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A B S T R A C T

We investigated dual injection in a 2.45 GHz CO2 microwave plasma, where CH4 is injected into the afterglow 
region as a novel approach to utilize the high post-plasma temperatures for additional chemistry with reactive 
quenching. The experiments were conducted at various pressures, powers, and CO2:CH4 ratios. We find that dual 
injection effectively enhances absolute CO2 conversion, with a maximum reported value of ~55 % at 1250 W, 
500 mbar, and a CO2:CH4 ratio of 7:7 slm. Furthermore, we compare our dual injection method with conven
tional (admixing) dry reforming of methane (DRM), using a comprehensive analysis of gaseous and liquid 
products, as well as carbon structure and morphology. The latter exhibits an unusual fused amorphous structure, 
distinctly formed under fast cooling conditions. Using chemical kinetics modeling, we identify important kinetic 
pathways, explaining the enhanced CO2 conversion by the removal of O atoms and O2 molecules, which prevents 
their participation in recombination reactions, while supplying H atoms upon CH4 dissociation. This results in 
the reverse water-gas shift reaction, which lowers the syngas ratios compared to conventional DRM. Nonetheless, 
the model predicts that increasing the specific energy input (SEI), or the amount of power applied to the 
chemistry in a single pass through the reactor, may achieve more competitive syngas ratios. Our findings 
represent an advancement toward precise control of microwave-based plasma chemistry.

1. Introduction

The urgency to address climate change has intensified efforts to 
transform a usual ‘waste product’, such as carbon dioxide (CO2), from an 
environmental liability into a valuable chemical resource. While 
renewable electricity generation has seen remarkable growth in the past 
few years [1], with solar and wind becoming increasingly cost- 
competitive, the challenge of decarbonizing the industrial sector re
mains particularly daunting. A prime example lies in the chemical 
manufacturing sector, which has been presented with a significant 
challenge for achieving global emission reduction targets. The chemical 
sector is responsible for being the largest industrial energy consumer 
and the third largest industry subsector for direct CO2 emissions, and 
must achieve a 75 % reduction by 2050 to align with the goals outlined 
in the Paris Agreement [2]. Among various Carbon Capture and 

Utilization (CCU) pathways, plasma-based conversion represents a 
particularly promising approach for coupling renewable electricity to 
chemical production. As renewable energy increasingly penetrates 
global power infrastructures, technologies capable of absorbing an 
intermittent power supply, such as plasma technology, while producing 
valuable chemicals are becoming critical components of a circular car
bon economy.

Plasma-based gas conversion, particularly using microwave (MW) 
plasma, has garnered significant attention due to its unique advantages 
of rapid response to power fluctuations, electrodeless operation, and 
potential for high energy efficiency [3–5]. The process enables the 
dissociation of CO2 into carbon monoxide (CO) using electricity from 
renewable sources, effectively transforming intermittent energy into 
chemical precursors for liquid fuels [3], such as CO feedstock for 
Fischer-Tropsch synthesis [6], of which the products can be readily 
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stored and utilized within our existing infrastructure. Furthermore, MW 
plasma reactors can be designed for deployment at local or regional 
scales, minimizing the CO2 footprint associated with transporting the 
key chemicals that underpin society. While results from MW plasma- 
based CO2 conversion are encouraging, the energy efficiency remains 
highly dependent on specific operating parameters and reactor design 
considerations.

Consequently, research efforts have increasingly focused on opti
mizing the dissociation of CO2 to CO using MW plasma systems to 
advance this promising technology [7–16], with much emphasis on 
progressing the community’s understanding of what limits high con
version and energy efficiency [4,12,13,15,17–21]. These recent studies 
have highlighted the importance of post-plasma quenching in CO2 
plasma to maximize conversion and energy efficiency, with many 
experimental studies focused on rapidly decreasing the extreme tem
peratures measured in the afterglow region (typically T > > 1500 K) by 
enhanced mixing of cool periphery flows and the hot reactive volume 
using nozzles [8–10,14,20,22]. The goal of such strategies is to reduce 
‘burn back’, typically observed as a blue afterglow in CO2 MW plasmas, 
resulting from the chemiluminescent recombination of CO + O to CO2 
[23]; however, such high temperatures observed in the downstream 
afterglow region have the potential to transfer the exergy into additional 
chemistry using methods of reactive quenching (also known as chemical 
trapping) [12,24–26]. Moreover, the removal of O atoms and O2 mole
cules through reactive quenching in the afterglow of CO2 plasma has 
been found to enhance the retainment of CO [19,27–30].

One effective example of reactive quenching is placing a carbon bed 
in the afterglow region of CO2 plasmas [28–31], which has been shown 
to significantly improve the yield of CO by removing O atoms and O2 
molecules while reducing the overall energy cost. Girard-Sahun et al. 
[28] showed that a carbon bed placed directly after a Gliding Arc 
Plasmatron (GAP) reactor enhances the CO2 conversion while achieving 
an oxygen-free effluent. This research successfully demonstrated how 
eliminating O atoms and O2 molecules in the post-plasma gas mixture 
not only enhances CO output, but also eliminates the need for one of the 
most expensive separation steps required for industrialization [32] 
while simultaneously lowering the energy cost of the conversion pro
cess. Follow-up research by Biondo et al. [29] revealed that reducing the 
distance between reactor outlet and carbon bed further enhances per
formance by facilitating direct interaction between the carbon pellets 
and the reactive species in the afterglow. Moreover, O’Modhrain et al. 
demonstrated the effects of bed size and insulation, noting the influence 
of higher post-plasma temperature on conversion, and included a 
detailed study on the positive effects associated with bed insulation and 
preheating the carbon prior to entry into the bed, highlighting essential 
aspects of thermal management in plasma systems [30]. This empha
sizes the importance of reactive quenching and thermal management in 
controlling recombination in the post-plasma region.

The literature for post-plasma reactive quenching using a secondary 
gas injection (i.e., via dual injection) is limited. A study by Chekmarev 
et al. [33] demonstrated a threefold increase in CO2 conversion by 
injecting nitrogen (N2) as a quenching gas in the post-plasma region. 
Although the authors reported that the dissociation of N2 was minor, 
they successfully showed an increase in conversion and energy effi
ciency as a function of the secondary injection of N2 flow rates. Another 
study by Chekmarev et al. [34] showed that using argon (Ar) as a post- 
plasma quenching agent was also successful at reducing recombina
tion, with observed reduction of the characteristic flame band afterglow 
from recombination to CO2, as well as an accompanying enhancement in 
conversion [23]. These examples highlight the importance of under
standing the role of secondary injection quenching in plasma-based 
chemical conversion.

As research has demonstrated, controlled manipulation of the post- 
plasma environment by introducing improved mixing, thermal man
agement, and oxygen scavenging in the CO2 afterglow region can 
significantly improve conversion [8–10,14,20,28–30,33,35], helping to 

optimize process performance in plasma systems. This raises the ques
tion of whether the strategy of introducing a reactive quenching gas, 
such as an oxygen scavenger like methane (CH4), shows the same 
promise for enhancing reactor performance. Experimental and modeling 
investigations by Aerts et al. [36] reveal that in-situ scavenging of O 
atoms and O2 molecules via a hydrogen source (e.g., CH4), provides an 
oxygen-free effluent mixture that can be more easily separated using 
existing technologies [32,37,38]. When CO2 is combined with CH4, the 
reaction produces a mixture of CO and hydrogen (H2), which is a ver
satile precursor for fuels and chemicals, known as synthesis gas (syngas). 
This reaction is widely known as dry reforming of methane (DRM); 
however, controlling this process efficiently in plasma systems presents 
several challenges, such as controlling the syngas ratio and dealing with 
solid carbon formation at higher CH4 fractions [39–49].

The difficulty in controlling the produced syngas ratio (i.e., H2:CO) 
presents a critical limitation when admixing CO2 and CH4 in plasma- 
based DRM. This is because, in ideal DRM, the stoichiometric reaction 
yields a syngas ratio of 1; therefore, to achieve higher syngas ratios, e.g., 
around 2, which is required for methanol synthesis or the Fischer- 
Tropsch process [6], significantly more CH4 must be converted over 
CO2. However, when admixing CO2 and CH4, increasing the CH4 frac
tion reduces the absolute conversion of this reactant [40,42], as well as 
increases solid carbon formation. For instance, Kelly et al. [42] reported 
energy costs as low as 2.8 eV/molecule for MW plasma-based DRM, with 
CO2 and CH4 conversions of 49 % and 67 %, respectively. However, the 
authors reported significant plasma instability at CH4 fractions 
exceeding 45 %, attributed to solid carbon formation in the plasma re
gion [42]. The syngas ratio in the product stream remained at ≲1, 
consistent with other reports in literature [9,44]. The formation of solid 
carbon in plasma-based DRM creates operational instability, affecting 
power coupling and destabilizing the plasma [40,42,45,47,49]. This 
carbon formation not only reduces process efficiency but also requires 
frequent maintenance of reactor components. Wanten et al. [47] per
formed experiments in an atmospheric pressure glow discharge (APGD), 
and reported that increasing the CH4 fraction led to an increasingly 
unstable plasma due to the formation of solid carbon. This negatively 
affected the conversion and reactor performance in general and limited 
their experiments to CH4 fractions <35 % [47]. This is particularly 
relevant in MW plasma-based DRM, as carbon particles formed during 
the reaction interact with the MW field, in turn destabilizing the 
discharge [40,42,50].

Several efforts to mitigate carbon formation in plasma-based DRM 
have been reported. Biondo et al. [40] showed that reverse vortex flow 
configurations can successfully suppress carbon formation at reduced 
pressures, suggesting the flow typology plays a critical role in carbon 
nucleation in MW plasmas [51,52]. Maerivoet et al. [49] demonstrated 
that the addition of O2 to DRM (so-called OCRM) in an APGD resulted in 
the oxidation of solid carbon, allowing for more stable conditions; 
however, the results also revealed a higher selectivity to water (H2O). In 
another APGD experiment, Wanten et al. [46] suppressed soot formation 
by admixing H2O vapor to the reactive gas stream (in so-called bi- 
reforming, BRM), both enhancing plasma stability and increasing syngas 
ratios.

