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Abstract

Nanosecond pulsed discharge plasma shows a high degree of non-equilibrium, and
exhibits relatively high conversions in the dry reforming of methane. To further improve
the application, a good insight of the underlying mechanisms is desired. We developed a
chemical kinetics model to explore the underlying plasma chemistry in nanosecond pulsed
discharge. We compared the calculated conversions and product selectivities with
experimental results, and found reasonable agreement in a wide range of specific energy
input. Hence, the chemical kinetics model is able to provide insight in the underlying
plasma chemistry. The modelling results predict that the most important dissociation
reaction of CO, and CH, is electron impact dissociation. C,H, is the most abundant
hydrocarbon product, and it is mainly formed upon reaction of two CH; radicals.
Furthermore, the vibrational excitation levels of CO, contribute for 85% to the total
dissociation of COs.

1. Introduction

Increasing energy demands result in high consumptions of fossil fuels, yielding serious
environmental problems, such as global warming [1]. CH4 and CO; are two important



greenhouse gases, causing global warming, so dry reforming of methane (DRM) is gaining
increasing interest [2], to convert CO, and CH, into syngas (mixture of H,/CQO), which can
further be converted into higher value chemicals and fuels by Fischer-Tropsch synthesis
[3-5].

A promising technology for DRM is based on plasma, which has gained significant
interest in the past decades [6-22]. Much work has been performed in a dielectric barrier
discharge (DBD) [7-10], which can easily generate a stable plasma in a simple reactor
design. Other discharge types are also used for DRM, such as corona discharges [11, 12],
spark discharges [13-16], gliding arc (GA) discharges [17-20], microwave (MW)
discharges [21, 22], atmospheric pressure glow discharges[23,24] and nanosecond pulsed
discharges (NPD) [25]. Nanosecond repetitive pulses are beneficial to generate a high
power density, highly energetic electrons and abundant active species [26, 27], which can
significantly improve the reaction performance. Scapinello et al. applied an atmospheric
pressure NPD for DRM, and obtained CO, and CH,4 conversions up to 45% and 50%,
respectively [25]. The energy conversion efficiency (ECE) was reported to be about 60%,
which is much larger than obtained for DBD, corona discharge and MW discharge. To
further improve the application, a good insight of the underlying mechanisms is desired,
which can be obtained by computer modelling of the plasma chemistry. Chemical kinetics
modeling can provide information about the most important chemical reaction pathways,
and has been applied for DRM in several kinds of discharges, such as GA discharge [18-
20] and DBD [28-30], but to our knowledge not yet for NPDs.

Therefore, in this paper we present a chemical kinetics model to investigate the
underlying plasma chemistry of DRM in NPD. For validation of the model, we compare
the calculated conversion and product selectivity with experimental results. Furthermore,
we explore the most important loss and formation processes of CO, and CH,, as well as
the most important product formation processes. Based on the insight of the main chemistry
mechanisms by the chemical kinetics model, some suggestions are given to further improve
the conversions or regulate the product selectivity.

2. Model description



2.1. Zero-dimensional (0D) chemical kinetics model

We used a 0D chemical kinetics model, called ZDPlasKin [31], to describe the plasma
chemistry. This model calculates the species densities as a function of time by solving a
set of continuity equations for all species, including the electrons, in which the time
evolution of species i is computed using the equation:

d N jmax
% = ZQij (t) (1)
t o
where N; represents the number density of species i (in cm=), Qj;; represents the source
rates of species i corresponding to different reactions j, and jmax is the total number of

reactions giving rise to production of loss of that species, respectively.
The typical reactions in the plasma can be expressed as:
aA+bB [+6¢]—>a'A+cC [+J¢] (2)

in which A, B and C represent the species; a, a’, b and ¢ represent the stoichiometric
coefficients of reactants or reaction products; and J. represents the energy needed or
released by the reaction. The reaction rate constant is expressed as:

R; =k; [A]a [B]b 3)

where k; is the rate constant of reaction j (in cm?® s or cm® s for two-body or three-body
reactions, respectively). So the source rates of species A, B, C corresponding to the above
reaction are:

QA = (al—a)R, QB =-bR, QC =CR (4)
2.2. Chemistry set

The chemistry set used in this study was adopted from previous models developed for
DRM in DBD and GA plasma[18,32], and it includes the vibrational levels of CO,, CO,
O, Ha, as well as two levels for CH4 and H,O, besides various radicals, molecules, ions,
electronic excited species and the electrons (see details in table 1 and table 2). More
information about the reaction rate coefficients and the cross section can also be found in
Ref. [33,34,43-49,35-42]. In the experimental results, the recoveries of both carbon,
oxygen and hydrogen are total at low energy input (lower than 3 kJ dm™3), and the lack of
oxygen mass balance for higher energy input is mainly attributed to water formation [25],



S0 it is reasonable to assume that there are no oxygenated compounds in the products, or
their density is low enough to be ignored. Furthermore, for DRM in other spark discharges,
the hydrogen mass balance is almost 100%, only considering H,, hydrocarbons, and H,O
[14,16,50]. Therefore, oxygenated compounds are not included in our chemistry set. About
3000 reactions are considered, including electron impact reactions, electron-ion
recombination reactions, ion-ion, ion-neutral and neutral-neutral reactions, as well as
vibration-translation (VT) and vibration-vibration (VV) relaxation reactions. These
reactions are exactly the same as in the model of DRM by GA discharge [18], except that
the reactions of the oxygenates are removed; so we refer to Ref. 18 for more information.
In this model of DRM by GA discharge, the densities of oxygenated compounds were 7 or
8 orders of magnitude lower than the density of the main products (i.e., H, and CO).

Table 1: Species taken into account in the OD model.*

Neutral molecules Charged species radicals Excited species
CO,, CO CO,", CO4, COY, C.0,C,Co COxVa Vi, Ve, Va)**,
C202", C205", C20,4", CO; (V1-Va1), CO2(Ey),
C,", C*, COs, COs CO (V1-V1), CO (E1-Ey)
Oz, O3 0%, 0%, 0,5, 0,0, ©O Oz (V1-Va), O2(Es-E»),
O3, Oy O(1D), O(19)
CH,4 CHs*, CH,*, CH3", CHjs, CH,, CH4(V1, V2)
CH,*, CH", CH
CoHe, CoHg, CoHz,  CoHg™, CoHs™, CoHy*,  CaHs, CaHs,
CsHs, C3Hs CoHs*, CoHp", CoHY  CoH, CsHy,
C3H5
H> Hs*, Hy™, HY, H™ H Hz(Vl-V14), Hz(El),
H(2P)
H.0, H,0; HsO*, H,O", OH*, OH, HO, H,O(V1,V2)
OH"~
electrons



* The symbols ‘V’ and ‘E’ between brackets for CO2, CH4, CO and Oz represent the vibrationally
and electronically excited levels of these species, respectively. The notation, energy and identification of
all excited levels is given in Table 2.

