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Abstract: Plasma-based CO2 conversion has attracted 
increasing interest. However, to understand the impact of plasma 
operation on post-plasma processes, we studied the effect of 
adding N2, N2/CH4 and N2/CH4/H2O to a CO2 gliding arc 
plasmatron (GAP) to obtain valuable insights into their impact on 
exhaust stream composition and temperature, which will serve as 
feed gas and heat for post-plasma catalysis (PPC). Adding N2 
improves the CO2 conversion from 4% to 13%, and CH4 addition 
further promotes it to 44%, and even to 61% at lower gas flow rate 
(6 L/min), allowing a higher yield of CO and hydrogen for PPC. 
The addition of H2O, however, reduces the CO2 conversion from 
55% to 22%, but it also lowers the energy cost, from 5.8 to 3 kJ/L. 
Regarding the temperature at 4.9 cm post-plasma, N2 addition 
increases the temperature, while the CO2/CH4 ratio has no 
significant effect on temperature. We also calculated the 
temperature distribution with computational fluid dynamics 
simulations. The obtained temperature profiles (both 
experimental and calculated) show a decreasing trend with 
distance to the exhaust and provide insights in where to position 
a PPC bed. 

Introduction 

In the past decades, accumulating evidence has demonstrated 
that the increasing emission of greenhouse gases is leading to 
global warming.[1] Specifically, the concentration of CO2 in the 
atmosphere has risen significantly, surging from 362 ppm at the 
end of the last century to 420 ppm in June 2023, based on the 
data from the “National Oceanic and Atmospheric Administration 
(NOAA) Global Monitoring Laboratory”.[2] Therefore, numerous 
techniques are being developed to capture CO2 and convert it into 
value-added fuels or chemical products.[3–7] Several different 

chemical processes, including CO2 splitting (Eq.(1)), CO2 
methanation with H2 (Eq.(2)), and CO2 dry reforming of methane 
(DRM) Eq.(3), have been investigated for the conversion of CO2 
either directly or in combination with other molecules like CH4, H2, 
or/and H2O.[8–10] However, as a relatively stable molecule, the 
activation of CO2 remains a significant challenge for many 
(catalytic) reactions. Thermally, direct CO2 splitting is energy-
consuming and only favorable at high temperature. For instance, 
at 2000 K, it is estimated that, to achieve a CO2 conversion of 
1.5%, the energy cost (EC) will be about 7.9 MJ/mol and the final 
energy efficiency (EE) is just 4.4%.[11] 𝐶𝑂ଶ → 𝐶𝑂 + 1 2⁄ 𝑂ଶ, ∆𝐻଴ = 280 𝑘𝐽 𝑚𝑜𝑙⁄                                         (1) 𝐶𝑂ଶ + 4𝐻ଶ → 𝐶𝐻ସ + 2𝐻ଶ𝑂, ∆𝐻଴ = −165 𝑘𝐽 𝑚𝑜𝑙⁄                         (2) 𝐶𝑂ଶ + 𝐶𝐻ସ → 2𝐶𝑂 + 2𝐻ଶ, ∆𝐻଴ = 247 𝑘𝐽 𝑚𝑜𝑙⁄                               (3) 

In recent years, plasma technology has been widely applied 
in CO2 conversion because it can activate the gas molecules by 
electron impact excitation, ionization and dissociation via 
electrical energy supply. This creates excited species, ions and 
radicals that can form new molecules.[11,12] Compared with 
conventional thermal approaches, electrical energy is transferred 
to the gas, making it a promising technology for the ongoing 
energy transition in chemical production.[13–18] Furthermore, 
plasma can be integrated with catalysts to create a hybrid plasma-
catalysis process, which holds promise for enhancing CO2 
conversion, improving energy efficiency and chemical product 
selectivity.[15,19–21] A lot of research on CO2 conversion is 
performed with various kinds of plasmas, including a dielectric 
barrier discharge (DBD),[22] microwave (MW),[23] spark or gliding 
arc (GA) discharge.[12,24] Among these plasma techniques, gliding 
arc plasma is promising, because it can typically produce 
electrons with mean energy around 1 eV, which is ideal to activate 
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CO2.[12,25] Moreover, the GA creates heat in the plasma zone, with 
temperatures up to a few 1000 K,[26,27] which influences the 
reactions and allows for post-plasma catalysis in the exhaust 
stream of the plasma reactor, recovering (at least part of) the heat 
of the plasma process.[14,28] 

Several different types of GA plasmas have been designed, 
e.g. classical 2D GA,[29] 3D rotating gliding arc (RGA),[30,31] 3D 
gliding arc plasmatron (GAP),[12] and dual-vortex plasmatron 
(DVP).[27] The classical 2D GA plasma is widely studied, however, 
it exhibits some drawbacks, as it is incompatible with industrial 
application because of its 2D flat electrodes. Furthermore, not all 
the gas passes through the arc, and thus it is not fully activated. 
Finally, a relatively high gas flow rate is needed to sustain the arc 
gliding process, which gives rise to a short gas residence time in 
the plasma. To overcome these problems, several 3D gliding arc 
plasma reactor designs have been developed over the years, in 
which the gas flows tangentially into the reactor, forming a stable 
vortex gas flow.[12,30,32] Furthermore, recently, a novel DVP reactor 
was designed and tested, enabling to separate the arc into two 
directions with longer residence time and highly turbulent flow.[27] 
These 3D GA reactors are also characterized by high flow rates, 
but the mechanism to sustain the arc gliding mechanism is 
different from 2D GA reactors, with typically a cylindrical arc 
column along the reactor axis, giving rise to a longer gas 
residence time in the plasma. 

