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A B S T R A C T   

Warm plasma offers a promising route for CO2 splitting into valuable CO, yet recombination reactions of CO with 
oxygen, forming again CO2, have recently emerged as critical limitation. This study combines experiments and 
fluid dynamics + chemical kinetics modelling to comprehensively analyse the recombination reactions upon CO2 
splitting in an atmospheric plasmatron. We introduce an innovative in-situ gas sampling technique, enabling 2D 
spatial mapping of gas product compositions and temperatures, experimentally confirming for the first time the 
substantial limiting effect of CO recombination reactions in the afterglow region. Our results show that the CO 
mole fraction at a 5 L/min flow rate drops significantly from 11.9 % at a vertical distance of z = 20 mm in the 
afterglow region to 8.6 % at z = 40 mm. We constructed a comprehensive 2D model that allows for spatial 
reaction rates analysis incorporating crucial reactions, and we validated it to kinetically elucidate this phe
nomenon. CO2 +M⇌O+CO+M and CO2 +O⇌CO+O2 are the dominant reactions, with the forward reactions 
prevailing in the plasma region and the backward reactions becoming prominent in the afterglow region. These 
results allow us to propose an afterglow quenching strategy for performance enhancement, which is further 
demonstrated through a meticulously developed plasmatron reactor with two-stage cooling. Our approach 
substantially increases the CO2 conversion (e.g., from 6.6 % to 19.5 % at 3 L/min flow rate) and energy efficiency 
(from 13.5 % to 28.5 %, again at 3 L/min) and significantly shortens the startup time (from ~ 150 s to 25 s). Our 
study underscores the critical role of inhibiting recombination reactions in plasma-based CO2 conversion and 
offers new avenues for performance enhancement.   

1. Introduction 

The atmospheric concentration of carbon dioxide (CO2) has surged to 
an unprecedented level of 415 ppm, primarily driven by anthropogenic 
emissions [1]. Addressing this global challenge necessitates innovative 
approaches to convert and utilize CO2 as a valuable feedstock for pro
ducing added-value products, including carbon monoxide (CO), meth
anol, methane, formaldehyde, dimethyl ether, etc. [2–5]. Particular 
emphasis has been placed on CO2 splitting to produce CO, since CO is 
one of the most important C1 feedstock for synthesizing a range of fuels 
and chemicals [6–8]. 

However, the thermodynamic stability of CO2 molecules presents a 
formidable obstacle, demanding substantial energy inputs to affect its 

splitting. For instance, a high temperature of up to 3500 K is required to 
achieve a thermal CO2 conversion of 60–80 % [9]. A diverse array of CO2 
splitting routes has been explored, encompassing electrochemical, 
thermochemical, photochemical, biochemical, and catalytic methods 
[9–12]. However, each of these routes presents distinct challenges that 
impede their widespread adoption, including low conversion (e.g., <1% 
for the thermochemical method [13]), restricted productivity (e.g., <20 
mg/(L•h) for the biochemical method [14]), the absence of efficient and 
cost-effective catalysts, and / or often sluggish reaction kinetics 
[13–16]. 

In this context, atmospheric warm plasma processes have risen to the 
forefront as a promising avenue for CO2 conversion [9,17]. Plasma 
operates by applying electrical energy to generate a cocktail of reactive 
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species (electrons, ions, radicals, excited species) that can initiate and 
further propagate reactions [18–21]. This distinctive behaviour makes it 
possible to facilitate thermodynamically unfavourable CO2 conversion 
at atmospheric pressure and reduced energy costs. Moreover, plasma 
processes ensure rapid start-up, high reaction rates, compactness, ease of 
installation, and flexibility. These attributes enable the direct utilization 
of electricity generated from intermittent renewable sources, such as 
solar and wind power, offering a flexible solution for peak shaving and 
grid stabilization [9]. 

However, despite significant efforts, various plasma types, including 
dielectric barrier discharge (DBD), microwave (MW), gliding arc (GA), 
and radio frequency (RF) discharge, still face challenges, such as low 
energy efficiency (e.g., DBD, <10 %) or limited CO2 conversion (e.g., 
MW, GA, RF, <20 % [9,22,23]). Strategies to enhance gas treatment by 
plasma and promote the efficient vibration-induced dissociation have 
yielded improvements in so-called warm plasmas, like MW and GA 
[24–27], although the conversion in practice is dominated by thermal 
chemistry, when operating at atmospheric pressure [24]. 

Nevertheless, recent studies suggest that recombination reactions in 
the afterglow region, especially in the case of widely explored warm 
plasma systems like MW, GA, and RF, which feature relatively high gas 
temperatures of 3000 K and above, may be critical limiting factors 
[24,28–32]. In certain scenarios, the efficiency constraints may pri
marily stem from recombination reactions in the post-plasma region, 
rather than production limitations within the plasma itself [33]. 

A chemical kinetics modelling study of MW plasma indicated that at 
high energy inputs, the CO2 conversion can plummet from a theoreti
cally high 100 % to around 20–25 %, primarily due to recombination 
reactions in the afterglow region [28]. Moreover, recent experimental 
research involving MW plasma, supported by modelling, demonstrated 
that the introduction of a converging–diverging nozzle in the post- 
plasma section resulted in a remarkable 21 % relative increase in en
ergy efficiency, likely attributed to the quenching effect on the after
glow, which curbs recombination reactions [29]. A similar behaviour 
was reported in a modelling study [30], explaining spectacular perfor
mance improvements observed experimentally [34]. Indeed, it was 
computationally demonstrated that introducing a nozzle in the plasma 
effluent induces fast gas quenching, due to both enhanced convective 
and conductive cooling, thereby significantly suppressing the recombi
nation reactions [30]. Furthermore, experimental endeavours in the 
realm of microwave plasmas have included the utilization of a water- 
cooled quenching rod or nozzle [35,36], cooling channels with reverse 
vortex [37], and membrane separation of oxygen [38,39]. 

Nevertheless, the significance of reverse reactions in plasma-assisted 
CO2 splitting has not been directly validated through experiments. This 
can potentially be probed by tracking the spatial evolution of the CO 
concentration along the flow rate direction. However, given the high 
reactivity of gas products and the elevated temperatures in the reaction 
area, accurately in-situ detecting species concentrations poses a signifi
cant challenge, due to secondary reactions that proceed during the 
sampling process (even for stable species), which is normally neglected 
in current methods [40]. A new sampling method, allowing for in-situ 
detection of the spatial distribution, and a deeper understanding of the 
competition between splitting and recombination reactions are essential 
for advancing our knowledge of plasma-based CO2 conversion. 

In this work, we employed an atmospheric pressure plasmatron 
reactor for CO2 splitting. We developed an in-situ gas sampling setup to 
image the 2D spatial distribution of the gas product composition and 
temperature in the afterglow region. To understand the underlying 
mechanisms, we constructed a comprehensive 2D axisymmetric fluid 
dynamics model, incorporating crucial chemical reactions, which we 
validated against the 2D experimental data, allowing us to elucidate the 
spatial competition dynamics between CO2 splitting and recombination 
reactions. Last but not least, to experimentally validate the proposed 
afterglow quenching strategy aimed at optimizing the performance, we 
designed and evaluated a plasmatron reactor equipped with a two-stage 

cooling system. This innovative setup allowed us to examine the prac
tical implications of our proposed approach and its impact on the CO2 
conversion performance. 