In the present work, we seek to mitigate the instability attributed to 
high CH4 fractions and the resulting solid carbon formation by injecting 
CH4 into the post-plasma region as a reactive quenching agent. An 
example of post-plasma CH4 injection in literature was conducted by 
Cho et al. [41], where the authors ran experiments in a system utilizing 
dual injection for DRM with a 7:7 slm, CO2:CH4 ratio in a 2.45 GHz MW 
reactor. The study explored a two-phase system: within the resonance 
chamber, a CO2 plasma was first generated utilizing a double helix in
jection at atmospheric pressure, followed by an injection of CH4 at the 
start of an insulated stainless steel reforming reaction chamber [41]. The 
novel double-helix type plasma generator from this work reported 
conversion of ~91 % and energy efficiency of ~67 %, serving as an 
example of an extended reaction chamber, with two processes in series. 
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This contrasts with the system we propose, which uses direct post- 
plasma reactive quenching with the goal of reducing the post-plasma 
temperatures quickly to mitigate recombination reactions.

In our study, we introduce dual injection in a MW CO2 plasma by 
injecting CH4 into the high-temperature post-plasma region as a reactive 
quenching agent. Our experimental results are supported by modeling 
[24], which further investigates the reaction pathways. This configu
ration leverages the thermal energy of the plasma afterglow (T > >

1500 K). We hypothesize that CH4 will act as an effective quenching 
agent for O atoms and O2 molecules generated in the primary CO2 
plasma, enhancing CO2 conversion by suppressing CO recombination 
back to CO2.

Our research aims to understand how this approach measures against 
pure CO2 conversion. Furthermore, by enabling the treatment of larger 
CH4 fractions (without plasma destabilization by carbon deposition), we 
also aim to determine how this might be beneficial in a DRM context, in 
relation to the syngas ratio, process stability, energy cost, and product 
selectivity compared to conventional (admixing) DRM. In this respect, 

we also investigate the liquid byproducts and solid carbon formation. 
We gain deeper insights into the experimental results by using a 0D 
chemical kinetics model designed to investigate the post-plasma re
actions in a dual injection system. The model examines the mixing of the 
thermal CO2 plasma effluent with cold CH4 injection in the post-plasma 
region. By combining experiments and modeling, we seek to advance the 
practical implementation of these technologies for CO2 utilization, 
representing a step toward more precise control of plasma chemistry, 
and investigating new pathways for the selective production of fuels and 
chemicals from greenhouse gases.

2. Methods

2.1. Experimental setup

As shown in Fig. 1, the MW plasma reactor is powered by a custom- 
designed 2.45 GHz solid-state source composed of a collection of LDMOS 
power amplifiers with a rated efficiency of ~54 % (LDMOS PAs, right 

Fig. 1. Overview of the experimental setup.
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side of Fig. 1) from which the output is combined in a specialized 8-port 
WR340 combiner waveguide, which is protected from reflected power 
by an isolator. The absorbed and reflected power (< 5 % for all results 
reported) were measured using the Homer series auto-tuner from S- 
TEAM labs. Together, the auto-tuner, impedance analyzer, and adjust
able short tune the electric field to optimal conditions for electrical 
breakdown and to sustain the plasma. The tapered resonance chamber is 
intersected perpendicularly by a 16 mm inner diameter quartz tube, 
where the CO2 plasma is formed as a surface-wave discharge. Directly 
after the plasma, CH4 is injected into the afterglow region, which was 
monitored via the ‘afterglow viewing quartz’ to observe carbon 
formation.

As shown in Fig. 1, the product stream is fed into a post-plasma 
condenser, which collects the liquid products, analyzed using a series 
of diagnostic techniques outlined in Supporting Information (SI), S1.1. 
The cooled gas then moves to a miniature cyclone separator, which was 
designed to collect carbon particles down to 1 μm with 95 % efficiency 
[53]. The deposited carbon in the post-plasma region and cyclone 
separator is analyzed using two methods, scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM) [42]. Additional 
information on the carbon characterization can be found in SI, S1.2.

A zoomed-in image of the injection setup is shown in Fig. 2, where 
the primary injection of the reactant gas (CO2) is fed through the quartz 
discharge tube via a helical swirl inlet, at the right of Fig. 2. Upon 
ignition at subatmospheric pressure, a surface-wave sustained mode is 
generated, with an axially elongated warm plasma filament located in 
the center of the quartz tube, isolated from the tube walls by the vortex 
generated from the swirl inlet. Within the resonance chamber, optical 
emission spectroscopy (OES) is performed to analyze the spectrum 
generated by the plasma using an Ocean Insight mini spectrometer (HR- 
4UVV250–5) equipped with a solarization-resistant fiber with a diam
eter of 400 μm (QP400–2-SR) and cosine corrector with Spectralon 
diffusing material (CC-3-UV-S). Additional information on the optical 
techniques is available in SI, S1.3. A secondary counter-flow tangential 
injection of CH4 with 1 mm inlets is initiated in the afterglow region, 5 
cm from the waveguide, where temperatures exceed 1500 K (see SI, 
S1.4, for a detailed schematic of the secondary injection housing). The 
afterglow is viewed through a secondary quartz tube placed after the 
secondary injection housing, where we were able to observe irradiation 
from solid carbon (forming within the post-plasma) and any deposits on 
the quartz tube wall in real time. A thermocouple placed ~200 mm 

downstream measures the post-secondary injection temperature.
An internal standard, used to determine the expansion coefficient in 

order to correctly calculate the performance metrics [54], is introduced 
before the vacuum pump (ISP 500C Scroll Meister, Fig. 1). The pressure 
in the system is monitored and adjusted by a membrane-controlled 
pressure regulator (see Fig. 1, Equilibar GSD Series Precision Back 
Pressure Regulator), which allows a range between ~1 mbar and at
mospheric pressure. It is well known that CO2 conversion declines with 
increasing pressure [3,10,14,15], therefore in this study, we investigate 
how this changes with quenching by introducing a pressure series from 
200 to 900 mbar. Although calculations of the estimated mixture in 
relation to the explosion regime were completed, there were still safety 
concerns over injecting CH4 into the post-plasma afterglow. Therefore, 
we limited the testing to quasi-atmospheric pressure (900 mbar), as this 
has been shown to have the same KPIs as atmospheric pressure [18], and 
so that a larger safety protocol could be implemented for overpressure 
events that would occur in the instance of an explosion.

The product gas stream is analyzed using an optical oxygen sensor 
(Pyroscience, GmbH FDO2), and gas chromatography (GC, two-channel, 
Agilent 990 MicroGC, SI, S1.5). Additional details on the diagnostic 
techniques and performance analysis can be found in SI, S1.6.

2.2. Model description

To gain deeper insights into the experimental results, we perform 
modeling calculations using a 0D chemical kinetics model in the 
framework of the Chemical Reaction Engineering module of COMSOL 
Multiphysics [55]. The model solves the 0D mass balance equations for 
all species in a batch reactor, given by: 

d(ciV)
dt

= RiV (E.1) 

where ci is the species molar concentration, V denotes the simulation 
volume and Ri is the species rate expression resulting from chemical 
reactions. We adopt the GRI-Mech 3.0 reaction mechanism [56] to 
describe the kinetics of the DRM chemistry, as was also done in Albrechts 
et al. [24].

The initial composition for the simulation is the chemical equilib
rium composition of CO2 at 7000 K, based on our OES measurements, 
which indicate a peak temperature between ~7000–8000 K (See SI, 
S1.3), representing the hot CO2 gas core created by the contracted CO2 
plasma. Since our reactor does not utilize heat recovery of the wall losses 
in the plasma discharge, we assume that 20 % of the energy input is lost 
through the quartz tube wall, as neglecting heat losses leads to over
estimation of the total conversion, and the value of 20 % gave reason
able agreement with experiments. For simplicity, this value is assumed 
constant across all pressures. Therefore, the specific energy input (SEI, 
as the amount of power applied to the chemistry in a single pass through 
the reactor) to the discharge gas (CO2 primary injection), used to 
calculate the fraction of CO2 heated to 7000 K in this work, is multiplied 
by 0.8: 

0.8 • SEI = xp
(
neqHCO2 ,eq(7000 K) − HCO2 (300 K)

)
(E.2) 

In (E.2), xp represents the molar fraction of CO2 gas heated to 7000 K, 
HCO2 ,eq indicates the enthalpy of the dissociated CO2 equilibrium mixture 
(J/mol), and neq is a factor that accounts for the increase in the number 
of particles of the dissociated chemical equilibrium mixture.

At the beginning of the simulation, cold CO2 (300K) is added via an 
exponentially decaying source rate, simulating the mixing of the hot CO2 
gas core with the cold surrounding CO2 flow, as is commonly observed in 
vortex-stabilized MW plasmas. After a period of 0.67–3.00 ms, 
depending on the pressure, cold CH4 (300 K) is introduced to the 
simulation, according to (E.3). This represents the post-plasma CH4 in
jection occurring approximately 5 cm downstream of the waveguide, as 
reported in the experiments, initiating the DRM chemistry. 

Fig. 2. Schematic view of the dual injection system with optical emission 
spectroscopy.
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if t > toff : Rm =
nCH4

τmix
e− (t− toff)/τmix (E.3) 

where t is the simulation time, toff indicates the time interval before the 
secondary injection of CH4, Rm represents the mixing rate, i.e. the rate of 
CH4 addition to the simulation (mol/s), nCH4 is the total amount of CH4 
added to the system, and τmix is the characteristic mixing time. We 
selected a τmix = 10 ms at the highest pressure of 900 mbar, consistent 
with the values used in Albrechts et al. [24] at atmospheric pressure. The 
mixing time is scaled proportionally with pressure, as τmix is inversely 
proportional to the diffusion constant, which itself is inversely propor
tional to pressure [24]. The toff is set to 3 ms at the highest pressure of 
900 mbar, and is scaled proportionally with pressure, similar to τmix.

