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Summary

Global CO; concentrations in the atmosphere have reached unprecedented
levels, driven primarily by anthropogenic emissions. This alarming rise in
greenhouse gases (GHGs) presents a significant challenge to global climate
stability, with CO, being the primary contributor to climate change. Industrial
activities are major sources of these emissions, highlighting the urgent need for
innovative and sustainable solutions. One promising approach to mitigate CO;
emissions involves the utilization of CO, as a feedstock or raw material,
transforming waste carbon into valuable products, a concept known as carbon
capture and utilization (CCU).

Among the various CCU technologies, plasma technology emerges as
particularly promising. Plasma creates a highly reactive environment through
the presence of high-energy electrons. By leveraging such processes, CO2 can
be transformed into useful chemicals, contributing to both emissions reduction
and resource circularity. A key advantage of plasma-based processes is their
compatibility with electrification, particularly when powered by renewable
energy sources like solar or wind. This not only reduces the carbon footprint of
chemical processes but also aligns with the global transition towards renewable
energy.

One interesting reaction, which can be carried out in a plasma environment, is
the dry reforming of methane (DRM). DRM is a process that utilizes CO, and
methane (CH4) to produce a mixture of carbon monoxide (CO) and hydrogen
(H2), which can be used to synthesize a variety of chemicals and fuels. This
makes DRM a versatile and valuable process in the context of CCU.

This thesis delves into the chemistry of plasma-based DRM, with a focus on
understanding and optimizing the process through chemical kinetics modelling.
The extended introduction in chapter 1 provides a comprehensive overview of
the principles and potential of this technology. This is followed by a description
of the simulations performed to model the chemical kinetics of DRM in chapter
2.

Chapter 3 investigates the effect of nitrogen (N2) on plasma-based DRM, using
the model to support experimental results and demonstrate the role of N; in



the conversion process within a gliding arc plasmatron (GAP) reactor. This
concludes that a small fraction of N, can actually improve the energy efficiency
of the process.

In chapter 4, a wide range of conditions is explored using the model to
understand the core chemical kinetics of DRM in warm plasmas. This chapter
highlights the limitations of different gas mixtures and examines the
performance of the process across a wide temperature range. The findings
demonstrate where plasma-specific kinetics diverges from thermal gas-phase
chemistry, offering new insights into the unique behaviour of plasma-driven
reactions.

After the plasma has converted the gas molecules, further chemical changes
can still occur, influencing the overall efficiency and product distribution.
Chapter 5 investigates these post-plasma reactions, showing that quenching the
gas temperature does not generally improve performance, except in CO;-rich
mixtures where certain reactions are influenced by the cooling process, leading
to notable changes in the product distribution. The chapter also explores the
benefits of combining the hot plasma effluent with unconverted gas, where the
residual heat from the plasma can be reused to drive additional reactions,
thereby improving the overall efficiency of the process.

The findings presented in this thesis contribute to a deeper understanding of
plasma-based DRM technology, forming a foundation for further experimental
and theoretical studies.

These insights pave the way for the development of more advanced and
complex models, which, in turn, can support experimental work aimed at
further optimizing and scaling up this promising technology for industrial
applications. By advancing plasma-based CCU processes, this research
contributes to the broader goal of reducing GHG emissions and supporting the
transition to a sustainable, low-carbon future.



Samenvatting

De wereldwijde CO,-concentraties in de atmosfeer hebben ongekende niveaus
bereikt, voornamelijk door menselijke uitstoot. Deze alarmerende toename van
broeikasgassen vormt een aanzienlijke bedreiging voor de stabiliteit van het
klimaat, waarbij CO; de belangrijkste bijdrage levert aan deze
klimaatverandering. Industriéle activiteiten zijn een grote bron van deze
emissies, waardoor er dringend nood is aan innovatieve en duurzame
oplossingen. Het gebruik van CO; als grondstof of basismateriaal, is een
veelbelovende manier om CO;-emissies te verminderen. Hierbij wordt een
afvalstroom omgezet in waardevolle producten, een concept dat bekend staat
als koolstofopvang en -gebruik (CCU).

Onder de verschillende CCU-technologieén komt plasmatechnologie naar voren
als veelbelovend. Plasma creéert een zeer reactieve omgeving door de
aanwezigheid van hoog-energetische elektronen. Door gebruik te maken van
dergelijke processen, kan CO, worden omgezet in bruikbare chemicalién, wat
bijdraagt aan zowel emissiereductie als circulaire economie. Een belangrijk
voordeel van plasmaprocessen is het gebruik van elektriciteit, vooral wanneer
ze worden aangedreven door hernieuwbare energiebronnen zoals zonne- of
windenergie. Hierdoor vermindert niet alleen de ecologische voetafdruk van
chemische processen, maar sluit dit ook aan bij de wereldwijde overgang naar
hernieuwbare energie.

Een interessante reactie, die kan uitgevoerd worden in een plasma omgeving,
is de droge reforming van methaan (DRM). DRM is een proces waarbij CO; en
methaan (CH4) worden gebruikt om een mengsel van koolstofmonoxide (CO) en
waterstof (H.) te produceren, wat gebruikt kan worden voor de synthese van
verschillende chemicalién en brandstoffen. Dit maakt van DRM een veelzijdig
en waardevol proces in de context van CCU.

Deze thesis verdiept zich in de chemie van plasma-gebaseerde DRM, met een
focus op het begrijpen en optimaliseren van het proces door middel van
chemische kinetische modellering. De inleiding in hoofdstuk 1 biedt een
uitgebreid overzicht van de principes en mogelijkheden van deze technologie.
Hierna volgt in hoofdstuk 2 een beschrijving van de uitgevoerde chemisch
kinetische simulaties van DRM.



Hoofdstuk 3 onderzoekt het effect van stikstof (N2) op plasma-gebaseerde DRM,
waarbij het model wordt gebruikt ter ondersteuning van experimentele
resultaten en om de rol van N3 in het conversieproces binnen een ‘gliding arc
plasmatron’ (GAP) reactor aan te tonen. Dit onderzoek concludeert dat een
kleine fractie N, de energie-efficiéntie van het proces kan verbeteren.

In hoofdstuk 4 wordt met behulp van het model een brede waaier aan condities
bestudeerd om de fundamentele chemische kinetiek van DRM in warme
plasma's te begrijpen. Dit hoofdstuk belicht de beperkingen van verschillende
gasmengsels en onderzoekt de prestaties van het proces over een breed
temperatuurbereik. De bevindingen tonen aan waar plasma-specifieke kinetiek
afwijkt van thermische gasfase-chemie en bieden nieuwe inzichten in de unieke
eigenschappen van plasma-gestuurde reacties.

Nadat het plasma de gasmoleculen heeft omgezet, kunnen verdere chemische
veranderingen nog steeds optreden, die de algehele efficiéntie en
productverdeling beinvloeden. Hoofdstuk 5 onderzoekt deze post-
plasmareacties, waarbij wordt aangetoond dat het afkoelen van de
gastemperatuur over het algemeen niet tot prestatieverbetering leidt, behalve
in CO3-rijke mengsels waar bepaalde reacties worden beinvioed door het
afkoelingsproces, wat leidt tot merkbare veranderingen in de productverdeling.
Dit hoofdstuk onderzoekt ook de voordelen van het combineren van het warme
plasma-effluent met koud niet-omgezet gas, waarbij de restwarmte van het
plasma opnieuw kan worden gebruikt om extra reacties aan te drijven, wat de
efficiéntie van het proces verbetert.

De bevindingen in deze thesis dragen bij aan een beter inzicht in plasma-
gebaseerde DRM technologie, en vormen een basis voor verdere experimentele
en theoretische studies. Deze inzichten effenen de weg voor de ontwikkeling
van meer geavanceerde en complexe modellen, die op hun beurt
experimenteel werk kunnen ondersteunen dat gericht is op het verder
optimaliseren en opschalen van deze veelbelovende technologie voor
industriéle toepassingen. Door plasma-gebaseerde CCU-processen te
bevorderen, draagt dit onderzoek bij aan het bredere doel van het verminderen
van broeikasgasuitstoot en het ondersteunen van de overgang naar een
duurzame, koolstofarme toekomst.



Table of Contents

1 INTrOAUCHION .eeieiiieiieee et e e e e e e e 15
1.1 From Industrial Revolution to Circular Economy.......cccccceevieiiiiinnnnne. 15
1.2 Plasma teChNOIOZY ......uuuuuuiii s 16

1.2.1  Plasma for gas CONVErSIiON......cccceeiiiiiiiiiiieceeeeeeeeeeeeeeeeeeeeeee, 17
1.2.2  GHdINg arc plasma .....coovvevviiieeeieeeeeeeeiceeee e 18
1.3  The dry reforming of methane .......cccceevveiiviiiiiiiieiii e, 20
1.3.1  Plasma-based DRM.........ccocouiiiiiiiiieinieee e 20
1.3.2  DRMKkinetics Modelling ......ccoeeeeeeiiiieiiiiiiiieeeeieeeeiiceee e, 22
1.4  Post-plasma quenching effects......cccceeeveiiiiiiiiiiiiieeiiiiieeecceeeeeeeeees 23
1.5 The aim of this thesis.......c.cccviiiiiiiiii e 25

AN |V, 111 o To Yo o] [o1 =AY AN UUURRR PPt 27
2.1 Kinetics MOAEliNG...uuuueeeiiiiiiiiiiiiieee e e eeevaaaaa 27
2.2  Definitions of calculated conversion, product selectivities and vyields,
energy cost and energy effiCienCy ....ceeiiviiiiieiiiiiii 30

3  Effect of N2 on CO2-CH4 conversion in a gliding arc plasmatron: Can this

major component in industrial emissions improve the energy efficiency?...... 33
3.1 INrOdUCTION ..o 33
3.2 Experimental details .........cooveviiiiiieni e 34
3.3  Computational details.........coovviiiieeniiiieceee e, 37
3.4  Results and diSCUSSION ......cccuiiiiiiiiiiiiiiiiiieee e 40

3.4.1  Absolute and effective CO2 and CH4 conversion ............cccceu....e. 40
3.4.2  Product YieldS....ccooeeeeeeeiiiceee e 42
3.4.3 Energy cost and energy efficiency ....cccceeeeerieiiiiiieiiiie, 43
3.4.4 Comparison with other plasma reactors ........cccceeeeeveervviinnennnn.n. 46
3.4.5 Explanation of the performance by means of the model........... 47

11



3.4.5.1 N; addition enhances the electron density, affecting the

plasma conductivity, plasma power and SEl............ccccceeeeiiiiriiiiinnnnn... 47
3.4.5.2  Underlying reaction pathways in DRM ........ccccceeeeeeiiiiinnnnn. 48

3.5 CONCIUSIONS .t e e e e e 51
4  Plasma-based DRM: Plasma effects vs. thermal conversion.................... 53
4.1 INErOdUCHION...ceiiiiiiiiiiieeeeee et e e e 53
4.2  Computational detailS........ccceeeeeiiieiiiiiiiiiciieee e 54
oy N O =Y o 01 £ VSO PPPPPPRt 54
4.2.2  Simulation details ........cooooieieiniiiiie e 56
4.3 Results and diSCUSSION ........ceeiiiuiiieiiiiiiiee e 58
4.3.1 Validation of the thermal chemistry.......ccccceeeveiiiiiiiiiiiiiieneennnnnns 58
4.3.2 Comparison of plasma and thermal kinetics .........cccceeeeeeeeeennns 60

43.2.1 Plasma species concentrations as a function of temperature

60
4.3.2.2 Deviation between plasma and thermal kinetics................ 62
4.3.2.3  Product formation as a function of time ...........ccccccveeeennns 64
4.3.3  Mechanisms of CO; and CHa CONVErSioN .........ccoevuveeeenniieeennnnee 68
4.3.4  Effect of gas mixing ratio......ccceeeeeeeiiiiiiiiiiiciccccccceeeee e 72
4.3.41  Mixtures with excess CO2.....ccccumrriirieieiiiiiiiiiiiieeeee e 72
4.3.4.2  Mixtures with excess CHa......cccvvrieiieiiiiiiiiiiiiiiieieeeeeees 76
4.3.5 Optimization of the syngas ratio .......cccccvvvvvieeeiiiieiiviiicieee e 79
4.3.6  Final considerations: Limitations of our model and of DRM ...... 81
4.4 CONCIUSION ..ttt e 82
5 Afterglow quenching in plasma-driven DRM: a detailed analysis of the
post-plasma chemistry via kinetic modelling ........ccccoovvviiiiiiiiiieniiin, 85
5.1 INtrOdUCTION. ... 85
5.2 Computational details........cooovviiieeiiiiicce e, 86
5.2.1  Simulation details ..........cceeiiiiiiiiiiiiii 86



T A A O o110 0 1) 4 o PP PPPRPPRPPPRt 88

5.2.3  Equations in the Mmodel...........cuuviiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeenn, 89

5.3 Results and diSCUSSION ......ooouiiiiiiiiiieiieiiiieeeee e 94
5.3.1  Post-plasma COOIING ......cuurviiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeereeeeeeeennnee 94
5.3.1.1 50/50 ratio CO2/CHa ceocuvreeeeeiieee et 95
5.3.1.2  30/70ratio CO2/CHa wcueeevuiiiiieniieiie et 96
5.3.1.3  70/30ratio CO2/CHa wcuveeuiiiiieniieiieeieeeee e 97
5.3.14 Effect 0N €Nergy CoSt ...covvviiiiiieiiiiiciieeeeeeeeeceee e, 103

5.3.2  Post-plasma MiXiNg.......cuuieeeiieeiiieeiiiiiieeee e e eeeeennaaen 106
5.3.2.1  Additional conversion ........cccccuveeeiiiiieeeiniiiee e 107
5.3.2.2  Effect on product distribution .........cccccvveeeeeeeirieeirinnnnnn.. 109

5.3.2.3 Effect 0N @Nergy CoSt ...cvvvviiiiiiiiiiiiciieeeeeeeeeteeeee e 117

5.4 CONCIUSION ..eeiiiiiiiie et 120

6  Overall conclusions and future outlooK .............ccoviiiiiiiiiiiiiiiinieeeee 123
REFEIENCES ... et 127
FAY o oT=] g Ve 13 U 141
[ o) il 0 1¥] o] [ oF=1 a [o o 130 PPPPRS 254
Conference CoONtribULIONS. ......cooiuiiiiiiiiiiee e 255
Other achieVemMENTS .....cccoiiiiiiiiiiiiieee e 255

13



14



1 Introduction

1.1 From Industrial Revolution to Circular Economy

Many of the technological masterpieces that are taken for granted in the 21°t
century, from cars and airplanes to computers and smartphones, owe their
existence to the profound transformations that began during the Industrial
Revolution. Spanning from the late 18" to the early 19t century, this era
marked a pivotal turning point in human history. Factories sprung up, powered
by steam engines that utilized coal, and a surge in productivity and
technological innovation ensued. Amid this period of rapid advancement, the
mid-19t™ century discovery of oil ushered in a new age of energy. Oil, with its
superior energy density, became the lifeblood of modern civilization, enabling
unprecedented growth and innovation. The widespread use of the internal
combustion engine in the late 19th century exponentially increased oil’s value.
This engine, which efficiently converted fuel into mechanical energy,
revolutionized transportation and industry. The widespread adoption of
gasoline and diesel-powered cars, airplanes, and ships made these modes of
transportation omnipresent, advancing globalisation and accelerating
economic growth. However, these advancements came with a hidden cost that
would only become apparent later.

With the widespread use of internal combustion came also the emissions of
greenhouse gases (GHGs), namely CO;, for which the atmosphere levels
increased from below 300 ppm in the 19 century to currently above 410 ppm.*
The main CO; emissions originate from the use of fossil fuels (coal, oil and
natural gas) for energy production and transportation.? The CO; in the
atmosphere is involved in the greenhouse effect, which traps heat originating
from solar radiation in the atmosphere, raising the temperature. Aside from
CO,, also other gases contribute to this enhanced greenhouse effect, such as
CH4 which is in fact a much stronger GHG, with a warming potential about 25
times higher compared to CO over a 100-year period.? CH4 is emitted through
various sources, mainly fossil fuel extraction, agriculture (ruminant livestock
and rice production) and waste/waste water.2 While the greenhouse effect is a
natural phenomenon, which is necessary to allow and sustain life on our planet,
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the large amount of anthropogenic GHGs enhances this effect, trapping more
heat and further raising the overall temperature. This is correlated to climate
changes, e.g. rising of the sea level, disruptions of ecosystems and more
extreme weather events.'* Large scale efforts are needed to mitigate the
emission of GHGs and thus limit global warming and avoid these disastrous
effects of climate change. One important part is by shifting away from fossil
fuels and replacing them with renewable energy sources such as solar or wind.

Further, aside from for energy production, fossil sources are also widely used as
raw materials in chemical industry. It would be opportune if these could be
substituted for more sustainable sources. When combining this with the goal of
reducing emissions, the concept of carbon capture and utilization (CCU)® comes
into play, aiming to recycle waste CO, to be used as a new feedstock for the
production of chemicals instead of being emitted into the atmosphere. This also
contributes to a circular economy and the cradle-to-cradle principle.’ To achieve
this, new chemical processes are needed to break down these GHGs into viable
building blocks that can be used in new or existing processes for the synthesis
of various chemicals, fuels, or plastics. This should thereby lead to the
integration of multiple production processes reducing the overall emissions.©
However, dedicated effort is needed to develop such processes that transform
CO; from a waste product to a building block that can be used in new value

chains.
1.2 Plasma technology

A possible route for this GHG utilization is through the use of plasma technology.
Plasma is defined as a (partially) ionized gas, containing neutral gas molecules,
radicals and excited species along with ions and free electrons. Between these
species a wide range of ionization, excitation, dissociation or association
reactions can occur, creating an interesting reactive environment from a

chemical point of view.1112

Plasma can be created by applying a potential difference across two electrodes,
creating an electric field which accelerates the lighter electrons in this field,
increasing their kinetic energy, or in other words, their temperature. These
electrons can create new electrons and ions through ionizing collisions with
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other species, thus sustaining the plasma. Also, during collisions with heavy
species, a faction of their energy is transferred to them. If enough energy is
transferred, a state of local thermodynamic equilibrium (LTE) is reached, in
which all species can be described by the same temperature.*2 This is also
often referred to as thermal plasmas, which can be achieved at very high
temperatures or high pressures. They are for example used in welding or found
in fusion plasmas like occurring in stars.

On the contrary, when there is a large discrepancy between the temperature of
different plasma species, this is a non-LTE or non-thermal plasma.**!? This refers
to the unequal distribution of energy across the degrees of freedom
(translations, rotations, vibrations and electronic excitations), i.e., the plasma
can be described by multiple temperatures.'? The electron temperature is often
much higher, reaching several eV (1 eV = 11605 K), while the heavy species
temperature remains much lower, closer to room temperature. The lowest
energy modes are usually shared between the ions and the translational and
rotational degrees of freedom, all having a similar temperature, while the
temperature of vibrationally excited species can be higher, yet still much lower
than the electron temperature. The high energy electrons can also excite and
even dissociate stable molecules, such as CO; or N;, thereby creating radicals.
This makes non-LTE plasmas chemically very reactive. These non-LTE plasmas
find multiple applications in for example etching, thin layer deposition and the
breakdown of small molecules.'1?

Non-thermal plasmas in which the heavy species reach gas temperatures of
several 1000 K are sometimes classified as warm plasmas.'? In these plasmas,
all degrees of freedom are equilibrated, except for the electron temperature
(typically obtained for pressures close to or above atmospheric pressure). These
plasmas share the same high energy electron processes with non-LTE plasmas,
while the elevated gas temperature also influence the gas kinetics. Examples of
these warm plasmas are gliding arc (GA), microwave (MW), atmospheric
pressure glow discharges (APGDs) or nanosecond pulsed discharges (NPDs). %13

1.2.1 Plasma for gas conversion

While plasma technology is gaining increasing interest from industry#1°, there
are still technological hurdles to overcome. This requires further scientific
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research to better understand the chemical processes at hand and optimize
operating conditions to improve competitiveness with other technologies.® To
achieve robust industrial applications, also optimisation of reactor design and
materials, specifically for scale up and durability for extended operation, is
needed.!’

Electrification of chemical production through the use of renewable energy
sources, such as solar and wind, is also a major challenge and necessary to
reduce the environmental impact.*'” However, electricity production of these
renewable sources can vary significantly as they are depending on
environmental factors, leading to fluctuations in the electricity grid. It is there
that the full electric nature of plasma processes and the relative ease with
which they can be turned on and off, allows them to quickly adapt to
overproduction and capitalize on the resulting drop in electricity prices.
Therefore, plasma technology can be used for peak shaving and help balance
the electricity grid.'” This creates the opportunity for a collaborative operation
of the chemical and energy industry, beneficial for both parties.

1.2.2 Gliding arc plasma

This thesis studies plasma-based conversion in a wide range of conditions
typical for warm plasmas, but chapter 3 focusses more in dept on the process
in a GA plasma. Therefore, here we explain its operational principle in a bit more
detail. Traditionally, in their simplest configuration, GA plasmas consist of a gas
flow between diverging electrodes.'® A discharge is achieved at the shortest
distance, which travels along the electrodes following the gas flow. The arc
lengthens until it eventually becomes too long and can no longer be supported
and the arc extinguishes. Then, a new arc is formed at the shortest distance,
and the whole process is repeated. This two-dimensional design of a traditional
GA geometry has certain disadvantages. The arc is not stationary, i.e.,
continuously moving along the electrodes, extinguishing and reigniting, and
therefore only a portion of the gas can pass through the arc and be treated.
Additionally, this also leads to short residence times, further limiting its
applicability for gas conversion.

To address these limitations, different GA reactor geometries are being
developed, one of which is the gliding arc plasmatron (GAP).1>29 This novel type
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of GA reactor was developed at Drexel University by Nunnally et al.'® to
overcome the non-uniform gas treatment of a classical two-dimensional (2D)
GA. It utilizes a reverse vortex flow design, comprised of two separate vortex
flows moving in opposing directions (as depicted in Figure 1.1). The six
tangential inlets create an initial vortex (yellow arrow in Figure 1.1) that is
forced upward along the reactor wall, which functions as the cathode. When
the gas reaches the end of this reactor wall, it reverses direction, forming a
second, narrower inner vortex (blue arrow in Figure 1.1) that moves toward the
reactor outlet, which also serves as the anode, and exits the reactor. A potential
difference is applied between the cathode and anode, initiating the discharge
at the point of shortest distance between them, close to the gas inlets. The gas
flow carries the arc until it reaches the end of the cathode, similar to a
traditional GA. However, this positions the arc along the reactor's length and is
stabilized in the centre by the inner vortex flow, as depicted in red in Figure 1.1.
The combination of inner and outer vortex flows not only stabilizes the arc but
also allows more gas to pass through it and creates an insulating effect against
the reactor walls.

Figure 1.1 Schematic picture of the GAP reactor, with illustration of the outer and inner vortex
gas flows (yellow and blue arrows), and the plasma arc (red). The reactor body is at cathode
potential while the outlet functions as anode. The arc is formed between the top of the cathode
(top of the reactor body) and the anode (outlet). The tangential gas inlets and the outlet of the
reactor are indicated with arrows.
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1.3 The dry reforming of methane

The simplest way to process CO; is through direct splitting into CO and Oy;
however, this is limited in its applications for further processing. Instead, adding
H, to the formed CO creates a mixture known as syngas. This is a versatile
feedstock, which can be utilized in various synthesis routes for a wide range of
value-added chemicals. Most notably, the Fisher-Tropsch process converts
syngas into a variety of hydrocarbons, which can be refined into liquid fuels,
such as diesel and gasoline.?1™23 Alternatively, syngas can also be used to
produce alcohols (methanol, ethanol), ethers (dimethyl ether) or aldehydes
(formaldehyde) through oxo synthesis.?*

Therefore, adding a hydrogen source to CO; before splitting can enable the
direct formation of syngas in a one step process. One possible H-containing
reactant is CHas. The combined conversion of CO, and CHs is otherwise known
as the dry reforming of methane (DRM) (R1.1). This allows for the co-creation
of CO and H; with a theoretical syngas ratio of 1, which is useful for the
formation of formaldehyde or simple linear alcohols.?*

COZ(g) + CH4(g) -2 CO(g) + 2 Hz(g) AHO = 247 k] 1'1101_1 (Rll)

Compared to pure CO; splitting (AH® = 283 kJ/mol), this DRM reaction also has
a lower reaction enthalpy (36 kJ/mol), making it slightly more
thermodynamically favorable. The use of CHs is also beneficial from an
environmental point of view, as this creates value from a second and more
potent GHG (see section 1.1). Lastly, this conversion process can also trigger
alternative pathways that directly form other byproducts, such as small
hydrocarbons (ethane, ethene, acetylene) or oxygenates (methanol,
formaldehyde).!® The direct generation of these value-added chemicals can be
beneficial in terms of valorization.

1.3.1 Plasma-based DRM

When the DRM reaction is performed in a plasma environment, it offers several
advantages, as discussed in section 1.2. It allows for the use of renewable
energy sources, with great adaptability to the variable electricity supply from
these sources. Plasma-based DRM has been explored in a wide variety of
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plasma types under a broad range of conditions. 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.2>26:35-3827-34 Col|d 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 C2- and C3-hydrocarbons and
oxygenates, like methanol, ethanol or formaldehyde, especially when catalysts

are integrated in the plasma zone.3°™

Although the reaction equation suggests equal ratios of CO; and CHa, in
practice, the ratio is often adjusted, typically with an excess of CO>. This is done
for stability reasons, as mixtures with a high CHs content tend to produce

excessive solid carbon, making them more difficult to handle in practice.3*38

The extensive literature search by Snoeckx and Bogaerts®® evaluated a wide
range of plasma types based on experimentally obtained conversion and energy
cost for DRM. They concluded that GA and APGD reactors were the most
promising, as they can meet the proposed energy cost target of 4.27
eV/molecule (412 kJ/mol) to be competitive with other gas conversion
technologies. GA plasmas generally achieve lower conversions compared to
APGDs, while the latter can attain both high conversions and low energy cost.
The best overall result was reported by Li et al.*® using an APGD plasma,
achieving a total conversion of 89% at an energy cost of only 1.2 eV/molecule.
Questions arise however on these findings, because of the low power
measurements, as discussed by Wanten et al.33 In the latter paper, the literature
overview was further updated, showing promising results for MW reactors as
well, with Chun et al.*’ reaching an energy cost of 3.4 eV/molecule with a CO>
and CHa conversion of 68 and 97%, respectively. Furthermore, Sun et al.*®
improved upon this, obtaining an energy cost of around 3.0 eV/molecule with
conversions above 90%. It should be noted that these results are all obtained
for warm plasma types, indicating their great potential for high conversion
combined with energy-efficient DRM.
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1.3.2 DRM kinetics modelling

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 vyields. 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. For example, studies by Cleiren et al.3! and Wanten et al.33 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 CH4 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.*° does cover
a wider range of gas mixtures, up to 50% CHs fraction, but it still only considers
a gas temperature of 2500 K in the plasma. However, they showed that within
plasma systems, thermal chemistry can be an important contributor to the
conversion process, thereby showing the effectiveness of the high gas
temperatures in warm plasmas. These works show experimentally that CO, H;
and H,0 are the main products for these gas mixtures, with much smaller and
trace amounts of C2H», C2Ha, C2Hs and O,. Other studies consider DRM with the
addition of other gases, such as O, or N; as major components or impurities in
the gas mixture.32°° There are also kinetic studies that consider a broader range
of operating conditions for plasma-based DRM, but these studies are limited to
low temperature DBD plasmas.>'>? Hence, there is a need for further and more
comprehensive studies in this area, to better understand the underlying
chemistry in a very broad range of conditions.
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1.4 Post-plasma quenching effects

It has been revealed that the downstream gas temperature (i.e., the afterglow
or post-plasma region, outside of the plasma zone) in warm plasmas may still
be sufficiently high to enable reaction pathways that can influence reactor
performance in different manners. For instance, this effect could trigger reverse
reactions, reducing the overall conversion and altering the product
distribution.? On the other hand, it can also be used to enhance the conversion
and product yield.

