Universiteit
Antwerpen

This item is the archived peer-reviewed author-version of:

Plasma-based dry reforming of CHa : plasma effects vs. thermal conversion

Reference:
Slaets Joachim, Loenders Bjorn, Bogaerts Annemie.- Plasma-based dry reforming of CHa : plasma effects vs. thermal conversion

Fuel - ISSN 1873-7153 - 360(2024), 130650
Full text (Publisher's DOI): https://doi.org/10.1016/J.FUEL.2023.130650
To cite this reference: https://hdl.handle.net/10067/2016690151162165141

uantwerpen.be

\‘\‘LE

Institutional repository IRUA



Plasma-based dry reforming of CH4: plasma effects vs. thermal conversion

Joachim Slaets*, Bjorn Loenders and Annemie Bogaerts

Research group PLASMANT, Department of Chemistry, University of Antwerp, Universiteitsplein 1,

BE-2610 Wilrijk-Antwerp, Belgium

*Corresponding author at: Research group PLASMANT, Department of Chemistry, University of
Antwerp, Universiteitsplein 1, 2610 Antwerpen, Belgium. E-mail address:

joachim.slaets@uantwerpen.be

Abstract: In this work we evaluate the chemical kinetics of dry reforming of methane in warm plasmas
(1000 — 4000 K) using modelling with a newly developed chemistry set, for a broad range of parameters
(temperature, power density and CO,/CH4 ratio). We compare the model against thermodynamic
equilibrium concentrations, serving as validation of the thermal chemical kinetics. Our model reveals
that plasma-specific reactions (i.e., electron impact collisions) accelerate the kinetics compared to
thermal conversion, rather than altering the overall kinetics pathways and intermediate products, for gas
temperatures below 2000 K. For higher temperatures, the kinetics are dominated by heavy species
collisions and are strictly thermal, with negligible influence of the electrons and ions on the overall
kinetics. When studying the effects of different gas mixtures on the kinetics, we identify important
intermediate species, side reactions and side products. The use of excess CO, leads to H,O formation,
at the expense of H, formation, and the CO, conversion itself is limited, only approaching full
conversion near 4000 K. In contrast, full conversion of both reactants is only kinetically limited for
mixtures with excess CHa, which also gives rise to the formation of C;H,, alongside syngas. Within the
given parameter space, our model predicts the 30/70 ratio of CO,/CHj to be the most optimal for syngas

formation with a H,/CO ratio of 2.
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1. Introduction

In recent years there is an increasing concern regarding greenhouse gas emissions, global warming and
climate change and the role of fossil fuels. There is an urgent need for alternative feedstock and
production pathways for important chemicals. A possible solution can be found in carbon capture and
utilization (CCU)[1], where greenhouse gasses such as CO; and CH4 can be recycled for the production
of chemicals instead of being emitted into the atmosphere, thus contributing to a circular economy. An
interesting reaction is the so-called dry reforming of CH4 (DRM) (Eq. 1) to produce syngas, a mixture

of H, and CO.
CO, +CHy »2CO+2H, AH® = 247 k] mol™? (Eq.1)
Syngas can be further processed, for example into synthetic fuels through the Fischer-Tropsch process.

Plasma-based DRM is interesting as it has many advantages: it is operated with electricity and is a
turnkey process, allowing it to be quickly turned on and off, or scaled, according to the amount of
available renewable energy [2—4]. Plasma-based DRM has already been studied in various experimental
settings. In so-called warm plasmas, such as gliding arc (GA), microwave (MW), atmospheric pressure
glow discharges (APGDs) or nanosecond pulsed discharges (NPDs), where the gas temperature can
reach up to 4000 K or even higher, the main reaction product is indeed syngas [5,6,15-18,7—14]. Cold
plasmas, on the other hand, like dielectric barrier discharges (DBDs), also produce mainly syngas, but
they also allow the formation of additional side products, such as C,- and Cs-hydrocarbons and
oxygenates, like methanol, ethanol or formaldehyde, especially when catalysts are integrated in the

plasma zone [19-25].

While experiments are invaluable for the further development of plasma-based DRM, the obtained
information is mostly limited to the effects of reactor design and operating conditions on the overall
reaction performance, such as energy efficiency, reactant conversion and product yields. This only gives
limited insights into the underlying chemical processes. Therefore, additional information can be
obtained through kinetics modelling of the experimental setups, gaining important insights in the

chemical reactions related to the performance of specific plasma types, reactor designs and the effects



of experimental parameters (e.g., flow rate, plasma power, gas mixture). However, this is also a
limitation as the model only considers the specific experimental conditions, determined by e.g., flow
dynamics and heat transfer, providing information relevant only for that specific reactor design and
operating conditions. Although such models contribute to a better understanding of the experimental
work, they use a limited range of parameters to match the corresponding experimental conditions, which
hinders finding opportunities for further optimization of the chemical conversion process. For example,
studies by Cleiren et al. [11] and Wanten et al. [13] consider DRM in GA and APGD plasmas,
respectively, but their modelling is limited to gas temperatures between 2000 — 2700 K in the plasma.
The most notable restriction is the maximum CHy fraction of only 35 %, because of experimental
limitations. They also consider a thermal reaction zone with a lower temperature between 1600 — 2200
K, to obtain a better approximation of their experimental reactor. The modelling work performed by
Liu et al. [26] does cover a wider range of gas mixtures, up to 50 % CH, fraction, but it still only
considers a gas temperature of 2500 K in the plasma. These works show experimentally that CO, H,
and H»O are the main formed products for these gas mixtures, with much smaller and trace amounts of
C,H», C;H4, CyHe and O,. Other studies consider DRM with the addition of other gasses, such as O, or
N> as major components or impurities in the gas mixture [12,27,28]. There are also studies that consider
a broader range of operating conditions for plasma-based DRM, but these studies are limited to low

temperature DBD plasmas [29,30].

Therefore, the present study aims to gain a broader understanding of the effects of plasma parameters
on the core chemical kinetics of DRM, independent of the experimental setting. We specifically focus
on warm plasma conditions, such as found in GA, MW, APGDs and NPDs, because they give rise to
much better energy efficiency than cold plasmas [3]. It is important to stress that such a broad study on
the kinetics in this type of warm plasmas has never been conducted before; it was only performed for
low temperature DBD plasmas [27,29,30]. Further, we do not limit ourselves to a specific reactor
design, but we study a general plasma setting with a wider range of gas temperature, plasma power
density, and most importantly, a full range of gas mixtures, ranging from 90 % CO, to 90% CHa, which

has not been demonstrated before for warm plasmas. We compare the kinetics of thermal gas chemistry



with those of plasma-based conversion and illustrate differences and similarities between them. It has
been shown that within plasma systems thermal chemistry can be an important contributor to the
conversion process [26]. Importantly, we constructed a new chemical kinetics scheme for this broad
study, which serves as an updated/revised version of the previous works from our group PLASMANT
[11,12,35,13,27,29-34]. Improvements are made by careful literature review of the original sources and
the use of detailed balancing to fill gaps in the chemistry. We also specifically improved the kinetics
scheme by comparing the steady state concentrations from our model to thermodynamic equilibrium,

which was never considered as a validation tool in previous works.

2. Material and methods

2.1. Model description

The focus of this work is to study the influence of various parameters, i.e., gas temperature, plasma
power and CO»/CHj ratio, on the chemical composition in the plasma, independent of a specific reactor
configuration. This makes a (zero-dimensional) chemical kinetics model ideal for this study. The simple
model setup allows a wide range of parameters to be studied with reasonable calculation times. We used

the ZDPlasKin code for these calculations [36].

The model solves the mass conservation equations for all plasma species included, by calculating the
change in number density for each species due to chemical reactions. Eq. 2 describes the change in
number density 7 of species s with respect to time ¢ due to reactions 7, in which a”;; and a*; are the
coefficients of species s on the right and left side of the reaction i, respectively, and R; is the
corresponding reaction rate. The reaction rate, given by Eq. 3, is the product of the rate coefficient k&

and number densities of the reactants #;.

j
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For the electron impact reactions, the rate coefficients are calculated using Eq. 4, where ¢ is the electron
energy, o. the collision cross section, f. the electron energy distribution function (EEDF) and v the
electron velocity, given by Eq. 5, in which m. is the mass of an electron. The EEDF is calculated by a
Boltzmann solver, BOLSIG+ [37], which is integrated in the ZDPlasKin code. BOLSIG+ uses the two-
term approximation to calculate the EEDF from the reduced electric field (E/N), which is obtained from
Eq. 6, with n., the total species number density, P/V the power density given as input to the model, and
o the plasma conductivity. The latter is calculated by Eq. 7, with u the electron mobility, also obtained

from BOLSIGH, 7. the electron density and e the elementary charge.

k = f " . (Oh(0 v(O)de (Eq. 4)
2
v(e) = m_e (Eq.5)
By 1 ,P/V
(N) " Noga| O (Eq. 6)
—_— u . .
o= oo ng-e (Eq.7)

For the other reactions, by the so-called heavy species (i.e., all species besides the electrons), the rate
coefficients are given by analytical equations, e.g., modified Arrhenius equations or fall-off functions.
A complete list of all reactions in the kinetics scheme, with the corresponding rate coefficients or cross

sections and references, is presented in the Supporting Information (SI).

Importantly, this work serves as an updated version of the kinetic schemes for the reforming of CO,
and CH4 mixtures from our earlier works [11,12,35,13,27,29-34]. We updated the reaction rate
coefficients using available literature, and where unavailable, we used detailed balancing to account for

réverse processes.

Both plasma power and gas temperature are considered as separate input parameters, independent of

each other, and they are both kept constant at fixed values throughout the simulation. This means that



the gas temperature is not calculated time-dependently using the heat balance equation, and therefore,
the plasma power is not responsible for gas heating, i.e., gas temperature and plasma power are fully
decoupled parameters. This has the benefit that we can evaluate their effect, independent from each
other, providing more insight in the effect of individual parameters. In reality, however, the gas
temperature depends on the applied plasma power and heat capacity of the gas mixture, as well as heat
losses to for example the reactor walls. Hence, either external heating or cooling may be required to
obtain a specific combination of plasma power and gas temperature, used as input in this study.
However, this work aims to gain a better understanding of the effects of these external parameters on
the chemical kinetics, without focusing on a specific experimental condition, which justifies this
approach. Even more, it provides a broad picture of the overall chemistry, and thus allows to discover

possible improvements in the chemical conversion process.

In total, 336 different electron impact reactions are taken into account for the calculation of the EEDF
(see SI; Table S1 and S2), including 123 electron impact excitation reactions. However, the excited
species formed in this way are not included in our kinetics scheme. Indeed, our model does not consider
a state-to-state chemistry, but instead it assumes a vibrational-translational equilibrium, i.e., the
vibrational temperature is equal to the gas temperature, and there is no overpopulation of the
vibrationally excited levels. As an indication, it has been demonstrated that a vibrational-translational
non-equilibrium can only be sustained for very short timescales, reaching equilibrium in less than 0.1
ms for pressures of 25 mbar [38]. With increased pressure, the higher collision frequency between
species will result in even faster vibrational-translational relaxation. As our study is focused on
atmospheric pressure plasmas and residence times up to 10 ms, we can reasonably assume that
relaxation is sufficiently fast to result in a thermal vibrational distribution function (VDF) and a

negligible influence of vibrational-translational non-equilibrium on the kinetics.

Our simulations assume a homogeneous plasma, i.e., no gradients in temperature or power density. In
principle, ZDPlasKin considers a batch reactor, calculating the species number densities only as a
function of time, by solving the species conservation equations (Eq. 2). However, the total number

density is affected by temperature and chemical reactions, requiring a modification to account for these



changes and to maintain constant (atmospheric) pressure. Therefore, at each timestep, the number
densities calculated by ZDPlasKin for all species are multiplied with a correction factor S (Eq. 8) to
maintain the total number density corresponding to the ideal gas law at atmospheric pressure and the
simulated temperature [39]. In our simulations the temperature is a constant, i.e., 7(0) and T,(?) in Eq.
8 are equal. This approach can be considered a batch reactor operating at constant pressure. In a flow
reactor, this correction would be equivalent to contraction or expansion of the gas volume due to
chemical reactions, and correspondingly a decrease or increase of the velocity through the plasma.

T, (0) iy (0)

= T O Lm0 (Eq.8)

B

2.2. Chemistry

The kinetics scheme considers 70 different plasma species, i.e., 40 different neutral species, 24 different
positive ions, 5 different negative ions, and the electrons, which react through 1468 reactions. A list of
the species included in the model is given in Table 1 and a full list of the chemical reactions with the
corresponding rate coefficients and the references where the data is adopted from, is provided in the SI

(Table S1).

Most rates coefficients were obtained directly from literature sources, with some exceptions. For reverse
processes of reactions between neutral species for which no reliable source could be found in literature,
detailed balancing was used to obtain the rate coefficients. The equilibrium constant K., is calculated
using Eq. 9, with p the reference pressure (1 bar), Av the change in number of species in the reaction
and 4G, the Gibbs free energy of the reaction, calculated using thermodynamic data from McBride et

al. [40] and Burcat et al. [41].

AV —AGy
Keq = (%) e(7TY) (Eq.9)

Furthermore, some assumptions were made in the kinetics scheme or reactions involving electrons. The
associative ionization rate coefficients (reactions 549-551, 1084, 1085, 1155, 1156, 1200 in Table S1)

are taken equal to the values of Park et al. for O + O (forming O," + an electron). Indeed, they could



prove important in the higher temperature range for the formation of electrons, as stated by Vialetto et
al. [42]. The electron detachment reaction from OH™ ions (reaction 457 in Table S1) is estimated to be
equal to the detachment process of O ions and was found to be an important reaction to balance the
anions in the plasma. The electron-ion three-body recombination rate coefficients for CO™ and CO,"
were also estimated based on the generalized formulation of Kossyi et al. [43], although these reactions

turn out to have minimal impact on the overall scheme (reactions 1158-1161 in Table S1).

Table 1: Overview of species included in the chemical kinetics set, excluding the electrons

NEUTRAL SPECIES IONS

C c’

0, 0,, O3 0", 0,", 0,0y, 05

H, H, H', H,", H:", H

CO, CO, CO", CO,"

CH, CH,, CH3, CHq4, C;H, C,Ha, CoHs, CH', CH,', CHs", CH,", CHs", CoH', C,H,",
C,H4, C,Hs, C,Hg CHs,

CoH4", CoHs', CoHg"

OH, H,0, HO», H.0» OH', H,O", H;0", HO,", OH"
CH,CH,0OH, CH,CO, CH,OH, CH;CHO, HCO"

CH;CH,OH, CH3CHO, CH3CHOH, CH3CO,
CH3COOH, HCCO, CH30, CH30H, CH500,

CH;0O0H, COOH, HCHO, HCO, HCOOH

2.3. Overview of the simulations

In this work, we focus specifically on the kinetics in the active plasma region, without considering an
afterglow or post-plasma effects. We varied the gas temperature between 1000 and 4000 K, which is in
the typical range for warm plasmas [3], for five different CO,/CHy4 ratios (10/90, 30/70, 50/50, 70/30,

90/10). We also conducted four sets of simulations for the power density, further referred to as thermal



(0 W/em®) and plasma (500, 1000, 1500 W/cm®) simulations. These power densities are typical for
warm plasmas, as obtained from different literature sources [6,8,11-13,44-48] (see comparison in the

supporting information; Table S3).

“Thermal” represents purely thermal decomposition of molecules in the gas-phase because of the high
gas temperature, in which no electrons or ions are considered, but only neutral species. The comparison
with the plasma simulations is performed for a residence time of 10 ms. This estimate of residence time
is realistic based on the work of Van Alphen et al. [49], where a residence time distribution up to 17.5
ms was reported based on CFD simulations of their arc reactor. Additionally, Dahl et al. [50] also used
a residence time of 10 ms in solar-thermal DRM operating at 2000 K. On the other hand, we also
conducted the thermal simulations up to an extremely long simulation time (10'° s, approximately 3169
years). This is of course unrealistic in practice, but it allows the heavy species kinetics to reach a steady
state. The concentrations of the neutral species can then be evaluated against thermodynamic
equilibrium concentrations for the corresponding conditions, which are calculated as described by
Biondo et al. [51]. This comparison provides a first validation of our heavy species kinetics. However,
it is important to note that this only applies to the steady state concentrations themselves, and not the
kinetic pathways to obtain them, neither the timescales in which they are obtained. The accuracy of the
model for those aspects is related to the accuracy of the reaction rate coefficients used in the model.
These uncertainties are typically in the order of 10 — 30 %, but can be higher than 100 %. Therefore, it
is generally established that chemical kinetics models can have a large uncertainty [52—55]. Wang et al.
quantified the uncertainties for their DBD model for DRM and obtained uncertainties up to 33 % for
the conversion and up to 28 % for the syngas yield [55]. Therefore, the trends and relative values of the

species densities predicted by the model are more important than the absolute values.

When comparing our thermal and plasma simulations and thermodynamic equilibrium calculations, we
define the deviation between the species concentrations using the equation for mean absolute deviation.
The large number of species with very low density reduces the value of the mean significantly, and
therefore a weighted mean is employed to focus on the higher density species. This weighted mean

absolute deviation (wMAD) is calculated by Eq. 10, with 4c, the concentration difference for species s



between the results that are compared and w, the weight for species s. When we compare with
thermodynamic equilibrium concentrations, we use the latter as weights in the equation. When we

compare thermal and plasma simulations, the weights are taken as the thermal concentrations.

s\Wg ~ A s
WMAD = % (Eq. 10)

The CO, or CH4 conversion is calculated using Eq. 11, where s is CO» or CHa, n is the corresponding
number density at the inlet or outlet (corresponding to the start and end of the simulations), and £ is the

correction factor defined in Eq. 8.

ngut
Xs = <1 5 in) -100% (Eq.11)
. ns

3. Results and discussion

3.1. Validation of the thermal chemistry

First, we quantify the deviation between the calculated species concentrations for the thermodynamic
equilibrium and thermal kinetics simulations, to validate in first instance the thermal chemistry in our
model, for the five different DRM mixtures, using the wMAD (Eq. 10), shown in Figure 1(a). The
corresponding species concentrations (comparison of thermodynamic equilibrium vs. thermal kinetics
simulations) for the 50/50 mixture are plotted in Figure 1(b), as a reference. The comparison at the other

mixing ratios is presented in SI, figures S1(a-d).
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Figure 1: (a) Weighted mean absolute deviation (wMAD) between the calculated species concentrations
of the thermal simulations (for t = 10'° s) and the thermodynamic equilibrium concentrations, in the
temperature range of 1000 to 4000 K, for five different CO,/CHj4 ratios (90/10, 70/30, 50/50, 30/70,
10/90). (b) Corresponding species concentrations, calculated at thermodynamic equilibrium (solid) vs.
thermal kinetics simulations (dashed) for the 50/50 mixture. The comparison at the other mixing ratios
is presented in SI, figures S1(a-d). Note that at thermodynamic equilibrium (or steady state) nearly all
CO; and CHy4 is converted into CO and H», even at/above 1000 K, while above 2500 K, H; starts to be

dissociated.

Good agreement is reached between 1700 and 2700 K, with a deviation (wMAD) of less than 1 %. At

lower temperature, a larger deviation, up to 1.5 % for 1000 K, is obtained. At higher temperatures, the
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deviation also rises, but remains below 4 %. Hence, the steady state compositions for this kinetics
scheme are in good agreement with those at thermodynamic equilibrium, which serves as validation of

the thermal chemistry in our model.

3.2. Comparison of plasma and thermal kinetics

3.2.1.Plasma species concentrations as a function of temperature

For further characterization of the DRM chemistry, we compare different cases with and without plasma
power, to compare the plasma and thermal kinetics, with timescales limited to the millisecond range.
The concentrations of the main species, for both the thermal and plasma simulations, at a residence time
of 10 ms and for the stoichiometric ratio of 50/50 CO,/CHa, are plotted in Figure 2. It is clear that, above
2400 K, also the plasma concentrations agree with the thermodynamic equilibrium concentrations
plotted in Figure 1b. Below 2400 K, CO, and CHj4 are not yet dissociated within this short residence
time (Figure 2a), and H,O, C,H» and C,H4 are formed to some extent (Figure 2b), which will react away

before thermodynamic equilibrium is established.
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Figure 2: Calculated concentrations of the main plasma species for the temperature range of 1000 to
4000 K and a 50/50 CO,/CHy4 ratio, at a residence time of 10 ms, for both thermal (dotted lines) and

1000 W/cm?® plasma conditions (solid lines).

The thermal conditions show no conversion below 1400 K, and thus CO, and CHj4 are the only species
present. The corresponding plasma conditions do show clear conversion already in this temperature
range, being somewhat higher for CHy4 than for CO,, which is logical, based on the C-H vs C=0 bond
strength (i.e., 439 vs 532 kJ mol™) [56]. Both CO, and CH,4 conversion increase significantly towards
1600 K, which results in the formation of H,, CO, C,H, and H,O (and a limited amount of C,H,), for
both thermal and plasma conditions. While syngas (CO and Hb>) is the dominant product (Figure 2a),

the formation of H»O is also quite important (Figure 2b), and most significant at 1800 K, competing
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with H, formation. This results in a small dip (i.e., 4.5 % and 3.9 % lower concentration) for H, at 1800
K compared to at 1700 K, for the thermal and plasma conditions, respectively. For higher temperatures,
the concentrations of C,H, and H,O drop and become negligible around 2400 K. Simultaneously, the
CO; and CH4 conversions reach 100 % at this temperature, leading to the maximum concentrations of
49 and 50 % for H, and CO, respectively. The calculated species concentrations of the thermal and

plasma conditions (dotted and full lines) fully coincide above 2000 K.

For temperatures above 2400 K, the concentration of H radicals becomes increasingly important, at the
cost of H», leading to H, and H concentrations of 13 and 50 %, respectively, at 4000 K, for both the
thermal and plasma conditions. The concentration of CO also drops slightly, but this is simply due to
the splitting of H,, which increases the number of species, effectively diluting CO. The other free
radicals, C, O and OH, are much less significant, with calculated concentrations of 0.03 % or less. It
should be noted that all radicals will recombine in the afterglow region, where the gas cools down, but

this 1s not considered in our model.

In summary, the plasma activates the chemistry at low temperature (below 1700 - 1800 K), yielding
higher conversion than the pure thermal process. As the conversion process is initiated by electron
impact reactions through the creation of radicals. Even more, below 1400 K, plasma reactions already
give rise to a clear conversion, whereas thermal reactions alone cannot. Above 1500 K, the differences
between thermal and plasma kinetics gradually become smaller, and thus, thermal reactions start to
dominate. As temperature increases, thermal reactions are accelerated, thus contribute more to the initial
creation of radicals and causing conversion on even shorter timescales compared to electron impact
reactions. Above 2000 K, the thermal and plasma kinetics coincide, so the chemistry becomes purely
thermal. Finally, above 2400 K, the concentrations follow thermodynamic equilibrium (cf. Figure 1b),

indicating that the kinetics is fast enough to reach steady state within the simulation time of 10 ms.

3.2.2.Deviation between plasma and thermal Kkinetics

We use the deviation between the simulations with and without plasma power to quantify the influence

of plasma-specific reactions compared to thermal kinetics. Figure 3 presents the deviation (wMAD)
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between the thermal and plasma concentrations for the 50/50 ratio, between 0.1 and 10 ms, for an
applied power density of 1000 W/cm®. For a residence time of 0.1 ms, the difference between thermal
and plasma concentrations is very small, with a wMAD of less than 0.4 %, but after 1 ms, the difference
increases, resulting in a maximum wMAD of 1.8 % at a gas temperature of 1700 K. At still longer
residence times of 10 ms, the maximum wMAD increases to 8.7 %, and shifts to a lower gas temperature
of 1500 K. This larger deviation with time is logical, as a longer residence time simply allows for more

reactions to occur.

10 5 10
: 1 8
g 6 &
£ ] o
GJ <
£ =
S t 3
2
0.1 : . 0
1000 2000 3000 4000

Temperature (K)

Figure 3: Weighted mean absolute deviation (wMAD) between the calculated species concentrations for
thermal and plasma kinetics (1000 W/cm?) as a function of residence time (0.1 to 10 ms) and gas

temperature (1000 to 4000 K), for a stoichiometric (50/50) CO,/CHy4 ratio.