2. Methods 

2.1. Experiment 

A schematic of the homemade atmospheric plasmatron reactor is 
presented in Fig. 1, while the entire experimental system is schemati
cally illustrated in Fig. S1 in Section S1 of the supplementary informa
tion (SI). The homemade plasma reactor consists of a cylindrical inner 
anode and a convergent nozzle-shaped outer cathode (grounded), be
tween which a rotating gliding arc plasmatron can be formed under the 
influence of a strong electric field. The reactor configuration has been 
described previously in detail [25,41], and we applied only minor 
modifications in this work. The feed gas CO2 (purity 99.99 %), 
controlled by a mass flow controller (MFC, YJ-700C) at a flow rate of 5 
or 7 L/min, was injected into the reactor from the bottom through three 
tangential inlets, to form a swirling flow inside the reactor. After being 
initiated at the narrowest gap (1 mm) between the electrodes, the arc is 
pushed downstream and then extends from the convergent exit nozzle to 
form a 3D plasmatron outside of the electrode region. A customized 10 
kV DC power supply (TLP2040, Teslaman) was employed to power the 
discharge with a 40 kΩ resistance connected in series in the circuit to 
stabilize the discharge current. The discharge voltage and current were 
measured using a high-precision oscilloscope (Tektronix MDO3024, 
200 MHz bandwidth) equipped with a high-voltage probe (Tektronix 
P6015A) and a current probe (Magnelab CT-E0.5-BNC). 

We designed a sampling chamber (50 × 55 × 230 mm cuboid, 
stainless steel with a quartz window) with 11 vertically distributed holes 
in the wall for inserting the sampling set, which was assembled down
stream the electrode, as schematically shown in Fig. 1. The in-situ 
sampling chamber consists of an outer alumina ceramic tube (inner / 
outer diameter = 1 mm / 2 mm) that splits in the middle with a gap of 
0.4 mm, and an inner stainless-steel needle (inner / outer diameter =
0.3 mm / 0.6 mm) with the tip placed near the gap of the ceramic tube. 
During the sampling, carrier gas (N2) with a flow rate of 1 L/min was 
injected into the needle, forming a fast flow speed of around 235 m/s at 
the tip that can extract around 0.3 L/min reactive gas from the chamber 
into the ceramic tube. In this way, the sampled gas can be in-situ diluted 
by a factor of ~ 4 and cooled down to an estimate of 400–600 K (see 
Section S1 in SI for detailed calculation), thereby “freezing” the chem
ical composition of the sampled gases by largely inhibiting the second
ary reactions during sampling. 

The effluent of the ceramic tube, containing the sampled gas (CO2 +

CO + O2) and carrier gas (N2), was then analysed by a flue gas analyser 
(MRU vario plus) equipped with non-dispersive infrared (NDIR) sensors 
for CO2 and CO detection and an electrochemical sensor for O2 detec
tion. Each experiment was repeated three times and the averaged values 
were collected. The CO concentration in the sampled gas (Cs

CO) and the 
CO2 conversion (XCO2 ) were then calculated based on the carbon and 
oxygen elemental balance, as defined in Eq. (1) and Eq. (2) [23]. 

CsCO(%) =
Qs
CO(L/min)
Qs
tot(L/min)

=
CrCO(%) × Qr

tot(L/min)[
CrCO2

(%) + CrCO(%) + CrO2
(%)

]
× Qr

tot(L/min)

=
CrCO(%)

CrCO2
(%) + CrCO(%) + CrO2

(%)

(1)  

XCO2 (%) =
CrCO(%)

CrCO2
(%) + CrCO(%)

(2)  

where Qs
tot and Qr

tot is the total gas flow rate of the sampled gas and the 
effluent of the ceramic tube, respectively; Qs

CO is the flow rate of CO in 
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the sampled gas; Cr
CO2

, Cr
CO and Cr

O2 
are the concentrations of CO2, CO 

and O2, respectively, in the effluent of the ceramic tube. The selectivity 
of CO was assumed to be 100 %, in line with nearly all reported works on 
plasma-assisted CO2 splitting [9]. Indeed, the mean electron energy of 
the plasmatron system (~1–1.5 eV) is considered too low to produce 
remarkable coke from CO2. Also, we did not observe any solid residues 
on the electrode surface nor in the gas-phase products during long-term 
operation. Moreover, since there is no H element in our reaction system, 
it is not possible to generate hydrocarbons. 

The energy efficiency (η) was defined as [9,25]: 

η(%) =
XCO2 (%) × Qin(mol/min) × ΔH(kJ/mol) × 1000(J/kJ)

Discharge power(W) × 60(s/min)
(3)  

where Qin is the inlet total flow rate; ΔH is the standard reaction 
enthalpy for the pure CO2 decomposition reaction (ΔH = 280 kJ/mol) 
[9,25]. 

The specific energy input (SEI) was defined as: 

SEI(eV/molecule) =
Discharge power(W) × 60(s/min) × Vm(L/mol)

Qin
tot(L/min) × 1.60 × 10− 19(J/eV) × NA(molecule/mol)

(4)  

where Qin
tot is the inlet flow rate; Vm is the molar volume of gas 

(22.41 L/mol at 273 K and 1 atm); NA is the Avogadro’s constant 
(6.022× 1023 molecule/mol). 

The gas products at different locations can be sampled by moving the 
sampling set vertically and horizontally in the axial cross section. The 
sampled area spans from a vertical distance of z = 10 mm to z = 200 mm 
in the afterglow region (z = 0 mm is the position of the electrode exit), as 
shown in Fig. 1. To avoid any significant influence of the sampling set on 
the arc discharge, the gas products were only sampled and measured for 
z > 20 mm. A 2D spatial distribution map of the gas product composi
tions in the range of z = 20–200 mm was then derived by means of a 

spline method for two-dimensional interpolation, based on the 
measured results at the distributed points. 

The gas temperature is of vital importance in governing the reactions 
in the afterglow area, and was therefore measured as well. The 2D 
temperature profile at z = 10–200 mm was derived in a similar way as 
described above, by replacing the gas sampling set with a thermocouple 
(S type). 