Ramakers et al. studied the conversion of CO2 in the GAP 
reactor, yielding as highest CO2 conversion 8.6% and an energy 
efficiency EE of 30% at an energy cost EC of 39 kJ/L.[12] The 
group PLASMANT also investigated DRM in the GAP, achieving 
absolute CO2 and CH4 conversions of about 24% and 42%, or 
effective conversions of about 18% and 10%, respectively, at a 
CH4 fraction of 25% in the gas flow, corresponding to an EC of 10 
kJ/L and an EE of 66%.[24] In a later study, the same group 
reported DRM upon addition of N2 and O2 in the same GAP 
reactor, and obtained absolute CO2 conversions between 31% 
and 52%, and CH4 conversions between 55 and 99%, 
corresponding to a total EC of 13 – 20 kJ/L (or 3.4 - 5.0 eV/molec), 
depending on the gas mixture.[33] Recently, the addition of only N2 
on the DRM process was studied, and it was found that 20% N2 
addition yields CO2 and CH4 absolute conversions of 29 and 36%. 
However, these values rise notably upon N2 addition, up to 48% 
for CO2 and 61% for CH4 at 80% N2.[34] 

To fully make use of the heat produced by the GA plasma, 
research has been focused on establishing synergistic effects of 
heterogeneous catalysis in combination with the plasma. Zhang 
et al. reported a combination of a GA plasma with a post-plasma 
TiO2 bed for CO2 splitting.[35] Simulation of the addition of the post-
plasma catalyst bed indicated that a strong backflow was formed 
and experiments confirmed an enhancement in reaction 
performance. Notably, when the distance between the plasma 

reactor outlet and the catalyst bed was only 5 mm, fluctuations in 
CO2 conversion and EE occurred at flow rates lower than 4 L/min. 
A synergistic effect was observed because the presence of TiO2 
enhanced the CO2 conversion from 4.6 to 10.8% and the EE from 
5.4 to 12.6% at a gas flow rate of 2 L/min. In another study, 25% 
increase of CH4 conversion, 20% increase of CO2 conversion, 
around 30% increase in H2 yield and about 22% increase in EE 
were achieved when combining a NiO/Al2O3 catalyst post-plasma 
with a GA plasma in DRM.[36] Significant improvements were 
obtained when a GA plasma was combined with a Ni/CeO2/Al2O3 
catalyst post-plasma and extra heating was supplied to the 
catalyst by a tubular furnace.[37] When there was no extra heating, 
the performance of the plasma with catalyst was almost the same 
as the plasma alone. This could be explained because of the low 
temperature (around 300-500 °C) of the plasma gas effluent, at 
which range the catalyst was inactive for DRM. When the tubular 
furnace was heated, the combined effect of plasma and catalyst 
resulted in an increase in CO2 and CH4 conversion, from about 
25% and 39% in plasma alone, and 62% and 46% in thermal 
catalysis, to 70% and 59% in the case of plasma catalysis with 
heating, respectively. Hence, the temperature at the outlet of the 
plasma GAP reactor is important when combining it with a post-
plasma catalytic bed. Nevertheless, to our knowledge, little 
literature reported on the variation of temperature after plasma in 
relation to the gas composition used. 

In this paper, we employed a GAP setup, which was reported 
before,[38] to investigate the impact of additives such as N2, CH4, 
and H2O vapor on the CO2 conversion. We aim to provide 
suggestions for selecting optimal conditions for enhanced CO2 
conversion. Moreover, we recorded the temperature after the 
plasma, offering insights in where to position the catalyst in a post-
plasma catalysis (PPC) system. Additionally, we performed 
simulations to analyze the temperature distribution within the GAP 
reactor and post-plasma reactor tube, providing a potential view 
for designing post-plasma catalysis systems. 