The deviation obtained for low temperatures near 1000 K is due to the very small, almost negligible
thermal conversion, while the plasma power activates electron impact dissociation, enabling more
conversion. This is explained in more detail in section 3.2.3. Raising the temperature up to 2000 K
accelerates the thermal reactions, allowing the products from electron impact dissociation to react away
faster. This drives the conversion process even more forward and increases the deviation compared to
pure thermal conversion, where the initial dissociation of the reactants can only occur from thermal
kinetics. The deviation reaches a maximum around 1500 - 1700 K, after which the thermal kinetics
increases further, taking over the conversion process. Above 2000 K, thermal chemistry fully controls

15



the conversion, resulting in a negligible deviation between the thermal and plasma conditions, with a

wMAD below 0.2 %.

A similar behavior is observed for the other CO,/CH4 ratios, for which the deviation also rises and shifts
towards slightly lower gas temperatures with increasing residence time. In our further discussion, we
only consider a residence time of 10 ms, typically giving rise to the largest deviation. The deviation
between plasma and thermal kinetics depends on the gas mixture, as shown in Figure 4. For mixtures
with an excess of CHs (i.e., 30/70 and 10/90 CO,/CH,), the wMAD reaches maxima of 11 and 13 %,
respectively, at 1500 K. For mixtures with excess CO,, the maxima are obtained at slightly higher gas
temperatures, i.e., at 1600 K for the 70/30 ratio (8.1 %) and at 1700 K for the 90/10 ratio (12 %). Similar
to the 50/50 CO,/CH4 mixture, the wMAD between the thermal and plasma kinetics is negligible (< 0.2
%) above 2000 K. An exception to this is the 90/10 mixture, showing a small deviation between 2000
and 3000 K, with a maximum of 0.71 % at 2500 K, which will be discussed in section 3.4.1. As
expected, the difference between thermal and plasma kinetics slightly rises with the applied power
density. The maximum wMAD for the different mixtures ranges between 4.1 and 6.4 % for 500 W/cm®,
while for 1500 W/cm’, it is between 12 and 19 %, see SI (Figure S2). In the rest of our paper, we will

focus only on the 1000 W/cm?® case, being the intermediate power density.
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Figure 4: Weighted mean absolute deviation (wMAD) between the calculated species concentrations for
thermal and plasma kinetics (1000 W/cm®) at a residence time of 10 ms, in the temperature range of

1000 to 4000 K, for five different CO2/CHs4 ratios (90/10, 70/30, 50/50, 30/70, 10/90).
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From these results we can conclude again the importance of the plasma kinetics for the DRM reaction
below 2000 K. Moreover, the deviation (wMAD) for the thermal and plasma kinetics becomes larger
with longer residence times and higher power densities. On the other hand, at temperatures above 2000
K, the chemistry is almost purely thermal. These results suggest that for warm plasma conditions
characterized by temperatures (largely) above 2000 K, being typical for GA, MW and APGDs, the
DRM process can reasonably be described by only considering the thermal kinetics. It should be noted,
however, that the energy balance is not solved in this study and electron impact collisions can still

influence the plasma heating mechanisms.
3.2.3.Product formation as a function of time

In Figure 2 we observed only some differences in absolute values of the species concentrations between
the thermal and plasma kinetics (below 2000 K), without any drastic changes in product distribution.
When comparing the species concentrations at different timepoints in the simulations, we observe a
clear relation with gas temperature, as the product concentrations shift towards higher gas temperatures
for shorter residence times (presented in Figure S3 in the supporting information). This is logical as, for
the same temperature, a shorter residence time results in less reaction, i.e., higher reactant
concentrations and lower product concentrations. However, above 3000 K, thermodynamic equilibrium
concentrations are already reached for a residence time of 0.1 ms. Indicating that the conversion process

occurs on a much shorter time scale compared to typical residence times in warm plasma systems.

To explain this in more detail and to obtain a better picture of the kinetics responsible for the conversion
process, the concentrations of the major species are plotted as a function of time in Figure 5, for a gas
temperature of 1500, 2000 and 4000 K, and for both thermal and (1000 W/cm?) plasma conditions, at a

50/50 CO,/CHg ratio.
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Figure 5: Concentration of the main plasma species as a function of residence time for a 50/50 mixture,
at 1500 K (a), 2000 K (b) and 4000 K (c), for both thermal (dotted lines) and 1000 W/cm® plasma
calculations (solid lines). For panels (a) and (b) an extended timescale is shown, with a vertical dash-

dotted line marking the reference residence time of 10 ms. Panel (c) only shows up to 10 ms, because
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steady state is already reached much earlier in time. Also, note that at 4000 K (panel (c)) H and CHj3 are

major species, instead of H,O, C,H, and C,Ha, which are formed less than 1%.

Figure 5a presents the time evolution at 1500 K, where the effects of the plasma kinetics were most
significant, according to Figures 2 - 4. It is clear that the temporal concentration profiles (i.e., rise or
drop as a function of time) are similar in both thermal and plasma kinetics, but the time-evolution occurs
faster for the plasma condition. As both cases are still in the early stages of conversion at the residence
time of 10 ms, we show an extended timescale to clearly indicate this shift in timescale between both
conditions. Indeed, the product species reach a local maximum in concentration at a specific point in
time, which is similar in absolute values, but the maximum is located earlier in time for the plasma case.
For example, the maximum concentration reached for H>O is 16 % for the thermal conditions after 760
ms, while it is 14 % for the plasma condition and reached after only 142 ms. Hence, we can conclude
that the plasma generally accelerates the conversion process, rather than altering the overall kinetic
pathways and intermediate products. This suggests that electron impact reactions are important in the

initial dissociation step, and much less in further reactions of the dissociation products.

Figure 5b illustrates the species concentrations as a function of time at 2000 K, where the plasma and
thermal kinetics exhibit a negligible deviation; cf. Figure 2 - 4 (with a wMAD of only 0.44 %).
Compared to Figure 5a (at 1500 K), the temporal concentration profiles look similar, but they are shifted
to shorter timescales. Indeed, a higher temperature allows for faster reactions, so the simulations reach
a further point in the reaction pathway at higher temperature. This allows the heavy species (thermal)
kinetics to compete and even take over from the plasma-specific reactions, as will be further discussed

1n section 3.3.

Both Figures 5a and 5b indicate that the reaction pathways can be summarized as the conversion of CHy4
being the first step, yielding the formation of H, and C,-hydrocarbons (C,H» and C,H4). The conversion

of CO; is slightly slower than for CHs and results in the formation of CO and H,O, the latter being
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obtained through the reverse water gas shift reaction (Eq. 12). This explains the temporary drop in H

concentration.

CO, + H, - CO + H,0 (Eq. 12)

Before reaching steady state, the created H,O and C, species react further into CO and H,. Hence, our
calculations suggest that the conversion process can be tuned by the temperature and residence time, to
more specifically target these valuable C; species. Indeed, C,H, reaches its maximum at 66 ms at 1500
K (Figure 5a) and at 0.40 ms at 2000 K (Figure 5b), while C,H4 (which is even more valuable) reaches
its maximum at 14 ms and 54 us, at 1500 and 2000 K, respectively. However, these maximum
concentrations are still lower than for H,, so post-plasma separation will be necessary, and even post-
plasma catalysis [57], to valorize them. In general, it should be noted that further reactions in the post-
plasma afterglow can also have an impact on the obtained species distribution, which is not considered

in this work.

The chemical pathways clearly change upon higher temperatures, as presented in Figure 5c for 4000 K.
The conversion does not proceed via H,O, C,H, or C,Ha4, like at 1500 and 2000 K, but instead, CH3 and
H radicals are formed in major concentrations, due to faster thermal CH4 dissociation. The CHj radicals
react further towards products (H,, CO), hence the drop in their concentration, while the H radicals
build up more towards steady state, although finally they will recombine in the afterglow (not simulated
here). As shown in Figures 2 - 4, at this temperature the effect of plasma is negligible, and the (thermal)
kinetics is even faster, with the simulation reaching steady state well before the reference residence time

of 10 ms.

It should also be noted that the time dependence in Figure 5 looks similar in shape to the temperature
dependence in Figure 2. This can be explained by acceleration of the kinetics at higher temperature,
resulting in the simulations reaching a further point in the reaction process. For the same reason, the
formation of C,H», CoH4 and H>O shown in Figure 2b results from different points along the reaction
path. The 10 ms timepoint at 1500 K (Figure 5a) is early in the reaction pathway, where the conversion

just started. In contrast, the 2000 K case (Figure 5b) is already more towards the end of the pathway,
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closer to reaching steady state. Hence, the maximum concentrations for C,H,, C;H4 and H,O were
already reached and both species are reacting away at the 10 ms timepoint, explaining why their

concentrations are lower in Figure 2b at 2000 K than at 1700-1800 K.

From this analysis of the time dependence, we conclude that the plasma kinetics accelerates the
conversion process, rather than changing the product distributions, but the effect is only significant for
temperatures below 2000 K. Higher temperatures, on the other hand, lead to a change in reaction
pathway, with radical formation being more significant due to efficient thermal dissociation. At lower
temperatures, radicals are also formed, even by electron impact dissociation, but their concentrations

remain below 1.5%.

3.3. Mechanisms of CO; and CH4 conversion

The kinetic differences and similarities between the thermal and plasma conditions can also directly be
explained from the (time-integrated) reaction rates. The relative contributions of the main loss reactions
for CO, and CH4 in a 50/50 CO,/CH4 mixture are presented as a function of temperature in Figure 6.
The conversion as a function of temperature is also plotted, for comparison. It is clear from Figure 6a
that the CO; conversion is driven by electron impact dissociation up to 1500 K. The largest contributions
are from direct electron impact dissociation (78 % at 1000 K) and dissociative attachment (21 % at 1000
K). However, the CO, conversion itself is still below 4 % in this temperature range. It only starts to rise
dramatically above 1500 K, driven upon reaction with a H radical (starting from 1400 K), which is
obtained from the CH4 conversion. Above 1700-1800 K, the contribution of electron impact dissociation

becomes negligible.
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Figure 6: CO; (a) and CH4 (b) conversion (dotted black lines), as well as the relative contributions of
the main loss reactions (> 5 %) based on the time-integrated net reaction rates (see legends), as a
function of temperature, for plasma simulations with a power density of 1000 W/cm?® and for a 50/50

ratio of CO,/CHy at a residence time of 10 ms.

The CH4 conversion occurs through heavy species reactions (see Figure 6b). At 1000 K the main
dissociation reactions are with O and OH, contributing for 41 and 42 %, respectively, but decreasing
with temperature. For temperatures below 1500 K, the O radicals originate from electron impact CO,
dissociation, and OH is the product of CH4 dissociation upon collision with O radicals (first reaction in
the legend of Figure 6b). This means that one dissociated CO, molecule can dissociate two CHy

molecules, by these two reactions. This effect, together with the lower C-H bond dissociation energy,
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explains the much higher conversion of CHs compared to CO,, for temperatures below 1500 K (i.e., 30

% vs 4 % at 1500 K; cf. Figure 6).

Above 1500 K, reactions with H, CH3 and C,Hj take over as the main loss reactions for CH4. The
reactions with CH; and C;H3 have a maximum contribution of 33 % at 1600 K and 27 % at 1700 K,
respectively. The highest contribution is obtained for the reaction with H radicals: it reaches a maximum
of 44 % at 1500 K, then drops to 30 % at 1700 K and subsequently increases again to almost 80 % at
2500 K and above. The drop at 1700 K is due to the strong formation of H»O, effectively capturing H

radicals, and thus lowering their contribution to CHy4 dissociation.

For temperatures above 2500 K, the CH3 and C; radicals formed in the above dissociation reactions (see
legend in Figure 6b) quickly convert further into CO and H», allowing less of them to react with CHa,
and thus reducing their contribution to the dissociation. On the other hand, the thermal dissociation of
H, does allow H radicals to be still present and their contribution to the CH4 dissociation is dominant
in almost the entire temperature range, even up to 4000 K. The reaction with C,H radicals has a minor
contribution to the overall CH4 dissociation throughout the entire temperature range, with a maximum
of 13 % at 2000 K. Above 3500 K, thermal dissociation of CH4 into H and CH3 upon collision with any
neutral molecule (M) also becomes important, and its contribution rises with temperature to reach 44
% at 4000 K. These dissociation pathways agree with the work presented by Liu et al. [26] in which the

reaction with H is the main dissociation reaction for both CO, and CH, at a gas temperature of 2500 K.

Our model indicates that direct dissociation of CH4 through electron impact reactions is not important
within the given parameter space. However, below 1500 K the importance of O and OH radicals links
the dissociation of CH4 to electron impact dissociation reactions of CO». Therefore, the DRM reaction
pathways are really a coupled process between CO, and CHy, both requiring the other species for the

chemical reactions.

As the main CO; dissociation pathway for gas temperatures below 1700 K is through electron impact
reactions, we also present the electron density and electron temperature, to further explain these findings

(Figure 7). Firstly, this figure shows that the electron density steadily increases from around 2x10'" to
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2x10" cm™ within the studied gas temperature range. This indicates that a high electron density is not
the main driver behind the electron impact dissociation of CO, below 1700 K (Figure 6). On the other
hand, the electron temperature (around 17000 K) is significantly higher for these lower gas
temperatures, resulting in a larger fraction of electrons with sufficient energy to dissociate CO,. This in
turn leads to higher reaction rates for electron impact dissociation reactions, increasing their
contributions in Figure 6. While it is logical that the electron temperature decreases upon rising electron
density, the sharp decrease indicates other effects are responsible. It should also be noted that this
coincides with a strong increase in conversion and the formation of CO, H,, C,H» and H,O (Figure 2).
Therefore, we relate this lower electron temperature above 1700 K to these species. They have larger
elastic collisional cross sections, compared to CO, and CHs, and combined with their higher

concentrations, this results in more electron energy loss, i.e., a lower electron temperature.
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Figure 7: Calculated electron density (blue line) and electron temperature (red line) for the gas
temperature range of 1000 to 4000 K and a 50/50 CO,/CHj ratio and 1000 W/cm?® plasma condition, at

a residence time of 10 ms.

In general, we can conclude that thermal kinetics dominates the dissociation process above 2000 K,
while electron impact reactions are the main mechanism for CO; dissociation below 1500 K. Figures 4
and S2 indicate that a variation in power density within a range typical for warm plasmas does not

significantly alter the temperature at which thermal kinetics starts to dominate.
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Electron impact dissociation occurs through excitation to high electronically excited states, which
requires more energy than direct thermal dissociation [3,58]. This explains why warm plasmas, for
which the conversion is largely thermal, are more energy efficient than cold (or non-thermal) plasmas,
which operate near room temperature and have a large contribution of electron impact dissociation,
because thermal chemistry is negligible. In addition, cold plasmas require a higher power density to
improve the conversion, due to their dependence on electron impact reactions. This is consistent with
experimental findings from literature, which illustrate a much lower energy cost for DRM in warm
plasmas (such as GA, MW, APGD and NPD) than in non-thermal plasmas (such as DBD) [3.,4,11—

14,17,59].

3.4. Effect of gas mixing ratio

In previous section (3.3) we only considered the stoichiometric gas mixture (50/50). In this section we
extend the analysis to mixtures with excess CO, or CHy. First, we can make the same general
conclusions as for the 50/50 ratio. Below 2000 K, we again observe the acceleration effect of the plasma
kinetics, which becomes negligible towards 2000 K. Furthermore, thermodynamic equilibrium is also
reached within the simulation timescale of 10 ms. Hence, the effects of the plasma are the same, but the
product distribution is significantly altered, because of the deviation from the stoichiometric mixture.
Competing side reactions cause the products to deviate from the DRM reaction as presented in Eq. 1 in

the Introduction.

3.4.1.Mixtures with excess CO;

For mixtures with excess CO; (i.e., 90/10 and 70/30 CO,/CHyj4 ratio) the concentrations of the major
species are plotted as a function of temperature in Figure 8. First of all, as expected, we note a
significantly higher CO, concentration at 1000 K (in line with the mixing ratio), as there is no
conversion yet, and a clear drop in CO; concentration upon increasing temperature. Furthermore, unlike
the 50/50 ratio, where complete conversion was achieved above 2000 K, mixtures with excess CO;
require higher temperatures to reach full conversion. At 2000 K, the CO; concentration is still about 10

% and even about 50 %, for the 70/30 and 90/10 CO,/CHy4 ratios, respectively. These values agree with
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the concentrations at thermodynamic equilibrium, presented in the SI (Figure S1(a,b)). Hence, the CO;
conversion for these mixtures is strongly limited by the thermodynamic equilibrium above 2000 K.
Nevertheless, upon increasing temperature, the CO, concentration drops further, to 0.6 % and 2.1 % at
4000 K, for the 70/30 and 90/10 mixtures, respectively, because CO, becomes less thermodynamically
favored. At these high temperatures, O and OH radicals are formed in large amounts, but they can react
back to CO, in the afterglow. Hence, for mixtures containing an excess of CO, (70/30 and 90/10

CO,/CHg), the CO; conversion is strongly limited by the thermodynamic equilibrium, while a complete

conversion of CHy can be achieved below 2000 K.
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Figure 8: Calculated concentrations of the main plasma species (> 4 %) as a function of temperature,
for a 70/30 and 90/10 CO,/CHj ratio, at a residence time of 10 ms for the 1000 W/cm® plasma
conditions. The species are split over 2 panels according to their concentration: the top panels (a and b)

plot the largest concentration species for the 70/30 and 90/10 mixtures, respectively, while the lower
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concentration species are illustrated in the bottom panels (c and d), for the 70/30 and 90/10 mixtures,
respectively. The stable molecules and radicals are depicted with solid and dotted lines, respectively,

for easy recognition.

It is also clear from Figure 8 that CO is the major product in case of excess CO,, with a maximum
concentration of 55 % at 2600 K and 51 % at 3600 K, for the 70/30 and 90/10 CO,/CHj4 ratios,
respectively. On the other hand, the excess of O atoms, originating from CO,, strongly reduces the
formation of H», and instead favors the formation of H»O. This is also indicated by the thermodynamic
equilibrium concentrations (Figure S1). This is in contrast with the 50/50 CO,/CHys4 ratio, where H,O
was only an intermediate species in the reaction pathway towards H, and CO (cf. Figure 5). The H»
concentration reaches a maximum of 20 % at 2100 K and 4.5 % at 1600 K, for the 70/30 and 90/10
ratios, respectively. In contrast, the H,O concentration reaches similar values to H» for the 70/30 ratio
(max. 21 % at 1800 K), while it is significantly higher for the 90/10 ratio (max. 15 % at 2300 K). We
observe the competition of Eq. 13 as a side reaction, which is the combination of DRM (Eq. 1) and

twice the reverse water gas shift reaction (Eq. 12).

3C0, + CH, — 4 CO + 2 H,0 (Eq.13)

Above 2500 K, H, OH and O radicals are also formed in significant amounts, due to thermal
decomposition of H,, H,O and CO,. However, these radicals will react away in the post-plasma
afterglow. For instance, the O radicals can recombine with CO into CO,, reducing its conversion.
Indeed, this back-reaction plays an important role in the afterglow of pure CO; plasmas [39,60-62], and
is thus expected to be significant in DRM as well, especially at large CO, fractions. Finally, below 2000
K, we also see the formation of C,H», but only with a maximum concentration of 8.6 and 2.5 %, for the

70/30 and 90/10 ratios, respectively, while the C;Hs concentration is even lower.

The change in gas mixture influences the dissociation mechanisms of CO; and CH4 compared to the

50/50 ratio presented in Figure 6. Figure 9 depicts the relative contributions of the main loss reactions
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for CO; and CH4 in a 90/10 CO,/CH4 mixture as a function of temperature. The same trends are

observed for the 70/30 mixture, which is presented in the supporting information (Figure S4).
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Figure 9: CO, (a) and CH4 (b) conversion (dotted black lines), as well as the relative contributions of
the main loss reactions (> 5 %) based on the time-integrated net reaction rates (see legends), as a
function of temperature, for plasma simulations with a power density of 1000 W/cm?® and for a 90/10

ratio of CO,/CHy at a residence time of 10 ms.

Electron impact dissociation is the main loss reaction for CO; below 1500 K, but still contributes for
around 6.5 % between 2000 and 3000 K, in contrast to the 50/50 CO,/CH4 mixture, where electron
impact dissociation became negligible above 2000 K (Figure 6). Figure 4 indeed shows a slight

difference between the plasma and thermal calculations in this temperature range for the 90/10 CO,/CH4
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mixture (maximum wMAD of 0.71 % at 2500 K). This is attributed to the large amount of CO, (around
50 %) still present in the mixture, while electron impact dissociation of CO; is still notable in this
temperature range. This effect is however minor and does not significantly change the overall product
concentrations. Indeed, between 1500 and 3000 K, most CO» is converted upon reaction with H radicals
(see Figure 9a), similar to the 50/50 ratio. Finally, for gas temperatures approaching 3000 K, the
reactions with OH and O radicals become increasingly important, and the conversion further increases

to nearly 100 % at 4000 K, with a negligible contribution of electron impact dissociation.

For CH4 dissociation (Figure 9b), largely the same reactions and temperature dependence is observed
as for the 50/50 ratio of CO./CH4 (Figure 6). However, reactions involving CHy dissociation products
(H, CH3, C;H and C;H3) do contribute less, which is logical, as the excess of CO; reduces their overall
concentration. The contribution of C;H and C,H3 are reduced to less than 5 % over the studied
temperature range (1000 — 4000 K) and therefore not shown in Figure 9b. The reaction with OH
increases significantly up to 43 %, and is therefore comparable with the reaction upon collision with H
radicals (which was dominant at the 50/50 ratio of CO,/CHs; Figure 6). Finally, also thermal

decomposition is increasingly more important above 2200 K, with a contribution of 66 % at 4000 K.

Again, our model shows similar findings to the work of Liu et al. [26] for the same CO,/CHj ratio at
2500 K, where the reaction with H is again the largest contributor to CO, dissociation, while for CHy4
dissociation, H and OH have the highest contribution in our results, but we find a lower contribution of
the reaction with any neutral species (M) compared to Liu et al. This is likely related to differences in

the modelling approach and kinetic schemes.

3.4.2.Mixtures with excess CHy

Figure 10 shows the species concentrations as a function of temperature, for mixtures with excess CHy
(i.e., 30/70 and 10/90 ratio). The corresponding thermodynamic equilibrium concentrations are plotted
in the SI (Figure S1(c,d)). The much lower O atom concentration in the mixture limits the oxidation of
CHs into CO. Consequently, the CO concentration only reaches a maximum of 30 % at 2200 K for the

30/70 ratio and 10 % at 2100 K for the 10/90 ratio. CHy is still fully converted above 2000 K, although
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not to CO, but to H, and C,H». H; is by far the most abundant product, reaching concentrations of 60
% at 2200 K and nearly 70 % at 2100 K, for the 30/70 and 10/90 ratios, respectively. C,Ho is the third
major product (after H, and CO) for the 30/70 ratio, with a maximum concentration of 17 % at 1700 K,
and it is even the second major project after Hz, reaching 22 % at 1800 K, for the 10/90 ratio. However,
these values are obtained below 2000 K, where steady state is not fully reached yet at 10 ms residence
time, so the concentration is expected to drop again upon longer residence time. Similarly, a maximum
concentration of 11 % and 3.5 % is observed for H,O at 1800 K, for the 70/30 and 10/90 CO,/CH4
mixtures, respectively. As inferred from Figure 5, H>O is formed as an intermediate species, which is
present at those conditions because the conversion process is still ongoing. Finally, H atoms are the
main radicals formed at high temperature, upon thermal decomposition of H,, and they become even

the dominant species above 3500 K, with also small amounts (up to 7 %) of C;H.
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Figure 10: Calculated concentrations of the main plasma species (> 4 %) as a function of temperature,
for the 30/70 and 10/90 CO./CHy, ratio, at a residence time of 10 ms for the 1000 W/cm® plasma
conditions. The species are split over 2 panels according to their concentration: the top panels (a and b)
plot the large concentration species for the 30/70 and 10/90 mixtures, respectively, while the lower
concentration species are illustrated in the bottom panels (¢ and d) for the 30/70 and 10/90 mixtures,
respectively. The stable molecules and radicals are depicted with solid and dotted lines, respectively,

for easy recognition.