** Symbols ‘a-d” and ‘1-21’ represent the effective symmetric mode levels at low energy, and the
asymmetric mode vibrational levels of COz, respectively.

Table 2: Notation, corresponding energy and identification of the excited levels
considered in the model (cf. Table 1).

Notation Energy(eV) Identification
Effective symmetric CO; (Va) 0.083 (010
vibrational CO;z (Vb) 0.167 (020)+(100)
mode levels of CO> CO: (Vo) 0.252 (030)+(110)

CO; (Va) 0.339 040)+(120)+(200)
Asymmetric CO; (V1) 0.29 (001)
vibrational CO; (V2) 0.58 (002
mode levels of CO> CO; (Vs) 0.86 (003)

CO2 (Va) 1.14 (004)

CO: (Vs) 1.43 (005)

CO2 (Ve) 1.70 (006)

CO: (V7) 1.97 007)

CO: (Ve) 2.24 (008)

CO; (Vo) 2.51 (009

CO; (V1o) 2.77 (0010)

CO; (V1) 3.03 (0011)

CO; (V12) 3.29 (0012

CO; (V13) 3.55 (0013)

CO; (V14) 3.80 (0014

CO: (Vis) 4.04 (0015

CO: (V1) 4.29 (0016)

CO; (V17) 4.53 (0017)

CO2 (V1) 4.77 (0018)

CO; (V19) 5.01 (0019)

CO; (V20) 5.24 (0020)

CO2 (V21) 5.47 (0021)
Electronically CO; (Ey) 7.0 Au

excited level of CO;



Vibrational levels of
CO

Electronically excited
levels of CO

Vibrational levels of O»

Vibrational levels of
CHg4

Vibrational and
electronically excited
levels of H, and H

CO (V1)
CO (V)
CO (Vs)
CO (V)
CO (Vs)
CO (Ve)
CO (V7)
CO (Vg)
CO (Vo)
CO (V)

CO (Ey)
CO (E2)
CO (Es)
CO (Ey)

0, (Vs)
0, (V>)
0, (Va)
0, (Va)

CH, (V1)
CH, (V)

H, (V1)
H, (V)
H, (Vs)
H, (V4)
H, (Vs)
H, (Vs)
H, (V7)
Ha (Vs)
Ha (Vo)
Hz (V10)
H, (V11)
H, (V12)
H2 (V13)
H2 (V14)
H2(Ey)
H(?P)

0.266
0.528
0.787
1.040
1.300
1.540
1.790
2.030
2.270
2.510

6.22
7.90
10.4
10.6

0.19
0.38
0.57
0.75

0.162
0.361

0.516
1.0
1.46
1.88
2.28
2.646
2.98
3.28
3.56
3.746
4.016
4.2
4.3
4.424
8.9
10.2

AT

A1

AT, DA, B3, B3E
Cl%, EUT, B, I'Z, DA

B3z



2.3. 0D description of the NPD

The nanosecond pulsed discharge studied in this work is based on the experimental setup
used in Ref. 25. The reactor consists of two brass disc electrodes (diameter 8 mm), placed
in a quartz tube with an internal diameter of 10 mm, as shown in figure 1. The plasma is
generated in a plane-to-plane configuration. The inter-electrode gap is 2.5 mm. The gas
enters the reactor through holes in the top (high voltage, HV) electrode and leaves through
holes in the bottom (grounded) electrode, so in the model we consider it as a plug flow
reactor (see below). The input gas flow rate varies between 200 and 600 sccm, which
translates in a residence time in the discharge between 36 and 12 ms, respectively. The
applied voltage is a triangular pulse with a duration time of 12 ns, and a peak voltage of
15.8 kV, shown in Figure 1(b). The peak discharge current is about 180 A, measured by an
I/V converter. The instantaneous (peak) power is about 2.4 MW, which is calculated as the
product of voltage and current, and because there is a time delay between both of 2.15 ns.
The pulse energy is the time integral of the instantaneous power, and is thus equal to about
12 mJ [25] (see also Table 3 below).

MFC 1 Oscilloscope
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HV probe
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>
| x [
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MFC: mass flow controller; pGC: micro gas chromatograph; time (ns)

GC-MS: gas chromatography—-mass spectrometer.

Figure 1. Schematic diagram of the experimental setup (a) and high voltage pulse (b) used in the model.

Furthermore, to model the NPD with a 0D model, we had to make some assumptions:

(1) We assume that the spark discharge channel has a length of 2.5 mm (equal to the inter-
electrode gap), and a radius of 2 mm. It was observed in the experiments that these spark
channels randomly appear between the electrodes, which means that electrons and other



reactive species can accumulate in the gap. Consequently, the reactions probably not only
take place in the discharge channels, but also in a bit larger space. As the radius of a spark
channel was reported to be 0.4 - 1.5 mm, but the radius of the gas temperature fields is a
little bit larger [51,52], we use a bit larger radius (2 mm) to account for this effect. The
radius of the region with high gas temperature and of the reactive species distribution area
is larger than the discharge channel radius [53]. Especially the diameter of the afterglow
region (which is still characterized by a high temperature and reactive species) increases
compared to the radius of the spark channel. It is found that the diameter of the afterglow
region increases to be larger than 3 mm after 200 ps, according to the calculations of

Castela about NPD of a methane-air mixture [51]. Therefore, we use a bit larger radius (2
mm) to avoid underestimating the contribution of the reactions between the reactive species,
which are determined by the higher temperature. Note that this is different from our
previous model, where a constant diameter of 0.4 mm during the pulse, increasing in the
afterglow, was assumed [35]. Indeed, the setup is different here (plane-to-plane
configuration vs pin-to-sphere configuration in Ref. [35]). In this plane-to-plane
configuration, as the discharge channels are not fixed, but appear randomly in the electrode
gap, it is not possible to determine the initial gas temperature for each discharge channel,
and their radius may be different for each channel, so we believe this new assumption, i.e.,
an average radius, is more reasonable for the setup under study here.