Three different modes can be identified for post-plasma quenching.? First, in
absolute quenching, the plasma-generated product molecules are preserved,
while the radical species recombine to reform the reactants, i.e., leading to a
net reduction in the conversion. Second, in ideal quenching, the conversion
achieved in the plasma zone is retained by inducing the radicals to react towards
products. The third quenching mode is called super-ideal quenching, where not
only the high conversions are maintained, but they can be further boosted.
Super-ideal quenching can be achieved when the gas is cooled faster than the
time required for vibrational-translational (VT) relaxations to occur, creating a
VT non-equilibrium.'? The vibrational energy trapped in the gas molecules can
stimulate endothermic reactions, allowing for conversion gains during the
quenching.

Thus, recent studies have increasingly focussed on the post-plasma region of
these reactors, to build a better understanding of the effects at play and
improve the overall performance. Applying this to CO, plasmas, it has been
demonstrated that CO; conversion locally within the plasma can approach
100%.3>* However, reverse reactions in the post-plasma region (namely
recombination of CO with O radicals) have been found to reduce this
significantly, with measured conversions as low as 25%.°3°* Rapid quenching of
the high gas temperature has been shown to be a successful strategy to curtail
these reverse reactions.>>™8 This super-ideal quenching mode could even be
achieved under specific conditions and in systems with a strong VT non-
equilibrium character.>*

There is a diverse range of quenching methods and several studies have
investigated the use of a constricting nozzle, for example.>®=>2 This device can
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cool down the gas by rapid expansion, creating eddies in the fluid flow which
improve gas mixing and heat transfer.>’=>° For CO,, the conversion gain from this
strategy can vary significantly (between 2 and 30%), depending strongly on the
operating conditions and nozzle design. The largest additional conversion was
seen by Hecimovic et al.”® who measured an increase in CO, conversion from 5
to 35%, following nozzle implementation. Subsequently, this setup was
modelled by Van Alphen et al.?° confirming these findings, indicating that a
cooling rate of ~ 107 K/s was achieved, significantly enhancing CO> conversion.
A similar nozzle approach was modelled by Yang et al.>®, reaching the same
conclusions.

Further research attempted quenching using liquid-cooled devices to reduce
the temperature of the gas stream from the plasma region. A two-stage cooling
system used by Wang et al.®! improved the CO, conversion from 6.6 to 19.5%.
Another design, which uses a liquid-cooled rod in the reactor outlet to achieve
the post-plasma cooling, was used by Kim et al.>®> who reported that the CO;
conversion increased from 30.1 to 36.1% upon implementation of this strategy.
The same approach was also tested for DRM, leading to interesting findings:
both the CO, and CH4 conversion were observed to drop compared to the
uncooled plasma reactor.3’ The reported maximum decrease in total conversion
occurred at a CO,/CHg4 ratio of 3/1, from 23.4 t0 22.6%. On the other hand, upon
employing the quenching rod, selectivity towards H, was boosted, while that
towards H,0 dropped. The selectivity effect was attributed to the inhibition of
the reverse water gas shift (RWGS) in the colder post-plasma region, preventing
CO2 and H; from reacting to CO and H;0. While the drop in conversion has a
negative effect on the energy cost, the selectivity gain towards H. (observed for
mixtures with higher CH4 fractions) can outpace the negative effect on
conversion, resulting in a lower energy cost for syngas production.

Another approach to consider is the introduction of new gas in the afterglow
region, such as through a secondary inlet. Cho et al.®? injected cold CHs in the
afterglow of a CO; plasma to achieve conversion, effectively separating the DRM
reaction into a two step process. They claim the main advantage of this method
is the increase in energy consumption selectivity. The energy injected through
the plasma decomposes only CO; rather than CHa, yielding higher CO;
conversion and higher syngas energy conversion efficiency compared to the
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direct DRM reaction in the plasma. While their work specifically focusses on this
two step DRM process, this secondary inlet can be an interesting strategy to
apply, even without changing the overall gas mixture. The remaining heat in the
plasma effluent can be recovered and used to convert the newly introduced gas,
potentially improving the performance of the system, while it also provides
cooling to the afterglow.

1.5 The aim of this thesis

The overarching aim of this thesis is to obtain a better understanding of the
chemical reactions and processes that occur in warm plasmas used for DRM,
through chemical kinetics modelling. The different aspects investigated and the
obtained insights can lead to potential improvements, to be used in new reactor
designs for further advancement of plasma-based DRM technologies.

In chapter 3 the effect of N, on plasma-based DRM is investigated to optimize
the N2 content in the feed gas, to achieve maximal performance for a GAP
reactor. The effect of different N, fractions on conversion, product selectivity
and vyield, energy cost and energy efficiency are being investigated through
chemical kinetics modelling, while evaluating the modelling output against
experimental results.

Chapter 4 presents a very broad kinetics study on the core chemical kinetics of
DRM in warm plasmas, such as found in GA, MW, APGDs and NPDs, because
they give rise to much better energy efficiency. However, this is not limited to a
specific reactor design or narrow operating conditions, as this hinders finding
opportunities for further optimization of the conversion process. Instead,
general plasma conditions are considered with a wider range of gas
temperature, plasma power density, and most importantly, a full range of
CO,/CHa gas mixtures, ranging from 90% CO; to 90% CHa. Also, the kinetics of
thermal gas chemistry is compared with that of plasma-based conversion to
illustrate the differences and similarities between them.

Continuing on this, in chapter 5 the focus shifts towards the afterglow or post-
plasma region, with a specific interest in the downstream gas temperature for
DRM plasmas. Kinetics modelling reveals the effect of two distinct approaches
to post-plasma quenching: (i) heat removal from the system (emulating the
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introduction of a cooled rod, hence conductive cooling), and (ii) the mixing of
cold gas in the post-plasma region (emulating the introduction of a nozzle, or
simply adding cold gas in the afterglow). In the interest of model versatility and
relevance, the work is again not limited to specific reactor designs or operating
conditions. Instead, like in previous chapter, general warm plasma conditions
are studied with a wide range of plasma temperatures between 2000 — 4000 K
and three different CO,/CH4 ratios, i.e., stoichiometric (50/50), excess CH4
(30/70) and excess CO; (70/30). Different degrees of gas cooling are explored,
achieved with both methods, and the effects of the ensuing temperature drop
on conversion, selectivity and energy cost are evaluated.
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2 Methodology

2.1 Kinetics modelling

Chemical kinetics modelling is a useful tool for understanding the behaviour of
complex chemical systems. In this chapter we explain the use of OD kinetics
models to simulate plasma processes. This type of model considers a
homogeneous system, i.e., no spatial gradients, in terms of temperature, power
density or species concentrations. It can efficiently handle a large number of
species and reactions, making it ideal for simulating these complex processes.
Despite the complexity of the underlying chemistry, the model setup is
straightforward, and calculations are performed in a reasonable time.

The plasma chemistry in this PhD thesis is described with the Zero-Dimensional
Plasma Kinetics solver (ZDPlasKin).®® In this model the mass conservation
equations for all individual species are solved. Every species in the plasma has
a certain number density, which changes as a result of the occurring plasma
reactions. Part of the species will be consumed by reactions (loss term) and part
will be formed from other reactions (production term). This change in number
density n of species s with respect to time t is calculated using Eqg. 2.1, in which
afs;i and ats; 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 of reaction i, given by Eq. 2.2, is the product of the rate coefficient k; and
number densities of the reactants n,.

dng __
o = Zil(af; - ay)R| (2.1)

L.
R; = k; [I;n." (2.2)

For the electron impact reactions, the rate coefficients are calculated using Eq.
2.3, where € is the electron energy, o. the collision cross section, fe the electron
energy distribution function (EEDF) and v the electron velocity. This electron
velocity is given by Eq. 2.4, in which m¢ is the mass of an electron (9.10938x10
31kg).

k = f;:) o.(e)f.(€e) v(e)de (2.3)
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v(e) = —~ (2.4)
The EEDF is calculated by a Boltzmann solver, BOLSIG+%4, 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. 2.5, with
ntot 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. 2.6,
with u the electron mobility, also obtained from BOLSIG+, n. the electron

density and e the elementary charge (1.60217662x10*° C).

(5)= i \/?TV (2.5)

o=+ ‘Ng - € (2.6)
Ntot

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. The modified Arrhenius
equation (Eg. 2.7) gives an empirical relation between temperature and
reaction rate coefficient, in which A is the pre-exponential factor, T the
temperature, 7" describes the temperature dependence of the pre-exponential
factor, E, is the activation energy of the reaction and R the universal gas
constant.

—Ea

k = AT"erT (2.7)
Alternatively, the Lindemann expression can be used to describe the pressure
dependence of a reaction, which at low pressure is dependent on the
concentration of neutral species [M], while at high pressure this is independent
of [M].5>%¢ To give a more accurate representation of the transition between
these high and low pressure limits, an extra term is added to the equation, using
the fall-off expression.®>®® The rate coefficient is calculated using Eq. 2.8, with
ko the rate coefficient at the lower pressure limit, k- the rate coefficient at the
high pressure limit, [M] the concentration (or number density in the case of gas
kinetics modelling) and F the broadening factor. Several different
approximations can be used for the broadening factor, a commonly used
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expression is given in Eq. 2.9, with N calculated as N = 0.75 — 1.27 log F, and
Fc an empirical function depending on temperature.5>56

_ ko[Mlkeo
" ko[M]+ke (2.8)
log Fc
logF = 2.9
& = LR ogtkolMI/keo)] 2:9)

Most rates coefficients can be obtained directly from literature sources, with
some exceptions. For reverse processes of reactions between neutral species
for which no reliable source can be found in literature, detailed balancing can
be used to obtain the rate coefficients. The equilibrium constant Keq is
calculated using Eq. 2.10, with p the reference pressure (1 bar), Av the change
in number of species in the reaction (Av = Y up — Yur) and AG, the Gibbs free
energy of the reaction, calculated using thermodynamic data from McBride et
al.%” and Burcat et al.%8,

Keg = (&) el (2.10)
From this equilibrium constant, the rate coefficient can be calculated, which is
givenin Eq. 2.11, assuming the derived reaction is the forward reaction (Kforward),
Keq is given by Eq. 2.10, and Kreverse is the known reaction rate coefficient.

kforward = Keqkreverse (2.11)

This type of model depends on the reliability and accuracy of the included rate
coefficients, with uncertainties typically expected in the order of 10 — 30%, but
they can also be higher than 100%. It is generally established that chemical
kinetics models can have a large uncertainty.®®72 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. Therefore, the trends
and relative values of the species densities predicted by the model are more
important than the absolute values.

In principle, ZDPlasKin considers a batch reactor, calculating the species number
densities only as a function of time, by solving the conservation equations (Eq.
2.1). However, the total number density is affected by temperature and
chemical reactions, requiring a modification to account for these changes and
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to maintain constant (atmospheric) pressure. Therefore, at each timestep, the
number densities calculated by ZDPlasKin for all species are multiplied with a
correction factor B (Eq. 2.12) to maintain the total number density
corresponding to the ideal gas law at atmospheric pressure and the simulated
temperature.®® 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.

_ Tg(0) X;n;(0)

2.12
B Tg(t) Xin;i(t) ( )

This expansion also needs to be accounted for when evaluating the simulation
output, and therefore the gas expansion factor a is calculated (Eq. 2.13) which
represents the ratio of the mass density at the start of the simulation (p) and
the end (po). The mass density is the summation of the products of the number
density nj and mass m; of each species j in the model.
_ Zj[mjom;]
Yj[njm;]

Po
== 2.13
a=" (2.13)

2.2 Definitions of calculated conversion, product selectivities and
yields, energy cost and energy efficiency

To evaluate the chemical processes that occur in the evaluated plasma systems,
several different parameters are considered, e.g., reactant conversion, product
selectivity, product yield, energy cost of conversion and energy efficiency.

The absolute conversion (xass) is calculated for the reactants, i.e. CO; and CHa,
using Eq. 2.14, in which ¢ and ¢°“t are the concentration of the reactant j before
and after the plasma process, respectively, and « is a factor to account for gas
expansion.

o cPut

Xabs; = 1- Ciln (2.14)

i

In addition, due to dilution with other molecules in the initial mixture (e.g. N»),
we also define the effective conversion (Eq. 2.15), which accounts for the
fraction of the reactant i in the initial gas mixture.
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Xeff, = Xabs; - fraction; (2.15)

The total conversion yorar is calculated in Eq. 2.16 as the sum of the effective
conversions of all reactants /.

Xiotal = Zi Xeft, (2.16)

The product selectivity is calculated using Eg. 2.17, where A is the base-atom
(e.g. C, H or O) and us” and u/ are the numbers of the base-atom in product s
and reactants i, respectively. The base-atom is required to differentiate between
the number of each atom type in the gas mixture, which eventually become the
products. For the DRM reaction for example, the selectivity of CO can be
calculated relative to the amount of C (from CO2 and CHa) or O (from CO3)
present in the mixture. Therefore, multiple selectivity values can be calculated
for one product.”®>’* By definition, the sum of all selectivity values must be
100%, which is the case for each base-atom.

P— o 1,lout

Z [u (nll’l out)]

S& = (2.17)
The same logic applies to the yield (Y) of the different products (Eg. 2.18), which
represents the actual amount of product relative to theoretical maximum

amount (based on the chosen base-atom).

H o rlout

YA
S Z] HA in

(2.18)

Further, the specific energy input (SE/) is calculated using Eq. 2.19, in which
Ppiasma is the applied plasma power and Qpow is the total volumetric gas flow
rate.

SE] = [plasma (2.19)

Qflow

The energy cost of the conversion (EC) is calculated from the total conversion
and the specific energy input using Eq. 2.20.

EC = SEI

(2.20)

Xtotal

The energy efficiency (EE) is calculated with Eq. 2.21, with j the products, i the
reactants, a the gas expansion factor, Hgj and H;; the enthalpy of formation of
the products (j) and reactions (i), xabs the absolute conversion, ¢" and c°“t the
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concentration at the inlet and outlet, respectively, SEl the specific energy input
and Vmo the molar volume (24.5 L mol™? at 293 K).

1 s v 2 e i 1 677
SEI(k] L™ V)V yo1(L mol™1)

EE = (2.21)
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3 Effect of N, on CO,-CH4 conversion in a gliding arc
plasmatron: Can this major component in
industrial emissions improve the energy
efficiency?

The results presented in this chapter are published in:

e Van Alphen, S.*; Slaets, J.*; Ceulemans, S.; Aghaei, M.; Snyders, R.;
Bogaerts, A. Effect of N, on CO,-CHs conversion in a gliding arc
plasmatron: Can this major component in industrial emissions improve
the energy efficiency? Journal of CO2 Utilization 2021, 54, 101767.
https://doi.org/10.1016/j.jcou.2021.101767.

* shared first author

3.1 Introduction

In this chapter we investigate the effect of N, on plasma-based DRM and we
optimize the N2 content in the gas feed to achieve maximal performance for a
GAP reactor (described in section 1.2.2). Some studies also explored the
addition of N2 to CO, or CO,-CHa plasmas, either to create a more stable plasma
or to mimic realistic emissions from industrial plants.32°%75-77 Vice versa, CHa
addition to CO2/N2 plasma has also been shown to have beneficial effects, like
suppressing NOx formation.”® Most industrial gas emissions contain significant
amounts of N,, and separation is financially costly.”® The addition of N, thus
creates a more realistic situation for the industrial application of plasma-based
DRM.8% For this purpose, more insight is needed in the effect of N, on the
plasma chemistry and the performance of plasma-based DRM. While adding N>
inevitably leads to electric power being wasted into excitation, ionization and
dissociation of Ny, it has already been demonstrated for pure CO, conversion
that N3 assists the CO; splitting process,”>’ raising the question if N2 could also
be a useful admixture for DRM.
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The previously mentioned GAP reactor (section 1.2.2) has already delivered
promising results for pure CO; splitting,2® as well as for DRM in CO»-CH4”3 and
C0,-CHs-N>-0232 mixtures. In the latter case, N was also present, but in large
amounts (60-80%) to create a more stable plasma, and the focus was on the
effect of O, addition, while the effect of N, on the chemistry and performance
was not investigated. N, addition to pure CO, plasma showed promising
results,”” but the effect of N, addition for DRM in the GAP has not been studied
yet. Therefore, the aim is to optimize the performance of the GAP for DRM in a
wide range of N3 fractions and provide insight in both the physical and chemical
effects of varying the N; fraction in the plasma. The N, fractions are varied
between 0% and 80%, in which the CO;:CHa, ratio is kept at 1:1.

This chapter focusses mainly on the underlying chemistry of this conversion,
obtained through a quasi-1D plasma chemical kinetics model. These
simulations take input from three different computational models, i.e., a 3D
turbulent gas flow model, a 3D thermal plasma model and particle tracing
simulations, using the experimental input gas mixture, plasma power, and
reactor geometry as input. This is done to mimic the experimental conditions in
the quasi-1D model, of which the output is compared with the experiments by
evaluating energy cost, energy efficiency, the conversion of CO; and CHa, and
the product yields and selectivities. This modelling approach is introduced by
Van Alphen et al.8!, who also performed the 3D computations used in this study.
However, the scope of this chapter is limited only to the quasi-1D model, being
my contribution in this work.

3.2 Experimental details

The experimental setup consists of three main parts, the reactor, the electric
circuit, and the gas analysis system. The gas flow of the different inlet gases (i.e.
CO,, CH4 and N3) is regulated by mass flow controllers (MFC) (Bronkhorst), that
are controlled by a computer and mix in the inlet tube leading to the reactor.
This reactor is described in more detail in the chapter 1 (section 1.2.2). The gas
mixture at the outlet is analyzed by a gas chromatograph (GC) (Thermo
Scientific trace 1310 GC) using two porous polymer columns (Rt-Q-BOND) and
amolecular-sieve column (Molsieve 5A) for gas separation, helium as the carrier
gas and a thermal conductivity detector for gas detection. The power supply
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(Advanced Plasma Solutions, PA, USA) is connected to the electrodes. The
electrical current is controlled and held at 0.3 A, while the voltage is regulated
by the power supply itself (1200 — 1800 V), delivering a certain power (360 —
540 W). The plasma power is measured using an oscilloscope (Tektronix
TDS2012C), by integrating the product of voltage and current over a certain
period of time. The voltage is measured using a high voltage probe (Testec)
connected to the cathode. The current is obtained by measuring the voltage
across a known resistance (3 Ohm) that is placed in the grounding wire. The
oscilloscope registers this as a voltage, which is converted to a current using
Ohm'’s law.

Before each experiment the setup is flushed for 10 min with the gas mixture,
after which the plasma is ignited, and another 10 min is given to stabilize. The
exhaust gases are stored in sample loops, each with a 100 puL volume. After the
filling process, the content of the sample loops is injected in the set of three
columns with helium as carrier gas. For statistical analysis, every experiment is
repeated three times, with four sample loops analyzed for each repeat, thus
creating 12 data points. For every gas mixture a blank measurement without
plasma is performed, needed to calculate the CO; and CH4 conversion.

DRM leads to an expansion of gas due to the increasing number of molecules
after the reaction (see R1.1 in chapter 1), which increases the volumetric flow
rate. However, the sample loops in the GC have a constant volume and operate
at atmospheric pressure, which means part of the gas is lost before injecting in
the GC. This results in a lower number of molecules (e.g., of CO, or CHa) being
detected compared to the number of molecules in the outlet of the reactor.

Not accounting for this leads to wrong results, such as an overestimation of the
conversion, which is described by Pinh3o et al.®? and further expanded upon by
Wanten et al.”* A factor to account for this can be determined by adding an
internal standard, such as N3, He or Ar, to the outflow gas stream after the gas
has passed through the reactor.8? This expansion factor a is calculated using Eq.
3.1, as the ratio of the peak area of this internal standard from the blank (Asianc)
to the plasma measurement (Apiasma), and factor B to account for increased gas
flow rate because of the internal standard. The latter is calculated in Eq. 3.2, in
which Qpiasma and Qstandara are the flow rate of the gas through the plasma and
the standard, respectively.
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o = blanc (1 4 By B (3.1)

Aplasma

Qstandaard
— ~Standaard 3.2
Qplasma ( )

In our setup, He cannot be used as this is the carrier gas in the GC, and neither
can Ar, because the peak overlaps with the one of Oz. Therefore, a N, flow of 1
L/min is added after the plasma as internal standard for pure CO,-CH4 mixtures.
For the gas mixtures already containing N3, no extra N; flow is added after the
plasma. The N in the mixture is barely converted in the GAP (< 0.05%) and can
therefore be used as internal standard. In those cases, the formulas still apply
as the B factor becomes zero.

These correction factors are further used in the calculation of the
concentrations c®?" and cP#™, through Eq. 3.3 and 3.4, respectively, in which
Cm is the measured concentration obtained from the GC.#?

cblanc — cblanc(1 4 B) (3.3)
cplasma — Crz;llasma (1 + g) (3.4)

Further calculation of the experimental results is done through the formulas
explained in section 2.2, using the corrected concentrations and gas expansion
factor as explained in this section. The CO; and CH4 conversion are measured,
as well as the H, and CO yield, the energy cost and energy efficiency of the
conversion process. This energy efficiency presented here only considers the
main DRM products, CO and Hz (H¢(CO) =-110,5 kJ mol?; H{(CH4) =-74,8 k) mol-
1 H¢(CO3) = -393,5 kJ molt; He(H2) = 0 k) mol?), however a more accurate value
could be calculated when side products would be considered, e.g. H,0, C;H; or
other hydrocarbons. These were not included because they could not be
guantified with the current experimental setup, but based on the model, they
are not formed in large amounts, so the effect of neglecting them in the formula
would be minor anyway.
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3.3 Computational details

We used ZDPlasKin®, which was explained in section 2.1. 177 species are taken
into account in the model, which can be formed from the gas mixture of N,
CO,, CHa, and they are listed in Appendix A (Table A-1). This includes various
molecules, radicals, excited species and ions, as well as the electrons. These
species interact with each otherin 15987 reactions, i.e., various electron impact
reactions, electron-ion recombination reactions, ion-ion, ion-neutral, and
neutral-neutral reactions, as well as vibrational-translational and vibrational-
vibrational relaxation reactions. The reactions (and corresponding rate
coefficients) between CHa and CO; derived species (hence including also those
between CH4 and O, derived species) were taken from Cleiren et al.”3, the
reactions between CO, and N derived species (including also those between
0, and N derived species) were adopted from Ramakers et al.”’, and those
between CH4 and N> from Snoeckx et al.23 Note that the number of species and
chemical reactions in this model is much larger than what is actually needed for
the purpose of this study, as we are in first instance interested in the conversion
of CHs and CO,, and the effect of N> on these conversions, but not in the
formation of all possible reaction products. However, this chemistry set was
developed to be as complete as possible, because it is not a priori known which
species and chemical reactions are important in the conversion process. For
instance, the model contains a large number of (electronically and vibrationally)
excited levels, which can be important for energy-efficient CO, conversion.84

We used ZDPlasKin as a quasi-1D chemical kinetics model. In principle, this is a
0D model, without spatial dimensions, and in which the plasma is modeled in a
single point. Hence, the plasma properties (like species densities) only change
as a function of time, allowing for the incorporation of an extensive plasma
chemistry set, without suffering from long calculation times. However, in order
to better account for spatial variations within the GAP reactor, a modelling
strategy based on four complementary models is used.?%8> This consists of a 3D
turbulent gas flow model, followed by a 3D plasma arc model and particle
tracing simulations and lastly the quasi-1D chemical kinetics model. This
chapter only discusses the last model, the preceding calculations were caried
out by a fellow PhD student (S. Van Alphen). These models are solved
sequentially, in which each model builds further on the results of the previous
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model. In short, the gas flow model describes the complex vortex flows in the
GAP reactor, with the arc model adding the arc dynamics and gas heating in the
plasma. The latter utilizes the plasma power measured in the experiments, with
the energy efficiency applied to determine the fraction of energy directed
towards gas heating (1 — EE) rather than chemical changes. The physical
properties (heat capacity, ratio of specific heat, dynamic viscosity and thermal
conductivity) are calculated based on the CO,-CH4-N; composition to account
for the effects of the different gas mixtures.

These models revealed that the gas temperature is heavily influenced by the
composition of the gas mixture. This is illustrated in Figure 3.1, which presents
the maximum gas temperatures achieved in the arc across the different gas
mixtures, as calculated by the arc plasma model. In general, the temperature in
the arc increases upon N; addition, reaching up to 4400 K for a N fraction of
80%. This is attributed to the higher overall heat capacity upon N3 addition, as
illustrated by the isobaric heat capacity of the different CO,-CHs-N2 mixtures at
3000 K (i.e. a typical plasma gas temperature) in Figure 3.1 (right y-axis).

Figure 3.1 Maximum calculated gas temperature in the plasma (arc centre) (blue) and isobaric
heat capacity of the CO,-CH4-N, gas mixture at 3000 K (red), as a function of the N; fraction.

The higher gas temperature resulting from N; addition has also been observed
experimentally in a CH4 plasma by Zhang et al.?’ for a rotating gliding arc reactor.
Using optical emission spectroscopy, the authors observed an increase of more
than 300 K when the molar CH4/N> ratio was reduced from 1.20 to 0.05.
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Subsequently, after obtaining the results by the 3D gas flow and 3D plasma arc
model, the particle tracing simulations are used to convert the calculated
plasma parameters of the 3D models to a time-based input for the chemical
kinetics model. These trajectories are used to divide the reactor into four
different zones, for which the temperature as a function of time is obtained
from the gas flow and arc model. This serves as input for the 0D model, thereby
enabling the development of a quasi-1D model. This simplified approach does
improve the ability to capture spatial variations compared to a single quasi-1D
model. Considering the non-uniformity of the plasma and the decoupling of the
different models, deviations are possible, however, we believe that it is an
acceptable approximation for this study.

Because of the separation into multiple zones, the results of different
calculations need to be combined into a single overall result. The overall
concentration of plasma species i at the end of each simulation is combined
through Eqg. 3.5, which first weighs the number density n in each zone to the
contribution fr of each zone z, after which this is divided by the total sum of all
species in the model j. The overall gas expansion a is also determined by
weighing all zones through Eq. 3.6, in which n/™ and n°“t are the densities of
species j at the start and end of the simulation, respectively. Note the absence
of the gas expansion in the denominator, which is equal to 1 at the start of the

simulation.
Yzfrz 0z,
€} = 00— — 3.5
¢ YjZzfrz aznjg 3.3)
_ XXz f1z az n?';t (36)
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These values are further used in the calculation of the conversion, vyield,
selectivity, energy cost of conversion and energy efficiency, using the formulas
described in section 2.2.
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3.4 Results and discussion
3.4.1 Absolute and effective CO; and CH4 conversion

To analyse the effect of N2 on the performance of DRM, we evaluated five
different N; fractions (i.e. 0, 20, 40, 60 and 80%), while the CO;:CHa ratio was
kept constant at 1:1. The total flow rate and electrical current were kept at 10 L
mint and 0.3 A. To quantify the CO, and CH4 conversion, we define both the
absolute and the effective conversion. The absolute conversion, or simply
“conversion”, allows easy comparison between different mixtures, while the
effective conversion takes into account the dilution of CO, and CHain Na. It is
obtained by multiplying the absolute conversion with the CO, or CH4 fraction in
the mixture.

Figure 3.2 presents the (absolute) CO, and CH4 conversion as a function of N;
fraction in the mixture, obtained in the experiments and the model. Without
N2, a conversion of 23.9% is measured for CO, and 31.4% for CHs. These values
rise notably upon N; addition, up to 47.7% for CO, and 61.2% for CH4 at 80% N.
The calculated conversions are in satisfying agreement with the experimental
values, except at 0% N; where the calculated values are somewhat
overestimated, and they drop towards 20% N», while experimentally a rise in
conversion is observed. This is attributed to the gas temperature (see section
3.3), which may be somewhat overestimated in the input data at 0% N and
underestimated at 20% N. We believe the agreement is reasonable, within the
limitations and approximations of the model.

In general, our results demonstrate that the addition of N, benefits the
conversion of CO; and CHa. The reason is that N, does not actively participate
in the DRM chemistry and essentially remains unconverted (i.e. less than 0.05%
conversion) in the plasma. As the energy acquired by N, molecules through
inelastic collisions with electrons does not lead to chemical reactions, this
energy eventually relaxes to gas heating, which accelerates the DRM reactions.
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Figure 3.2 Experimental and calculated absolute CO, and CH,4 conversion as a function of N,
fraction. The experiments were performed in triplicate, but the error bars on the experimental
results are mostly too small to be visible.