Results and Discussion 

CO2 and CH4 conversion 

To quantify the CO2 and CH4 conversions, the absolute and 
effective conversions of these two gases were defined. The 
absolute conversion (Figure 1, solid lines), or simply called 
“conversion”, gives a direct comparison between the different 
configurations, while the effective conversion (Figure 1, dash 
lines) considers the dilution of CO2 or CO2/CH4 in N2, which is 
relevant for application and economics as this dilutes and thus 
limits the products formed.
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Figure 1. Conversion of CO2 and CH4 as a function of gas composition, gas flow rate and relative humidity (RH). (A) CO2 conversion in CO2/N2 mixture: Total gas 
flow rate = 10 L/min, N2 fraction varying from 0% to 80%. (B-D) CO2 and CH4 conversion in CO2/CH4/N2 mixture (B,C), and with H2O addition (D): (B) Total gas flow 
rate varied from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio varied between 0.6 and 1.67. (D) Total gas flow 
rate = 8 L/min, CO2/CH4/N2 = 1/1/8, H2O amount varied between 0% and 100% RH. 

Figure 1 presents the conversions of CO2 and CH4 in different 
gas mixtures. In the CO2/N2 gas composition, a significant 
increase in absolute conversion of CO2 is observed when N2 was 
added into CO2 from 0% to 80%, as shown in Figure 1A. The 
value especially increases significantly when the N2 fraction rises 
from 60% to 80%. A maximum absolute conversion of 13% was 
obtained for a N2 fraction of 80%. Therefore, N2 in the feed gas is 
beneficial for converting CO2. The reason for this was explained 
already in literature: the CO2 conversion in a GAP is most effective 
through the vibrational levels and the high N2 vibrational levels 
help to populate the CO2 vibrational levels.[38] It is interesting to 
note that at N2 fractions of 50% and 60%, the CO2 absolute 
conversion remained almost the same. This trend is similar as the 
trend in temperature (Figure 6A) at N2 fraction of 50% and 60%. 
On the one hand, N2 is contributing to the CO2 conversion, by 
collisions between vibrationally or electronically excited levels of 
N2, which help in the dissociation of CO2, but the effect of course 
becomes relatively less pronounced at higher N2 fractions. On the 
other hand, the CO2 conversion also rises upon higher 
temperature, as the conversion proceeds mainly by thermal 
chemistry, and because the temperature does not increase in this 
range (cf. Figure 6A), the CO2 conversion also stays constant. 
Moreover, at N2 fractions above 60%, the CO2 conversion 
increased much more. The temperature data, as shown in Figure 
6A, shows a similar trend. It seems that the N2 promotion effect at 
fractions below 50% is weaker than at fractions above 60%. For 
the fraction between 50% and 60%, a combined effect results in 
the CO2 conversion and gas temperature remaining almost the 
same, which is probably because the energy transfer from N2, 
which increases the gas temperature (the mechanism for it is 
explained in the followed temperature part), compensates the 
energy needed for the rise in CO2 conversion. 

For the effective conversion of CO2, however, because of the 
decreasing CO2 fraction in the mixture, the effective conversion of 

CO2 shows the opposite trend, with first a slight increase from 4% 
to 4.7% up to 20% N2 fraction, and then a drop to 2.7% with 
increasing N2 fraction. As the N2 fraction is lower than 50%, the 
increase in absolute CO2 conversion can, to some extent, 
compensate for the lower concentration of CO2, but with a higher 
N2 fraction, the rise in conversion is not enough to compensate 
for the drop in CO2 conversion.[38] 

At the same gas flow rate of 10 L/min, once CH4 is added into 
the mixture (Figure 1B), the absolute conversion of CO2 increases 
to 43%, more than three times the maximum value in the CO2/N2 
mixture. Moreover, the conversion of CO2 increases upon 
decreasing gas flow rate, reaching its highest value of 61% at a 
flow rate of 6 L/min. The reason that the highest conversion is 
obtained at the lowest flow rate is due to the longer residence time, 
giving sufficient time for more gas molecules to react in the 
plasma region. It should be noticed that when the gas flow rate 
was increased from 6 L/min to 12 L/min, the pressure of the inlet 
gas also increased a bit, as measured by the pressure gauge, 
shown in the Supporting Information; see experimental section, 
Figure S1. Furthermore, at higher flow rates (e.g., 14 L/min), 
plasma ignition was very difficult, and the plasma arc became 
unstable. Besides this, the conversion of CH4 is always higher 
than that of CO2 because the energy needed for the plasma-
based decomposition of CH4 is lower than that for CO2, due to the 
lower bond strength to break the C-H vs C=O bond (i.e., 4.48 eV 
vs 5.52 eV).[33] Since the ratio of CO2/CH4 did not change in Figure 
1B, the effective conversions of both CO2 and CH4 show the same 
trend as the absolute conversions, but the values are obviously 
lower. As shown in Figure 2B, although a higher CO2 conversion 
was obtained at lower flow rates, the cathode can be seriously 
damaged. Therefore, we used a gas flow rate of 8 L/min, at which 
the cathode was safe, to study how the CO2/CH4 ratio affects the 
conversion results. 
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Figure 2. Photographs of (A) clean reactor cathode, and (B) after reaction with 
a gas flow rate of 6 L/min, indicating clear damage of the cathode. 

