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Abstract

One of the main issues in plasma chemistry modeling is that the cross sections and rate
coefficients are subject to uncertainties, which yields uncertainties in the modeling results and
hence hinders the predictive capabilities. In this paper we reveal the impact of these
uncertainties on the model predictions of plasma-based dry reforming in a dielectric barrier
discharge. For this purpose, we performed a detailed uncertainty analysis and sensitivity study.
2000 different combinations of rate coefficients, based on the uncertainty from a log-normal
distribution, are used to predict the uncertainties in the model output. The uncertainties in the
electron density and electron temperature are around 11% and 8% at the maximum of the
power deposition for a 70% confidence level. Still, this can have a major effect on the
electron impact rates and hence on the calculated conversions of CO2 and CH4, as well as on
the selectivities of CO and Ha. For the CO2 and CH4 conversion, we obtain uncertainties of 24%
and 33%, respectively. For the CO and Ha selectivity, the corresponding uncertainties are 28%
and 14%, respectively. We also identify which reactions contribute most to the uncertainty in
the model predictions. In order to improve the accuracy and reliability of plasma chemistry
models, we recommend using only verified rate coefficients, and we point out the need for
dedicated verification experiments.
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1. Introduction

In recent decades, there is growing concern on global climate change caused by the increased
accumulations of anthropogenic greenhouse gases. The conversion of the main greenhouse gases (CO;
and CH4) to value-added chemicals or renewable fuels is an effective strategy to reduce these
accumulations. This conversion is considered one of the challenges of the 21st century !, It fits into
the visionary “cradle-to-cradle” concept, converting waste (greenhouse gases) into a new feedstock
(fuels and raw materials) ™),

The combined conversion of both CHs and CO,, i.e. dry reforming of methane (DRM, see
reaction (1)), has indeed gained significant interest over the years, as it can realize greenhouse gas
reduction and utilization by the formation of syngas (H,+CO), a versatile product that can serve not
only as fuel, but also as feedstock for value-added chemicals and liquid fuels. Indeed, syngas can be
utilized in a variety of downstream processes, such as methanol (CH3OH) synthesis, Fischer-Tropsch
(F-T) synthesis, and several other carboxylation and hydrogenation processes M. The main
advantage of DRM over other reforming processes is that CO, is used as both a carbon source and
oxidizing agent and it produces syngas in a ratio which is easily controllable. However, the
conventional catalytic DRM process suffers from severe drawbacks that hamper its industrial
application, e.g., the high energy cost at high temperature (= 700°C), rapid deactivation of the catalyst
caused by the inevitable carbon deposition leading to catalyst poisoning or active metal sintering, and
a slow start-up time ["11%],

CH4 + CO, — 2CO +2H, AH° = 247 kJ/mol (1)

These challenges have led to a major interest in alternative reforming techniques in pursuit of
milder reaction conditions with reduced energy costs. In this respect, atmospheric non-equilibrium
plasmas offer unique perspectives, because of their capacity to induce chemical reactions within gases
with a limited energy cost at mild conditions, as well as their easy operation, quick and efficient
reaction process . Indeed, non-equilibrium cold plasmas exhibit a much higher electron temperature
than gas temperature, and the highly energetic electrons can activate the stable molecules (e.g., CO»
and CH4) and initiate reactions by electron impact collisions rather than by gas heating, enabling
endothermic reactions to occur at relatively low gas temperature. A lot of research is being performed
to improve the process, and depending on the type of plasma source, it might be competitive already
with other emerging technologies . We believe that plasma might be quite promising for this
application, when it is generated from renewable energy sources (wind or solar), as it can be switched
on/off very quickly, so it might be suitable for storage of peak powers in renewable electricity. One
example of such a non-thermal plasma is a dielectric barrier discharge (DBD), which is created by
applying a potential difference between two electrodes, of which at least one is covered by a dielectric
layer. A DBD reactor has a very simple design, which is beneficial for later up-scaling to real
applications, as was demonstrated already 100 years ago for commercial ozone synthesis ['” Many
experiments have already been performed for DRM in a DBD reactor [''13%),

Besides experiments, detailed modelling is very useful to obtain a better insight in the underlying
plasma processes and to improve the applications [31]-[33]. A variety of models have been developed
in literature for DRM P49 In particular, a plasma chemical kinetics model is an effective tool to
provide a deeper understanding of the underlying chemical reactions occurring in the plasma for which
direct measurements are not always straightforward 4,

One of the main issues encountered when developing such a chemical kinetics model is that the

rate coefficients and cross sections used are subject to uncertainties, causing also uncertainties in the
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modeling results, which hinders the predictive capabilities ", A detailed uncertainty analysis and
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sensitivity study is therefore needed to reveal the impact of these uncertainties on the model
predictions. Such an analysis was presented already by Turner for a He/O, mixture, *""*)and for a
CO; plasma in our group **!. The current paper continues along these lines and extends the analysis to

the plasma chemistry modelling of DRM in a DBD reactor.

2. Description of the model

We first describe the zero-dimensional (0D) chemical kinetics model (section 2.1), followed by
the chemistry set for DRM in a DBD plasma (section 2.2). Finally, we explain the procedure to
determine the uncertainty in the output and we describe the statistical treatment to deal with the data
(section 2.3).

2.1 Zero-dimensional (0D) chemical kinetics model and its application to a DBD reactor

We use a 0D chemical kinetics model, implemented in the ZDPlaskin code ™*, to elucidate the
plasma chemistry. This model calculates the species densities as a function of time by means of
continuity equations, taking into account the various production and loss terms:

(€3]
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where aij'" and a;'¥ are the stoichiometric coefficients of species i, at the left and right hand side
of a reaction J, respectively, Ny is the species density at the left-hand side of the reaction, and k; is
the rate coefficient of reaction j (see below).

In a OD model, transport processes are neglected; hence, the species densities are assumed to be
constant in the entire simulation volume. However, we can translate the temporal behavior into a
spatial behavior (i.e., as a function of distance along the DBD tube) by means of the gas velocity,
determined by the mass flow rate (i.e., similarity between batch reactor and plug flow reactor). This
allows us to mimic the typical filamentary behavior of a DBD used for gas conversion. Indeed, the gas
molecules will pass through several microdischarge filaments on their way throughout the reactor. This
is taken into account in the model by applying a large number of consecutive microdischarge pulses
and their afterglows as a function of time. We assume a triangular pulse of power deposition, with a
duration of 60 ns for each pulse, and an interpulse time of 0.29 s. In this way, we describe 47 pulses
over a gas residence time of 13.7 s. The gas temperature remains close to room temperature under
these experimental conditions'*), so we can ignore the effect of gas heating during the conversion and
use a constant gas temperature of 300 K in the simulation. The same parameters have also been

(4] The maximum

applied for describing the microdischarge behavior for pure CO; in our group
power of the pulses is chosen in such a manner that the specific energy input (SEI), determined by
total power deposition and gas flow rate (or residence time), can be compared with experimental
results for validation (see below). This approach was proven to be successful for a variety of

conditions and gas mixtures 4.

The calculated conversions of CO; and CHy are defined as:
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The selectivity of H, and CO is defined as follows:
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2.2 Plasma chemistry set

We recently developed an extensive plasma chemistry model for DRM in a DBD, validated by
experiments Y. However, the number of species and chemical reactions included in this model is very
large. Such a complicated plasma chemistry set makes detailed uncertainty analysis and sensitivity
studies computationally expensive, and also quite challenging, because of the need to trace back the
corresponding uncertainties for all input data. Therefore, we reduced this chemistry set, by removing
all species that do not significantly contribute to the plasma chemistry. The species considered in this
reduced model are listed in table 1. The model considers 71 different species, including the electrons,
various molecules, radicals, ions and excited species. Two electronically excited levels for CO», with
threshold energies at 7.0 eV and 10.5 eV, are included in the model, i.e., CO, (el) and CO; (e2), as
well as the first vibrationally excited state of H, and the lowest electronically excited state H,(B3X) ,
i.e., indicated in table 1 as H, (v) and H, (e). Although electron impact vibrational excitation is
included in the calculation of the electron energy distribution function (EEDF), the model does not
include the vibrationally excited states of CO, and CH4 because they are of minor importance in DBD
plasma conditions 5%,

These 71 species react with each other through 114 electron impact reactions, 43 ion-neutral and
ion-ion reactions, and 128 neutral reactions. These reactions are listed in the Appendix. These
reactions are listed in the Appendix. Note that tables A.1 and A.2 only list 55 and 33 electron reactions.
The remaining reactions are electron impact reactions (ionization, attachment dissociation etc.) from
the excited species, as well as the superelastic reactions, i.e. the reverse processes of electron impact
excitation.