The temperature in the simulation decreases due to mixing with the 
cold gas (upon secondary injection) and conductive heat losses to the 
wall [24], eventually quenching the reactive mixture, at which point the 
simulation is stopped. The model framework used in this study is thor
oughly described in Albrechts et al. [24]. As explained above, several 
modifications were implemented, adapting the model to describe our 
experimental setup, which differs from the configuration used by Cho 
et al. [41], investigated in our previous modeling work [24].

3. Results and discussion

This section presents our findings from both the experimental and 
modeling investigation of post-plasma reactive quenching with CH4 in a 
2.45 GHz CO2 MW plasma under two absorbed power (P) conditions, 
1000 and 1250 W. Two primary mass flow rates (CO2) were tested, 10 
and 7 standard liters per minute (slm, EU – 20 ◦C, 1 atm) under varying 
pressure, and with different secondary injection flow rates (CH4) to 
investigate how different ratios of reactive quenching in the afterglow 
change performance metrics. Our results are organized to address the 
effects of dual injection on absolute CO2 conversion and energy cost 
across various operating conditions, followed by a product distribution 
analysis, including syngas composition, liquid product formation, and 
carbon analysis. Our experimental results are supported by our model 
predictions, which explain the underlying mechanisms.

3.1. Methane as a reactive quenching agent: absolute CO2 conversion

The data presented in Fig. 3 demonstrates the influence of pressure 
on CO2 conversion for a primary flow rate (CO2) of 10 slm at P = 1000 
W. We first compare our results with a benchmark measurement of pure 

CO2 conversion without secondary injection of CH4.
In the case of the pure CO2 plasma without a secondary injection of 

CH4 (Fig. 3, dashed line), we observe the characteristic pressure depen
dence of conversion commonly reported in literature [3,15], where, 
upon increasing pressure, conversion decreases due to enhanced product 
recombination [12,13,15,57]. Notably, the conversion in the pure CO2 
plasma without post-plasma CH4 injection is lower across all pressure 
conditions, ranging from ~18 % at 200 mbar to ~10 % at atmospheric 
pressure. For both the 10:5 slm and 10:14 slm (CO2:CH4) ratios, we 
observe the same results for conversion (~28 ± 1 %), with no depen
dence of absolute CO2 conversion on pressure across the entire range 
studied (200–900 mbar), and regardless of the secondary injection flow 
rate of CH4. This pressure-independent behavior suggests that intro
ducing CH4 in the post-plasma region effectively mitigates the recom
bination processes that typically limit CO2 conversion at higher 
pressures, even at low flow rates of 5 slm (half the CO2 flow rate at the 
inlet). Under these SEI input conditions, we observe that the higher flow 
rate with the secondary injection of CH4 (14 slm) does not show addi
tional benefits to absolute CO2 conversion compared to the lower flow 
rate (5 slm) of CH4, both resulting in an almost 3-fold increase in con
version compared to pure CO2 plasma at atmospheric pressure. This 
suggests that, beyond a certain threshold, increasing the flow rate of the 
secondary injection does not promote additional CO2 conversion, 
possibly due to saturation of the quenching effect or limitations in the 
mixing dynamics between the afterglow and the secondary injection.

Fig. 3 clearly illustrates that CH4 can successfully be used as a 
quenching gas for CO2 conversion. The underlying mechanisms are 
explained in Fig. 4, showing the net rates of different CO2 conversion 
reactions as a function of time when CH4 or Ar are used as a quenching 
gas, as obtained from our model, for a CO2:CH4 (or CO2:Ar ratio) of 
10:14 slm, power of 1250 W, and pressure of 700 mbar. We present this 
condition as a representative example and note that the relative con
tributions of the different rates are similar across all conditions. To ac
count for changes in simulation volume over time (due to gas expansion 
from reactions and temperature increase), we scale the reaction rates by 
multiplying them by the actual volume and then divide this product by 
the total number of moles of CO2 fed into the system throughout the 
entire simulation, as previously reported in Albrechts et al. [24], yielding 
the rate of CO2 conversion expressed in s− 1.

The dominant reactions governing CO2 conversion in our model are: 

CO2 +M⇆CO+O+M (R.1) 

CO2 +O⇆CO+O2 (R.2) 

CO2 +H⇆CO+OH (R.3) 

where (R.1) shows the thermal dissociation reaction (which occurs upon 
collision with a third body, denoted as M), (R.2) represents dissociation 
upon collision with O atoms, and (R.3) is H-mediated conversion. 
Indeed, we can assume the chemistry is thermal, both inside the plasma 
(due to the high temperatures of 7000 K) and in the afterglow (where 
electrons and ions are no longer present). The rate coefficients are 
defined by the GRI-Mech 3.0 reaction mechanism [56], where the 
reverse rates are calculated according to the principle of detailed 
balance.

As shown in Fig. 4.A, at the start of the simulation, CO2 is primarily 
converted through thermal dissociation (R.1) due to the very high 
temperatures (T > 5000 K). As the temperature decreases due to the 
addition of cold CO2, the contribution of thermal dissociation decreases, 
and the reaction of CO2 with O (R.2), which has a significantly lower 
energy barrier, becomes the dominant CO2 conversion pathway. Around 
t = 0.83 ms, the rate of R.1 becomes negative, indicating that the reverse 
reaction becomes dominant, as there is insufficient energy for efficient 
thermal dissociation of CO2, resulting in net creation of CO2 by this 
reaction.

Fig. 3. Absolute CO2 conversion as a function of pressure for 10:5 slm and 
10:14 slm (CO2:CH4 ratios) for a primary flow rate (CO2) of 10 slm and 1000 W, 
compared to pure CO2 plasma under the same conditions with no secondary 
injection (Benchmark). As shown, the data points for the two ratios are identical 
(~28 %) across all pressures.
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Initially, the temperature is sufficiently high for the O atoms to 
convert more CO2 via (R.2); however, as the temperature decreases, the 
destruction of CO via the reverse reaction of (R.1) (which has a signif
icantly lower energy barrier) becomes more prominent compared to the 
forward rate of (R.2), leading to net CO2 production when the temper
ature drops below approximately 3000 K, as indicated by the model. 
This is where cold CH4 is introduced into the simulation, i.e., at t = 2.33 
ms, representing the post-plasma injection of CH4, as indicated by the 
sudden presence of CO2 conversion by H atoms (R.3). One of the reasons 
for using CH4 as a quenching gas for CO₂ conversion is to remove O 
atoms through CH4 oxidation, thereby preventing it from reacting with 
CO to form CO2 and enhancing the net CO2 conversion. This is evident 
from Fig. 4.A, which shows that the net rate of CO destruction via (R.1)
rapidly drops to zero after CH4 injection, preserving more of the CO 
produced in the hot CO2 mixture. The results demonstrate that CH4 in
jection provides enhanced performance through two complementary 
chemical pathways: (1) effective suppression of CO recombination re
actions, and (2) additional CO2 conversion via the reverse water-gas 
shift (RWGS) reaction.

To further elucidate the specific advantages of using CH4 as a reac
tive quenching agent, we conducted additional modeling calculations 
comparing CH4 injection with inert Ar quenching under identical con
ditions to the 10:14 slm CO2:CH4 ratio at 1250 W and 700 mbar, as 
shown in Fig. 4.B. This comparison reveals two distinct mechanisms by 
which CH4 enhances CO2 conversion compared to thermal quenching. 
Fig. 4.A presents the calculated net rates of CO2 conversion reactions for 
both CH4 (transparent solid lines) and Ar (dashed lines) quenching.

When cold Ar gas is injected as a quenching agent, significant CO 
recombination occurs through the reverse of (R.1). This is evidenced by 
the pronounced negative peak at t = 2.33 ms, corresponding to the 
moment of injection, which destroys ~30 % of the CO present upon 
injection of Ar. In contrast, when CH4 is used, CO destruction due to 
recombination with O atoms is negligible (< 1 %), owing to the efficient 
scavenging of O atoms through CH4 oxidation. We observe that CH4 
effectively scavenges these O atoms through oxidation reactions (e.g., 
CH4 + O ➔ CH3 + OH), before they can participate in recombination 
with CO, resulting in <1 % destruction of CO upon CH4 injection. In 
addition to suppressing CO recombination, Fig. 4.A highlights a sub
stantial additional CO2 conversion attributed to reactions with H atoms, 
linked to the RWGS reaction. This reaction accounts for approximately 
33 % of total CO production, effectively generating an additional 50 % of 
the CO present at the instance of quenching. These combined effects lead 
to a notably higher CO2 conversion of 36.1 % when CH4 is used as a 

quenching agent, compared to only 15.8 % when cold Ar is injected post- 
plasma.

The calculation from Fig. 4.B demonstrates that the temperature 
decreases more rapidly when CH4 is used as a quenching gas, due to its 
higher heat capacity compared to Ar; however, it is important to note 
that the enhanced cooling effect of CH4 as a quenching agent contributes 
minimally to the mitigation of CO recombination. Although CH4 pro
vides a higher cooling rate compared to Ar, the temperature profiles 
remain similar during the critical timeframe of t < 3.3 ms due to the 
compensatory exothermic oxidation reactions. During this timescale, all 
O atoms undergo recombination, rendering CO recombination (R.1)
insignificant when temperature divergence begins. As a result, we 
conclude that the stronger cooling effect of CH4 does not significantly 
influence CO2 conversion. This highlights the importance of not only fast 
cooling, but also quickly removing O atoms in the afterglow region.