Figure 1C illustrates that a higher CO2/CH4 ratio slightly 
increases the absolute conversion of CH4 from 64% to 69%, while 
the conversion of CO2 first decreases a bit from about 58% 
(CO2/CH4 ratio of 0.6) to 51% (CO2/CH4 ratio of 0.78) and then 
stays generally constant. However, different from the absolute 
conversion, the effective conversion of CH4 decreases 
significantly from 40% to 26% as the CO2 fraction increases, while 
the CO2 effective conversion shows an obvious increase from 
22% to 32%. These conversion values are in line with previous 
results obtained for the GAP in CO2/CH4/N2 mixtures,[34] but they 
give additional insights into how to adjust the CO2/CH4 ratio for 
achieving better results. 

For the PPC system, the outlet gas of the plasma will be 
utilized as the feed gas for the catalyst to further convert the 
unreacted reactants or the products from the plasma. This 
catalyst is a thermal catalyst, which will possibly suffer from 
deactivation due to coke deposition. Addition of H2O can help to 
decrease the formation of solid carbon, as well as produce more 
H2.[39] Therefore, we also added H2O into the feed gas. Compared 
with DRM without water, adding water causes a serious drop in 
the absolute conversion of CO2, from 55% to 22% for a RH 
ranging from 0% to 100% (Figure 1D). This is attributed to the 
drop in electron density, as water is trapping the electrons.[39] 
Another reason is probably that the OH radicals produced by 
water splitting react with CO, forming CO2 again, as revealed by 
detailed chemical kinetics modeling for DBD plasma, where a 
similar effect was observed.[40] The CH4 conversion decreases 
less, from 68% to 58%. The effective conversions of CO2 and CH4 
show the same, but less significant decreasing tendency. This is 
different from literature, where it was reported that the CH4 
conversion increases as the molar ratio of H2O molecules to 
carbon atoms increases from 0 to 0.58.[39] This may be due to the 
difference in CO2/CH4 ratio. They used a 1.5 times higher ratio 
than what we used (ratio of 1). 

Products selectivity and H2/CO ratio 

As is clear from Figure 3A, the selectivities of CO and H2 both 
increase slightly upon increasing gas flow rate, from 68% to 75%, 
and from 80% to 85%, respectively. In contrast, the selectivity of 
C2H2 first drops from 22 to 18%, and then remains constant 
around 19% upon higher gas flow rates. The H2/CO ratio shows 
a similar trend, as it decreases firstly from 1.6 to 1.5 and then 
remains constant at a ratio of 1.4. 

As the CO2/CH4 ratio increases from 0.6 to 1.67, the 
selectivity of CO keeps increasing from 45% to 93%, while the 

selectivity of H2 remains at a high level above 81% and fluctuates 
around 90%, and the selectivity of C2H2 decreases from 31 to 11% 
(Figure 3B). In previous research with the GAP,[34] a constant 
CO2/CH4 ratio of 1 was used, and the focus was on the optimal 
effective conversion and EC, which were achieved with 20% N2. 
However, the CO and H2 selectivities were almost the lowest at 
this N2 fraction, compared with other N2 fractions. Our results 
indicate that these selectivities may be enhanced by increasing 
the CO2/CH4 ratio. 

 
Figure 3. (A, B) Selectivity of CO, H2, C2H2 (left y-axes) and H2/CO ratio (green 
curves, right y-axes), and © selectivity of CO and C2H2 (dashed lines, left y-axis), 
yield of H2 and CO (solid lines, left y-axis) and H2/CO ratio (right y-axis), as a 
function of  gas flow rate (A), gas composition (B) and RH (C). (A) The total gas 
flow rate varied from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (B) Total gas flow rate 
= 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio varied between 0.6 and 1.67. (C) Total 
gas flow rate = 8 L/min, CO2/CH4/N2 = 1/1/8, the H2O amount varied between 
0% and 100% RH. 
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Figure 4. Photographs of post-plasma reactor tube and the Raman spectrum of 
the solid carbon product collected from the GAP DRM in the (B) case, at a total 
gas flow rate of 8 L/min, N2 = 6.4 L/min, for (A) CO2/CH4 = 1.67, (B) CO2/CH4 = 
0.6, (C) Raman spectrum of carbon collected in the (B) case. 