We confirm that the lower O atom concentration, due to the limited CO, concentration in the mixture,
allows Eq. 14 to be more important, producing C,H, as a final product. Furthermore, we observe several
other benefits for these mixing ratios, such as full conversion of both reactants and H»/CO ratios above
1, which are preferred for the downstream processing of syngas into desired products, as discussed in
depth in section 3.5. However, mixtures with excess CHy are more difficult to handle in practice, due
to excessive solid carbon formation [14—18], which is not taken into account yet in our model. On the
other hand, our model does show significant formation of C,H,, which might be overestimated as this
is an important precursor species for the formation of solid carbon [49,63,64], which is not yet

accounted for in our model.
2CH, - C,H, + 3H, (Eq.14)

The relative contributions of the main loss reactions for CO; and CH,4 in a 10/90 CO,/CH4 mixture as a
function of temperature are presented in Figure 11. The same trends are observed for the 30/70 mixture,

which is presented in the supporting information (Figure S5).
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Figure 11: CO; (a) and CHs4 (b) conversion (dotted black lines), as well as the relative contributions of
the main loss reactions (> 5 %) based on the time-integrated net reaction rates (see legends), as a
function of temperature, for plasma simulations with a power density of 1000 W/cm® and for a 10/90

ratio of CO,/CHy at a residence time of 10 ms.

The reaction mechanism for dissociation of CO, (Figure 11a) is very similar to that for the 50/50
CO,/CH4 mixture (Figure 6a). Below 1500 K electron impact reactions are the main dissociation
mechanism, and above 1500 K the reaction with H is the most significant. However, for CH4 (Figure
11b) there are more significant changes in the dissociation reactions. Firstly, electron impact
dissociation now has a non-negligible contribution in the lower temperature range (< 1500 K) with a
maximum of 11 % at 1000 K. The higher concentrations of CH4 dissociation products further increase

their contribution to the dissociation process of CHa. Therefore, reactions with CH; and C;H3z become
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more important, and their maximum contributions rise to 39 % at 1500 K and 43 % at 1700 K,
respectively, followed by a drop towards 3000 K. The reaction with H takes over the dissociation of
CHa, similar to the 50/50 ratio, however with a lower contribution, as the rate of the reaction with C,H
has increased between 2000 — 4000 K. These reactions are the two most important up to 4000 K. On
the other hand, the thermal dissociation of CH4 remains below 5 % and is therefore not shown in Figure

11b. This is caused by the much higher concentration of CHy dissociation products in the mixture.

3.5. Optimization of the syngas ratio

The main product of DRM is syngas and the obtained syngas ratio (H»/CO ratio) is important to evaluate
the performance of DRM, with regard to further post-processing. For the Fischer-Tropsch process and
methanol synthesis from syngas, a syngas ratio around 2 is desired [65]. The CO,/CH4 ratio is important
for controlling the syngas ratio, as illustrated in Figure 12, which depicts the syngas ratio as a function

of temperature at 10 ms for the five gas mixtures.
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Figure 12: Syngas ratio (H»/CO) obtained at a residence time of 10 ms, as a function of temperature,
for five different CO,/CHj, ratios (90/10, 70/30, 50/50, 30/70, 10/90). For the 10/90 mixture, the peak

in syngas ratio is 54 (outside of the y-axis scale).

Near 1000 K, all gas mixtures result in syngas ratios below 1, even though at these conditions more

CHy is converted than CO,. Indeed, the syngas ratio remains low due to the formation of side products,
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like H,O, C;H; and C;Hs, which compete with H, formation. Raising the temperature to about 1500 K
strongly enhances the syngas ratio, as the CH4 conversion and H, formation strongly increase compared
to the CO;, conversion and CO production. This is attributed to the faster reaction kinetics at higher
temperatures, with the CO, conversion typically lagging behind on the CH4 conversion, and the fact
that steady state is not yet reached within 10 ms at this temperature (cf. Figure 5). The difference
between the CH4 and CO, conversion reaches a maximum around 1500 K, leading to the highest syngas
ratios (see Figure 12). For the most extreme cases (i.e., 10/90 and 90/10 CO,/CH4 ratios) syngas ratios
of 54 and 1.0 are reached, respectively. The other CO,/CHj ratios provide syngas ratios (well) above 3
at this temperature, and thus, neither of the conditions seem desirable. Raising the temperature further
up to 2000 K, the CO; conversion rises further, and the CH4 approaches the steady state limit, leading
to a drop in syngas ratio. At 2000 K, the syngas ratio decreases to 0.93 for the stoichiometric mixture,
while we obtain lower syngas ratios for mixtures with excess CO,, i.e., 0.36 and 0.056 for 70/30 and
90/10 CO,/CHa, respectively. On the other hand, for mixtures with excess CHy, the syngas ratio remains
above 1, i.e., 2.0 and 7.1 for 30/70 and 10/90, respectively. These results are logical, considering the
competing side reactions discussed in section 3.4, allowing for more H, formation through Eq. 14.
Finally, the syngas ratio slightly decreases upon higher temperatures, as the formation of H radicals
becomes significant, resulting in less H,. However, in practice, this will not be a problem, because after

the plasma, the H radicals can recombine back into H,, which is not simulated by our model.

Hence our model predicts that syngas ratios of 2 (and above) are achievable for all gas mixing ratios,
except for 90/10 CO,/CHa, at a temperature around 1500 K, due to kinetic effects, because the CH,4
conversion initially rises faster than that of CO». As such, high syngas ratios can be achieved by limiting
the conversion, even for mixtures with excess CO,. However, due to the limited conversion, the
corresponding syngas yield will be low. Moreover, the strong time and temperature dependences make
it difficult to target these specific conditions. We believe it is better to target the temperature region
above 2000 K, when steady state and maximum conversion are reached. Obviously, a syngas ratio of 2

can be obtained from the 30/70 CO,/CHj ratio, at high conversion and thus also high syngas yield.

3.6. Final considerations: Limitations of our model and of DRM
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Note that experimental setups are inherently more inhomogeneous than our idealized batch reactor
model, due to temperature gradients, transport of species, residence time distributions, as well as the
afterglow region, in which back-reactions can occur. Together these effects can introduce deviations
from our model predictions, but we believe that our model is valuable to gain deeper insights in the

underlying mechanism, and to search for optimized reactor conditions.

Note that our model predicts a variety of products being formed at all conditions investigated, and this
is also experimentally observed, although syngas is typically the major product, in line with our
calculations. Moreover, in reality the CO, and CH4 conversion will be typically below 100 %, due to
post-plasma recombination of the reaction products back into CO, and CH4[39,60-62,66], and because
not all gas will pass through the active plasma region, and thus, being subject to conversion [6,8,11,67].
The unconverted reactants (CO, and CH,), as well as the side products (like CoH» and H>O) next to
syngas require an extra separation step before further processing. Unfortunately, this cannot be avoided
when considering only a binary mixture of CO, and CHa, because there exists no mixing ratio that
allows complete conversion, in combination with the optimal syngas ratio of 2, and no side products.
Therefore, it might be interesting to explore other mixtures, such as CO,/CH4+/H,O (so-called bi-
reforming of methane). Indeed, theoretically, this mixture, in a ratio of 1/3/2, can stoichiometrically
produce pure syngas with a ratio of 2 at full conversion without side products [68,69]. This may be

interesting to investigate in future work.

4. Conclusion

We studied the chemical kinetics of plasma-based DRM by means of batch reactor simulations, in a
temperature range between 1000 and 4000 K relevant for warm plasma conditions and a wide range of
CO,/CHg ratios, and we compared with pure thermal conversion, as well as thermodynamic equilibrium
calculations. This computational study provides a broad view of the influence of plasma parameters on
conversion and product distribution, and insights into possible improvements to the process.
Importantly, we provided an update of the chemical kinetics scheme compared to earlier models by our

group PLASMANT, consisting of 70 different species and 1468 different chemical reactions. We were
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able to verify and validate the thermal chemistry in our model at steady state, by reproducing

thermodynamic equilibrium concentrations.

Furthermore, we used the model to compare plasma-based DRM to purely thermal gas-phase DRM,
thereby isolating the influence of electron and ion reactions and thus revealing the contribution of the
plasma-specific chemistry. Our simulations show that plasma can significantly improve the conversion
below 2000 K, compared to the pure thermal chemistry. This is attributed to electron impact dissociation
of CO,, which creates O atoms, that give rise to CH4 conversion. This electron impact reaction can
occur at low gas temperatures, allowing the first step in the conversion process to proceed. On the other
hand, the purely thermal conversion, without electrons, must rely on molecular collisions to dissociate
CO; and CH4 which in this temperature range (below 2000 K) are much slower and cannot obtain
significant dissociation. Note that this acceleration does not significantly alter the product distribution,
but only the timescale at which they are formed, as the further reactions to product species are through
radical reactions, which are the same in both the plasma and thermal process. Consequently, the
residence time is an important parameter to target certain products, because for this temperature range

(below 2000 K) steady state is not yet reached for residence times in the ms-range.

When increasing the temperature above 2000 K, thermal reactions start to dominate the kinetics in the
plasma, even when varying the power density between 500 and 1500 W/cm® (i.e., the typical range
characteristic for warm plasmas). Hence the kinetics of warm plasmas, which typically operate above
2000 K, can be described by thermal chemistry. The importance of thermal conversion at these high
temperatures explains why warm plasmas are typically more energy-efficient than non-thermal (cold)
plasmas, where the conversion occurs by electron impact dissociation, requiring more energy than

strictly needed for bond breaking.

Furthermore, we studied the effect of the CO,/CH4 ratio on the conversion, product distribution and
syngas ratio. Mixtures containing excess CO; lead to the formation of H,O, at the expense of H»
production. Moreover, at temperature where steady state is reached, the CO, conversion is limited by
thermodynamic equilibrium. As a result, full conversion can only be achieved at extremely high
temperatures above 4000 K, through dissociation into radicals. Yet, such large concentrations of
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radicals can recombine back into CO; in the afterglow, which will lower the final conversion. From this
we conclude that mixtures with excess CO; have several disadvantages; mainly the limited conversion
combined with the low H», and high H>O production are unfavorable for further processing. On the
other hand, for gas mixtures with an excess of CHs, full conversion can be achieved, as this is
thermodynamically favored at temperatures for which steady state is reached (above approximately
2100 K). Due to the increased H content in the mixture, a high concentration of H, can be obtained,

while C,H, becomes a major carbon product, competing with CO.

Finally, our model predicts that high syngas ratios can be achieved in the temperature range between
1000 and 2000 K, by carefully exploring the kinetics (i.e., selecting the right residence time and
temperature), due to the faster destruction of CHs compared to CO, at these conditions. However, this
also limits the conversion and consequently the syngas yield. At higher temperatures, where steady state
is reached, high syngas ratios can be obtained by using gas mixtures with an excess of CH4. We found
a mixture of 30/70 CO,/CH4 to be optimal for obtaining a syngas ratio of 2, which is important for

further processing using the Fischer-Tropsch process and methanol synthesis.

Altogether, we believe our model predictions are useful to gain deeper insights in the underlying
chemical kinetics of DRM, for a broad range of conditions, independent of actual reactor designs. This
knowledge can be further employed in designing and optimizing experimental reactors to improve the

DRM process.
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Figure S1: Calculated species concentrations of the thermal kinetics simulations (for t = 10! s) (dashed) and
corresponding thermodynamic equilibrium concentrations (solid), in the temperature range of 1000 to 4000 K,
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Table S1: Reactions reference list with the rate coefficients (third column) expressed in cm

6

3 57! for two-body reactions, and in

em® s~ for three-body reactions. In the rate equations, N4 is Avogadro’s constant, kp is the Boltzmann constant, R is the ideal

gas constant, T, is the gas temperature in K and nj is the total number density of neutral species in cm™".

3

# Reaction Rate equation Ref.
1 |C+H —CH+e 1x107° (1]
2 C+Hf - CH" + H, 2x 1079 [1]
3 |C+Hf -CH"+H 2.4 x107° [1]
4 | CHHH S C+H 751 x 1078 - (%)_0'5 2, 3]
5 | CHi+ H - CHs + Hy 6.4 x 10718 . T211 . exp (%“03) 14]
6 | CHs+Hy > CHi+ H 6.62 x 10720 . T224 . exp (%“03) 4]
7 | CHs+ H = CHy + H, 2.1 x 1075 77056 . exp (%) 5]

ko=17x10"2 T,/ 1%

koo = 3.5 x 10710
8 CHs;+ H — CH, F, = 0.63 - exp (73.31;0%103) [5)*

+0.37 - exp (%)
9 | CHy+ Hy —» CHy + H 7.32 x 10719 723 - exp ((=20090x107) 6
10 | CHy+ H — CH + H» 2 x 10710 [5]
Il | CH+Hy = CH, +H 2.9 10710 - exp (M 5]

ko =47x10"% . T, 1F

koo = 8.5 x 10711 . 701
12 | CH+ H, — CHj F.=0.48 oI*

+0.25 - exp (%)
13 | CH+H—C+H 2 x 10710 [5]
14 | CHy+H" - CHf +H 1.5 x 107 1]
15 | CHy+H" — CHf + H» 2.3 x107? 1]
16 | CHy+H" - CHS +H 3.4 x107° (1]
17 | CH+HY - CHf + H 1.4 x 1079 [1]
18 | CHy+H" — CH' + H, 1.4 x 1079 1]
19 | CH+HY - CHY+H 1.9 x 107 [1]
20 | CHy+Hf - CH +H 1.14 x 10710 7]
21 | CHy+ Hy — CH; + H> 1.406 x 10~° [7]
22 | CHy+ Hf — CHS + H + Ho 2.28 x 1079 [7]
23 | CH:+ Hf - CH +H 1x107° 1]
24 | CHo + Hy — CHy + H> 1x107° (1]
25 | CH+ Hyf — CHf +H 7.1 x 10710 1]
26 | CH+ Hf — CH" + Hs 7.1 x 10710 1]
27 | CHy+ Hy — CHS + H> 2.4 x107? [1]
28 | CHs + Hf — CH} + H» 2.1x107° 1]
29 | CHo + Hy — CHy + H> 1.7 x107° (1]
30 | CH+ Hf — CHY + H» 1.2 x 1079 [1]
31 | CHs+H™ — CHi+e 1x107° 1]
32 | CHo+H™ — CHs+e 1x107° [1]




# Reaction Rate equation Ref
33 |CH+H —CHy+e 1 x10710 1]
34 | CHY + H — CHJ + H>» 1.5 x 10710 (8]
35 | CHf + Ho — CHf + H 3.3x 1071 9]
36 | CHf + H— CHJ + H» 2 x 10710 [1]
37 | CHY + Ho — CHf + H 1.6 x 1079 [9]
38 | CH" +Hy — CHf + H 1.2x107° 8]
39 | CHf + H - CHs+H 7.51 x 1078 . (%) o (2, 3]
40 | C+CHy — CyH, 5x 1071 [10]
41 | C+CHs — C2Ho + H 8.3 x 10~ [11]
42 | C+CHy — C2H + H 8.3 x 1071 [11]
43 | CHy+CY - CoHf + H 1x107° [12]
44 | CHy+CT — C2HY + H» 3.89 x 10710 [12]
45 | CHs+Ct — CoHS + H 1.3 x 107 [1]
46 | CHs +C*t — C:HY 4+ H, 1x107° [13]
47 | CH +Ct — C + CHY 5.2 x 10710 [1]
48 | CHo+CT - C2HT + H 5.2 x 10710 1]
49 | CH+Ct—=C+CHT 3.8 x 10710 [1]
50 | C+CHF - CHys+CH™" 1.2 x 1079 [1]
51 | C+CHf — CoH + H, 1.2x107° (1]
52 | C+CHy - CoHY + H 1.2 x 1079 [1]
53 | CHs+ CHy — CoHg + H 8102 . oxp (*1-6;??:105) [14]
54 | CHy+ CHy — CoHs + Hy L0 e ((=2.620210" ) [14]
55 | CHy+ CHy — CHs + CHs 714 x 1072 - exp (7_4'}3%104) [15]
56 | CH+ CHy— CoHy+ H 2.2 x 1075 T, 091 exp ((=25210") 5]

Ko = 3.5 x 1077 T, 7 - exp ( =13210%)

koo =6 x 1071
57 | CHy+ CHy — CaHg Fo =038 exp (5 [5)*

+0.62 - exp (%)
58 | CHs + CHs — CoHs + H 9% 1071 - exp (M) 5]
59 | CHs+CH; — CHs + CH, 5.6 x 10717 T134 . exp (%}Xw“) [16]
60 | CHy+CHs — CoHy+ H 1.2 x 10719 (5]
61 | CHy+ CHy — CoHa + Hy 0520 oxp (%Tlf“) [17]
62 | CH+CH — C2Hy 12x10" [18]
63 | CH, +CHY — CHS + CHy 9.6 x 10710 1]
64 | CH+CHF — CHY + CH, 6.9 x 10710 [1]
65 | CHy+CHS — CH3 + CHy 1.5 x 1079 9]
66 | CHy +CHy — CHs + CH; 1.36 x 10710 [19]
67 | CHf + CHy — CoHJ + H» 1.2 x 1079 [20]
68 | CH,+ CHS — CoHJ + H» 9.9 x 10710 [1]
69 | CH+ CHy — CoHS + H» 7.1x 10710 [1]




# Reaction Rate equation Ref.
70 | CHy +CHy — CHs + CHy 1.38 x 10710 [21]
71 | CHf + CHy — C2H + H 3.6 x 10710 (9]
72 | CHy 4+ CH, — CoH, + Ho 8.4 x 10710 9]
73 | CHy + CHy — C2Hy + H + Ho 2.31 x 10719 [21]
74 | CHy + CHy — C2Hy + H + H> 3.97 x 10710 [21]
75 | CHy+CHY - C,H + H 6.5 x 10711 9]
76 | CHy+ CHY — CoHy + Ho 1.09 x 107° 9]
77 | CHy+CHY — CoHy + H + Ho 1.43 x 10710 9]
78 | CHy+CH" — CoH' + H» 1x107? [1]
79 | CHi+e— CHf +e+e f(o) [22, 23]
80 | CHs+e— CHf +e+e f(o) [22, 23]
81 | CHy+e— CHy +e+e f(o) [22, 23]
8 | CH+e—CH Y +e+e f(o) [22, 23]
83 | CHy+e— CHf +e+e+H f(o) [22, 23]
84 | CHi+e— CHy +e+e+ H f(o) [22, 23]
85 | CHi+e— CHf +e+e+H+H f(o) [22, 23]
8 | CHi+e—CH" +e+e+H+ H f(o) [22, 23]
87 | CHs+e— CHf +e+e+ H f(o) [22, 23]
8 | CHs;+e— CH" +e+e+ H f(o) [22, 23]
89 | CH3+e—CH " +et+e+H+H f(o) [22, 23]
90 | CH3+e—CT+e+e+ H+ Hs f(o) [22, 23]
91 | CHs+e— CHy+e+e+H' f(o) [22, 23]
92 | CHy+e—CH " +e+e+ H f(o) [22, 23]
93 | CHy+e—Ct+e+e+ Ho f(o) [22, 23]
94 | CHy+e—CT+et+e+H+H f(o) [22, 23]
95 | CHy+e—>CH+etet+ HT flo) [22, 23]
96 | CHx+e— C+e+e+ Hf f(o) [22, 23]
97 | CH+e—=Ct4+etet+H f(o) [22, 23]
98 | CH4+e—=CHetet+H" f(o) [22, 23]
99 | CHi+e—CHs+e+H f(o) [22, 23]
100 | CHy+e—CH+e+ H+ H» f(o) [22, 23]
101 | CHy+e—C+e+H+H+ Hs f(o) [22, 23]
102 | CHy+e— C+e+ He + H flo) [22, 23]
103 | CHy+e— CHs + e+ Ho flo) [22, 23]
104 | CHy+e—CHo+e+ H+H f(o) [22, 23]
105 | CHs+e— CH +e+ Hs f(o) [22, 23]
106 | CHs+e— C+e+ H+ Hs f(o) [22, 23]
107 | CHs+e—CH+e+H+H f(o) [22, 23]
108 | CHs+e— CHy+e+ H flo) [22, 23]
109 | CHz+e—C+e+ H: f(o) [22, 23]




# Reaction Rate equation Ref.
110 | CHy+e—CH+e+H [22, 23]
111 | CHy+e—C+e+H+H [22, 23]
112 | CH+e—C+e+H [22, 23]
113 | CHf +e— CHf +e+e+H* [22, 23]
114 | CHf +e— CHf +e+H [22, 23]
115 | CHf +e— CHY +e+ Ho [22, 23]
116 | CHf +e—CHf +e+H+H [22, 23]
117 | CHf +e— CHY + e+ H + H, [22, 23]
118 | CHf +e—>CH Y +e+H+H+H [22, 23]
119 | CHf +e—Ct 4+ e+ Hy+ Hy [22, 23]
120 | CHf +e—=CY+e+ H+H+ Hs [22, 23]
121 | CHf +e—Ct+e+H+H+H+H [22, 23]
122 | CHf +e— CH +e+ Hf [22, 23]
123 | CHf +e— C+e+ Hy+ Hy [22, 23]
124 | CHf +e—> CH+e+ H+ Hf [22, 23]
125 | CHf +e— CHa+e+ Hy [22, 23]
126 | CHf +e—C+e+H+H+Hf [22, 23]
127 | CHf +e— CHy+e+ H+HT [22, 23]
128 | CHf +e— CHs+e+ H' [22, 23]
129 | CHf +e—CH+e+H+HY [22, 23]
130 | CHf +e— CHS +e+H [22, 23]
131 | CHf +e—=CH" +e+ Ho [22, 23]
132 | CHf +e— CH " +e+H+H [22, 23]
133 | CHf +e—=Ct+e+ H+ Hs [22, 23]
134 | CHf +e—Ct+e+H+H+H [22, 23]
135 | CHf +e—C+e+ H+ Hf [22, 23]
136 | CHf +e— CH +e+ Hy [22, 23]
137 | CHf +e—C+e+ Ho+HT [22, 23]
138 | CHf +e— CHy+e+ H' [22, 23]
139 | CHf +e—>CH+e+H+H" [22, 23]
140 | CHf +e— CH +e+ H [22, 23]
141 | CHf +e— Ct+e+ H> [22, 23]
142 | CHf +e—Ct+e+H+H [22, 23]
143 | CHf +e—C+e+ Hy [22, 23]
144 | CHf +e— CH+e+HT [22, 23]
145 | CHf +e—C+e+H+HT [22, 23]
146 | CH " +e—C+e+H' [22, 23]
147 | CH " +e—Ct+e+H [22, 23]
148 | CHf +e— CH3; + H [22, 23]
149 | CHf +e— CH+ H+ H, [22, 23]




# Reaction Rate equation Ref.
150 | CHf +e— C+ Hy + Hs o 22, 23
4
151 | CHf +e— CHz + Ho f(o) [22, 23]
152 | CHf +e— CH+H+H f(o) [22, 23]
153 | CHf +e— CH + Hs f(o) (22, 23]
154 | CHf +e— C+ H+ H f(o) [22, 23]
155 | CHf +e—-CH+H+H f(o) [22, 23]
156 | CHf +e— CH2+ H f(o) [22, 23]
157 | CHy +e— C+ Hs f(o) [22, 23]
158 | CHf +e—CH+ H o 22, 23
2
159 | CHf +e—»C+H+H f(o) [22, 23]
160 | CH ' +e—C+H f(o) [22, 23]
161 | CHi+e—CHs+ H™ f(o) [24]
o= 75 % 107 -oxp (000}
koo = 2.4 x 1016 - exp <775'2§0X104> '
162 CHy, - CHs+ H T g [5]d
Fe=exp (1.350>f103>
—7.8340x10%
163 | CHs — CH + Hy 1.1 % 1072 - exp (M) g 5]
9
164 | CHs 5 CHy+ H 1.7 % 1072 - exp (M) g 5]
165 | CHsy — CH + H 1.56 x 108 - exp (M) s 5]
166 | CHy — C + Ha 5% 10710 . exp (M) s 5]
14
167 | CH—C+H L0 exp (73-3;;10 ) XY [11]
168 | CoHe + H — CyHs + Hy 1.63 x 10710 . exp (%0“03) [5]
g
169 | C2Hs + Ho — CoHg + H 51 x1072* - T35 - exp (*4%3;“03) [5]
170 | C2Hs + H — CHs + CHs 7x 107 (5]
6x10~11
171 C2Hs + H — C2Hg 1+10—1,915+2.69><><10_3-Tg—2.35><10—7-Tg2 [25]
172 | CoHs + H — C2Hy + H 3 x 10712 [25]
173 | CoHy+ Hy — CoHs + H 1.7 % 10711 - exp (M) [25]
9
174 | CoHy+ H — CoHs + Ho 3.9 x 10722 . T362 . exp (M> [5]
q
ko = 1.3 x 1029 exp(M)
9
koo = 6.6 x 10715 7128 . exp(m>
175 | CoHy+ H — CoHs T, T [5]*
Fc =0.24- exp (W)
—T,
+0.76 - exp (1.025;103)
176 | CoHs + Hy — CoHy+ H 1.57 x 10720 . T2-56 . exp (%9“03) [26]
- 9
177 | C2Hs + H — CoHa + Ho 7x 1071 [5]
ko = 3.5 X 10~27
178 | CoHs + H — C2H, koo = 1.6 x 10710 [5]*
F, =05
179 | CoHy + Hy — CoHs + H 4% 10712 exp (M) [25]
9
180 CoHy + Hy — CoHy 5 x 10~ 13 - exp (M) [25]
9