The model predictions convincingly demonstrate that CH4 addition 
removes the O atoms, thereby preventing them from reacting with CO to 
form CO2 again. In addition, the CH4 addition provides H atoms upon 
dissociation/oxidation, which also contributes to CO2 dissociation. Both 
mechanisms, predicted by the model, explain the enhanced CO2 con
version upon post-plasma CH4 injection. In Fig. 5, we investigate the 
overall changes to the absolute conversion of CO2 and CH4 as a function 
of plasma power, for a primary flow rate (CO2) of 10 slm.

The data is organized into two graphs by the secondary injection flow 
rate of CH4 (Fig. 5.A 10:5 slm, CO2:CH4 and Fig. 5.B 10:14 slm, CO2: 
CH4), for two power conditions (P = 1000 W, solid and 1250 W, striped). 
The data at p = 500 mbar, 1250 W for 10:5 slm, CO2:CH4 is unavailable. 
A clear trend emerges when comparing the effect of the secondary in
jection CO2:CH4: increasing the flow rate consistently decreases its ab
solute conversion, observed both in the experiment and modeling 
results. This is likely a result of the lower effective SEI (i.e., total SEI 
distributed between both reactant gases). Note that the CO2 conversion 
without post-plasma CH4 injection is between ~18–10 % (respective to 
increasing pressure, see also Fig. 3) across all conditions, demonstrating 
a clear enhancement from reactive quenching, which is most pro
nounced at higher power, and thus, higher SEI.

For example, at P = 1250 W, p = 900 mbar with a primary flow rate 
of 10 slm CO₂, we observe the highest absolute CH4 conversion (~34 ±
4 %) when using a relatively low secondary injection flow rate (10:5 slm, 
CO2:CH4, Fig. 5.A), with a clear increase compared to P = 1000 W, p =
900 mbar conditions (~24 ± 4 %). As mentioned, we also observe that 
the absolute conversion of CH4 drops significantly when the secondary 
injection increases to 14 slm. For exampla, at P = 1250 W, p = 900 mbar, 

Fig. 4. Calculated net rates (s-1) of CO2 conversion as function of time (ms), for secondary injection quenching with CH4 (4.A, solid lines) and Ar (4.B, dashed lines), 
at a pressure of 700 mbar, a power of 1250 W and CO2:CH4 (or CO2:Ar) ratio of 10:14 slm. The temperature (K, red) is plotted on the right y-axis. The vertical dashed 
grey line indicates the instance of CH4 (or Ar) injection (t = 2.33 ms). The reference rates for CH4 quenching have been shaded in Fig. 4.B for easy reference. The 
graph demonstrates that the temperature decreases more rapidly when CH4 is used as a quenching gas, due to its higher heat capacity compared to Ar.
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the absolute conversion of CH4 is ~14 ± 2 % (10:14 slm, CO2:CH4 ratio, 
Fig. 5.B). We note that increased power directly enhances conversion, 
which can be observed in Table 1, where we show the absolute increase 
of conversion between P = 1250 W and 1000 W for the conditions 
presented in Fig. 5.

Importantly, we note that the model correctly captures the absolute 

CO2 conversion under the conditions presented in Fig. 5.A and B, but is 
not able to capture the slight increase in CO2 conversion upon 
decreasing pressure in Fig. 5.B, P = 1250 W, p = 200 mbar, see also 
Table 1. However, overall, there is reasonable agreement between the 
absolute conversion of both CO2 and CH4 calculated by the model and 
the experimental data. Furthermore, the trends presented in Fig. 5
suggest that there may be an optimal ratio between the injection of the 
primary flow rate and the secondary flow rate that maximizes the con
version of both feed gases, for example, when the secondary injection 
flow rate is smaller than the primary injection flow rate. The reader 
should note that when the secondary flow rate is lower than the primary 
flow rate, pressure gradients can develop that may destabilize the 
plasma, potentially extinguishing the discharge. Therefore, the stability 
of this dual-injection configuration depends critically on the positioning 
of the secondary injection. In our experimental setup, we mitigated this 
by placing the secondary injection approximately 5 cm downstream 
from the waveguide, providing sufficient distance to maintain stable 
plasma operation across all tested conditions, however, moving the 
secondary injection closer to the plasma may also serve to enhance 
conversion of the secondary reactant. We will now examine the results 

Fig. 5. Comparison of absolute CO2 and CH4 conversion for a primary flow rate of 10 slm of CO2 with different post-plasma flow rate injections of CH4 A) 10:5 slm 
CO2:CH4 (P = 1000 W, solid and 1250 W, striped), and B) 10:14 slm CO2:CH4 (P = 1000 W, solid and 1250 W, striped). The modeling results are presented with 
overlayed white stripes directly next to the experimental data. In cases where data collection was not possible due to technical constraints, the corresponding data 
points are marked as ‘Data Unavailable.’

Table 1 
Absolute increase (%) of conversion between 1000 W and 1250 W for the con
ditions presented in Fig. 5 (10 slm primary inlet of CO2).

Ratio 
(CO2: 

CH4, slm)

Pressure 
(mbar)

CO2 Conversion 
Absolute Increase (%)

CH4 Conversion 
Absolute Increase (%)

10:5 200 7 9
10:5 500 N/A N/A
10:5 700 7 9
10:5 900 7 9
10:14 200 12 8
10:14 500 12 8
10:14 700 7 4
10:14 900 9 5

E.R. Mercer et al.                                                                                                                                                                                                                               Chemical Engineering Journal 521 (2025) 166038 

7 



for increased SEI, with a primary flow rate of 7 slm, shown in Fig. 6.
Higher SEI to the discharge gas presented in Fig. 6 provides a com

parison of absolute conversion performance across four experimental 
configurations, where the data is organized in the same manner as 
described in Fig. 5. The results show deviations from some of the find
ings with a primary flow rate of 10 slm (Fig. 5).

First, in Fig. 6 we note that higher SEI to the discharge gas consis
tently shows better absolute conversions compared to the conditions 
presented in Fig. 5 across all flow configurations. For example, the best 
overall performance shown in Fig. 6.A is noted for P = 1250 W (7:7 slm, 
CO2:CH4), where the absolute conversions of CO2 and CH4 reach 55 ± 1 
% and 37 ± 1 %, respectively, at p = 500 mbar. Notably, under these 
conditions, the pressure-independence of conversion deviates slightly, 
with enhanced absolute conversion of CO2 and CH4 with decreasing 
pressure from 900 mbar, which can also be observed in the absolute 
increase shown in Table 2. We will examine these findings in greater 
detail in Section 3.2 below.

It is clear from these results that a higher SEI to the discharge gas 
facilitates an increase in CO2 dissociation within the reactive volume 
and will subsequently increase the temperature of the afterglow region, 
in turn allowing more energy exchange and greater conversion of both 
the primary reactant (CO2) and the reactive quenching gas (CH4).

As discussed in Section 2, the secondary injection housing was 

designed to monitor the afterglow region for carbon formation in real 
time, with an additional quartz tube placed downstream of the sec
ondary injection. Although a qualitative observation is all we can make 
regarding carbon formation, we feel it is worth noting that during the 
experiments, no carbon formation was visible below 700 mbar. Upon 
transition between 700 and 900 mbar, characteristic irradiance of car
bon particles appeared in the afterglow region, noted as an orange 
‘flame-like’ plume, which became more pronounced as the pressure 
increased to 900 mbar. This plume was the largest at higher power 

Fig. 6. Comparison of absolute CO2 and CH4 conversion for a primary flow rate of 7 slm of CO2 with different post-plasma flow rate injections of CH4 (see text), for 
two power conditions (P = 1000 W and 1250 W), A) 7:7 slm CO2:CH4 and B) 7:14 CO2:CH4. In cases where data collection was not possible due to technical 
constraints, the corresponding data points are marked as ‘Data Unavailable.’

Table 2 
Absolute increase (%) of conversion between 1000 W and 1250 W for the con
ditions presented in Fig. 6.

Ratio 
(CO2:CH4, 

slm)

Pressure 
(mbar)

CO2 conversion absolute 
Increase (%)

CH4 conversion absolute 
increase (%)

7:7 200 N/A N/A
7:7 500 15 17
7:7 700 13 10
7:7 900 10 7
7:14 200 N/A N/A
7:14 500 11 4
7:14 700 12 5
7:14 900 12 4
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conditions (P = 1250 W); however, overall, the formation of carbon 
particulates was still found to be minimal, only appearing downstream 
as a ‘light’ deposit along the walls. Most importantly, by injecting CH4 
into the post-plasma region, we observe that the carbon formation oc
curs downstream of the discharge; therefore, whatever carbon is formed 
does not interact with the MW field and thus allows for higher CH4:CO2 
feed gas ratios, resulting in higher syngas ratios (see Section 3.2).

In summary, we examined how injecting CH4 as a reactive quenching 
agent into the post-plasma region affects the absolute CO2 conversion 
under various operating conditions. We saw in Fig. 3 that when CH4 is 
used as a reactive quenching agent, the CO2 conversion remains constant 
(~28 %) across all pressures (p = 200–900 mbar), regardless of the CO2: 
CH4 ratio. This contrasts with pure CO2 plasma, where the final con
version decreases with increasing pressure due to recombination; 
therefore, we attribute the pressure-independent conversion to effective 
mitigation of the recombination processes that typically limit CO2 con
version at higher pressures through reactive quenching with CH4, 
confirmed by modeling. Chemical kinetics modeling shows that CH4 
injection enhances the CO2 conversion through two mechanisms: (1) 
removing O atoms that would otherwise cause CO to recombine back to 
CO2, and (2) providing H atoms through CH4 dissociation, which further 
promote CO2 conversion. Higher power and higher SEI show improved 
absolute CO2 conversion, with the best performance (~55 %) achieved 
at p = 500 mbar with a 7:7 slm, CO2:CH4 ratio.