Figure 4 compares photographs of the post-plasma reactor 
tube when using CO2/CH4 ratios of 0.6 and 1.67. With higher CO2 
fraction, there was no visible carbon deposition on the inside wall 
of reactor (Figure 4A), while serious carbon deposition was visible 
when more CH4 was added into the feed gas (Figure 4B). We 
believe this is because the carbon produced from methane 
(CHସ → C + 2Hଶ  ∆H଴ = 75.6 𝑘𝐽 𝑚𝑜𝑙⁄ ) reacts directly with CO2 or 
with the oxygen atom produced by CO2, promoting the CO 
production. Indeed, such reactions were demonstrated to happen 
also when placing a carbon bed after the GAP plasma reactor, as 
demonstrated by detailed chemistry modeling.[41] This also 
explains why the C2H2 selectivity decreases, as more C atoms 
recombine with O atoms to form CO rather than C2H2. Raman 
spectroscopy, as shown in Figure. 4C, was employed to analyze 
the composition of the carbon on the reactor’s inner wall. Distinct 
carbon signals were detected at around 1346 cm-1 (D band) and 
1574 cm-1 (G band), with an ID/IG value of 0.79. The D band 
appears due to the defects of the product, and the G band reflects 
the in-plane sp2 carbon vibrations. The value of ID/IG is used to 
evaluate the defects of the product: the larger the value, the 
smaller the size of the product.[18,42] Additionally, a 2D band at 
2678 cm-1 was observed, which is typically attributed to the 
overtone of the D band.[18] Although the conversions of CO2 and 
CH4 change only slightly for different CO2/CH4 ratios, relatively 
more H2 is produced than CO at lower CO2/CH4 ratio, creating a 
maximum H2/CO ratio of 2.7. This is interesting for further use of 
the syngas via Fischer-Tropsch synthesis, for example, to 
produce methanol, for which the ideal H2/CO ratio is equal to 2.[43] 

The selectivity of CO increases significantly once H2O was 
added into the feed gas (Figure 3C), although the conversion 
decreases (Figure 1D) due to the water-gas shift reaction 
(WGSR) (𝐶𝑂 + 𝐻ଶ𝑂 → 𝐶𝑂ଶ + 𝐻ଶ, ∆𝐻଴ = −42.1 𝑘𝐽 𝑚𝑜𝑙⁄ ). This can 

be explained by the higher number of O atoms produced from the 
H2O molecules, enhancing the oxidation of carbon-containing 
species (deposited carbon or hydrocarbon species) into CO. This 
results in the general increasing trend of CO selectivity. Vice 
versa, the C2H2 selectivity decreases upon H2O addition. 
Literature reported that the formation of hydrocarbons was 
strongly affected by the decomposition of CH4 into CH3, CH2, and 
CH. The addition of H2O limited the formation of CH, which was 
proven by optical emission spectrometry,[39] leading to less C2H2 
formation. Although the outlet water was collected, it was 
impossible to precisely estimate how much water participated in 
the reaction, because part of the water condensed and adhered 
on the walls of the cooling device. Therefore, it was difficult to 
calculate the H2 selectivity in a reliable way in this system and the 
values will not be used here. Upon increasing RH from 10% to 
100%, the yield of H2 exhibited a decrease, as a lot of the H2O 
was not involved in the plasma reaction. However, the relative 
amount of H2 produced increased with addition of H2O. As shown 
in Figure 3C (green line), the H2/CO ratio drops at first for 10% 
RH and then increases with increasing amount of H2O. This is 
because at low RH, the CO amount increases more than that of 
H2, leading to a slight decrease of the ratio. As the RH further 
increases, the H2 amount continues to increase, while the CO 
amount already reached its maximum at 40% RH. 

Specific energy input and energy cost  

Figure 5 illustrates the specific energy input (SEI) and energy 
cost (EC) for the various conditions investigated. When only 
N2/CO2 was used for the plasma reaction, the SEI fluctuated 
between 1.3 and 1.7 kJ/L (Figure. 5A), suggesting that the 
changes of the gas composition had only small effect on the value 
of the SEI, as the current was fixed and the power changed only 
little with gas composition. Different from the SEI, the EC 
generally exhibits an increasing tendency. With pure CO2, the EC 
is 17.1 kJ/L. This value decreases slightly to 15.1 kJ/L as the 
fraction of N2 increases to 20%. It rises however to 36.1 kJ/L at a 
higher N2 fraction of 40%, fluctuates around this value up to 60% 
N2 and then increases to 48 kJ/L with 80% N2 used. This is directly 
correlated to the lower effective CO2 conversion upon higher N2 
fraction, and is most likely due to the higher fraction of energy 
used to activate the N2 molecules rather than CO2. 

When increasing the gas flow rate and keeping the gas ratio 
of CO2/CH4/N2 at 1/1/8 (Figure 5B), the SEI decreases linearly, 
which is logical, as the SEI is inversely proportional to the gas flow 
rate (see Supporting Information, Eq. S5). However, the EC 
fluctuates between 5.6 and 6.2 kJ/L, with a maximum value at a 
gas flow rate of 6 L/min. As the EC is relatively stable, the gas 
flow rate seems to have little effect on the energy needed for 
molecules to be converted. More or less the same can be 
concluded about the effect of the CO2/CH4 ratio, because the SEI 
and EC steadily decrease only from 3.7 to 3.2 kJ/L and from 6.1 
to 5.6 kJ/L, upon increasing the CO2/CH4 ratio (Figure 5C). The 
effect of different N2 contents on the EC for DRM, at a CO2/CH4 
ratio of 1, was also studied in,[34] and 20% N2 addition yielded the 
lowest EC, in line with our results (Figure 5A). Moreover, the EC 
can be further slightly reduced by increasing the CO2/CH4 ratio, 
as indicated by our results (Figure 5C). 
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Figure 5. SEI and EC as a function of gas composition, gas flow rate and RH. (A) Total gas flow rate = 10 L/min, N2 fraction in CO2 varied from 0% to 80%. (B) 
The total gas flow rate varied from 6 to 12 L/min, CO2/CH4/N2 = 1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio varied between 0.6 and 
1.67. (D) Total gas flow rate = 8 L/min, CO2/CH4/N2 = 1/1/8, H2O amount varied between 0% and 100% RH. 