The rate coefficients for the electron impact reactions are a function of the average electron
energy and calculated based on the electron energy distribution function (EEDF) with a Boltzmann
solver, BOLSIG", *” which is integrated into ZDPlaskin. The EEDF is calculated with the same set of
cross sections as used for the chemical kinetics part (table Al in the Appendix), including superelastic
collisions. Table A2 presents the electron impact reactions described by analytic expressions for the
rate coefficients. The rate coefficients of the heavy particle reactions (i.e., atoms, molecules, radicals,
ions and excited species) depend on the gas temperature and are adopted from literature. Table A3
shows the ion-neutral and ion-ion reactions and table A4 presents the reactions between the neutral
species. The references where these data are adopted from, as well as the corresponding uncertainties
reported for these values, are also included in these tables. The latter are needed for the uncertainty
and sensitivity analysis, described in next section.

Table 1 Overview of the species included in the model

Molecules Charged species Radicals Excited species
CH, , C,H,, C,H,, CHZ, CH}, CHE,C,HZ, CH;, CH,, CH, C, C,Hg,
C2He,C3Hs, C3Hg CHg.CHE, CHY, CHF | CpHs, CoH, C3Hy

CO%, CO*,C03, CO;, C,07,

C0,, CO C,08.C,03 CO,(e1), CO,(e2)
H,0 H,0*, OH™ OH, HO,

CH,OH, CH;CHO, CHO, CH,0H, CH;0, C,HO,

C,HsOH, C,H;O0H, CH,CO, CH,CHO, C,H;0,

CH,CO, CH,0 C,H:0,




_ H(2P). H, (v),
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Figure 1 CO, and CH4 conversion, calculated with the full (dashed lines) and reduced (dotted
lines) plasma chemistry set, in comparison to the measured data (solid lines; adopted from ref. [13]
and [36]) in a 1:1 CO,/CH4 mixture at a total flow rate of 50 sccm, as a function of discharge power.
The calculation results with full and reduced chemistry set overlap, indicating that the reduced set
captures the most important chemistry.

Figure 1 illustrates the calculated CH4 and CO; conversions as a function of discharge power,
obtained by the full and the reduced chemistry set, in comparison with experimental values obtained
fromref. [13] and [36], for a DBD in a 1:1 CO,/CH4 mixture at a total flow rate of 50 sccm. Very good
agreement is reached between the calculated and experimental conversions, both for the full and
reduced chemistry set, showing that our chemical kinetics model, with both chemistry sets, can
provide a realistic picture of the plasma chemistry of DRM in the DBD reactor.

2.3 Uncertainty analysis and computational procedure

The experimentally derived rate coefficients for the heavy particle reactions are either constant or
follow an Arrhenius expression (7); see Tables A.3-A.4 in the Appendix.

) (7

Eq
k = AT/ exp(— -

kpTy
where K is the rate coefficient, ks is the Boltzmann constant, Ty the gas temperature and E; the
activation energy. The parameters A and B are experimentally or theoretically determined. For the
chemical reactions involving electrons, the rate constants are either obtained from the energy-
dependent cross sections (Table A.1), or they are constant or show a dependence on the electron
temperature Te (Table A.2). Each of the parameters in the expressions for the rate coefficients (i.e., Ea,
A and B in the Arrhenius expression, or the parameters for the Te dependence) may bring some
uncertainties. However, following the approach of Turner "% we only consider the uncertainty of
the parameter A. The motivation is that for the rate coefficients derived from the energy-dependent




cross sections, we can assume that the shape of the cross sections is better known than the absolute
value, as is indeed often the case for data originating from beam measurements. Additionally, the
uncertainty for parameters B and E; is rarely presented when the rate coefficient is reported in the form
of equation (7). The assumption that only A is uncertain is therefore not only convenient, but it also
reflects the character of the data practically available. Indeed, as long as the rate coefficient is used in

. . . . . Ak AA
the parameter range considered for determining the analytical expression, i.e. = =5 where 4X

refers to the uncertainty on a quantity X and X refers to its mean value, the uncertainty in the rate
coefficient can be considered to be included in the pre-exponential factor A. In the same way, the
uncertainty in the cross sections can also be described by the uncertainty in the absolute value of these
cross sections.

We characterize the uncertainty in each rate coefficient by a log-normal distribution. This choice
is debatable, as some of the extreme values for the rate coefficients may be non-physical P*.
Nevertheless, we believe it gives a good estimation of the uncertainties in the model, and as we focus
on the different quantiles in the outcome of the simulations (see below), our approach avoids these
non-physical values [**!. The probability f (An = Xa; AA, A ) that the coefficient A in equation (7) has a

value Xa, given its uncertainty AA and mean value 4, is given by a log-normal distribution [**!:

= 1 1 —u)?
f(An = x5 8AA) = o exp(— 2T ®)

where p and o are parameters that contain the mean value of A (4) and the uncertainty AA.
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To define the uncertainties in the calculation results, based on the uncertainties of all rate
coefficients, we create a large number (N = 2000) of different combinations of these rate coefficients.
Each rate coefficient ki of a given combination i is randomly determined, based on the probability
density described in equation (8). For rate coefficients k' that are derived from another rate coefficient
k (scaling laws, i.e., for the superelastic processes such as X4 and X5), we multiply the scaled rate

. T ki . — k; .
coefficient k' by a factor fl, ie ki = k,fl’ for each combination i. We run the model for each

combination of rate coefficients (i.e. 2000 different inputs) and the different outcomes yield the
estimated uncertainty in the calculation results.

Furthermore, we also perform a correlation analysis between the input values taken for the
various rate coefficients and a certain calculation output, to indicate which reaction is important for
this output. For this purpose, we use the Spearman’s p rank correlation coefficient, to rank which input
is mostly correlated with which output. Indeed, the Spearman’s p rank correlation coefficient is a
nonparametric measure of rank correlation (statistical dependence between the rankings of two
variables) [**]. It assesses how well the relationship between two variables can be described using a
monotonic function, by which the main sources of uncertainty on a given output are identified. The
Spearman’s correlation between two variables is high when observations have a similar rank between
both variables (i.e. relative position label of the observations within the variable: 1st, 2nd, 3rd, etc.),
and low when observations have a dissimilar rank between the two variables. In the limit, they are
identical for a correlation of 1, or fully opposed for a correlation of —1. By doing so, we can reveal the
impact of the uncertainties of the various input data on the model predictions and obtain information
on the main source of uncertainty in the model predictions.

3. Results and discussion



3.1 Effect of the uncertainties on the calculation results

We first investigate the influence of the uncertainties in the cross sections and rate coefficients on
the calculated plasma properties, namely the electron density and electron temperature (figure 2), the
CO; and CH4 conversion during the first pulse (figure 3), the overall CO, and CH4 conversion for the
entire gas residence time (figure 4), and the corresponding selectivity of CO and H (figure 5). The
calculations are performed for a 1:1 CO,/CH4 mixture at a total flow rate of 50 sccm and discharge
power of 60 W, yielding a specific energy input of 18.4 eV/molecule, which corresponds well to the
experimental conditions used for the validation"*]. We also performed calculations for a wider power
range, and the results are similar to those presented below for 60 W.