Note that by adding N3, the total amount of CO; and CH4 present in the gas
mixture are lowered from 100% (50%-50%) to 20% (10%-10%). This means that
the effective conversion of CO; and CHa, which is calculated based on the initial
fraction of each gas in the mixture is expected to decrease upon adding more
N2. The effective CO2, CH4 and total (overall) conversion as a function of N3
fraction are plotted in Figure 3.3. The values drop from 12.0 to 4.8% for CO,,
from 15.6 to 6.1% for CHa, and from 27.6 to 10.9% for the total conversion, upon
increasing N, fraction. Hence, while the absolute conversion increases upon N;
addition, the effective and total conversion decreases, meaning that less CO;
and CHa can be converted overall upon dilution, simply because there is less CO;
and CH4 present in the mixture. However, the drop in conversions is not linear:
it is less steep at low N; fractions and becomes a bit more significant as more
N, is added. This implies that at low N; fractions, the dilution effect is less
important than the beneficial effect of N, on the (absolute) conversion,
observed in Figure 3.2.
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Figure 3.3 Effective CO, and CH, conversion, as well as the total conversion, as a function of N,
fraction. The experiments were performed in triplicate, but the error bars on the experimental
results are mostly too small to be visible.

3.4.2 Product yields

The measured and calculated product yields for different N, fractions are
presented in Figure 3.4(a). The CO yield rises from 26.1 to 42.1%, while the H;
yield rises from 25.2 to 49.8%, upon increasing N fraction. The calculated
values are in satisfying agreement with the experiments. The model also
predicts H,0 and C;H; as important products, but they could not be measured
by our GC. The CO and H; yields follow the same trend as the (absolute)
conversion, which is logical. Figure 3.4(b) illustrates the measured and
calculated product selectivities. While the CO selectivity drops from 92.4 to
77.4% upon increasing N2 fraction, the H» selectivity first drops from 79.0 to
72.4% when 20% N; is added and then increases again to 81.2% upon 80% N
addition. Our model also predicts the drop in selectivity when 20% N is added,
but the drops is much more pronounced and occurs for both CO and H;. Our
model suggests that for this mixing ratio, the selectivity towards C;H; increases,
which lowers the selectivity towards CO and H,. As this drop is not so
pronounced in the experiments, some reaction towards C;H, may be slightly
overestimated in the model at these low N3 fractions, probably attributed to the
somewhat underestimated gas temperature (see section 3.3), already
mentioned in relation to the conversion (see previous section).
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Figure 3.4 Experimental and calculated product (a) yields and (b) selectivities, as a function of
N, fraction. The experiments were performed in triplicate, but the error bars on the experimental
results are too small to be visible.

3.4.3 Energy cost and energy efficiency

Besides conversion, product yields and selectivities, the other important criteria
in defining the optimal gas composition for plasma-based DRM are the energy
cost and energy efficiency, as they also define the performance of the process
in an industrial context, where processes must be cost- and energy-efficient to
be competitive. The experimental SEl across the different gas mixtures is
presented in Figure 3.5(a). It is clear that the SEI significantly decreases when
N3 is initially added to the gas mixture, from 0.82 to 0.55 eV/molec (or from 3.2
to 2.2 kJ/L) when only 20% N, is added to a pure CO,-CHs mixture. Further
addition of N2 only induces a slight drop in SEI. The fact that less power is
required to achieve a stable plasma at a fixed plasma current when N3 is added,

43



explains why N; is often added to pure CO3, CH4 or CO,-CH4 mixtures to achieve
a more stable plasma discharge. While the origin of this effect will be explained
further by the computational model in section 3.4.5, we will now discuss the
implication of this effect on the energy cost and energy efficiency.

Figure 3.5(b) depicts the energy cost (both in eV/molec and kJ/L) as a function
of the N; fraction, obtained in the experiments and the model. Across the
different gas mixtures, the energy cost ranges from 2.2 to 5.0 eV/molec (or 8.7
to 19.8 kJ/L) and has a minimum for an N fraction of 20%. The latter is
attributed to the limited reduction in effective conversion at 20% N (i.e. only
2% loss), as seen in Figure 3.3), while it corresponds to a significantly lower SEI
for stable plasma operation, as observed in Figure 3.5(a), thus resulting in an
overall lower energy cost. This minimum energy cost at the 20% N; fraction
corresponds to the maximum energy efficiency of 58% as shown in Figure 3.5(c),
where the energy efficiency is plotted across the different gas mixtures. The
calculated energy cost and energy efficiency are in reasonable agreement with
the measured values, except for the slope from 0% to 20% N.. Indeed, the
energy cost at 0% N, seems to be underestimated in the model (Figure 3.5(b)),
and the energy efficiency is somewhat overestimated (Figure 3.5(c)). This is
both related to the aforementioned overestimation in calculated CO; and CH4
conversion at 0% N, attributed to the possible overestimated gas temperature
(see section 3.3). In general, however, the agreement is reasonable, given the
approximations in the models. Taking it all together, our results indicate that
20% N addition yields the best performance, i.e., the lowest energy cost of 2.2
eV/molec (or 8.7 kJ/L) and highest energy efficiency of 58%, for a CO; and CH4
(absolute) conversion of 28.7 and 35.9%, and a total conversion of 25.8%.
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Figure 3.5 (a) Experimental SEI at a constant plasma current of 0.3 A, (b) experimental and
calculated energy cost, and (c) experimental and calculated energy efficiency, as a function of
N, fraction. The experiments were performed in triplicate, but the error bars on the experimental
results are mostly too small to be visible.
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3.4.4 Comparison with other plasma reactors

In Figure 3.6, we benchmark our results to an extended range of DRM data of
several different plasma reactor types collected by Snoeckx and Bogaerts®3. Our
data points are added to this figure as orange stars. Except for the mixture with
the highest N3 fraction, they are all located above the energy cost target of 4.27
eV/molecule (cf. green dash-dotted line indicated as “efficiency target”), which
was calculated by Snoeckx and Bogaerts'® as the target energy cost to be
competitive in terms of syngas production with other technologies. Our results
perform well in terms of energy cost, i.e., better that DBD, MW and corona
discharges, which can achieve high conversions up to 90%, but always at an
energy cost above 10 eV/molecule. Nevertheless, our results do not yet reach
the best data obtained by some APGD and other GA discharges, but we believe
there is room for future improvements of our GAP reactor. Indeed, increasing
the fraction of gas that is treated by the plasma arc, through changes in the
reactor design, would significantly increase the conversion, and hence also the
energy efficiency of the GAP.

Figure 3.6 Comparison of energy cost as a function of total conversion for DRM, in various types
of plasma reactors from literature. Original figure obtained from Snoeckx and Bogaerts.**> Our
results are added to the graph as orange stars. Note that the y-axis is reversed, from the highest
to the lowest energy costs (i.e., the best values are at the top).
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3.4.5 Explanation of the performance by means of the model

3.4.5.1 N; addition enhances the electron density, affecting the plasma
conductivity, plasma power and SEI

As illustrated in Figure 3.5(a) above, the measured SEl in the CO;-CH4 mixture
drops significantly when 20% N is added, due to the lower power needed to
ignite and sustain the plasma at a fixed plasma current. Our model reveals that
this is attributed to the increasing electron density upon adding N; to the
mixture, as illustrated in Figure 3.7 (black line, left y-axis). This figure also
presents the dominant electron formation reactions in the mixture (coloured
bars, right y-axis), as calculated by the model. Note that this model was run for
a constant temperature of 3500 K and power density of 4.5 kW cm3, to clearly
isolate the effect of the changing gas composition (independent from the effect
of the gas temperature) on the plasma chemistry. Without N, electron
formation mainly occurs through recombination of H, and O™ to H,O (reaction
5), and of CO and O to CO; (4), as well as by electron impact ionization of CO;
(reaction 1). When N3 is added, ionization of N; (especially electron impact
ionization of ground state N; (reactions 7 and 8), but also associative ionization
by two electronically excited molecules, N2(A'%Z,) (reaction 9) and N(A3%,)
(reaction 10), take over as the main electron formation processes, explaining
the rising electron density in the plasma. In other words, through the addition
of N2 a new gas is introduced to the plasma, which, unlike CO, and CH4, does
not react away easily by other (chemical) reactions due to its strong triple bond,
and is thus always available for ionization. The electron density enhances the
conductivity of the plasma, thus reducing the power needed to achieve a
certain plasma current. Hence, this explains the drop in plasma power, and thus
in SEI (cf. Figure 3.5(a)) upon N; addition, contributing to the low energy cost of
the 20% N; mixture.
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Figure 3.7 Calculated electron density (black line, left y-axis) as a function of N; fraction, at a
constant gas temperature of 3500 K and power density of 4.5 kW cm. The coloured bars (right
y-axis) show the contribution of the dominant electron formation reactions across the different
gas mixtures. The values are determined for a plasma residence time of 1 ms, which is
comparable to the residence time in the plasma obtained in the 3D simulations (performed by a
fellow PhD student) based on the experimental conditions.

3.4.5.2 Underlying reaction pathways in DRM

A general reaction scheme, as predicted by our quasi-1D simulations, is
presented in Figure 3.8, indicating the important reactions involved in the
conversion processes of CO, and CHa and their link to the formation processes
of the most abundant products, i.e., CO, Hz, H,0 and C;H,. The figure applies to
the CO2:CHa:N2 mixture with 40% N, which is intermediate, and thus
representative for the various N; fractions. The thickness of the arrows is
indicative of the total time-averaged rate (averaged over the residence time in
the plasma) and thus marks the importance of the reaction within the DRM
process. Note that these are all net rates, balancing the rates of the forward and
reverse reactions. The reactants of the dominant reactions are placed next to
the arrows.
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Figure 3.8 Schematic overview of the most important reactions for the conversion of CO, and
CH,4 and the formation of CO, H,, C,H, and H,0, based on the time-averaged net reaction rates
forthe CO,-CH4-N; gas mixture with 40% N,. The arrow thickness is indicative of the net reaction
rate of the reactions involved. The arrows towards CO are clearly thinner than towards H;, while
nearly equal amounts of CO and H; are formed. The reason is that loss processes for CO are less
important than for H; (see scheme). Note that N does not play a direct role in this chemistry,
except as neutral molecule (M), but it has an important indirect contribution, through the
enhanced gas temperature and electron density (see before).

The scheme in Figure 3.8 shows that CHs conversion is mostly driven by
reactions with H and C;Hs to form CHs (R3.1, R3.2) and Hz (R3.1). CHa4 is also
converted upon reactions with O or electrons, but because of their lower
contribution (< 3%), these reactions are not displayed in the scheme. The
relative importance of electron impact reactions decreases with increasing N;
fraction, in spite of the higher electron density. This is because the contribution
of the heavy species reactions increases strongly at the high gas temperatures.
This higher gas temperature is the result of a decreasing isobaric heat capacity
of the mixture with increasing N3 fraction. Higher N; fractions thus promote the
thermal DRM chemistry, rather than electron-induced reactions.

CH, + H— CH; + H, (R3.1)

CH, + C,H; — CHs + C,H, (R3.2)
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CHs can react back to CHa through three-body recombination with H and M
(representing any neutral molecule) (R3.3) or upon reactions with CH3 or H,0
(R3.4, R3.5). In addition, it can react further with CHs, CH, and CHa, creating H
atoms and multiple C;Hyx species (R3.6-3.8). The formation to H, occurs upon
reaction of H atoms with CH4 (R3.1) or with H,0 (R3.9). Recombination of 2 H
atoms into Hz occurs as well, but at a much lower rate.

CH; +H+M > CH, + M (R3.3)
CH, + CH; — CH, + CH, (R3.4)
CH; + H,0 - CH, + OH (R3.5)
CH; + CH; > H + C,Hs (R3.6)
CH; + CH, » H+ C,H, (R3.7)
CH; + CH, » H + C,H, (R3.8)

H + H,0 - H, + OH (R3.9)

The main conversion pathway for CO; proceeds through reactions with H and
(to a smaller extent) electrons (R3.10, R3.11), creating CO and OH (or O). Like
for CHa, the relative contribution of electron impact dissociation of CO;
decreases upon higher N3 fractions, as the higher gas temperature promotes
the thermal reactions between the heavy species. While dissociation from CO;
is the most important formation reaction for CO, another (less important) CO
formation pathway is by reaction of OH and C;H; (R3.12). Several loss reactions
of CO exist towards CO2, O and CHs, but they are not added to the scheme,
because their rates are several orders of magnitudes lower than the formation

pathways.
CO, + H—- CO + OH (R3.10)
CO,+e—->CO+0+e (R3.11)
OH + C,H, - CO + CH; (R3.12)

C2Hz is mainly formed upon reaction of H, with CoH (R3.13), which is also the
major loss reaction for H,. CoH; has two different loss reactions with OH, i.e., a
small fraction forms H (R3.14) while the majority is lost towards H,O (R3.15).
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The latter reaction is also the major loss process of OH. Finally, H,O is converted
again to H, upon reaction with H (R3.9), and to OH upon reactions with CHs or
H (R3.5, R3.9).

H, + C,H — H + C,H, (R3.13)
C,H, + OH = H,0 + C,H (R3.15)

3.5 Conclusions

In this chapter, we investigated the effect of N; on plasma-based DRM in a GAP,
by means of experiments and a computational model. Overall, a N, content of
20% was found to be optimal in terms of overall performance, achieving a total
conversion of 25.8%, and (absolute) conversions of 28.6% for CO2 and 35.9% for
CH,4 at a total energy cost of 2.2 eV/molec (or 8.7 kJ/L) and energy efficiency of
58%. The syngas components (CO and H) are the major products, but the
model reveals that some C;H; (and H,0) are also formed. The computational
model reaches reasonable agreement with the experimental conversions,
product yields and selectivities, energy cost and energy efficiency, and can thus
be used to elucidate the underlying mechanisms and explain the trends of N3
addition.

As N2 remains largely unconverted, virtually all plasma energy taken up by N;
molecules through inelastic collisions with electrons is eventually being
distributed to the translational degrees of freedom. The addition of N to the
mixture also lowers the isobaric heat capacity of the overall mixture. Combined
this leads to higher maximum gas temperatures reached in the plasma, from
around 3200 K without N, up to 4400 K upon 80% N> addition. This higher
temperature is shown by the chemical kinetics model to significantly accelerate
the DRM reactions, enhancing the (absolute) conversions of CO, and CHa.

Indeed, our models reveal that the addition of N, promotes the conversion of
CO2 and CHs through thermal conversion reactions, rather than through
electron impact reactions. The addition of N also reduces the power that is
needed to achieve a certain plasma current, and thus the plasma can operate
at lower SEI, for a constant gas flow rate. Indeed, the N; molecules are virtually
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not dissociated (and thus not converted in chemical reactions), but they only
undergo ionization (and excitation). This enhances the electron production rate
due to the extra ionization channels, thus increasing the electron density. A
higher electron density leads to a higher plasma conductivity, so less power is
required to achieve the fixed plasma current in the experiments when more N3
is present, thereby reducing the SEl of the process.

Hence, both the higher absolute conversion and lower SEl at increasing N»
fractions are beneficial, but on the other hand, diluting the CO,-CHa fraction
reduces the effective conversion of CO, and CH4. However, at N, fractions
around 20%, the advantages of adding N; outweigh the dilution effect,
improving the energy efficiency of the process with respect to pure CO;-CH4
mixtures, by 21%, i.e., from 37 to 58%, and reducing the energy cost from 2.9
to 2.2 eV/molec (or from 11.5 to 8.7 kJ/L).

In conclusion, we have shown that the addition of N, a component in many
industrial emissions, can significantly improve the energy efficiency of plasma-
based DRM, thus bringing this plasma-based process a step closer towards real
applications.
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4 Plasma-based DRM: Plasma effects vs. thermal
conversion

The results presented in this chapter are published in:

e Slaets, J.; Loenders, B.; Bogaerts, A. Plasma-based dry reforming of CHa:
Plasma effects vs. thermal conversion. Fuel 2024, 360, 130650.
https://doi.org/10.1016/j.fuel.2023.130650.

4.1 Introduction

As discussed previously in section 1.3.2, there are still gaps and limitations to
the understanding of the chemical kinetics of DRM. Therefore, this chapter aims
to gain a broader understanding of the effects of plasma parameters on the core
chemical kinetics under warm plasma conditions. Further, this chapter is not
specifically limited 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% CHyg,
which has not been demonstrated before for warm plasmas. We compare the
kinetics of thermal gas chemistry with that of plasma-based conversion and
illustrate differences and similarities between them. It has indeed been shown
that within plasma systems, thermal chemistry can be an important contributor
to the conversion process.*® 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,31,32:88,33,50-52,75,83,86,87
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.
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4.2 Computational details

The focus of this chapter is to study the influence of various parameters, i.e.,
gas temperature, plasma power and CO,/CHs 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.®3 Detailed explanation on this model was given in section 2.1.

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.

421 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 1469 reactions. A list of the species included in
the model is given in Table 4.1 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 Appendix D (Table D-1).
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In total, 336 different electron impact reactions are taken into account for the
calculation of the EEDF (see Appendix; Tables D-1 and D-2), 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.8? 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.

Table 4.1 Overview of species included in the chemical kinetics set, excluding the electrons.

Neutral species lons

C c

0, 0;, O3 0%, 0%, 07, 0y, O3

H, H2 H*, Hy*, Hs*, H°

CO, CO; Co*, COoy*

CH, CHa, CH3, CH4, C2H, C3H2, CoHs, CH*, CHy*, CHs*, CH4*, CHs*, CoHT,
C2Ha, C2Hs, CoHs C2H»", CoHs*, CoH4™, CoHs*, CoHe*
OH, Hzo, HOz, H.0; OH+, H20+, H30+, H02+, OH"

CH,CH,0H, CH,CO, CH,0H, CH3CH,O, HCO*
CH3CH>0H, CH3CHO, CH3CHOH,

CHsCO, CH3COOH, HCCO, CH30,

CH30H, CH300, CH300H, COOH,

HCHO, HCO, HCOOH
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Furthermore, some assumptions were made in the kinetics scheme or reactions
involving electrons. The associative ionization rate coefficients (reactions 549-
551, 1084, 1085, 1156, 1157, 1201 in Table D-1) 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.°’. The electron detachment reaction from OH ions
(reaction 457 in Table D-1) 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 COy* were also estimated based on the generalized formulation of
Kossyi et al.?2, although these reactions turn out to have minimal impact on the
overall scheme (reactions 1159-1162 in Table D-1).

4.2.2 Simulation details

In this chapter, we focus specifically on the kinetics in the active plasma region,
without considering an afterglow or post-plasma effects, which are studied in
next chapter. We varied the gas temperature between 1000 and 4000 K, which
is in the typical range for warm plasmas?'3, for five different CO,/CH4 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/cm?3) and plasma
(500, 1000, 1500 W/cm?3) simulations. These power densities are typical for
warm plasmas, as obtained from different literature sources?®2831-3393-97 (gee
comparison in Table 4.2).

“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.8!, where a
residence time distribution up to 17.5 ms was reported based on CFD
simulations of their arc reactor. Additionally, Dahl et al.®® 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
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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.?® 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.®°72 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. Therefore, the trends and relative values of the species
densities predicted by the model are more important than the absolute values.

Table 4.2 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 c¢m, our chosen power
density values (500, 1000 and 1500 W cm) provide good coverage of this literature data.

Plasma Power (W) Volume (cm3) Power density (W cm3)  Ref.

GAP 500 0.37 1351 31
GAP 224 0.383 585 9
GAP  225-475 0.3 1731 -3653 26
APGD  90- 160 0.43* 209 - 372 28
cAPGD 100 0.43* 233 28
CAPGD  80-125**  (.43* 186 — 291 33
GAP  349-472  0.14* 2415 — 3266 32
MW 900-1400  1.08-2.19*  639-833 Z
MW  550-700  0.71* 772 - 982 97
GA 1300 0.68* 1916 %
GA 1000 0.75* 1326 %3

* Estimated based on the reactor geometry
** Estimated from figures
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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. 4.1, with Acs the concentration difference for species s between the
results that are compared and ws 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.

Xs(WslAcgl)

wMAD = S (4.1)
4.3 Results and discussion
431 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. 4.1), shown in Figure 4.1. The
corresponding species concentrations (comparison of thermodynamic
equilibrium vs. thermal kinetics simulations) for the 50/50 mixture are plotted
in Figure 4.1(b), as a reference. The comparison at the other mixing ratios is
presented in the Appendix, Figure B-1.

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 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 a validation of the thermal chemistry in our model. This
comparison only confirms the model’s ability to reproduce the chemical
composition at equilibrium. It does not validate the chemical reactions included
or the associated rate constants on an individual basis, which may still be
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subject to uncertainty. As a result, the timescales at which specific reactions or
pathways occur may deviate, potentially leading to an over- or
underrepresentation of intermediate species. Additionally, the residence time
at which intermediates are formed or steady state is reached could be different.
Nevertheless, this analysis does provide us with additional confidence in the
overall chemistry set.

Figure 4.1 (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,/CH, 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. Note that at thermodynamic equilibrium (or steady state) nearly all CO; and CH, is
converted into CO and H,, even at/above 1000 K, while above 2500 K, H. starts to be dissociated.
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4.3.2 Comparison of plasma and thermal kinetics
4.3.2.1 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 4.2.
It is clear that, above 2400 K, also the plasma concentrations agree with the
thermodynamic equilibrium concentrations plotted in Figure 4.1(b). Below
2400 K, CO; and CH4 are not yet dissociated within this short residence time
(Figure 4.2(a)), and H20, C;H, and CyHa are formed to some extent (Figure
4.2(b)), which will react away before thermodynamic equilibrium is established.

The thermal conditions show no conversion below 1400 K, and thus CO, and
CHa are the only species present. The corresponding plasma conditions do show
clear conversion already in this temperature range, being somewhat higher for
CHa than for CO3, which is logical, based on the C-H vs C=0 bond strength (i.e.,
439 vs 532 kJ mol?)!%, Both CO, and CH4 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;Ha4), for both thermal and plasma conditions. While syngas
(CO and Hy) is the dominant product (Figure 4.2(a)), the formation of H,O is also
quite important (Figure 4.2(b)), and most significant at 1800 K, competing 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
C2Hz and H;0 drop and become negligible around 2400 K. Simultaneously, the
CO2 and CHs4 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

60



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 is
not considered in our model.

Figure 4.2 Calculated concentrations of the main plasma species for the temperature range of
1000 to 4000 K and a 50/50 CO,/CH, ratio, at a residence time of 10 ms, for both thermal (dotted
lines) and 1000 W/cm? plasma conditions (solid lines).
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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 4.1(b)),
indicating that the kinetics is fast enough to reach steady state within the
simulation time of 10 ms.

4.3.2.2 Deviation between plasma and thermal kinetics

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 4.3 presents the deviation (WMAD) 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?3. 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.

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 4.3.2.3. 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
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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 the conversion, resulting in a negligible deviation
between the thermal and plasma conditions, with a wMAD below 0.2%.

Figure 4.3 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,/CH, ratio.

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 4.4. For mixtures with an excess of CHa (i.e., 30/70 and 10/90
CO,/CHa4), 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 4.3.4.1. As expected, the difference between thermal and plasma
kinetics slightly rises with the applied power density. The maximum wMAD for
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the different mixtures ranges between 4.1 and 6.4% for 500 W/cm3, while for
1500 W/cm?3, it is between 12 and 19%, see the Appendix (Figure B-2). In the
rest of this chapter, we will focus only on the 1000 W/cm? case, being the
intermediate power density.

Figure 4.4 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 CO,/CH, ratios (90/10, 70/30, 50/50,
30/70, 10/90).

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.

4.3.2.3 Product formation as a function of time

In Figure 4.2 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
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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 Appendix B,
Figure B-3). 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 4.5, for a gas temperature of 1500,
2000 and 4000 K, and for both thermal and (1000 W/cm?3) plasma conditions,
at a 50/50 CO,/CH4 ratio.

Figure 4.5(a) presents the time evolution at 1500 K, where the effects of the
plasma kinetics were most significant, according to Figures 4.2 - 4.4, 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,0 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 4.5(b) illustrates the species concentrations as a function of time at 2000
K, where the plasma and thermal kinetics exhibit a negligible deviation; cf.
Figures 4.2 - 4.4 (with a wMAD of only 0.44%). Compared to Figure 4.5(a) (at
1500 K), the temporal concentration profiles look similar, but they are shifted
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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
in section 4.3.3.

Figure 4.5 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 steady state is already reached much earlier in time. Also, note that at 4000
K (panel (c)) H and CHs are major species, instead of H,O, C.H, and C;H4, which are formed less
than 1%.
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Both Figures 4.5(a) and 4.5(b) indicate that the reaction pathways can be
summarized as the conversion of CH4 being the first step, yielding the formation
of Hy and C;-hydrocarbons (C;H, and C;Hs). The conversion of CO; is slightly
slower than for CH4 and results in the formation of CO and H0, the latter being
obtained through the reverse water gas shift reaction (R4.1). This explains the
temporary drop in H, concentration.

CO, + H, - CO + H,0 (R4.1)

Before reaching steady state, the created H,O and C; species react further into
CO and Hs. 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, CoH, reaches its maximum at 66 ms at 1500 K
(Figure 4.5(a)) and at 0.40 ms at 2000 K (Figure 4.5(b)), while C2H4 (which is even
more valuable) reaches its maximum at 14 ms and 54 ps, 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'®?, 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 4.5(c) for 4000 K. The conversion does not proceed via H.0, C;H; or
CyHa, like at 1500 and 2000 K, but instead, CHs and H radicals are formed in
major concentrations, due to faster thermal CH4 dissociation. The CHs 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 4.2 -
4.4, 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 4.5 looks similar in
shape to the temperature dependence in Figure 4.2. 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;, C:Hs and H,0 shown in Figure 4.2(b) results from different
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points along the reaction path. The 10 ms timepoint at 1500 K (Figure 4.5(a)) is
early in the reaction pathway, where the conversion just started. In contrast,
the 2000 K case (Figure 4.5(a)) is already more towards the end of the pathway,
closer to reaching steady state. Hence, the maximum concentrations for C;H,
CHa and H;0 were already reached and both species are reacting away at the
10 ms timepoint, explaining why their concentrations are lower in Figure 4.2(b)
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%.

433 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 CHa in a
50/50 CO,/CH4 mixture are presented as a function of temperature in Figure
4.6. The conversion as a function of temperature is also plotted, for comparison.
Itis clear from Figure 4.6(a) 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.

The CHa conversion occurs through heavy species reactions (see Figure 4.6(b)).
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 CHa dissociation upon collision with O radicals (first
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reaction in the legend of Figure 4.6(b)). This means that one dissociated CO;
molecule can dissociate two CHs molecules, by these two reactions. This effect,
together with the lower C-H bond dissociation energy, 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 4.6).

Figure 4.6 CO; (a) and CH,4 (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,/CH, at a residence time of 10 ms.

Above 1500 K, reactions with H, CHs and C;Hs take over as the main loss
reactions for CH4. The reactions with CHsz and C;Hs 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
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formation of H;0, effectively capturing H radicals, and thus lowering their
contribution to CH4 dissociation.

For temperatures above 2500 K, the CH3 and C; radicals formed in the above
dissociation reactions (see legend in Figure 4.6(b)) quickly convert further into
CO and H, allowing less of them to react with CHs, 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 CHa4
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
CHa dissociation throughout the entire temperature range, with a maximum of
13% at 2000 K. Above 3500 K, thermal dissociation of CH4 into H and CHs 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.*® in which the reaction
with H is the main dissociation reaction for both CO, and CHs at a gas
temperature of 2500 K.

Our model indicates that direct dissociation of CHs 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 CHs, 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 4.7). Firstly, this
figure shows that the electron density steadily increases from around 2x10*! to
2x10%3 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 4.6). 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 CO5.
This in turn leads to higher reaction rates for electron impact dissociation
reactions, increasing their contributions in Figure 4.6. While it is logical that the
electron temperature decreases upon rising electron density, the sharp
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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,,
C2H2 and H,0 (Figure 4.2). Therefore, we relate this lower electron temperature
above 1700 K to these species. They have larger elastic collisional cross sections,
compared to CO; and CH4, and combined with their higher concentrations, this
results in more electron energy loss, i.e., a lower electron temperature.

Figure 4.7 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,/CH, 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. Figure 4.4 and Figure B-2 (in the Appendix)
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.