(2) Since the spark discharge channels appear randomly, not all molecules will pass
through the discharge channels within each period of the applied voltage, which means that
the time between pulses (i.e. called the afterglow in the calculations) must be longer. If we
assume that the number of periods for the molecules to pass through one discharge channel
IS 6puise, then the afterglow time can be calculated as:

tafterglow = tbetween + (6pulse - 1)(tpulse + tbetween)i (5)

where tpyise aNd tyerween 1S the pulse time and the time in between two pulses. As the
radius of the electrodes and discharge channels is 4 mm and 2 mm, respectively, the
electrode area can contain 4 discharge channels. Considering the randomness and overlap
of the discharge channels, on average the discharge can cover the whole reactor every 5-
10 pulse periods. We thus assumed that each molecule experiences 1 microdischarge in 8
cycles of the applied voltage, i.e., §pyise = 8, tpuise IS 12 NS, and tperpeen 1S 0.33-10 ms,
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for a pulse frequency ranging from 100 Hz to 3 kHz, based on the experiments [25]. The
number of discharge channels that the gas molecules can pass thorough in the residence
time is t,/(touisedtHtatergoiw). THis assumption is found to give reasonable agreement between
calculation results and experiments (see below). Moreover, varying this value affects the
absolute numbers of the species densities and the conversion of CO,/CH,4 to some extent,
but it was not found to change the overall picture of the important pathways (see section
3.1).

It should be noted that memory effects have been found in high frequency air DBD
plasma. This effect is significantly influenced by many factors, such as metastable species,
free electrons, residual conductivity, positive ions, gas heating, and surface charges [55].
However, in the experiment of the nanosecond pulsed spark discharge, the discharge
channel is observed as explosive and thin, and successive discharges in the burst do not fill
the same area, i.e., the discharge is in a collisional environment which cannot be well
characterized [56]. Furthermore, memory effect generally occurs during long-term
operation. As the residence time of gas molecules in our study is in the range of 12 to 36 ms,
we didn’t consider the memory effect in this model. High speed camera and ICCD images
should be used to investigate the discharge channel and gain more insight about the
memory effect in future work.

(3) We assume an average gas temperature of 1500 K in the model, based on reported
experimental values of NPDs in methane and methane-air mixtures[51,52,57]. In principle,
the gas temperature evolves over time in the discharge. However, as the discharge channels
randomly appear, and it is not possible to determine the initial gas temperature of each
discharge channel, it is also not possible to calculate the gas temperature evolution within
each discharge channel in the 0D model. We thus assume an average gas temperature.

It is valuable to determine the gas temperature profile in future experiments with a fixed
electrode configuration to get a stable discharge distribution.

The plasma is treated as a “plug flow reactor”, assumed to be a radially homogeneous
plasma with uniform species density and neglecting species transport in the radial direction,
only considering axial transport. Although the 0D model calculates the species densities
only as a function of time, it also allows following the axial variation of the plasma

quantities. Indeed, it considers a volume that moves at a velocity v calculated as:

9



Fm
Y= 50A (6)

where Fp, is the gas flow rate; A = nr? is the discharge channel cross-section area; and r is
the discharge channel radius (2 mm).

By means of this velocity, the time dependence of the 0D chemical kinetics model can
be converted into an axial dependence throughout the discharge channel. Therefore, it is
possible to express the power density as a function of travelled distance x=vt. In the
discharge process, we consider a triangular power density profile given by:

{l—x_(xﬁa"JrL/zHP ifx. . <x<x.. +L
den:

P L / 2 max ! start start (7)
0, otherwise

where L is the discharge channel length (2.5 mm); Xsart IS the axial coordinate at which the
plasma starts; and Ppax IS the maximum power density (see Figure 2).

=)% Epulse (‘J )

{ ()AL (8)

max
tpulse

where Epuise 1S the HV pulse energy (see table 3); A is the discharge channel cross-section
area; and L is the discharge channel length (2.5 mm).

max

Power density

-

L
Figure 2 Power density profile considered in the model.

Although the model is 0D and only calculates the species densities as a function of time
(with equation 1 in section 2.1 above), the time dependence can be translated into a spatial
dependence (i.e., travelled distance of the gas through a plug flow reactor), by means of
the gas flow velocity, because of the equivalence between a batch reactor and a plug flow
reactor [29,32,58]. Therefore, this 0D model is also often called a quasi-1D mode

10



[20,24,59]. The model calculates, among others, the species densities as a function of time,
or position in the gap between both electrodes (travelled distance), as well as the rates of
the various chemical reactions, from which the reaction pathways for production and loss
of all species can be obtained. The electron energy distribution function can also be
calculated by the Boltzmann equation for electrons using the integrated Boltzmann solver
(Bolsig+) in ZDPlaskin. Note that the electron energy mentioned in this paper is the
average electron energy.

In addition, we also calculated the conversion and product selectivities, in a wide range
of specific energy input (SEI), in order to validate the model. The SEI is defined as:

P(W)x60(s min™) _ f (Hz)x E, . (J) x60(s min™) ©)

SEI(kIL") =
®, (sccm) ®, (sccm)

where P is the power of the NPD, f is the pulse repetition frequency, ranging from 100 Hz
to 3 kHz, Epuise is the HV pulse energy, and @; is the total gas flow rate. The SEI can thus
be varied by changing the gas flow rate, the HV pulse repetition frequency or the pulse
energy.

The calculated reactant conversions are defined as:

n.v

rivi

X, (%)= (1—M]x100%, for r =CO,, CH, (10)

where n,. , and v, are the number density (in cm™) and gas velocity (in cm s*) of reactant
r at the outlet, and n,.; and v; are the number density and gas velocity at the inlet, i.e., at
room temperature.

The calculated product selectivity is defined as:

n,v
o, = o x100% (11)
2(nCH4,iVi - nCHA,oVo)

gC — NeoVo
« (nCHA,i + nCOZ,i)Vi - (nCH4,o + nCOZ,o)Vo

x100% (12)

XNe gy Vg
s¢ =y & x100% (13)
Xy (nCHA,i + nCOZ,i)Vi _(nCH4,0 + ncoz,o)vo
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YAUSTRA

CH4,iVi - nCH4,oV0

st = x100% (14)
Cetly Xzy: 4(n

The superscript C or H denotes whether it is carbon-based on hydrogen-based selectivity.
3. Results and Discussion
3.1. Validation of the model

Before we use this 0D chemical kinetics model to analyze the underlying mechanisms
of DRM in the NPD, we validate it against the experimental data for conversion and
product selectivity. The calculated and measured conversions of CO, and CH, are plotted
in figure 3 as a function of SEI, for the conditions studied in ref. 25, as listed in Table 3.
The rising trends in CO, conversion (figure 3a) and CH,4 conversion (figure 3b) are
correctly predicted by the model, and excellent quantitative agreement between
calculations and experiments is reached for the CO, conversion, while the agreement for
the CH, conversion is still within the experimental error bars.