We use different colours in figures 2-5 to represent different confidence intervals for the
calculation results. The confidence intervals of 90%, 70%, 50% and 25% correspond to the intervals of
[X5, X95], [X15, X85], [X25, X75], and [X37.5, X62.5], respectively. We also show the median value
of the N = 2000 cases with a black curve. Additionally, in the legends we present the (relative)
uncertainties, i.e. relative error of the calculation results, for each confidence interval, to quantify the
dispersion of the data. This uncertainty is defined as (Xu - X1)/X50/2x100%, where Xy and X stand
for the upper and lower quantile of each confidence interval. Note that the distribution of the data
within the interval [X - ox, X + ox] in a normal distribution, where ox is the standard deviation, is 68%.
Therefore, unless mentioned otherwise, we focus on a confidence interval of 70%, although it should
be realized that the distribution of the data is not completely symmetrical in our case.

In addition, in table 2, we summarize the median values of the calculated quantities, with their
corresponding absolute uncertainties according to the different confidence intervals of 90%, 70%, 50%
and 25%. The absolute (and relative) uncertainty is not necessarily the same in the positive and
negative direction, as can be deduced from figures 2-5, but the difference is at maximum 20%, so for
simplicity we present the average of both in table 2, i.e. (Xuy - Xi)/2, which gives a reasonable
indication.

Table 2 Summary of the median values of the calculated quantities, with their corresponding
absolute uncertainties, according to different confidence intervals of 90%, 70%, 50% and 25%.

. Absolute uncertainty at different confidence intervals of
. Median
Quantity value 90% 70% 50% 25%
Ne (atmax of | ) o £0.18 £0.11 +0.08 £0.04
pulse) in 10° cm
Te (atmax of ) ¢4 +0.12 +0.08 +0.05 +0.02
pulse) in eV
Xcoz (at end of
first pulse) (%) 0.65 +0.32 +0.20 +0.13 +0.06
Xcn4 (at end of
+ + +
first pulse) (%) 1.30 0.53 0.32 0.20 +0.10
Overall Xco2 (%) 21 +8 +5 +3 +2
Overall Xcus (%) 33 +16 +11 +7 +3
Overall Sco (%) 57 +25 +16 +10 +5
Overall Su, (%) 57 +14 +8 +5 +2




Figure 2 Electron density (a) and electron temperature (b) as a function of time for one
microdischarge pulse and afterglow. The vertical dashed line at t = 60 ns indicates the end of the
microdischarge pulse. The median value is shown by the black curve. The different colours delimit
different quantiles of the N = 2000 calculation results at each time, as indicated by the legend, e.g,
yellow means that 90% of the calculation results fall within that range, i.e., 90% confidence interval.
The corresponding relative uncertainty (based on the relative difference between the upper and lower
quantiles, divided by two) at the maximum of the power deposition is also indicated in the legends, for
each confidence interval.

Figure 2 shows the electron density and electron temperature as a function of time for one
microdischarge pulse and afterglow. The maximum power of the pulse was set to 4.25 x 10’ W at 30
ns, to yield an overall power deposition of 60 W for the total residence time of 13.7 s, matching the
conditions of a DBD with 47 consecutive microdischarge pulses. The calculated electron number
density shows the same profile as the power deposition and decays exponentially at the end of each
pulse. The electron temperature increases upon start of the discharge pulse, because the electrons are
heated by the electric field. Upon termination of the pulse, the electron temperature drops to a
background value of 0.10 eV, used to guarantee calculation convergence during the afterglow stage.
The calculated median values show a maximum electron density of 1.20 x 10> cm™ and a maximum
electron temperature of 2.6 eV. These values correspond well with experimental data in literature for
microdischarge pulses ! *l. The relative uncertainties (defined as the relative difference between the
upper quantile Xy and the lower quantile Xp divided by two) for electron density and electron
temperature are 9.2% and 3.1 %, respectively, at the maximum of the power deposition, for a 70%
confidence interval. The corresponding relative uncertainties for the other confidence intervals can be
found in the legends, and the absolute uncertainties for both electron density and temperature are listed



in table 2. The fact that these relative (and absolute) uncertainties are relatively low may be explained
by the fact that the uncertainties for the rate constants and cross sections of electron impact reactions
are lower than those of the heavy particles reactions (see table Al-A4). However, the relative
uncertainties for both electron density and temperature increase to 38% and 23 % by the end of the
pulse. This is attributed to uncertainty accumulation, and it will affect the calculated conversions,
which are sensitive to both electron density and electron temperature (see below). Moreover, the
relative uncertainty in the afterglow is quite high for both electron density and temperature but the
values are low, so it does not affect the calculation results to a large extent.

Figure 3 CO, conversion (a) and CH4 conversion (b) as a function of time for one
microdischarge pulse and afterglow. The vertical dashed line at t = 60 ns indicates the end of the
microdischarge pulse. The median value is shown by the black curve. The different colours delimit
different quantiles of the N = 2000 calculation results at each time, as indicated by the legend (see
figure 2). The corresponding relative uncertainty (see legend) is now taken at the end of the
microdischarge pulse.

The conversions of CO, and CHy are plotted as a function of time for one microdischarge pulse
and afterglow in figure 3. The conversion rises during the pulse, mainly due to the electron impact
dissociation reactions. CHy4 has a higher electron impact dissociation rate, leading to a more efficient
conversion during the pulse. After the microdischarge pulse, the conversion of CO; stays constant,
while the conversion of CH4 exhibits a slight drop due to the recombination of CH; and H back to CHa.
After 10 ps, the CH4 conversion reaches a steady state value as well, indicating that the production and
loss processes compensate each other or have become all negligible. The uncertainties for the
conversion of CO, and CHy4 are 31 % and 25 % at the end of the microdischarge pulse, for a
confidence interval of 70%. For the other confidence intervals, they are presented in the legends. The



absolute uncertainties are listed in table 2. These relative uncertainties are larger than for the electron
density and temperature, because they result from all the uncertainties of the quantities needed to
calculate the conversions, including the rates of heavy particle reactions.

Figure 4 CO; conversion (a) and CH4 conversion (b) as a function of time for the entire gas
residence time in the plasma. The median value is shown by the black curve. The different colours
delimit different quantiles of the N = 2000 calculation results at each time, as indicated by the legend.
The corresponding relative uncertainty (see legend) is taken at the end of the residence time.

Figure 4 shows the calculated conversions of CO; and CH4 as a function of time, for a total
residence time of 13.7 s. The conversion of both gases increases more or less linearly with time. The
relative uncertainties for the conversion of CO, and CH4 are 24 % and 33% at the end of the gas
residence time, for the 70% confidence interval. This corresponds to absolute uncertainties of 5% and
11%, respectively, i.e., the CO, and CH4 conversions are calculated to be 21% + 5%, and 33% + 11%
(see table 2). We should mention that in figure 4, we only present the calculated conversions of CO;
and CH4 at the end of each microdischarge pulse and afterglow. That is why no fluctuation in the
conversions, like in figure 3, is observed for each pulse and afterglow.
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Figure 5 CO selectivity (a) and H, selectivity (b) as a function of time for the entire residence
time. The median value is shown by the black curve. The different colours delimit different quantiles
of the N = 2000 calculation results at each time, as indicated by the legend, and the corresponding
relative uncertainty is taken at the end of the residence time.

The selectivities of the most important reaction products, i.e. H» and CO, increase drastically in a
very short time scale in the beginning of the discharge, and reach both median values of 57% at the
end of the gas residence time. This is in reasonable agreement with experimental data from literature at
similar conditions '), The uncertainties in the CO and H, selectivities at the end of the residence time
reach 28% and 14%, respectively, for the 70% confidence interval. In other words, the calculated
selectivities are 57% + 16% for CO, and 57% + 8% for H, (see table 2).
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Figure 6 Calculated CO, and CH4 conversion (median values) with error bars (i.e., absolute
uncertainties) based on 70% confidence interval (dotted lines), in comparison to the measured data
(solid lines; adopted from ref. [13] and [36]), in a 1:1 CO,/CH4 mixture at a total flow rate of 50 sccm,
as a function of discharge power.

We also performed a similar uncertainty analysis for other conditions, and the median values of
CO; and CH4 conversion, calculated at the end of the gas residence time are plotted as a function of
discharge power in figure 6, along with their error bars (or absolute uncertainties). We show again the
comparison with the experimental values from ref. [13] and [36]. It is clear that the absolute
uncertainties of the calculated CO, and CHs conversions increase with discharge power, but the
relative uncertainties stay rather constant in the considered power range, i.e., around 25% and 32% for
CO; and CHg, respectively.