11




# Reaction Rate equation Ref.
ko =1x10"20. Tg—3.38 . exp (—4.279: 102)
181 | CoHo + H — CoHj3 ko = 9.2 x 10716 ,Tgl.64 . exp (—1.03ix103) 5]
F,=737x10"*.T08

182 | CoHa + H — CoH + Hy 167 x 1071 . T} - exp (%‘2“04) [5]
183 | CoH + Hy — CoHa + H 3.5 x 10718 . 7232 . expy (%) 5]
184 | C2H + H — C2H> 3 x 10710 [25]
185 | CoHf + H — C2Hy + Ha 1x1071t0 [27]
186 | C2HF + H — C2H, + H» 1 x 1071 8]
187 | C2Hf + H — C2Hy + Ho 3x 10710 8]
188 | CoHY + H — C2Hy + Ho 6.8 x 101! (8]
189 | CoHy + Hy — CoHy + H 1x 1071 8]
190 | CoH' + Hy — CoHS + H 1.1 x 1079 8]
191 | C2He + HY — C2HY + Ho 1.287 x 10~° [28]
192 | CoHe + HY — CoHJ + H + Ho 1.287 x 107° 28]
193 | C2He + HT — C2Hy + Ho + Ho 1.287 x 107° [28]
194 | CoHs+ HT — C2H + H 9.8 x 10710 [29]
195 | CoHs+ HT — C2HY + Ho 2.94 x 1079 [29]
196 | CoHs+ HT — CoHY + H + Ho» 9.8 x 10710 [29]
197 | CoHs + HY — CoHy + H 2x 1079 [13]
198 | C2Hs + HT — CoHY + Ho 2x 1079 [13]
199 | C2H, + HT — CoHS + H 5.4 x 10710 [29]
200 | CoH+H"™ - CoH™ + H 1.5 x 107 1]
201 | CoHg+ Hf — CoHF + Ho 2.94 x 10719 7]
202 | CoHg+ Hf — CoHF + H + Ho 1.372 x 107° [7]
203 | CoHg + Hf — CoHJ + Ha + Ho 2.352 x 1079 [7]
204 | CoHg+ Hy — CoHy + H + Ha + Ho 6.86 x 10719 [7]
205 | CoHg+ Hf — CoHJ + Ho+ Ho + H 1.96 x 10710 7]
206 | CoHy+ H — CoHf + Ho 2.205 x 1079 [7]
207 | CoHs+ Hf — CoHS + H + H» 1.813 x 107° 7]
208 | CoHy+ Hf — CoHF 4+ Hy + Ho 8.82 x 10710 [7]
209 | CoHs+ Hf — CoHf + H 4.77 x 10710 [7]
210 | CoHy + Hy — CoHS + H» 4.823 x 1077 [7]
211 | CoH + Hf — C2Hf + H 1x107? [1]
212 | CoH + Hf — CoHT + H» 1x107? 1]
213 | CoHg+ Hy — CoHS + Ho + Ho 3.4 x107° [30, 31]
214 | CoHy+ Hf — CoHF + Ho 1.44 x 107° (30, 31]
215 | CoHy+ Hf — CoHS + Ho + Ho 2.16 x 1079 [30, 31]
216 | CoHz + Hy — CoHS + Hy 3.5 x 107 30, 31]
217 | CoH + Hi — CoHS + Ho 1.7 x 1079 1]
218 | CoH +H™ — CoHs +e 1x107° (1]
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# Reaction Rate equation Ref.
219 | CoHf + H™ — CoHa+ H 751 x 1078 - (3fooz ) - 2, 3]
220 | CuHF + H™ — CoHy+ H 751 x 105 (17 ) - 2, 3]
221 | C4 CoHy — CoHy + CH, 1.239 x 10~ [32, 33
= 5
9222 | CoHs + CHs — CyHs + CH, 9.3 X107 - exp ( S ) 5]
+1.4 x 1079 - exp (7_1'1%2“0 )

223 | CoHg+ CHa — CoHs + CHs SOXI0% . oxp ((=22510% ) [15]
224 | C2Hg 4+ CH — C2Hy + CH; 1.3 x 10710 34]
225 | CoHs + CHy — CoHg + CHy 143 x 10725 T - oxp (=0:322x107) [25)
226 | CoHs 4+ CHs — C2Hy + CHy 1.5 x 10712 [5]
227 | CoHs + CHs — CoHg + CHa 3 x 1074 . 7790956 35]
228 | CoHs+ CHy — C2Hy + CHs 3x 107 [25]
229 | CyHy+ CHs — CoHs + CHy 1x 10710 T30 - exp (M> i
230 | CoHs + CHy — CoHy + CHs 2.4 x 107 . T402 . expy (M) [25]
931 | CoHs + CHs — CoHy + CH, 1.5 107 - exp (385%&) 136]
232 | CoHs + CHy — C2Hs + CHs 3x 107 [25]
233 | CoHa + CHs — CoH + CHi 3% 10713 . exp (%jm"’) [25]
234 | CoH + CHy — CoHy + CHs 3.6 x 1071 T9-9* - exp (%jl@) [5]
235 | CoH + CHy — CoHy + CH 3x 1071 [25]
236 | C2Hg + CHY — CoHF 4+ CHy + Ho 2.25 x 10710 28]
237 | CoHy+ CHF — CoHY + CH, 1.5x 1078 [37]
238 | CoHy 4+ CHF — CoHY + CH, 1.56 x 1079 (38]
239 | CoH +CHY — CoHY + CH, 9 x 10710 [1]
240 | C2Hg 4+ CHf — CoHf 4+ CHy+ Ho 1.91 x 1079 (39]
241 | CoHy+ CH — CoHf + CH, 1.38 x 1079 (39]
242 | CoHy+ CHf — CoHYS + CHs 4.232 x 10710 [39]
243 | CoHs+ CHY — CoHy + CHy 1.134 x 107° [39]
244 | C:Hz 4+ CHf — CoHS + CH; 1.2348 x 107 [39]
245 | CoHg+ CHY — CoHF + CHy 1.479 x 107° (39]
246 | CoHy+ CHY — CoHi + CHy 3.496 x 10710 (39]
247 | CoHS + CHy — CoHY + CHs 4.1 x107° [21]
248 | CoH" + CHy — CoHS + CHs 3.74 x 10710 9]
249 | CoHs + CaHg — CoHs + CaHs 1 10720 T35 - exp (=5:250210" ) [25]
250 | CoHl + CaHg — CoHs + CaH 6.75 x 10712 7025 . exp (022101 5]
251 | CoHs 4+ C2Hs — CoHy 4 CoHg 2.3 x 10712 [5]
252 | CoHy+ CaHy — CoHs + CaH 8.1 10731 7052 - exp (=5210°) B
253 | CoH3z + CoHs — CoHy + CoHo 2.3985 x 10~ [40, 41]
254 | CaHsz + CoHs — CoHy + CoHy 4.42 x 10711 [40, 41)
255 | CoHy 4+ CoHs — CoH + CoHg 4.5 x 10713 - exp (%;104) [25]
256 | CoH + CyHs — CoHy + CoHy 3 x 10712 (25]
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# Reaction Rate equation Ref.
257 CoHy + CoHy — CyHs + CoHs 8 x 10_10 - exp (%Xl()‘*) [25]
9
258 CoHo + CoHy — CyHs + CoHs 4 x 10_11 - exXp (%Xlozl) [25]
g
259 | CoH + CoHy — C2Hs + C2Hj 3.35 x 10718 . 7724 [42]
260 CoHs + CoHs — CoHo + CoHy 1.6 x 10~12 [25]
261 | CoH + CoHz — C2Hz + CoHo 1.6 x 10712 [25]
262 CoHy + CoHy — CoH + CoHs 1.6 x 10_11 - exXp (%Xlo‘l) [25]
g
263 CoH,y + C2Hg— — CQHZ_ + C2Hg 1.15 x 10_9 [39]
264 CoHo + C’z]?éF — CzHg —+ C2ng 2.223 x 10_10 [39]
265 | CoHy + C2He — CoHy + CoHy 2.914 x 10710 (39]
266 | CoHi + CoHy — Ca2Hy + CoHY 9.3 x 10710 [39]
267 | CoHy + CoHg — CoHz + CoHy 1.314 x 10710 [39]
268 | CoHS + CoHg — CoHy + CoHJ 2.628 x 10710 [39]
269 | CoHS + Ca2Hy — C2Ho + CoHYf 4.012 x 10710 [39]
270 | CoH +e— CoHT +e+te f(o) [23, 43]
271 | CoHo+e— CoHYf +e+e f(o) [23, 43]
272 | CoHs+e— CoHy +e+e f(o) (23, 43]
273 | CoHy+e— CoHf +ede f(o) [23, 43]
274 | CoHs+e— C2HY +e+e f(o) (23, 43
275 | CoHg+e— CoHY +ete f(o) [23, 43]
276 | CoH+e— C+CH  +e+e f(o) [23, 43]
277 | CoH+e—CH+CT+e+e f(o) (23, 43]
278 | CoHo+e— CoHY +ete+ H f(o) [23, 43]
279 | CoHa+e— CoH+e+e+ HT f(o) [23, 43]
280 | CoHs+e— CoHf +e+e+ H f(o) (23, 43]
281 02H3+e—>02H++€+€+H2 f(O') [23, 43]
282 | CoHs+e— CoH Y +et+e+ H+H f(o) (23, 43]
283 | CoHs+e— CH+CHf +e+e f(o) [23, 43]
284 | CoHs;+e— CHs+CH +e+e f(o) [23, 43]
285 | C2Hs+e— CHs+CT +e+te flo) [23, 43]
286 CQH3+€—>02H2+6+6+H+ f(O') [23, 43]
287 | CoHs+e— CoHf +ete+ H f(o) [23, 43
288 | CoHyi+e— CoHYf +e+4e+ Ho flo) [23, 43]
280 | CoHy+e— CoHf +et+e+ H+H f(o) [23, 43]
290 | CoHy+e— CoH Y +e+e+H+H+H f(o) (23, 43]
291 | CoHy+e— CH+CHf +e+e f(o) [23, 43]
292 | C2Hy+e— CHy+CHY +e+e f(o) [23, 43]
293 | C2Hs+e— CHs; +CHY +e+e fo) [23, 43]
294 | CoHy+e— CHy+CT +ete f(o) [23, 43]
205 | CoHs+e— CoHf +e+e+ H f(o) (23, 43
296 | CoHs+e— CoHy +e+e+ Ho 1% 23, 43
3
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# Reaction Rate equation Ref.

297 | CoHs+e— CoHf +e+e+ H+H [23, 43]
298 | C2Hs+e— CoHYf +e+e+ H+ Hy [23, 43]
299 | CoHs+e— CoHY +e+e+ Ho+ Ho [23, 43]
300 | C2Hs+e— CHay+CHS +e+e [23, 43]
301 | C2Hs+e— CHf +CHs+e+e [23, 43]
302 | CoHs+e— CHy+CH +e+e [23, 43]
303 | CoHs+e— CHy,+Ct +et+e+ H [23, 43]
304 | C2Hs+e— CHs3+CT +e+e+ Hy [23, 43]
305 | CoHg+e— CoHY +ete+ H [23, 43]
306 | C2Hg+e— CoHYf +e+e+ Ho [23, 43]
307 | CoHg+e— CoHf +e+e+ H+ Hs [23, 43]
308 | C2Hg+e— CoHYf +e+e+ Ha + Ho [23, 43]
309 | CoHe+e— CoHf +e+e+ H+ H+ Hs [23, 43]
310 | CoHg+e— CH; +CHY +e+te [23, 43]
311 | CoHs+e— CoHs+e+e+ Hf [23, 43]
312 | C2He+e — CoHz +e+ Ho + Ho [23, 43
313 | CoHs+e— CoHs +e+ H [23, 43]
314 | CoHs+e— CHy+CHy +e [23, 43
315 | CoHg+e — CoHy+e+ Hoy [23, 43
316 | C2Hs +e— CoHs+e+ H+ Hs [23, 43]
317 | C2He¢+e— CH3; +CH;s +e [23, 43
318 | C2Hs+e— CHy+CHsz +e [23, 43]
319 | CoHs +e— CoHs +e+ Ho [23, 43]
320 | CoHs +e— CoHy+e+ H [23, 43
321 | CoHs+e— CoH + e+ Ha+ Hs [23, 43
322 | CyHs +e— Co2Hs+ e+ H + H» [23, 43]
323 | CoHs+e— CH+CHy+e [23, 43
324 | CoHs+e—CoHs+e+ H+H (23, 43]
325 | CoHy+e—C+CHs+e [23, 43
326 | CoHi+e— CoHo+e+H+H [23, 43]
327 | CoHs+e— CoHa + e+ Ho [23, 43]
328 | CoHy+e— CoH 4 e+ H + Ho [23, 43
329 | CoHy+e— CH+CHs +e [23, 43
330 | CoHy+e— CHa+CHz +e [23, 43
331 CoHy+e — CoHs+e+ H [23, 43]
332 | ChHs+e— CoH +e+ Ho [23, 43]
333 | C2H3 +e— CH+CHy+e [23, 43
334 CoHs +e— CoHy+e+ H [23, 43]
335 | ChoHs+e—C+CHs+e [23, 43]
336 | CoHs+e— CoH+e+H+H [23, 43




# Reaction Rate equation Ref.

337 | CoHo+e—C+CHy+e [23, 43]
338 | ChHs+e— CoH+e+ H [23, 43]
339 | CoHy+e— CH+CH +e¢ [23, 43]
340 | CbH+e—C+CH+e [23, 43]
341 | CbH  +e—-C+CH +e [23, 43]
342 | CoHY +e - CH+Ct +e [23, 43]
343 | C2HSf +e— CoH 4+ e+ H [23, 43]
344 | CoHf +e— CoH +e+ HY [23, 43
345 | CoHSf +e— CH2 +CV +e [23, 43]
346 | C2Hf +e— CH+CHY +e [23, 43]
347 | CoHf +e— C+CHY +e [23, 43
348 | CoHF +e— CHy +CH' + e [23, 43]
349 | CoHS +e— CoHo+e+ HT [23, 43]
350 | CoHFf +e— CoH +e+ Hy [23, 43]
351 | CoHf +e— CoHY + e+ Ho [23, 43]
352 | CoHf +e— C+CHy +e (23, 43]
353 | CoHF +e— CoHf +e+ H [23, 43]
354 | C2Hf +e— CH+CHY +e [23, 43]
355 | CoHf +e— CH; +CT +e [23, 43]
356 | CoHf +e— CH+CHY +e [23, 43
357 | CoHf +e— CH+CHY +e [23, 43]
358 | CoHf +e— CH3+CH" +e¢ [23, 43]
359 | CoHf +e— CHyi+Ct +e [23, 43]
360 | CoH +e— CoHo 4+ e+ HY [23, 43
361 | CoHf +e— CoHYS +e+ Hs [23, 43
362 | CoHf +e— CoHf 4+ e+ H [23, 43]
363 | CoHf +e— CoHf +e+ H+H [23, 43
364 | C2Hf +e— CHf + CHs +e [23, 43]
365 | CoHf +e— CoHS +e+ Hs [23, 43
366 | CoHf +e— CoH +e+ H [23, 43]
367 | C2HSf +e— CH+CHS +e [23, 43]
368 | CoHf +e— CHs +CHy +e [23, 43
369 | CoHS +e— CoHf +e+ Hy [23, 43
370 | CoHf +e— CoHf +e+ H [23, 43]
371 | CoHf +e— CoHs + H [23, 43]
372 | C2Hf +e— CHy+ CHs + Ho [23, 43]
373 | CoHf +e— CoHy+ H+ H [23, 43]
374 | CoHf +e— CHy +CHs + H [23, 43]
375 | CoHf +e— CHy+CH, [23, 43]
376 | CoHf +e— CoHy+ Ha [23, 43]




eaction ate equation el.
Reacti Rat ti Ref.
3 2 +e— CoHs+ H+ Ho o 23, 43
77 | CoHYF CoHs + H + H 4
378 | CoHf +e— CHs + CHj flo 23, 43
6
379 | CoHf +e— CoHo+ H+H+ H o 23, 43
5
380 | CoHS +e— CoHs + Ho flo 23, 43
5
381 | CoHS +e— CHz+ CHs o 23, 43
5
382 | CoHf +e— CoHy+ H o 23, 43
5
383 | CoHY +e— CyHo+ H + Hy flo 23, 43
5
384 | C2Hf +e— CH+CH,y f(o) [23, 43
385 ZHY +e— CoHs + H + o 23, 43
CoHF CoHs+ H+H 4
386 | CoH +e— CH+ CH; flo 23, 43
4
387 | CoHf +e— CoHy + H+H o 23, 43
4
388 | CoH +e— C+CH, flo 23, 43
4
380 | C2H} 4+ e— C2Ho + Ho o 23, 43
4
390 2 +e— CoH + + Ho o 23, 43
CoH[ CoH + H + H. 4
391 | CoH +e— CHs + CH> flo 23, 43
4
392 | CoHS +e— CoHs + H flo) [23, 43]
393 | CoHF +e— CoH + Ho f(o) [23, 43
394 | CoHf +e— C+ CHs f(o) [23, 43]
395 | CoHf +e— CH+ CH, f(o) [23, 43]
396 | CoHF +e— CoHo+ H f(o) [23, 43
397 | CoHf +e— CoH+H+H f(o) [23, 43
398 | CoHSf +e— CoH+H f(o) [23, 43]
399 | C2Hf +e— CH+CH f(o) [23, 43]
400 | CoHS +e— C+ CH, f(o) [23, 43
401 | CoH " +e—C+CH f(o) (23, 43
402 | CoH " +e—C+C+H f(o) [23, 43]
o = 2.6 107 - 7,897 - exp (1730100
koo = 4.5 x 1021 - 137 L oxp (—4.59><104
403 | CoHg — CHs + CHs s ’ [5]*
F. =038 exp (550457 )
—T
+0.62 - exp (5t )
4.2839x 107 — 4
Jop = 10 - .Tg—6.431 . exp ( 5.39;5><10 )
fioy = 1020947 10 —1.228 exp M)
404 | CoHg — CoHs + H g N [44)*
F, = 4761 x 10" - exp  =Lo132210%)
9
—T
+exp (3.371 <107 )
ko = 1.7 x 1075 - exp (%;104)
oo = 8.2 1019 - exp  =2097x10%)
405 CoHs — CoHy + H _T 1o [5]a
Fc =0.25- exp (m)
—T,
+0.75 - exp (1.379;]103)
406 | CoHs — CoHs+ H 10103%10" . exp (%{7}105) [45]
407 | CoHy — CoHa + Ho 101:29%10° . 7044 . ey (%7“04) [25]
g
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# Reaction Rate equation Ref.
ko = 4.3 x 10° - T;34 - exp (%’jxm“)
408 | CoHs — CoHs + H oo = 3.9 x 108 - TH62 - exp (7—18%“04) [5]*
F.=7.37x10~*. 708

409 | CoHy — CoH + H 101:542x10" oy (%5“04) [25]
410 | e+ HsO = e+e+ HOF f(o) [46, 47]
411 | e+ H20 — Hy + O~ flo) [46, 48]
412 | e+ H,O — H™ +OH f(o) (46, 48]
413 | e+ H2O e+ H +OH f(o) [48]
414 | e+ HO we+e+ H" +OH f(o) [46, 47]
415 | e+ HyO - e+e+H+OH" flo) [46, 47]
416 | e+ H2O > e+e+ Hy+ OV f(o) [46, 47
417 | e+ H:O we+e+ HI +0 f(o) [46, 47]
418 | e+ H,O — H+OH" flo) (46, 47]
419 | e+ H202 — H20 + O~ flo) [49]
420 | e+ HyO2 — OH + OH™ f(o) [49]
421 | e+ OH —e+e+OH f(o) [46]
422 | e+OH s e+ H+0 2.55 x 10~ - =076 . exp (M) [50]
423 | e+ OH < ete+OH' 116 x 10717 . 7178 . exp (w) [50]
424 | M+e+OH — M+OH™ 3 x 10731 [51]
425 | e+ OHY - H+0 3.19 x 10* - T 204 . exp (%) [50]
426 | e+ H2O0' = Hy + O 3.0 x10°8. (szW) - [3]
427 | e+ HLO* S H+H+O 3.05 x 107 - (%)_0'5 [3]
428 | e+ H,OY — H+ OH 8.6 x 10-8 - (3027102) e [3]
429 | e+ H30Y - H+ H+OH 3.05 x 1077 - (3_027@102)_0'5 3]
430 | e+ HsO — H + Hx0 7.09x 1075 - (557 ) o 3
431 | e+ HsO0" = H+4 Ho+ O 5.6 x 10~2 - (:mZW) e 3]
432 | e+ HsO" — Hy + OH 537 x 1078 (ﬁ) o [3]
433 | O +OH — Oz +OH~ 1x 10710 [51]
434 | OH+0" -0+ OH" 3.6 x 10710 1]
435 | OH +0" — H+ OF 3.6 x 10710 1]
436 | Hf + OH — Ho+ OH™ 7.6 x 10710 1]
437 | Hf + OH — H + H,O" 7.6 x 10710 1]
438 | H" +OH — H+OH™ 2.1 x107° [1]
439 | O+ OH — H+ 0, 433 x 1071+ () 7 exp (=210 [25]
440 | H+OH = Hy + 0 4110712 la, exp (=22210%) 152]
441 | OH +OH — H20 + O 1.02 x 10712 (3_07;79102)1'4~exp (%) [25]
442 | OH + OH — H + HO, 2 % 10~ - exp (%@Xm“) [52]
443 | OH + OH — Hy + O, 1.82 x 10713 . 7051 . exp (%;104) 53]
44 | M+OH - M+H+0 47 %1078 - <T7>71.0-exp (M [52]

g
3.0x10? T,

)
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# Reaction Rate equation Ref.
445 | Hy+OH — H + HyO 3.6 x 10716 7152 . exp (=LT0x10% ) 15
g9
1.44
446 | O2+OH — H + Os 2.7 % 10713 (307;79102) -exp (%0“04) [52]
. g
447 | O3+ OH — HO» + O 2.2x 107 - exp (M) [52]
9
448 | O3+ OH — HOs + Oy 1.69 x 1072 - exp (%‘”102) [54]
g
449 | H,O 4+ OH — H + Hy0 4% 10710 . exp (%‘W‘) [52]
g
—T1.0
450 | HO» + OH — H>0 + Oy 8.05x 1071+ (5l ) [25]
0.5
451 | HO5 + OH = H;05+ O 1510712 (i) exp (210002100 [52]
: 9
452 | H205 + OH — Hy0 + HO» 2.9 x 10712 . exp (%“02) [25]
g
453 | O+ OH' — H 4+ OF 7.1 x 10710 [1]
454 | O2 4+ OH' — O + OH 3.8 x 10710 27
2
55 20 + — H 0 + . x 10~ 2
4 H;O 4+ OH' — H,O" + OH 1.5895 x 1079 7
456 | H.O +OH'Y — H30T +0 1.3005 x 10~° [27]
0.5
- —10 T c
457 | M+OH™ = M+te+OH 21071 (1a)
58 +OH™ — e+ H, 8x10- 55
4 H+0H H>O 1.8 x 1079
459 | O+ OH™ — e+ HOs 2 x 10710 [56]
460 | 02 +OH™ — Oy + OH 8.7x 10710 . exp (%?;“04) [51]
461 | O3+ OH™ — O; + OH 9 x 10710 [56]
462 | O3 +OH™ — HO2 + O5 1.08 x 101! 57
2
463 | OH- +OH* - H+H+O0+0 1x 1077 [57]
—2.5
464 | M+OH™ +OH" - M+ OH + OH 2 x 10725 (30279102) [57]
465 | OH- +OH" = H+ 0O+ OH 1x1077 [57]
466 | OH- +0T" - H+0+0 1x1077 [57]
—0.5
467 | OH + 0% >0+ OH 2x 1077 - (5 ) [57]
—2.5
468 | M +OH™ +0% — M + HO, 2 x 1072 . (30279102) [57]
469 | O +OH™ — H+ 0+ O, 1x 1077 57
2
470 | OFf +OH™ — 02+ OH 2x 1077 57
2
471 | OF +OH™ -0+ 0+ OH 1x1077 57
2
—2.5
472 | M +0f +OH™ = M + 05 + OH 2% 1077 () [57)
—2.5
473 | M+ H,O" + OH™ — M + H20 + OH 2x107% . (3 029102) [57]
—0.5
474 | H" +OH™ — H + OH 7.51 x 1078 (3302) 2, 3]
—0.5
475 | Hf +OH- — H + Hy + OH 751 % 107 - (i ) 2, 3]
—0.5
476 | HsO* +OH~ — H + H0 + OH 751 x 107 - (1 ) 2, 3]
477 | H+ HOs — Hy + 05 11 x 107" exp (M> [25]
9
478 | H+ HOs — OH + OH 2.8 x 10710 - exp (%“02) [25]
g
479 | H+ HOy — H20 + O 5x 107! - exp (%‘”102) (58]
g
480 | HsO + HOz — HyOs + OH 3% 10711 - exp (M) [52]
g
481 | Hy+ HOs — H20 + OH 1.1 x 1072 - exp (%“03) [52]
g
482 | Hy+ HOy — H + H0, 1x 10712 exp (M) [52]