Table 3: Conditions studied in the calculations and experiments. [25] "

Discharge Pulse energy Pulse repetition Total gas flow
SEI(kJ/L)

power (W) (mJ) frequency (kHz) rate (sccm)
2.3 18.9 12.6 15 500
2.9 24.4 12.2 2 500
3.5 29.2 11.7 2.5 500
3.8 38.0 12.7 3 600
4.3 35.5 11.8 3 500
5.1 33.8 11.3 3 400
6.6 32.9 11.0 3 300
8.5 28.2 11.3 2.5 200
10.0 33.2 111 3 200

“For all the conditions, the ratio of CO,/CH, is 1/1.

Note that in the experiments, the SEI is varied up to 10 kJ/L, by varying the total gas
flow rate or the repetition frequency of the nanosecond pulsed high voltage. From table 3,
we can see that keeping the repetition frequency at 3 kHz, decreasing the gas flow rate
from 600 to 200 sccm means that the SEI is increasing from 3.8 to 10 kJ/L, and the

12



conversion of both CO, and CHj, increase. The reason is that the lower gas flow rate leads
to a longer residence time of the gas molecules in the discharge channel. When keeping the
gas flow rate constant, increasing the repetition frequency also enhances the conversion of
CO; and CH,. This is because increasing the repetition frequency allows the molecules to
go through more discharge channels in a fixed residence time. We found that by changing
the total gas flow rate or the repetition frequency, when the SEI remains constant, similar
results are obtained (both of the conversion and products selectivities). Jurkovic et al also
found that the SEI dependence of CH,4 conversion is the same for all flow rates, while there
is only a little bit deviations for the CO, conversion (see figure 5 in Ref. [60]). These results
show that the different SEI modifying methods, namely repetition frequency of voltage,
plasma power and gas flow rate, do not drastically change the SEI dependence of
conversion. Although in our study the SEI is changed by either changing the gas flow rate
or the repetition frequency of the nanosecond pulsed voltage, comparison for the effect of
SEI makes sense regardless of the method.

(o2}
o

60

(a) --e--Experiment (b) --e- Experiment
—s=— Simulation —=a— Simulation }
£ 45- } |85 +
c ,// c . .”//
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g /%/’ = i e
o o R
(&) -~ (&} “
o' 15- + T 151 gj
RRe %
0 % 0

7 8 9 10 2 3 9 10

3 5 6 4 5 6 7
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Figure 3. Measured and calculated (a) CO- conversion and (b) CH4 conversion as a function of SEI.

To validate the model, we also investigated the effect of the assumption of the number
of periods for the molecules to pass through one discharge channel dpuise (in assumption 2,
see section 3.3). The calculated results with different dpuse, in terms of conversion and
contribution of the important loss process in DRM are shown in table 4 (for SEI of 5.1
kJ/L). The results show that varying this value affects the conversion of CO,/CHg, but it
was not found to obviously change the contributions of the important pathways, namely,
no change in the order of importance of reactions (for the detailed analysis of the reaction
pathways see section 3.3). As the calculated conversions using dpuse =8 show good
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agreement with the experimental results, we assume that each molecule experiences 1
microdischarge in 8 cycles of the applied voltage. We realize that a 0D model is only an
approximation, but a complete 3D model of the NPD, that accounts for the detailed
chemistry, as well as the detailed spatial and temporal effects, would be too complex at this
stage, and lead to prohibitively long calculation times. Therefore, this 0D model, despite
its limitations, is considered to be acceptable, especially because it can describe the detailed
chemistry within a reasonable computation time.

Table 4: Effect of dpuse On the calculated conversion and important loss process of
CcoO, and CH..*

Experiment Pulse2 Pulse4 Pulse8 Pulse12 Pulse 16

CO:

Conversion 16.81% 63.86% 34.33% 17.04%  9.54% 7.03%
Dissociation process

CO2te—>CO+0+e 551%  55.6% 56.3%  57.1% 58.1%
CO2+H — CO + OH 349% 34.1% 32.7%  30.7% 29%
CO,+M—->CO+0+M 10% 10.3% 11% 12.2% 13%
CHy4

Conversion 25.83% 59.71% 36.78% 21.76% 13.06%  10.06%
Dissociation process

CHste—CHs3+H+e 36.6%  359%  35% 34.8% 34.3%
CHs+H — CH; + H» 17.5% 172% 16.8%  16.4% 16.2%
CH4 + OH — CH3 + H20 14% 14.6% 15.5% 15.7% 16.1%
CHs+ 0O — CH3; + OH 16.9% 16.4% 16% 15.8% 15.8%
CH4 + CoHs — CHs + CaHe 4% 48%  5.6% 5.8% 5.9%
CHs+M —->CH; +H+M 3.8% 4.1% 4% 4.3% 4.7%

* The SEl is 5.1 kJ/L

The calculated and measured (C-based and H-based) selectivities of the products are
plotted against SEI values in figure 4. The calculated CO and H; selectivities are more or
less consistent with the experimental result within the experimental error. Furthermore, the
decreasing trends of the hydrocarbon selectivity upon increasing SEI are also reproduced
in the model. In general, we consider the agreement between calculated and measured
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selectivities as fairly good, in view of the complex chemistry and the approximations that
we had to make in the 0D model to describe the NPD.

100 @ 100 3]
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Figure 4. Measured and calculated product selectivity of (a) CO and hydrocarbons (with respect to carbon), and
(b) H2 and hydrocarbons (with respect to hydrogen).

3.2 Calculated species densities in the NPD plasma

Figure 5 shows the time evolution of the most important species densities, during the
first pulse (12 ns) and afterglow (tqftergiow = 2.7 ms, at the pulse frequency of 3 kHz
investigated here). We consider a 1/1 ratio of CO,/CHy, and the SEI is 5.1 kJ/L. Figure 5(a,
b) illustrates the stable molecules produced from DRM, in which the hydrocarbons are
generated in the afterglow, much later than CO and H.. In contrast, the densities of the
radicals, ions and electrons, depicted in figure 5(c, d), also vary significantly during the
pulse, but drop to negligible values after the pulse. Compared with the ions, the radicals
have higher densities (typically more than an order of magnitude) and a considerably longer
lifetime in the afterglow.
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Figure 5. Calculated densities of the most important species formed in the plasma, i.e., CO and H, molecules (a),
hydrocarbons (b), radicals (c), ions and electrons (d), as a function of time during one pulse (12 ns) and afterglow
(i.e., 2.7 ms at the pulse frequency of 3 kHz studied here). The SEI is 5.1 kJ/L. The cyan region in the figure
indicates the pulse time (12 ns). Note that in order to show the densities clearly, the density scales in the figures
are different.