Note that this figure is very similar to figure 1 above, but now also including the error bars,
indicating that the calculated data are in good agreement with the experimental values within the error
bars. Indeed, in spite of the relatively large uncertainties in the calculated conversions, the trends in the
calculations still agree with the experimental trends.

In principle, also the experimental error bars must be included, but they were not presented in ref.
[13] (and the data of ref. [29] were adopted from ref. [13]). In our opinion, the error bars for both
experimental and calculation results should always be presented, but this is seldom the case, especially
for calculation results, which is of course understandable, keeping in mind the large effort needed to
trace back the uncertainties of all input data and the large number of simulations required to obtain the
uncertainties in the calculation results, as explained above.

3.2. Important reactions determining the uncertainties
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Figure 7 Scatter plot of the CO; conversion calculated with different values of the rate coefficient
for electron impact CO, dissociation into CO and O (relative value with respect to the value listed in
Table A.1, according to the tabulated uncertainty), for two different plasma powers. Each of the N =
2000 points corresponds to a simulation made with a different choice of this rate coefficient. The
Spearman’s p rank correlation coefficient is indicated in both cases (see text for explanation).

In order to identify the most important reactions affecting the uncertainty in the calculation
results, we calculate the Spearman’s rank correlation coefficients between the calculated properties
and different reactions. For the CO; conversion, the largest Spearman’s rank correlation coefficient is
found for direct electron impact dissociation (X3 in Table A.1), showing that this reaction is the most
significant CO, dissociation mechanism and also the dominant source of uncertainty for the CO;
conversion in a DBD, in the power range considered in this work.

To grasp the concept of the Spearman’s rank correlation coefficient, we show the calculated CO»
conversion as a function of the rate coefficient for electron impact dissociation from ground state CO,
(relative value with respect to the value listed in table A.1), for a plasma power of 30 W (figure 7 (a))
and 60 W (figure 7 (b)). Each data point in the scatter plot corresponds to one conversion data point
and error bar, as also plotted in figure 4 and 6 above. The Spearman’s rank correlation coefficient (p)
is calculated to be 0.65 and 0.45, for a plasma power of 30 W and 60 W, respectively, thus indicating a
more obvious correlation at the lower power.

We also checked the Spearman’s rank correlation coefficients between the CO, conversion and
the rate coefficients of other dominant reactions for the CO, conversion, and the result is plotted in
figure 8 for a plasma power of 30 W and 60 W. At both power values, electron impact dissociation
[X3] is, by far, the main source of uncertainty, while electron impact dissociative attachment [X2] is
the second source of uncertainty. Indeed, although the relative contribution of reaction [X2] to the CO,
conversion is below 5%, the uncertainty of this reaction changes the electron density, which affects the
electron impact dissociation rate and hence the CO, conversion. No other significant correlations were
found for the CO, conversion.
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Figure 8 Spearman’s p rank correlation coefficient between the calculated CO, conversion and
the rate coefficients of different reactions, for a plasma power of 30 W (blue) and 60 W (yellow). The
coefficients are only shown for the reactions having an influence on the CO, conversion.

Compared with the CO, conversion, the Spearman’s rank correlation coefficient between the
calculated CH4 conversion and the (relative) rate coefficient of electron impact dissociation into CH3
and H is much smaller, as presented in figure 9, with values of 0.23 and 0.16, for 30 W and 60 W,
respectively. These smaller values of the Spearman’s p rank correlation coefficient indicate that there
exist other sources of uncertainty for the calculated CH4 conversion.

Figure 9 Scatter plot of the CH4 conversion calculated with different values of the rate coefficient
for electron impact CH4 dissociation into CHs and H (relative value with respect to the value listed in
Table Al, according to the tabulated uncertainty), for two different plasma powers. Each of the N =
2000 points corresponds to a simulation made with a different choice of this rate coefficient. The
Spearman’s p rank correlation coefficient is indicated in both cases.
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Figure 10 Spearman’s p rank correlation coefficient between the calculated CH4 conversion and
the rate coefficients of different reactions, for a plasma power of 30 W (blue) and 60 W (yellow). The
coefficients are only shown for the reactions having an influence on the CH4 conversion.

Figure 10 shows the Spearman’s p rank correlation coefficients between the calculated CH4
conversion and the rate coefficients of the dominant reactions, having an influence on the CHy4
conversion. The largest absolute value of the Spearman’s p rank correlation coefficient is obtained for
the recombination reaction between CH3 and H radicals back to CH4 [N88]. For a plasma power of 30
W and 60 W, we obtain values of -0.47 and -0.33, respectively. The negative correlations show that
increasing the rate coefficient for reaction [N88] hinders the conversion of CHa4. Indeed, reaction [N88]
is the most significant process contributing to CH4 formation. Besides, also reactions [X15] and [N91]
shows a relatively large (positive) correlation with the calculated CH4 conversion. For reaction [X15],
this is like expected, being the dominant loss reaction for CHs. However, reaction [N91] does not
contribute to the formation and loss of CH4. Nevertheless, this reaction can indirectly affect the CHy
conversion, because of its competition in the consumption of CH; with reaction [N88]. Indeed,
increasing the rate coefficient of reaction [N91] will indirectly promote the CHs conversion by
inhibiting the recombination of CH3; and H radicals back to CH4 [N88]. This indicates how the
uncertainty in rate coefficients of reactions which do not directly contribute to the CHs conversion, can
still affect the uncertainty in the calculated CH4 conversion.

As mentioned above, the syngas components (CO and H;) are the main products of DRM.
Therefore, we also analysed the Spearman’s rank correlation coefficients between the calculated
selectivities of CO and H; and the rate coefficients of different reactions, as presented in figure 11 and
12, in order to identify the main source of the uncertainties in the calculated CO and Hs selectivities,
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Figure 11 Spearman’s p rank correlation coefficient between the calculated CO selectivity and
the rate coefficients of different reactions, for a plasma power of 30 W (blue) and 60 W (yellow). The
coefficients are only shown when the CO selectivity exhibits a clear dependence on the rate coefficient
of the reaction, i.e. if p > 0.1 for one of the conditions.

Figure 12 Spearman’s p rank correlation coefficient between the calculated H, selectivity and the
rate coefficients of different reactions, for a plasma power of 30 W (blue) and 60 W (yellow). The
coefficients are only shown when the H» selectivity exhibits a clear dependence on the rate coefficient
of the reaction, i.e. if p > 0.1 for one of the conditions.

For the CO selectivity, the largest uncertainty source comes from direct electron impact
dissociation [X3], for which we obtain a Spearman’s p rank correlation coefficient of 0.39 and 0.25,
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for a plasma power of 30 W and 60 W, respectively. Indeed, this reaction [X3] is the most dominant
mechanism for CO; conversion in a DBD plasma. The other reactions in figure 11, i.e., [X15], [N88],
[N91] and [92], are not directly related to the CO, conversion. However, these reactions indirectly
affect the CO selectivity by exerting some influence on the CH4 conversion, explaining why we see
clear correlations between the CO selectivity and the rate coefficients of these reactions (p > 0.1). For
instance, reaction [X15] directly promotes the CH4 conversion. This will not only produce syngas, but
also hydrocarbons (CxHy) and oxygenates (CxHyO;,), which will reduce the CO selectivity, explaining
the negative correlation of -0.18 and -0.12, at a plasma power of 30 W and 60 W, respectively.
Reaction [N88] contributes to the formation of CH4 and hence inhibits the conversion of CH, as well
as the production of hydrocarbons and oxygenates, yielding a higher CO selectivity. The Spearman’s p
rank correlation coefficients for this reaction are 0.35 and 0.23, at a plasma power of 30 W and 60 W,
respectively. Reaction [N91] shows negative correlations of -0.19 and -0.11, because it competes with
reaction [N88] to consume CH3 radicals and thus it promotes the conversion of CHy4 into hydrocarbons
(mainly C;Hg), reducing the CO selectivity. Finally, the reaction of CH, with H to form CH and H;
[N88] reduces the CO selectivity, because most of the produced CH reacts back with CH4 to generate
C,Hy via reaction [N1], while some CH will destroy CO to produce CH,O, both explaining the
negative correlations of -0.11 and -0.08 with the CO selectivity.