When H2O is added, the SEI and EC show similar trends 
(Figure 5D): they decline significantly from 3.5 kJ/L and 5.8 kJ/L 
to 1.7 kJ/L and 2.9 kJ/L for 10% RH, followed by an increase to 
1.9 kJ/L and 4 kJ/L, for 70% RH. Finally, a small decrease in SEI 
to 1.8 kJ/L but a slightly higher EC of 4.5 kJ/L is observed with 
100% RH. Generally, the introduction of H2O thus results in a 
lower SEI and EC for the conversion. 

Temperature after the plasma 

Figure. 6 illustrates the measured post-plasma temperature, 
at three different distances from the plasma exhaust, for all 
conditions investigated. All experiments were repeated at least 
three times, and the detailed temperature data as a function of 
time, as well as more detailed information, are presented in Figure 
S3-6. The following conclusions can be drawn from Figure S3-6: 
(1) The more CO2 in the N2/CO2 system, the more stable is the 
temperatures measured after plasma, suggesting that CO2 is 
beneficial for giving a stable plasma flame. The reason that N2 
addition increases the gas temperature is that the N2 molecules 
can acquire energy from the plasma, most of which cannot be 
used for chemical reaction due to the strong triple bond of N2, and 
it can only be vibrationally excited, after which the vibrational 
levels eventually relax their acquired energy, increasing the gas 
temperature.[34] (2) Adding CH4 into the N2/CO2 system results in 
an unstable plasma flame but a generally stable temperature at 
the same position after plasma. (3) Addition of H2O (RH ≥ 40%) 
makes the plasma flame unstable in the first 10 minutes, resulting 
in a sudden decrease in temperature. This could be due to 
condensed H2O inside the cathode, formed during the flushing 
time. 

The temperatures after 10 and 20 minutes of plasma 
operation at all different conditions are summarized in Figure 6. 

When N2 is added into CO2 (Figure 6A), the temperatures 
increases at all three distances from the plasma exhaust. As the 
N2 fraction increases, the temperature at 4.9 cm increases 
significantly from 324 °C with pure CO2 to 569 °C with pure N2. 
Although relatively stable in temperature up to 60% N2, a sharp 
increase happens when the N2 concentration is over 60%. 
Moreover, the temperatures at 10 and 20 minutes are almost the 
same, suggesting that the temperature was stable after 10 
minutes plasma, which was also proven by the data in Figure S3. 

Upon adding CH4 into the CO2/N2 mixture and fixing the gas 
ratio of CO2/CH4 to 1 (Figure 6B), the temperature at 4.9 cm first 
increases upon rising gas flow rate, reaching a maximum value of 
516 °C at 10 L/min and then it drops to 481 °C at 12 L/min. 
However, different from the CO2/N2 system, in which the 
temperature at 9.8 cm and 14.6 cm showed the same trends as 
at 4.9 cm, the temperature at lower position (9.8 cm) now drops 
from 417 °C at 8 L/min to 373 °C at 10 L/min, while at 14.6 cm it 
drops from about 330 °C at 8 L/min to 280 °C at 10 L/min. The 
lowest temperature at a distance of 9.8 cm and 14.6 cm was 
measured at a gas flow rate of 10 L/min. The higher temperature 
might have contributed to the higher conversions of CO2 and CH4 
as the dry reforming reaction is endothermic. Besides this, as 
shown in Figure 2B, the cathode melted at 6 L/min, suggesting a 
higher gas flow rate is necessary. 

At fixed gas flow rate, changing the CO2/CH4 ratio causes 
some fluctuation in the temperature at 4.9 cm, in the range 
between 467 °C and 501 °C after 10 min plasma reaction (Figure 
6C). After 20 min, at the same positions, the reactions with higher 
CO2 fractions had lower temperature differences with the 
measurements at 10 min, suggesting that more CO2 present in 
the gas flow yields more stable temperatures. This is in 
accordance with the results in Figure 6A, where higher CO2 
fractions resulted in lower but more stable plasma temperatures. 
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Figure 6. Temperature at 4.9 cm, 9.8 cm, and 14.6 cm after the plasma reactor, for 10 min and 20 min plasma operation, as a function of gas composition, gas flow 
rate and RH. (A) Total gas flow rate = 10 L/min, N2 fraction in CO2 varied from 0% to 100%. (B) The total gas flow rate varied from 6 to 12 L/min, CO2/CH4/N2 = 
1/1/8. (C) Total gas flow rate = 8 L/min, N2 = 6.4 L/min, CO2/CH4 ratio varied between 0.6 and 1.67. (D) Total gas flow rate = 8 L/min, CO2/CH4/N2 = 1/1/8, H2O 
amount varied between 0% and 100% RH. 