From the densities of the syngas components, CO and H; (depicted in figure 5(a)), we
can deduce that the H,/CO ratio during and shortly after the pulse is about 0.5. However,
after about 600 ns, the CO density stays almost constant, while the H, density continues to
increase, and at the end of the afterglow, before the next pulse starts, the H, density
becomes slightly higher than the CO density. This is because most of the CO molecules
are formed by electron impact dissociation of CO; (contribution of 56% here, see section
3.3.1) during the pulse (which is characterized by a high electron density, in the order of
10% ¢cm™ at the conditions under study here; see figure 4(d)), while the most important
production of H; is the reaction between CH,4 and H radicals and the dissociation reaction
of C,H, (contribution of 60% and 21%, respectively, see section 3.3.1), in which the latter
reaction mainly occurs in the afterglow.

For the densities of the hydrocarbon molecules, i.e., C;Hg, C2H4, CoH2, and CsHg, plotted
in figure 5(b), we can see that CsHg is formed later than the C, hydrocarbons, because it is
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created by reactions between C, hydrocarbons and radicals (or H,, CHy, see section 3.3.2).
The densities of C,Hs and C,H,4 decrease in the afterglow, whereas the densities of C3Hg
and especially C,H, continue to grow. After 1 ms, the density of C,H, is higher than for
the other hydrocarbons, i.e., C,H; is predicted to be the most abundant hydrocarbon product
in the NPD, similar to a GA discharge or spark discharge [7,16,18], while in a DBD, C,Hg
Is the dominant hydrocarbon product [10].

From figure 5(c) we can see that CH3 and H are the most important radicals, as they are
formed directly upon electron impact dissociation of CH4. Note that the CH; and H
densities are even higher than the molecule densities during the pulse, but they recombine
into stable molecules immediately after the pulse. The lifetime of these radicals is about
0.15- 3 ps.

The positive ions (e.g., CHs", CH,", and CO,") and electrons are only present during the
pulse (see figure 5(d)), as they recombine immediately after the pulse, and thus become
negligible when there is no power deposition anymore. O is also formed during the pulse,
but a bit later than the positive ions. The densities of the ions are, however, one order of
magnitude lower than the densities of molecules and radicals in the plasma.

3.3. Underlying plasma chemistry of DRM in the NPD

As the agreement between calculated and measured conversions and product
selectivities is quite good, in a wide range of SEI values, our chemical kinetics model can
most probably provide a realistic picture of the plasma chemistry of DRM in the NPD.
Therefore, we can now explore the underlying plasma chemistry in more detail, i.e., the
loss and formation processes of CO, and CH,, and the formation of the important products,
as predicted by the model, and we do this again for a 1/1 ratio of CO,/CH,.

3.3.1 Loss and formation processes of CO, and CH,

Figure 6 illustrates the time-integrated rates and the relative contributions of the major
loss and formation processes of CO., as a function of SEI. As is clear from figure 6(a, c),
electron impact dissociation of CO, into CO and O is the dominant loss process, with a
relative contribution around 54-60% in the entire SEI range. This is different from DRM
in DBD and GA, where the reaction of CO, with H atoms, yielding CO and OH is most
important [18,30]. This reaction is also the second most important loss channel of CO; in
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our case, with a relative contribution of 25-40%, slightly rising upon higher SEI values.
The dissociation reaction upon collision with any molecule M only has a minor
contribution of about 5-14%, slightly decreasing upon higher SEI values. Note that we take
here the sum of the dissociation reactions from the ground state and vibrational levels of
CO,, but the relative contribution of the different levels to CO; loss will be discussed in
section 3.4.
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Figure 6. Time-integrated rates (a, b) and relative contributions (c, d) of the most important loss (a, ¢) and
formation (b, d) processes of COg, as a function of SEI. The total time-integrated loss and formation rates are also
indicated in (a, b), in grey dashed lines.

As shown in figure 6(b, d), the charge transfer reaction of CH4 with CO," is the most
significant formation process of CO,, with a relative contribution around 45-80%,
decreasing upon higher SEI. The reaction between CO and OH radicals becomes gradually
more important with increasing SEI (from 20% to 40%), while the reaction of C,0 with O;
has a minor contribution (up to 10%) to the production of CO..
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When comparing the rates of the loss and formation reactions (figure 6(a, b)), it is clear
that CO, formation is one order of magnitude less important than CO, loss. In other words,
the rates of the reverse reactions (e.g., reaction of CH4 with CO,", and recombination of
CO with OH radicals into CO, and H) are less than 10% of the forward reaction rates (loss
of COy).

If we take a look at the CH,4 loss processes, the most important reaction is again electron
impact dissociation of CH, into CH3 and H, as shown in figure 7(a, c), with a relative
contribution of 25-40%, rising with SEI. This is also different from DRM in a GA, where
the reaction of CH,4 with OH radicals is the dominant CH, loss process [18]. This reaction
Is also important in the NPD, as well as the reaction with H or O atoms, which contribute
each for about 10-20% to the CH, dissociation, in the entire SEI range. Finally, C,Hs
radicals and other molecules M also contribute to CH, dissociation, but their contributions
are less than 10%. Bouwman et al. [61] recently presented new cross sections for electron
impact dissociation of CH, into CH; and H, and reported that the values for electron
energies in the range of 10-30 eV are higher than other published data sets. However, the
average electron energy is around 4-7 eV in all our calculated conditions, and the maximum
electron energy for the highest SEI (10 kJ/L) is about 8.6 eV. So it should not affect our
results.

It is thus clear that the electrons play a more important role in the NPD than in GA
plasma, for both CO, and CH, dissociation, because a lot of electrons are created during
the short intense pulses, and with high enough energy to cause electron impact dissociation.
Indeed, the reduced electric field in the NPD is above 200 Td insides the pulses, while it is
only 50-100 Td in GA plasma [18]. This yields an electron energy around 4-7 eV
(compared to 1-2 eV in GA plasma), which is high enough for direct electron impact
dissociation of the CH, and CO, molecules (typically through electronic dissociative
excitation from both ground and vibrational states, see table 4 in sec.3.4).