For the H» selectivity, at a plasma power of 30 W, electron impact dissociation of C,Hs [X21] is
the largest source of uncertainty (p = 0.32), because of its direct production of H,. Reaction [N88§], i.e.
formation of CH4 upon recombination between CH3 and H, is the second source of uncertainty (o =
0.30 at 30 W). Indeed, increasing the rate coefficient of reaction [N88] will inhibit the formation of
higher hydrocarbons (C<Hy) by consuming CHj3 radicals and hence decrease the H-based selectivity of
higher hydrocarbons, and therefore increase the H» selectivity, regardless of the lower CH4 conversion.
In addition, reactions [N91], [N92] and [N104] also contribute to the uncertainty in the calculated H»
selectivity. Indeed, they all have detrimental effect on the H, selectivity and hence give negative
correlations. Reactions [N91] and [N104] produce C,Hs and CH3OH, respectively, reducing the H»
selectivity. Reaction [N92] produces H», but also CH, which reacts further with CHy4 to generate CoHa4
via reaction [N1], compensating for the increase in H» selectivity by reaction [N92]. Comparing the
results at 30 and 60 W, a higher power yields lower absolute correlations, both for the CO, and CH4
conversions and the CO and H, selectivities. The reason is that more reactions play a role in
determining the conversions and selectivities at higher power, hence distributing the correlation of the
calculated conversions and selectivities over more reactions.

4. Conclusions

We evaluated the effect of uncertainties in the rate coefficients and cross sections on the
calculation results for DRM in a DBD, by means of a zero-dimensional chemical kinetics model. For
this purpose, we performed a detailed uncertainty analysis and sensitivity study. For each rate
coefficient we calculated the probability of having a certain value from a log-normal distribution using
the uncertainty reported for these rate coefficients. The latter is typically in the order of 10%—-30%, but
can rise up to 100% for reactions of charged species or even up to 1000% for neutral species reactions.
Based on these probability distributions, we established 2000 different combinations of rate
coefficients to predict the effect of their uncertainties on the calculated plasma properties, i.e. electron
density, electron temperature, CO, and CH4 conversion, as well as the selectivity of CO and Ho.

The uncertainties in the electron density and electron temperature are about 11 and 8%,
respectively, at the maximum power deposition within one microdischarge pulse, for a 70%
confidence interval, but they increase to 38 and 23% by the end of the pulse. These uncertainties
greatly influence the CO, and CH4 conversion, as well as the selectivity of CO and H,. For the CO;
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and CH4 conversion, we obtain uncertainties of 24% and 33%, respectively, for a 70% confidence
level, while for the CO and H, selectivity, the uncertainties are 28% and 14%. These values were
calculated for a typical power of 60 W, but similar results were obtained at other power values in the
range of 30 — 60 W. In absolute terms, we can thus present our calculation results (for 60 W) as: N, =
(1.20 £ 0.11) x10" cm™ and Te= 2.60 + 0.08 eV at the maximum of the microdischarge pulse, the
overall CO, and CH4 conversion at the end of the gas residence time are 21 + 5 % and 33 £ 11 %, and
the CO and H; selectivities are 57 = 16 % and 57 + 8 %, all determined for a 70% confidence interval.
Hence, the absolute values of the calculation results suffer from relatively large uncertainties, but the
predicted trends will probably still remain valid, and the model can still provide very useful
information about the underlying chemical reaction kinetics P4

We also calculated the Spearman’s p rank correlation coefficients, to find correlations between
the calculated plasma properties and the rate coefficients of the individual reactions. In this way, we
can identify which reactions contribute most to the uncertainty in the model predictions. Direct
electron impact dissociation is the dominant source of uncertainty for the CO, conversion. Electron
impact dissociation of CH4 (mainly into CH3; and H), recombination of CHs and H back to CHs, as
well as the production of C;He via three-body recombination of CHj, are the most significant
contributions to the uncertainty of the CH, conversion, either by direct and indirect influence on the
formation and loss of CH4. All the above mentioned reactions also contribute to the uncertainty in the
CO and H: selectivities.

It is clear that the uncertainties in the cross sections and rate coefficients can propagate and give
relatively large uncertainties in the model output. In order to improve the accuracy and the reliability
of chemical kinetics models, it is important to use verified rate coefficients, as also recommended by
Turner ®* and by our group 7}, and to validate the modelling results against experiments. For the
latter, controlled experiments should be carried out in a simple design using controlled parameters,
such as the gas temperature and the reduced electric field.

Finally, it is worth mentioning that the cross sections and rate coefficients are not the only source
of uncertainty in the model. Other, more systematic uncertainties may arise from assumptions on the
DBD filament properties in the model, such as the interpulse time and the microdischarge (pulse)
duration. This was illustrated in our previous work, which also contributed to the verification and

40].

validation of chemical kinetic modelling results - Also for these, experimental validation of the

model results and assumptions is critically needed.
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Appendix. List of chemical reactions included in the model

Table Al. Electron impact reactions, as well as the references where the data are adopted from and the
corresponding uncertainties (expressed relative to the mean value). These reactions are treated by
energy-dependent cross sections. When not explicitly presented in the original source, the
uncertainties in the reactions of electron impact upon CO, have been taken according to the values
reported by Itikawa [51].

| No. | Reaction | Ref. | Uncertainty AA/A |
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X1@ e +C0, > e~ +e” + COY [52]-[53] 0.10
x2® e +C0, > CO+ 0~ [52]-[53] 0.30
X3® e”+C0,>e”+CO0+0 [54] 0.30
X4© e~ +C0, » e~ + CO,(el) [52]-[53] 0.30
X5© e~ +C0, - e~ + C0,(e2) [52]-[53] 0.30
X6 e"+C0-e +e +CO* [55]-[56] 0.10
X7 e +C0—->e +C+0 [55]-[56] 0.30
X8® e"+0,2e +0+0 [57] 0.25
X9® e"+0,-50"+0 [57] 0.25
X10® | e 4+0,+M->0; +M [57] 0.25
X119 | e”+0-e” +0(1D) [58] 0.20
X12© | e”+0->e” +0(1S) [58] 0.20
X13 e +CH, > e +e +CHJ [59] 0.15
X14 e"+CH,>e +e +CHf+H |[59] 0.15
X15 e” +CH, > e +H+CH;g [60]-[61] 0.15
X16 e +CH, > e +H, +CH, [60]-[61] 0.15
X17 e"+CH,—>e +CH+H,+H [60]-[61] 0.15
X18 e” +CH, > e +C+2H, [60]-[61] 0.15
X19 e” +C,H, > e +e +C,HF [62] 0.20
X20 e +C,Hs e +C,H: +H [63]-[64] 0.75
X21 e” +C,H, >e +C,H, +H, [63]-[64] 0.75
X22 e” +C,Hc >e +C,H,+H [63]-[64] 0.75
X23 e” +C,Hc > e +C,H; + H, [63]-[64] 0.75
X24 e” +C,H, o e  +e +C,Hf [62] 0.20
X25 e” +C,H,>e +CH;+H [63]-[64] 0.75
X26 e +C,H, e +C,H, + H, [63]-[64] 0.75
X27 e” +C,H; >e” +C,H, + H [63]-[64] 0.20
X28 e” +C,H, o e +e” +C,HY [62] 0.75
X29 e” +C3Hg > e +C3H, + H [63]-[64] 0.75
X30 e~ +C3Hg > e~ + C3He + H, [63]-[64] 0.75
X31 e~ +C3Hg » e +C,H, + CH, [63]-[64] 0.75
X32 e” +C3H, > e +C3H+ H [63]-[64] 0.75
X33 e~ +C3H, > e +C,H, + CHy [63]-[64] 0.75
X34 e~ +C3H, » e” + C,H; + CH, [63]-[64] 0.75
X35 e~ + C3He » e + C,H, + CH, [63]-[64] 0.75
X36© | e +H, > e +Hy(e) [63]-[64] 0.37
X37¢ | e” 4+ H, > e +Hy(v) [65] 0.20
X380 | e=+H, 5e"+H+H [65] 0.20
X399 | e~ + Hy, 5 e~ +e” + HY [65] 0.07
X409 | e~ +H- e +HQ2P) [66] 0.20
X41® |e"+H-oe +e +H [66] 0.10
X420 | e~ 4+ CH;0H » e~ + CH; + OH [67] 1.00
X430 | e~ 4+ CH;0H » e~ + CH,0OH+H |[67] 1.00
X44® | e+ CH;0H » e~ + CH;0+H [67] 1.00
X45 e" +H,0-> 0" +H, [68] 0.25
X46 e" +H,0 > O0H™ +H [68] 0.25
X47 e” +H,0 > H™ + OH [68] 0.25
X48 e +H,0>e  +0H+H [68] 0.36
X49© | e” 40, o e” +0,(al) [57] 0.25
X509 | e” 40, 5 e” +0,(bl) [57] 0.25
X51 e +H oe +e +H [69] 0.20
X52 e"+0H —>e +e +OH [70] 0.42
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X53 e +CH;>e +CH,+H [60]-[61] 0.15
X54 e"+CH,>e +CH+H [60]-[61] 0.15
X55 e"+CH, > e +C,H+H [63]-[64] 0.15