Electron impact dissociation occurs through excitation to high electronically
excited states, which requires more energy than direct thermal dissociation.1213
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
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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).13’31_34’37’102’103

43.4 Effect of gas mixing ratio

In previous section (4.3.2) we only considered the stoichiometric gas mixture
(50/50). In this section we extend the analysis to mixtures with excess CO; or
CHa. 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 R1.1 in the Introduction.

4.3.4.1 Mixtures with excess CO;

For mixtures with excess CO; (i.e., 90/10 and 70/30 CO,/CHs ratio) the
concentrations of the major species are plotted as a function of temperature in
Figure 4.8. 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,/CHs ratios, respectively. These values
agree with the concentrations at thermodynamic equilibrium, presented in the
Appendix (Figure B-1(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
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CO,/CH4), the CO; conversion is strongly limited by the thermodynamic
equilibrium, while a complete conversion of CH4 can be achieved below 2000 K.

Figure 4.8 Calculated concentrations of the main plasma species (> 4%) as a function of
temperature, for a 70/30 and 90/10 CO,/CH, 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 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.

Itis also clear from Figure 4.8 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,/CHa 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;0. This is also indicated by the
thermodynamic equilibrium concentrations (Figure B-1, in the Appendix). This
is in contrast with the 50/50 CO,/CHa ratio, where H,0 was only an intermediate
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species in the reaction pathway towards H, and CO (cf. Figure 4.5). 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,0 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 reaction R4.2 as a side reaction, which is the combination of the
DRM (R1.1) and twice the reverse water gas shift reaction (R4.1).

3 €0, + CH, - 4 CO + 2 H,0 (R4.2)

Above 2500 K, H, OH and O radicals are also formed in significant amounts, due
to thermal decomposition of H;, H,0 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 5465760 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;H4 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 4.6. Figure 4.9 depicts the
relative contributions of the main loss reactions for CO, and CHs in a 90/10
CO2/CH4 mixture as a function of temperature. The same trends are observed
for the 70/30 mixture, which is presented in the Appendix (Figure B-4).

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 CO2/CHa4 mixture, where electron impact dissociation became negligible
above 2000 K (Figure 4.6). Figure 4.4 indeed shows a slight difference between
the plasma and thermal calculations in this temperature range for the 90/10
CO2/CH4 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 4.9(a)), similar to the 50/50 ratio. Finally, for
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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.

Figure 4.9 CO; (a) and CH,4 (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,/CH, at a residence time of 10 ms.

For CH4 dissociation (Figure 4.9(b)), largely the same reactions and temperature
dependence is observed as for the 50/50 ratio of CO,/CH4 (Figure 4.6). However,
reactions involving CHs dissociation products (H, CHs, C;H and C;Hs) do
contribute less, which is logical, as the excess of CO; reduces their overall
concentration. The contribution of C;H and C;Hs are reduced to less than 5%
over the studied temperature range (1000 — 4000 K) and therefore not shown
in Figure 4.9(b). 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,/CHas; Figure 4.6). Finally, also thermal
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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.*° for the same
CO2/CH4 ratio at 2500 K, where the reaction with H is again the largest
contributor to CO; dissociation, while for CH4 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.

4.3.4.2 Mixtures with excess CHs

Figure 4.10 shows the species concentrations as a function of temperature, for
mixtures with excess CHs (i.e., 30/70 and 10/90 ratio). The corresponding
thermodynamic equilibrium concentrations are plotted in the Appendix (Figure
B-1(c,d)). The much lower O atom concentration in the mixture limits the
oxidation of CH4 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. CHq is still fully converted above 2000 K, although not to CO, but to H, and
CyHa. Hz 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.
CzH; 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 Hy, 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»/CHs mixtures,
respectively. As inferred from Figure 4.5, 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 CoH.
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Figure 4.10 Calculated concentrations of the main plasma species (> 4%) as a function of
temperature, for the 30/70 and 10/90 CO,/CH, 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 (c 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 reaction R4.3 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 4.3.5. However,
mixtures with excess CHs4 are more difficult to handle in practice, due to
excessive solid carbon formation,3*-38 which is not taken into account yet in our
model. On the other hand, our model does show significant formation of C;H,,
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which might be overestimated as this is an important precursor species for the
formation of solid carbon,?1%4105 which is not yet accounted for in our model.

2 CH, » C,H, + 3 H, (R4.3)

The relative contributions of the main loss reactions for CO, and CH4 in a 10/90
CO2/CH4 mixture as a function of temperature are presented in Figure 4.11. The
same trends are observed for the 30/70 mixture, which is presented in the
Appendix (Figure B-5).

Figure 4.11 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 10/90 ratio of CO,/CH, at a residence time of 10 ms.

The reaction mechanism for dissociation of CO; (Figure 4.11(a)) is very similar
to that for the 50/50 CO,/CHa mixture (Figure 4.6(a)). 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 CHa (Figure 4.11(b)) there
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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 CHa dissociation products further increase their contribution
to the dissociation process of CHa. Therefore, reactions with CHz and C;Hs
become 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 CH4, 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 4.11(b). This is caused by the much
higher concentration of CHa dissociation products in the mixture.

435 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.?* The CO,/CHj4 ratio is important for
controlling the syngas ratio, as illustrated in Figure 4.12, which depicts the
syngas ratio as a function of temperature at 10 ms for the five gas mixtures.

Near 1000 K, all gas mixtures result in syngas ratios below 1, even though at
these conditions more CHs4 is converted than CO;. Indeed, the syngas ratio
remains low due to the formation of side products, like H,O, C;H, and CzHa,
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 CHa4 conversion, and the fact that
steady state is not yet reached within 10 ms at this temperature (cf. Figure 4.5).
The difference between the CHs and CO; conversion reaches a maximum
around 1500 K, leading to the highest syngas ratios (see Figure 4.12). For the
most extreme cases (i.e., 10/90 and 90/10 CO,/CHa ratios) syngas ratios of 54
and 1.0 are reached, respectively. The other CO,/CH4 ratios provide syngas
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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 CHs 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 CHa, 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 4.3.4, allowing
for more H, formation through reaction R4.3. 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.

Figure 4.12 Syngas ratio (H,/CO) obtained at a residence time of 10 ms, as a function of
temperature, for five different CO,/CH, 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).

Hence our model predicts that syngas ratios of 2 (and above) are achievable for
all gas mixing ratios, except for 90/10 CO,/CH4, at a temperature around 1500
K, due to kinetic effects, because the CH4 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
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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,/CHa ratio, at high conversion and
thus also high syngas yield.

4.3.6 Final considerations: Limitations of our model and of DRM

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,%45657:5960 and because not all gas will pass through the active plasma
region, and thus, being subject to conversion.?6?831106 The unconverted
reactants (CO, and CHa), as well as the side products (like C;H; and H20) 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 CH4, 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/H20 (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.%”1% This may be interesting
to investigate in future work.
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4.4 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,/CH4 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. We were 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 CHs4 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
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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
temperatures where steady state is reached, the CO2 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 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 H3, and high H,0 production are unfavorable
for further processing. On the other hand, for gas mixtures with an excess of
CHg, 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 vyield. At higher
temperatures, where steady state is reached, high syngas ratios can be obtained
by using gas mixtures with an excess of CHs. We found a mixture of 30/70
CO,/CHa4 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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5 Afterglow quenching in plasma-driven DRM: a
detailed analysis of the post-plasma chemistry via
kinetic modelling

The results presented in this chapter are submitted for publication in:

e Slaets, J.; Morais, E.; Bogaerts, A. Afterglow quenching in plasma-based
dry reforming of methane: a detailed analysis of the post-plasma
chemistry via kinetic modelling. Submitted to Fuel.

5.1 Introduction

While the gas conversion in warm plasmas is typically driven by thermal
chemistry, as discussed in chapter 4, the downstream gas temperature (i.e., the
afterglow or post-plasma region, outside of the plasma zone) may still be
sufficiently high to enable reaction pathways that can influence reactor
performance in different manners, as previously discussed in section 1.4 of
chapter 1. The conversion can decrease due to reverse reactions, the product
distribution can change, or the conversion can increase leading to a higher
product yield. Different experimental methods of quenching and their effect on
the DRM performance were discussed in section 1.4. In this chapter, we explore
the effects of these post-plasma quenching methods on the chemical kinetics
for DRM, and elucidate the mechanisms involved in the observed conversion
and selectivity trends. Our model incorporates two distinct approaches to post-
plasma quenching: (i) heat removal from the system (emulating the
introduction of a cooled rod, hence conductive cooling), and (ii) the mixing of
cold gas in the post-plasma region (emulating the introduction of a nozzle, or
simply adding cold gas in the afterglow). In the interest of model versatility and
relevance, we do not limit our work to specific reactor designs or operating
conditions; instead we focus on general warm plasma conditions. To this end,
we study a wide range of conditions, with plasma temperatures between 2000
— 4000 K and three different CO,/CH, ratios, i.e., stoichiometric (50/50), excess
CHa (30/70) and excess CO; (70/30). We compare different degrees of gas
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cooling, achieved with both methods, and evaluate the effects of the ensuing
temperature decrease on conversion, selectivity and energy cost. Our primary
objective is to obtain a better understanding of the post-plasma kinetics upon
gas cooling. These insights can help experimentalists towards potential
improvements and new reactor designs for further advancement of plasma-
based DRM technologies.

5.2 Computational details
5.2.1 Simulation details

This in-depth (yet general) study of multiple conditions and approaches is again
conducted using the 0D chemical kinetics model described in section 2.1. A
schematic overview of the simulation domain is given in Figure 5.1(a),
illustrating the plasma zone with a constant temperature, followed by the
afterglow in which the gas temperature decreases, as the hot gas is quenched.
The plasma conditions are consistent with those in chapter 4, i.e., the gas
temperatures between 2000 — 4000 K (typical temperature range for many
warm plasmas'3) and the residence time in the plasma zone of 10 ms
(reasonable assumption following the works of Van Alphen et al.8! and Dahl et
al.?®). To demonstrate the effects in the post-plasma region, we present the
important parameters (conversion and selectivity) at points A and/or B
(indicated in Figure 5.1), as a function of the plasma temperature.

Two quenching approaches are tested within the post-plasma region, which
divides this study into two main parts: (i) in the first approach, we model an
afterglow system which is cooled through conductive heat loss (from point A to
point B in Figure 5.1), aiming to study the effects of temperature decrease on
the reaction kinetics. This conductive cooling is enhanced with a factor, ¢, (1, 10
and 100) with more details given in section 5.2.3. (ii) In the second approach,
the cooling stems from mixing room-temperature gas with the hot afterglow,
introducing ‘fresh’ and ‘cold’ gas molecules which will reduce the overall gas
temperature. In this study, the cold gas mixture introduced post-plasma is
identical to the unconverted gas mixture. The freshly added CO, and CH4
molecules will be dissociated by the relatively high temperatures in the
afterglow, resulting in altered kinetic pathways and extra overall conversion.
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Figure 5.1 (a) Schematic overview of the simulation domain, showing the plasma and post-
plasma/afterglow zones, plasma temperature (Tp) and residence time (t.s, which is typically
around 10 ms)®+%8, (b) Schematic overview of the enhanced mixing approach, indicating the
plasma and post-plasma/afterglow zones. The cold unconverted gas is only added after the
plasma, either from a peripheral region around the plasma zone or from a secondary inlet. The
important points in the simulations are compared in the results and discussion section. (A)
corresponds to the end of the plasma zone (at the plasma temperature, immediately before the
temperature drop), and (B) to the end of the afterglow after all quenching has taken place.

Since this mixing approach does not consider conductive heat loss to the
reactor walls, i.e., the post-plasma region is assumed to be perfectly thermally
insulated, the addition of cold gas is the only factor that influences the gas
temperature and in turn the kinetics. Hence, without other means to decrease
the gas temperature, optimal conditions are created to attain the highest
possible conversion of the added gas. This is due to the redistribution of the
available energy over more gas molecules, since this quenching method does
not remove heat from the system. Thus, to guarantee a realistic cooling and a
temperature drop sufficient to stop all reactions, a large amount of cold gas
must be added. In our case, we found that adding a cold gas stream nine times
larger than the initial flow (i.e., diluting the fraction that travelled through the
plasma to 10%) meets this criterion. We change the mixing time between 1, 10
and 100 ms to modulate the cooling strength, which is further explained in
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section 5.2.3. This results in temperature gradients in the afterglow similar to
the conductive cooling approach.

By studying these two quenching approaches in our model, i.e., the enhanced
thermal conductivity (or fast conductive cooling) and enhanced post-plasma
mixing, we aim to provide insights into the reaction kinetics in post-plasma DRM
processes. We note that these approaches are not directly comparable to
experimental conditions, thus the trends and general findings resulting from the
model are more relevant than the absolute values.

5.2.2 Chemistry

The species and reaction scheme used in this chapter are the same as in chapter
4. However, we demonstrated in chapter 4 that within the studied temperature
range, the kinetics is dominated by thermal chemistry. Therefore, the DRM
thermal kinetics suffices to describe the plasma region, hence electrons and
ions and their respective reactions can be neglected, simplifying the
simulations. In terms of applicability, this approach broadens the potential of
our results, since the gained insights can be expanded beyond plasma-specific
conditions. This amounts to a total of 40 species and 728 reactions. These
species are listed in Table 5.1, and a list of the reactions with the corresponding
rate coefficients and respective references is provided in the Appendix (Table D-
1).

Table 5.1 Species included in the chemical kinetics set.

C

0, 0z, O3

H, H;

CO, CO;

CH, CHy, CHs, CHa, C2H, C2H3, C;H3, CoHa, CoHs, CoHe

OH, H>0, HO3, H,0,

CH,CH,0H, CH,CO, CH,0H, CH3CH,O, CH3CH,0H, CH3CHO, CH3CHOH,
CH3CO, CH3COOH, HCCO, CHs0, CH30H, CH300, CH300H, COOH, HCHO,
HCO, HCOOH
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5.2.3 Equations in the model

The calculations are again performed using the ZDPlasKin® code, which solves
the mass conservation equation as described in section 2.1. In this chapter the
standard mass conservation expression is expanded with two other terms to
include an additional source term to facilitate the mixing method of quenching
and a term to correct for gas expansion. The former is used to introduce new
species in the system upon mixing with unconverted gas (as explained in section
5.2.1) based on a rate (Rmix) and the fraction added of each species in the model
(xmixs). These species are limited to CO, and CH4, and their fractions are defined
by the CO2/CH4 gas mixing ratio, i.e., 30/70, 50/50 and 70/30. The mixing rate
(Rmix) is defined as a source term that represents species transport from the
surrounding cold unconverted gas flow into the modelled plasma effluent
volume (as shown in Figure 5.1(b)). This is given in Eq. 5.1, where nnixis the total
number density of gas that is added during the mixing process, Tmix is the
characteristic mixing time, tac is the time in the afterglow and « is the gas
expansion factor. The dilution of 10% (i.e., flow of unconverted mixing gas being
nine times higher than the plasma effluent) is used in all conditions, which
results in nmix = 2.25x10%° cm3, equal to nine times the initial number density
at 293.15 K and 1 atm. Because the mixing is given by an exponential function,
it only tends to zero asymptotically (never actually becoming zero). For
reference, 99% of the mixing has occurred at 4.61, 46.1 and 461 ms in the
afterglow for the characteristic times of 1, 10 and 100 ms. Since this is not the
focus of our study, these values are arbitrarily chosen to modulate the mixing,
and more important is the effect of the cooling rate on the kinetics.
taG

Amix o Tmix (5.1)

Tmix

Rmix = @

All simulations are conducted at a constant pressure of 1 atmosphere, and this
is directly linked to the absolute number densities for each species in the model.
There are two factors that influence the total number density in the system:
temperature and chemical reactions. As chemical reactions take place, and the
gas temperature changes, the gas needs to expand or contract accordingly if the
number density changes, to maintain a constant pressure. To account for this
reactive expansion and thermal expansion, the Rexpansion term is added to mass
conservation equation. This correction parameter is given in Eq. 5.2, in which ns
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is the number density of the species s for which the mass balance is solved, n;
the number density of all species in the model j, a®;; and a';; the coefficients of
j in reaction i, R; the rate of reaction i, Rmix the rate of gas mixing (when
applicable), dT/dt the temperature change with respect to time, ks the
Boltzmann constant, Pp the pressure (1 atm) and T the gas temperature.

_ n j ng dT P
Rexpansion - - T;] (Z] Zi:l[(a;{i - ajl:i) ’ Ri] + Rmix ) - 3] :11' EkB'(l)“z (5-2)

The gas expansion is still monitored throughout the simulation using Eq. 2.13,
given in section 2.1.

While the temperature is kept constant in the plasma portion of the simulation,
in the post-plasma portion the heat balance equation is solved to calculate the
temperature self-consistently. ZDPlasKin normally considers a system at
constant volume by using the ratio of specific heats to describe the isochoric
heat capacity. However, in this model we consider a system at constant
pressure, and therefore the isobaric heat capacity is included instead, thus
accounting for volumetric expansion. This heat balance equation is given in Eq.
5.3, in which Rgqs is the universal gas constant, ¢, mix is the heat capacity of the
mixture, dT/dt represents the change in temperature with respect to time,
Qreaction is the heat gained or lost as a result of reactions, while Qconductive and
Qmixing represent the conductive heat losses and the heat losses resulting from
post-plasma mixing, respectively.

Cp,mix(T) dT

Rgas dt Qreaction T Qconductive T Qmixing (5.3)

The isobaric heat capacity of the gas mixture cp,mix is given in Eq. 5.4. This is
calculated as the sum of the heat capacity ¢y of the individual species i
(obtained from McBride et al.®” and Burcat et al.®®) weighted to the number
density n; of the species i over the total number density nior.

nj

Cpmix(T) = Xicp;i(T) (5.4)

Ntot

The heat exchange due to reactions (Qreaction) is calculated using Eq. 5.5, with Ng
the total number density of the heavy species in the simulation, R; the reaction
rate of reaction i and €; the reaction enthalpy of reaction i.
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Qreaction = - Ng :{gas Zi[ei (T) Ri] (5-5)

The temperature-dependent reaction enthalpy € is calculated for reaction i
using Eq. 5.6, in which afs; and a’s, are the coefficients of species s in reaction i
at the right and left side of the reaction, respectively, and H; the temperature-
dependent enthalpy of formation of species s (obtained from McBride et al.®’
and Burcat et al.®8).

&(T) = Xolaf — ag] H{(T) (5.6)

The conductive heat loss is calculated using Eq. 5.7, in which T is the gas
temperature, Ty is the reference wall temperature (293.15 K), ks the Boltzmann
constant, r the radius of the plasma (chosen as 1 cm), Amix the thermal
conductivity of the gas mixture and ¢ an additional factor to artificially increase
the external cooling (varied between 1, 10 and 100). This additional c-factor is
similar to the one used by Vermeiren et al.>* The equation assumes a parabolic
temperature profile with T being the radially average temperature and To the
temperature at the wall.}®® This provides a basic approximation of the
temperature in the afterglow. The exact and precise value, however, is not the
main focus of our study, as the most important effect here is the cooling rate on
the kinetics. For the simulations that investigate post-plasma mixing, this
conductive cooling term is set to zero. This is done to emulate a perfectly
insulated system, which will isolate the effects of mixing by eliminating
competition with conductive cooling. This also creates the optimal conditions
for conversion of the freshly mixed gas.

8}\mix(T)
Qconductive = —C — [T - TO] (5.7)

Ng kB r2

The thermal conductivity, used in Eq. 5.7, is calculated as the mixture-averaged
conductivity using the Mason Saxena equation (Eq. 5.8),'1% in which i and k are
the species in the model, A; is their temperature-dependent thermal
conductivity (obtained from the polynomials provided by McBride et al.'!?), x;
and x, are their molar fractions and Gk is a factor calculated using Eq. 5.9.

Ais (1) = SN[+ B G| (53)
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The factor Gi for species i respective to species k is given in Eq. 5.9, in which M
is the molar mass and u the viscosity (obtained from the polynomials provided
by McBride et al.!1).

1 1 1

Gie = 52 (1+ l\“f—k) 2 [1 + (%) (::—k)l (5.9)
Finally, when applying post-plasma mixing, additional species are added to the
afterglow without the removal of other species, which effectively increases the
size of the system. Besides, since these new species do not have the same
temperature, an amount of energy is required to equalise the temperature of
these species to the rest of the system, which affects the heat balance. This is
accounted for in the mixing heat term (Qmixing) defined by Eq. 5.10, in which Rmix
is the mixing rate, xmixs is the fraction of species s in the mixed gas, HJ is the
temperature-dependent enthalpy of species s (obtained from McBride et al.®’
and Burcat et al.®8), T is the gas temperature and Ty is the temperature of the
mixing gas (293.15 K). In the first set of conditions, where enhanced conductive
cooling is used to quench the afterglow, no mixing is used and therefore this
Qumixing term is zero.

Rmix
Qmixing = Ng Rgas Zs Xmix,s [Hg(TO) - Hg(T)] (5.10)

The reactant conversion and product selectivity are calculated using the
equations explained in section 2.2. However, to simplify the understandability
and presentation of the results, we display only one value for each product,
prioritising the base-atoms in the following order: first carbon (C), then
hydrogen (H), and finally oxygen (O). In some cases, product selectivities for
different base-atoms are shown in the same figure, thus it is important to keep
in mind that the sum of the selectivity can be above 100%. Once again, the
results will focus on the individual products and general trends, but not the total
sum.

Another important evaluated metric is the energy cost of the process. To this
end, we calculated energy cost of conversion, as the ratio between the energy
input and the obtained conversion (as defined in Eq. 2.20 in section 2.2). In
practice, the lower the energy cost, the more energy efficient the process is. In
our case, because we set a constant plasma temperature, no energy input is
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defined. Therefore, we utilise a minimum energy input (MEI), which is defined
as the enthalpy difference between the initial state (CO2 and CHa at 293.15 K)
and the state in the plasma (at the fixed temperature). This represents the
minimum possible energy required to obtain this state. It is calculated using Eq.
5.11, in which H{ is the formation enthalpy of species s, ns is the species density,
o is the gas expansion factor and N4 is Avogadro’s constant. The formation
enthalpy is determined from the thermodynamic data from McBride et al.®” and
Burcat et al.?®. We use this MEI concept to define the minimum energy cost of
conversion (MEC) (Eq. 5.12), which represents the minimum energy cost
achievable for these conditions. y:: is the weighted average of the CO; and CH4
conversion relative to their initial concentrations. Even though this cannot be
compared to experimental data (as the calculations do not consider energy loss
processes), this parameter allows us to compare between our different
operating conditions and evaluate their potential.

MEI = - 5[HE(T) ng a— HE(To) n] (5.11)
MEC = ME! (5.12)
Xtot

For the simulations with post-plasma mixing, we also calculate the additional
conversion (Xadditionat), Which represents the relative increase in conversion
between the end of the plasma and the end of the post-plasma region. This is
determined using Eq. 5.13, in which xend and xpiasme are the conversion at the
end of the simulation and at the end of the plasma region, respectively, and D
is the dilution degree from mixing (10%, as explained above). Note that when
the conversion does not change in the afterglow, xadditionas Will be 0%; and in the
case of recombination, yadditionas Will be negative. Finally, this equation does not
distinguish between further conversion of gas treated by the plasma or
conversion of mixed gas in the hot afterglow.

Xend — D Xplasma
Xadditional = (Tas:m) 100% (5.13)
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5.3 Results and discussion
5.3.1 Post-plasma cooling

We first analyse the results from simulations where conductive cooling is
applied post-plasma. The extent of cooling (and thus quenching) is modulated
by the factor c, as described in the previous section. For the three investigated
CO2/CHg4 ratios (30/70, 50/50, 70/30) and the three different c-factors (1, 10,
100), the resulting gas cooling can be observed in the temperature profiles
shown in Figures C-1 — C-3 in the Appendix. In turn, this gives rise to cooling
rates in the order of 10° — 10® K/s (see panels b, d and f in the abovementioned
figures) at the start of the afterglow. This magnitude of cooling rate has been
proven to be beneficial for the conversion of CO,°%%° which bodes well for this
theoretical study of DRM.

The differences observed in the temperature profiles across the three CO2/CH4
ratios are ascribed to the lesser and greater proportion of CO; or CHs in the
mixture, which affects the thermal conductivity and heat capacity (leading to
changes in the temperature profiles). When slower cooling is considered (c-
factor = 1), exothermic radical recombination occurs at high temperature,
rendering undisturbed temperature profiles and resulting in a smooth
decrease. In the case of faster conductive cooling (i.e., larger c-factors), these
exothermic reactions are forced to occur at lower temperatures, deaccelerating
the temperature drop at certain points in the afterglow. We do not focus on
these absolute temperature profiles in the afterglow for comparing the kinetics,
conversion or selectivity results, instead we focus on the overall trends, which
provide a more qualitative comparison.

Note that for plasma temperatures near 2000 K, a steady state has not yet been
fully reached within the simulated plasma residence time. Therefore, unreacted
CO2 and CH4 and intermediate species from incomplete conversion can still be
present.
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5.3.1.1 50/50 ratio CO2/CH4

The results from simulations with 50/50 CO,/CH4 mixtures and ¢ = 1 are shown
in Figure 5.2. For low plasma temperatures, small fractions of C;H; and H.0 are
present, with the highest selectivity registered at 2000 K — 15 and 16%,
respectively. At this temperature the conversion of CH4 and CO; reaches 93 and
96%, respectively. At higher plasma temperatures, the simulations reach a
steady state in the plasma and the selectivity towards C;H; and H0 is lower,
with less than 1% above 2400 K. As the plasma temperature is increased, more
H radicals are found in the plasma, with a selectivity of 66% at 4000 K. However,
in the afterglow these radicals recombine exclusively to Hz, which occurs
through a two-reaction pathway involving CO, according to our kinetics scheme.
Our simulations show that the measured conversion for this mixture is
preserved in the post-plasma region, with syngas ratio (i.e., H2/CO) of 1, which
corresponds to the theoretical product distribution from the DRM reaction.

Figure 5.2 Selectivity of the main species (above 5%) as a function of the plasma temperature,
for the 50/50 CO,/CH, ratio and c-factor of 1 (no enhanced cooling), at the end of the plasma
zone (point A in Figure 5.1; dotted lines) and end of the afterglow (point B in Figure 5.1; solid
lines). The CO curves (both at the end of the plasma and afterglow) and H; curves at the end of
the afterglow largely overlap. Also, the H,O and C,H; selectivity curves overlap both at the end
of the plasma and afterglow. Near full conversion of CO, and CH, is observed under all
conditions, at the end of the plasma, and maintained till the end of the afterglow.
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When the cooling degree is increased by a ten- or hundred-fold (c = 10, 100),
we observe the same behaviour (see Figure C-4), with only negligible alterations
in minor product species (H20, C2H; and CHs). In summary, our model suggests
that for a 50/50 CO,/CH4 mixture, quenching is not required to maintain the
conversion reached in the afterglow, while the main products are consistently
CO and Ha.

5.3.1.2 30/70 ratio CO2/CHa

For the gas mixture with an excess of CH4 (30/70) (Figure 5.3), both CO; and CH4
are fully dissociated in the plasma region, with conversion above 99% for both
gases. This is the case for all plasma temperatures, except 2000 K where the
conversion process is not fully completed, with CHs and CO; conversion
reaching 97 and 98%, respectively. Also, at 2000 K a H,O selectivity of 3.5% is
observed (from the incomplete conversion process), though this falls below
0.4% for all higher temperatures. Similar to the previous mixture (50/50), the
presence of H radicals at the end of the plasma is clearly identifiable. However,
with an excess of CHs4, also C;H radicals are formed with a maximum
concentration of 20% at 4000 K (see Figure 5.3), and to a lesser extent, C radicals
with a maximum of 5.5% at 4000 K (see Figure 5.3). The recombination of these
radicals in the afterglow forms a large concentration of H, (85%) and C2H; (37%)
seen in Figure 5.3, and small fractions of CoHa (2.5%), which is displayed in
Figure C-5. Overall, the temperature in the plasma has a negligible effect on the
final product distribution. It should also be noted that for this gas mixture the
resulting syngas ratio is 2, which is ideal for further Fischer-Tropsch processing
or methanol synthesis.?*
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Figure 5.3 Selectivity of the main species (above 5%) as a function of the plasma temperature,
for the 30/70 CO,/CH, ratio and c-factor of 1 (no enhanced cooling), at the end of the plasma
zone (point A in Figure 5.1; dotted lines) and end of the afterglow (point B in Figure 5.1; solid
lines). Full conversion of CO, and CH, is observed under all conditions (except for 2000 K, as
explained in the text).