Figure 7(b, d) shows that three-body recombination of CH; and H is the dominant
formation process of CH4, with a contribution of 45-60%. This three-body recombination
reaction is an exothermic reaction, which means that it can give rise to gas heating. On the
other hand, the gas heating in NPD can also be attributed to VT relaxation of CO,, as 80%
of CO; is populated into vibrational states during the pulse duration (see section 3.4).
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However, as the discharge channels randomly appear in this NPD configuration, it is not
possible to determine the initial gas temperature for each discharge channel and to calculate
the evolution of the gas temperature. In our previous work about NPD of CO,, it is found
that three-body recombination of CO and O, as well as VT relaxation, which transfers
energy from the CO, vibrational levels into translational modes of freedom, both contribute
on average with 35% to the overall gas heating [54]. Other recombination reactions of CHj,
I.e., with C,Hg, CoHs, and Hy, also contribute to the formation of CH4, for about 20-30%,
15%, and 5%, respectively. They can also give rise to gas heating.
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Figure 7. Time-integrated rates (a, b) and relative contributions (c, d) of the most important loss (a, ¢) and
formation (b, d) processes of CHy, as a function of SEI. The total time-integrated loss and formation rates are also
indicated in (a, b), in grey dashed lines.

It is important to note that the total formation rate of CH, is only about 50% lower than
the total loss rate (see figure 7(a, b)). This means that a significant fraction of the CHs
radicals produced upon (mainly electron impact) dissociation of CH,4 during the pulses,
will recombine again with H atoms (and other radicals/molecules) into CH,4 in between two
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pulses. This is different from the dissociation of CO,, where the formation rate was only
about 10% of the loss rate (see figure 6(a, b) above).

In other words, when comparing figure 6(a) with figure 7(a), we can see that the total
loss rate of CH,4 is almost an order of magnitude higher than the total loss rate of CO.,
which is explained by the lower C-H bond dissociation energy compared to the C=0 double
bond dissociation energy, facilitating electron impact dissociation, but because the
formation rate of CH, is only 50% lower than the loss rate, the net dissociation rate of CH,
Is comparable to the net dissociation rate of CO,, as evidenced by the similar conversions,
plotted in figure 3. A similar behavior was reported for DRM in DBD plasmas, where the
absolute CH, dissociation was higher but occurred mainly during the pulses (i.e., micro-
discharge filaments), and recombination took place in between the pulses, while the CO,
dissociation rate was lower, but occurred both during and in between the pulses [29].

3.3.2 Formation processes of the important products

As the main product of DRM is syngas (CO and H,), we present in figure 8 the relative
contributions of the major formation processes of H, and CO. Electron impact dissociation
of CO, is the dominant formation process of CO, with a nearly constant contribution of 50%
over the entire SEI range investigated. It is followed by the reaction between CO, and H
radicals, which contributes for 20-30%, rising with SELI. In addition, some other reactions
also contribute to CO formation, but with relative contributions below 10%.

It is clear from figure 8(b) that the most important production process of H; is the
reaction of CH, with H radicals (contribution of 50 - 80%, clearly rising with increasing
SEl), producing H, and CHjs radicals. Furthermore, dissociation of C,H, upon collision with
any molecule M is also an important formation process of H,, contributing for 20% in the
entire SEI range. Another electron impact dissociation process of CH, into CH; and H; also
contributes for about 10 - 20% to H, formation, decreasing upon higher SEI. Finally, the
reaction of CH; with O atoms contributes for 15% to H, formation at low SEI (lower than
5.1 kJ/L), but it becomes of minor importance at high SEI values.
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Figure 8. Relative contributions of the most important formation processes of CO (a) and H; (b) as a function of

SEI.

The light hydrocarbons are also significant products of DRM in the NPD. The relative
contributions of the most important formation processes of these hydrocarbons are plotted
in figure 9. The dominant formation process of C;H; is the reaction between two CH,
radicals, as well as the reaction of C,H, with any molecules M (contributing for 30-45%
and 15-39%, decreasing upon higher SEI; see figure 9(a)). The reaction between C,H3"
ions and H,O is also quite important, especially at high SEI (where it contributes up to
23%). Besides, electron impact dissociation of CsHs, and reaction of CsHs with any
molecules M also contribute (for 3-10% and 4-15%, respectively) to the formation of C,H,.

By far the most important formation reaction of C,Hj, is the reaction of CH; and C,Hs
radicals, with a contribution of about 75% in the entire SEI range; see figure 9(b). Other
formation processes are the recombination of CHs and CH, radicals, as well as the reactions
of CH,4 with C,H3 or H, but they contribute for less than 20%.

Figure 9(c) shows that the three-body recombination of two CHj; radicals is the most
important formation process of C,Hs, with a contribution of 55-65%. The reaction of CH,
with C;Hs also plays an important role, contributing for 22-38%, decreasing upon rising
SEI, while the reaction of C,Hswith H; is of minor importance.

Finally, the dominant formation channel for CsHs is three-body recombination of CHs
and C,Hs radicals, which contributes for more than 90% (see figure 9(d)). Other formation
reactions, i.e., reactions of CsH; with H, or CH,4 only contribute for a few % to the formation
of CsHs.
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3.3.3 Overall reaction pathways for the conversion of CH4 and CO into the major

products

Figure 10 presents an overview of the dominant reaction pathways of CO, and CH,4
conversion into the major products (including CO, H, higher hydrocarbons and water).
The thickness of the arrow lines corresponds to the relative importance of the net reactions
(i.e., forward minus back reaction). We can conclude that CH, is dissociated into CH3 and
CH. radicals (by electron impact reaction and reaction with H, OH or O radicals), which
can recombine into higher hydrocarbons (i.e., CoH,, C,H4, C2Hg, C3Hsg). The dissociation
of CH, and of these hydrocarbons also produces H,. The dissociation of CO,, mainly
caused by electron impact reaction and reaction with H atoms, forms CO and O, and the O
atoms react further into water via an intermediate step of OH radicals (formed upon

reaction of O atoms with CH,4 and its dissociations product, i.e., CH3 radicals).
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Figure 10. The dominant reactions pathways of DRM in the NPD for a SEI of 5.1 kJ/L. The ratio of CH4/CO; is
1/1. The thickness of the arrow lines indicates the importance of the reaction path.

When we compare this figure with the reaction pathways for DRM in a DBD (cf. figure
11 in Ref. [62]), it is clear that the dehydrogenation process of CH4 in'a NPD is much more
prominent than in a DBD, i.e., CH,4 is mainly dissociated into CHj3 radicals (recombining
mostly into C,Hs) in a DBD, while CH,4 can be directly dissociated into CH3;, CH, and CH
radicals by electron impact reaction in a NPD. Furthermore, C atoms can also be directly
formed by electron impact dissociation of CH, (note however that the production rate of C
atoms is three orders of magnitude lower than the CH3 production rate, so it is indicated by
a thin grey line in figure 10). This is because the NPD has a higher electron density and
electron energy, i.e., in our case, the electron density and energy are about 10* cm= and 4
- 7eV (depending on the SEI), respectively, while the electron density and energy in a
DBD are about 10" cm= and 3 eV, respectively [29]. Hence, the density of CH; radicals is
much higher than in a DBD, so that C,H, becomes the most abundant hydrocarbon product
in the NPD, because the recombination reaction of two CH, radicals is the most important
production process of C,H,, as shown in figure 9(a). Moreover, the higher temperature in
the NPD, causing the dissociation of the higher hydrocarbons (i.e., C,H, and C3Hs) upon
collision with any molecules M (see figure 9(a)), also enhanced the formation of C,H,.