(a) Cross section also used for the electronically excited states, modified by lowering the energy
threshold by the energy of the excited states.

(b) Same cross section also used for the electronically excited states.

(c) The cross sections for electron impact de-excitation are obtained from the excitation cross sections
by the principle of detailed balance.

(d)Cross section also used for the vibrationally excited states, modified by lowering the energy
threshold by the energy of the excited states.

(e) Same cross section also used for the vibrationally excited states.

(f) The primary source was not accessible and/or the uncertainty was not given, so we assume a value
of 100%, which is large enough to check its influence.

Table A2. Electron impact reactions described by analytical expressions for the rate coefficients,
given in cm’/s and cm®s, for two-body and three-body reactions, respectively, as well as the
references where the data are adopted from and the corresponding uncertainties (expressed relative to
the mean value). T, and T. are given in K.

No. Reaction Rate coefficient Ref. Uncertainty
AA/A
E1® |e"+0OH—->e +H+0 2.5 x 108 [71] 1.0
E2® | e +0H »e +e +0+ H | 48x10° [71] 1.0
E3 e +0+M >0 +M 1.0 x 10-3! [72] 0.50
E4 e"+C0f >CO+0 1.07 x 1073T,”**°/T, [73]-[74] 0.08
ES e”+C0F->C+0, 1.07 x 1073T,"*%/T, [73]-[74] 0.08
E6® | e~ +CO} - CO, +0, 1.73 x 1075T,~*5° [75] 0.30
E7 e +CO0t>C+0 2.0 X 1077(T,/300)048 [76]-[77] 0.25
E8® | e~ +C,0f - CO, + CO, 2.15 x 1073T, /T, [78] 0.50
E9 e~ + CHZ - CH; + 2H 2.57 x 1077(T,/300)~03° [601,[79] 0.15
EI0 |e” +CHf >CH, +H,+H 6.61 x 1078(T,/300)70:30 [60],[79] 0.15
Ell |e +C,Hf > C,H,+H 7.70 x 1078(T,/300)7*7* [64] 0.15
E12 | e  +C,HY - C,H; + 2H 1.92 x 107%(T,/300)~°7* [64] 0.15
E13 |e +C,Hf > C,H,+H,+H | 1.60 x 10-%(T./300)~°7* [64] 0.15
El4 |e” +C,H - C,H, + 3H 8.98 x 10'9(Tg/300)_0'71 [64] 0.15
El15 |e” +C,Hf » C,H, + 2H 3.43 x 1078(T./300)7%71 [64] 0.15
E16” | e~ + C,03 —» CO + CO 1.39 x 107¢(T,/300) 034 [78] 0.50
El7 |e  +H;0* > H,0+H 7.09 x 1078(T,/300)°5° [80] 0.20
E18 |e” +H;0" > H, +OH 5.37 x 1078(T,/300)75° [80] 0.20
E19 |e” +H;0" - 2H + OH 3.05 x 1077(T./300)~5° [80] 0.20
E20 |e” +CHf 5 CH;+H 1.18 x 1078(T,/300)°5° [601,[79] 0.15
E21 |e  +CHf - CH,+2H 2.42 x 1078(T,/300)~05° [60],[79] 0.15
E22 |e +CHf >CH+H,+H 141 x 1078(T,/300)~%3° [60],[79] 0.15
E23 |e” +CH?f 5 CH,+H 2.25 x 1078(T,/300)~0-50 [601,[79] 0.15
E24 |e” +CHf o CH+H, 7.88 x 10~°(T./300)°5° [601,[79] 0.15
E25 |e” +CHY - CH+ 2H 9.00 x 107°(T,/300)~%5° [601,[79] 0.15
E26 |e"+CHf o C+H+H, 1.69 x 1078(T,/300)%5° [601,[79] 0.15
E27 |e” +C,Hf > C,H:+H 2.19 x 1078(T,/300)~%71 [64] 0.15
E28 | e~ +C,H} - C,H, + 2H 3.36 x 1078(T,/300)7*7* [64] 0.15
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E29 |e +C,Hf - C,H,+H 2.74 x 1078(T,/300)°71 [64] 0.15
E30 |e” +C,HI > CH+CH 1.87 x 1078(T,/300)~°71 [64] 0.15
E31® | e~ + C,0% - CO, + CO 3.78 x 107°T,°7° [78] 0.50
E32® | e~ +H* > H 3.52 x 1013 [81] 0.50
E33® | e” + HJ - 2H 5.33 x 107%(T,/300) " [81] 0.50

(a) The primary source was not accessible and/or the uncertainty was not given, so the uncertainty was
assumed based on the dispersion of the literature data.

Table A3. lon-ion and ion-neutral reactions, as well as the references where the data are adopted from
and the corresponding uncertainties (expressed relative to the mean value). The rate coefficients are
given in cm®/s and cm®/s, for two-body and three-body reactions, respectively. T, is given in K.