When the cooling rate for this mixture is increased, the main products predicted
by the model continue to be H;, CO and C;H;, without any new products being
formed (see Figure C-5). However, the C;Hs selectivity is reduced to 1.3% for
both c-factors 10 and 100 (compared to 2.5% at c=1). In conclusion, for 30/70
CO,/CH4 mixtures, these results also reveal that quenching of the afterglow is
not beneficial for conversion and has a negligible effect on the species
distribution.

5.3.1.3 70/30 ratio CO2/CH4

Lastly, we consider a CO2/CH4 mixture at a 70/30 ratio (with excess CO;). Akin
to the previously discussed mixtures, the afterglow has a negligible effect in the
lower end of the plasma temperature range (< 2300 K, see Figure 5.4). At these
temperatures, the concentration of radical species is insignificant, resulting in
unobservable effects from recombination reactions in the afterglow. On the
other hand, more interesting effects are observed at higher plasma
temperatures. Despite reaching a steady state, complete conversion of CO; in
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the plasma zone is not achieved at a 70/30 CO,/CH4 ratio, which is an important
factor to consider in this case. Also, various radical species (such as H, OH and
O) are present at the end of the plasma zone, along with the primary products:
H;, CO and H;0. As a result, we encounter more complex kinetics in this
afterglow compared to the two previous mixtures.

In the lower range of plasma temperatures (< 3000 K), radical concentrations
are rather low (only small fractions of H and OH are present). Despite radical
recombination being limited, there is a notable shift in product distribution —
with the formation of H, and CO, being favoured over that of CO and HO,
through the occurrence of the water gas shift (WGS) reaction (R5.1). For
instance, at 2500 K the conversion of CO, decreases from 84 to 75% due to WGS,
while simultaneously the H; selectivity increases from 51 to 62% and the H,0
selectivity decreases from 47 to 38%.

CO + H,0 - CO, + H, (RS5.1)

For higher plasma temperatures, higher CO; conversions can be achieved in the
plasma, up to 98% at 4000 K. This is accompanied by considerable formation of
H, OH and O radicals, instead of H,O and H,. At this temperature, the low H,0
concentrations limit the occurrence of WGS. However, between 2300 and 4000
K, we observe approximately the same product distribution at the end of the
afterglow, regardless of the initial plasma temperature. This indicates that
different chemical pathways are triggered, with radical recombination reactions
favouring CO2 and H, over CO and H;0. Also noteworthy is that all extra CO;
conversion originating from the higher plasma temperatures is lost again in the
afterglow upon gas cooling. This negates the supposed benefits of high plasma
temperatures for CO, conversion, as in this case this effect alone is counteracted
in the afterglow region. This is aligned with results for pure CO, conversion
without quenching of Vermeiren et al.>* where significant recombination is
demonstrated to reduce the conversion to similar levels, regardless the gas
temperature obtained in the plasma.
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Figure 5.4 Selectivity of the main species (above 5%) as a function of the plasma temperature,
for the 30/70 CO,/CH, ratio and c-factor of 1 (no enhance cooling), at the end of the plasma
zone (point A in Figure 5.1; dotted lines) and end of the afterglow (point B in Figure 5.1; solid
lines). Full conversion of CH4 is observed under all conditions, but not for CO,, and therefore the
CO; conversion is also plotted (right y-axis).

These recombination reactions and pathways are further explored by analysing
the evolution of key species over time in the afterglow for the 4000 K plasma
temperature case (Figure 5.5). Owing to the presence of O, OH and H radicals
produced in the plasma for the 70/30 CO,/CH4 ratio, multiple recombination
processes can occur. The two most straightforward processes are the O + CO
reaction to CO; and H + H to H,. Aside from these, a reaction of minor
importance occurs between O and H to form OH, with the OH selectivity
peaking at 8.5% around 1.8 ms. Subsequently, these OH radicals are important
to further produce H,0, which has a maximum selectivity of 46% at 9.9 ms. This
is again reduced by ~ 9% due to the WGS reaction (R5.1), before it plateaus at
38%. The CO selectivity is constant at 100%, and as this is the only main C-
containing species, the C-based selectivity remains constant. However, the
absolute amount of CO does decrease (not shown in the figure) as the CO;
conversion drops due to WGS.
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Figure 5.5 Evolution of the selectivity of the main species in the afterglow, starting from a plasma
temperature of 4000 K for the 70/30 CO,/CH, ratio and c-factor of 1. The evolution of the CO,
conversion and of the gas temperature (dotted line) are also plotted, and shown on the right
axis.

Upon increasing the cooling factor to 10 and 100, radical recombination
towards CO; continues to be observed in the afterglow in all cases for this
mixture (see Figure C-6). The lower end of the plasma temperature range (T <
2100 K) remains largely unaffected by the magnitude of cooling. This is also
where the highest CO; conversions are attained upon cooling implementation
(see Figure 5.6) —with 79, 80 and 81% conversion for c-factors of 1, 10 and 100,
and at 2100, 2100 and 2200 K, respectively. These conversions lie slightly below
those found in the plasma, signalling only a small amount of CO + O
recombination. This can be attributed to the small amount of radicals present,
combined with the relatively low plasma temperatures, which upon quenching
in the afterglow will drastically limit recombination reactions. Therefore, at
these temperatures the effect of the WGS reaction is small, which in turn
preserves the higher CO; conversions obtained in the plasma (alongside the CO
and H,0 products).
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Figure 5.6 CO; conversion in the plasma and in the afterglow (for three different c-factors: 1, 10
and 100) as a function of the plasma temperature, for the CO,/CH, ratio of 70/30. The range of
plasma temperatures where the transition between the two afterglow effects occurs is indicated
with a grey rectangle.

At plasma temperatures exceeding 2800 K, the opposite effect is observed. A
shift in the afterglow reaction mechanisms promotes the formation of CO; and
H, over that of H,O. As shown in Figure 5.6, the CO2 conversion drops with
increasing cooling, only reaching 72 and 65% (for c-factors of 10 and 100,
respectively) at a plasma temperature of 4000 K, compared to 75% for ¢ = 1.
Consequently, this allows for more H; to be produced — with a selectivity of 66
and 74% for c-factors of 10 and 100, respectively, compared to 62% for c = 1
(see Figure C-6). This enhanced H, formation, combined with lower CO;
conversions, improves the syngas ratio, from 0.45 to 0.59. The product
selectivities and chemical pathways are consistent with those observed at a c-
factor of 1 (Figure 5.5). However, the faster decrease in temperature in the
afterglow (at ¢ = 10 and c = 100) forces radical recombination to occur
predominantly at lower temperatures (see Figure C-7), which favours the
recombination of O with CO to CO,, over the reaction with H to OH, which
subsequently forms H,0. In the second stage (in the 1800 K to 1000 K range),
where the WGS reaction applies, the H,0 concentration drops, whilst more CO;
is formed. For plasma temperatures between 2300 and 2800 K, there is
effectively a transition zone (see Figure 5.6), where these opposing effects (as
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discussed above) compete. In this zone, the overall CO, conversion is dependent
on the combined influences of cooling and plasma temperature.

In conclusion, the mixture with excess CO, (70/30) clearly exhibits distinct
behaviour compared to the other mixtures (50/50 and 30/70), as the CO;
conversion is shown to decrease drastically in the afterglow upon cooling. The
drop in conversion is worsened by increasing the cooling rate to quench the hot
gas in the afterglow. The lower CO2 conversions coincide with changes in
product distribution, with CO and H,0 being favoured at the lower end of the
plasma temperature range, while CO, and H, are dominant at the higher end.

The latter effect is similar to the observations noted by Kwon et al.3” from their
guenching rod experiment. They also reported higher selectivity towards H;
(instead of H,0) alongside a lower CO; conversion. Even though they attributed
this result to the suppression of RWGS (i.e., further limiting conversion of CO»
with H; in the afterglow), our model suggests a different mechanism could be
responsible for the observed shift. Their experiments presumably have plasma
temperatures above 2800 K, where the CO; conversion decreases as a result of
qguenching the post-plasma region (as seen in Figure 5.6). Under these
conditions, our calculations show significant radical recombination towards CO>
regardless of quenching, however by accelerating the temperature drop (i.e.,
stronger cooling) different species are favoured, as illustrated in Figure 5.5 and
Figure C-7. While we trust these modelled results, we are aware that other
experimental factors (which cannot be captured by our OD model) may
influence the reaction kinetics.

Targeting this effect to synthesise higher H, concentrations (over H,0) at higher
plasma temperatures is certainly beneficial, as H.O is an unwanted side
product. A Hy-richer product mixture improves the overall value of the effluent.
The ensuing lower CO; conversion is an unfortunate side effect, but not a major
issue as the remaining CO; requires post-processing in a separation step in
either case (as complete conversion cannot be achieved). However, a detailed
process optimisation study and an in-depth economic analysis are necessary to
determine the more cost-effective targets.

Another important consideration is the role of the afterglow in further
converting CO, and CHa when a steady state is not achieved in the plasma (due
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to a shorter residence time, for example). This is a plausible scenario for the
lower end of the temperature range, in which case quenching of the hot gas can
suppress further dissociations in the afterglow, also lowering the conversion.

5.3.1.4 Effect on energy cost

We calculated the difference in enthalpy between the initial system (at the start
of the simulation, i.e., a mixture of CO; and CH4 at 293.15 K) and at the end of
the plasma zone (mixture of unconverted CO, and CHa, as well as products and
radical species at the plasma temperature). This enthalpy difference represents
the minimum energy required to drive the system to the final chemical state (at
the end of the plasma), which includes the chemical changes, as well as the
temperature increase that occurs in the plasma. Note that this calculation does
not include thermal losses; therefore, these results cannot be directly
compared to experimental data. However, they give an indication of the
minimum values of an idealised system. The energy input (see Figure 5.7)
ranges between 7.5 and 37 kJ/L depending on gas mixture (CO2/CHg ratio) and
plasma temperatures, i.e., higher temperature values correspond to higher
energy inputs, since more energy is required to reach higher temperatures,
leading to greater dissociation into radicals.

Figure 5.7 Minimum energy input required to achieve the final species distribution at the end of
the plasma as a function of plasma temperature for the three different CO,/CH, ratios (70/30,
50/50, 30/70).
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From this minimum energy input, we calculated the minimum energy cost for
CO2 and CH4 conversion, based on the total conversion reached at the end of
the afterglow for the different cooling strengths (c-factors) (see Figure 5.8). This
energy cost is approximately equal to the energy input, which is logical as the
conversion of both CO; and CHa in the plasma zone is approximately 100% in all
cases. The exception is the 70/30 CO2/CH4 ratio (where the CO; conversion is
lower than 100%, as shown in Figure 5.6) which has a total conversion between
75 and 87% depending on plasma temperature and cooling strength. In this
specific case, the minimum energy cost increases with the cooling strength,
however, the overall difference is less than 3.4 kJ/L.

Our results clearly suggest it is best to maintain a plasma temperature as low as
possible (while still being sufficiently high to fully convert the reactants) to
obtain the lowest minimum energy costs. Also, an interesting analysis is the
comparison of our results to the target energy cost of 4.27 eV/molecule (17.1
kJ/L), which was proposed by Snoeckx and Bogaerts'? for competitiveness with
existing technologies. This would suggest that plasma temperatures above 3000
K should be avoided, as such systems could not meet this energy target, while
temperatures below 3000 K could meet this target.
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Figure 5.8 Minimum energy cost of conversion for c-factors of 1, 10 and 100 as a function of
plasma temperature for CO,/CH, ratios of 30/70 (a), 50/50 (b) and 70/30 (c). The horizontal
dotted black line indicates the target energy cost value of 17.1 kJ/L (4.27 eV//molecule) proposed
by Snoeckx and Bogaerts for plasma-based DRM to be competitive with existing technologies.*3
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However, it must be noted that these insights should be nuanced when
comparing this idealised system to experimental conditions. Firstly, our
calculations only consider the minimum energy input, and not the total energy
input of the process or reactor setup, which in reality is higher since energy loss
channels are present (such as heat loss from the plasma) and the efficiency of
the power supply is not 100%. Under experimental conditions, these factors will
contribute to a higher energy cost. Secondly, this approach only accounts for
the gas that is interacting with the plasma, i.e., it assumes that 100% of the gas
flow is treated by the plasma. However, experimentally, the power deposition
in the reactor is localised and non-uniform, which results in only a fraction of
the gas flow to be treated by the plasma. This also results in a temperature
gradient across the plasma, of which parts can operate at more ideal conditions
with respect to energy cost. On the other hand, this could also create regions
with less ideal conditions, by either operating at a too high temperature (above
3000 K, as discussed above) or too low to achieve considerable conversion at
the periphery of the plasma, and both effects would increase the energy cost
again. Ultimately, the above experimental intricacies will probably lead to a
higher energy input requirement, which according to our results will not be
reflected in an enhanced overall conversion; on the contrary, it will probably
result in an increased energy cost.

5.3.2 Post-plasma mixing

While for the above study of quenching via fast cooling, we assumed all gas
passes through the plasma discharge, this is unlikely since experimental setups
are not completely and homogeneously filled with plasma.?®!12113 |nstead,
what is most likely is the existence of a peripheral colder zone surrounding the
plasma, where reactant conversion is significantly lower. When these two zones
remain separated, the results of the previous section apply specifically to the
plasma and its effluent only, albeit the overall conversion will be significantly
lower than those predicted by the model. On the other hand, this colder
surrounding gas flow can mix with the plasma effluent in the hot afterglow,
which will lead to additional thermal conversion, improving the overall output
of the reactor. This effect is targeted in some reactors by introducing a nozzle to
force these two distinct layers of gas to mix.>’™°
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In this section, we apply our model to explore this effect theoretically, by adding
unconverted cold gas in the hot afterglow of a DRM plasma. To this end, we
consider a perfectly insulated system, which makes gas mixing the only factor
influencing the temperature. This represents the ideal and best-case scenario
to target maximum additional conversion of the added gas. The plasma effluent
is diluted to 10%, which corresponds to adding nine times the amount of initial
gas during the afterglow region. As this dilution lowers the temperature to
below 1000 K (at the end of the mixing stage), thermal reactions are effectively
halted. We investigate three different mixing rates, modulated through the
mixing time (tmix) set to 1, 10 or 100 ms. Further explanation regarding the
implementation of the mixing is given in the model description (section 5.2.3).
The plasma zone assumed before the mixing has been described in the previous
section, with temperatures ranging from 2000 to 4000 K and three distinct
CO,/CHj4 ratios.

An overview of the temperatures and cooling rates throughout the afterglow
for different gas mixtures, plasma temperatures and characteristic mixing times,
is shown in Figures C-8 - C-10 in the Appendix, demonstrating that the highest
cooling rates vary between 10° and 10%® K/s, depending on the specific
conditions. This is a similar range to that observed in the previous section.

5.3.2.1 Additional conversion

In this section we compare the conversions obtained in the post-plasma region
for a characteristic mixing time of 10 ms (Figure 5.9), calculated as the relative
increase in conversion between the end of the plasma and the final conversion
at the end of the afterglow (accounting for the dilution effect as shown in Eq.
5.13).

For the plasma temperature of 2000 K, the overall change in the afterglow is
negligible. As the plasma temperature is increased, the extra conversion for
both CO; and CHg also rises, with a maximum additional conversion, relative to
the conversion in the plasma, of 258% for CO; (at 4000 K and a 30/70 CO,/CH4
ratio) and 301% for CH4 (at 4000 K and a 70/30 ratio). This increasing trend is
logical, as the initial higher afterglow temperatures allow the newly added CO;
and CHa to experience a longer residence time at elevated temperatures, in turn
converting a larger fraction of the mixed gas. In all three gas mixtures, the
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principal radical in the afterglow is H, which also plays a crucial role in the initial
dissociation processes within the plasma. Expectedly, the additional conversion
is driven upon reaction of these H radicals with CO2 and CH4 via reactions R5.2
and R5.3, respectively. This can also be correlated to the plasma temperature:
as the temperature is raised, higher concentrations of H radicals are available in
the afterglow, thereby increasing the conversion.

CO, +H—- CO + OH (R5.2)

CH, + H - CH; + H, (R5.3)

Figure 5.9 Additional CO; (a) and CH, (b) conversion obtained in the afterglow relative to the
conversion obtained in the plasma, as a function of plasma temperature, for three different
CO,/CH, ratios (70/30, 50/50, 30/70) at Tmix = 10 ms.
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The most notable effect is seen for the 70/30 CO,/CH4 ratio, which also
undergoes the greatest extent of recombination to CO,, decreasing the overall
conversion when quenching with fast cooling was considered (see Figure 5.6 in
section 5.3.1.3). This detrimental effect is circumvented with the post-plasma
mixing, by shifting the reaction pathways towards dissociation instead of
recombination. The increase in CO; density acts to reduce the net
recombination reaction of CO and O, and instead CO> conversion is further
enhanced by reaction with H radicals (R5.2).

Regarding the other mixing rates (i.e., Tmix = 1 and 100 ms), the same trends
discussed above are observed, however the additional conversion is closely
linked to the mixing rate. At the largest mixing rate (tmix = 1 ms), the system
achieves the lowest additional conversion, with maximum values of 202 and
252% for CO2 and CHg4, respectively, while at the lowest mixing rate (tmix = 100
ms), the additional conversion rises to 258 and 301% for CO; and CHg,
respectively. These results are again logical and are in line with the explanation
given above for the effect of plasma temperature. With stronger mixing, the
temperature experiences a faster decrease, thus the reactants have a shorter
residence time at sufficiently high temperature to be converted.

These results demonstrate that post-plasma mixing can indeed be beneficial,
especially upon coupling of high plasma temperatures with slow mixing. This
mixing effect should be nuanced with respect to common experimental
conditions, where perfect insulation described in our model is unattainable. As
a consequence, heat loss to the reactor walls will increase the overall cooling in
the afterglow, thereby diminishing the overall benefit. Nevertheless, the above
results provide qualitative insights into how post-plasma mixing can improve
the conversion.

5.3.2.2 Effect on product distribution

While an enhancement in conversion is certainly beneficial, changes in product
distribution must also be considered. In this section, we present the selectivity
of different products, noting that the selectivity was determined with respect
to a base atom (as explained in section 2.2). Accordingly, carbon has been
prioritised over hydrogen and hydrogen over oxygen.

109



For the stoichiometric CO,/CHs ratio of 50/50, syngas is still the main
component of the product stream (see Figure 5.10). The lowest selectivity is
observed at 2000 K and the slowest mixing (tmix = 100 ms), with 74 and 81% for
H, and CO, respectively. This can be ascribed to incomplete reactant conversion,
forming H,O and C;H; with 16 and 17% selectivity, respectively. These results
are similar to those discussed in the previous section, without post-plasma
mixing. The selectivity of the latter species is reduced with increasing plasma
temperature, as ‘more complete’ conversion can occur in the plasma. This
increases the selectivity towards syngas, reaching a maximum at 2300 K — with
H, and CO exhibiting 87 and 93% selectivity, respectively. This corresponds to a
C;H2 and H;0 selectivity of 6.4 and 7.2%, which again increases for higher
plasma temperatures, and this can be explained as follows. Since H,0 and C;H»
are intermediate species in the DRM process (occurring at temperatures
between 1500 K and 2500 K) (see chapter 4), these species can be formed in
the post-plasma region of higher plasma temperatures when mixing is
implemented. As the plasma temperature drops in the afterglow (due to
mixing), it reaches the above-mentioned optimum range for C;H, and H,0
formation, forming these intermediates. However, as the mixing continues, the
temperature decreases further, inhibiting the pathways that convert H,O and
C,H; to Hz and CO. Hence the former species remain as final products.

The effect of the mixing rate on the product distribution is directly related to
the plasma temperature (Figure 5.10). For plasma temperatures below 2700 K,
increasing the mixing rate favours the formation of syngas. The acceleration of
the temperature drop simply results in less influence of the already small
additional conversion to H,O and C;H,. Above 3000 K, the opposite effect is
seen, with the product selectivity shifting towards H,0 and C;H> (in detriment
of syngas). This can be ascribed to the exponential mixing rate, rendering a
stronger temperature decrease in the early part of the afterglow (closer to the
plasma zone) than that experienced in the later part. As such, the relative
contribution of H,O and C;H; at the tail end of the temperature profile becomes
larger, increasing their selectivity.
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Figure 5.10 Selectivity towards the main product species as a function of the plasma
temperature, for the 50/50 CO,/CH, ratio, at the end of the afterglow at tix= 1 (dotted line), 10
(dashed line) and 100 (solid line) ms. The hydrogen-based H, and H,0O selectivity is shown in
panel a, and the carbon-based CO and C;H; selectivity in panel b.

The formation of these products can be further explained by the species
selectivity profiles throughout the afterglow in Figure 5.11 for the plasma
temperature of 4000 K and tmix = 100 ms. In the early afterglow, the remaining
H radicals (formed in the plasma zone) are consumed in the direct conversion
of the added CO; and CH4 to CO and H,. As outlined above in reactions R5.2 and
R5.3 (see section 5.3.2.1), these H radicals react with both CO, and CH4 — being
the main driving force for the additional conversion. This also causes a shift in
the selectivity from H to H,. The secondary product species (C;H2 and H.0) only
emerge later in the afterglow, coinciding with a drop in H; and CO selectivity.
The selectivity towards H20O remains below 1% until 15.9 ms in the afterglow,
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and at this point the original flow is diluted to 43% and the temperature has
dropped from 4000 K to 2675 K. As the temperature decreases further, the H,0
selectivity increases up to a maximum of 8.7%, while simultaneously C;H3 is also
formed (with 7.4% selectivity). This is when steady state is reached, and the
temperature has dropped to approximately 1550 K. Continuing dilution from
this point onwards only decreases the gas temperature further, as all reactions
are halted; and thus the H,0 and C;H; species will be seen in the final products.
For the lower plasma temperatures or faster mixing, the same processes occur,
but to a smaller extent due to the reduced residence time in the afterglow,
which allows for a lesser extent of chemical reactions.

Figure 5.11 Temporal evolution of the main species’ selectivity in the afterglow, starting from a
plasma temperature of 4000 K, for the 50/50 CO,/CH, ratio at Tmix = 100 ms. The temperature
(dotted line) and mixing progress (dash-dotted line) are also plotted, and shown on the right
axes.

The work of Sun et al.*® discusses mixing between the plasma effluent and a
surrounding gas stream, using a reactor network model for a microwave plasma
setup for DRM with a 1/1 ratio of CO,/CH4 and compared to their experimental
findings. The difference in model description and higher plasma temperature
(5000 — 5900 K) make a direct comparison difficult. However, they reported
similar product distributions, mainly syngas production with smaller fractions
of H,0 and CH,.
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The gas mixtures with different ratios exhibit the same overall effect, with the
intermediate species (H.0, CoH, and C;H4) emerging as final products because
the abrupt temperature drop in the afterglow slows down the kinetics, resulting
in incomplete conversion pathways.

For the 30/70 CO,/CH4 ratio (see Figure 5.12), the products shift more towards
C2H; (at the expense of CO), because of the higher CH4 fraction compared to
the 50/50 ratio. H; is the main product with selectivity between 78 and 85%,
while the selectivity of CO is slightly lower (between 54 and 59%), and C;H>
becomes a significant product — with selectivity between 32 and 44%. The
remaining products are H,0 and CHa, with selectivity ranging from 0.19 to 4.2%
and from 0.70 to 10%, respectively.

Akin to the 50/50 CO,/CH, ratio, the highest selectivity towards H, and CO is
observed at 2100 K and faster mixing. However, at the 30/70 CO2/CHj4 ratio, CoHa
formation does not follow this trend, since it exhibits the highest selectivity at
the lowest mixing rate and highest plasma temperature. A transition from C;H>
to C2H4 can be noticed in the afterglow when the temperature drops from 1775
to 1230 K for a plasma temperature of 4000 K and tmix = 100 ms (see Figure
C-11). This occurs through reactions with Hz (R5.4) or with H and CH4 with C2H3
as an intermediate (R5.5, R5.6).

C,H, + H, (+M) - C,H, (+M) (R5.4)
C,H, + H (+M) - C,H; (+M) (R5.5)
C,H, + CH, — C,H; + CH,4 (R5.6)

This transition to C2Ha proceeds at lower temperatures than the other afterglow
processes (e.g., the additional CO, and CHa conversion and the formation of
C2H; and H,0), and therefore much later in the post-plasma region. This can be
ascribed to a combination of longer residence times (due to slower mixing) with
high C;H, concentrations (achieved at high CH4 ratios), driving the reactions
towards C;Ha. When optimising the process, C;H; and especially C;Hs are worth
considering, as they are also valuable products.
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Figure 5.12 Selectivity at the end of the afterglow towards the main product species (H, and CO
in panel a, C;H, and C;H4 in panel b, and H»O in panel c) as a function of the plasma temperature,
at the 30/70 CO,/CH, ratio and tnix = 1 (dotted line), 10 (dashed line) and 100 (solid line) ms.
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Finally, we consider the 70/30 CO,/CHa ratio (see Figure 5.13) whose selectivity
trends are the least affected by the plasma temperature and mixing speed. The
main product is CO, reaching a selectivity between 95 and 100%, while H, and
H,0 range from 49 to 53% and from 45 to 48%, respectively.

Figure 5.13 Selectivity at the end of the afterglow towards the main product species (H; and CO
in panel a, and C,H» and H,0 in panel b) as a function of the plasma temperature, at the 70/30
CO,/CH, ratio and tmix = 1 (dotted line), 10 (dashed line) and 100 (solid line) ms.

In this mixture, C;H is formed as a minor product with selectivity between
0.063 and 4.9%. For the lower plasma temperatures (below 2500 K), increasing
the mixing speed (accelerating the temperature drop) favours the formation of
syngas. However, the product selectivity shifts towards H,O and C;H, above
2500 K. Again, this can be ascribed to the exponential mixing rate, which causes
a stronger temperature decrease in the early afterglow and limits H, and CO
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formation. In the later afterglow, the relative formation of H,O and C;H; is
increased as the tail end of the temperature profile becomes larger, resulting in
higher H,0 and C;H; selectivity.

To summarise, the selectivity results for the three CO,/CH, ratios suggest that
post-plasma mixing does not yield drastic changes to the product distribution
in DRM plasmas. Across the studied range of plasma temperatures and mixing
rates, the selectivity of the products varies by less than 10%. The main products
across all mixtures are still syngas (H2 and CO), with also high fractions of H,O
or C;H, being observed for mixtures with excess CO, or CHa, respectively.
Additionally, incomplete conversion of the freshly added gas in the afterglow
leads to the formation of small quantities of C;Hy and/or H,0 depending on the
gas mixture (C2H;, and H,0 for the 50/50 ratio, C2H; for excess CO,, and H20 and
C,Ha for excess CHa).

From these simulation results, we can postulate that the optimal condition to
maximise selectivity towards syngas is using a plasma with a temperature of
~2200 K coupled to a fast mixing rate (tmix = 1 ms) of fresh gas in the afterglow.
However, at this temperature, the model suggests the effect of quenching is
negligible (see section 5.3.1), while also the additional CO; and CH4 conversion
because of mixing is predicted to be less than 1%, (as discussed in section
5.3.2.1). The temperature is too low under these conditions (~2200 K and Tmix =
1 ms) to benefit from the heat recovery approach. On the other hand, at
elevated temperatures our results suggest the additional conversion of the
mixed gas is directly coupled to a partial selectivity shift from syngas towards
secondary products (H,0, C2H; and C;Ha). For these temperatures the slowest
mixing (tmix = 100 ms) shows the highest syngas selectivity. Also worthy of note,
despite this shift in the product distribution, the overall syngas yield is still
significantly improved by the much higher additional conversion gained at
elevated plasma temperatures, which can be industrially more interesting than
a slightly higher syngas selectivity. Hence, overall we would recommend
elevated plasma temperatures (4000 K or even higher) combined with slow
mixing, to maximize the (additional) CO, and CHa4 conversion and reach a high
syngas yield.