Compared with the reaction pathways in a GA discharge[18], where reactions with
radicals (OH, H, O) are most prominent, the main loss processes of both CH, and CO; in
the NPD are electron impact dissociation. This is again because the reduced electric field
in the NPD is much higher than in a GA plasma, resulting in a higher electron energy in
the NPD. It should be pointed out that, although C,H; has the highest concentration of the
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hydrocarbon products both in NPD and GA discharge, its production processes are
different. The recombination reaction of two CH, radicals is the most important production
process of C;H; in the NPD, while the most important production process of C,H, in a GA
discharge is the dissociation of higher hydrocarbons, which is the second important
production process in the NPD. The difference is attributed to the fact that the GA plasma
has a very high gas temperature (i.e., around 3500 K in the arc colume, and ca. 2700 K in
the thermal area around it) [18], while we assume an average gas temperature of 1500 K
for the NPD in our model, based on experiments for methane and methane/air mixtures
(see section 2.3 above).

Oxygenated compounds are not included in our chemistry set, but it does not affect our
model to describe the underlying plasma chemistry of DRM in the NPD, as oxygenated
compounds were also not detected in the experiments [25]. Furthermore, also according to
the model for the GA discharge, where these oxygenated compounds were included, their
densities were 7 or 8 orders of magnitude lower than the density of the main products (i.e.,
H, and CO) in DRM in the GA discharge [18].

3.4. Role of the CO,, vibrational levels in DRM by the NPD

As presented in section 2, we have taken into account several vibrational levels in our
model, with most emphasis to the CO; vibrational levels, as they play an important role in
CO; dissociation in various types of plasmas, such as MW [62-65] and GA plasmas [66—
71], as well as in NPD in pure CO, [54]. Figure 11 shows the vibrational distribution
function (VDF) of CO; in the NPD at five different times, i.e., at 0 ns (the initial time,
where the CO, vibrational population is calculated according to a Boltzmann distribution
at the plasma gas temperature, i.e., 1500 K in our case), at 1 ns (corresponding to the
beginning of the pulse), 6 ns (at the maximum of the pulse), 12 ns (end of the pulse), and
2.7 ms (i.e. at the end of the afterglow). The corresponding vibrational temperatures, which
can be considered as a measure of the vibrational population, are also presented in figure 11
(in the same color as the curves). They are calculated by the population of CO,(V1) and
CO2(V2)), but the dashed lines (in the same color) indicate the densities of all levels
(according to the Boltzmann distributions at these temperatures).
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Figure 11. Vibrational distribution function (VDF) of CO- in the NPD at different times within one pulse (until 12
ns) and after the pulse (2.7 ms), at an SEI of 5.1 kJ/L. The notations ‘0’, ‘a-d” and ‘1-21” in the x-axis
represent the CO; ground state, the effective symmetric mode levels, and the asymmetric mode
vibrational levels up to the dissociation limit, respectively. Besides the calculated VDFs (solid lines), the
so-called vibrational temperature is also indicated (next to the curve, in the same color); it is calculated
from the population of CO2(V1) and CO2(V2), but the dashed lines indicate the population of the higher
levels according to this temperature, following a Boltzmann distribution.

Once the pulse power is applied, CO; is populated immediately into vibrational states
from the ground state. During the pulse (until 12 ns), the vibrational levels are primarily
populated by electron impact excitation, and at the end of the pulse, about 50 % and 30%
of CO; is excited into the symmetric (a-d) and asymmetric (1-21) mode levels, respectively,
while only 20% is in the CO, ground state. During the pulse, the VDF of CO; is far from
thermal equilibrium, corresponding to a high vibrational temperature. The highest
vibrational temperature of 4904 K is reached at the end of the pulse, which is almost 3
times the gas temperature. This means that the NPD plasma is clearly non-thermal. After
pulse termination, the density of the high vibrational levels rapidly decreases. This is
because the high vibrational levels relax significantly faster than the low vibrational levels,
as the vibration-translation (VT) and vibration-vibration (VV?) relaxation rates increase for
higher vibrational levels [63]. The VDF of the asymmetric mode levels becomes thermal
at 2.7 ms (with a vibrational temperature of 1557 K, close to the gas temperature), while
the symmetric mode levels are still significantly populated.

As the vibrational levels of CO; are quite important during the pulse, we calculated their
contributions to the loss processes of CO,; see figure 12 and table 4. Electron impact
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dissociation from the CO, vibrational levels contributes for 74%, mainly from the four
effective symmetric mode levels (52%) and the lower (V1-V4) or middle asymmetric mode
levels (V5-V15) (16% and 6%, respectively), while the same process from the CO, ground
state contributes for 26%. In addition, dissociation upon reaction of CO, with H atoms
mostly occurs from the middle vibrational levels (V5-V15) with a contribution of 92.7%.
Indeed, the energy of the middle vibrational levels is comparable to or even higher than the
activation energy of reaction between CO, and H atoms. As the activation energy of the
reaction of CO, with any molecule M is much higher (5.6 eV), the dissociation by this
reaction is almost entirely from the highest vibrational levels (V16-V21) (98.9%), while
the middle vibrational levels only contribute for 1.1%, and the ground state, the four
effective symmetric mode levels and the four lower asymmetric mode levels have nearly
no contribution to this dissociation process. When looking at the overall CO, dissociation,
the vibrational levels contribute for 85%, and the symmetric mode levels, low, middle and
highest asymmetric mode levels all seem important (see figure 11 and table 6), while the
ground state only contributes for 15%. Thus, vibrational excitation plays a crucial role for
CO; dissociation in DRM by NPD.
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Figure 12. Contribution of the CO; ground state and the various vibrational levels to the total dissociation of CO5,
at an SEI of 5.1 kJ/L. Note that in this case only the dissociation reactions are accounted for, and not the reverse
reactions.