No. Reaction Rate coefficient Ref. Uncertainty
AA/A
11 | CO,+ CO* - COF +CO 1.0 x 10 [82]-[83] 0.20
2® | C0,+ 0" +M->CO; +M 9.0 x 10-29 [84] 1.00
13® | C0,+0; +M - CO; +M 1.0 x 10-2° [84] 1.00
14 CO, + 03 - CO3 + 03 5.5 x 10-10 [82],[85] 0.30
15@ | CO, +COF +M - C,0f +M 3.0 x 1028 [78] 1.00
16 [CO+ 0" +M-CO,+e” 5.5 x 10°10 [85] 0.30
17® | CO+CO3 - 2C0, + e~ 5.5 x 107 [84] 1.00
18® | 0+ CO03 - 07 +CO, 8.0 x 10-11 [85] 1.00
199 | 0+ CO; —» CO3 + 0, 1.1 x 1010 [82] 1.00
1109 | 0+ CO3 = CO, + 0~ + 0, L4 x 1011 [82] 1.00
1119 04 C03 = CO, + 0~ +0, 1.4 x 1011 [82] 1.00
112® [ CO+C,0% + M > C,0f +CO, + M | 2.6 X 1026 [78] 1.00
113 | CO+C,0f + M = C,0% +CO, + M | 4.2 x 1026 [78] 1.00
114® | CHY + C,Hg » C,HY + H, + CH, 2.3 x 1010 [87] 1.00
115® | CHZ + C,H, — C,HZ + CH, 1.5 x 10 [79] 1.00
116® | CHY + C,H, = C,H3 + CH, 1.6 x 10 [79] 1.00
117® | CHf + CH, — CHZ + CH,4 1.5 x 10 [79] 1.00
118® | CHf + C,Hg —» C,H + CH, + H, 1.9 x 10 [87] 1.00
1199 | CHI + CH, — CH + CH, 1.7 x 10-10 [88] 1.00
120¥) | CH} + CH, — C,H? + H, 1.2 x 10° [79] 1.00
121 | C,Hf + H - C,HY +H, 3.0 X 1010 [79] 1.00
122® | C,H} + C,H, = C,HE + C,H, 8.9 x 1010 [79] 1.00
123® | Hf + CH, » CHf + H, +H 2.3x 107 [79] 1.00
1249 | H* + CH, - CH + H 1.5 x 10 [79] 1.00
25® | H- +H->H, +e"” 1.3 x 10° [79] 1.00
126 | CHf + H,0 - H;07 + CH, 3.7 X 109(T,/300)-050 | [79] 1.00
127% | CH} + H,0 = H;0* + CH,4 2.6 X 10-9(Tg/300)-050 | [79] 1.00
128¥ | C,HE 4+ H,0 > H30* + C,H; 3.0 X 109(T/300)%5° | [79] 1.00
1299 | C,HE + H,0 - Hy0* + C,H, L4 x 109(Ty/300)0% | [19] st
130“ | C,H$ + H,0 - H30* + C,H, 1.1 x 10-%(Tg/300)050 | [79] 1.00
131 | H- + H,0 » H, + OH™ 3.8 x 10 [79] 1.00
132® | 0~ + CH, —» CH; + OH™ 1.0 X 10-10 [79] 1.00
133® | 0" + H, > H,0 + e~ 7.0 x 10-10 [79] 1.00
1349 | CO} + CH, — CHf +CO, 5.0 x 1010 [79] 1.00
135 | CO + CH, > CH + CO 7.9 X 10°10 [79] 1.00
136¥ | OH" + H > H,0 +e” 1.4 x 10 [79] 1.00
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137903 +M>M+0; +e” 2.4 x 1011 [89] 1.00
138® | H;0* + CO; > H,0 + H+CO, +0 | 1.0 x107 [90] 0.50
139® | H,0* 4+ CO; - H,0 + H + CO, + 0, | 1.0 x 107 [90] 0.50
140® CO; + C03 — 2C0, + 0 5.0 X 107 [74] 0.50
141@ CO; + CO; — 2C0, + 0, 5.0 x 107 [74] 0.50
142 | ,03 + €03 - CO, +2C0 +0 5.0 X 107 [74] 0.50
1439 | C,03 + €Oz - CO, +2C0 + 0, 5.0 X 107 [74] 0.50

(a) The primary source was not accessible and/or the uncertainty was not given, so the uncertainty was
assumed based on the dispersion of the literature data.

Table A4. Neutral-neutral reactions, as well as the references where the data are adopted from and the
corresponding uncertainties (expressed relative to the mean value). The rate coefficients are given in
cm®/s and cm®s, for two-body and three-body reactions, respectively. T is given in K.

No. Reaction Rate coefficient Ref. Uncertainty
AA/A
N1 CHy + CH > C,H, + H 9.97 x 1011 [91] 10.0
N2 CH; + CH, » C,H, +H 7.01 x 10-1t [92] 3.16
N3®@ CH; + C,Hs + M5 CHg + M 5.00 X 1029 [34] 3.00
N4 CH, + C,Hg - C,H, + CH; 3.01x 10 [91] 3.00
N5 CH, + C,H; - C,H, + CHy 3.01 x 101t [91] 10.0
N6 CH+C,He+M - CH, + M 1.14 x 10% [92] 10.0
N7® C+H,>CH+H 1.50 x 1010 [93] 10.0
N8 C,Hg + C,Hg - C,Hg + C,H, 241 x 1012 [92] 2.51
N9 C,Hs + C3H, - C3Hg + C,H, 1.91 x 10-12 [94] 1.40
N10 C,Hg + C3H, - C3Hg + CHg 241 x 1012 [94] 1.40
N11 C,Hs + H - CH; + CHy 5.99 x 101t [92] 2.00
NI2 C,Hs + H-> C,H, + H, 3.01x 1012 [91] 3.00
N13® C,H: + H > C,H, 6.00 x 10-11 [95] 10.0
N14 C,H; + H - C,H, + H, 2.01 x 1011 [92] 3.16
NI5® | CHy+H+M- CH,+M 8.26 x 1030 [96] 2.00
N16@ C,H¢ + CH, - C3Hg 4.80 x 1012 [97] 2.00
N17 H+H+M-H,+M 6.00 X 1033 [92] 3.16
N18® H,(v) + H, - H, + H, 1.00 x 10-13 [81] 10.0
N19®@ H,(e) + H, —» H, + H, 1.00 x 10-13 [81] 10.0
N20 CH; + 0 - CH,0+H 1.40 x 10-10 [92] 1.58
N21 CH; +0—>CO+H,+H 5.68 x 1011 [98] 1.58
N22 CH, +0 - CO+H, 5.53 x 1011 [98] 0.30
N23 CH, + 0 - CO + 2H 8.29 x 1011 [98] 0.30
N24®@ CH, + 0> CHO+H 5.01 x 10-11 [98] 2.00
N25 C,H: + 0 » CH;CHO + H 8.80 x 10-11 [98] 0.05
N26 C,Hs + 0 » CH,0 + CH,4 6.60 X 1011 [98] 0.10
N27 C,Hs + 0 - C,H, + OH 440 x 101 [98] 0.10
N28 C,H, + 0 > CH,CHO + H 2.63 x 1013 [98] 0.05
N29 C,H, + 0 > CHO + CH,4 451 x 1013 [98] 0.10
N30 C,H; + 0 > C,H, + OH 125x 10 [91] 0.50
N31 C,H; + 0 - CO + CH; 1.25 x 101 [91] 0.50
N32 C,H; + 0 > CHO + CH, 1.25 x 1011 [91] 0.50
N33 C,H; + 0 > CH,CO+H 1.60 x 1010 [91] 3.00
N34 C,H; + 0, > CH,0 + CHO 9.00 x 1012 [92] 3.16
N35 H+0; > 0H+0, 2.86 x 10-11 [99] 2.00
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N36 CH, + CO, = CH,0 + CO 3.90 x 10-14 [91] 1.60
N37 CH, + OH > CH,0 + H 3.00 x 1011 [91] 3.00
N38 CH + CO, > CHO + CO 9.68 x 10°13 [98] 0.15
N39 CH+CO, > 2CO+H 9.68 x 1013 [98] 0.15
N40 C,Hs + OH - C,H, + H,0 4.00 x 1011 [91] 5.00
N41 C,H: + CHO - C,H + CO 2.01 x 10-10 [91] 3.00
N42 C,H; + CH;0 - C,H, + CH,0 4.00 x 10°1t [91] 5.00
N43 C,H; + OH - C,H, + H,0 5.00 x 10 [91] 3.00
N44 C,H; + CHO — C,H, + CO 1.50 x 10-10 [91] 3.00
N45 C,Hs + CH3;0 - C,H, + CH,0 4.00 x 1011 [91] 5.00
N46 H + CHO - CO + H, 3.32 x 1010 [100] 2.00
N47 H + CH;0 - H, + CH,0 232 x 1011 [98] 0.20
N48 H + CH3;0 — CH; + OH 9.93 x 1012 [98] 0.20
N49 H + CH5CHO - H, + CH5CO 8.98 x 10-1* [92] 0.10
N50 H + CH,CO - CH; + CO 1.04 x 1013 [92] 0.50
N51 H + C,HO — CH, + CO 2.50 x 10-10 [92] 0.40
N52 0 + CHO - CO + OH 5.00 x 10°11 [92] 2.00
N53 0 + CHO - H + CO, 5.00 x 10°11 [92] 2.00
N54 @ 0 + CH,0 —» CH, + CO, 2.29x 1013 [101] 2.00
NS5 CO+OH-CO, +H 125x1013 [92] 3.16
N56 CHO + OH - CO + H,0 1.69 x 10°10 [92] 2.00
N57 OH + CH;CHO — CH;CO + H,0 1.57 x 1011 [99] 1.26
N58 OH + CH,CO — CO + CH,0H 1.70 x 1011 [92] 1.00
N59 C,Hs0, + C,H50, - C,HsOH + 243 x 10°14 [102] 0.12
CH53CHO + 0,
N60 C,H:0, + C,H:0, - 2C,H:0 + O, 3.97 x 1014 [102] 0.12
N61 CH, + CH3CO — CH,CO + CH; 3.00 x 10-11 [91] 3.00
N62 C,H: + CH,0H - C,H¢ + CH,0 4.00 x 1012 [103] 5.00
N63 C,Hg + CH,O0H - CH30H + C,H, 4.00 x 10-12 [103] 3.00
N64 C,H; + CH,OH - C,H, + CH,0 5.00 x 10-11 [103] 5.00
N65 H+ CH,OH - CH,0 + H, 1.00 x 1011 [103] 2.50
N66 H + CH,OH — CH; + OH 1.60 x 10-10 [103] 2.00
N67 0 4+ CH;0 = CH,CO 4+ OH 8.75 x 1011 [98] 0.20
N68 0 + CH;0 > CO, + CH, 2.63 X 10-10 [98] 0.20
N69 0 + CH,OH - CH,0 + OH 7.00 x 10°11 [103] 2.00
N70 0, + C,H:0 - CH;CHO + HO, 8.12 X 10°15 [102] 1.58
N71 OH + CH5CO — CH,CO + H,0 2.00 x 1011 [91] 3.00
N72 OH + CH;3CO — CH5 + CO + OH 5.00 x 1011 [91] 3.00
N73 HO, + CH;CO — CH; + CO, + OH 5.00 x 101 [91] 3.00
N74 CH;0 + CH3CO — CH;0H + 100 x 10 [91] 5.00
CH,CO
N75 C,H: + 0, » C,H:0, 5.00 x 1012 [99] 2.00
N76® | 0(1D) + CH, - CH5 + OH 3.11 x 1010 [104] 5.00
N77® | 0(1D) + CH, - CH;0H 498 x 1011 [105] 5.00
N78 @ | 0(1D) + CH, — CH,OH + H 6.90 x 1012 [106]- 5.00
107
N79 @ 0(1D) + CO - CO, 8.00 x 10-11 %108} 2.00
N80 ® | 0(1D)+CO - CO+0 5.00 x 10°11 [109] 0.50
N81® | CH,0+ 0> CO+OH+H 1.00 x 10-10 [110] 5.00
Ng2 @ 0,(b1)+0;>50,+0,+0 2.20 x 1011 [111] 2.00
N83 @ | 0(1S) + 0,(al) —» 0(1D) + 0,(b1) 290 x 101t [111] 2.00
N84 @ 0(1S) + 0,(al) - 30 3.20 x 10-11 [111] 2.00
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N85 0(1D) + H,0 - 20H 2.20 x 1010 [112] 1.26