2.2. Model description 

2.2.1. Geometry and gas flow 
To reduce the geometrical complexities, we slightly adapted the 

modelled reactor, shown in Fig. 2, compared to the experimental 
reactor. The primary change involves approximating the rectangular 
exhaust of the experiments with a cylinder of the same cross-sectional 
area and volume in the model. This allows us to use a 2D axisym
metric model instead of a 3D model, significantly reducing the simula
tion time. Some parts of the reactor are also cut off in the model, 
including the bottom part. This is justified because the arc is connected 
to the horizontal top edge of the anode, and therefore the start of the 
reactor is less important. Consequently, the three tangential inlets are 
replaced by one ring-shaped inlet, corresponding to one surface in the 
2D axisymmetric model, as shown in Fig. 2b. The gas velocity at this 2D 
axisymmetric surface inlet (a swirl flow) is obtained from a 3D model of 
the reactor that is solved for the gas flow only. This approach is justified 
because, at the inlet, the gas has not yet reached the plasma, and its 
temperature and properties are thus not affected by the plasma and 
remain unchanged. Therefore, the inlet velocity will only be influenced 
by the geometry, for the gas at room temperature, and other physics do 
not need to be included for accurate results. In addition, because there 
are three tangential inlets in the experimental setup, each creating a 
swirling flow with a 120◦ rotation relative to each other, the gas flow at 
the height of the 2D axisymmetric model inlet, i.e., − 15 mm, is a 

Fig. 1. Picture (left) and schematic (middle) of the plasmatron reactor and the sampling chamber, and enlarged view (right) of the in–situ sampling set.  

K. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 481 (2024) 148684

4

combination of these three flows and has an approximately 2D 
axisymmetric velocity profile in the xy-plane. The explanation of how 
the inlet velocity is obtained and implemented in the 2D axisymmetric 
model can be found in Section S2.1 and Fig. S2 in SI. 

The gas flow in the model is calculated using the Navier-Stokes 
equations for weakly compressible flow, i.e., the gas density only de
pends on the temperature but not on the pressure, the gas is considered 
an ideal gas and a laminar flow is assumed. We performed some initial 
tests with a model with turbulent flow, but we decided to continue with 
a laminar flow model. Indeed, due to the large size of the model, 
including turbulence would make the calculation times excessively long. 
Furthermore, modelling turbulence resulted in calculation instabilities, 
and our initial tests with a turbulent flow model also did not result in 
significantly better comparison with the experiments, because even 
when adding turbulence, not all the effects that influence the gas flow 
experimentally, such as attachment or detachment of the arc, are 
included. To verify whether a laminar flow model would be sufficient, 
we calculated the Re number based on Ref. [42], at the inlet, in the 
plasma and in the exhaust, and we obtained values below 1200 at all 
positions and conditions investigated. Because this is below the critical 
Re number of 2000, mentioned in Ref. [43], it justifies the use of a 
laminar flow. The choice of laminar flow simplifies the model and 
provides reasonable results without introducing calculation instabilities 
associated with turbulence. Crucially, our model accounts for the sig
nificant effects of turbulence, such as cooling and mixing, either within 
the model itself or during results analysis. In addition, as the reactor’s 
diameter decreases in the axial flow direction, the axial gas velocity 
increases, leading to a reduction in gas swirl, which might make the flow 
more laminar. More information on the gas flow simulation and the used 
equations and boundary conditions can be found in Section S2.1 in SI. 

2.2.2. Heat transfer 
Heat transfer in the model is calculated by the heat balance equation, 

which is given and explained in Section S2.2 in SI. A heat source is used 
to mimic the plasma, representing the Joule heating from the plasma. 
This simplification allows for a computationally tractable model, 
aligning with our primary focus on temperature and CO2 chemistry 
rather than the electrical properties of the plasma. This approach has 
already been successfully used in previous research for a rotating gliding 
arc reactor [44]. The heat source in this model has a cylindrical shape 

with a length of 12 mm from the anode up to the end of the reactor and 
the start of the exhaust, and has a radius of 2.5 mm. The power 
distributed over the cylinder is taken from the experiments: 303 W and 
320 W for 5 L/min and 7 L/min, respectively. The shape and power 
density distribution of the heat source in W/m3 for 5 L/min are shown in 
Fig. 2b, denoted as “plasma”. With these power values, temperatures up 
to 3200–3350 K are reached, consistent with previous findings, indi
cating temperatures around 3000 K for gliding arc reactors in general 
[45–49]. 

Adjacent to the heat source, a heat sink is added to the model, 
positioned approximately 3 mm after the end of the heat source. It also 
has a cylindrical shape with the same radius and a length of 7 mm. Its 
power increases with increasing flow rate (see explanation below), with 
values set at 160 W and 185 W for 5 L/min and 7 L/min, respectively. 
The location, shape and power density distribution of the heat sink for 5 
L/min are indicated as the afterglow in Fig. 2b. This heat sink accounts 
for cooling effects that are not included in the model. Specifically, tur
bulent heat transfer is absent because we assume a laminar flow. In 
reality, the complex movement of the arc, including attachment, 
detachment and reattachment, disturbs the flow, which would lead to a 
turbulent flow. However, because it is too complicated and computa
tionally expensive to take the arc movement and turbulence into account 
in our model, we include the turbulent cooling effect by adding a heat 
sink, which, like turbulence, increases in cooling power with increasing 
flow rate. A more detailed justification for adding this heat sink, 
including references, can be found in Section S2.2 in SI. 

We did not include radiative heat losses in our model. Indeed, we can 
estimate the radiative energy loss, based on [50]. The maximum tem
perature obtained in our simulations is 3323 K, which corresponds to a 
net emission coefficient between 1 and 10 W cm− 3 sr-1, approximately 5 
W cm− 3 sr-1, for a pressure of 1 bar and an isothermal plasma cylinder 
radius of 1 mm. To convert this to a heat loss in W cm− 3, we multiply this 
by the solid angle of a complete sphere, i.e., 4π sr. This yields a radiative 
heat loss of 62.8 W cm− 3. In our simulations, the bulk power density of 
the heat source is 1326 W cm− 3 and 1401 W cm− 3, for 5 L/min and 7 L/ 
min, respectively, and thus, the radiative heat loss would be only 4.7 % 
or 4.5 % of this power density. In reality, the radiative heat loss will be 
even lower, because the plasma radius applied in our model is 2.5 mm, 
and according to [50], the net emission coefficient decreases with 
increasing plasma radius. Hence, for the plasma, we can estimate the 

Fig. 2. (a) Schematic of the reactor and exhaust geometry in the model, and (b) enlarged view of the reactor indicated with a black frame in (a). The boundary 
conditions (set temperature, heat flux or thermal insulation) are given for each boundary. The colour scale represents the applied heat source (to mimic the plasma 
power density), with negative values representing cooling after the plasma. 
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radiative heat loss to be less than 5 % of the power density of the heat 
source at a maximum plasma temperature of 3323 K. In the afterglow, 
the cooling effect of radiative heat loss will be even smaller, and can also 
be neglected. 

To consider the heat loss at the reactor walls, we use a heat flux for 
the reactor walls and the start of the exhaust (in orange in Fig. 2), with 
the temperature of the cylinder side set at 300 K (in brown in Fig. 2). The 
top part of the exhaust, at the outlet, and the anode are thermally 
insulated, while the gas enters the reactor through the inlet at a tem
perature of 300 K. These boundary conditions are also shown in Fig. 2 
and are explained in more detail, together with the equations, in Section 
S2.2 in SI. 