Finally, upon H2O addition (Figure 6D), the temperature at 
4.9 cm first slightly increases and then decreases once the H2O 
content is over 70% RH. This could be due to the high heat 
capacity of H2O, which adsorbes more heat. At 100% RH, as 
shown in Figure. S6, the plasma was not stable anymore, leading 
to lower gas temperatures after the plasma in 10 min. Note that 
at 9.8 cm, with 40% RH, the temperature dropped from 427 °C to 
380 °C (Figure 6D). The reason for this is however unclear. 

Computational results and considerations for the post-
plasma catalyst bed 

Figure. 7 shows the temperature profile in the GAP reactor 
as calculated by the 3D CFD model. The figure shows that the 
gas temperature reaches values close to 3500 K in the center of 
the plasma, which is in line with the calculated gas temperatures 
for CO2 and CH4 plasmas in the GAP from previous work.[32,34] 
Once the gas reaches the outlet of the reactor, it has cooled down 
to a gas temperature of around 1100 K. Figure 8A shows the gas 
temperature profile beyond the GAP reactor in the post-plasma 
reactor tube, as calculated by the 2D axisymmetric CFD model. 
This profile shows how the gas cools down further as it leaves the 
reactor body and flows through the post-plasma reactor tube. 
From this profile it is clear that the heat of the exhaust gas is not 
transported evenly over the whole volume of the tube, but is 
concentrated in the center of the reactor. This is attributed to the 
high gas flow velocity that is present as the gas flows out through 
the small reactor outlet, as demonstrated by the calculated gas 
flow velocity profile in Figure 8B. The high gas flow drags the heat 
along through convective heat transport, leaving no time for the 
gas to diffuse in the radial direction through conductive heat 
transport. 

 
Figure 7. Calculated gas temperature profile in the GAP reactor for a 1/1/8 
CO2/CH4/N2 gas mixture and a flow rate of 8 L/min. 

 
Figure 8. (A) Calculated gas temperature profile and (B) calculated flow velocity 
profile in the post-plasma reactor tube for a 1/1/8 CO2/CH4/N2 mixture gas 
mixture and a flow rate of 8 L/min. 
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This has important implications for considering a post-plasma 
catalyst bed inside the tube, as catalysts located in the center of 
the tube will experience a significantly higher temperature 
compared to catalysts near the edge of the tube. As the activity, 
selectivity and stability of a catalyst are strongly dependent on the 
temperature, this is an important factor for the post-plasma 
catalyst process in combination with GAP reactors. For the 
implementation of a post-plasma catalyst bed, it could thus prove 
beneficial to disturb the centralized flow stream, by e.g. modifying 
the reactor outlet with a nozzle, introducing more gas mixing 
and/or more radial heat transport in the post-plasma tube. 
Introducing the catalyst bed in the tube will also, to some degree, 
already introduce some disturbance to the central flow stream. In 
addition, the experimental results (Figure 6 and Figure S3-S6) 
show a different temperature depending on the distance of the 
catalyst bed from the plasma exhaust. It should also be realized 
that the presence of a catalyst bed will alter the flow behavior and 
heat transfer,[35] thus necessitating further assessment of the 
temperature profile once a catalyst bed has been implemented. 
Nonetheless, our study of the post-plasma zone temperature 
profile without catalysts has already provided insights into how 
and where to implement the catalysts, laying a foundation for 
future studies. Finally, also the feed composition will have an 
influence on temperature and exhaust gas composition, as 
demonstrated by the above results and discussion in the 
temperature part, that can also affect the catalytic performance. 

 
Figure 9. Comparison of temperature measured and modelled for the GAP 
reactor, as a function of distance from the reactor outlet, at a gas flow rate of 8 
L/min and gas composition CO2/CH4/N2 = 1/1/8. 

Figure 9 displays the axial temperature profile in the center 
of the post-plasma reactor tube, as calculated by the 2D 
axisymmetric CFD model, and compared to the thermocouple 
measurements shown in Figure 6, serving as a validation for the 
modelling results. While some deviation in absolute values is 
present and the trend is not the same, a decreasing temperature 
is observed in both the model and experiments. In general, these 
results can give us a better idea of where to place a post-plasma 
catalyst bed. Combined with the experimental results of thermal 

catalytic DRM,[44–46] which indicated that a temperature above 
500 °C is necessary for the catalysts to show catalytic activity, we 
recommend that the distance of a post-plasma catalyst bed 
should be shorter than 4.9 cm. Considering the closer the 
distance from the plasma exhaust, the higher the temperature will 
be, as well as the possible backflow effect caused by the addition 
of a catalyst bed,[35] the distance of a post-plasma catalysis bed 
should be carefully investigated. 