N86 @ | CO,(el) +M - CO, + M 1.00 x 10°11 [45] 2.00

N87 @ | C0,(e2) +M - CO, + M 1.00 x 10°11 [45] 2.00

N88 CH;+ H+ M- CH, + M 3.01 X 1028 (Ty/298)-180 [92] 2.00

N8§9 CH, + CH, » C,H, + 2H 3.32 X 1019 exp(-5530.4/Tg) | [113] 2.00

N90 CH, + CH, > C,H, + H, 9.98 x 10-12T,05 [114] 1.58

N91 CH; + CH; + M - C,Hg + M 1.68 X 10-24(T,/298) 7 [92] 10.0
exp(-1390.4/Ty)

NO2 CH, + H—> CH + H, 1.00 x 10 exp(899.7/Tg) | [92] 10.0

N93® | CH+H-C+H, 1.31 x 1010 exp(-805.9/Tg) | [115] 3.00

N94 C,H,+ H+ M > C,H: + M 7.69 x 10-3° exp(-380.1/Ty) | [116] 2.00

N95 C,H, + H+ M - C,H; + M 1.08 x 10-25(Tg/298) 727 [92] 2.00
exp(-3630.0/Tg)

N96 C.H, + H > C3Hg 9.67 x 10-11(T,/298)022 [117] 2.00

N97 @ 0+ 0+M->0,+M 1.27 x 10-32(Tg/298)-10 [118] 10.0
exp(-170.0/Tg)

N98 @ | 0(1S) + 0 - 0(1D) 4+ 0 5.00 x 10-11 exp(-300.0/Tg) | [111] 10.0

N99 C,H, + 0 - CH, + CO 1.53 x 10-13(T,/298)28 [92] 1.58
exp(-250.2/Tg)

N100 C,H, + 0> C,HO+H 1.53 X 10-13(T,/298)280 [92] 1.58
exp(-250.2/Ty)

N101 H+ O+M->OH+M 4.36 X 10-32(Tg/298)-10 [91] 5.00

N102 H+ 0,+M - HO, + M 6.09 X 10-32(T,/298)080 [116] 3.16

N103 CH, + OH - CH; + H,0 1.36 x 10-13(T,/298)30* [119] 1.20
exp(-920.1/Ty)

N104® | CH; + OH+ M - CH;0H+ M 3.69 X 102%exp(1279.8/Tg) | [120] 2.00

N105 CH+CO+ M- C,HO+M 4.15 X 10-39(Tg/298)-1.9 [98] 0.30

N106 C,Hg + OH — C,H; 1.06 x 10-12(Tg/298)%%xp(- | [92] 1.41
435.0/Tg)

N107 H+ CO+M - CHO+ M 1.90 x 10-33 exp(-842.0/Tg) | [100] 1.58

N108 H+ OH+M > H,0+ M 4.33 X 10-30(T,/298)-20 [92] 2.00

N109 H+ HO, » H,0+0 8.30 x 1011 exp(-502.8/Tg) | [121] 3.16

N110 H+ HO, » OH + OH 2.81 x 1010 exp(-440.2/Tg) | [122] 2.00

N111 H+ HO, » 0, + H, 4.15 x 1011 exp(-248.8/Tg) | [122] 1.58

NII2® [0+ OH—0,+H 4.55 x 10-12(Tg/298)040 [123] 3.00
exp(-371.7/Ty)

N113 0 + HO, > 0, + OH 1.36 X 10-11(T,/298)075 [124] 5.00

N114® | 0+ CH;0 - 0, + CH, 3.55 x 1011 exp(-239.3/Tg) | [125] 2.00

N115 0 + CH3;CHO — OH + CH,CO 8.30 x 102 exp(-902.1/T) | [92] 2.00

N116 OH + CH,0 - H,0 + CHO 4.73 x 10-12(T,/298)118 [92] 10.0
exp(-224.9/Ty)

N117 HO, + C,H;0, » C,H;O0H + 0, | 3.80 X 103 exp(900.0/Tg) | [102] 0.20

N118 H + CH,OH - CH;0H 2.89 X 10-19(T,/298)0.040 [126] 2.00

N119 0 + CH;0H - OH + CH,0H 7.11 X 10-12 exp(-1020.0/Tg) | [127] 2.00

N120 0, + CH,0H — CH,0 + HO, 3.77 x 10°15(T,/298)>%*exp | [128] 0.25
(2280.5/Ty)

N121 OH + CH3;0H — H,0 + CH,O0H 3.44 X 10-13(Tg/298)28exp(- | [129] 0.40
210.5/T¢)

N122 OH + CH;0H - H,0 + CH50 1.66 X 10 exp(-854.0/Tg) | [102] 3.16

N123 OH + CH;0H — H,0 + CH,0 + H | 1.10 X 10-12(T,/298) 144 [130] 0.50
exp(-56.53/Tg)

N124 OH + CH;OH - H,0 4+ C,Hs0 5.28 X 10-11(T,/298)054 [102] 0.08
exp(-50.5/Ty)

N125 OH + CH:00H —» H,0 + C,H:0, 3.00 x 1012 exp(190.0/Ty) [92] 0.30
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N126 [C,H+H- C,H, 3.01 x 1010 [91] 1.50

N127 [ C,H + CH, - C,H, + CH, 3.01 x 102 exp(-250.2/Tg) | [91] 3.00

NI128 [ C,H + C,H, = C,H, + C,H, 1.40 x 1010 [131] 2.00

(a) The primary source was not accessible and/or the uncertainty was not given, so the uncertainty was
assumed based on the dispersion of the literature data.
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