2.2.3. Chemistry 
The chemistry set included in the model is obtained from GRI-Mech 

3.0 [51] and Ref. [52]. The model includes five species, i.e., CO2, CO, O2, 
O and C, and six equilibrium reactions, which are presented, together 
with their forward rate coefficients, in Table 1. 

The reverse rate coefficients are obtained through detailed 
balancing, by calculating the ratio of the forward rate coefficient and the 
equilibrium constant. The latter is determined from the enthalpy and 
entropy of the reaction. Since we concentrate predominantly on CO2 
splitting and its backward recombination, we limited the chemistry set 
to only thermal chemistry, including two CO2 splitting/recombination 
reactions, to simplify the model. Indeed, chemical kinetics modelling 
has revealed that CO2 conversion is mainly thermal at the typical plasma 
gas temperatures around 3000–4000 K under study here, even though in 
these simulations the pressure was lower and the specific energy input 
higher [28], so the approximation of only considering thermal chemistry 
is even more valid in the present work. In the following sections, we will 
refer to the CO2 splitting reaction as the forward reaction and to 
recombination as the backward reaction, in contrast to the reaction 
equations in the table. More information on the chemistry and the 
transport of these species through the reactor is given in Section S2.3 in 
SI. 

The Navier-Stokes equations, heat balance equation and the equation 
for chemical transport of each species (see Section S2.1-S2.3 in SI) are 
solved self-consistently in a fully coupled manner. The transport prop
erties (heat capacity, viscosity, thermal conductivity and density) of the 
gas are a function of the gas composition within each point of the 
reactor, meaning that chemical equilibrium is not a priori assumed. The 
equations for these mixture-dependent gas properties are given in Sec
tion S2.3 in SI. We used a time-dependent solver and chose a calculated 
time exceeding 30 s. This allows for the dispersion of species 

concentrations throughout the reactor and minimizing further signifi
cant variations. In addition, we added the condition that the mass 
fraction of atomic carbon C cannot decrease below 10–13 for 5 L/min, or 
below 10–8 for 7 L/min. This increases the stability of the model, with 
values sufficiently low to have a negligible impact on the results. 

3. Results and discussion 

In this section, we begin by discussing the measured and simulated 
spatial distributions of gas temperature in Section 3.1 and CO mole 
fraction in Section 3.2. Subsequently, Section 3.3 delves into the analysis 
of the underlying reactions, shedding light on the spatial significance of 
dissociation and recombination reactions. Finally, in Section 3.4, we 
demonstrate the proposed afterglow quenching strategy through the use 
of a specially developed plasmatron reactor equipped with a cooling 
system. We were unable to measure the temperature and CO mole 
fraction at z = 0 mm, because the thermocouple and sampling tube 
experienced discharge with the inner electrode. In our future work, we 
will try to employ quartz probe-sampled molecular beam mass spec
trometry (MBMS) to measure the CO mole fraction at z = 0 mm. 

3.1. Gas temperature 

The measured and calculated temperatures of the afterglow area for 
two different gas flow rates are presented in Fig. 3, illustrating both the 
spatial distribution (Fig. 3a–d) and the values along the central axis 
(Fig. 3e). At small radial distances, i.e., close to the symmetry axis, the 
calculated temperature is in general too high compared to the experi
mental temperature. For example, when calculating the average differ
ence between the calculated and experimental temperature along the 
symmetry axis, at r = 0 mm, we find that the calculated temperature is 
on average 85 % and 106 % higher than the experimental temperature, 
for 5 L/min and 7 L/min, respectively. In contrast, at larger radial dis
tances, i.e., closer to the walls, the calculated temperature is too low 
compared to the experimental values (Fig. 3a–d). For example, for r =
10 mm, the calculated temperature is on average 26 % and 37 % lower 
than the experimental values, for 5 L/min and 7 L/min, respectively. The 
calculated temperature is in general too high close to the symmetry axis 
and too low away from the axis (Fig. 3a–d). This might be due to the 
mixing between the cold gas flow surrounding the plasma and the hot 
core region of the discharge that is caused by the turbulent effect (not yet 
considered in our model), as mentioned above. The heat sink, included 
to take this cooling effect into account, will only remove the heat from 
the model instead of spreading the heat radially over the exhaust 
through turbulent mixing. Nevertheless, the temperature drop along the 
central axis, and the nearly constant temperature away from the central 
axis, can be qualitatively captured by the simulations. Since we will 
mainly focus on the region close to the central axis to explain the 
experimental observations, the heat sink considered in our model pro
vides an adequate solution to account for the turbulent cooling and 
mixing effects on this axis. Note that the deviation between experiments 
and calculations may also partly be attributed to the uncertainty in the 
measurements caused by the effect of the sampling set on the local gas. 
We estimated the total heat transfer between the sampling set and the 
afterglow to be about 3.79 W, which is only approximately 1.2 % of the 
discharge power. We believe that this could be ignored. In other words, 
the cooling effect will not take place through the tubes, but at the point 
where the tubes take in part of the sampled gas. 

Fig. 3a–d also show an important property of the gas flow. Away 
from the central axis, at higher radial distances, the gas temperature 
becomes somewhat higher at higher axial positions, compared to the gas 
temperature at lower axial position for the same radial distance. Indeed, 
the temperature is radially not uniform both in the model and the 
experiment, owing to a large recirculation zone forming in the exhaust 
of the reactor. More specifically, at a radial distance equal to 10 mm, the 
calculated temperature increases from 381 K to 444 K for 5 L/min, and 

Table 1 
Reactions included in the model with their forward reaction rate coefficients kf . 
The reverse rate coefficients are calculated based on the principle of detailed 
balancing. M stands for any of the five species included in the model. The units of 
the forward rate coefficients are cm3 mol− 1 s− 1 for two-body reactions and cm6 

mol− 2 s− 1 for three-body reactions.  

Reaction Forward rate coefficient 

1 O + CO +

M⇌CO2 +

M 

ceff = 3.5cCO2 + 1.5cCO + 6cO2 + cO + cC
ko = 6.02 × 1014 × exp(− 3000[cal/mol]/RT)
kinf = 1.80 × 1010 × exp(− 2385[cal/mol]/RT)
kf = kinf/(1 + kinf/(koceff ))

2 CO +

O2⇌CO2 +

O 

kf = 2.50× 1012 × exp(− 47800[cal/mol]/RT)

3 C + O2⇌O +

CO 
kf = 5.80× 1013 × exp(− 576[cal/mol]/RT)

4 2O +

M⇌O2 + M 
ceff = 3.6cCO2 + 1.75cCO + cO2 + cO + cC

kf = 1.20 × 1017/T × ceff 

5 CO2 + C⇌ 
2CO 

kf = 1.0× 10− 15 × NA 

6 C + O +

M⇌CO + M 
ceff = cCO2 + cCO + cO2 + cO + cC

kf = 2.14 × 10− 29 × (T/300)− 3.08
× exp(− 2114/T)×NA

2 × ceff  
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from 342 K to 362 K for 7 L/min, upon rising axial position in the 
exhaust from 40 mm to 200 mm. As clearly seen from the flow velocity 
maps presented in Fig. S3 of Section S3.1 in SI, part of the gas recircu
lates back because of the decreasing reactor diameter at the end, and 
warm gas coming from close to the symmetry axis is divided over the 
region further away from the axis, thus spreading out the heat there. The 
comparison of the post-plasma temperature profiles between the 
experiment and the model shows a clear difference. The reason for this is 
the underestimated mixing by our model. We also performed simula
tions with a turbulent model, but they did not yield significantly better 
results and led to much longer calculation time. The nature of the tur
bulence in the post-plasma region arises from both continuous attach
ment and detachment of the arc and complicated interactions between 
the swirling flow and the very hot plasma. Despite the fact that we did 
not capture accurately the mixing post–plasma, we designed the model 
such that it can shed light into the mechanisms driving CO2 conversion. 