Having established that injecting CH4 as a reactive quenching agent 

into the high-temperature afterglow region of a CO2 plasma enhances 
CO production, we will now examine how this approach performs as a 
method for DRM. By analyzing key performance metrics such as syngas 
ratio and product selectivity, we can fully understand both the potential 
and limitations of this dual injection approach compared to the con
ventional (admixing) DRM processes.

3.2. A dry reforming of methane perspective: syngas ratio and product 
selectivity analysis

As discussed in the introduction, the difficulty in controlling the 
produced syngas ratio (i.e., H2:CO) presents a critical limitation when 
admixing CO2 and CH4 in plasma-based DRM. Therefore, we explore the 
effect of the ratio of primary and secondary injection on the syngas 
fraction, shown in Fig. 7 below, for p = 900 mbar, where we were able to 
investigate up to 1:2 ratios (7:14 slm) of CO2 and CH4. All syngas (H2: 
CO) ratios can be found in SI, Section S.3.1.

Fig. 7 presents an analysis of both the Energy Cost (EC, in kJ/mol and 
eV/molecule, primary y-axis, calculated accounting for both reactants, 
CO2 and CH4) and the syngas ratio (H2:CO, secondary y-axis). Further 
details on the calculations can be found in SI, Section S.1.6. The data 
reveals a direct correlation between the secondary CH4 flow rate and the 
H2:CO ratios, confirming that increasing the post-plasma CH4 injection 
does increase the syngas ratio; however, the maximum syngas ratio 
observed at p = 900 mbar was only 0.37 ± 0.02, at the highest CH4 

Fig. 7. Energy cost (kJ/mol and eV/molecule) on the primary y-axis, and H2:CO (syngas) ratio on the secondary y-axis as a function of the CO2:CH4 ratio, at p = 900 
mbar. A primary flow rate of 10 slm is represented in the left most markers, and 7 slm in the right most markers, for A) 1000 W and B) 1250 W.
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fraction (1:2 ratio, 7:14 slm) and P = 1250 W.
Although the SEI varies slightly between our conditions (i.e., SEI =

132 kJ/mol at a 7:7 slm, CO2:CH4 ratio) and those reported by Kelly et al. 
for conventional DRM (SEI = ~144 kJ/mol) [42], our EC is higher at p =
900 mbar, P = 1000 W (346 ± 17 kJ/mol) compared to values ≲ 269 kJ/ 
mol at the same power in Kelly et al. [42]. However, under the same 
conditions (SEI = 132 kJ/mol, 7:7 slm, CO2:CH4) at lower pressure (p =
500 mbar), we obtained an EC as low as 289 ± 15 kJ/mol, with a syngas 
ratio of 0.38 ± 0.02, see SI, Section S.3.1. This is the same condition 
discussed in Section 3.1 where we observed an absolute CO2 conversion 
of ~55 % (see Fig. 6.B). Importantly, the highest H2:CO ratio for our 
quasi-atmospheric results, i.e., 0.37 ± 0.02 (for 7:14 slm CO2:CH4, SEI 
= 89 ± 4 kJ/mol; EC = 325 ± 16 kJ/mol), is less than half of the best 
reported value for conventional (admixing) DRM in the MW plasma, 
reported by Kelly et al. [42], and the dual injection with the extended 
reforming chamber reported in Cho et al. [41] (1:1 CO2:CH4 ratio, 
syngas ratio of ~1, EC = 245 kJ/mol). This is likely due to a limitation of 
operational conditions (lower SEI achievable in our reactor), and the 
quenching effect limiting the conversion of the quenching reactant, CH4, 
in the afterglow.

Fig. 8 presents a comprehensive analysis of product selectivity of 
gaseous products as well as unknown fractions at P = 1250 W across 
different pressure conditions and flow configurations. Calculations were 
made based on GC measurements of gas phase species. Tables with the 
values can be references in SI, S.3.1, Tables S.2 – S.33. The data is 
organized by the primary flow rate of CO2 (10 slm in Fig. 8.A and B; 7 
slm in Fig. 8C and D) and the secondary flow rate of CH4 (lower in 
Fig. 8A and C; higher in Fig. 8B and D).

All conditions show a high selectivity toward CO formation, partic
ularly prominent in the 10:5 slm and 7:14 slm, CO2:CH4 ratios. The 
relatively low syngas ratio observed in our experiments (as previously 

shown in Fig. 7) can be directly attributed to suboptimal H2 selectivity 
across these conditions, which prevents achieving higher syngas ratios 
under the conditions presented in this work (i.e., SEI to the discharge 
gas). The 7:14 slm, CO2:CH4 ratio demonstrates the strongest selectivity 
toward H2, corresponding with an absolute H2 outflow rate of ~1.5 slm 
(vs. 14 slm of CH4 input flow rate). To gain deeper insight into the low 
CH4 conversion and H2 selectivity, we employed the 0D chemical ki
netics model to understand the dominate reaction mechanisms.

As shown in Fig. 9, the model aligns reasonably well with the 
experimental selectivities across most conditions; however, note that the 
model tends to considerably overestimate the H2 selectivity, which is 
especially prominent at higher CH4 fractions. This is linked to the sig
nificant fraction of unknown C (e.g., hydrocarbons, aromatics, oxygen
ates) seen in the experiments, which is not captured by the model. 
Similarly, the model does not accurately capture the selectivity toward 
the CxHy hydrocarbons, particularly at low pressure (p < 500 mbar); 
although the reader should note that the total selectivity of CxHy species 
found in the experiments was low across all conditions (< ~6 % for C- 
based, and < ~10 % for H-based selectivity), and due to their low 
concentrations, exhibit a high uncertainty (see SI, Section S.3.1). As a 
result, it is difficult to highlight their individual contributions to 
selectivity.

As an example, for a ratio of 7:7 slm, we find the C-based selectivity 
of C2Hx to be ~1.8 % at p = 900 mbar with an even distribution among 
species, whereas the model shows ~4.8 %, with the greatest contribu
tion from C2H2 (~4.4 %). This discrepancy suggests that the reactive 
pathways leading to CxHy hydrocarbons and species constituting the 
unknown C fraction are not sufficiently represented by the global model, 
as they would require accurate resolution of the temperature gradients 
and species transport within the reactor, but this is outside the scope of a 
0D model which cannot describe these complex dynamics. Nevertheless, 

Fig. 8. Selectivity comparison for P = 1250 W for a primary CO2 flow rate of 10 slm (A and B) and 7 slm (C and D), with different post-plasma injection flow rates of 
CH4 (see text). In cases where data collection was not possible due to technical constraints, the corresponding data points are marked as ‘Data Unavailable.’
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the overall agreement is quite reasonable, especially for the main DRM 
metrics, i.e., CO2 and CH4 conversion and CO and H2 selectivity. 
Multidimensional kinetic simulations employing the GRIMECH 3.0 
mechanism could potentially improve the selectivity toward CxHy 
gaseous species by resolving kinetic pathways that require accurate 
modeling of temperature gradients and species transport. However, 
given that the reaction mechanism does not account for solid carbon 
formation, the overestimation of H2 selectivity would likely persist. 
Thus, to adequately model solid carbon formation, the GRIMECH set 
would need to be complemented with additional mechanisms, such as 
the polycyclic aromatic hydrocarbon (PAH) mechanism, which is highly 
complex and comprises an extensive number of species, rendering it 
impractical for multidimensional modeling. While this would be an 
interesting avenue for future research, it falls outside the scope of the 
present study.

A high percentage of unknown O-based and H-based selectivity is 
reported across all conditions (Fig. 8). Particularly, for ratios of 10:5 and 
7:14 slm (CO2:CH4), we observe a pattern of missing H and O atoms in 
proportions close to 2:1, suggesting substantial H2O formation with 
minimal unaccounted carbon. The model provides important insights 
into the reaction pathways responsible for this H2O formation, showing 
that when CH4 is injected into the high-temperature post-plasma region 
as a reactive quenching agent, it scavenges O atoms, predominantly 
through the reaction CH4 + O → CH3 + OH, and subsequently CH3 will 
further consume O atoms via reactions CH3 + O → H + CH2O and CH3 +

O → H + H2 + CO. As CH4 is rapidly oxidized to CO in the complex 
reaction pathways stated above, H atoms are released that subsequently 
react with CO2 via the reaction CO2 + H → CO + OH. This represents 
part of the RWGS reaction mechanism, where the equilibrium between 
CO2, H2, CO, and H2O is governed by temperature. Our model reveals 
that H2O formation peaks at a concentration of approximately 20 % 

when gas temperatures reach ~2800 K, following the water-gas shift 
equilibrium. However, as the temperature rapidly decreases below 
2000 K, the reaction kinetics slow down considerably, effectively 
“freezing” the H2O concentration around 6 %, despite the equilibrium 
favoring its decomposition at lower temperatures. This kinetic limitation 
prevents the formation of H2, resulting in the low H2 selectivity observed 
in our experiments, as explained in detail in SI, S.2.1. Consequently, 
although the post-plasma CH4 injection enhances CO2 conversion 
through a reaction with H atoms (as shown in the high absolute con
version compared to pure CO2 conversion in Fig. 3), it simultaneously 
promotes substantial H2O formation, explaining the significant fraction 
of unknown H and O atoms in the selectivity, as shown in Fig. 8.

