear why the CO, plasma
with post-plasma CH, injection (i) yields a significantly lower
S™ at lower SEI (<200 k] mol™') compared to the CO,/CH,4
plasma with post-plasma CO,/CH, injection (ii). For strategy
(ii), most of the H,O formed during the reforming process
within the plasma is decomposed due to the high CO, and
CH, conversion at the end of the plasma. When the cold CO,/
CH, mixture is injected post-plasma, the mixture cools down
and the CO, concentration will eventually increase since there
is insufficient heat to immediately convert the added CO, gas.
Consequently, the H,O concentration will increase according
to the WGS equilibrium. However, at these temperatures where
the rate of CO, conversion is significantly lower than the rate
of CO, addition due to mixing (T < 2000 K), the kinetics of the
WGS reaction are also too slow to follow the WGS equilibrium.
As a result, the H,O fraction will slightly increase during the
reforming process post-plasma, but is frozen at a relatively low
concentration. In contrast, for strategy (i), a substantial
amount of H,O is formed during the reforming process follow-
ing post-plasma CH, injection, since a significant fraction of
CO, remains after the CO, plasma due to incomplete conver-
sion within the plasma at lower SEI (<200 k] mol ™).

Lastly, we note that if complete CO, dissociation is reached
within the CO, plasma for strategy (i), CH, will be completely
converted to CO by O, and O resulting from the completely
dissociated CO, plasma, and no H,O will be formed according
to the WGS equilibrium. However, this is not an energy
efficient approach for DRM since the energy required to com-
pletely dissociate the CO, gas is much higher than the energy
needed to reach near 100% syngas yield from a 1:1 CO,/CH,
mixture. This is evident from Fig. 9(a) and (b), which show
that 100% syngas yield (full conversion with no byproducts) is
achieved at the end of the plasma for strategy (ii), whereas the
CO, conversion at the end of the CO, plasma in strategy (i)
reaches only 75%.

5. Conclusions

We have developed a 0D chemical kinetics model to describe
the post-plasma gas conversion process occurring when the
effluent of a thermal plasma mixes with a gas stream injected
post-plasma, and we applied this model here to plasma-based
DRM. Specifically, our model aims to investigate the potential
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benefits of injecting all the plasma energy into CO, for the
thermal plasma-driven DRM process, by considering a pure
CO, plasma with post-plasma CH, injection. The rationale
behind this strategy is that when a CO,/CH, mixture is fed to
the plasma, some of the plasma power is absorbed by CH,,
which is more easily dissociated, thereby reducing the power
available for CO, dissociation compared to a pure CO, plasma.
As CH, dissociates at lower temperatures, injecting it post-
plasma allows CH, reforming to proceed in the reforming
reactor with residual heat, potentially improving the energy
efficiency of the process compared to injecting both CO, and
CH, into the plasma.

We first validated the model by reproducing the experi-
mental results of ref. 17, achieving reasonable agreement for
the CO, and CH, conversion and CO selectivity, but underesti-
mating the H, selectivity by ca. 15%. The lower H, selectivity
predicted by the model is due to the significantly higher H,0O
fraction calculated by the model compared to that measured
in the experiment, possibly due to the lack of oxidation reac-
tions of the metal reactor walls in the model, which was
hypothesized to play a role in the experiment of ref. 17, or due
to undetected H,O.

Subsequently, to verify whether directing all the plasma
energy into CO, can improve the syngas yield and energy
efficiency, we compared both strategies, i.e. (i) injecting only
CO, inside the plasma while injecting CH, post-plasma, vs. (ii)
injecting half of the 1: 1 CO,/CH, mixture into the plasma and
the other half of the 1:1 CO,/CH, mixture post-plasma. Our
conceptual kinetic simulations assume uniform plasma
heating and neglect any heat losses, to make the modeling
results as transparent as possible.

Our modeling results indicate that for SEI values below
220 kJ mol™, the CO, conversion can be increased by consid-
ering a pure CO, plasma with post-plasma CH, injection (i).
The enhanced CO, conversion arises from the greater fraction
of CO, subjected to high temperatures conducive to efficient
CO, dissociation, compared to strategy (ii), where half of the
CO, is injected post-plasma. For instance, at SEI = 140 KJ
mol™, ¥ = 80% vs. y°%* = 60% for strategy (ii). While the CH,
conversion is slightly lower for strategy (i), e.g. at SEI = 140 k]
mol ™, ¥ = 53% vs. y°™ = 60% for strategy (ii), the higher
CO, conversion outweighs the lower CH, conversion, resulting
in a slightly higher (ca. 5%) total conversion for SEI < 220 k]
mol™'. Consequently, the minimum EC of conversion is
slightly lower, i.e., 212 k] mol™" vs. 224 k] mol~" for strategy (i)
and (ii), respectively. For SEI > 220 k] mol ™', both strategies
yield nearly identical results, due to the rapid reaction kinetics
at the elevated temperatures (T > 2000 K), with 3" > 95%.

For SEI < 140 kJ mol™", strategy (i) yields a lower ECE
(5-9%) due to the significantly higher y°% and $°° compared
to strategy (ii). However, this SEI range is not particularly inter-
esting for applications because of the relatively low conversion
(<60%) and ECE (<50%). Notably, strategy (i) causes substan-
tial H,O formation when CH, is injected post-plasma, which is
only partially decomposed within the limited reactor residence
time for SEI < 220 k] mol™'. For instance, at SEI = 140 kJ
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mol_l, the final H,O molar fraction is 13%, resulting in a low
H, selectivity of 56%. For strategy (ii), at SEI > 140 k] mol,
H,O0 formed during the reforming process inside the plasma is
almost completely converted at the end of the discharge, yield-
ing significantly higher H, selectivity, e.g. at SEI = 140 KJ
mol ™, S™ = 83%. As a result, for SEI values ranging between
140 and 200 kJ mol ", although the total conversion is slightly
higher (1-6%), the CO, plasma with post-plasma CH, injection
yields a slightly lower ECE (1-4%). In other words, the substan-
tial H,O formation, leading to a lower H, selectivity, explains
why there is no clear benefit of the CO, plasma with post-
plasma CH, injection for SEI values between 140 and 220 k]
mol .

For the CO, plasma with post-plasma CH, injection, high
SEI values above 200 k] mol™' are needed to ensure that
enough residual heat is present post-plasma to have efficient
CH, conversion (™ > 80%), and significantly convert the
H,0 formed during the DRM process, resulting in good H,
selectivity (S™ > 80%). However, at these SEI values, the CO,/
CH, plasma with post-plasma CO,/CH, injection yields similar
results, as sufficient residual heat facilitates the efficient con-
version of the injected CO,/CH, mixture post-plasma.

Our model predicts the best performance for SEI values
ranging from 240 to 280 kJ mol™", where both strategies yield
nearly identical results, reaching a total conversion of 99%
and ECE of 77%. Consequently, our model suggests that,
although enhanced CO, conversion is feasible at lower SEI
values by directing all the energy into CO,, improving the ECE
of the DRM process is not possible through a pure CO, plasma
with post-plasma CH, injection. Nonetheless, such a configur-
ation might still be useful to increase the CH,/CO, ratio, by cir-
cumventing plasma instability resulting from soot formation
attributed to high CH, fractions within the plasma. This could
potentially yield higher syngas ratios, more appealing for
industrial applications.
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