A significant drop in the temperature along the central axis (z) can be 
clearly observed for all cases, especially from the starting measuring 
point of z = 10 mm to z = 40 mm. For instance, at a flow rate of 5 L/min, 
the measured gas temperature decreases dramatically from 1288 K at z 
= 10 mm to 712 K at z = 40 mm (average temperature gradient of 19 K/ 
mm), and then declines slowly to 474 K at z = 200 mm (average tem
perature gradient of 1.5 K/mm), as plotted in Fig. 3e. We can make a 
similar calculation of the temperature gradient in the model, which we 
can further convert to a cooling rate, because the model also calculates 
the velocity. The temperature gradients in the model are 21 K/mm be
tween z = 10 mm and z = 40 mm (i.e., from 2129 K to 1505 K), and 4.4 
K/mm going to z = 200 mm (at a temperature of 807 K). Our model 
calculates an average velocity on the symmetry axis of 22795 mm/s 
(nearly 23 m/s) from z = 10 mm to z = 40 mm, and of 13382 mm/s (ca. 
13 m/s) from z = 40 mm to z = 200 mm. By multiplying this average 
velocity with the temperature gradients, we can estimate the cooling 

Fig. 3. Comparison of the experimental and calculated temperature profiles (in K) for 5 L/min and 7 L/min. (a–d): 2D distribution maps; (e): 1D plots at the central 
axis. (Discharge power: 303 W at 5 L/min and 320 W at 7 L/min). 

K. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 481 (2024) 148684

7

rate to be equal to 4.74 × 105 K/s between 10 and 40 mm, and 5.84 ×
104 K/s between 40 and 200 mm. In Ref. [47], it is pointed out that a 
cooling rate of about 107 K/s or higher is required to retain the disso
ciation products and avoid recombination reactions. From our calcu
lated values, it is clear that, without any quenching, these cooling rates 
are not achieved. The model clearly overestimates the absolute values of 
the temperature, but it can qualitatively predict the drop in temperature. 
Importantly, while the calculated temperature is around 3000 K in the 
plasma, and probably also in the experiments (although it is not 
measured, but this value is generally accepted to be typical for warm 
plasmas), it drops to below 2000 K, at 15.89 mm and 19.32 mm for 5 L/ 
min and 7 L/min, respectively. This is important, because it indicates 
that the model covers the temperature range between 3000 and 2000 K, 
in which both CO2 splitting and recombination take place. Indeed, below 
2000 K, the rates of these reactions are significantly reduced, and the gas 
composition will change less. This will be discussed in more detail in 
Section 3.3 below. However, even though the composition does not vary 
a lot anymore at temperatures lower than 2000 K, this does not mean 

that quenching further down the exhaust, at higher axial positions, will 
have no effect. Indeed, due to the recirculation shown in Fig. S3, the gas 
closer to the walls will flow down to lower axial heights and quench the 
gas that still has a temperature higher than 2000 K. Altogether, the fact 
that the calculated temperature is higher than the measured values is not 
critical to explain the mechanisms, because most important is that the 
calculated temperature has dropped to below 2000 K. 

3.2. CO mole fraction 

The profiles of measured and calculated CO mole fraction, as well as 
those along the central axis at 5 or 7 L/min, are presented in Fig. 4. The 
experimental CO mole fractions exhibit torch-like spatial distribution 
profiles. Again, we see an overestimate in the model prediction for CO 
mole fractions close to the central axis, but the difference between 
model and experiments away from the axis depends on the flow rate: at 
5 L/min the experimental and calculated values lie very close to each 
other, and at 7 L/min the calculated CO mole fraction is too low. The 

Fig. 4. Comparison of the experimental and calculated CO mole fraction profiles (in %) for 5 L/min and 7 L/min. (a-d): 2D distribution maps; (e): 1D plots at the 
central axis. (Discharge power: 303 W at 5 L/min and 320 W at 7 L/min). 
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explanation for this is given in the next paragraph. Nevertheless, similar 
to the temperature profiles, the decreasing trend along the central axis, 
and the nearly constant trend away from the central axis align between 
the experiments and simulations. As seen from Fig. 4a–d, a modest 
elevation in CO mole fraction can be discerned at specific vertical dis
tances away from the central axis, which is more evident in the exper
imental measurements, although it is also present (but less clear) in the 
simulation results. This phenomenon can likely be attributed to the 
recirculation of CO, which follows the downward flow direction within 
the region situated between the reactor’s central axis and its wall. This 
recirculation pattern is visually represented by the calculated flow di
rection arrows presented in Fig. S3 in SI. In this way, CO is spread out 
inside the exhaust. The evolution of the recirculation zone could be 
observed over time throughout the entire 30 s of the simulation. The 
increase in CO mole fraction after 160 mm is likely a result of an artefact 
of the sampling method. It could be due to factors such as spatial reso
lution, flow field effects, or other experimental uncertainties. 

The observed higher CO mole fraction along the central axis in the 
simulations is likely attributed to the overestimate in the gas tempera
ture, as discussed above. The difference away from the symmetry axis 
can be explained by a combination of a difference in temperature and 
the presence of turbulent mixing, which causes enhanced diffusion, 
spreading the CO away from the central axis in the experiments. The 
higher temperature in the model at lower radial positions, close to the 
symmetry axis, will lead to a higher CO mole fraction, which, due to the 
higher concentration gradient, can spread out faster through diffusion to 
higher radial positions. On the other hand, the temperature closer to the 
reactor walls is higher in the experiments and this will produce a higher 
CO mole fraction through chemical reactions. In addition, as mentioned 
before, turbulent mixing is present in the experiments, which results in a 
higher CO mole fraction closer to the walls, especially for higher flow 
rates, in the experiments compared to the model, where this turbulent 
mixing is not taken into account. The combination of these effects results 
in a similar experimental and calculated CO mole fraction for 5 L/min 

and a higher experimental CO mole fraction for 7 L/min. Furthermore, 
the sampling set in the measurement could also underestimate the CO 
mole fraction due to the variations introduced in the flow field, as re
ported in the flame sampling probe [53]. 