This trade-off between improved CO2 conversion and H2O formation 
represents a key limitation in achieving higher syngas ratios in our 
current reactor configuration at this relatively low SEI, which confirms 
the modeling results published by Albrechts et al. [24]. Importantly, our 
model reveals that higher SEI and CH4 ratios (240 kJ/mol or ~ 12 eV/ 
molecule, 1:4 ratio of CO2:CH4) may result in a higher conversion of 
both CO2 and CH4, yielding a significantly better syngas ratio (~2), as 
discussed in detail in SI, S.2.2. However, we note that this SEI is much 
higher than typical inputs found in literature, with the highest reported 
values found to range between 7 and 8 eV/molecule [15,58]. Impor
tantly, it is expected that solid carbon formation will increase with 
higher CH4 fractions and elevated SEI values, as this is inherent to the 
stoichiometry of the DRM process under CH4-rich conditions, where 
insufficient oxygen is available to oxidize all CH4, resulting in the for
mation of hydrocarbons that either remain in the gas phase or nucleate 
into solid carbon, enabling high syngas ratios. In the model calculations, 
excess CH4 is converted exclusively into gaseous CxHy hydrocarbons, 
without contributing to solid carbon formation. Thus, the impact on CO 
and H2 yields will ultimately depend on the extent of solid carbon 

Fig. 9. Comparison between experimental and calculated selectivities at P = 1250 W for a primary CO2 flow rate of 10 slm (A and B) and 7 slm (C and D), with 
different post-plasma injection flow rates of CH4. Only the selectivities toward hydrogen and carbon are plotted, because the O-based selectivities do not provide 
additional information. In cases where data collection was not possible due to technical constraints, the corresponding data points are marked as ‘Data Unavailable.’

E.R. Mercer et al.                                                                                                                                                                                                                               Chemical Engineering Journal 521 (2025) 166038 

11 



formation. Therefore, experimental validation of higher SEI conditions 
would be valuable to assess whether the promising syngas yields and 
ratios predicted by the model, which excludes solid carbon formation, 
can be realized in practice.

Notably, as reported in Figs. 8 and 9, selectivity patterns remain 
largely independent of pressure. An exception to this is observed in the 
unknown fraction of species (obtained from carbon, hydrogen, and ox
ygen balances). The observed formation of solid carbon was found to be 
minimal across all conditions and not observed at p < 700 mbar, which 
is in line with the selectivity data reported in Fig. 8. For example, the 
unknown C fraction in Fig. 8.B at p = 900 mbar is likely attributed to 
solid carbon formation, which correlates with our observations of a 
‘flame-like’ plume in the post-plasma region under these conditions. 
Furthermore, a minimal amount of solid carbon was found in the 
cyclone separator. Although the model points to substantial H2O for
mation, the unknown values for 10:14 and 7:7 slm, CO2:CH4 at p ≤ 500 
mbar, as shown in Fig. 8.B and C, tell a slightly different story, where we 
find a large fraction of unknown C atoms (between ~10–25 %). 
Therefore, the unknown fraction of C under these conditions suggests 
the formation of products beyond the measured gaseous species and 
likely points toward the formation of liquid products that will be 
examined below.

Quantification of liquid products helps us to understand these trends 
further. To limit the number of samples, we collected a single liquid 
sample for each CO2:CH4 ratio investigated, meaning for both power 
conditions and all pressure sets, which was analyzed using the methods 
outlined in SI, S.1.1, to determine the composition. In each of the sam
ples collected, the liquid was yellow, with the 7:7 slm, CO2:CH4 mixture 
being the darkest. The samples exhibited ‘a strong, sweet, petrol-like odor’, 
typically associated with hazardous chemicals. We also note that all the 
post-plasma bellows were stained yellow. The analysis revealed that 
although the liquid was predominantly water (as the model predicts, 
which correlates with high unknown O and H selectivities presented in 
Fig. 8A and D, and at higher pressure in Fig. 8B and C), three other main 
compounds were identified: formaldehyde, acetic acid, and formic acid. 
Each of these species are present at all ratios of CO2:CH4; however, the 
concentration varies according to the ratio, as shown in Fig. 10.

As shown in Fig. 10, formaldehyde, acetic acid, and formic acid are 
detected, with formaldehyde as the highest concentration at ~3200 ±

160 ppm at 7:7 slm CO2:CH4 ratio. The reader should keep in mind that 
although the samples were taken per ratio, based on the selectivity data, 
a correlation between the oxygenates detected and the unknown species 
ratios in the 7:7 slm and 10:14 slm CO2:CH4 samples suggests that these 
molecules of interest are likely formed in greatest concentration at p ≤
500 mbar at P = 1250 W (Fig. 8.B and C). The extreme temperatures (T 
> > 1000 K) found in the reactive volume and afterglow generate rad
icals that can produce a variety of compounds from CH4 and CO2. 
Furthermore, we link the dependency between the model and experi
mental selectivity (Fig. 9) to the significant fraction of unknown C, from 
for e.g., hydrocarbons, aromatics, oxygenates), which is not captured by 
the model since GRIMECH 3.0 is exclusively a gas-phase reaction 
mechanism, it does not include reactive pathways leading to solid car
bon formation. Noting the oxygenates measured in the water fraction 
are too dilute to explain the substantial unidentified carbon fraction, we 
believe that the majority of the unknown carbon species consists of solid 
carbon carried away as nanoparticles at lower pressure, where coagu
lation/agglomeration may not occur, and therefore, the carbon would 
not be captured by the cyclone separator. Consequently, the model 
overpredicts the gaseous carbon species, particularly CO and CxHy 
compounds. In reality, the gaseous CO that would ultimately contribute 
to soot formation would consume H atoms while simultaneously 
generating H2O due to stoichiometric constraints, both factors contrib
uting to the observed overestimation of H2 selectivity by the model.

However, we conjecture that CH4 fragmentation and CO2 dissocia
tion (CO + O) lead to the formation of these oxygenates, and especially 
CO + H2 can form formaldehyde [59], which could also explain the 
reduction in CO and H2 selectivity under these conditions (Fig. 8.B and 
C), although a reaction between ⋅CH3 and O is also possible [60]. As 
shown in Fig. 11, we investigated the total carbon count and analyzed 
the spectrum of the 7:7 slm, CO2:CH4 sample using UV–Vis, as the 
presence of these oxygenates did not fully explain the yellow hue of the 
liquid collected.

Fig. 11.A presents the theoretical total carbon count calculated from 
the concentration in the samples detected using high performance liquid 
chromatography (HPLC) and the measured total organic carbon (TOC) 
in the sample. Comparison of both allows us to assess the completeness 
of compound identification. The difference is small, indicating that 
much of the carbon-containing species have been accounted for in the 

Fig. 10. Concentration (ppm) of the three main components found in each data set (ratio CO2:CH4). The highest concentration of formaldehyde, the second highest 
concentration of a single constituent other than water, was found in the 7:7 and 10:14 slm CO2:CH4 ratios, where we observed the largest unknown quantities of C, O, 
and H species.
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analysis. The UV–Vis analysis (Fig. 11.B) reveals λmax at 269 nm, sug
gesting a π → π* electronic transition from a conjugated system. In 
general, simple carbonyls (like formaldehyde and acetic acid) absorb 
only in the deep – mid UV and produce peaks between ~190–250 nm 
[61–63]. Furthermore, the addition of a C––C adjacent to a C––O will 
bathochromically shift the π → π* band into the visible region [64,65]. 
The “sweet, petrol-like” odor of the yellow liquid and λmax= 269 nm 
point toward the presence of e.g., α, β-unsaturated acids, aldehydes, or 
aromatic hydrocarbons. Therefore, we believe the remaining, unchar
acterized liquid to be a mixture of many trace molecules, including ar
omatic species, as evidenced by the small difference between HPLC- 
detected compounds and TOC (Fig. 11.A). This complexity makes 
direct comparison with individual reference compounds challenging, as 
the observed spectrum likely represents a composite of multiple 
absorbing species rather than a single compound.

Overall, it is interesting to consider that the formation of these ox
ygenates, e.g., formaldehyde, can be ‘tailored’ to some extent, according 
to the CO2:CH4 ratio (Fig. 10) and, given the selectivity data, formed in 
greater concentrations at lower pressure (i.e., < 500 mbar, Fig. 8.B and 
C). This suggests dual injection designs in MW-based plasma reactors 
can help to control temperature distributions, radical pathways, and 
thus product formation, such as for the production of oxygenates. The 
reader should note that the absolute concentrations at a given condition 
are subject to high uncertainties and further research is needed to 
accurately resolve the yields and potential for application; however, as a 
first approach, we made an approximation of the oxygenate production 
based on the available gas phase conversion, selectivity data, and liquid 
phase oxygenate concentrations. We take the 7:7 slm CO2:CH4 condition 
as an example, as it exhibits the highest measured oxygenate concen
trations. As noted in SI S.1, these concentrations represent an average 
across all pressure and power data sets, encompassing a total of eight 
different conditions. As it has been typically reported in literature that 
the liquid by-product found in admixing DRM conditions is pure water, 
the experiment was not designed to make a distinction between condi
tions for the liquid fraction, and thus, is it not possible to quantify with 
accuracy, since one would need precise inflow and outflow quantities for 
a fixed data set.

As a first approximation, we assume that all missing oxygen in the 
oxygen balance (see SI, S3.1, Table S.20) can be attributed to H2O for
mation, and thus we can have an estimation of the production rate of 
H2O, given that the oxygenate concentrations are small compared to the 
H2O fraction. Since CO and H2O are the only dominate O-containing 
product species, each containing a single O atom, the H2O production 
rate can be calculated by multiplying the CO2 molar flow rate (FCO2 ) by 

the CO2 conversion (XCO2 ) and the fraction of unidentified oxygen (SO). 
To obtain the oxygenate production rate, we then multiply this value by 
the corresponding oxygenate concentration (coxy), resulting in the 
following expression for the approximated oxygenate production rate 
(PRoxy): 

PRoxy = FCO2 *XCO2 *SO*coxy 

As the oxygenate concentrations represent averages, we also 
compute the average CO2 conversion and unknown oxygen fraction 
across the different conditions. This yields an estimated average pro
duction rate of formaldehyde (2.1 μmol/s), acetic acid (0.7 μmol/s), and 
formic acid (0.1 μmol/s).