27



Table 5: Contribution of the CO2ground state, symmetric mode levels (Va-Vd), lower (V1-V4), middle (V5-V15),
and higher (V16-V21) asymmetric mode vibrational levels to the total CO2dissociation, and to the different
mechanisms

Ground state Va-vd V1-V4 V5-V15 V16-V21

Total dissociation 15% 30% 10% 34% 11%
CO,+e->CO+0O+e 26% 52% 16% 6% 0%

CO;+H - CO+ OH 0.3% 1.8% 3.6% 92.7% 1.6%
CO;,+M->CO+0+M 0% 0% 0% 1.1% 98.9%

When looking at the individual mechanisms important for the CO, ground state and the
various vibrational levels (shown in table 6), we see that dissociation from the ground state
proceeds mainly by electron impact (99%). Note that this is electron impact dissociation
by excitation to a repulsive excited state (so-called excitation-dissociation). For the low
vibrational levels, i.e., the symmetric mode levels (Va -Vd) and the lower asymmetric
mode levels (V1-V4), most of the dissociation (98% and 88%, respectively) also occurs
from electron impact excitation-dissociation. On the other hand, the collision with H atoms
Is the most important dissociation reaction from the middle levels (V5-V15), with a
contribution of 89%, while electron impact dissociation only contributes for about 10%.
For the highest vibrational level (V16-V21), dissociation upon reaction with any molecule
M become most important (95%), while the reaction with H atoms and electron impact
excitation-dissociation only contribute for 4.7% and 0.2%, respectively.

Table 6: Contribution of the individual dissociation mechanisms for the COzground state, symmetric mode levels
(Va-Vd), lower (V1-V4), middle (V5-V15), and higher (V16-V21) asymmetric mode vibrational levels

Ground state  Va-Vd V1-V4 V5-V15  V16-V21

CO,+e>CO+0+e 99.3% 98% 88.4%  10.3% 0.2%
CO,+H > CO+OH 0.7% 2% 11.6%  89.3% 4.7%
CO,+M->CO+0+M 0% 0% 0% 0.4% 95.1%

The important role of the vibrationally excited levels in CO; dissociation is also found in
GA and MW plasmas. However, due to the high gas temperature of GA plasmas (above
3000 K), the VDF of CO; is quasi-Boltzmann, so that most CO, dissociation occurs from
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the symmetric-mode vibrational levels (Va -Vd), which have the lowest energy [42].
Similarly, 0D modeling of CO, splitting in Ref. [63] indicated that the vibrational levels
with energies above 1 eV play a negligible role in MW plasma with a gas temperature of
1000 and 2000 K. The differences in the contributions of the vibrational levels with our
study are mainly because the vibrational levels of CO, are highly overpopulated in the NPD,
thus playing a more prominent role in the CO, conversion.

Comparing our results for DRM (at an SEI of 5.1 kJ/L, i.e., 1.3 eV per molecule) with
those for pure CO; splitting (at an SEI of 1.6 eV per molecule) in the NPD [54], we can
conclude that the important loss process of CO, in both cases are electron impact
dissociation, and in both cases all the symmetric and asymmetric mode levels are important.
The second important CO; loss process in case of DRM is the reaction of CO, with H atoms
(see figure 6(a, c)), which are formed directly from the dissociation of CH,, so they have a
much higher density than the O atoms, see figure 5(c). As the threshold energy of the
reaction between CO, and H atoms is lower than that of the reaction of CO, and O atoms,
the middle vibrational levels have a higher contribution for the CO, conversion in case of
DRM than in pure CO; splitting in the NPD. Because the SEI in our case is somewhat
lower than in Ref. [54], the contribution of the highest vibrational levels is somewhat lower,
and vice versa, the contribution of the ground state is a little bit higher.

4. Conclusion

We developed a chemical kinetics model to investigate the underlying plasma chemistry
of dry reforming of methane (DRM) in a NPD. The calculated CO, and CH,4 conversions
and the selectivities of the main products were compared with experimental results in a
wide range of SEI values, and good agreement was reached, indicating that our model is
able to provide a realistic picture of the plasma chemistry of DRM in a NPD.

The densities of the main products (i.e., CO, Ha, and light hydrocarbons) and of the most
important radicals and ions, as well as the electrons, are presented as a function of time
during the ns-pulse and its afterglow. In addition, the dominant loss and formation
processes of CO, and CHy, as well as the most important formation reactions of the major
products, i.e., CO, Hy, C;H,, CoH4, C;Hg and CsHg, are explored. Our model reveals that
the most important dissociation reactions of CO, and CH, are electron impact dissociation
of CO; into CO and O, and dissociation of CH, into CH3 and H. Likewise, the dominant
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formation reaction of CO is electron impact dissociation of CO,, but dissociation of CO,
upon collision with H radicals is also quite important. The most important production
process of H; is the reaction of CH, with H radicals. C,H; is the most abundant hydrocarbon
product at longer time-scales, and its most important formation reaction is the
recombination of two CH; radicals. The CHjs radicals are also important intermediate
radicals, and they play a crucial role in the formation of the various hydrocarbon products.
Indeed, the recombination of CH3 with C;Hs is the most important formation reaction of
C,H4, while the most important formation reactions of C,Hgs and C3Hs are the three-body
recombination of two CHs radicals, and the three-body recombination of CH3; with C,Hs
radicals, respectively.

Finally, our model reveals that the vibrationally excited levels of CO, play an important
role in CO, dissociation in case of DRM by NPD. When looking at the overall CO,
dissociation, the ground state only contributes for 15%, while the vibrational levels
contribute for 85%. For the low vibrational levels (Va-Vd, V1-V4), most of the dissociation
occurs by electron impact reactions, while the collision with H atoms is the most important
dissociation reaction for the middle vibrational levels (V5-V16), and dissociation of CO,
upon collision with any molecule M becomes the most important for the highest vibrational
levels (V17-V21).

We believe that our chemical kinetics model provides a better insight in the main
chemistry mechanisms of DRM in NPD. Compared with other plasma types, DRM by NPD
IS quite promising. However, we believe there is still room for improvement. Our modeling
results show that the most important loss processes of CO, and CH, are electron impact
dissociation, which suggests that we can improve the performance by increasing the
electron number density, for example, by pre-ionization of the gases using a laser to
increase the density of seed electrons, although this would also increase the energy cost, or
by reducing the interpulse time (using a burst mode), due to a memory effect from the
previous pulse, as observed in recent experiments [72,73]. Furthermore, the simulation
shows that the selectivity of the light hydrocarbon products is determined by the
dehydrogenation degree of CH,, indicating that we can regulate the product selectivity by
tuning the electron temperature, i.e., tuning the reduced electric field (by optimizing the
discharge electrical operating parameters or electrode design).
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