Ty
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# Reaction Rate equation Ref.
483 | HO» + HOy — Hy0s + Os 2.2 x 1013 - exp (60;7102> [59]
484 | HO2+ 0 — Oy + OH 2.9 % 10~ - exp (2 0“02) [25]
485 | HO2 + Oz — O3 + OH 1.5 x 1071° [52]
486 | H + HoOs — Hy + HO: 8% 10711 - exp (=L4210) [25]
487 | H + H205 — H,O + OH 4 %1071 - exp ( 2 0“03) [25]
488 | Hy0:+ O — HO, + OH 1.44 x 10712 (307;7102) ? - exp (%j“’g) [25]
ko =3.8x 1078 - exp (772'1%“04)
489 | H,O; — OH + OH koo =3 x 101 - exp (#‘:104) (5]
F.=05

490 | H2Os + Oy — HO2 + HO: 5x 107! - exp (#W) [52]
491 | H.O+0~ — OH +OH~ 3x 10713 [56]
492 | H:O+0~ = e+ H202 3x 10713 [56]
493 | HO+H™ — Ho+OH™ 3.7x107° [56]
494 | H,O +0%" — H,OT +0 2.2 x107° [29]
495 | H.0 + H.O" — H30" + OH 1.67 x 1079 [56, 60]
496 | HoO+H" — H + H,O" 6.9 x 107 [29]
197 | H,0+0 - OH + OH 7.6 x 10717 )0 - exp (=56x10°) [25]
498 | M+ H>O — M + H + OH 5.9 %1077 (ﬁ) 22~exp (%f“"‘) [52]
499 | H+ H,0 — Hy + OH 7.5 x 10710 )0 - exp (22022107 5]
500 | HyO +OH — Hy + HO» 1.4 % 10713 - exp (%‘;“04 [52]
501 | HoO+O — H + HO» 2.8 x 10712 (&OZW)OM -exp (%3;0“04) [52]
502 | H20 + 05 — Hy05 + O 9.8 x 105 - (3.07;%)0'5 exp ((=L450x10" ) [52]
503 | H20 + Oz — HO; + OH 43 % 10712 (3_07;79102)0'5 exp ((=2050x10" ) [52]
504 | Ha+ H,O" — H + H;07 6.4 x 10710 [61]
505 | HoO" + 02 — H0 + OF 2 x 10710 [56]
506 | H20" + 0~ — H,0+ 0 2x1077- (3.07;9102)_0'5 [57]
507 | H:O0* +05 — H:0+ 0y 2x 1077 (e ) - 157)
508 | HoO" + 05 — H0 + O3 2x 1077 (3_029102)_0'5 [57]
509 | M+ H0" + 0~ — M+ Hy0 + O 2 %1072 (307;102)72'5 [57]
510 | M+ H:0% + 0~ = M + Hx05 2 x 1072 . (3.029102 ) o [57]
511 | M+ H;0" + 05 — M+ Hy0 + O 2% 1072 - (3ol ) o [57)
512 | H+ H;O" — Ha + H,O" 6.1 x 1010 - exp (M) (62]
513 | HsO" + 0~ — H+ H0 + O 751 x 1078 - (B,XT—;JOZ)_M 2, 3]
514 | H;O" +05 — H+ H0 + Oy 751 x 1078 - (SXT—;’OZ) - 2, 3]
515 | H3OY +0; — H+ HO+0+0 1x1077 [57]
516 | H+ 0O~ — e+ OH 5x 10710 [1]
517 | H+ Oy — e+ HO» 7 x 10710 [56]
518 | H+ 05 — H + 02 7 x 10710 [56]
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# Reaction Rate equation Ref
519 | H+Ot - H" +0 7 x 10710 1]
520 | M+ H+0— M+OH 4.33 x 10732 (:,,XT—fOQy1 [25]
521 | H+ Oy — O+ OH 1.62 x 10710 - exp (%{?“03) [58]
522 | M+ H+ 0y — M+ HO, 3.33 x 10731 . (%)71 5]
523 | H+ O3 — HO2 + O 7.76 x 10713 [63]
524 | H+ O3 — Oz + OH 2.36 x 10711 [63]
525 | H- + Oz — e+ HO» 1.2 x 1079 [56]
526 | H- +0 — e+ OH 1x107° 1]
527 | H- +OH — e+ H>,0 1x10710 [1]
528 | M+H™ +0f — M+ HO: 2x 1072 - (30 ) o [57]
52 | H-+ 0T 5 H+0 751 % 107 - (1 ) - 2, 3]
530 | HsO" + H™ — H + H + H>0 751 x 1078 - (BXT;’OZ o [2, 3]
531 | HT+0 = H+ 0" 6.86 x 10710 - (3.0%102)0-26 - exp (%) (3]
532 | HT + 02 — H + OF 2x 1079 [29]
533 | HY 40~ 5 H+0 751 % 107 - (ol ) - 2, 3]
534 | HY +05 — H+ 0, 7.51 x 1078 - (BXTfOQ ) - 2, 3]
535 | Ho+O~ — H+OH™ 3.1 x 1071 [56]
536 | Ho+0O~ — e+ H0O 5.98 x 10710 [56]
537 | Ho+0O; — OH +OH~ 5x 10713 [56, 57]
538 | Hy+0O5 — HOo+ H™ 5x 10713 [56, 57]
539 | Ho+0" - H4+OH* 1.7 x 107° [56]
540 | Hy + O3 — HOs + OH 1% 1013 . exp (%) [52]
541 | Ho+ O2 — H + HO» 3.2x 107 - exp <#§X104) [52]
542 | Hy+0 — H+OH 9 x 10712 ool - exp ((=450210% ) [52]
543 | Hf + 02 — Hy 4+ OF 7.8 x 10710 [7]
544 | Hf + 02 — H+ HOS 1.9 x 1079 [64]
545 | Hf +0 — H + H,0 8.87 x 10710 (3.029102 ) o [65]
546 | Hf +0 — Hz +OH* 5.26 x 10711 - (3‘029102 ) o [65]
547 | Hf +0~ — H+Hy+0 751 x 1078 - (35—1902)_0'5 2, 3]
548 | Hf +05 — H+ Hy+ 0, 751 x 1078 - (SXTfOz)_OS 2, 3]
549 | H+O — e+ OHY % - exp (_8'076,;104) d
550 | H4+OH — e+ H,OT % - exp (%;104) d
551 | Hy+ O — e+ H,OF L2102 . oxp (—8-06_;104> d
552 | C+OH —»CO+H 32102 [66]
553 | C+OHY - CH" +0 1.2 x 1079 1]
554 | C+ H,O" — CH" +OH 1.1x107° 1]
555 | C + H3;0" — H> + HCO™ 1x1071 [1]
556 | C+ HOF — CH" + O, 1x107° (1]

21




# Reaction Rate equation Ref
557 | C+OH™ — e+ HCO 5x 10710 1]
558 | CT+OH — COt + H 7.7 x 10710 1]
559 | C* 4+ H,O — H 4+ HCO* 2.7 x107? [67]
560 | C*+OH™ —C+OH 751 x 105 (1 ) o 2, 3]
561 | COs+ H — CO+OH 47 x 10710 . exp (%QMW) 5]
562 | CO+H — HCO 2x107% . T2 . ny [5]
563 | CO:+ HY - HCOT +0 3.5 x107? [29]
564 | CO+ Hf — CO™ + Ho 6.44 x 10710 [7]
565 | CO+ Hf — H+ HCO™T 2.16 x 1079 [7]
566 | CO+ Hy — Hay + HCO* 1.36 x 1079 - (SXT#) o exp (B-T‘il) [68]
567 | CO+H™ — e+ HCO 2 x 107 [69]
568 | COf + H — HCOT +0 2.9 x 10710 [70]
569 | COT+H - CO+HT 7.5 x 10710 [71]
570 | CO" + Hy — H + HCO™ 1.5 x 1079 [72]
571 | CO+OH — COs + H 33x100 . 155 exp (%) 73]
572 | CO+ HO — COz + OH 385102 . oxp (—*2'293;}‘14'4'184) [74]
573 | CO+ H205 — COOH + OH BOX0T . 725 . xp ((=LatZox10") 73]
574 | CO2 + OHY — HCO' + 0, 5.4 x 10710 [1]
575 | CO+OHY - HCO* +0 1.05 x 1079 [76]
576 | CO+ H,OT — HCO' + OH 5x 10710 [76]
577 | CO+ HOf — HCO" + O 8.4 x 10710 1]
578 | COF + H20 — CO2 + H2O™ 2.044 x 1079 [77]
579 | COT +OH — CO+OH™ 3.1 x10710 [1]
580 | COT +OH — HCOT + 0 3.1 x 10710 (1]
581 | COT + H20 — CO + H,O" 1.7 x 1079 [78]
582 | COY + H,O — HCOY + OH 9 x 10710 [78]
583 | CHi+ 0O — CHs + OH 7.3 x 10719 . T25 . exp (*%A) 5]
584 | CHy+ Oz — CHs+ HO; 8.1 x 1071 T35 - exp (%1“04) [5]
585 | CHy+ Oz — CH300 + H 4310 (%) T exp (—8-73“?;;2184“03) [79]
586 | CHs+0O — H+ HCHO 1.12 x 10710 [5]
587 | CHs + Oy — HCHO + OH 3.7 x 10712 . exp (%W) 5]
588 | CHs + Oy — CH;0 + O 3.5 x 10~ 11 . exp (M) 5]
589 | CHs+ 02 — CH300 1.3x1071.7)2 (5]
500 | CHa +0 — CO + Ha 0.4-3.4 % 10710 . exp (#ﬁl‘f) 5]
591 | CHy + Oy — HCHO + O X107 [80]
592 | CHz+ O2 — CO + H20 4.2 x 10713 [25]
593 | CH+0O - CO+H 6.6 x 10711 [5]
594 | CH+ 0 — e+ HCO" 4210 - exp (*837“0) 5]
595 | CH+ 02 — CO2 + H 4.2 x 10711 [5]
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# Reaction Rate equation Ref
596 | CH+ Os — CO + OH 2.8 x 1071 [5]
597 | CH+ 02 — HCO + O 2.8 x 10711 5]
598 | CHy+O% — CHf + OH 1.1 x 10710 [27]
599 | CHy+O" — CHf +0 8.9 x 10710 [27]
600 | CHy+0O~ — CHs+OH™ 1x 10710 [1]
601 | CH,+0% = CHf +0 9.7 x 10710 [1]
602 | CH2+OFf — CHY + O 4.3 x 10710 [1]
603 | CH, +0~ — e+ HCHO 5x 10710 (1]
604 | CH+O" - CH" +0 3.5 x 10710 1]
605 | CH+O" - COt+H 3.5 x 10710 1]
606 | CH+OFf — CH" +Os 3.1 x 10710 [1]
607 | CH+Of — HCO" +0 3.1 x10710 1]
608 | CH+O  — e+ HCO 5x 10710 1]
609 | CHY + O — CHs + H;0™ 2.156 x 10710 [81]
610 | CH + Oz — CHy+ OF 3.9x 10710 [27]
611 | CHf + 0 — Hy + HCO* 3.08 x 10710 [82]
3
612 | CHf + O — CO + HF 8.8 x 10711 [82]
613 | CHf + Os — H,O + HCO' 4.3 x 10711 [27]
—0.5
614 | CHf + O~ — CHs+ O 7.51 x 1078 - (szi"oz) 2, 3]
—0.5
615 | CHf + 0y — CHs + 0, 751 x 107 (1 ) 2, 3
616 | CHS +0O — H+ HCO" 7.5 x 10710 [1]
617 | CHf + 02 - HCOT + OH 4.55 x 10710 [27]
618 | CH"+0 —»CO"+H 1.75 x 10710 81]
619 | CH"+0—-CO+HT 1.75 x 10710 81]
620 | CH" + 0, — HCO + O* 9.7 x 10710 [27]
621 | CH" + 0. — COSf + H 4.8 x 10710 1]
Ko = 1.6 x 10757 - T105 . exp (=1310°)
622 CHs + CO — CH3sCO ke = 3.1 x 10-16 . Tg1.05 - exp (72.8,153;103) [5]*
F.=05
623 | CHy +CO2 — CO+ HCHO 3.9x 10714 [25]
624 | CHz +CO — CH>CO 1x10715 [25]
625 | CH +COy — CO + HCO 0.5-1.06 x 10716 . 7151 . exp (36;7102) 5]
ko =63 %1072 .T,2>
626 | CH+CO — HCCO koo = 1.7x 1079 . T,704 [5]*
F.=0.6
627 | CHy+ COf — CHf + CO; 5.5 x 10710 [83]
628 | CHys+CO" — CHJ +CO 8.978 x 10~10 [27]
629 Hy + — CHs + H 752 x 10~ 27
c cot = C cot 3.752 x 10710
630 | CHy+CO* — CHy +CO 4.3 x 10710 [1]
631 | CH, +CO"T — CH 4+ HCO* 4.3 x 10710 1]
632 | CH+CO" - CH" +CO 3.2 x 10710 1]
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# Reaction Rate equation Ref
633 | CH+CO" - C+HCO™ 3.2 x 10710 1]
634 | CHS +CO — CHys+ HCO™ 9.9 x 10710 [27]
635 | CHS +CO — CH3 + HCO* 1.0368 x 10~ [27]
636 | CH* + CO> — CO + HCO™ 1.6 x 107 [27]
637 | CHt +CO — C + HCO* 7 x 10712 [27]
638 | CHy+ OH — CH;s + H0 1.66 x 10718 . 72182 . expy (M) [84]
639 | CHy+ HOs — CHs + HyO2 7.8 x 10720 . T25 . exp (—103&) 5]

ko = 1.06 x 1010 . T976.21 - exp (—6.7%; 102)

koo =7.2%x 1079 - T,70-7 .
640 | CHs + OH — CH3;0H FL = 0.75 - oxp (%> [5]

+0.25 - exp (ﬁ)

T

ko = 1.8 x 108 _Tg—0.91 . exp (—2.7T59x 102)

oo = 6.4 1078 T35 - exp (455210°)
641 | CHs+OH — CHs + H,O F, = 0.664 - exp (3.5(;97;9103) (5]

+0.336 - exp ( 15t )

+ exp (%jwv
642 | CHs +OH — CH,OH + H 1.2 x 10712 - exp (%;103) [5]
643 | CHs; + OH — CH30 + H 2 x 107" . exp (%:103) [5]
644 | CHs + OH — Hy + HCHO 5.3 x 10715 - exp (%;103) [5]
645 | CHs + OH — CH, + O 116 x 10719 - T22 . exp (%:103) 5]
646 | CHs + H20 — CHy+ OH 8 x 10722 . T29 . exp (%:103) (6]
647 | CHs + HOy — CH30 + OH 3x 1071 5]
648 | CHs + HO3 — CHy + O2 6 x 10712 [25]
649 | CHs + Hy05 — CHy+ HOs 2 % 10~ . exp (30;7102) [25]
650 | CH,+OH — H+ HCHO 5x 10~ [25]
651 | CHy+ H,O — CH3 + OH 1x10716 [25]
652 | CHy+ HO2 — HCHO + OH 3x 107 [25]
653 | CHa+ HyO3 — CHs 4+ HO» 1x10714 [25]
654 | CH + OH — C + H2O 40T T2 oxp (%};‘18‘*) [74]
655 | CH+OH — H + HCO 810 7 [74]
656 | CH + HO — H + HCHO S5XA0% . 1144 oxp (%) [66]
657 | CHy+OH" — CHS +0 1.885 x 10710 [27]
658 | CHy1+OH" — CHy + H;0% 1.2615 x 107° [27]
659 | CHy+ H,O" — CHs + H;0* 1.12 x 1079 [27]
660 | CHy+ HOS — CHf + Ho + O2 8 x 10~ [27]
661 | CHys+ HOf — CHY + O 9.2 x 10710 [27]
662 | CHs +OH™ — CH30H +e 1x107° [1]
663 | CH,+OH" — CHy +OH 4.8 x 10710 [1]
664 | CH,+OH" — CHf +0 4.8 x 10710 1]
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# Reaction Rate equation Ref
665 | CH>+ H,O" — CHY + H>0 4.7 x 10710 1]
666 | CHs+ H.O" — CHf + OH 4.7 x 10710 1]
667 | CH, + H;O" — CHJ + H20 9.4 x 10710 1]
668 | CH>+ HOf — CHy + O 8.5 x 10710 [1]
669 | CH+OH'Y - CH" + OH 3.5 x 10710 1]
670 | CH+OHY — CHS +0 3.5 x 10710 1]
671 | CH + H,O" — CH" + H,O 3.4 x 10710 [1]
672 | CH + H,O" — CHy +OH 3.4 x 10710 (1]
673 | CH + H;O" — CHy + H>0 6.8 x 10710 1]
674 | CH + HOF — CHS + 02 6.2 x 10710 [1]
675 | CH+OH™ — e+ HCHO 5x 10710 [1]
676 | CHY + OH — CHy + H2O" 7 x 10710 1]
677 | CHY + HO — CHy + H307 3.7x107° [27]
678 | CH; + H20 — CHs + H30™" 2.5 x107° [27]
679 | CHF + OH™ — CH; + OH 751 x 1075 (?)37-1‘702)70'5 2, 3]
680 | CH" +OH — CO™ + H» 7.5 x 10710 1]
681 | CHY + H,O — C + H30™ 1.45 x 1079 [27]
682 | CT+HCO — C+ HCO™ 4.8 x 10710 [1]
683 | CT+ HCO — CH" +CO 4.8 x 10710 (1]
684 | Ct+ HCHO — CHy +CO 2.112 x 1079 [87]
685 | Ct+ HCHO — CH + HCO™ 9.24 x 10710 [87]
686 | CHsOH +CT — CHs + HCO" 3.28 x 10710 [87]
687 | CH3;OH + Ct — CHf + HCO 1.189 x 10~ [87]
688 | C+ HCOY - CH" +CO 1.1x107° 1]
689 | CO+COOH — COy + HCO 1x 10714 88]
690 | CH30 +CO — CH; + COs 2.6 x 1011 - exp (%:103) [25]
691 | CH30 4 CO — HCHO + HCO 5.23 x 10715 [89]
692 | CH300 + CO — CH30 + CO» 7x 10718 [90]
693 | COT + HCO — CO + HCO™ 7.4 x 10710 1]
694 | COt + HCHO — HCO + HCO™ 1.65 x 10~° [91]
695 | H+ HCO — CO + Ho 1.5 x 10710 [5]
696 | H+ HCO — CHy+0 SOSWTUTIX0R . gy (2429107 ) [92]
697 | H+ HCHO — Hy + HCO 3.34 x 10723 . 77381 . exp (%“02) 5]
698 | H+ HCHO — CHs0 % - exp (7—4-1“;53'4-184) 93]
699 | CH30 + H — H> + HCHO 3.3 x 1071 [25]
700 | CH30 + H — CH;0H 3.4 % 10710 (35502 )0'55 [94]
701 | CHs0 + Ho — CH;0H + H 1.7 x 1071 (35f02)4 - exp (%“03) [95]
702 | CH,OH + H — Hy + HCHO 1x 1071 [96]
703 | CHOH + H — CHs + OH 1.6 x 10710 [96]
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# Reaction Rate equation Ref.
704 | CH.0H + Hy — CH;OH + H 112 x 10718 . T2 . exp (—673&) [96]
705 | CHsOH + H — CHOH + H, 5.7 x 10715 . T2 . expy (QQTM) 5]
706 | CH;OH + H — CHs + H>0 2x10% . exp (—5.3-%7@;1“03) [97]
707 | CH;00 + H — CHi + Os 4021077 (15{:03)1'02 - exp (—1466“?%1;;184“03) [79]
708 | CH300 + H — CH30 + OH 1.6 x 10710 [25]
709 | CH;00 + Hs — CH,00H + H 5x 1071 . exp (%:104) [25]
710 | HCO+ H" — H+ HCO* 9.4 x 10710 [1]
711 | HCO+ H" — CO" + Hs 9.4 x 10710 [1]
712 | HCO+ H" — CO + Hf 9.4 x 10710 [1]
713 | Hf + HCO — Ho + HCO™ 1x107? 1]
714 | Hf + HCO — CO + Hf 1x107° 1]
715 | HCO+ H™ — e+ HCHO 1x107° [1]
716 | HCHO+ H" — CO™ + H + H> 1.064 x 10~° [98]
717 | HOCHO + H" — Ha+ HCO™T 3.572 x 1079 [98]
718 | HY + HCHO — H + H, + HCO™T 1.4 x 107° [1]
719 | Hf + HCOOH — CO + Hs + H;07" 1.83 x 1079 [99]
720 | Hf + HCOOH — H> + H,O + HCO™ 4.27 x 1079 [99]
721 | CH30H + HY — CHJ + H,0 7.4 x 10710 [29]
722 | CH;0H + HY — H> + Hy + HCO™ 1.11 x 1079 [29]
723 | CH30H + Hf — CHS + Hs + H20 3.71 x 107° [100]
724 | CH30H + Hf — Hy + Ho + Ho + HCO™T 1.26 x 1079 [100]
795 | HCO' + H- - CO+H+H 3.76 x 1075 - (Sffoz)_” 2, 3]
726 | HCO* + H™ — H + HCO 3.76 x 105 - (17 ) o 2, 3]
727 | HOCO™ + H- — CO + H, 2.3 %1077 - (331902)*05 1]
728 | HCO + OH — CO + H>0 1.8 x 10710 [5]
729 | HyO + HCO — HCHO + OH 3.9 x 10710 . 135 . expy (M) [25]
730 | H,0, + HCO — HOHO + HO, 1.7 % 10713 - exp (M) [25]
731 | HOHO + OH — H,0 + HCO 2.31 x 10711 - exp (%“02) 5]
732 | HCHO + OH — H + HCOOH 2x 10713 [101]
733 | HOHO + HO2 — Hy04 + HCO 6.8 x 10720 . T25 . exp (%“03) 5]
734 | HCHO + HOs — CH20H + O, 8.38844156x10"7 o ( %;04) [92]
735 | HCOOH + OH — COOH + H>0 5.98x10%1:10° . o ( %‘"’“03) [102]
736 | CH30 + OH — H>O + HCHO 3x 10 [25]
737 | CH30 + HO2 — HyO2 + HCHO 5x 10713 [25]
738 | CH30 + HO2 — CH30H + O3 4.7 x 1071 [103]
739 | CH,OH + OH — H20 + HCHO 4 x 101 [96]
740 | CH;OH + H,0 — CH;0H + OH Loas81662:101 o (%;9105) 92]
741 | CHyOH + HOs — HyOs + HCHO L8x10%1x10° (2_987;9102 )5““ - exp (%) [104]
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# Reaction Rate equation Ref.
742 | CH2OH + HO2 — CH;0H + Oy 5.7x10°1x10° (2987‘;102 )‘“ . exp (%;9103) [104]
743 | CH.OH + HO» — H0 + HCOOH 860071107 7012 o (%;103) [104]
744 | CHOH + H 05 — CH;0H + HO» 5% 10715 . exp (M) [96]
745 | CH3OH + HO» — CHyOH + Ha05 5.41 x 1011 - exp (M) [105]
746 | CH30H + HO5 — CH0 + Hy0; 2.02 x 1012 - exp (M) [105]
747 | CH300H + OH — CH300 + Hs0 1.8 % 10712 - exp (“;7102> 5]
748 | CH300 + OH — CH30H + O» 1x 10710 [25]
749 | CH;00 + HO» — CH300H + Os 0.9-4.2 x 10713 . exp (75;710"’> 5]
750 | CH;00 + H205 — CH;00H + HO, 4% 10712 exp (M) [25]
751 | HCO+OH'" — HCO' + OH 2.8 x 10710 [1]
752 | HCO+ OH" — CO + H.O" 2.8 x 10710 1]
753 | H,O" + HCO — H>0 + HCO™ 2.8 x 10710 1]
754 | HyO" + HCO — CO + H30* 2.8 x 1010 1]
755 | HCO' + OH — CO + H,0* 6.2 x 10710 (1]
756 | H»O + HCO' — CO + H;0™ 2.5 x107° [91]
757 | HCO* + OH™ — CO+ H + OH 3.76 x 10 (1) o 2, 3]
758 | HCO* + OH~ — HCO + OH 3.76 % 107 - (1t ) - 2, 3]
759 | HCO+ O — CO + OH 5x 1074 [25]
760 | HCO+ 0 — COs+ H 5% 1011 [25]
761 | HCO + 02 — CO + HO: 45 x 10714 . 7065 . oxp (%) 5]
762 | HCHO + 0 — HCO + OH 6.9 x 10713 . 7057 . expy (%;103) 5]
763 | HCHO + 0y — HCO + HO» 4.05 x 10719 . T25 . exp (%ﬂo“) 5]
764 | CH30 + O — CHj + O 1.875 x 10711 [5]
765 | CH30 +0O — HCHO + OH 6.25 x 10712 [5]
766 | CHsO + 03 — HCHO + HO: 3.6 x 10~ . exp (M) 5]
4.8x107%- T, 1%
767 | CHyOH + Oy — HCHO + HO, 12 % 1019 exp (_1 88:103) 5]
768 | CH;OH + O — CH,OH + OH 41 %107 - exp (M) 5]
769 | CH;OH + Oy — CHyOH + HO» 3.4 x 10711 - exp (%ﬂo“) [96]
770 | CH300 + O — CH30 + 02 6 x 10~ [25]
771 | HCO+O" — HCOT + 0O 4.3 x 10710 1]
772 | HCO+ 0" - CO+OH* 4.3 x 10710 1]
773 | HCO + 0f — HCO" + 0, 3.6 x 10710 1]
774 | HCO + OF — CO + HO3 3.6 x 10710 (1]
775 | HCHO + 0" — CO + H,O™ 4x10710 [1]
776 | HCO* + 0~ — CO+H+0 3.76 x 10 (1) o 2, 3]
777 | HCO* + 0~ — HCO + 0 3.76 x 1078 - (SXT;’OQ ) - 2, 3]
778 | HCO* +0; — CO+ H+ 0, 3.76 x 107 - (1t ) - 2, 3]
779 | HCOY + 05 — HCO + 0s 3.76 x 105 - ( T, )_0'5 2, 3]