Our study’s main research question was to establish a proof-of- 
concept for dual injection systems, where we identified (unexpected) 
oxygenate formation pathways that, in our opinion, warrant a dedicated 
investigation with more sophisticated multi-phase quantification pro
tocols. Unfortunately, as this was not the initial goal of this study and 
given the data and the limitation of this configuration, we cannot pro
vide accurate resolution of the temporal formation of the liquid frac
tions. Future work should focus on time-resolved analysis of all product 
phases to enable accurate mass balance closure and absolute production 
rate determination. We believe this is an interesting case for future work, 
especially because the industrial production of formaldehyde is very 
energy intensive [66,67], and it would be of interest to the community 
to know that we might be able to optimize the production of these 
valuable products in warm plasmas with carefully configured injection 
schemes for further progress toward electrification of the chemical 
industry.

In summary, dual injection with CH4 as a reactive quenching agent in 
a DRM context presents some limitations for application. The low syngas 
ratios observed across all conditions result primarily from significant 
H2O formation through the RWGS reaction, as confirmed by modeling. 
However, one important merit of the dual injection approach is that 
solid carbon formation is formed downstream of the discharge, miti
gating instabilities associated with carbon coupling to the MW field 
when formed in the reactive volume. Thus, this approach successfully 
demonstrates that dual injection allows for higher CH4 fractions without 
the plasma instability issues that typically occur with conventional 
admixing in DRM. Furthermore, the model predicts that at higher SEI 
and CH4 ratios (240 kJ/mol, 1:4 CO2: CH4), we may yield increased 
syngas ratios (~2), discussed in detail in SI, S.2.3.

Fig. 11. A: Theoretical total carbon count of the samples, as measured by HPLC (black), and measured by TOC analysis. B: UV–Vis spectrum from the 7:7 slm, CO2: 
CH4 sample with a sharp peak (λmax) found at 269 nm, indicative of a π → π* electronic transition in a conjugated system.
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3.3. Carbon formation and morphology in a dual injection flow

To compare the carbon morphology from the dual injection flow 
(CO2 plasma with CH4 post-plasma injection) with conventional 
(admixing) DRM in MW plasma, as e.g., reported in Kelly et al. [42], we 
investigated the structure of the solid carbon collected from the walls of 
the viewing quartz and in the cyclone separator, observed to be formed 
at p > 700 mbar. Understanding the structure and morphology of the 
collected carbon can provide additional insight into the cooling rates 
using reactive post-plasma quenching. We again collected a carbon 
sample for each CO2:CH4 ratio and then treated it using the methods 
outlined in SI, S.1.2, to determine the structure. The deposits were 
characterized by SEM and TEM, revealing monodisperse samples (apart 
from one exception observed by TEM, see SI, S.3.2), and representative 
images are presented in Fig. 12.

Fig. 12.A and B show that agglomerates of sub-μm to several μm in 

size are observed in SEM, appearing to consist of many smaller particles, 
somewhat resembling a carbon black-like morphology [68]; however, 
the TEM analysis shows that the individual particles are, in fact, 
completely amorphous (Fig. 12.C and D). The amorphous structure of 
the material is confirmed by the high-magnification imaging and the 
Fast Fourier Transform (FFT) of this image (Fig. 12.D and the inset) 
revealing no spots or sharp rings in the FFT that would suggest the 
presence of local crystallinity. This indicates that the formed material is 
not carbon black, contrary to the carbon materials generated in con
ventional DRM in the same MW plasma reactor, including the work by 
Kelly et al. [42]. Furthermore, the seemingly individual particles 
observed by low-magnification imaging (Fig. 12.A and B) are completely 
fused together at the nanoscale (Fig. 12.C and D). Therefore, individual 
primary particles, as commonly defined for carbon black, cannot be 
readily described, thus preventing the definition of an average particle 
size for this material.

Fig. 12. A, B: SEM images of the deposited carbon materials, revealing large agglomerates, seemingly consisting of many smaller particles (see different scale bar in 
A and B). C, D: BF-TEM images of the deposited materials. The same morphology of agglomerated particles as found by SEM is observed, but higher magnification 
images (D) reveal that the particles are fused together, and the material is amorphous, confirmed by Fast Fourier Transform (as shown in the inset).
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Studies have shown that the cooling rate plays a critical role in 
determining the crystallinity and structure of carbon materials formed 
during plasma-based carbon synthesis [51,69,70]. In the case of the 
fused amorphous carbon structures shown in Fig. 12.C and D, the post- 
plasma injection of CH4 appears to significantly influence the final 
morphology. Determining the exact parameters of the cooling rate is not 
straightforward; however, as a first approximation, we consider the 
cooling rates determined by the 0D model. The model predicts the 
cooling rate of the total mixture upon CH4 injection to be in the order of 
105–106 K/s. We note that these values represent the global cooling rate 
of the simulated gas mixture, which is likely to be significantly lower 
than the microscopic cooling effects occurring over the length scale of 
particle diffusion. Literature studying carbon amorphous structures 
suggests rapid cooling rates trigger the transition to a more disordered 
morphology. For example, Dozhdikov et al. demonstrated that cooling 
rates between 1012 and 1014 K/s produce specific structural changes in 
carbon materials, with higher rates leading to more amorphous struc
tures [71]. In the model developed by Girshick et al., very high cooling 
rates were shown to “freeze” carbon particles at smaller sizes because 
the temperature drops below the threshold where significant atomic 
rearrangement can occur [69]. Moreover, Girshick emphasizes two 
critical parameters, i.e., monomer concentration and cooling rate, and 
their influence on nucleation and growth of carbon particles in thermal 
plasma synthesis [69,72]. Girshick establishes that high monomer con
centration and low cooling rates favor the nucleation of larger and fewer 
particles, whereas low monomer concentration and high cooling rates 
produce numerous smaller particles. According to Girshick, this rela
tionship between nucleation rate and growth rate determines final 
particle morphology. In our case, the counter-flow CH4 injection likely 
creates a high cooling rate, potentially diluting the carbon monomer 
concentration and pushing the system toward numerous small nuclei 
rather than organized growth.

Girshick also explains that particle formation occurs when supersat
uration exceeds a critical threshold [69]. The counter-flow CH4 injection 
likely creates a sharp supersaturation gradient that triggers rapid, un
controlled nucleation throughout the secondary injection region, rather 
than sequential growth on existing nuclei, as we might find with carbon 
particles formed around the reactive volume near the plasma in the case 
of DRM, i.e., when CO2 and CH4 are admixed [42]. Fabry et al. also 
reports that internal mixing, or recirculation cells, significantly affect 
particle structure [51]. The counter-flow secondary injection of CH4 is 
designed to enhance mixing conditions, likely creating a complex flow 
pattern where the CH4 counter-flow would disrupt the carbon aggre
gation process normally found in plasma-based admixing dissociation of 
CH4. If the counter-flow injection of CH4 created an extreme local 
temperature gradient, as would be expected, carbon precursors would 
solidify before they could organize into the typical spheroidal primary 
carbon particles, as previously reported by Kelly et al [42]. This may 
explain the completely fused, amorphous structure observed in the TEM 
images shown in Fig. 12.D.

The amorphous structure represents an interesting morphological 
state outside of typical plasma-generated carbon materials found in 
literature [41,42,51,52,73–75]. In our dual injection system, the parti
cles appear to have undergone partial coagulation, forming the 
agglomerated structure seen in Fig. 12.D, lacking the energy for surface 
reorganization that would normally occur in carbon black formation, 
resulting in completely fused interfaces between particles. Likely, a 
rapid temperature drop from the counterflow injection of CH4 into the 
afterglow region “freezes” the carbon in an amorphous state before 
proper nucleation, growth, and graphitization can occur, resulting in the 
fused, completely amorphous morphology observed in the TEM images 
(Fig. 12.C and D) [69,76].

We also note that in our dual injection system, no carbon formation 
was observed in the afterglow viewing quartz below p = 700 mbar. Fabry 
et al. discusses the thermodynamic equilibrium of the C–H system and 
how carbon formation has specific pressure and temperature 

requirements [51]. Additionally, the reactions leading to carbon for
mation typically involve multiple collision steps [51,68,76]. Below 700 
mbar, the mean free path increases, reducing collision frequency, which 
affects the kinetics of carbon formation, potentially shifting reaction 
pathways toward other products. This suggests that pressure affects the 
balance between different reaction pathways, where the selectivity of 
carbon species will shift toward gaseous products (such as CxHy, CO) or 
to oxygenate formation, as discussed in Section 3.2, rather than 
condensing into solid carbon. Finally, at lower pressures, the interaction 
between the CO2 plasma afterglow and reactive quenching of CH4 may 
change significantly. The pressure threshold of 700 mbar might repre
sent a critical point where flow dynamics create appropriate mixing 
conditions for carbon agglomeration/coagulation, suggesting a mini
mum pressure environment is needed to achieve the necessary super
saturation, residence time, and reaction kinetics for carbon nucleation 
and growth in a dual injection plasma system. Our findings suggest that 
pressure may affect the nucleation kinetics or shift the selectivity in dual 
injection plasma systems. However, given the large unknown fraction of 
C atoms in the selectivity data, we believe that there may be carbon 
nucleation still present that is not able to coagulate, and is not detectable 
in the post-reactive volume (i.e., in the viewing quartz), nor would it be 
collected in the cyclone separator, which is limited to particles down to 
1 μm with 95 % efficiency.