As seen from Fig. 4e, the measured CO mole fraction at the central 
axis drops significantly from z = 20 mm to z = 40 mm, i.e., from 11.9 % 
to 8.6 % and from 10.5 % to 7.5 % for 5 and 7 L/min, respectively, and 
then more or less stabilizes at 7.6 % and 6.8 % for 5 and 7 L/min, 
respectively. The simulations can reasonably capture the variation 
trends of the measured CO mole fraction for these two different flow 
rates. These results, i.e., the decrease of CO mole fraction in Fig. 4a–e, 
clearly prove that the formed CO in the plasma region is largely con
verted back to CO2 again in the afterglow area, which is undesirable. 
Similar results were reported in MW plasma [40]. In the following sec
tion, this phenomenon will be explained kinetically based on our model. 

3.3. Reaction analysis 

Our model enables us to investigate the reaction rates of the six 
thermal reactions incorporated in the model. We have identified that 
only three of these reactions have significant effect, namely the two CO2 
splitting reactions (reactions (1) and (2) in Table 1), and the O2 splitting 
reaction (reaction (4) in Table 1). Indeed, their rates are at least three 
(and mostly six) orders of magnitude higher than the rates of the other 
reactions. Our primary focus is on understanding the underlying kinetics 
of recombination and loss of CO, and therefore we will concentrate in 
particular on the two CO2 splitting reactions. The net rates of these two 
splitting reactions, together with their forward (splitting) and backward 
(recombination) reaction rates, are given in Figs. 5 and 6, for reaction 
(1) and (2), respectively, at 5 L/min. In the left plots, the net splitting 
rates were calculated as the CO2 dissociation rate minus the recombi
nation rate. For clarity, we focus on the reactor and the start of the 
exhaust, because most of the conversion and recombination takes place 
there, due to the higher temperature. Indeed, as mentioned in Section 

Fig. 5. Net rate of CO2 conversion by the reaction CO2 +M⇌O+CO+M (a), and its breakdown into the splitting rate (forward reaction) (b) and the recombination 
rate (backward reaction) (c), at 5 L/min. The plasma is located at z < 0 mm, and the afterglow starts when the gas leaves the reactor and enters the exhaust at z >
0 mm. 
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3.1 above, once the temperature drops below 2000 K, the chemistry 
becomes more or less “frozen” (i.e., the rates of both splitting and 
recombination become negligible, as observed indeed in Figs. 5 and 6). 
Note that the rates for these two reactions at 7 L/min, as well as the 
spatial distribution of O atom concentrations for both 5 and 7 L/min, 
which will be used later in our explanation, can be found in Section S3.2 
and Figs. S4–S6 in SI. 

By comparing Figs. 5 and 6 (for 5 L/min), we can see that the net 
reaction rate of CO2 splitting into CO and O, upon collision with any 
molecule M, is almost twice as high as the reaction rate of CO2 splitting 
into CO and O2, upon collision with an O atom. In Ref. [28], a 0D model 
showed the same relative contribution of both reactions for CO2 con
version, although not with the same ratio between both rates, at similar 
(low) specific energy inputs (SEIs) (i.e., 0.5 eV/molecule in [28] and 
0.6–0.8 eV/molecule in our case, calculated at 273 K and atmospheric 
pressure), while reaction (2) became more important at a higher SEI of 4 
eV/molecule. The difference in ratio of reaction rates can be explained 
by the differences between the model used in [28] and our model. These 
differences include among others: (i) the use of a 0D model (Ref. [28]) 
vs. a 2D axisymmetric model (this work), (ii) the use of a different 
chemistry set, i.e., including electron impact reactions (Ref. [28]) vs. 
assuming thermal chemistry (this work), and (iii) working at different 
pressures, i.e., 100 mbar (Ref. [28]) vs. atmospheric pressure (this 
work). 

We can also see in Figs. 5 and 6 that both reactions predominantly 
split CO2 within the plasma region, whereas the back-reactions forming 
CO2 occur in both the plasma and the afterglow region. The recombi
nation following reaction (2) happens mostly at lower z–values, i.e., 
inside the plasma and early afterglow (Fig. 6), while the recombination 
of CO and O through reaction (1) remains more important for a longer 
distance in the afterglow (Fig. 5), and it is the most important reaction in 
the exhaust, especially at higher flow rates. This difference in contri
bution throughout the exhaust can be explained by a difference in 
recombination rate coefficients between both reactions. In the temper
ature range between 700 K and 3350 K, the rate coefficient of reaction 

(1) is always higher than that of reaction (2), but the ratio between both 
decreases with increasing temperature. Therefore, at higher tempera
tures, i.e., close to the start of the afterglow and at lower axial distances, 
the smaller difference between both rate coefficients, in combination 
with the higher concentration of O2 compared to O, results in a relatively 
higher contribution of recombination reaction (2), even though the rate 
remains smaller than for reaction (1), as can be seen in Figs. 5c and 6c 
for 5 L/min, and in Fig. S4c and Fig. S5c for 7 L/min. Further down the 
afterglow, at higher axial distances, the gas temperature decreases and 
therefore the ratio of the recombination rate coefficients increases, and 
the rate coefficient of reaction (2) drops to almost 0 m3/(mol s) below 
2000 K. As a result, recombination through reaction (1) becomes much 
more important, despite the higher concentration of O2 compared to O. 
Notably, for reaction (2), the profile of the net conversion rate displays a 
distinctive shape, with the peak positioned off-axis at higher z–values. 
This is because the individual dissociation and recombination rates 
overlap more in comparison to reaction (1). This overlap tends to 
counterbalance each other along the central axis. This observation 
demonstrates that both splitting and recombination can occur simulta
neously at the same location in the reactor or exhaust at high temper
atures. Hence, it is imperative not only to identify where recombination 
occurs, as presented in Fig. 5c and 6c, but also to pinpoint the regions 
where recombination surpasses splitting in significance. In these re
gions, the loss of CO and O2 becomes prominent, subsequently leading to 
a reduction in CO2 conversion. 

To delve into a more intricate analysis of the positions where 
recombination surpasses CO2 splitting, we present the forward and 
backward rates of the two CO2 splitting reactions in Fig. 7, as well as the 
temperature profile along the symmetry axis, for gas flow rates of 5 and 
7 L/min. The intersection points between the dissociation and recom
bination reactions, and the corresponding temperatures, are indicated 
for both conditions and each reaction. These transition points signify the 
juncture where recombination takes precedence over dissociation, and 
their values are listed in Table 2. One noteworthy observation is that the 
transition points are always located at a z-value larger than 0 mm, i.e., in 