Conclusion 
We have experimentally investigated the impact of the 

addition of N2, N2/CH4 (varying gas flow rate and CO2/CH4 ratios), 
and N2/CH4/H2O on the CO2 (and CH4) conversion, product 
selectivity and EC in a GAP. We also measured the temperature 
at three different distances from the plasma exhaust (4.9 cm, 9.8 
cm, and 14.6 cm), and we calculated the temperature distribution 
inside the GAP and in the post-plasma reactor tube by 
computational fluid dynamics simulations, to provide insights for 
potential post-plasma catalyst applications. 

Generally, the following conclusions can be drawn: 
(1) The addition of N2 enhances the absolute conversion of 

CO2 from 4% without N2 to 13% with 80% N2, although the 
effective conversion decreases due to dilution of CO2. As a result 
of the latter, the EC increases significantly upon rising N2 fraction. 
Considering that industrial gas emissions contain significant 
amounts of N2, a mixture with 80% N2 content, to achieve high 
absolute CO2 conversion, is a reasonable choice, while lower N2 
contents may be more beneficial if the higher EC is the most 
critical parameter. 

(2) The addition of CH4 in combination with N2 results in a 
more complex situation. At fixed CO2/CH4 ratio of 1, increasing 
the gas flow rate from 6 L/min to 12 L/min causes a drop in the 
CO2 and CH4 conversions, selectivity of C2H2, ratio of H2/CO and 
EC, while the selectivity of CO and H2 shows an increasing trend. 
Moreover, the low gas flow rate of 6 L/min damaged the cathode. 
Increasing the CO2/CH4 ratio from 0.6 to 1.67 resulted in an 
increase in the absolute conversion of CH4, while the absolute 
conversion of CO2 decreased. However, the effective conversion 
of CH4 and CO2 exhibited opposite trends. Besides this, the 
selectivity of C2H2, the H2/CO ratio, SEI, and EC all decreased 
with increasing fraction of CO2. Considering the damage of the 
GAP device at too low flow rates, and the obtained results for CO2 
and CH4 conversion, CO and H2 selectivity, we believe that 8 
L/min with CO2/CH4/N2 = 1/1/8 is a quite optimal condition. 

(3) The addition of H2O suppressed the conversion of CO2 
and CH4, with a more pronounced effect on the former, leading to 
a decrease in the absolute CO2 conversion from 55% at 0% RH 
to 22% at 100% RH. However, as the CH4 conversion was less 
affected, this improved the H2/CO ratio from 1.45 to 2. 
Furthermore, the SEI and EC both decreased significantly when 
H2O was added (between 10 and 40% RH) but then increased as 
the amount of H2O increased. Thus, H2O addition can help to 
improve the H2 production and decrease the EC, albeit at the 
expense of some CO2 conversion, which both help to increase the 
produced H2/CO ratio. This is beneficial for the further processing 
of syngas into other chemicals. However, the amount of H2O 
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addition should be carefully studied, as too much H2O will affect 
the plasma stability and the post-plasma temperature. 

(4) Our measured temperature data suggest that N2 dilution 
above 60% will increase the outlet gas temperature. When adding 
N2/CH4 or N2/CH4/H2O, no dramatic changes were observed, and 
the temperatures at three distances from the exhaust generally 
ranged between 470-520 °C at 4.9 cm, 370-440 °C at 9.8 cm, and 
330-350 °C at 14.6 cm. In order to make optimal use of the heat 
produced by the plasma, for activating post-plasma catalysts, the 
catalyst bed should thus be placed quite close to the GAP reactor 
exhaust, dependent on the temperature required for the catalytic 
process. However, considering the catalyst stability and the effect 
of active sites sintering at too high temperature, the distance 
should also not be too close to avoid destroying the catalyst. 

(5) Our CFD simulations indicate that the exhaust gas 
temperature is not transported uniformly over the post-plasma 
reactor tube but is concentrated in the center. This is also 
important for considering a post-plasma catalyst bed. Moreover, 
the simulations confirmed the decreasing temperature with 
increasing distance from the plasma exhaust. 

In summary, our paper provides valuable insights into 
selecting suitable reaction conditions to achieve higher CO2 (and 
CH4) conversion, lower energy costs, and higher syngas 
production, also important for post-plasma catalysis, as the 
exhaust gas of the plasma serves as the feed gas for the post-
plasma catalytic reaction. Furthermore, the measured and 
calculated temperature profiles offer valuable information to 
design and position a post-plasma catalyst bed, taking the 
temperature distribution and gradients over the post-plasma 
reactor tube into account, as well as the impact of gas 
composition (e.g. dilution) on the post-plasma temperature. 

Experimental and computational section 

Details on the experimental setup and the computational 
description, the configurations for plasma reaction, gas products 
analysis, including how to correct for the gas expansion, the 
equations defined for conversion, product selectivities, yield, 
specific energy input and energy cost, and temperature data are 
provided in the Supporting Information 

Supporting Information 

The detailed experimental, computational description and 
temperature data  are provided in the Supporting Information. 
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