w
X
=
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# Reaction Rate equation Ref.
780 | CH4+ HCO — CHs + HCHO 1.21 x 10720 . 7255 . exp (%3“04) [25]
781 | CH3; + HCO — CHy + CO 2 x 10710 [25]
782 | CH3z + HCO — CH3CHO 3 x 1071 [25]
783 | CHy + HCO — CH;z + CO 3x 10 [25]
784 | CHs + COOH — CH>CO + Hy0 (1.5241.95 x 107* - Ty)) - 3.24 x 1071 . 71024 [106]
785 | CHs + COOH — CHy + CO2 3.24 x 1071 . 701024 [106]
786 | CHs+ HCHO — CH;CH0 0 oy ((=0230x00%0.156 ) 193]
787 | CHs + HCHO — CH, + HCO 5.3 x 1072 . 7336 . expy (M) 5]

788 | CHy + HCHO — CH3z + HCO 1x 10~ [25]
789 | CH + HCHO — CH,CO + H 7.62 x 10710 77052 . exp (”@[ﬂ) [107]
790 | CH30 + CHy — CHs + CH;0H 2.6 x 1013 - exp (M) [25]
791 | CHs; + CH30 — CHy+ HCHO 4x 1071 [25]
792 | CHy + CH30 — CHs 4+ HCHO 3x 1071 [25]
793 | CH.0H + CHy — CHs + CH;0H 3.6 x 1073 . T3 . exp (%‘W) [96]
794 | CH,OH + CH3 — CH3CH2OH 2 x 10~ [96]
795 | CH>OH + CH3 — CHy + HCHO 4x10712 [96]
796 | CHy + CH>OH — CoHy + OH 4 %1071 [96]
797 | CHy + CH,OH — CH3 + HCHO 2 x 10712 [96]
798 | CHy + CH;OH — CHyOH + CHy 0.33-5x 1072 . T34 . exp (M) 5]

799 | CHs + CH;OH — CH;0 + CH, 0.67-5x 1072 . T34 . exp (M) 5]

800 | CHy + CH;OH — CH;OH + CHs 5.3 x 10723 . T32 . exp (M> [96]
801 | CHs + CH;0H — CHs + CHs0 2.4 x 1073 . T3 . exp (M) [96]
802 | CH;00 + CH, — CHs + CH;00H 3% 10713 . exp (M) [25]
803 | CHs + CH300 — CH30 + CH30 4x 1071 [25]
804 | CHs+ CH300 — CH30 + HCHO 3x 1071 [25]
805 | CHz+ CH300 — CoHs 4+ O 3x 1071 [25]
806 | CHf + HCO — CHs + HCO™ 4.4 x 10710 1]

807 | CHf + HCO — CH; +CO 4.4 x 10710 1]

808 | CHY + HCO — CH{ +CO 4.5 x 10710 1]

809 | CHT + HCO — CH + HCO™ 4.6 x 10710 [1]

810 | CHT + HCO — CHS + CO 4.6 x 10710 (1]

811 | CHf + HCHO — CHy + HCO™ 1.6 x 1079 [20]
812 | CH, + HCOT — CHS + CO 8.6 x 10710 1]

813 | CH + HCOT — CHJ + CO 6.3 x 10710 [1]

814 | HCO+ HCO — CO+ HCHO 4.265 x 10711 [5]

815 | CH30 + HCO — CH30H + CO 1.5 x 10710 [25]
816 | CHOH + HCO — CH30H + CO 2 x 10710 [96]
817 | CH,OH 4+ HCO — HCHO 4+ HCHO 3 x 10710 [96]
818 | CH30H + HCO — CH>OH + HCHO 1.6 x 10720 - T29 . exp (%‘3“03) [96]
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819 | CH;0H + HCO — CH30 + HCHO 1.6 x 10722 . T29 . exp (M) [96]
820 | CH30 + HCHO — CH30H + HCO 1.7 % 10713 - exp (%“03) [25]
821 | CH,OH + HCHO — CH;OH + HCO 9.1 x 10721 . T25 . exp (M) [96]
822 | CHs0 + CH30 — CH;OH + HCHO 1% 1010 [25]
823 | CH20H 4 CH30 — CH30H + HCHO 4 x 101 [96]
824 | CHs0 + CH3;0H — CHOH + CH50H 5x 10713 - exp (%:103) [96]
825 | CH,OH + CH;OH — CH30H + HCHO 8 x 10712 [96]
826 | CH,OH + CH;0H — CHsO + CHsOH 1.3 % 10 - exp (M) [96]
827 | CHs0 + CH300 — CH;00H + HCHO 5 x 10713 [25]
828 | CH30H + CH;00 — CH,OH + CH;00H 3.421 x 10733 . T6-2 . exp (%;;104) [108]
829 | CH;0H + CH;00 — CH30 + CH;00H 1.318 x 10727 T4 exp (%ﬁxw“) [108]
830 | CH,OH + CH;00 — CH;00H + HCHO 1.047 x 10724 T209 . exp (“iﬁ%“"‘) [108]
831 | CH,OH + CH;00 — CH;0H + HCOOH 3.80 x 1072 . T27T4 . exp (1495#) [108]
832 | CH;00 + HCHO — CH;00H + HCO 3.3 x 10712 - exp (M) [25]
833 | CoHo + OH — CoHs + Hx0 152 x 10717 T2 . exp (ﬂ) 5]

834 | CoHo + HO» — CoHs + Hz0: 1.83 x 10719 725 . exp (M) 5]

835 | CoHs + OH — CoHg + O 1.7 x 10740 . T85 . exp (%“02) [85]
836 | C2Hs + OH — CoHy + H20 4 x 1071 [25]
837 | CoHs+ HsO — CoHs + OH 5.6 x 10718 . 144 . expy (M) [25]
838 | C2Hs + HOy — CoHg + O3 5x 10713 [25]
839 | CoHs + HOy — CoHy + Ho0o 5x 10713 [25]
840 | CoHs + HaOs — CoHs + HO: 1.45 x 1071 - exp (M) [25]
841 | CoHy+OH — CHs + HCHO 1.34 %1071 - exp (%“03) 5]

842 | CoHys+ OH — CHsCHO + H 1.34 %1071 - exp (M) 5]

843 | CoHy + HOy — CoHs + Os 1% 10713 . 7007 . exp (%“0“") 5]

844 | CoHs+ OH — CHs + HCO 1.09 x 1073 - T 155 . oxp (M) 109]
845 | CoHs + OH — CH3CO + H 0.42 x 1070 - T 101 . expy ( L 95“02) [109]
846 | CoHs 4+ OH — CoHs 4 H20 3.96 x 10713 . T9-081 . exp (1 91“02) [109]
847 | CoHs + OH — CH2CO + Ha 1.26 x 1078 - ;71517 . exp ( -3, 63“02) [109]
848 | CoHs + OH — CHs + CO 1.32 x 1078 - T, 1328 . oxp (%ﬂog) 109]
849 | CoHs + HyO — CoHy + OH 8 x 10722 . T29 . exp (%“03) [25]
850 | CoHs + HaOs — CaHa + HO: 2 % 10~ . exp (%) [25]
851 | CoHa+OH — CHyCO + H 0.5-1.3 x 10710 . exp (%) 5]

852 | CoHy + OH — CoH + Hy0 0.5-1.3 x 10710 . exp (M> 5]

853 | CoHy + HOy — CoHs + Oo 5.18 x 10718 . 7101 exp (%5“03) [110]
854 | CoH +OH — CoHz + O 3x 1071 [25]
855 | CoH +OH — CHy +CO 3x 1071 [25]
856 | CoH + H20 — CoHy + OH 2.2 % 10721 . T3:95 . exp (%ﬂoz) [111]
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857 | CoH + HO2 — C2Ha + O 3x 107 [25]
858 | CoH + HOy — HCCO + OH 3x 1071 [25]
859 | CoHs+ OHY — CoH[ + Ho+ OH 1.04 x 1079 [28]
860 | CoHs+ OH" — CoHS + Ha+ O 3.2 x 10710 [28]
861 | CoHs+ OHT — CoHy + H3;07 1.6 x 10710 [28]
862 | CoHg+OH" — CoHS +OH 4.8 x 1071 [28]
863 | CoHg + H20" — CoHs + H307 1.328 x 107° [28]
864 | CoHg+ H.O% — CoH; + Ho 4+ H20 1.92 x 10710 [28]
865 | CoHg+ H20" — CoHy + H20 6.4 x 10711 [28]
866 | CoHgs+ H20" — CoHY + H + H20 1.6 x 10711 [28]
867 | CoHy+ H,0% — CoH, 4+ H20 1.5 x 107 [61]
868 | CoHo + HOT — CoHY + H20 1.9 x 107° [61]
869 | CoH +OHT — C2H' + OH 4.5 x 10710 1]
870 | CoH +OH — CoHS + 0O 4.5 x 10710 1]
871 | CoH + H.O" — CoHT + H20 4.4 x 10710 1]
872 | CoH + HOF — CoHY + OH 4.4 x 10710 (1]
873 | CoH + HOS — CoHS + Oo 7.6 x 10710 1]
874 | CoH{ + H20 — CoHs + H30™ 2.95 x 1079 [87]
875 | CoHJ + H2O — CoHy + H307 1.4 x107° [112]
876 | CoHS + H2O — CoHs + H307 8.5 x 10710 [1]
877 | CoHf + OH™ — CyHy + OH 7.51 % 107 - (54 ) o 2, 3]
878 | CoHS + H20 — CoH + H30% 2.2 x 10710 [1]
879 | CoHF +OH™ — CyHy + OH 751 x 10 (17 ) o 2, 3]
880 | CoHf +OH™ — CoHs + H + OH 7.51 x 1078 . (3XT502 o (2, 3]
881 | CoHs+ O — CoHs + OH 3 x 10719 . T28 . exp (%:103) 5]
882 | CyHe + Os — CoHs + HO: 1.21 x 10718 . 725 . exp (%‘im“) 5]
883 | C2Hs+ 0O — CH3CHO + H 8.8 x 10711 5]
884 | CoHs+ O — CHs + HCHO 6.6 x 10711 [5]
885 | C2Hs + O — C2Hy + OH 4.4 x 10711 [5]
886 | C2Hs + Og — CoHy+ HO 1x10713 [5]
887 | CoHi+ O — CH; + HCO 0.6-2.25 x 10717 . T35 . exp (%“01) 5]
888 | CoHy+ O — CHyCO + Hs 0.05 - 2.25 x 10717 . T3 . exp (%“01) 5]
889 | CoHy+ Oz — CoHs + HO: 7x 1071 - exp (#ﬂo“) [25]
890 | CoHs+ O — CoHs + OH 1.6666667 x 1011 [5]
891 | C:H3+ O — CH;z + CO 1.6666667 x 10711 [5]
892 | C2H3 + 0O — CHy+ HCO 1.6666667 x 10~11 [5]
893 | CoHs + Os — CoHy + HO, 663107 85 . oxp (%234184) [113]
894 | CoHs + 02 — HCHO + HCO A0 73 exp (%W) [113]
895 | CoHy+ O — CHy +CO 0.2-1.95 x 10715 . T4 exp (M) 5]

Ty
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896 | CoHs + O — H + HCCO 0.8-1.95 x 10715 . T4 . exp (M) 5]

897 | CaHy + 02 — HCO + HCO SLXI0% . oxp ((=2:22200" 1151 ) [114]
898 | CoH+0O — CH +CO 9.9 x 10711 [5]

899 | CoH 4 02 — CO + HCO 0.45-2.7 x 10710 . 7,708 [5]

900 | CoH + Oz — CH + CO; 0.1-2.7x 10710 7,703 [5]

901 | CoHs+ O — CoHJ + H20 1.33 x 107° [28]
902 | CoHg+O" — CoHf + OH 5.7 x 10710 [28]
903 | CoHs+ O — CoHf +0 7x 107 [29]
904 | CoHy+ OF — CoHYF + H20 1.12 x 107° [29]
905 | CoHs+ O — CoHY + OH 2.1x10710 [29]
906 | CoHy+ OFf — CoHf + 02 6.8 x 10710 [115]
907 | CoHo+ 0" — CoHy + O 3.9 x 1071 [29]
908 | CoHs+ OF — CoHS + O 1.105 x 10~° [116]
909 | CoHs+OF — CO+ H + HCO* 6.5 x 10711 [116]
910 | CoH+O" - CoHT +0 4.6 x 10710 1]

911 | CoH +0O" — CH +CO* 4.6 x 10710 1]

912 | CHf +0 — CHf + HCO 1.08 x 10710 [117]
913 | CoHS + 0 — CH3 + HCO* 8.4 x 1071 [117]
914 | CoHf +O~ = CoHs + H+ O 7.51 x 1078 (?)XT—;’OZ) - 2, 3]
915 | CoHf +0 — CH{ +CO 5x 10712 [117]
916 | CoHf + 0~ — CoHs + O 751 x 1078 (35502)70 ’ 12, 3]
917 | CoHf +0~ = CoH + Ha + O 7.51 x 1078 - (35502)70'5 2, 3]
918 | CaH + 05 — CaHs + Os 751 x 107+ (1 ) - 2, 3]
919 | CoHS +0 — CH + HCO™ 8.5 x 1071 [81]
920 | CoHf +0™ = C3Hy +0 751 x 107 (1) o 12, 3]
921 | CoHj + 05 — CaHa + Os 751 % 107 - (i ) o 2, 3]
922 | CoH"+0 —» C+ HCO™ 1x 10711 [1]

923 | CoHu+ CO — CoHs + HCO 2.5 x 10710 . exp (M) [25]
924 | CoHy+CO — CoH + HCO 8 x 10710 . exp (M) [25]
925 | CoHy+ COF — CoHy + COo 8.775 x 10710 [61]
926 | CoHos 4 COF — CoHS + COs 7.3 x 10710 [61]
927 | CoH +COT — C2H' +CO 3.9x 10710 1]

928 | CoHs+ HCO — CoHs + HCHO 78 x 10720 . T272 . exp (w) [25]
929 | CoHs + CHs0 — CoHs + CHsOH 4% 10713 . exp (M) [25]
930 | CoHo + CH,OH — CyHs + CH;0H 3.3 % 10722 T2% . exp (M) [96]
931 | CoHo + CH300 — CoHs + CH300H 4.9 % 10713 . exp (M) [25]
932 | C2Hs + HCO — CoHg + CO 2% 10710 [25]
933 | CoHs+ HCHO — CyHg + HCO 9.2 x 1072 . T2 . exp (%W) [25]
934 | C2Hs + CH30 — CyHg + HCHO 4 x 1071 [25]
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935 CoHs + CH,OH — CoH4 + CH3sOH 4 x 10_12 [96]
936 | C2Hs + CH2OH — CoHg + HCHO 4 x 10712 [96]
937 | CyHs 4+ CH30H — CyHg + CH2OH 53x 1072 . T32 . exp (*4%“03) [96]
g
938 | CoHs + CHsOH — CoHg + CH3O 2.4 x 1072 . T3 - exp (*4372103) [96]
939 | CoHs + CH300 — CH3CH>0 + CH30 4x 1071 [25]
940 | CoHy+ COOH — CoHs 4 CO» 1x10714 [88]
8><10’14-exp(’3'5><103 ) .exp<—2><103 )
941 | CyHy 4+ CH2OH — CyHs + HCHO ‘o . i [96]
1.O+cxp(772%q10 )
942 | CoHz 4+ HCO — CoHy 4+ CO 1.5 x 10719 [25]
943 | CoHs + HOHO — CoHy + HCO 9 x 10721 . T281 . exp (%) [25]
9
944 | CoHsz 4+ CH30 — CoHy + HCHO 4x 1071 [25]
945 | C2Hs + CH20OH — CoHy + HCHO 5x 1071 [96]
946 | CoHs + CHsOH — CoHy + CHOH 5.3 x 10723 . T32 . exp (M) [96]
- g
947 | CoHs+ CHsOH — CoHy + CH30 2.4 x 1072 . T3 - exp (%;103) [96]
948 | CoHy 4+ COOH — CoHz 4 CO» 3x 10714 88]
949 | CoHs + CHOH — CoHs + HCHO 1.2 % 10712 - exp (M) [96]
950 | CoH + HCO — CoHy 4 CO 1 x10719 [25]
951 | C2H + CH30 — CoHy + HCHO 4 x 101 [25]
952 | CoH + CH2OH — CoHy + HCHO 6 x 101! [96]
953 | CoH + CH30H — C2Hy + CH,OH 1x1071 [96]
954 | CoH + CH30H — CyHa + CH30 2 x 10712 [96]
955 | CoH + CH300 — CH30 + HCCO 4x 1071 [25]
956 | C2Hy+ HCOT — CoHF + CO 1.4 x 107° [13]
957 | CoHz + HCOY — CoH +CO 1.4 x 1079 [13]
958 | CoHs 4+ HCO' — CoHS +CO 1.4 x 1079 [38]
959 | CoH + HCOT — C2HS + CO 7.8 x 10710 1]
960 | CoHS + HCO — CyHo + HCO™ 5x 10710 1]
961 | CoHS + HCO — C2Hi + CO 3.7x 10710 [1]
962 | CoHS + HCHO — C2Hs + HCO™T 5.375 x 10710 [87]
963 | CoHS + HCHO — CoH[ + CO 2.795 x 10710 [87]
964 | CoH" + HCO — C2HS + CO 7.6 x 10710 1]
965 | H -+ HCCO — CHy +CO 9.92 x 10713 7076 . exp (L3810 ) (18]
7 3
966 | CHCO + H — CHy + CO LLLAOT 72 e (22107180 ) [119]
967 | CHyCO + H — Hy + HCCO Lax10t oy (%@24184) [119]
1.63x10° 1.3766 —1.664x10°-4.184

968 | CH2CO + H — CH3CO LG3x10° | 15766 . oy (g—TQ) [120]
969 | CH3CO + H — CH;s + HCO 0652107 [121, 122]
970 | CHsCO + H — CH,CO + H, 035210 [121, 122]
971 | CH3CO + H — CH3CHO 6.02 x 1071 . 716 [109]
972 | CHsCO + Hy — CHsCHO + H 6.8 x 10718 . T1-52 . expy (%2“03) [25]

g9
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973 | CHsCHO + H — CH3CO + Hy 2.18 x 10719 . T255 . exp (—MTA) [123]
974 | CHsCHO + H — CHsCH,0 7.66 x 10717 T171 . exp (-ﬂﬂ) [123]
975 | CHsCHO + H — CHsCHOH 2.80 x 10718 . T22 . exp (M) [123]
976 | CHsCH0 + H — CH,OH + CHs 2.26 x 10712 . 79701 . exp (M) [124]
977 | CHsCH,0 + H — CHsCH,0H 5.11 x 10713 . 70894 . exp ( 6g5) [124]
078 | CH;CHa0 + H — CoHs + OH 9.04 x 10716 T127 - exp ((=L5x10%) [124]
979 | CHsCH.0 + H — CHsCHOH + H 1.33 x 10722 751 . exp (%;102) [124]
980 | CH;CH2O + H — CoHy + Hs0 9.95 x 10710 . 70813 . oy (%) [124]
1.25 X 10720 TLTS - exp (=0710% )
981 | CH;CH20 + H — CH;CHO + Ha . ) [124]
+1.24 x 1074 7115 exp (%)
982 | CH;CH20 + H — CHy + HCHO 1.32 x 10721 . 7221 . exp (%) [124]
983 | CH;CHOH + H — CH;CH>OH 5.99 x 10711 . 7006 . expy (%ﬁmz) [124]
984 | CH;CHOH + H — CH20H + CH; 1.44 % 1077 - 770891 . exp (M) [124]
985 | CH;CHOH + H — CyHs + OH 4.02 x 1070 - T;7053 . exp ( -2, 414“03) [124]
986 | CHsCHOH + H — CH3CH>0 + H 4.95 x 1072 . T29 . exp ( 4. 266“03) [124]
987 | CH;CHOH + H — CoHy + H2O 7.81 x 1073 - T,30% . exp ( L 432“03) [124]
988 | CHsCHOH + H — CH;CHO + H 742X 1075 Ty %% - exp (%) [124]
’ ’ ’ +2.26 x 10717 . T2 . expy (%19*103)