Fig. 6. Net rate of CO2 conversion by the reaction CO2 +O⇌CO+O2 (a), and its breakdown into the splitting rate (forward reaction) (b) and the recombination rate 
(backward reaction) (c), at 5 L/min. The plasma is located at z < 0 mm, and the afterglow starts when the gas leaves the reactor and enters the exhaust at z > 0 mm. 
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the afterglow. So, we can conclude that a net dissociation of CO2 is 
predominant within the plasma and recombination prevails in the 
afterglow, limiting the overall CO2 conversion. A second conclusion we 
can draw from Table 2 is that the transition point for reaction (2) 
consistently has a higher z-value, indicating that reaction (2) gives rise 
to CO2 dissociation over a longer spatial distance, albeit not necessarily 
in greater quantities. This phenomenon stems from the relatively high 
concentration of O atoms that persists at the inception of the afterglow, 
as can be seen in the O concentration map in Section S3.2 of SI (Fig. S6). 
For example, at 5 L/min, the O atom concentration only drops below 1 % 
of its maximum value at z = 22.2 mm on the central axis. The presence of 
these O atoms at the start of the afterglow contributes to the recombi
nation rate for reaction (1) and the dissociation rate for reaction (2). This 
elucidates why recombination takes precedence further into the exhaust 
for reaction (2) compared to reaction (1). The overestimation of the 
temperature and CO mole fraction in our model compared to the ex
periments will probably not influence our conclusion. At every tem
perature along the symmetry axis, for both flow rates, the equilibrium 
constant, calculated as the splitting rate coefficient over the recombi
nation rate coefficient, is larger for reaction (2) than for reaction (1), 
indicating the preference for CO2 splitting in reaction (2) and for 
recombination in reaction (1), and this difference becomes even larger at 
lower temperatures (as found in our experiments). In addition, the lower 
CO mole fraction in our experiments, i.e., the lower conversion, might 
lead to a lower concentration of O atoms, which determines the 
recombination rate of reaction (1) and the splitting rate of reaction (2), 
but it might also lead to a lower concentration of O2, which determines 

the recombination rate of reaction (2). 
The corresponding temperatures for these transition points are close 

to 3000 K, as listed in Table 2, except for reaction (2) at 7 L/min. 
Consistently, a temperature of 3000 K for recombination to take over 
from CO2 splitting and thus the conversion decreases, was also reported 
in a modelling study for a MW reactor [30]. Only at 7 L/min for reaction 
(2), the temperature of this transition point deviates more from 3000 K. 
The position of this transition depends not only on the concentrations of 
the different species, which inherently influence the reaction rates, but 
also on the flow rate that transports these species and heat through the 
reactor and exhaust. This trend is evident in Table 2: the z-value of the 
transition points increases for both reactions with increasing flow rate. 
However, because the recombination of reaction (2) takes precedence 
over splitting quite distantly into the exhaust at 7 L/min, the gas at this 
transition point undergoes more substantial cooling due to heat dissi
pation by the heat sink, thus leading to a lower temperature. This phe
nomenon highlights the complex interplay between flow rates, reaction 
kinetics, and temperature profiles in this system. Note that due to an 
overestimate of the simulated temperature, as presented in Section 3.1 
above, the real transition points might be closer to the plasma area (a 
lower z-value) in comparison to the model predictions. In addition, it 
might be argued that the differences in vertical position and temperature 
of the transition points relative to each other as a function of the flow 
rate are not statistically significant, considering the overestimation of 
the temperature and CO mole fraction in the model compared to the 
experiments. However, the decreasing trends along the symmetry axis 
for both the temperature and the CO mole fraction are similar in the 
model and the experiments. The rather similar temperature for 5 L/min 
and 7 L/min and the lower CO mole fraction for 7 L/min compared to 5 
L/min can be observed for both the model and the experiments. These 
similar trends will then result in similar trends in the transition points. 
Still, this paragraph aims to indicate the very close temperature values of 
the transition points around 3000 K and explain the deviation of one of 
these points using its vertical distance, and not to prove the trends as 
function of the flow rate. 

The results presented above offer a compelling insight: by rapidly 
cooling the gas after it passes the transition points in the afterglow, to 
temperatures where the reaction rates are negligibly small, we hy
pothesize it becomes feasible to significantly inhibit the recombination 
reactions. Consequently, this inhibition of recombination could lead to a 
substantial enhancement in CO2 conversion. In previous work on a MW 
plasma, a limit of 2000 K was reported under which the temperature 
needs to drop to “stop” the reactions and obtain a final CO2 conversion 

Fig. 7. Splitting rates (solid lines) and recombination rates (dotted lines) of the two main CO2 dissociation reactions, as well as the temperature (green, right y-axis) 
along the symmetry axis, for 5 L/min (a) and 7 L/min (b). The transition points at which recombination becomes more important than CO2 splitting (higher rate) and 
their corresponding gas temperature are indicated (see also Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 2 
Overview of the transition points where recombination takes precedence over 
dissociation on the symmetry axis for the two CO2 conversion reactions, at the 
two different flow rates, together with the corresponding temperature (model 
results).  

Flow rate 
(L/min) 

Reaction Vertical distance of the 
transition points (z, mm) 

Temperature 
(K) 

5 CO2 + M⇌O +

CO + M  
2.19 3159 

CO2 + O⇌CO +

O2  

4.35 2913 

7 CO2 + M⇌O +

CO + M  
2.54 3035 

CO2 + O⇌CO +

O2  

6.65 2493  
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that does not change anymore, based on the calculated equilibrium 
composition of CO2 and its dissociation products [9,29,30]. In our work, 
the experimental results plotted in Figs. 3 and 4 show that the CO2 
conversion stabilizes only after the gas temperature has dropped to 
approximately 700 K, so to make sure that we retain the highest con
version possible, we should try to quickly decrease the temperature to a 
value as low as possible, below 2000 K or preferably below 700 K. 

3.4. Demonstration of afterglow quenching for enhanced performance 

To demonstrate the above proposed strategy of quenching the 
afterglow region for enhanced performance, we developed a plasmatron 
reactor with cooling system, as depicted in Fig. 8. Two cooling stages: 
upstream (closer to plasma) and downstream (see Fig. 8a), were 
meticulously designed to explore how the position of quenching in
fluences the overall reaction performance. The cooling was imple
mented by utilizing two separate water jackets, each filled with 
circulating water, with water (~298 K) flowing in from the bottom and 
exiting from the top. Two thermocouples were positioned at around z =
20 mm and z = 100 mm within the afterglow region to measure the gas 
temperatures at the two cooling stages. Unlike the previous experiments, 
we only sampled and analysed the exhaust gas in this section. Note that 
the reactor designed in this section differs from the reactor used in the 
above sections, as it was specifically designed to showcase and validate 
the proposed strategy. 

In the absence of cooling, the afterglow region exhibits a notable blue 
flame extending to approximately 120 mm, as depicted in Fig. 8b. This 
phenomenon is indicative, presumably, of vigorous CO recombination 
into CO2. However, with the introduction of the cooling system, as 
illustrated in Fig. 8c, the flame almost entirely vanishes. This dramatic 
change suggests a potent inhibition of the CO recombination reactions 
due to the cooling mechanism. Experimental results showed that the 
discharge power remained essentially unchanged before and after 
cooling for different conditions, indicating that the discharge itself was 
not notably affected by cooling. It can be therefore inferred that mainly 
the afterglow region was affected by cooling, leading to the disappear
ance of the blue flame. 