Considering the non-uniformity of the plasma, there will likely be deviations
from an ideal condition. For instance, inevitable temperature gradients will also
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alter the overall selectivity, as the conversion process occurs across a range of
different temperatures. In addition, it is important to recognize the possible
formation of solid carbon (and ensuing operational challenges) for gas mixtures
with excess CH4,34738 which can result from C2H, and C,H4 formation, as these
are important precursor species.810419 This phenomenon has not been
accounted for in our study. Nonetheless, the aforementioned results offer
qualitative insights into the influence of post-plasma mixing on product
selectivities.

5.3.2.3 Effect on energy cost

In this section we discuss the implications of the post-plasma mixing on the
minimum energy cost of conversion. In this case, only 10% of the total gas flow
is treated directly with plasma (instead of the complete gas flow), hence the
minimum energy input is ten times lower compared to the previous conditions
in section 5.3.1.4 (Figure 5.7). The minimum energy input ranges between 0.75
and 3.7 kJ/L, increasing with targeted plasma temperature and depending on
the CO,/CHj4 ratio.

The calculated minimum energy cost of conversion for the three different gas
mixtures is shown in Figure 5.14, with the optimal results achieved for the
slowest mixing (tmix = 100 ms). The energy cost slightly decreases with rising
plasma temperature for all gas mixtures. The 30/70 CO2/CH4 ratio has the
highest overall minimum energy cost. It decreases from 10.9 to 10.4 kl/L when
the plasma temperature is raised from 2000 to 4000 K. The stoichiometric
(50/50) and 70/30 ratios have slightly lower values which follow the same trend,
decreasing from 9.6 to 9.1 kJ/L and from 8.8 to 8.4 kl/L, respectively. Increasing
the mixing rate tempers the additional conversion, increasing the minimum
energy cost (see Figure 5.14). At 2000 K, the difference in energy cost between
Tmix = 100 ms and 1 ms is less than 0.5 kJ/L, for all mixtures, because the impact
of mixing is very minor. For higher plasma temperatures the effects of mixing
are more significant. Indeed, as the faster mixing limits the additional
conversion, the minimum energy cost rises, which increases the energy cost
disparity between tmix = 100 ms and 1 ms to 1.4 — 1.5 kJ/L at 2900 K, depending
on the gas mixture.
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These results contrast those discussed in section 5.3.1.4 (in the absence of
mixing), where the energy cost always increased with plasma temperature. The
higher temperatures reached in those results are unfavourable due to
overheating of the gas, not having the option to be reused effectively. However,
by applying mixing, additional conversion can be achieved, creating a use for
this excess heat. For a plasma temperature of 4000 K, the mixing allows a
reduction in energy cost of between 19 and 29 kJ/L (depending on the CO2/CH4
ratio) compared to the results discussed in section 5.3.1.4, which corresponds
to a relative drop in energy cost of 68 to 78%. Note that when a high fraction of
gas is treated in the reactor, one can argue that it is equally useful to increase
the flow rate through the plasma to decrease the specific energy input, thereby
operating at a lower temperature, which can still achieve the same conversion,
instead of using post-plasma mixing. However, for reactors in which the treated
gas fraction is limited, increasing the mixing with the surrounding unconverted
gas does have a benefit on the overall performance (for the same energy input).

Figure 5.14 Minimum energy cost of conversion as a function of plasma temperature, for three
different CO,/CH, ratios (70/30, 50/50, 30/70). The range between the slowest mixing (Tmix =
100 ms, solid lines) and the fastest mixing (tmix = 1 ms, dotted lines) is indicated.

The nuances previously discussed should also be applied here. As our results
are derived from an idealised setup, the actual energy cost in the experiments
will be higher because of various thermal losses and non-uniformity of the
plasma. Also, our modelling approach considers a discrete temperature
difference between the high temperature plasma zone and the cold

118



surrounding gas, which are eventually mixed in the post-plasma region. In
plasma reactors, a temperature gradient will exist on the interface between the
two zones. On the one hand, this will increase the overall energy input assuming
the same plasma fraction and temperature. However, on the other hand, partial
conversion can also occur in this gradient zone as temperatures will approach
that of the plasma. Although uncaptured by the model, this effect will also
influence the overall effect of mixing in the post-plasma region. This aspect of
mixing is subject to further research, possibly using higher dimensional
modelling that allows for more detailed studies of heat transport phenomena.

Moreover, since a certain degree of post-plasma mixing will already be present
in experimental setups, this effect is intrinsically always in place. As a result,
further enhancing this mixing will be less beneficial than predicted by our model
(since the model assumes no prior mixing). This is supported by Sun et al.*%,
who determined in their reactor network model for a DRM microwave setup
that the heat loss to the wall is on a longer timescale than the mixing and
subsequent reactions. Consequently, mixing plays an integral role in the
reforming process within their system. These observations reinforce the
importance of accounting for this effect.

Nevertheless, mixing the hot plasma effluent with cold new gas has the
potential to greatly improve the system's energy efficiency. This strategy
represents an effective implementation of a heat recovery system, reusing the
energy applied in the plasma by harnessing the generated heat post-plasma,
which would otherwise just be dissipated and lost. Furthermore, this strategy
could also be combined with a complete heat recovery system, reusing the
energy for preheating the plasma, so that the applied plasma power can
effectively (all) be used for the chemical conversion. This can both be thought
as an optimisation method, particularly well-suited for setups with localised,
high temperature plasmas. Therefore, post-plasma mixing is an important
consideration in the design and optimisation of reactors for DRM processes and
further development of plasma technology in general.
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5.4 Conclusion

In this chapter, we studied the post-plasma DRM kinetics for warm plasmas, in
a wide range of plasma temperatures, and for different CO,/CH4 ratios and
cooling/mixing methods.

Firstly, we evaluated enhanced conductive cooling to decrease the afterglow
temperature, thereby gaining insights into the effect of heat quenching on the
DRM chemistry. For gas mixtures with stoichiometric CO,/CH, ratio (50/50), the
model shows CO and H; are the main product species, and are negligibly
affected by the quenching rate and initial plasma temperature. This also applies
for mixtures with excess CH4 (30/70), which besides syngas also form a
significant amount of CyH,. For both mixtures, we obtained nearly 100%
conversion in the plasma region, which is maintained throughout the afterglow.
However, for mixtures with excess CO, (70/30), 100% conversion could only be
achieved in the plasma region at temperatures of 4000 K. Our model indicates
that the conversion diminishes throughout the afterglow, due to the occurrence
of radical recombination towards CO,, and due to the water gas shift reaction.
Indeed, large fractions of H,O are formed, which is the third main species
(besides syngas) for this gas mixture. These reaction pathways are affected by
increasing the quenching rate in the afterglow, influencing the kinetics to favour
CO and H,0 formation below 2300 K, while H, and CO; are preferred with faster
guenching above 2800 K. Though the latter effect seems detrimental in terms
of conversion, in that case the syngas ratio (H2/CO) is enhanced, while the
concentration of unwanted H,O is lowered, thus producing a more valuable
effluent. Overall, this may be beneficial in terms of energy use towards
production of these desired species. In general, however, we can conclude that
heat quenching in the afterglow of DRM plasmas only has a significant impact
for mixtures with excess CO,.

In the second part of this study, we evaluated the effects of post-plasma mixing
of the hot plasma effluent with a cold fresh mixture of CO; and CHa. The aim of
this approach is two-fold: the fresh gas not only provides cooling of the hot
afterglow (quenching), but it can also further react to syngas, boosting the
conversion. Essentially, this allows to recover energy from the plasma and
effectively use it to improve the overall performance. For plasma temperatures
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near 2000 K, the improvement was negligible however, with less than 5%
increase in conversion relative to the plasma. Within our investigated
conditions, this gain rises strongly with the plasma temperature, reaching a
maximum additional conversion, relative to the conversion in the plasma, of
258 and 301% for CO; and CHa, respectively, for plasma temperatures of 4000
K. The model also shows that stronger mixing limits the additional conversion,
which is logical since the faster the mixing, the shorter the residence times at
sufficiently elevated temperature (which is the main conversion driver).

Besides conversion, the post-plasma mixing also leads to minor changes in
product selectivity, still favouring mainly H, and CO, while H,O and C;H; are also
still important side-products in mixtures with excess CO, and CHa, respectively.
Additionally, upon the temperature drop, brought forth by the mixing, the
additional conversion stops, and the reaction pathways are interrupted as
revealed by the time-dependent analysis with our model. This consequently
leads to the small selectivities towards intermediate species (H2,0 and C;H4 for
the 30/70 ratio, H,0 and C,H; for the 50/50 ratio and C;H; for the 70/30 ratio).

Furthermore, we also discussed the implications of these effects on the
minimum energy cost of conversion. In the case of quenching the afterglow
solely by conductive cooling, the energy cost strictly increases with plasma
temperature. As the effects on conversion are less significant than the higher
energy requirements (to obtain these higher plasma temperatures), our
calculations suggest it is best to keep the plasma temperature as low as
possible, around 2000 K (considering the assumption of a homogeneous plasma
at a constant temperature). However, when uniform heating is not possible,
post-plasma mixing can be used to harness the plasma heat to boost CO, and
CH4 conversion, considerably lowering the energy costs. Our model reveals that
significant reductions in energy cost are theoretically possible (up to 78%).
However, under experimental conditions, heat transfer from the gas to the
reactor wall can reduce the overall benefit by limiting the additional conversion
compared to our idealised conditions. Nonetheless, our study demonstrates
that post-plasma mixing can add an opportunity to optimise DRM in warm
plasmas.
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6 Overall conclusions and future outlook

This thesis covers the chemical kinetics of plasma-based DRM for a wide range
of operating conditions of warm plasmas. Different aspects of the conversion
process are investigated through chemical kinetics modelling across the
different chapters.

In chapter 3, we studied the influence of N3 in the gas mixture on plasma-based
DRM in a GAP, and we found it does not hinder the DRM process. Because N3 is
largely unconverted throughout the plasma process, the major product remains
syngas (CO and Hz). The kinetic model further indicates CoH, and H,0 are likely
also formed, however in much smaller quantities. A fellow PhD student’s
modelling showed that adding N to the mixture increases the temperature, and
using this as input in the kinetics model translates to higher reaction rates.
Because of this, a higher conversion can be reached. Experimentally the
required power to maintain a constant current decreased with increasing N3
content, thereby reducing the SEl. Hence, the higher absolute conversion
combined with the lower SEI for increasing N3 fractions is beneficial for the
energy cost and energy efficiency. However, diluting the CO;-CHs mixture
reduces the effective CO; and CH4 conversion. Altogether, the advantages of
adding N2 outweigh the dilution effect for a N fraction of around 20%,
improving the energy efficiency with respect to pure CO,-CHa mixtures, by 21%,
i.e., from 37 to 58%, and reducing the energy cost from 2.9 to 2.2 eV/molec (or
from 11.5 to 8.7 kJ/L). This suggests that small fractions (~¥20%) of N2 in the DRM
gas stream do not impede the DRM process and may even enhance its energy
efficiency slightly.

Furthermore, to gain a better understanding of the DRM chemistry over a wide
range of warm plasma conditions, we performed an in-depth analysis of the
DRM kinetics in chapter 4. An extensive range of gas temperatures, plasma
power density, and most importantly, a full range of CO,/CHa4 gas mixtures was
considered. To our knowledge, this is one of the most complete analyses of this
kinetics conduced, which revealed several key insights in the DRM conversion
process.
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Through a comparison of plasma conditions to thermal-only conversion, the
influence of electron and ion reactions is illustrated. The electron impact
reactions in the plasma conditions are shown to initiate the conversion process,
by electron impact dissociation of CO;. This creates O atoms, which further
contribute to the CHs conversion mechanisms. Therefore, these electron
processes are shown to be especially important in contributing to the
conversion process below 2000 K. In contrast, purely thermal conversion,
without the involvement of electrons, must rely on molecular collisions to
dissociate CO, and CHa4. However, at this temperature range (below 2000 K),
these collisions are much slower, making significant dissociation unachievable.
The influence of the electron impact reactions is however only limited to this
first step of the process, and the further reactions towards the product species
are through radical reactions, which are the same regardless of the plasma or
thermal conditions. Moreover, this also means the product distribution does
not change. For temperatures above 2000 K, thermal reactions start to
dominate the dissociation in the plasma conditions. Hence the kinetics of warm
plasmas, which typically operate above 2000 K, can be described by thermal
chemistry.

The use of different CO,/CH4 ratios showed changes in conversion and product
distribution. For a 50/50 ratio of CO; to CH4 (the stoichiometric ratio of the DRM
reaction) the main products are CO and Hy, while at increasing gas temperature,
more H radials are present (instead of H;). The follow-up study on post-plasma
qguenching (chapter 5) showed these radicals recombine almost exclusively to
H, in the afterglow region, resulting in the main output for this gas mixture
being syngas. Mixtures with an excess of CHa largely exhibit the same behaviour,
with full conversion achieved in the plasma, forming syngas, together with
mainly C;H; as a side product. The radicals present for higher temperatures are
H and C;H, which in the post-plasma region also recombine to mainly H; and
CoH2. However, future research should also consider the formation of solid
carbon particles for CHs-rich mixtures, as this has been demonstrated to be
experimentally significant34-38, which is lacking from this study. Finally, mixtures
with excess CO; have several drawbacks; they lead to higher H,0 production at
the expense of H;, and the CO; conversion in the plasma is thermodynamically
limited, requiring extremely high temperatures (above 4000 K) for full
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conversion. However, the follow-up study on post-plasma quenching (chapter
5) revealed this complete conversion cannot be sustained in the afterglow due
to radical recombination into CO; and the water gas shift reaction, resulting in
significant H,0 formation. The quenching rates influence these reactions, with
slower quenching below 2300 K, favouring CO and H,0 formation, while faster
quenching above 2800 K enhances the syngas ratio (H2/CO) and reduces
unwanted H;0. Overall, this may be beneficial in terms of energy use towards
production of these desired species.

While for CO; splitting quenching is almost essential to obtain significant and
efficient conversion, for DRM this is not the case, as shown in chapter 5. This
demonstrates the fundamental differences between the two processes and
illustrates the need to develop and optimize distinct strategies tailored to each
individual plasma process. Integrating this plasma process into a comprehensive
techno-economic analysis can help identify the most promising optimization
routes, considering factors such as gas separation and subsequent chemical
processes (e.g. Fischer-Tropsch), such as performed for catalytic-DRM*1#4115,
Research should explore various options for a comprehensive and fundamental
understanding, but further optimizations must be context-driven to obtain a
competitive plasma-based conversion process.

Another post-plasma effect that was considered in chapter 5, next to cooling (or
enhanced quenching), is the mixing with cold gas. The conversion can be
significantly improved, by up to 258 and 301%, relative to the conversion in the
plasma, for CO; and CHa, respectively, compared to when this effect is fully
absent, in an idealised environment. The longer the high temperature can be
maintained, the more conversion reactions can occur. However, this is limited
by thermal losses or faster mixing, which increase the cooling rate. At a certain
point the extra conversion stops, which also gives rise to small fractions of
intermediate species, depending on the gas mixture. This mixing effect
essentially allows to recover energy from the plasma and effectively use it to
improve the overall performance, by increasing the conversion and thus
lowering the energy costs.

Further research should focus on more advanced simulations of this mixing
effect, which is needed to determine to what extent this effect is already
present in existing setups. However, within this thesis, this was found to have
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the most influence from a kinetic point of view. The nozzle designs and
quenching rods are good examples of this.37>>-861 While they are already being
explored, these designs are mostly not optimized. This is where modelling can
provide great value. As the DRM kinetics is reasonably well understood,
computational research can shift more towards higher dimensional modelling,
with a reduced chemistry set, based on the findings in this thesis. This can
further bridge the gap between experiments and modelling and investigate the
effects of physical processes (e.g. fluid dynamics, heat transfer) on the DRM
kinetics and coupling between them.!'® Thus moving closer to a more
comprehensive optimization of the plasma-based DRM process as an integrated
and cohesive system.

This thesis provides broad general knowledge on the kinetics of DRM, to be
further used in more advanced and more specific (higher dimensional)
modelling work. This can help guide further reactor design and process
optimisation of different warm plasma setups. Hopefully this can lead to
practical large-scale applications of DRM in the future.
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Appendix

A. Supplementary tables and figures: chapter 3

Table A-1 Species included in the chemical kinetics model, sorted by type.

Molecules

lons

Radicals

Excited species

electrons

CsHs, CsHs

CsH7, CsHs

CzHs, CoHg,
CzH>

C,Hs", CoHs*, CHa",
C2H3+I

CzHs, C3H3, CH

CoHa*, CoHY
CHa CHs*, CHa4", CH5", CHs, CH,, CH
CH,*, CH*
H> L PY ‘ H2(V1-V1a)
H*, H, Hs* H
N> N,* Na(V1-Vaa), Na(A35,7),
N,(B3Mg), Na(alzy),
N(C3My)
N*, N3*, Ng* N N(2D), N(2P)
N,O NO*, N,O", NO", NO, NO,, NOs
NO", N,O, NOy, NOs-
CN, NCN
| NCO |
CO, coyt CO2(Va-Va), CO2(V1-V21),
CO,(E1)
co 0%, €Oy, COr - CO(Vi-Vio), CO(Es-Ed)
0, 0, 0y 0 0(V1-Va), 02(E1-E2)
CH0, CH30H CHO, CH,0H
CH;O0H CH30, CH30;
| CoHO, CHsCO
CHsCHO,
CH,CO
H0,H0;  H,0%, Hs0, OH, OH*  HO,, OH |
NH; NH, NH2, NoHs
N2Hq
HNO | |
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B. Supplementary tables and figures: chapter 4

Figure B-1 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, for four different CO,/CH, ratios (70/30 (a), 90/10 (b),
30/70 (c), 10/90 (d)).
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Figure B-2 Weighted mean absolute deviation (WMAD) between the calculated species
concentrations at thermal and plasma conditions at 500 W cm™ (a) and 1500 W cm? (b), at a
residence time of 10 ms, in the temperature range of 1000 to 4000 K, for five different CO,/CH,
ratios (90/10, 70/30, 50/50, 30/70, 10/90).
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Figure B-3 Calculated concentrations of the main plasma species for the temperature range of
1000 to 4000 K and a 50/50 CO,/CH, ratio and 1000 W cm™ plasma condition, at a residence
time of 10 ms (solid lines), 1 ms (dashed lines) and 0.1 ms (dotted lines).
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Figure B-4 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 70/30 ratio of CO,/CH, at a residence time of 10 ms.
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Figure B-5 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 30/70 ratio of CO,/CH4 at a residence time of 10 ms CO; (a) and CH, (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 30/70 ratio
of CO,/CH, at a residence time of 10 ms.
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C. Supplementary tables and figures: chapter 5

Figure C-1 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f) as
a function of time in the afterglow for the 50/50 CO,/CH, gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for quenching with c-factors of 1 (a, b), 10
(c, d) and 100 (e, f).
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Figure C-2 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f) as
a function of time in the afterglow for the 30/70 CO,/CH, gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for quenching with c-factors of 1 (a, b), 10
(c, d) and 100 (e, f).
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Figure C-3 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f) as
a function of time in the afterglow for the 70/30 CO,/CH, gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for quenching with c-factors of 1 (a, b), 10
(c, d) and 100 (e, f).
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Figure C-4 Selectivity of the main species (above 1%), as a function of the plasma temperature
for the 50/50 CO,/CH, ratio, at the end of the plasma (a), and at the end of the afterglow (b, c,
d), for c-factors of 1 (b), 10 (c) and 100 (d). The H, and CO selectivity curves and the H,0 and
C,H; selectivity curves overlap.
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Figure C-5 Selectivity of the main species (above 1%), as a function of the plasma temperature
for the 30/70 CO,/CH, ratio, at the end of the plasma (a), and at the end of the afterglow (b, c,
d), for c-factors of 1 (b), 10 (c) and 100 (d). The H,0 and C,H, selectivity curves overlap.
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Figure C-6 Selectivity of the main species (above 1%), as a function of the plasma temperature
for the 70/30 CO,/CH, ratio, at the end of the plasma (a), and at the end of the afterglow (b, c,
d), for c-factors of 1 (b), 10 (c) and 100 (d).
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Figure C-7 Time-evolution of the selectivity of the main species in the afterglow, starting from a
plasma temperature of 4000 K for the 70/30 CO,/CH, ratio and c-factor = 100. The evolution of
the CO; conversion (lime green curve) and the gas temperature (dotted line) are also plotted,
and shown on the right axis.
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Figure C-8 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f) as
a function of time in the afterglow for the 50/50 CO,/CH, gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for characteristic mixing times of Tmix = 100
ms (a, b), 10 ms (c, d) and 1 ms (e, f).
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Figure C-9 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f) as
a function of time in the afterglow for the 30/70 CO,/CH, gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for characteristic mixing times of Tmix = 100
ms (a, b), 10 ms (c, d) and 1 ms (e, f).
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Figure C-10 Gas temperature profiles (left panels a, c, e) and cooling rates (right panels b, d, f)
as a function of time in the afterglow for the 70/30 CO,/CH4 gas mixture, starting from plasma
temperatures of 2000, 2500, 3000, 3500 and 4000 K, for characteristic mixing times of Tmix = 100
ms (a, b), 10 ms (c, d) and 1 ms (e, f).

156



Figure C-11 Temporal evolution of the main species’ selectivity in the afterglow, starting from a
plasma temperature of 4000 K, for the 30/70 CO,/CH, ratio at Tmix = 100 ms. The temperature
(dotted line) and mixing progress (dash-dotted line) are also plotted, and shown on the right
axes. The timespan in which the shift from C;H, to C.Hs occurs is indicated with a grey rectangle.
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Table D-1 Reactions reference list with the rate coefficients (third column) expressed in
em? s 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 n), is the total number density of neutral

D. Chemical kinetics set

species in em™3.

# Reaction / Rate equation Ref.
C+H —CH+e
! 1x107° (1]
2x 1079
2.4 x 1079
Ct+H -C+H
4 T —0.5 -
51 x10°8. g '
7.51 % 10 (3 - 102)
CH, + H — CHs + H,
> —18 , 2.11 —3.9x 103 )
6.4 x 10 'Tg -exp T
CHs + Hy —» CHy + H
—3.22 x 103
g
CHs + H — CH, + H,
/ - - —8.0 x 10° 5)
2.1 x1078 T, 056 . oqpy Tq)
CHs+H — CH,
ko=1.7x10"2*. Tgﬂ.g
koo =3.5 % 10_10
8 =t [52
F.=10.63- _ —ty
0.6 exp (3.3150 X 1o3>
_Tg
08T e (61010
CHy,+Hy, - CHs+ H
—3. 1 3
i 7.32x 10719 - T23 . eap (36990XO> (6]
Tq
CH,+ H — CH + H,
10 2 x 1010 (5]
CH+Hy - CHy + H
—1.670 x 10°
Lol 99x 10710 cap (x) 5
Tg
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# Reaction / Rate equation Ref.
CH+ Hy — OHg
ko =4.7x 10726 .76
koo = 8.5 x 10711 . 7015 a
120 5~ 048 ! ]
-,
25. "9
+0.25 - eap (3.0 X 102>
CH+H—C+H
13 2 x 10710 ’ (5]
CHy+H" - CHf +H
14 1.5 x 1079 (1]
C’];L;—‘r-f‘f+ — C’.Hgr + Ho
15 2.3 x107° [l
CHs;+H* - CHf + H
16 3.4x 1079 [l
CHy+ Ht — CHf + H
17 1.4 x 1079 (4]
CH,+H* - CHt + H,
18 1.4 x 1079 [l
CH+HtY—-CHY"+H
19 1.9 x107? [1]
CHy+ Hf - CHf +H
20 1.14 x 10710 71
51 CHy+ Hf — CH} + H, 7]
1.406 x 107
- CHy+ Hf — CH + H + Hy 7]
2.28 x 107*
CHy +Hf - CHf +H
23 12>< 1039 3 (1]
CHy + Hf - CHf +H
24 12>< 100 2 2 [1]
CH+Hy - CHf +H
25 7.1 x 120—10 ’ (1]
CH+ Hf - CH" + H
26 |71k 10-10 i (1)
CHy+ Hf — CHS + H,
27 2.4 %1079 [l
CHs + Hf — CH} + Hy
28 2.1 x 1079 (1]
CHy+ Hf — CHS + Hy
29 1.7 x 1079 (1]
CH + Hf — CHy + Hy
30 1.2 x 1079 [l
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# Reaction / Rate equation Ref.
31 Chl[gx—i—lé{_; —CHy+e (1]
39 C}fzx+1g{; — CHs +e (1]
33 Clﬁlli—llé:l:CHg—i-e (1]
35 Cgf;;iﬁzj CHY +H (9]
w [0 4 H o O
+ +
+ +
CHf +H- - CHs+H
¥ six078. < Ty )_0'5 [2,3]
3 x 102
a0 |© ;fﬁ){ﬁ C2Hy [10]
43 0111(4X+1g’i)% CoHf + H (12]
s (OO TR [12]
i
46 Ci13x+1g::)—> CoHY + Hy (13]
o [
50 C?ffi)—_; CH,+CH* (1]
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# Reaction / Rate equation Ref.
O+CH;_ — 02H+ +H2
>1 1.2 x107° (11
C+CHSf - CoHY + H
>2 1.2 x 107° (1]
CHg + CH4 — CQHG + H
53 8 x 1013 . —1.6736 x 10° [14]
Ny R-T,
CH; +CHy — CoHs + Ho
54 1 x 1013 . —9.6232 x 10* [14]
Ny R-T,
CHy, +CHy — OH3 + CHg
55 —4.199 x 10* [15]
14 x 10712 _
7.14 x 10 exp ( R-T, >
CH + CH4 — CQH4 + H
56 8 004 —2.9 x 10! (5]
22 X 10 . Tg *€TP T
CHg + CH3 — CQHG
—1.39 x 103
ko = 3.5 x 1077 T;7 - exp (Tx>
g
_ —11
57 koo =6 x 10 o (52
F, =0.38- _—tg
0.38 - cap (7.3 % 107
+0.62 _ Ty
DL P T8 < 108
CH3 + CH3 — 02H5 + H
—8. 103
58 9><1011-6:1:p( 8.08 x 10 ) [5]
Tq
CHs +CHs — CHy + CH,y
59 17 lsa —6.791 x 10* [16]
56 X 10 . Tg *ETP Rijjq
OHQ + CHg — 02H4 + H
60 1.2 x 10710 5]
CHy +CHy — CoHy + Hy
61 101-52x10" —5 % 10% [17]
N, PR,
CH+ CH — CyHy
62 1.2 x 10™ (18]
Ny
63 |CH2+ CHY — CHy + CH,4 (1]
9.6 x 10~10
64 CH+CHY — CHf +CHy (1]
6.9 x 10710
65 CH4+CH2_4)CH3+CH;_ [9]
1.5 x 1079
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# Reaction / Rate equation Ref.
CH; +CH, — CHs; + CH,"
66 | 156w 10-10 ! [29]
CHY +CH, — CoHF + H.
67 1?2 X 10—4é o ’ [20]
68 CHQ—FCH; —)CgH:?-FHz [1]
9.9 x 10~10
7.1 x 10710 [l
CHf + CH, — CH3 + CHY
L T ’ [21]
71 CH2++CH4—)CQH5++H 9]
3.6 x 10710
CHSL +CH4 — CQHI +H2
72 8.4 x 10710 3]
CHY +CH, — CoHI + H+ H
3 00 ’ [21]
CH + CH, — CoH} + Hy + H.
C SR [21]
CH,+CHt - CyH} + H
75 6%5 x 10711 e [9]
1.09 x 1079
57 |CHi+ CHY — CoHY + H + Hy (0]
1.43 x 10710
CHy, +CHt - Co,HY + H
78 0 i i (1]
+
79 CPJ{?;e%CHAL +e+te (22, 23]
+
80 Ck;gz;e%CH?, +e+e (22, 23]
+
81 CHfg(U—Se—>CH2 +e+te (22, 23]
+
82 Ch;(—;)e%C’H +e+te (22, 23]
+
33 CHf;E;e%C’H3+e+e+H (22, 23]
+
84 C’I}T‘E;e%CHQ +e+e+ Hy (22, 23]
+
85 C}]{?(;Se%CH2 +e+e+H+H (22, 23]
+
86 CHy+e—-CH"+e+e+H+ H,y (22, 23]

f(o)
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# Reaction / Rate equation Ref.
+
87 CHs;+e—CH +e+e+ H (22, 23]
f(o)
+
88 CHs3+e—CH"™ +e+e+ Hy (22, 23]
f(o)
+
89 CHs+e—-CHY+e+e+ H+H (22, 23]
f(o)
+
90 CHs+e—CT4+e+e+ H+ Hy [22, 23]
flo)
+
91 CHs+e— CHoy+e+e+ H [22, 23]
f(o)
+
92 CHy+e—CH" +e+e+ H (22, 23]
f(o)
+
93 CHy+e—CT+e+e+ Hy (22, 23]
f(o)
+
94 CHy4+e—-CT+e+e+H+H (22, 23]
f(o)
+
95 CHy+e—CH+e+e+H (22, 23]
f(o)
+
9% CHy+e—C+e+e+ H) (22, 23]
f(o)
+
97 CH4+e—-CT+4+e+e+H (22, 23]
f(o)
+
98 CH4+e—=C+e+e+ H (22, 23]
f(o)
99 CHy+e—CHs+e+ H [22, 23]
flo)
100 CHy+e— CH+e+ H+ H (22, 23]
f(o)
101 CHy+e—-C+e+ H+H+ Hy [22, 23]
f(o)
102 CHy+e—C+e+ Hs+ Ho [22, 23]
f(o)
103 CH4+64)CH2+€+H2 [22'23]
f(o)
104 CHy+e—CHy+e+H+H (22, 23]
f(o)
105 CHs;+e¢e— CH + e+ Hs [22, 23]
flo)
106 CHs3;+e—C+e+ H+ Hs [22, 23]
f(o)
107 C’I}Tyz;;e%CH—i—e—i—H-i-H (22, 23]
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# Reaction / Rate equation Ref.