989 | CHsCHOH + H — CHy + HCHO 5.56 x 10722 . T21 . exp (%:102) [124]
990 | CHsCH,OH + H — CoHs + Ha0 59310 oy, (%ﬁj“g‘*) [125]
991 | CHsCH,OH + H — CH;CHOH + Ha 1.46 x 10719 T265 . exp (%leog) [126]
992 | CH;CH,OH + H — CHyCH,OH + Ho 8.82 x 10720 . T281 . exp (#29“03) [126]
993 | CHsCH,OH + H — CH;CHO + Hy 157 x 1072 T314 . exp (%99“03) [126]
994 | CH3CHO + Hf — C2Hy + Ha + H20 8.97 x 10719 [100]
995 | CH3CHO + Hf — C2HY + H20 7.59 x 10719 [100]
996 | CH3CHO + Hf — CH3OH + CHy 1.449 x 107? [100]
997 | CH;CHO + Hf — CHS + CO + H» 8.28 x 10719 [100]
998 | CH3CHO + Hf — C2Hy + H;0" 1.035 x 10~° [100]
999 | CH3CH.OH + Hf — CHS + CHy + H20 1.5 x 1079 [100]
1000 | CH3CH>OH + Hf — CoHf + Hy + Hy + HoO | 4 x 10710 [100]
1001 | CHsCH>OH + Hy — CHy+ Hy + Hy + HCOT | 1.1 x 107° [100]
1002 | CH3CH,OH + Hf — C2HF + Hz + H20 1.1x 1079 [100]
1003 | HCCO + OH — CH2CO + O 2.1 % 10718 . 7199 . expy (%ﬁ”m) [127]
1004 | CH2CO + OH — CH20OH + CO 0.6-2.8 x 10712 . exp (%) [5]
1005 | CH2CO + OH — Hy0 + HCCO 0.01-2.8x 1012 - exp (%) 5]
1006 | CH>CO + OH — HCHO + HCO 0.02-2.8 x 10712 - exp (%) 5]
1007 | CHyCO + OH — CHs + COs 0.37-2.8 x 10712 - exp (%) 5]
1008 | CH3CO + OH — CH>CO + H>0 2 x 107 [25]
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1009 | CH;CO + Hy04 — CH;CHO + HO, 3% 10713 . exp (M) [25]
1010 | CH;CHO + OH — CH;CO + Hy0 0.93-4.8 x 10716 . 7135 . exp (7-9%102) 5]
1011 | CHsCHO + OH — CHs + HCOOH 0.03- 4.8 x 10716 . 7235 . exp (”27“0’") (5, 128]
1012 | CH;CHO + OH — CH;COOH + H 0.02- 4.8 x 10716 . 7235 . exp (”?7“02) [5, 128]
1013 | CHsCHO + HO3 — CH;CO + Hy0: 6.8 x 10720 . T25 . exp (%5“03) 5]
1014 | CH3CH>OH + OH — CH,CHyOH + HyO LTHA0 . 7027 . exp (w) [129]
1015 | CHsCH>OH + OH — CH3CHOH + H0 LG40 7015 [129]
1016 | CHsCH;OH + OH — CH;CH0 + Hz0 LASKIO 03 o ((—LO3xI0" 0151 ) [129]
1017 | CH;CHyOH + HOs — CH;CHOH + HyO2 550 1808 o (%97“03) [130]
1018 | HCCO+ O — CH + CO» 4.9 x 10~ - exp (%jwz) [5]
1019 | CH2CO +0 — HCCO + OH 311 % 10710 - exp ((=LOS0"151 ) [127]
1020 | CH,CO + 0 — CO + HCHO 0.2-3% 10712 - exp (M) 5]
1021 | CH,CO + 0 — HCO + HCO 0.1-3 %1072 exp (M) 5]
1022 | CH2CO + O — CHy + CO, 0.6-3 x 10712 - exp (M) 5]
1023 | CH3CO + 0O — CH2CO + OH 8.75 x 10711 [5]
1024 | CH3CO + O — CHs + CO; 2.625 x 10710 [5]
1025 | CHsCHO + O — CH5CO + OH 210 . oxp (*7;.;103) [122]
1026 | CHsCHO + Oy — CHyCO + HO, 2 x 10719 . T25 . exp (%“04) 5]
1027 | CH3CH20 + 02 — CHsCHO + HO» 3.8 x 10~ . exp (M> 5]
1028 | CHsCHOH + O — CHs + HCOOH 3.9 x 10710 (Sfmz)o " exp ( 3949) [131]
1029 | CHsCHOH + O — CHsCHO + OH 4.8 x 1071 (33102)0 . exp ( "939) [131]
1030 | CH;CHOH + O — CH;COOH + H 2.2 x 10710 (35102)0 " e (=522) [131]
1031 | CHsCHOH + Oy — CH;CHO + HO; SO L3S oy (08304150107 ) [132]
1032 | CHCH,OH + O — CH;OH + HCHO 4.6 x 10710 (?fﬁ)o'” exp (=421 [131]
1033 | CH;CH2OH + O — CH;CHOH + OH 0.99-1 x 10718 . T25 . exp (M) 5]
1034 | CH;CH2OH + O — CH,CH,OH + OH 0.005 1 x 10715 . T25 . exp (M) 5]
1035 | CH;CH2OH + O — CHsCH,0 + OH 0.005 - 1 x 10715 . T25 . exp (M) 5]
1036 | CHsCH,OH + 05 — CH;CHOH + HO» 4 x 10719 . T25 . exp (#7“04) 5]
1037 | CH3CH>OH + Oy — CH2CH,OH + HO» 6 x 10719 - T25 . exp (%&2“0“) [5]
1038 | CHsCH>OH + O3 — CHsCH>0 + HO, 2% 10719 - T2 - exp (%3;“04) [5]
1039 | CH>CO + CHs — CyHs + CO L24x107 . 7229 . oxp (%}2”18‘*) [133]
1040 | CH,CO + CHs — CHy + HCCO L5SXI0 . 7338 . oxpy (%}34418‘1) [133]
1041 | CHy + CH2CO — CoHy + CO Lo [134]
1042 | CHz + CH>CO — CHs + HCCO e ) [119]
1043 | CH3CO + CHy — CHs + CH3;CHO 3.6 10721 . T255 . oxp (%“04) [25]
1044 | CHs + CH5CO — CH>CO + CH, 8110100 [135]
1045 | CHz + CH3CO — CH»CO + CH3 3x 1071 [25]
1046 | CHs + CHsCHO — CHsCO + CH, 0.993-5.8 x 10732 . T9-21 . exp (%W) [5]
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1047 | CHs + CH;CHOH — CHsCHOH + CHy 2ATEA0L . TB365 . o (295510210 ) [130]
g
1048 | CHs + CHyCHOH — CHyCHOH + CHy LSSIXI0T . 7345 . o (=2:5128510° ) [130]
g
1049 | CHs + CHsCHOH — CHsCH>0 + CHi 000533 L1 . gy (=1119210°) [130]
g
1050 | CoHs + CHsCO — CoHs + CH;CHO 3 x 10720 . T275 . exp (%“03) [25]
g
12 3
1051 | CoHs + CH;CHO — CoHg + CH;CO 12589254110 . exp (iﬁé};ﬁxw ) [136]
1052 | CH3CO + HCO — CH3CHO + CO 1.5 x 10711 [25]
1053 | CH;CO + HCHO — CH3CHO + HCO 3% 10713 . exp (M) [25]
g
1054 | CH3CO + CH30 — CH>CO + CH30H 1x1071 [25]
1055 | CH3CO + CH30 — CH3CHO + HCHO 1 x1071 [25]
1056 | CHsCO + CH;OH — CHyOH + CHsCHO 8.06 x 1072 . T299 . exp (%“03) [96]
g
1.69%x10% T2.04 - exp (—2.353><103~4.184
1057 | CH;CHO + CH30 — CH;CO + CH30H Na Ry [137]
49.62x10 T2 5. exp (—1.59><10 -4.184
Na R-T,
0.322 T3 94 oxp (—9.503x103~4A184>
1058 | CHsCHO + CHs00 — CH3CO + CH300H Na A , [137]
+4.99x107°% 7498 | oo ((=5.2682x10°.4.184
Na g P RT,
1059 | CHsCO + CHsCO — CH,CO + CH;CHO 9107 1x10° [135]
2.5137x 101 _ 4
kg = 10 o  T;2:39 -exp( 1‘88;i1g2><10 )
ko = 101-4074x10" ~T0'132 -exp (M)
1060 | COOH — CO + OH , Ty [138]
=0.729 - exp <75 13; 10 )
Ty
+exp (5.4><102)
2.6775x 101 _ _ 4
Je = 10 - T 3148 oy ( 1.86;3><10 )
ko — 1011915x10" 70413 exp (—1.7783x104)
=
1061 | COOH — COs + H oo T [138]>
F. = 1,049 - exp ( =249710%)
-
+exp (8.23><g102)
1062 | HCHO — H + HCO 8.09 x 1072 - exp %5“04) g 5]
_ 6.01x10% —5.39 —3.62x10%-4.184
ko = 1\?,4 T, " exp ( IX%ATQ )
- 4
oo = 2.8 x 101 7,078 - exp ((=2282,00% 0151
1063 | CH:OH — H + HCHO F. = (1= 0.96) - exp (575050 ) [139]°
—T
+0.96 - exp (1.855;103)
_ 3
Jrexp( 7.5%1?;“0 )
0.8k
ko=1.1x10"7-exp (#W)
_ 19 . —0.94 —4.703x10*
1064 | CHsOH — CHs + OH koo = 2.5 x 107 - Ty - exp ( T, ) [5, 140)*
F.=0.18- exp(2x102>
Ty
+0.82 - exp (1.438>< 103)
015k
ko =1.1x10"7 exp(w)
g
_ 19 . —0.94 —4.703x10*
1065 | CH;OH — CHy + HsO koo = 2.5 x 107 - T, - exp ( T, ) [5, 140}

=0.18 - exp (2X102)
+0.82 - exp (1.4387;103)
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0.05 %
o = 1.1 x 1077 - exp  =2:3g8x10%)
1066 | CHsOH — CH,OH + H oo = 25X 1019 T, 0-04 . exp ((=4792210" ) [5, 140)°
F.=0.18 - exp (ﬁ)
+0.82 - exp (ﬁ)
1067 | CH;00H — CH30 + OH 6 x 101 - exp (%“04) 5]
1068 | HCCO — CH + CO 6x10  oxp (—2-9;2;10 ) nar [141]
1069 | CHCO — CH, + CO 23310% oy %’9“04) nar [134]
ko=1x10"8 exp(%xms)
1070 | CH3CO — CHs + CO koo = 2 x 1013 - exp (78 63x10*) [5]*
F.=05 v
1071 | CH;CO = CHyCO + H 1.36 x 108 - 719433 . exp (%ﬁ““) [120]
1072 | CH;CHO — CHsCO + H 5% 101 - exp (%ﬁ“g‘*) [142]
1073 | CHsCHO — CHs + HCO 2.1 x 1016 - exp (%5“04) 5]
1074 | CH;COOH — CHs + COOH 1057101 . - 1.204x100 g (%;0”182) [143]
1075 | CHsCH,0 — CH;CHO + H BABAO 009, exp ((=222300" 1151 [93]
ko = % T, exp( 8329><103)
oo = 6.31 x 1010 7993 . exp ((=5602x10" )
1076 | CH3CH>0 — CHs + HCHO F, = (1 —0.426) - exp ( ‘O?;g) [144)*
+0.426 - ex (37t )
+exp (ﬂ)
ko = 1.77]@12 . exp (4.04&273“04)
oo = 6.17 5 107 T80 - exp ((=L639810" )
1077 | CHsCHOH — CHsCHO + H F. = (1-0187) - exp (5o ) [144]°
+0.187 - exp (%)
+exp (74.12%96x 104 )
ko = 5.86]\>[<:015 - exp (*1.077315><104)
oo = 2.22 5 107 TH1S - exp ((=LT42210% )
1078 | CHsCHOH — CHs + HCHO F.=(1-0.124) - exp (*fﬂ) [144)°
+0.124 - exp (i)
+exp (5%104)
1079 | CH.CH,OH — CoHy + OH 3.52 x 10734 . T1184x10" oy (%) [145]
o 8%;085 T, 1.89x 10" - exp (—5.53T197x 104>
koo = 5.94 x 1023 . T-168 . exp (74.5218;@04)
1080 | CHsCH.OH — CH2OH + CHs F,=0.5 - exp (%) [129]*
+0.5 - exp (%)
+exp ( —4. 6x103)
1081 | e+ HCO™ - CO+ H 08824 x 1077 (L) o [146, 147]
1082 | e+ HCO™ > C +OH 0.06 24 x 1077 (L) o [146, 147]
1083 | e+ HCO* - CH + 0O 0.06-2.4 x 1077 - ( T )_0 v 146, 147]
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# Reaction Rate equation Ref.
1084 | C+OH — e+ HCO* LIZXI0Z . oy (7—8-‘?“04) d
A g
1085 | CO+ H — e+ HCO* LIZXI0Z . oy (7—8-079“04) d
A g
1086 | e+ 0 s e+e+O7 f(o) [24]
1087 | e+ 0~ —e+e+ 0 flo) [148]
1088 | e+ Oz > e+e+ OF f(o) [24]
1089 | e+ Oz we+e+0+0" f(o) [149]
1090 | e+ 02 —e+O0+0 flo) [24]
1091 | e+ 02 —e+O0+0 flo) [24]
1092 | e+ 02 = O+ 0O~ flo) [24]
1093 | e+ 03 — O+ Oy flo) [148]
1094 | e4+O0s — O2+ 0~ f(o) [148]
1095 | M+e+0O—M+0~ 1x 10731 [52, 150]
1096 | M +e+4+ 0y — M + O3 1x 1073 52, 150
2
1097 | M +e+ 03 — M + 03 1 x 10731 52, 150
3
4.5
1098 | e+etOF 5et0 7% 10-20 . (3‘012102) [52]
1.5
1099 | M+e+0% = M+0 6 x 1027 (20510°) [52, 150)
4.5
1100 | e+e+0F = e+ 0, 1x 10719 (3-0;6102) (150]
1.5
1101 | M4e+05 = M+ 02 6 x 10727 (30;102) [52, 150]
- 07
1102 | e+ 07 - 0+0 2.7x 1077 <3~0;6102> [52]
1103 | M+O0+0 — M+ O 5.2 x 10735 - exp (%—102) [25]
9
1104 | O+ 0 = e+0F L2102 . oxp (7—8-0;5;104) [151]
1105 | O+ 0~ = e+ 02 2.3 x 10710 [152]
1106 | M+0+0" = M +0OF 1x107% 52, 150
2
1107 | O4+0; = 024+ 0~ 3.3 x 10710 52, 150
2
1108 | O+ 05 — e+ O3 1.5 x 10710 [52, 150]
1109 | O+ 05 = e+ 02+ 0o 1x10713 [153]
1110 | O+ 05 = O2+ Oy 2.5 x 10710 [154]
1111 | O+ O3 — O3 + O 8 x 10712 - exp (%0“03) [54]
g
1.9
1112 | M+0+0s — M+ 0s 5.4 x 10734, (3XT—NZ> [52]
g
—0.5
1113 | 02+ 0% - 0 +0F 2% 10711 (302%) [52]
1114 | O3+ 0% = 02 4+ OF 1x 10710 [52, 150]
0.5
1115 | 0+ 0" 5040 2 %1077 (30;102) [150]
g
0.5
1116 | O; + 0" = 0+ 0, 2%10°7- (30;102) [150]
9
0.5
1117 | 05 + 0T - 0 +0s 2% 107 (3 OxlOQ) [150]
9
2.5
1118 | M+0; +0" - M+0+ 0 2x107% . (3-0;102) (150]
g
2.5
1119 | M+0~ +0* 5 M+0+0 21072 . (202107 [150]
g
2.5
1120 | M+0; + 0" — M+ O3 2x 1072 (30;102) (150]
g
2.5
1121 | M4+0™ +0" - M+ 0> 2% 1072 (3-0;102) (150]
g
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# Reaction Rate equation Ref.
2.5
1122 | M+0; + 0T - M +0+ 03 2x107% . (30;7102) (155]
g
1123 | OF +0~ -0 +0+0 1x10°7 [150]
0.5
1124 | Of +0~ 50+ 02 2% 1077 (%) [150]
1125 | 024+ 0" —e+0; 5x 10715 [52, 150]
=T
1126 | M+02+0" — M+ Oy 1.1x107%. (307;75102) [52, 150, 156]
1127 | O3 +0~ = e+ 02+ 02 3 x 10710 [52, 157]
1128 | O34+0~ -0+ 05 8 x 1010 (52]
0.5
1120 | M+0~ =+ M+e+0 6.9 x 10710 (331902) [158]
2.5
1130 | M+ 05 +0~ - M+ 0 + 0 2x 1072 (3'0“02) (150]
g
2.5
1131 | M+03 +0~ = M + O3 2x107% . (3‘0;9102) (150]
1132 | 02+ 02 — O + O3 2 x 107! - exp (%0“04) [52]
g
1133 | M4+0; > M+0+0 3x 1076 7,1 exp ((=2238x10" ) [25]
1134 | M+ 05 +05 — M+ Oz + Os 2 % 10 25-(3-0“0 ) (155]
g
1135 | Of + 05 - O +0+0s 1x1077 [150]
0.5
1136 | OF + 05 — 024 O3 2x10°7- (%) [150]
2.5
1137 | M+ 05 +0F — M + 05 + O, 2% 10725 . (%) [150]
g
1138 | Oy + 05 =+ O+ 0+ O 1x1077 [150]
0.5
1139 | 05 +0F — 02+ 0z 21077 (80510%) [150, 159]
g9
0.5
1140 | M+0; = M +e+ 02 2% 10710 (3XT;’02> [158]
1141 | Oy + 03 — 02 + Oy 3.5 x 10710 [52]
1142 | O3+ 05 — e+ O0s+ 02 + O 3 x 10710 [154]
1143 | M+ 05 = M+ 0 + 02 6.6 x 1071 - exp (M) [52]
9
1144 | O2 4+ 05 — e+ 02+ 03 2.3 x 10711 [160]
1145 | COs+e— COf +e+e f(o) [24]
1146 | CO2+e—CO+e+O flo) [161]
1147 | CO2+e—CO+e+O flo) [161]
1148 | COz+e— CO+ 0~ f(o) (162]
1149 | CO+e— CO* +e+e f(o) 24]
1150 | CO+e— C+ O~ f(o) [24]
1151 | CO+e—=C+e+0 f(o) (24]
—0.4
1152 | COT+e—»C+0 6.8x 1077 <3><Tf02) [160]
—0.4
1153 | COf +e—CO+0 05-34x10°° - (1) [160]
—0.4
1154 | COf +e— C+ 0 0534107 () [160]
1155 | CO+0 — COf +e 7112]\21013 .exp( 806“04) d
1156 | C+ 02 — COF +e 7112]\7/41013 - exp ( = 06“04) d
1157 | C+0 - CO™ +e 328102 . oxp (%104) [151, 163]

1158

COT+e+e—CO+e

1x 10719 (M>4'5
Te

e

1159

M+COT+e— M+CO

6 % 10-27 . <3x102>1'5
Te

f
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# Reaction Rate equation Ref.
1160 | COF +e+e— COx+e 1x10719. (%)4'5 c
1161 | M+ CO} +e— M+ COq 6 x 10727 (%)1'5 '
1162 | M +C+0 — M+ CO 9.1 x 10722 T;3:08 . exp (%‘ist) [160]
1163 | C+ 02— CO+0 L2310 o, (%:103) [164]
1164 | M +C+ 0" = M+ CO* 1 10719 ;7308 . excp (—21;&) [165]
1165 | C+0F — COT +0 5.2 x 1071 [1]
1166 | C4+0F — CT + O 5.2 x 10711 [1]
1167 | C+0~ = CO +e 5x 10710 1]
1168 | M+ C+ +0 — M+ CO* 1x 10719 757308 . exp (—215&) [165]
1169 | C* + 02 — CO 4 O* 6.138 x 10710 [56]
1170 | C* 4+ 02 — COT + 0 3.762 x 10710 [56]
1171 | CO24+0 = CO + 0 LTI0Z . exp (%;104) [160]
1172 | CO2+ 0" — COSf + 0 4.5 x 10710 [56]
1173 | CO2 + 0" = CO + OF 4.5 x 10710 [56]
174 | M+CO+0 = M+CO, 8.3 x 1034 - exp (%ﬂod) [25]
1175 | CO+ 05 — COz + 0 1.2 x 10712 - exp (=2:4210") [25)
1176 | CO 4 O3 — COs + Oo 4 %1072 [166]
177 | CO+ 0% = CO* +0 2 x 10711 (5XT503>U'5 exp (=43p210%) [165]
1178 | CO+0~ = COs+e 6 x 10710 (33702)_0'59 [167)
1179 | COF + 0 — CO2 + O* 9.62 x 10~ [56]
1180 | CO$ +0 — CO+OF 1.638 x 10710 [56]
1181 | COF 4+ 02 = CO2 4+ OF 5.3 x 1071 (83]
1182 | COt +0 - CO+ O™ 1.4 x 10710 [168]
1183 | COT 4 0y — CO + OF 1.2 x 1010 [91]
1184 | C 4+ COs — CO +CO 1x10719 [169]
1185 | CO2+ CT — CO + CO™ 1.1x107° [170]
1186 | C+COT - CO+C™ 1.1 x 10710 [1]
1187 | M+ COs — M +CO + 0 8.65x10™ oy, (%{jm“) [171]
1188 | COs +CO* — CO + COf 1x 1077 [91]
1189 | M4+CO 5 M +C+0 146 x 100 - T;7352 . exp (%) [160]
1190 | e+ H we+e+ HY f(o) [24]
1191 | e+ Hy —»e+e+ HY f(o) [24]
1192 | e+ H, ve+H+H f(o) [149]
1193 | e+ Hy we+e+ H+HY f(o) [149]
1194 | e+ Ho — H+ H™ flo) [149]
751 x 10799 —1.12 x 107% QW

1195 | e+ Hf > H+H 103 x 10:2 (Tis0ssosen 3.0 [172]
—4.15 x 1072+ (1p00co5327
+5.86 x 1071+ (ke )"
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# Reaction Rate equation Ref.

5x 10701 (8.39 x 10799 + 3.02 x 10 09 —ertoeer)

+5x 1070+ (=3.8 x 10717 (1 16045052e4 6)

+5 x 1070+ (1.31 x 107 - (1qg5atomsag)
1196 | e+ Hf > H+H+H 45 % 10-01 . (2.42 x 10-13 . (1.1604{5605%4)4'0% [172]

+5 % 10700+ (=23 x 107 - (ry5imes) ™)

+5x 10701+ {3.55 x 10716 - (1.1604%052.24)6.0)

5x 10701 (8.39 x 10799 + 3.02 x 1079 - 51455577

+5x 10701 . (=3.8 x 10710 (W)“ﬁ)

+5 % 1070 (131 x 1071 - (1pkomeeg)
1197 | e+ Hf — H + H» 45 % 10-01 . (2.42 x 10-13 . (1.1605505264)40% [172]

+5 % 1070+ (=23 % 107 - (ry5imes) ™)

+5 % 107+ (355 X 1071 (b))
1198 | H+ Hy — Ho+ H" 6.4 x 10710 [27]
1199 | M+ H+H — M+ H, LEXI0°2 13 [25]
1200 | H+ H — e+ HF 71'12]\31013 - exp (7_8'0;2;104) d
1200 | M+H —»M+e+H 8 x 10712 (;—fozy's [173]
1202 | Hf +H- - H+H+H 2 x 1077 20x10° [174]
1203 | Hf + H- — H+ H + H, 21077 20X10° [174]
1204 | H + HY > H+H 751 x 1078 - (BXTfOQ ) o [2, 3]
1205 | Ho + Hy — H + HJ 2x 1079 [27]
1206 | M4+ Hy— M+H+H T6100 ol oy (%ﬁxm“) [25]
1207 | C+e—CT +e+te f(o) [148]
1208 | C + Hy - CH + H Erev  Keg b
1209 | CoHy — C + CH, Erev - Keq b
1210 | CoHy + H — C + CH; Erev * Keg b
1211 | CoH + H — C + CH, Erew * Keg b
1212 | CoHg + H — CH3 + CH,y Erev - Keg b
1213 | CoHs + Hy — CH3 + CH,y Erev * Keg b
1214 | CoHy+ H - CH + CH,4 Erew * Keg b
1215 | CoHy+ H — CHy + CHj Erev  Keg b
1216 | CoHy + Hy — CHy + CHo Erew - Keg b
1217 | CoHy — CH + CH Erev - Keg b
1218 | CHy+ H — CHj Erew * Keg b
1219 | CH + H — CH, Erew * Keg b
1220 | C' + Hy — CH, krev + Keq b
1221 | C+H — CH Erew * Keg b
1222 | C3Hy + CHy — C + CoHy Erew * Keg b
1223 | CoHy + CHs — CoHg + CH Erey - Keg b
1224 | CoHy + CHy — CoHs + CH; Erew * Keg b
1225 | CoHy + CH3 — CoHs + CHo Erev - Keg b
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# Reaction Rate equation Ref.
1226 | CoHy + CHy — CoHy + CHs kreo * Keq >
1227 | CoHy + CHy — CyHs + CHy kreo  Keq >
1228 | CoHy + CH — CyH + CHy krew - Keg b
1229 | CyH, + CyHg — CoHs + CyHs krew " Keq b
1230 | CoHy + CyHg — CoHs + CoHs kreo * Keq >
1231 | CoHy + CoHy — CoH + CoHs kreo - Keq >
1232 | CoHy + CoHy — CoH + CoH,y Frew - Keg >
1233 | Hy + Oy — OH + OH Krew - Keg b
1234 | OH + OH — Hy0, krev - Keg b
1235 | M + H + OH — M + H,O Freo * Keq >
1236 | HyO3 + O — H20 + O, krev - Keq i
1237 | M+ HOy — M + H + 05 kreo * Keq b
1238 | HOy + O — H + O3 krew - Keg b
1239 | HOy + OH — Hy + O kreo * Keq b
1240 | CO+ H — C + OH Freo * Keq >
1241 | HCO — CO + H Kreo - Keq >
1242 | COs + OH — CO + HO, kreo * Keq b
1243 | COOH + OH — CO + Hy04 kreo - Keq >
1244 | H+ HCHO — CH; + O krew - Keg b
1245 | HCHO + OH — C'Hs + O, krev - Keg >
1246 | CH300 — CH; + Oy Freo - Keq >
1247 | CO + Hy — CHy + O kreo - Keq >
1248 | HCHO + O — CHsy + O, kreo  Keq b
1249 | CO + HyO — CHy + O, kreo  Keq >
1250 | CO+ H — CH + 0 kreo * Keq b
1251 | COy 4+ H — CH + O, krew - Keg b
1252 | CO+ OH — CH + O, krew - Keg b
1253 | HCO + O — CH + O, Frew - Keq b
1254 | CO+ HCHO — CHy + CO, Krew - Keg b
1255 | CO + HCO — CH + COs kreo  Keq >
1256 | CH30 + H — CHs + OH krew - Keg b
1257 | Hy + HCHO — CHs + OH krew - Keg b
1258 | CH30 + OH — CHs + HO, krev - Keq b
1259 | H+ HCHO — CHy + OH krew - Keg b
1260 | HCHO + OH — CHy + HO, krew - Keg b
1261 | CHy + HO3 — CHy + Hy04 Freo * Keq >
1262 | C' + H,O — CH + OH Krew - Keg b
1263 | H + HCO — CH + OH krev - Keg b
1264 | H+ HCHO — CH + H,0 Erev - Keg b
1265 | COy + HCO — CO + COOH krew - Keg b




Reaction

Rate equation

Ref.