As evident from the time-resolved gas temperature measurements for 
the two cooling stages illustrated in Fig. 9, quenching exerts a significant 
influence on the afterglow gas temperatures and the overall stabilization 
of plasma operation. The stabilized temperatures for both the upstream 
and downstream stages experience a remarkable drop: from 1500 K to 

980 K, and from 1160 K to 650 K, respectively. Also, it is intriguing to 
observe that the startup time required for temperature stabilization is 
significantly shorter: from around 150 s without cooling to ca. 25 s with 
cooling. 

The impact of afterglow quenching, achieved through solely up
stream or downstream cooling, and both, on the CO2 conversion and 
energy efficiency is illustrated in Fig. 10. Initially, the CO2 conversion 
increases with rising flow rates, followed by a decline, while the energy 
efficiency exhibits a continuous upward trend. These trends are 
consistent with prior research and can be attributed to a combination of 
factors, such as residence time, SEI, and gas temperature [25,27,41]. As 
evident from Fig. 10, afterglow quenching yields a substantial 
enhancement in reaction performance, particularly at lower flow rates 
between 2 and 5 L/min. Cooling the upstream stage, which is in closer 
proximity to the plasma region and features higher gas temperatures, 
results in a more significant improvement compared to cooling the 
downstream stage alone. For instance, at 3 L/min, the CO2 conversion 
can be augmented from 6.6 % to 13.4 % (an enhancement by a factor 
two) with downstream cooling, and to 17.6 % (a factor 2.6 enhance
ment) with upstream cooling, and further to 19.5 % (an enhancement of 
nearly a factor three) with both upstream and downstream cooling. This 
observation is logical, as early cooling in the afterglow region can 
effectively restrict recombination reactions to a greater degree. 

The energy efficiency also experiences a remarkable enhancement 
due to afterglow quenching, albeit to a slightly lesser degree than the 
CO2 conversion (see Fig. 10). At a flow rate of 3 L/min, it increases from 
13.5 % to 20.9 % (a factor 1.5 enhancement) with downstream cooling, 
and to 26.5 % (an enhancement of nearly a factor two) with upstream 
cooling, and further to 28.5 % (an enhancement by a factor 2.1) with 
both upstream and downstream cooling. It is worth noting that the 
maximum energy efficiency achieved in this study (36.4 % at 6 L/min 
with two-stage cooling) surpasses the majority of atmospheric pressure 
plasma-assisted CO2 splitting works [32]. The remaining energy is pre
sumed to be partly utilized for gas heating (estimated to be 56 %, see 
Section S4 in SI), with the remainder dissipating in various forms (not 
directly heating the feed gas), such as light emission, transfer to the 
electrodes, and dispersion through the outer surface of the reactor into 
the surrounding environment. 

The efficacy of cooling diminishes considerably as the flow rates 
increase, as observed in Fig. 10, for both CO2 conversion and energy 
efficiency. This reduction can be largely attributed to the higher gas flow 
rate, diminishing the cooling effectiveness of the water jackets, which 

Fig. 8. Picture of the plasmatron reactor with afterglow quenching (a), and photograph of the afterglow region without cooling (b) and with cooling implemented 
(c). CO2 flow rate: 5 L/min, discharge power: 445 W. 
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operate at a constant circulating water rate. 
The results presented in this section unequivocally demonstrate the 

effectiveness and significance of afterglow quenching in improving the 
CO2 splitting performance, even up to a factor three, for warm plasmas. 

4. Conclusions 

In this study, we investigated in detail the recombination reactions 
(of CO + O/O2) in the CO2 splitting process in an atmospheric plasma
tron reactor. We developed an innovative in-situ gas sampling method, 
which allows us to visualize the 2D spatial distribution of gas product 
compositions experimentally. In addition, we developed a 2D axisym
metric fluid dynamics + reaction kinetics model that incorporates CO2 
splitting chemistry, and we validated it against our experimental data. 
Subsequently, we analysed the spatially resolved reaction rates to unveil 
the competition between CO2 dissociation and (CO + O/O2) recombi
nation reactions in both plasma and afterglow region. Finally, to vali
date the proposed afterglow quenching strategy for performance 
optimization, we constructed a plasmatron equipped with a two-stage 

cooling system for the CO2 splitting reactions. 
Our results unequivocally confirm the significant role of recombi

nation reactions in the afterglow, thereby limiting the performance of 
plasma-based CO2 splitting. For instance, at a flow rate of 5 L/min, the 
measured CO mole fraction drops significantly from 11.9 % at a vertical 
distance of z = 20 mm in the afterglow region to 8.6 % at z = 40 mm. 
Moreover, the CO2 conversion stabilizes along the flow rate direction 
only when the gas temperature drops to approximately 700 K. Our 2D 
axisymmetric model qualitatively reproduces the drop in temperature 
and CO mole fraction along the flow direction. Reaction rate analysis 
reveals the importance of two reactions, i.e., CO2 +M⇌O+CO+M and 
CO2 +O⇌CO+O2 in plasma-based CO2 splitting, with their significance 
varying along the flow rate direction. The forward reactions dominate 
within the plasma region, contributing to CO2 conversion, while the 
recombination reactions take precedence in the afterglow region, 
limiting the overall CO2 conversion. 

We validate the proposed afterglow quenching strategy for perfor
mance optimization using a specially designed plasmatron reactor with 
a two-stage cooling system. This approach leads to a dramatic increase 

Fig. 9. Time-resolved measurements of gas temperatures for the two cooling stages (Tupstream, Tdownstream), with and without cooling implemented (both stages). The 
point at which the temperature stabilizes is indicated. 

Fig. 10. CO2 conversion (a) and energy efficiency (b) of the plasmatron reactor under four different cooling conditions: without cooling (W/OC; black), solely 
upstream cooling (UC; red), solely downstream cooling (DC; blue), and with both upstream and downstream cooling (UC + DC; purple), as a function of flow rate, 
ranging from 2 to 8 L/min. Each condition was repeated three times and the plotted data represents the mean value with error bands. The bar charts additionally 
illustrate the relative improvement (see Section S4 for the definition) in CO2 conversion (a) and energy efficiency (b) achieved using the different cooling conditions, 
i.e., UC (red), DC (blue), and UC + DC (purple). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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in both CO2 conversion and energy efficiency, particularly at low flow 
rates. For instance, at 3 L/min, the CO2 conversion increases from 6.6 % 
to 19.5 % (i.e., an enhancement by nearly a factor three), while the 
energy efficiency rises from 13.5 % to 28.5 % (a factor 2.1 enhancement) 
with afterglow cooling, accompanied by a substantial reduction in 
startup time, from approximately 150 s (without cooling) to only 25 s 
(with cooling). Furthermore, the segmented cooling system underscores 
the significance of early quenching in inhibiting recombination re
actions within the afterglow region. 

In summary, our work emphasizes and demonstrates the importance 
of inhibiting recombination reactions in plasma-based CO2 conversion 
through a combination of experiments and modelling. This provides 
critical insights into practical strategies for enhancing the performance 
in plasma-based CO2 conversion, not only for the plasma reactor under 
study here, but also for other types of warm plasmas. 
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