108 CHs;+e— CHy+e+ H [22, 23]
flo)

109 CHy+e— C+e+ Hy (22, 23]
flo)

110 CHy+e—CH+e+ H (22, 23]
flo)

111 CHy+e—C+e+H+H [22, 23]
flo)

CH+e—-C+e+ H

112 22,23
/(o) 22,23
+ + +

113 CH +e—CHf +e+e+ H (22, 23]
flo)
+ +

114 CH +e—CHy +e+ H (22, 23]
flo)
+ +

115 CH4 +€*>CH2 +€+H2 [22’23]
flo)
+ +

116 CH +e—~CHy +e+H+H 22, 23]
flo)
+ +

117 CH +e—-CH" +e+ H + H> (22, 23]
f(o)
+ +

118 CHf +e—CH " +e+H+H+H (22, 23]
flo)
+ +

119 CHf +e—CT+e+ Hy+ Hy (22, 23]
flo)
+ +

120 CH +e—C"+e+H+H+ Hy (22, 23]
flo)
+ +

11 |CHf +e=Ct+etrH+H+H+H (22, 23]
flo)
+ +

122 CH +e—CH+e+ H] (22, 23]
flo)
+ +

123 CHf +e—C+e+ Hy+ H) (22, 23]
flo)
+ +

124 CHf +e— CH+e+ H+ H, (22, 23]
flo)
+ +

125 CH +e— CHy+e+ H] (22, 23]
f(o)
+ +

126 CHf +e—C+e+H+H+ H, (22, 23]
flo)
+ +

127 CHf +e—CHy+e+H+H (22, 23]
flo)
+ +

128 C}Afﬂto—)ﬁ- e—~>CHs+e+ H [22, 23]
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# Reaction / Rate equation Ref.
+ +

19 |CHf +e—=CH+e+Hy+H (22, 23]
flo)
+ +

130 CHy +e—CHy +e+ H (22, 23]
flo)
+ +
flo)
+ +

132 CHY +e—CH " +e+H+H (22, 23]
flo)
+ +

133 CHy +e—=C"+e+ H+ Hy (22, 23]
flo)
+ +

134 CHy +e—C"+e+H+H+H (22, 23]
flo)
+ +

135 CHy +e—C+e+ H+ H, (22, 23]
flo)
+ +

136 CHy +e— CH +e+ H, (22, 23]
flo)
+ +

137 CHy +e—=C+e+ Hy+H (22, 23]
flo)
+ +

138 CHy +e—+CHy+e+ H (22, 23]
flo)
+ +

139 CHf +e—+CH+e+H+H (22, 23]
flo)
+ +

140 CH +e—-CH"  +e+H (22, 23]
flo)
+ +

141 CH +e—>CT+e+ Hy (22, 23]
flo)
+ +

142 CHy +e—-CT+e+H+H (22, 23]
flo)
+ +

143 CHy +e—C+e+ H) (22, 23]
flo)
+ +

144 CH +e—CH+e+ H (22, 23]
flo)
+ +

145 CHY +e—C+e+H+H (22, 23]
flo)
+ +

146 CHt"+e—C+e+ H (22, 23]
flo)
+ +

147 CH " +e—CT4+e+ H (22, 23]
flo)
+

148 CH4 +6—>CH3+H [22, 23]
flo)
+

149 CHf%U—)ke—)CH—kH—f—HQ (22, 23]
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# Reaction / Rate equation Ref.
+
150 |CHS +e— C+Hy+ Hy (22, 23]
flo)
Jr
151 CH4 +e— CHsy + Hy [22, 23]
flo)
+
152 CH +e—-CH;+H+H (22, 23]
flo)
+
153 CH +e— CH + Hy (22, 23]
flo)
+
flo)
Jr
155 CHy +e—-~CH+H+H (22, 23]
f(o)
+
156 CH +e—~CHy+ H (22, 23]
flo)
+
157 OHQ +6—>C+H2 [22’ 23]
flo)
+
158 CH +e—CH+H (22, 23]
flo)
Jr
159 CHy +e—-C+H+H (22, 23]
flo)
CH " +e—C+H
160 22,23
/(o) 22,23
CHy+e— CHs+ H™
161 24
/(o) 24
CHy —~CHs+ H
—4.570 x 104
ko=T75x10"""exp %
g
—5.280 x 104
_ 16 |
162 koo =2.4x10°° - exp ( T, ) 5]
=T
F. = — 7
cT P (1.350 X 103)
ten —7.8340 x 103
P —Tq
CH; —- CH + Hy
—4.2 10*
163 | 1105 cap ( —4.280 x 10 ) s [5]
Tq
OHg — CHy+ H
—4. 10*
164 1.7 x 1078 - exp (560 x 10 > “NAr 51
Tq
165 (5]

—4.4 104
1.56 x 105 - exp (88X0> nar

1
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# Reaction / Rate equation Ref.
OH2 — C + H2
-3.2 10%
166 5x 10719 exp (32:(0) Ny (5]
g
CH—-C+H
167 | 19x10™ 1 /-337x 101 [11]
Na P T, M
CyHg + H — CoHs + Ho
—4.64 103
168 1.63 x 10710 . exp (60X0> [5]
Tq
CoHs + Hy, > CoHg + H
—4.2 103
169 | 5 g 1024 36 . gy ( 203 X107 [5]
g Tq
CyHs + H — CHs + CHs
170 7x 1071 [5]
CyHs 4+ H — CyHg
171 6 x 10711 [25]
11 10~ LO15+2.69x10~3T,—2.35x10~7-12
CoHs + H — CyHy + Ho
172 3 x 10712 [25]
CoHy+ Hy — CoHs + H
—3.43 x 10%
173 1.7 x 107 . exp <X> [25]
Tq
CoHy + H — C2Hs + Hy
—5. 1 3
174 3.9 x 10722. 7362 . gy —5.67 < 10° [5]
g Tq
CoHy+ H — CyH;
—3. 1 2
ko =13 x 1072 - exp (38;0)
g
—6.5 x 10?
_ —15  p1.28 —05.0 X 1U”
175 koo = 6.6 x 10 Tg exp ( T, ) 5P
-T,
F.=0.24- g
024 eap <4 x 101>
-T,
0.76 - -9
O e (1.025 x 103)
CQHS + H2 — 02H4 —+ H
—2.52 103
176 | 1 57 % 10720 7256 . oy ( Z2:020 X 107 [26]
g Tq
CoHs+ H — CoHy + Ho
177 7 x 1071 [5]
CQHg + H — CyHy
ko = 3.5 x 1027 5
178 koo = 1.6 x 10710 (5]
F.=05
CyHy+ Hy —- CoHs+ H
—3.27 x 10*
179 4 %1072 . exp (X) [25]
Ty
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# Reaction / Rate equation Ref.
CyH, + Hy — CoH,y
. —1. 104
180 1 5510713 eap <96X0) 5]
Tq
CoHy + H — CyHj
—4.26 x 102
ko=1x 10720 _Tg—3.38 exp #x
181 ) -
—1. 103
koo = 9.2 x 10716 . 7164 . e <()5;><0>
g
Fc =T7.37x 1074 . T(?S
CoHy + H — CoH + H,
—1.52 104
B2 1167 % 10714 716 - eap (W) [5]
g
CoH + Hy — CoHy + H
—4.44 x 10?
T
g9
CoH + H — CyHy
184 3x 10710 (25]
CoHi + H — CyH + Hy
185 L 10-10 -
O2H;_ +H — OQHI + H2
186 L 10-11 "
CoH{ + H — CoHY + Hy
187 3 ¥ 10-10 .
CoHi + H — CyHy + Hy
188 6.8 x 10711 8]
CoHy + Hy — CoHY + H
189 L2 1p-n "
CoHY + Hy — CoHS + H
190 1.1 x 1079 (€]
CoHg + HT — CoHF + Hy
191 1.287 x 107 (28]
CyoHe + HY — CoHf + H + Hy
192 1.287 x 107 (28]
CoHe + H — CzH;_ + Hy + Ho
193 1.287 x 107 (28]
CoHy + HY — CoHf + H
194 9.8 x 10710 (2]
CoHy + HT — CoH + Hy
195 2.94 x 1079 29]
CoHy+ HY — CoHS + H + Hy
196 9.8 x 10710 (29]
CoHs + HY — CoHy + H
197 5 % 10-9 -
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Reaction / Rate equation

Ref.

198

02H3 + H+ — CQH;_ + H2
2 x 1077

[13]

199

CoHy+ HT — 6'2112+ + H
5.4 x 10710

[29]

200

CQH+H+ —>CQH++H
1.5 x 107

(1]

201

CyHg + H;r — 02H6+ + Hy
2.94 x 10710

(7]

202

CyHg +H2+ — (;’2]'-’5+ + H + Hy
1.372 x 1079

(7]

203

OQHG + H;_ — OQHZ_ + H2 + H2
2.352 x 1079

(7]

204

CQHG"‘H;_ _>CQH;_+H+H2+H2
6.86 x 10719

(7]

205

CoHg + Hf — CoHY + Hy + Hy + Ho
1.96 x 1010

(7]

206

CoHy + Hy — CoH + Hy
2.205 x 1079

(7]

207

CoHy+ Hy — CoHf + H + Ho
1.813 x 10~?

(7]

208

CoHy + H; — 6'2112+ + Hy + Ho
8.82 x 10710

(7]

209

CoHo + Hf — CoHf + H
4.77 x 10710

(7]

210

CQHQ + H;_ — OQH;_ + H2
4.823 x 107?

(7]

211

CQH—FH;' —>CQH;+H
1x1079

(1]

212

02H+H2+ — 02H+ + Hy
1x107°

(1]

213

C2H6 + H;r — CQH; + H2 + HQ
3.4 x107°

[30, 31]

214

02H4 + H;_ — OQH;_ + H2
1.44 x 1079

[30, 31]

215

CoHy + H;_ — CQH;_ + Hs + Ho
2.16 x 1077

[30, 31]

216

CoHo + Hi — CoHY + Hy
3.5 x107°

[30, 31]

217

CoH + Hf — CoHS + Hy
1.7 x 1079

(1]

218

CoH+H- — (CyHy +e
1x1079

(1]
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# Reaction / Rate equation Ref.
OQH;_ +H — OQHQ +H
219 T, —0-5 12, 3]
51 x1078. g ,
751> 10 <3 X 102)
CoHy + H- — CoHs + H
220 T -05 2, 3]
51 x1078. g ,
7.51 x 10 (3 » 102)
C + CyHy — CyHs + CH,
221 1.239 x 10~ (32,33]
CQHﬁ + OHg — CQH5 + CH4
—4.740 x 103
—14 | Ta AU X 10T
222 9.3 x10 exp T, 5
—1.12 10%
+1.4 %1070 exp 0X0>
1
CQHG + CHy; — CQH5 + CH3
23 | 65x107 /331 10! 125)
Na P R-T,
CyH¢ +CH — CyHy + CHj
224 | T 3% 10710 [34]
CyHs + CHy — CoHg + CH3
—6.322 x 10°
225 1.43 x 1072 . T4 exp <M> [25]
1
CQH5 + CHS — CQH4 + CH4
226 1.5 x 10712 (5]
CQH5 + OHg — CQH6 + CH2
227 |7y 1044 790956 [35]
CQH5 + CH2 — CQH4 + CH3
228 3x 1071 (25]
02H4 + CHg — CQHg + CH4
5 -8. 10?
229 1 X 10716 . 1—’1"J6 - exp M [5]
g Tq
CQHg + CH4 — CQH4 + CH3
—2.754 x 103
2301 941072 T2 - exp (TX> [25]
g
CyHs + CHs — CoHy + CHy
. 102
231 1.5 x 1071 - exp (3850X0> [36]
1,
CyHs + CHy; — CoHy + CH;
232 3x 1071t [25]
OQHQ + OHg — CQH + CH4
8. 1 3
Tq
CoH +CHy — CoHy + CHj;
—3.2 102
234 3.6 x 1014 . T90~94 -exp (?’;XO> [5]
g
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# Reaction / Rate equation Ref.
235 CQH + CH2 — CQHQ +CH
3% 1011 [25]
236 CQHﬁ + OH5+ — CQH;- + CH4 + Hg
2.25 x 10710 (28]
237 CoHy + CH5+ — CQH;_ +CH,
1.5 x 1078 371
238 CQHQ + C'f[gr — 6'2175r + CH4
1.56 x 107° [38]
239 C2H+CH;_>CQH;+CH4
9 x 10~10 [l
240 OQHG + OHI — CQHZ_ + CH4 + H2
1.91 x 107? [39]
241 CQH4+CHZ__>CQHZF+CH4
1.38 x 107° (391
242 CyHy + C,HZr — CQ.H;r + CHsj
4.232 x 10710 [39]
243 CQHQ"’CHI *)CQH;_+OH4
1.134 x 10~ [39]
saq | CoHa+ CHf — CyHF + CH;
1.2348 x 1077 [39]
245 CQHG-FCH; _>CQH;+CH4
1.479 x 107 (391
246 CQH4 + Cng — CQH; + CH4
3.496 x 10710 [39]
247 CQH;_ + CH4 — CQH;- + CHg
4.1 x107? [21]
248 02H+ +CHy — CQH;_ + CHs
3.74 x 10710 1
CyHs + CoHg — CyHy + CoHs
24 - 3
9 1 % 10-21 'Tg?"?’ exp ( 5.28; x 10 ) [25]
g
CyH + CQHG — CoHy + CQH5
250 !
6.75 x 10712 -Tgo'28 - exp (6'2 x 10 (5]
Ty
251 02H5 + CQH5 — CQH4 + 02H6
2.3 x 10712 Bl
CoHy+ CoHs — CoHs + CoHg
252 - 3
281 1073 T2 L eqp (6X10> 5]
Ty
253 CyHs + CoHy — CoHy + CoHg
2.3985 x 1011 [40, 41
254 C2H3 + C2H5 — CoHy + CoHy
[40, 41]

4.42 x 10711
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# Reaction / Rate equation Ref.
CoHs + CoHs — CoH + CoHg .
255 45 % 1013 . exrp (11§1X10) [25]
g
CoH + CoHs — CoHy + CoHy
256 Z [25]
3 x 10712
02H4 —+ CQH4 — CQHB + C’2-[_;’5
—-3. 1
257 | 1010 eap <36T><0> [25]
g
CQHQ + CQH4 — CQHB + C2H3
258 | 101y (—34410) 23]
Tq
CoH + CoHy — CoHy + CoHj
229 | T3.35 x 10718 . 7224 +
260 szfg i 100271;{3 — CoHy + CyHy [25]
261 02564;(;%12[?; CyHy + CyH, [25]
CyHy + CoHy — CoH + Cy Hs |
262 1.6 x 10-11 -exp <_425TX10> [25]
g
T T
263 szfi;;XC;gOI{% — CoH} + C2Hg [39]
+ +
264 025522 521%[91? Cofls + Cofly [39]
+ +
-+ +
-+ +
267 C’fo?z)l Zxcig@l: CoHjz + CoHy [39]
+ +
268 Ogglézgxciéa@ly CoHy + CoHj [39]
+ +
269 CQfSI ;xci(l)%: CoHs + CoH [39]
570 CoH+e—CoHY +e+e [23, 43]
/(o) '
271 02]{{(2 ;Fe — CoH +ete [23, 43]
(o
279 CQ‘_](H(:g ;r e— CoHS +e+e [23, 43]
ag
+
273 O2J{I(4;)+ e— CoHf tete [23, 43]
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# Reaction / Rate equation Ref.
+
274 02H5+6—>02H5 +e+e [23'43]
f(o)
+
275 CyHg+e— CoHg +e+e [23, 43]
f(o)
+
276 CoH+e—>C+CHT+e+e [23, 43]
f(o)
+
277 CoH+e—-CH+CT +e+te [23, 43]
f(o)
+
278 CoHy +e— CoHY +e+e+ H [23, 43]
f(o)
+
579 CoHy +e—-CoH +e+e+ H [23, 43]
f(o)
+
,g0 |C2Hs+e— CoHy +ete+ H (23, 43]
f(o)
+
281 C2H3+€—)CQH +e+e+ Hy [23, 43]
f(o)
+
,gy |CaHste— CoH +ete+ H+H [23, 43]
f(o)
+
,g3 |C2Hs+e— CH+CHy +e+te [23, 43]
f(o)
+
284 C2H3+6—>CH2+CH +e+e [23, 43]
f(o)
] +
285 CyHs+e—CH3+C T +e+e [23, 43]
f(o)
+
286 CoHs +e— CoHy+e+e+ H [23, 43]
f(o)
+
587 CoHy+e— CyHy +e+e+ H [23, 43]
f(o)
+
588 CoHy+e— CoHS +e+e+ Hsy [23, 43]
f(o)
+
58 |CoHate— CoHy +ete+ H+H [23, 43]
f(o)
+
590 |CeHate— ColY tetet H+H+H [23, 43]
f(o)
+
201 CoHy+e— CH+CH; +e+e [23, 43]
f(o)
Jr
99y |CoHlate— CHy+CHy +ete [23, 43]
f(o)
+
593 |C2Ha+e— CH3+CH' +e+e [23, 43]
f(o)
+
204 02H4+€—)CH4+C +e+e [23[43]

f(o)
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# Reaction / Rate equation Ref.
+
295 02H5—|—6—>02H4 +e+e+ H (23, 43]
f(o)
+
296 CoHs +e— CoHy +e+e+ Hy [23, 43]
f(o)
+
b9y |Cofls te— CoHlf +et+et+ H+H [23, 43]
f(o)
+
508 CoHs +e— CoHY +e+e+ H+ Hy [23, 43]
f(o)
+
299 CoHs +e— CoHY +e+e+ Hy + Ho [23, 43]
f(o)
+
300 CoHs +e —- CHy +CHy +e+e [23, 43]
f(o)
+
301 CoHs+e— CH +CHs+e+e [23, 43]
f(o)
+
302 CoHy+e—CHy+CH™ +e+e (23, 43]
f(o)
+
303 CoHs+e—CHy;+CT +e+e+ H [23, 43]
f(o)
+
304 CyHs +e — CH3 +CT +e+e+ Hy [23, 43]
f(o)
+
305 |CeHote— CoHf +etet+H [23, 43]
f(o)
+
306 CoHg+e— CoHf +e+e+ Hy [23, 43]
f(o)
+
307 CoHg+e— CoHy +e+e+ H+ Hy [23, 43]
f(o)
+
308 CoHg +e — CoHY +e+e+ Hy+ Ho [23, 43]
f(o)
+
309 CyHg+e— CoHy +e+e+ H+ H+ Ho [23, 43]
f(o)
+
310 02H6+€—>CH3+CH3 +e+e [23,43]
f(o)
+
311 CyHg +e— CoHy+e+e+ H) [23, 43]
f(o)
31 CyHg +e — CoHy + e+ Hy + Ho [23, 43]
f(o)
313 CoHg+e— CoHs +e+ H [23, 43]
f(o)
314 CoHg+e— CHy+CHy+e [23, 43]
f(o)
315 OQJJEI((;;— e — CoHy+e+ Hy [23, 43]
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# Reaction / Rate equation Ref.

316 CyHg+e — CoHy + e+ H+ Ho [23, 43]
f(o)

317 CyHg +e— CH3 +CH;s +e [23, 43]
f(o)

318 CyHs54+e— CHy+CHs+ ¢ [23, 43]
f(o)

319 CoHs +e — CoHs + e+ Hy [23, 43]
f(o)

300 |C2tls +e— Colly+e+ H [23, 43]
f(o)

391 CoHs +e — CyH + e+ Hy + Hy [23, 43]
f(o)

3py |C2Hs+e— Colly+e+ H+ Hy [23, 43]
f(o)

393 |Cofls +e— CH+CHy+e [23, 43]
f(o)

3pq |Cols +e— Coly+e+ H+ H [23, 43]
f(o)

375 CoHi+e—C+CHy+e [23, 43]
f(o)

326 CoHy+e— CyHy+e+H+H (23, 43]
f(o)

357 |CoaHate— Colly + e+ Hy (23, 43]
f(o)

378 CoHy+e— CoH +e+ H+ Hy [23, 43]
f(o)

379 CyHy+e— CH+CHs+e [23, 43]
f(o)

330 CyHy+e— CHy+CHy + e [23, 43]
f(o)

331 |CeHate— CoHz+e+ H [23, 43]
f(o)

33 |Colls+e— Coll +e+ Hp [23, 43]
f(o)

333 |Ceflste— CH+CHy e [23, 43]
f(o)

334 |CeHs+e— Coly+e+ H (23, 43]
f(o)

335 CyHs3;+e—C+CHsz+e [23, 43]
f(o)

336 Czjf(?;;—eaCQH—i—e—irH—FH [23, 43]
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# Reaction / Rate equation Ref.
337 CQH2+6—>C+CH2+€ [23’ 43]
f(o)
338 CQHQ +e— CQH +e+ H (23, 43]
f(o)
339 CyHy+e—CH+CH +e¢ [23, 43]
f(o)
340 CoH+e—C+CH+e [23, 43]
f(o)
+ +
341 CoH"+e—-C+CH™ +e 23, 43]
f(o)
+ +
342 CoH"+e—-CH+C" +e (23, 43]
f(o)
+ +
343 02H2 +e—>CoH  +e+ H [23, 43]
f(o)
+ +
344 CQH2 +€—>CQH+€+H [23, 43]
f(o)
+ +
345 CQH2 +e—CHy+CT +e [23, 43]
f(o)
+ +
sag |CoHS +e— CH+CHT +e 23, 43]
f(o)
+ +
347 CoHy +e—=C+CHy +e (23, 43]
f(o)
+ +
sag | C2HF +e— CHy+ CHY +¢ 23, 43]
f(o)
+ +
349 CQHS +e— CoHy+e+ H (23, 43]
f(o)
+ +
350 02H3 +e— CQH+6+H2 [23’ 43]
f(o)
+ +
351 CQH3 +€—>02H + e+ Hy (23, 43]
f(o)
+ +
15, |C2HF +e— C+CHf +e 23, 43
f(o)
T +
353 CQH3 +e— CQH2 +e+ H [23, 43]
f(o)
+ +
354 CoHy +e— CH+CHY +e (23, 43]
f(o)
+ +
355 CQH3 +e— CHs+CT +e [23, 43]
f(o)
+ +
ssg |CoHT +e— CH+CHJ +e 23,43]
f(o)
+ +
. 02?%; ¢ — CHy+CHJ +e¢ 23,43]
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# Reaction / Rate equation Ref.
+ +
358 02H4 +e—>CHs3+CH™ +e (23, 43]
f(o)
+ +
359 CQH4 +€—>CH4+C +e [23' 43]
f(o)
+ +
360 | C2Hd +e— CaHay+e+ Hy (23, 43]
f(o)
+ +
361 | C2Hd +e— CoHT +e+ Hy (23, 43]
f(o)
+ +
362 02H4 +€—>CQH3 +e+ H [23, 43]
f(o)
+ +
363 02H5 +6—)CQH3 +e+ H+H [23143]
f(o)
T +
364 C2H5 +€—)CH2 +CH3+6 [23143]
f(o)
+ +
365 |C2Hls +e— CoHy +e+ Hy [23, 43]
f(o)
+ +
366 02H5 +€—)02H4 +e+ H [23’43]
f(o)
+ +
367 |C2Hs +e— CHy+CHy +e [23, 43]
f(o)
+ +
368 | C2Hle +e— CHs+CHy +e [23,43]
f(o)
+ +
369 |C2Hs +e— CoH +e+ Hy (23, 43]
f(o)
+ +
370 CgHﬁ +€—>02H5 +e+ H [23' 43]
f(o)
+
371 CQHG +e— CQH5 + H [23: 43]
f(o)
+
375 | C2He +e— CHy + CHy + Hy [23, 43]
f(o)
+
373 CQHG +e— CQH4 +H+H [23’ 43]
f(o)
+
374 CyHy +e— CHy+CHs+ H [23, 43]
f(o)
+
375 CQHG +€—)CH2+CH4 [23, 43]
f(o)
+
37¢ |C2He +e— CoHy+ Ho [23,43]
f(o)
+
377 |Gy +e— CoHz+ H + H, [23, 43]
f(o)
+ ;
378 ngfcrig;r e — CHs +CH; [23, 43]
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# Reaction / Rate equation Ref.
+
379 02H5 +e— CQHQ +H+H+H [23’ 43]
f(o)
+
380 CQH5 +e— CgHg + Hg [23, 43]
f(o)
+
381 |C2Hs +e— CHy + CHy [23, 43]
f(o)
+
382 02H5 +e—CyHy+ H (23, 43]
f(o)
+
383 | CoHs +e— CoHa+ H+ Ho [23, 43]
f(o)
+
384 |C2H5 +e— CH+CH, [23, 43]
f(o)
+
385 CQH5 +e— CQHg +H+H (23, 43]
f(o)
+
386 CoHf +e— CH+ CH; [23, 43]
f(o)
+
387 CQH4 +e— C2H2 +H+H [23’ 43]
f(o)
+
388 CQH4 +€—>C+CH4 [23, 43]
f(o)
+
389 | C2Hi +e— CoHy + Hy [23, 43]
f(o)
+
390 02H4 +€—>CQH+H+H2 [23’ 43]
f(o)
+
391 CoHj +e— CHy+ CH, [23, 43]
f(o)
+ ;
392 CQH4 +e— CQH3 + H [23, 43]
f(o)
+
393 02H3 +e— CQH + H2 [23’ 43]
f(o)
+
394 CQH3 +€—>C+OH3 [23' 43]
f(o)
+
395 CyHy +e— CH + CH, [23, 43]
f(o)
+
396 | C2Hls +e— Coly+ H [23, 43]
f(o)
+
397 CoHy +e—CoH+H+H [23, 43]
f(o)
+
398 CQH2 +e— C2H + H [23’ 43]
f(o)
+
399 CoHy +e— CH+CH 23, 43]
f(o)
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Reaction / Rate equation

Ref.