1266

CH3 + COQ — CH3O + CO

s

1267

HCHO+ HCO — CH30 +CO

=

1268

CH30 + COy; — CH300 + CO

s

1269

CO+Hy—H+HCO

s

1270

CHy+0 —-H+HCO

s

1271

Hy+ HCO - H+ HCHO

s

1272

CH3O - H+ HCHO

=

1273

Hy+ HCHO — CH30 + H

s

1274

CHsOH — CHs0+ H

s

1275

CH30H + H — CH30 + H,

s

1276

Hy + HCHO — CH,OH + H

s

1277

CHs + H,O - CH3sOH + H

s

1278

CH3;0+ OH — CH;00 + H

s

1279

s

1280

CO+ H,O—- HCO+OH

=

1281

H+HCOOH - HCHO+ OH

s

1282

COOH + H,O —- HCOOH + OH

s

1283

s

1284

HyOy, + HCHO — CH30 + HO»

s

1285

CH30H + Oy — CH30 + HO9

=

1286

H,O+ HCHO — CH,OH + OH

s

1287

CH3OH + OH — CH,OH + H,0

s

1288

H;0,+ HCHO — CHy;OH + HOq

=

1289

HyO + HCOOH — CH5OH + HO,

s

1290

CH3O + H202 — CHgOH + H02

s

1291

CH300 + H,O — CH300H + OH

s

1292

CH3OH + 0Oy —- CH300 + OH

s

1293

CH300H + Oy — CH300 + HOo

=

1294

CH3OOH + HO9 — CH300 + H509

s

1295

CO+0OH —- HCO+0

s

1296

CO;+H— HCO+O

=

1297

CO+HOy — HCO + Oy

s

1298

HCO+OH - HCHO+0O

s

1299

HCO+ HO9 — HCHO + Oy

s

1300

HCHO+OH — CHs0+ 0O

s

1301

=

1302

CH,OH +OH — CH3s0H + O

s

1303

CH30 4+ Oy — CH300 + O

s

1304

CHy+CO — CHs+ HCO

s

1305

CHs +CO —- CHy+ HCO

s




Reaction

Rate equation

Ref.

1306

CH,CO + H,O — CH3 + COOH

s

1307

CH4+COy - CH3 + COOH

=

1308

CHs +HCO - CHy+ HCHO

s

1309

CH,CO+H —CH+ HCHO

s

1310

CHy+HCHO — CHs + CH30

s

1311

CHs + HCHO — CHy + CH30

s

1312

CHy,+ HCHO — CH,OH + CH3

=

1313

CyHy+OH — CHy + CH;OH

s

1314

CHs + HCHO — CHy + CH>;OH

s

1315

CH,OH +CH; —- CHy + CH30H

s

1316

CH; + CH30 — CHy + CH3sOH

s

1317

CH3 + CHgOOH — CHgOO +CH,

s

1318

CH30 + CH30 — CHs + CH300

s

1319

CHs0+ HCHO — CHy + CH300

s

1320

C2H5 + 02 — CHQ + CHgOO

=

1321

CO+HCHO - HCO+ HCO

s

1322

CH30H +CO — CH30 + HCO

s

1323

CH3;0H + CO — CH,;OH + HCO

s

1324

HCHO+ HCHO — CH;OH + HCO

s

1325

CH30OH + HCHO — CH30 + CH30

=

1326

CH3;O0H + HCHO — CHyOH + CH30

s

1327

CH3OH + HCHO — CH,OH + CH,OH

s

1328

CH3;00H + HCHO — CH30 + CH300

=

1329

CH>OH + CH300H — CH30H + CH300

s

1330

CH30 + CH3;00H — CH30H + CH300

s

1331

CH3;00H + HCHO — CHyOH + CH300

s

1332

CH3OH + HCOOH — CH;OH + CH300

s

1333

CH3O0H + HCO — CH300 + HCHO

=

1334

CyHy + H,O — CoHs +~ OH

s

1335

CoHy + HyO5 — CoHs + HOo

s

1336

CHs; + HCHO — CyHy + OH

=

1337

CH3sCHO+H — CyHy +0OH

s

1338

CH3 + HCO — CQHg + OH

s

1339

CH3CO+ H — C3Hs + OH

s

1340

CyHoy + HO — CoHs + OH

s

1341

CH;CO+ Hy — CyHs + OH

=

1342

CHy+CO — CyHs + OH

s

1343

CyHy +OH — CoHs + HO

s

1344

CoHy + HO9 — CoHs + HyOo

s

1345

CH;CO+ H — CyHy + OH

s




Reaction

Rate equation

Ref.

1346

CoHy +0 — CoH + OH

=

1347

CHy +CO — CoH +OH

=

1348

CyHo + 0Oy — CoH + HO»

s

1349

HCCO+OH — C3H + HOq

=

1350

CH3CHO +H — CyHs + 0O

s

1351

CHs + HCHO — CyHs + O

=

1352

CQH4 -+ OH — CQH5 —+ O

=

1353

CHs + HCO — C3H4 + O

s

1354

CHyCO + Hy — C3H4 + O

=

1355

CoHs + HOy — CoHy + O

s

1356

CyHoy +OH — CoH3 + O

s

1357

CH3+CO—>CQH3+O

=

1358

CHy + HCO — C3Hs + O

=

1359

HCHO + HCO — C3H3 + O,

s

1360

CHQ +CO — CQHQ + O

=

1361

H+HCCO — CyHy+ O

s

1362

HCO+ HCO — CyHy + Oy

=

1363

CH+CO — CyH+0

s

1364

CO+ HCO — CyH + 09

s

1365

CH+COQ—>CQH+OQ

=

1366

02H5 + CH3OOH — CQHG + CH3OO

s

1367

CoHg + CO — CoHs + HCO

s

1368

CyHeg + HCHO — CyHs + CH30

=

1369

CyHy +CH30OH — CyHs + CH,OH

s

1370

CQHG +HCHO — CQHs + CHQOH

=

1371

CH3CH>O + CH30 — CoHs + CH300

s

1372

02H5 + COQ — 02H4 +COOH

s

1373

CyHs + HCHO — CoHy + CHOH

=

1374

CyHy+ HCO — CoH3 + HCHO

s

1375

CyHy+ HCHO — CyHs + CH30

=

1376

02H4 +HCHO — CQHg + OHQOH

=

1377

CyHy + CHyOH — CyHs + CHsOH

=

1378

CQH4 + CHgO — CQHg + CHgOH

=

1379

OQHg +COy9 — CoHy + COOH

s

1380

CyHs + HCHO — CyHy + CH,OH

s

1381

CyHy, + HCHO — C3H + CHs0

=

1382

CyHy + HCHO — C9H + CH,OH

=

1383

CyHy + CHyOH — C3H + CHsOH

=

1384

CyHy + CH30 — CoH + CH30OH

s

1385

CH30 + HCCO — CyH + CH300

s




Reaction

Rate equation

Ref.

1386

CHy+CO — H+ HCCO

=

1387

CH; +CO — CH,CO+ H

=

1388

Hy + HCCO - CHy,CO+ H

s

1389

=

1390

CH,CO+ Hy - CH3CO+ H

s

1391

CH>,OH + CHs — CH3CH>O + H

=

1392

CH3CH;OH — CH3CH,O + H

=

1393

CyHs + OH — CH3;CH>;O + H

s

1394

CyHy + H,O — CH3CH,O + H

=

1395

s

1396

CHy,+ HCHO — CH3CH>,O + H

s

1397

CH3CH;OH — CH3;CHOH + H

=

1398

CH,OH +CH3z - CH3;CHOH + H

=

1399

CyHs + OH — CH3CHOH + H

s

1400

CyHy + H,O - CHsCHOH + H

=

1401

CH3;CHO + Hy, - CHsCHOH + H

s

1402

CHy,+HCHO —- CHsCHOH + H

=

1403

CyHs + H,O —- CH3CH,OH + H

s

1404

s

1405

CHy;CHy;OH + Hy, - CH3CH;OH + H

=

1406

CH3CHQO + Hy — OH3CH20H + H

s

1407

s

1408

H,O+ HCCO — CH,CO+ OH

=

1409

HCHO+ HCO — CHy,CO+OH

s

1410

CH3 + COQ — CHQCO +OH

=

1411

CH,CO + H,O — CH3CO + OH

s

1412

CH3CO + H,O — CH3sCHO +0OH

s

1413

CHs + HCOOH — CH3CHO + OH

=

1414

CH3;COOH + H — CH;CHO + OH

s

1415

CH,CH,OH + H,O — CH3CH,OH + OH

=

1416

CH3;CHOH + H,O — CH3CH;OH + OH

=

1417

CH3CH>O + H,O — CH3CH,OH + OH

=

1418

CchHOH + H202 — CH3CH20H + H02

=

1419

CH+CO; - HCCO+O0O

s

1420

CO+HCHO — CH,CO+0O

s

1421

HCO+ HCO — CHyCO+ 0O

=

1422

CHy+ COy — CH;CO + O

=

1423

CH;CO+ OH — CH3CO + O

=

1424

CHg + COq — CHgCO + O

s

1425

CH3;CO+ OH - CH3CHO 4+ O

s




Reaction

Rate equation

Ref.

1426

CchO + H02 — CH3CHO + 02

s

1427

CH3CHO + HOy; — CH3CH0 + Oz

=

1428

CHs + HCOOH — CH3;CHOH + O

s

1429

CH3CHO + OH — CH3CHOH + O

s

1430

CH3;COOH + H — CH;CHOH + O

s

1431

CH3sCHO+ HOy; — CH3CHOH + 04

s

1432

CH;OH + HCHO — CH,CH>,OH + O

=

1433

CH3;CHOH + OH — CH3CH>;OH + O

s

1434

CHy;CH>;OH + OH — CH3CH;OH + O

s

1435

CH3CH>O + OH — CH3sCH2OH + O

s

1436

CH3sCHOH +~ HO9 — CH3CH3;0H + Oy

s

1437

CH>yCH>;OH + HOy — CH3CH;OH + Oy

s

1438

CH3CH>O + HOy — CH3CH>OH + O

s

1439

02H5 + CO — CHQCO + CHg

s

1440

CHy+ HCCO — CHy;CO + CH3

=

1441

CyHy +CO — CHy + CHyCO

s

1442

CH3;+ HCCO — CHy + CH3CO

s

1443

CH,CO+ CHy — CH3 + CH3CO

s

1444

CH;CO+ CHs — CHy + CH3CO

s

1445

CH;CHOH + CHy — CHs + CH3CH,OH

=

1446

CH,CH>,OH + CHy — CH3 + CH3CH>,OH

s

1447

CH3CH20 + CH4 — CH3 + CH3CH20H

s

1448

CH3;CHO +CO — CH3CO+ HCO

=

1449

CH3;CHO+ HCO — CH3CO+ HCHO

s

1450

CH,CO + CH30H — CH3CO + CH30

s

1451

CH3;CHO + HCHO — CH3CO + CH30

s

1452

CH,OH +~CH3CHO — CH3CO + CH3sOH

s

1453

CH3CO+ CH3sOH — CH3CHO + CH30

=

1454

CH3CO + CH300H — CH3;CHO + CH300

s

1455

CH,CO + CH3CHO — CH3CO + CH3CO

s

1456

CO+0OH — COOH

=

1457

CO;+H — COOH

s

1458

H+HCO— HCHO

s

1459

H+HCHO — CH,OH

s

1460

CHQ + HQO — CHgOH

s

1461

CH;OH + H — CH3;0H

=

1462

CH30 + OH — CH3;00H

s

1463

CH3; + COOH — CH3COOH

s

1464

CHs; + HCHO — CH3CHOH

s

1465

CoHy +OH — CH,CH,OH

s




Ref.

# Reaction Rate equation
1466 | CO+0 = C + 0, kreo * Keq >
1467 | COy+ Oy — CO + O3 Freo - Keq >
1468 | CO +CO — C + CO kreo " Keq >

Constants:

N4 = 6.02214076 x 10*3mol ~*
kp = 1.38064852 x 10~23J/K

R = 8.31446261815324J K ~'mol !
nar = total number density of neutral species (em~=3)

Notes:

2 falloff expression, Lindemann-Hinshelwood expression with broadening factor:

ko[M]koo 1. .
k= 7k0?}\4]1+kw F; logF = -

. N = 0.75 — 1.27logF,

+ [ Foetkali)/keo) 172

P reaction rate expression calculated from equilibrium constant and reverse reaction rate:

Keq = e(

¢ estimated: equal to O~ + M — e+ O + M [158]
4 estimated: equal to O + O — OF + e [163]

© estimated: equal to e +e+ At — e+ A [150]
Festimated: equal to e + A* + M — A+ M [150]

AGyr

- Av
RT )(%) ;p=1bar; Av =73 pup— ) pr
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Cross sections reference list

Table S2: Cross sections reference list

# Process Type Ref.
1 |C—=C ef fective | [148]
2 | C—C(1D)(1.264eV) excitation | [148]
3 | C— C(15)(2.684¢eV) excitation | [148]
4 | CH—CH ef fective | [148]
5 | CHy — CH, ef fective | [148]
6 | CH; — CHj ef fective | [148]
7 | CHy — CHy elastic [24]
8 | CHy— CHy(V24)(0.162¢V) excitation | [24]
9 | CHy — CH4(V13)(0.361eV) excitation | [24]
10 | CoHy — CyH, elastic [175]
11 | CoHy — CyHo(v5)(0.09¢V) excitation | [175]
12 | CoHy — CyH5(V2)(0.255€V) excitation | [175]
13 | CoHy — CyH5(V31)(0.407e¢V) excitation | [175]
14 | CoHy — CoHy % (1.911ev) excitation | [175]
15 | CoHy — CoHy * (5.089¢eV) excitation | [175]
16 | CoHy — CoHy % (7.902eV) excitation | [175]
17 | CoHy — CoHy elastic [175]
18 | CoHy — CoH4(V1)(0.11€V) excitation | [175]
19 | CyHy — CoH4(V2)(0.36eV) excitation | [175]
20 | CoHy — CyHy(3.8¢V) excitation | [175]
21 | CoHy — CoHy(5eV) excitation | [175]
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# Process Type Ref.
22 | CyHy — CoHy(7eV) excitation | [175]
23 | CoHg — C>Hg elastic [175]
24 | CyHg — C2Hg(V24)(0.16€V) excitation | [175]
25 | CyHg — C2Hg(v13)(0.371eV) excitation | [175]
26 | CoHg — CoHg x (7.53eV) excitation | [175]
27 | CyHg — C2Hg % (10.12eV) excitation | [175]
28 | CO— CO elastic [24]
29 | CO = CO(J =0—J =1)(0.000479992¢V) rotational | [46]
30 | CO— CO(J=1-J=2)(0.000959985¢V") rotational | [46]
31 | CO — CO(J =2—J=23)(0.00143998¢V) rotational | [46]
32 | CO = CO(J=3—-J=4)(0.00191997¢V) rotational | [46]
33 | CO —= CO(J =4—-J =5)(0.00239996eV) rotational | [46]
34 | CO — CO(J =5-J=06)(0.00287995¢V) rotational | [46]
35 | CO— CO(J=6-J="17)(0.00335995¢V") rotational | [46]
36 | CO — CO(J =7 — J = 8)(0.00383994¢V') rotational | [46]
37 | CO = CO(J =8 — J = 9)(0.00431993¢V") rotational | [46]
38 | CO —= CO(J =9 —J=10)(0.00479992¢V) rotational | [46]
39 | CO — CO(J =10—-J =11)(0.00527992¢V) rotational | [46]
40 | CO — CO(J =11 —J =12)(0.00575991eV) rotational | [46]
41 | CO — CO(J =12 — J = 13)(0.0062399¢V) rotational | [46]
42 | CO = CO(J =13 — J = 14)(0.00671989¢V) rotational | [46]
43 | CO — CO(J =14 — J = 15)(0.00719989¢V) rotational | [46]
44 | CO — CO(J =15 —J =16)(0.00767988¢V) rotational | [46]
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# Process Type Ref
45 | CO — CO(J =16 — J = 17)(0.00815987eV) rotational | [46]
46 | CO — COW0 — v1)(0.266¢V) excitation | [24]
47 | CO — CO(v0 — v2)(0.54eV) excitation | [24]
48 | CO — CO(v0 — v3)(0.81eV) excitation | [24]
49 | CO = COWO — v4)(1.07eV) excitation | [24]
50 | CO — CO(W0 — v5)(1.33¢V) excitation | [24]
51 | CO — COW0 — v6)(1.59¢V) excitation | [24]
52 | CO — CO(v0 —v7)(1.84eV) excitation | [24]
53 | CO — CO(v0 — v8)(2.09¢V) excitation | [24]
54 | CO — COMO — v9)(2.33¢V) excitation | [24]
55 | CO = COWO — v10)(2.58¢V) excitation | [24]
56 | CO — CO(a3P)(6.006¢V) excitation | [24]
57 | CO — CO(a3Su+)(6.8¢V) excitation | [24]
58 | CO — CO(A1P)(8.024eV) excitation | [24]
59 | CO — CO(b3Su+)(10.399¢V) excitation | [24]
60 | CO — CO(B1Su+)(10.777¢V) excitation | [24]
61 | CO — CO(C1Su+)(11.396eV) excitation | [24]
62 | CO — CO(E1P)(11.524¢V) excitation | [24]
63 | COq — COq ef fective [24]
64 | COy — CO5(v010)(0.083¢V) excitation | [24]
65 | COy — CO5(v020)(0.167¢V) excitation | [24]
66 | COs — CO5(v100)(0.167€V) excitation | [24]
67 | COy — CO5(v030 + 110)(0.252¢V) excitation | [24]

50




# Process Type Ref
68 | COz — CO2(v001)(0.291eV) excitation | [24]
69 | COy — CO2(v040 4 120 4+ 011)(0.339eV) excitation | [24]
70 | CO2 — CO2(Xv200)(0.339¢V) excitation | [24]
71 | CO2 = CO2(Xv050 4 210 4 130 + 021 + 101)(0.422eV') | excitation | [24]
72 | COy — CO2(Xv300)(0.5¢V) excitation | [24]
73 | COy — CO2(Xv060 + 220 4 140)(0.505eV) excitation | [24]
74 | COy = CO2(Xv0n0 + n00)(2.5eV) excitation | [24]
75 | COy — COy(el)(7eV) excitation | [24]
76 | COy — CO9(e2)(10.5¢V) excitation | [24]
7 | H—>H elastic [24]
78 | H — H(1p)(10.21eV) excitation | [24]
79 | H— H(2s)(10.21eV) excitation | [24]
80 | H— H(3)(12.11eV) excitation | [24]
81 | H— H(4)(12.76eV) excitation | [24]
82 | H — H(5)(13.11eV) excitation | [24]
83 | Hy — Hy elastic [24]
84 | Hy — Hy(J =0—J =2)(0.044eV) rotational | [46]
85 | Hy — Hao(J =1—J=3)(0.073eV) rotational | [46]
86 | Hy = Hy(J =2—J =4)(0.1eV) rotational | [46]
87 | Hy = Ho(J =3—J=5)(0.12eV) rotational | [46]
88 | Hy — Hs(v0 —v1)(0.516eV) excitation | [24]
89 | Hy — Hy(v0 — v2)(1eV) excitation | [24]
90 | Hy — Hy(v0 — v3)(1.5eV) excitation | [24]
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# Process Type Ref
91 | Hy — H5(b3Su)(8.9¢V) excitation | [24]
92 | Hy — Hy(B1Su)(11.4eV) excitation | [24]
93 | Hy — Hy(c3Pu)(11.75€V) excitation | [24]
94 | Hy — H3(a3Sg)(11.8¢V) excitation | [24]
95 | Hy — Ho(C1Pu)(12.4eV) excitation | [24]
96 | Hy — H3(F1Sg,F15g)(12.4eV) excitation | [24]
97 | Hy — Hy(e3Su)(13.4eV) excitation | [24]
98 | Hy — Hy(B1S5u)(13.8¢V) excitation | [24]
99 | Hy — Hy(D1Pu)(14eV) excitation | [24]
100 | Hy — H»(B1Su)(14.6eV) excitation | [24]
101 | Hy — Ho(D1Pu)(14.6eV) excitation | [24]
102 | H,O — H50 elastic [46]
103 | H,O — Hy0O(R)(0.04€V) excitation | [46]
104 | H,O — H30(V A)(0.198¢V) excitation | [46]
105 | H,O — H30(V'1)(0.453eV) excitation | [46]
106 | O — O elastic [24]
107 | O — O(1D)(1.96eV) excitation | [24]
108 | O — O(15)(4.18¢eV) excitation | [24]
109 | O — 0O(450)(9.2¢V) excitation | [24]
110 | O — O(2D0)(12.5¢V) excitation | [24]
111 | O — O(2P0)(14.1eV) excitation | [24]
112 | O = O(3P0)(15.7€V) excitation | [24]
113 | O3 = Oy ef fective | [24]
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# Process Type Ref
114 | O3 = O2(v0 — v1)(0.19eV) excitation | [24]
115 | O3 = O2(v0 — v2)(0.38eV) excitation | [24]
116 | Oz — O2(v0 — v3)(0.6eV) excitation | [24]
117 | Oz — O2(v0 — v4)(0.8¢V) excitation | [24]
118 | Oy — O2(alDg)(0.977eV) excitation | [24]
119 | O3 — O2(b1Sg+)(1.627€V) excitation | [24]
120 | O3 = O2(A3Su+,C3Du,clSu—)(4.5eV) excitation | [24]
121 | O3 — 05(9.97¢V) excitation | [24]
122 | O3 — O5(14.7€V) excitation | [24]
123 | O3 — O3 ef fective | [148]
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Table S3: Overview of estimated power density from various literature sources. The plasma volume is not
specifically measured in these sources and therefore, we could only make a rough estimate of the power density.
Despite some outliers above 1500 W ¢cm™3, our chosen power density values (500, 1000 and 1500 W cm™) provide
good coverage of this literature data.

Plasma | Power (W) | Volume (cm™3) | Power density (W cm™3) | Ref.
GAP 500 0.37 1351 [176]
GAP 224 0.383 585 [177]
GAP | 225 475 0.13 1731 - 3653 [178]

APGD 90 - 160 0.43% 209 - 372 [179]

cAPGD 100 0.43% 233 [179]

cAPGD 80 — 125 0.43% 186 — 291 [180]
GAP 349 — 472 0.14* 2415 — 3266 [181]
MW 900 — 1400 1.08 — 2.19? 639 — 833 [182]
MW 550 — 700 0.712 772 — 982 [183]

GA 1300 0.68% 1916 [184]
GA 1000 0.75% 1326 [185]

& Estimated based on the reactor geometry
b Estimated from figures
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