Amorphous carbon can exhibit valuable properties for specific ap
plications; however, the characterization of the carbon materials in this 
study serves primarily to provide insights into the cooling dynamics of 
the reactive quenching process rather than to optimize carbon as a 
product. Nevertheless, it is worth noting that amorphous carbon mate
rials can find applications in various fields depending on their specific 
morphological and structural characteristics. For instance, highly 
porous amorphous carbons with large surface areas are valuable for 
energy storage applications such as supercapacitors and battery elec
trodes [77], while dense, non-porous amorphous carbons may be suit
able for protective coatings or as reinforcement materials [78,79]. The 
fused, completely amorphous morphology observed in our study 
(Fig. 12.C and D) suggests a dense, low-porosity structure that would 
likely be more suitable for applications requiring mechanical strength 
rather than high surface area applications [80]. However, a compre
hensive characterization of properties such as surface area, porosity, 
electrical conductivity, and mechanical properties would be necessary 
to fully assess the potential applications of these materials. Since the 
agglomeration into amorphous solid carbon formation represents only a 
minor fraction of our products and appears to occur only at higher 
pressures (p > 700 mbar), our primary focus remains on understanding 
how the carbon morphology reflects the underlying rapid cooling 
mechanisms inherent to the dual injection approach.

4. Conclusions and future work

We investigated the effects of dual injection in a 2.45 GHz CO2 MW 
plasma system, where CH4 was strategically injected as a reactive 
quenching agent into the high-temperature post-plasma afterglow re
gion. Our findings provide novel insights into how this configuration 
affects conversion, product selectivity, as well as liquid and carbon 
formation.

The introduction of CH4 in the post-plasma region demonstrates 
approximately a threefold increase in absolute CO2 conversion 
compared to pure CO2 plasma, reaching consistent values of ~28 % at 
1000 W and 10 slm primary CO2 flow rate, for different secondary CH4 
flow rates and across the entire investigated pressure range from 200 to 
900 mbar. This pressure-independent behavior suggests that post- 
plasma CH4 injection effectively mitigates the recombination processes 
that typically limit CO2 conversion at higher pressures, which is also 
convincingly predicted by our model as the RWGS reaction does not 
show strong pressure dependence. Overall, reactive quenching with CH4 
appears to be more effective at higher SEI input, and when the flow rate 
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of the secondary injection (CH4) is less than the flow rate of the primary 
injection (CO2). It would be of interest to further explore the parameter 
space to enhance the CO2 conversion with reactive quenching. In all the 
data collected, no characteristic Hα emission was observed to indicate 
upstream migration of CH4 into the discharge zone, confirming that the 
secondary injection remained confined to the afterglow region (see SI, 
S.1.3 for additional details). We believe this is likely due to the distance 
of the secondary injection inlet, or perhaps a suboptimal design profile 
of the secondary tangential injection. This opens the possibility for 
future studies to explore alternative injection profiles, such as ring in
jection geometries, to enhance mixing and potentially to allow for 
controlled upstream interaction between CH4 and the plasma volume. 
Furthermore, investigating the effects of reducing the distance between 
the secondary injection and the waveguide may help determine the 
optimal positioning for maximum conversion of both reactive gases 
while maintaining plasma stability.

The highest CO2 and CH4 conversion (55 % and 37 %, respectively) is 
achieved at 500 mbar for the 7:7 slm, CO2:CH4 ratio at 1250 W, i.e., 
higher SEI conditions, under which solid carbon formation is not 
observed as an irradiated plume nor does it collect along the quartz walls 
in the secondary viewing quartz. Furthermore, our study reveals that the 
limited carbon formed at higher pressures (as shown in the selectivity 
analysis) exhibits an unusual fused amorphous morphology, distinctly 
different from the spheroidal carbon black particles typically formed 
during traditional admixed DRM conversion. This atypical morphology 
is attributed to the high cooling rates (likely > ~106 K/s) created by the 
counter-flow injection of CH4, which produces carbon in an amorphous 
state.

While the dual injection approach improves CO2 conversion, the 
syngas ratio shows a maximum H2:CO ratio of only 0.37 at quasi- 
atmospheric pressure, and our modeling reveals that the low syngas 
ratios are likely due to the relatively low SEI applied in this work (due to 
power supply limitations). This low syngas ratio is attributed to signif
icant H2O formation, confirmed through our 0D kinetic model analysis. 
The model revealed that when CH4 is injected as a reactive quenching 
agent under limited SEI conditions, partial oxidation of CH4 by O2/O 
radicals generated in the CO2 discharge proceeds rapidly, and the 
resulting H atoms react with CO2 to form CO and OH radicals. The 
reactive mixture quickly relaxes to the RWGS equilibrium, leading to 
further CO2 conversion and ultimately producing H2O. As temperatures 
rapidly decrease below 2000 K, these reactions become kinetically 
limited, preventing H2 reformation and increasing the final H2O con
centration. Given the fast kinetics of the RWGS reaction, suppressing 
H2O formation by manipulating the rate of CH4 addition or the cooling 
trajectory may be very challenging to achieve in practical applications. 
Moreover, actively cooling the system to temperatures where partial 
oxidation of CH4 remains feasible but RWGS kinetics are effectively 
frozen would not be an effective strategy, as it would result in low CH4 
conversion. Indeed, the fraction of oxygen available in the CO2 plasma 
effluent is inherently limited. Once all available oxygen is consumed in 
the partial oxidation of CH4, maintaining high mixture temperatures 
remains essential to facilitate the reforming process. Experiments using 
isotopically labeled 13CH4 or H2 would be of interest to confirm addi
tional CO formation through the RWGS reaction. Furthermore, our 
model predicts that a higher SEI will likely yield higher H2 selectivity 
and syngas ratios, which could be of interest to future research 
initiatives.

Therefore, we argue that injecting all CH4 as close to the discharge 
(at the end of the waveguide) as possible, coupled with reactor isolation, 
is the optimal strategy for maximizing the residual CO2 plasma heat in 
the reforming process. This approach eliminates the need for alternative 
strategies such as staged CH4 addition or temperature-buffered zones. 
Moreover, higher CO2 conversion will lead to lower H2O concentrations, 
following the constraints imposed by the RWGS equilibrium. As a result, 
this mechanism would enhance H2 selectivity and likely improve the 
syngas ratio. At the SEI used in this study (a limitation of our reactor’s 

maximum power output), the residual heat following CO2 discharge is 
insufficient to sustain significant DRM chemistry. The effective SEI 
values applied (< 132 kJ/mol) are relatively low compared to optimal 
conditions reported in other DRM studies; however, to avoid impracti
cally high power-to-CO2 flow rate ratios in the CO2 discharge, total 
energy input could be enhanced through methods such as preheating of 
the CO2 and CH4 streams, ideally via heat recovery, which would further 
improve energy efficiency. Since maintaining elevated temperatures 
during post-plasma conversion is crucial for optimizing performance, 
minimizing thermal losses by insulating the reactor could provide 
additional benefits. Research involving preheating the primary injection 
gas to help reduce the SEI to the discharge gas may prove to be an ad
vantageous strategy to increase conversion of both reactants.

Importantly, this work demonstrates that dual injection configura
tions are promising for enhancing CO2 conversion while minimizing or 
eliminating carbon deposition, a significant challenge in conventional 
plasma-based DRM. Moreover, larger fractions of CH4 can be treated 
with post-plasma injection. Future research should focus on refining the 
injection location, increasing the SEI to the discharge gas, and devel
oping reactor designs that enhance mixing dynamics to control product 
selectivity more precisely. The liquid product analysis identified form
aldehyde, acetic acid, and formic acid as the primary oxygenates formed 
during the process, with the highest concentrations observed in the 
samples with a 7:7 slm, CO2:CH4 ratio. UV–Vis spectroscopy revealed a 
λmax = 269 nm, suggesting the presence of trace molecules with conju
gated systems. These findings indicate that dual injection can potentially 
be optimized for selective oxygenate production, particularly at sub- 
atmospheric pressures, where selectivity analysis suggests higher con
centrations are likely to form. Additionally, further investigation of the 
pressure-dependent carbon nucleation and coagulation mechanisms 
could provide valuable insights for designing carbon-free plasma con
version systems or tailoring to higher value molecules (e.g., oxygenates).

Our experimental data reveals significant insights into the complex 
interplay between plasma dynamics, flow geometry, reaction thermo
dynamics, and carbon deposition behavior when introducing CH4 as a 
reactive quenching agent. While our results demonstrate proof-of- 
concept benefits, including enhanced CO2 conversion, we recognize 
that the current performance metrics present significant challenges for 
industrial scale-up. Several key challenges must be addressed before 
considering industrial scaling of a dual injection system, including un
derstanding how spatial delivery and injection geometry may affect 
mixing and upstream interactions, which are important factors in larger- 
scale reactors. Furthermore, changes to these aspects of the process may 
affect temperature gradients and cooling rates, which may change 
product selectivity and kinetic pathways. We also believe it would be of 
great interest to the community to further understand the potential for 
warm plasma based oxygenate production through targeted studies with 
dual injection systems. Understanding this is crucial for realizing addi
tional avenues for electrification of the chemical industry using MW 
plasma technology.

Therefore, further optimization studies, with for example, higher SEI 
conditions, altering the injection geometry, as well as investigating 
changes to product distribution with injection position, are necessary to 
understand the industrial potential, as the energy cost and syngas ratios 
are far below what would be interesting for industrial applications. 
Although our modeling work suggests that higher SEI may improve these 
metrics, experimental validation is needed, which may require sub
stantial process redesign; however, we believe that the primary value of 
this work lies in advancing fundamental understanding of plasma-based 
reactive quenching mechanisms rather than immediate commercial 
application. The insights gained regarding oxygen scavenging mecha
nisms and product selectivity shifts with pressure provide a foundation 
for future research directions. These findings not only advance our un
derstanding of plasma-based DRM mechanisms but also provide prac
tical guidance for optimizing process engineering and operation 
parameters. By leveraging the thermal energy of the plasma afterglow 

E.R. Mercer et al.                                                                                                                                                                                                                               Chemical Engineering Journal 521 (2025) 166038 

16 



through strategic reactive quenching, this approach represents a step 
toward more precise control of plasma chemistry and potentially opens 
new pathways for the selective production of fuels and chemicals from 
greenhouse gases, contributing to the development of carbon-circular 
economy technologies.
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