400

OQH;_+€—>C+CH2
f(o)

[23, 43]

401

CoHY+e—C+CH
f(o)

[23, 43]

402

CoH T +e—>C+C+H
f(o)

[23, 43]

403

ko = 2.6 x 10%° - T,7837 . ex; T

g
—4.59 x 10*
Tg

OQHG — OH3 + CHg
. <4.729 x 104

koo = 4.5 x 1021 . T 137 ea:p(
—Tg

7.3 x 10!
~T,

1.18 x 103

F.=0.38-exp (

+0.62 - exp (

(51

404

CQHﬁ — 02H5 + H

10%-2839%10" —5.3938 x 10%
ho = 0T _Tg—6.431 -exp T9:9990 X U7
npr Tg

fo — 1020947x10"  p—1.228 —5.1439 x 10"
oo g

exp

F.— 4761 x 10! - < 16182><104>

T
+exp (3 371 % 10°

1,

(441

405

g
CyHs — CoHy + H
ko =17x10"6.exp

4
Fow = 8.2 x 1013 - cap 200”10)

|
()
b

F.=02
0.25 - exp<97 101)
T

. —*g
075 eap (1.379 x 103)

[51°

406

CQH4 — CQH?, + H

10163%10" g (—4.6 X 1o5>

R-T,

(45]

407

02H4 — OQHQ + H2

101:20X10" 7044 o) (_4~46;><104>

g

[25]

408

C2H3 — CQHQ + H

—1.802 x 10%

Fo =43 108 7,754 eap (25
g

—1.865 x 104)

Ty

koo = 3.9 x 108 ~Tgl'62 - exrp
F,=737x10"%. Tg'g

(512
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# Reaction / Rate equation Ref.
CyHy — CoH+ H
409 | | rsman gy, (262445 x 101 251
Tq
+
410 €-;(H0-2)O—>6+6+H20 (46, 47]
411 6—;5’2)0 — Ho + 0~ (46, 48]
a12 | ?52)0 —Hmeon [46, 48]
413 eJrng)O%eJrH+OH 8]
+
414 e+f{?)0—>e+e+H + OH (46, 47]
+
415 64}52)0—>e+e+H+0H a6, 471
+
416 €-;(H0-2)O—>6+6+H2+O (46, 47]
+
417 eJrf{(Ifz)O—>e+e+H2+O a6, 471
418 e—l}.(fig)O—>H+OH— 146, 47]
419 6—;5-2)02 — HO + 0~ [49]
420 e‘;ZQ)OQ —OH+OH™ [49]
1 eJrfE)UI;I*%e+e+OH 6]
e+ OH e+ H+O
—8.01074 x 10*
422 2.55 x 104 T-0-76 . ep <W> [50]
et+OH —se+et+OHT
423 |6 101 T oy (—1.6026;71 x 10 > [50]
M+e+OH — M+OH™
424 |7 0 [51]
e+OHY - H+O
—1.75461 10°
425 3.19 x 104 - 77204 . eqp < 75 218 x 10 ) (50]
e
e+ H,OF - Hy +0O
426 T ~05 3]
39x1078 . [ ——=—
- (3.0 X 102>
e+ H,Or = H+H+O0O
427 3]

T -0.5
- —=¢
3.05 x 10 (3.0 ~ 102)
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# Reaction / Rate equation Ref.
e+ H,Of - H+OH
428 T —0.5 3]
6x10-8. [ —*te
3610 (3.O><102>
e+ HsOF - H+H+OH
429 o5 x107. (Lo o 3]
) 3.0 x 102
e+ Hs0T — H + H,0
430 T —0.5 3]
. 10°8 . [ ——°
70910 <3.O><102>
e+ H3O" — H+ Hy+ 0O
B 56 %1079 .\ 3]
] 3.0 x 102
e+ HsOT — Hy + OH
432 T —0.5 3]
. 10-8. [ —te
P37 10 (3.0><102>
O; +OH — Oy + OH~
433175 0 [51]
OH+0T" —-0O+0HT"
434 |36 10710 [1]
OH +O*" — H +Of
435|736 10710 [1]
H} + OH — Hy + OH*
436 | % 6 10710 [1]
HY +OH — H + H,Ot
437 7.6 x 10710 [1]
H* +OH — H+OH*
438 2.1x107° [1]
O+ OH — H+ 0O,
439 T —0-5 —3.0 x 10! [25]
433 x 1071 [ —9 . ZoU X U
8 (3.0 x 102) exp( T, )
440 T, —3.50 x 103 52]
41x10712. 9 . —9.90 x 107
0T 3o exp( T, )
OH + OH — H,0+ O
441 T 14 2.0 x 102 [25]
102x10-12.( 19 )} . 2.0 x 07
5 (3.0><102) ewp( T, )
OH +OH — H + HO,
—2.020 x 104
4421 9 10711 eap (WXO> [52]
Tq
OH +OH — Hy + O,
—92.54 x 10*
443 1.82 x 10713 Tg"r’l - exp (5TX0> [53]
g
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# Reaction / Rate equation Ref.
M+OH —>M+H+O
444 T -10 —5.0830 x 10* [52]
-8 (_tg . Zo-Uedl X AV
4.7 x 10 (3.0 = 102) exp ( T, )
Hs, +OH — H + H,O
—1.74 x 103
445 3.6 % 10-16 . Tg1.52 exp ( 7T>< 0 ) [5]
g
Oy +0OH — H + O3
446 Iy T, \'* —3.860 x 10* [52]
2.7 x 10 <3.0 102 exp 7,
Oy +0OH — HOy + O
o 4
447 9.9 % 10-11 .emp< 2.820 x 10 ) [52]
Tq
O3+ OH — HO5 + Oy
—9.410 x 10?
448 1.69 x 10712 - exp <9£XO> [54]
g
H>O + OH — H + H505
—4. 10*
a49 | 1010-exp< 050 x 10 ) [52]
T‘]
HO>; 4+ OH — H0 + O9
450 T -0 [25]
) 10-11 . g
80510 (3.0><102>
HO>; +OH — H;05 + O
451 B T, \”° ~1.060 x 10* [52]
1.5 x 10 <3.0 102 exp T,
H202 +O0OH — HQO + H02
N 2
452 9.9 % 10-12 . emp( 1.60 x 10 ) [25]
Tq
O+OHt - H+0Ff
453 7.1 x 10710 ’ (1]
O, +OHt - 0O +0H
454 23.8 x 10710 ’ [27]
HQO + OH+ — IT[QOjL +OH
455 1.5895 x 10~? [27]
H20+OH+ — H30+ +0
456 1.3005 x 10~? [27]
M+OH - M+e+OH
457 T, \%° c
2 1 —10 | 9
10 <3 X 102>
H+OH™ — e+ HyO
458 1 8% 109 [53]
O+0OH — e+ HO
459 |75 T p-10 2 [56]

182




# Reaction / Rate equation Ref.
O, +OH — O, + OH
—1. 10*
460 7 1010.6@( 661?: x 10 ) [51]
g
O3+0OH — 0; +0OH
461 39  10-10 3 [56]
O3 +OH~ — HOs + O3
S T [57]
OH-+0OHt - H+H+0+0
463 1% 10-7 [57]
M+OH- +0OHY - M +OH +0OH
464 T —25 [57]
—25 g
2> 10 (30x102)
OH-+0OHT - H+0O+O0OH
465 1 % 10-7 (57]
OH-+0T =H+0+0
466 1% 10-7 [57]
OH-+0T - 0+0H
467 o 10-7. T, —0-5 [57]
3.0 x 102
M+OH- +0" = M+ HO,
468 T -5 [57]
10-25 . g
2> 10 <30x1m)
Of+0OH - H+0+0
469 |77 0 0 2 (57]
OFf +0OH- = 05+ OH
470 | 2, o 2 [57]
Of +OH - 0+0+0H
471 21 < 10-7 [57]
M+0OF +OH™ — M+ Oy +OH
472 T —25 [57]
—25 | g
2> 10 (30x102>
M+ H,OY +0OH- — M + H,O +OH
473 | oees T, -5 [57]
3.0 x 102
Ht+OH- — H+OH
474 T, \%° [2,3]
-8 . g ’
7.51 x 10 <3><102)
H +OH- — H+ Hy+OH
475 T, \ %° [2,3]
51 x 1078 g ’
oL xI0 (3x1m>
HsOY+OH- — H+ H,O+OH
476 (2, 3]

T —-0.5
51x 1078 g
7.51 x 10 (3><102)
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# Reaction / Rate equation Ref.
H+ HOy — Hy + Oy
_ 3
477 1.1 % 10-10. exp( 1.071(3 x 10 ) [25]
H+HO; - OH+ OH
2
478 | g 10-10. emp( —4.40 x 10 ) [25]
H + H02 — HQO + 0
1 2
479 5w 10-11. exp( —8. 660 x 10 > (58]
H>O + HO9 — H509 + OH
1.51 10%
480 3 % 1011.6@( 5 0 x 10 ) (52]
Hy + HO; — H20+OH
3
481 11 % 10712 - exp —9. 40 x 10 > [52]
Ho+ HOy — H+H202
-9. 103
482 1x10712 . exp (9 30 < 10 ) [52]
Tq
H02 —|—H02 — H202 +02
2
483 9.2 % 10-1% - eap (6.0 x 10 ) [59]
Tl]
H02 +0 — 02 + OH
2
484 9.9 % 10~ - exp <2.0 x 10 > [25]
TG
H02+02 —>03+OH
485 1.5 x 1071° [52]
H+ HyO; — Hy+ HO>
—4.0 x 103
486 8 » 10_11.%1)( 0 x 10 ) [25]
Tq
H + H202 — HQO + OH
—2. 103
487 4x 1011.6@( 0x 10 ) [25]
Tq
H202+O — HOQ + OH
488 T, 20 —2.0 x 103 [25]
144 x 10712 [ —2 . _
5 (3.0><1()2) exp( T, )
HsOy — OH + OH
—2.196 x 104
ko = 3.8 x 105 - eap %
g a
489 N ~2.44 % 10* 5]
koo =3 x 10" -exp | ———
1
F.=0.5
H509 4+ Oy — HO9 + HO>
490 [52]

. 4
6 10-1L. mp( 2.160 x 10 >

T,
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# Reaction / Rate equation Ref.
HO+0O~ — OH +0OH~
491 23 " 10-13 [56]
492 H230X+1OO__13_> e+ HyO9 [56]
HO+H — Hy,+OH—
493 |5 g [56]
H>O + 0" = HyOt + 0
494 22.2 x 1079 ’ [29]
+ +
495 HQSG; fig,gﬁ Hs0™ + OH (56, 60]
H,O+HT — H+ H,OF
49 | 69 1079 ’ [29]
H,O+0 — OH + OH
497 _ —8.6 x 10° [25]
76 X ].O 15 . Tg13 . exp <1_'q>
M+ H,O - M+ H+ OH
498 T, -2 —5.90 x 10* [52]
. 1077 ——9 . e
>0 (3.0x102> exp( T, >
H + H,O — Hy + OH
499 _ —9.03 x 103 [5]
7.5 x 10 16 Tg16 *exrp (er)
H20+OH — H2 +H02
500 1.4% 1013 exp —3.610 x 10* [52]
} 7
HsO+ 0O — H+ HOq
501 T, 0-37 —2.87430 x 104 [52]
2. 10712, (| —9 ) Teolu A Y
810 (3.0 x 102> emp( T, )
Hy0 + O3 — H0O5 + O
0.5
502 e T, —4.480 x 10* [52]
HyO + 0Oy — HOy + OH
503 T, 0-5 —3.660 x 104 [52]
4. 10712, (| —9 . OOV A Y
310 (3‘0 x 102> ewp( T, )
H, + HyOt — H + H30"
S04 26.4 ><210—10 ’ [61]
+ +
H,OT +0~ = H,O+ O
S - T, —05 [57]
3.0 x 102
HyO" + 05 — Hy0 + O
507 [57]

T —0.5
2% 1077 [ —9
x 10 <3.0 X 102>
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# Reaction / Rate equation Ref.
H20+ + 03_ — HQO + 03
508 T —0-5 [57]
-1 (__tg
2> 10 (3.0 X 102>
M+HQO++O_ - M+ HO+ O
—2.5
509 5 10-25 T, [57]
3.0 x 102
M+H20++O_ — M + HyO4
510 T -5 [57]
—25 g
2> 10 <3.0><102)
M + H,O" + O3 — M + H,0 + O3
511 —25 57
2x10°%. T 571
3.0 x 102
H + H3O+ — Hy + H20+
—2. 10%
2121 61510710 - eap <05TX 0 ) [62]
g
H:Ot+0- - H+ H,O+0
513 T, —0-5 12, 3]
51 x 1078 g ’
7.51 x 10 <3 » 102)
H;0" + 0, — H + Hy0 + O,
514 T, —05 [2,3]
-8 . g ’
7.51 x 10 (3 - 102)
H30"+0; - H+H,O+0+0
515 1 % 10-7 [57]
H+0O —e+0OH
516 5 1010 (1]
H+0; = e+ HO,
517 7 % 10-10 [56]
H+0; - H 4+ 0,
518 7 1010 [56]
H+0O0t"—=H"+0
519 7 % 10-10 [1]
M+H+0O—M+OH
520 T -t [25]
4. 10732, =9 __
33 x 10 <3 ~ 102)
H+0y—0+0OH
. 3
521 162 x 10-10 . exp( 7.474;0 x 10 ) (58]
g
M+ H+0Os — M+ HO
522 T -t (5]
. 1 —31 g9
333 x 10 <3.0><102>
H+ 03— HOy+ O
223 | 776 'x 10713 [63]
H+ 03— 0+ 0H
224 1 936 % 10-11 [63]
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Reaction / Rate equation Ref.

525

Hi—f—OQ —>€+HOQ
1.2 x 1079

(56]

526

H +0 —e+OH
1x107°

(1]

527

H-+OH — ¢+ HyO
1x 1010

(1]

528

M+H™ +0; - M+ HO,

T —2.5
2 1 —25 g9
10 <3.o X 102)

(57]

529

H +0t—=H+O0

T —0.5
-8 . g
7.51 x 10 (3><102>

(2,3]

530

H30"+H~ — H+ H + H20
T —0.5
7.51 x 1078 ( g )

3 x 102

(2,3]

531

Ht+0—-H+O0O*"

0.26
6.86 x 10710 <Tg) - exp

3.0 x 102

oy (2243 x 10 3]
Tq

532

HY +0y— H+Of
2x 1077

[29]

533

Ht+0- =-H+O0
T

—-0.5
-8 . g
7.51 x 10 (3 > 102)

(2,3]

534

H++Og_>H+OQ

T —-0.5
51 %1078 - g
ToLx 10 (3><102>

(2,3]

535

Ho+O" — H+OH™
3.1x10~1

(56]

536

Hs +0~ — e+ HyO
5.98 x 10710

(56]

537

Hy +0O; — OH + OH~
5x 10713

[56, 57]

538

Hot Oy — HOs 1 H-
5% 10713

[56, 57]

539

Hy+O" - H+OH™"
1.7 x 1079

(56]

540

H2+03 *)H02+OH
—1.0 x 104>

1x 10718
exp T,

(52]

541

H2+02—)H+H02

3.2 x 1071 .
X exp ( 7,

—2.410 x 10*

) [52]
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# Reaction / Rate equation Ref.
Hy+0O — H+OH
542 T, —4.480 x 103 [52]
10-12. 9 . —&=0) x U
9107 e 102 ezp( T, >
H;_ + Oy — Hy + O;_
243 7.8 x 10710 71
HY +0y — H+ HOS
>44 1.9 x 1079 [64]
Hy +0 — H + H,OF
545 T —032 (65]
. 1 —10 9
8.87>10 <3.0><102)
H +O — Hy, +OHT
546 T —0-32 [65]
526 x 1071 . [ ——2L—
” (3.0 X 102>
Hf +0~ - H+Hy,+0
547 T —0-5 [2,3]
-8 . g ’
7.51 x 10 <3><102>
Hi +0; — H+ Hy + O,
548 T —05 [2,3]
51 x1078. g ’
7.51 x 10 (3 » 102>
H+0O—>e+OHT
549 1.12 x 1013 —8.06 x 10 d
7]\7,4 exrp 7]}
H+OH — e+ H,OF
550 1.12 x 1013 oy (=306 % 104 d
Na P T,
Hs +0 — e+ H,OF
551 1.12 x 1013 —8.06 x 10* d
7]\7,4 erp 7Tq
C+0OH—-CO+H
552 5 x 1013 [66]
Ny
C+OHtY -CHT+0
253 1.2 x 1079 (4]
C+ H,Ot - CH*+OH
>4 1.1 x 1079 (1]
C + H;O0t — Hy + HCO™
555 1% 10-11 [1]
C+ HOF — CHY + O
556 1 % 1029 (1]
C+OH- e+ HCO
557 5« 10-10 [1]
Ct+OH — COt+H
>>8 7.7 x 10710 (1]
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# Reaction / Rate equation Ref.
Ct+H,O— H+HCO*
259 2.7 x 210—9 [67]
CT+0OH- - C+O0OH
560 T —0-5 12, 3]
-8 . g ’
7.51 x 10 (3 - 102)
COy+H - CO+OH
_ 4
561 A7 % 10-10 . exp( 1.3915 x 10 > [5]
Tq
CO+H — HCO
562 2 % 10_35 . TqOQ S [5]
COy+H'Y - HCO* +0
563 | 35 % 10-9 [29]
CO+ Hf — COT + H,
>64 6.44 x 10~10 [7]
CO+ Hf — H+ HCO*
265 2.16 x 1079 (71
CO + Hf — Hy + HCOT
566 T —0-142 3.41 (68]
1. 1079 - g ) 021
36 x 10 (3><102> emp(Tq )
CO+H —e+HCO
567 | 1 10-11 ¢ [69]
COf +H — HCOt +0
268 2?9 x 10710 [70]
COtT+H—-CO+HT
269 | 7510710 (711
CO* +Hy - H+ HCO™*
>70 1.5 x 1079 [72]
CO+0OH —-COy; +H
571 3.3]\7 106 T . cap <4.02;< 102) (73]
A 9
CO+ HOy — CO9+ OH
572 5.8 x 1013 ” —2.293 x 10 - 4.184 [74]
Na P R-T,
CO + H,O, - COOH + OH
573 3.6 x10* . —1.4425 x 10* [75]
— T . . eajp _
Ny g T,
COy+0OHT - HCOT 4+ 0
>74 5%4 x 10710 ’ (4]
CO+OHT - HCOT +0
275 1 105 x 109 [76]
CO + H,Ot - HCOt + OH
576 | . 102_10 [76]
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# Reaction / Rate equation Ref.
CO+ HOS — HCO' + 0,
>77 8.4 x 10710 (1]
CO5 + H20 — CO4 + H O
>78 2.044 x 107° (7]
COt*+0OH - CO+0OHt
>79 3.1 x 10710 (1]
CO* +OH — HCO* +0
>80 3.1 x 10710 "
(;’()+ + HZO — CO + H20+
>81 1.7 x 1079 78]
CO* + H,O — HCO* + OH
582 9 % 10-10 -
CHy+0 — CHz + OH
—3.31 x 103
R <33TXO> 5
g9
CH4+ Oy — CHs + HO9
—2.637 x 104
P sk 1 e (TX) 15
g
CH; + O; — CH;00 + H
585 4.3 x 1013 T, 1.96 873 10 . 4.184 x 10° -
a L x 107 - R-T,
CHs+ O — H+ HCHO
286 |19y 10-10 5
CHz+ Oy — HCHO + OH
—1.114 x 10*
>87 3.7 x 10_12 -exp XO) [5]
Tq
CHs + 0Oy — CH30 + O
—1.634 x 10*
>88 3.5 x 10~ 1 - exp (63><0) [5]
Tq
CH; + Oy — CH300
>89 1.3 x 10715 qu.2 5
CHy+ 0O — CO + H,
—92. 1 2
g
CHy+ Oy — HCHO + O
591 4 x 1010 o
Na
CHZ + 02 — CO + HQO
>92 4.2 x 10713 25]
CH+0—CO+H
>93 6.6 x 10711 5]
CH+O—=e+HCOT
- 2
P 2% 10713 eap (8-5“0) 5
Tg
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Reaction / Rate equation

Ref.

595

CH+Oy = COy+H
4.2 x 10~

(5]

596

CH+ 09— CO+OH
2.8 x 10~ 1

(5]

597

CH+ 0Oy —- HCO+O
2.8 x 1071

(5]

598

CH,+ 0% - CHf +OH
1.1 x 10710

(27]

599

CH,+ 0Ot - CH} +0
8.9 x 10710

(27]

600

CHy+0O" - CHs;+OH~
1x10°10

(1]

601

CHy+ Ot — CHS +0
9.7 x 10710

(1]

602

CH2 + O; — CH;_ + 02
4.3 x 10710

(1]

603

CHy+0O" —we+HCHO
5x 10710

(1]

604

CH+O" = CHt+0
3.5 x 10710

(1]

605

CH+0Ot —-COt+H
3.5 x 10710

(1]

606

CH+0F = CHY + 0,
3.1 x 10710

(1]

607

CH+0} - HCOT +0
3.1 x 10710

(1]

608

CH+0O  —e+HCO
5x 10710

(1]

609

CHF + 0O — CHy + H307
2.156 x 10710

(81]

610

CH} + 0y — CHy + OF
3.9 x 10710

(27]

611

CHy +0 — Hy + HCO™
3.08 x 10710

(82]

612

CHf +0 — CO+ Hf
8.8 x 10711

(82]

613

CH + Oy — HyO + HCO*
4.3 x 1071

(27]

614

CH; +O0° S CH;+ O
T,

—0.5
75 “_8 . 9

(2,3]
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# Reaction / Rate equation Ref.
CHf + 05 — CHjz + O, -
615 o i
7.51><10—8.(3 39102) 23]
CHy +0 — H+ HCO*
616 7.5 x 10710 [1]
CHy + 0y — HCOT + OH
617 4.55 x 10710 (271
CHY*+0 = CO++H
618 1.75 x 10710 81]
CH*4+0—CO+Ht
619 1.75 x 10710 (81]
CHY 4+ 0y - HCO + O*
620 9.7 x 102—10 271
621 4.8 x 102—10 ? "
CHs + CO — CH3CO
— 3
ko =1.6 x 10737 . T} . eqp <13T><10>
622 ) 3 A [S]a
koo = 3.1 x 10716 T;‘OS  exp <28;><10)
g
Fc - 05
CHy 4+ COy — CO + HCHO
623 3.29 X 10314 (25]
CH, + CO — CH>CO
624 1% 10-15 -
CH+CO, - CO+ HCO
6 % 102
®25 1 0.5 1.06 x 10716 . T3 . exp (36;0> 5
g
CH+CO — HCCO
ko = 6.3 x 10724 . T2 a
626 koo = 1.7 x 1079 . T04 5)
Fc = 0.6
CH, + COF - CH} +CO
627 5?15 y 10310 4 2 -
CH,+COt* — CH} +CO
628 8.978 x 1010 27]
CHy+ CO* — CHz + HCO™
629 3.752 x 1010 [27]
CH, + COt — CHY +CO
630 | o0 a
CHy+CO" — CH + HCO*
631 4.23 x 1010 (1]
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Reaction / Rate equation

Ref.

632

3.2 x 10710

(1]

633

CH +CO* — C + HCO*
3.2 x 10710

(1]

634

CHy +CO — CHy + HCO*
9.9 x 10~10

(27]

635

CH{ +CO — CH; + HCO*
1.0368 x 10~°

(27]

636

CHY+COy - CO+ HCO™T
1.6 x 1079

[27]

637

CH* +CO — C+ HCO*
7x 10712

[27]

638

OH4 +0H — CH3 + HQO

—1.231 x 103
1.66 x 10718 Tg2.182 . exp 3><0>

Ty

(84]

639

CH4+H02 —)CH3+H202
—1.057 x 104
78 x 10720 T25 . exp (x)

(5]

640

Ty
CHs + OH — CHs0H
ko = 1.06 x 10710 .Tg—6.21 exp <
koo =72x 10_9 . Tg—0.79

=T,
re=07s-en (5 )

=T,
.25 - __ "9
+0.25 - exp (1.434 » 103)

1,

)

(512

641

OH3 + OH — OHZ + HQO
k

Ny

—2.75 x 102
ko=18x10"8%. Tg—0.91 . exp ><>

Tg
T

g9

= -8, 75.8
koo = 6.4 x 1075 - T} ,exp(
T,

F,=0.664 - _ g
“p (3.569 x 103
. _ g
+0.336 - exp <1.08 SETIE

©ouy 324 10°
exrp T,

(51

642

CH; + OH — CH,OH + H
—2. 103
1.2 x 10712 eap <76><0)

(5]

643

T,
CH; +OH — CH;0 + H

g
—14 —6.99 x 103
2x 107 M. egp | ———
1

(5]

193




# Reaction / Rate equation Ref.
CHs;+0OH — Hy, + HCHO
—2. 103
644 5.3 x 10715 - exp 53X0) [5]
Tq
CHs;+OH — CHy+ O
—2.24 x 103
%5 1 116 x 10719 722 . eap <TX) [85]
q
CHs + H,O — CH, + OH
—7.48 x 103
646 8 x 10722. 729 . exp M [86]
g Tq
647 55 10-11 [5]
CHs+ HOy — CHy + O9
648 6 x 10—12 [25]
CHs + Hy05 — CH4 + HO»
2
649 9% 10~ - exp (3.0 x 10 ) [25]
Tq
CHy, +OH —- H+ HCHO
030 | 5101 [25]
OH2 + HQO — OHg + OH
51 | 1116 (23]
CHy+ HO; - HCHO + OH
2 | 510 [25]
CHy; + HyOy — CHs + HO,
653 1 % 10—14 [25]
CH + OH — C + H50
654 4x107 —3x10%-4.184 [74]
T2 eaxp| ——————
Ny 9 R-T,
CH+OH— H+HCO
655 3 x 10" [74]
Ny
CH+ H,O —- H+ HCHO
656 8.5 x 108 L 2.051 x 10° - 4.184 [66]
N, g R-T,
CH,+OH* - CHS +0
57 1 1885 x 1010 [27]
CH,y + OHt — CH, + H30+
58 | 12615 x 1079 [27]
CHy + HQO+ — CHj + ]{30Jr
659 1.12 x 107? 271
CH, +HO;_ — CH;_ + Hy + Oy
660 | ot i [27]
CHy+ HOS — CHY + Oy
661 | 99y 10-10 [27]
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Reaction / Rate equation

Ref.

662

CH; + OH~- — CH30H +e¢
1x 1079

(1]

663

CHy+OHT — CHy +OH
4.8 x 10710

(1]

664

CHy+OH* — CHf + 0
4.8 x 10710

(1]

665

CHy + H,O" — CHY + H,0
4.7 x 10710

(1]

666

CH, + H,Ot — CH} + OH
4.7 % 10710

(1]

667

CHy + H;OF — CH + H,0
9.4 x 10710

(1]

668

CHs + HO;_ — CH;_ + 0o
8.5 x 10710

(1]

669

CH+OHY —-CHT+0OH
3.5 x 10710

(1]

670

CH+OHY* - CHf +0
3.5 x 10710

(1]

671

CH+H20+ — CH™ + H50
3.4 x 10710

(1]

672

CH + H,O" — CHS + OH
3.4 x 10710

(1]

673

CH + H30% — CH; + H50
6.8 x 10710

(1]

674

CH + HOf — CHY + 0,
6.2 x 10710

(1]

675

CH+OH — e+ HCHO
5% 10710

(1]

676

CHF + OH — CHy + H,O"
7 x 10710

(1]

677

(;'1‘15+ + HO — CHy + H30+
3.7x107°

(27]

678

CHI + H,O — CHs + .[T[gOJr
2.5 x 1079

[27]

679

CHf +OH — CH; + OH
T

—0.5
51 x1078. g
7.51 x 10 (3><102>

(2,3]

680

CHY+OH — COT + H,
7.5 x 10710

(1]

681

CH* 4+ H,O — C + H50t
1.45 x 1079

(27]
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# Reaction / Rate equation Ref.
Ct+HCO — C+ HCO™
682 1 48 x10-10 [1]
Ct+HCO —-CH*+CO
683 4.8 x 10710 (1]
C*t + HCHO — CHy +CO
684 2.112 x 1079 [87]
Ct+HCHO — CH + HCO*
685 0.24 x 10~10 [87]
CHgOH + ct > CHg + HCOT
686 3.28 x 10~10 [87]
CH30H + C* — CHf + HCO
687 1.189 x 10?9 (871
C+HCOt - CHt+CO
688 1.1 x 1079 (1]
CO+ COOH — COy+ HCO
689 1 % 10-14 [88]
CHgO +CO = CH3+ COq
—5.94 x 103
690 2_6“0_11.6@( 5.94 x 10 ) [25]
Tq
CH;0+CO — HCHO + HCO
691 | 593 x 10-15 [89]
CH300 + CO — CH30 + CO,
692 75 10-18 [90]
COtT+HCO - CO+ HCO*
693 7.4 x 10710 (1]
COt+ HCHO — HCO + HCOt
694 1.65 x 10~° [91]
H+ HCO — CO + H,
695 1.5 x 10710 5]
H+HCO —-CHy,+O
696 3.98107171 x 10*3 —4.29 x 103 [92]
N4 R-T,
H+ HCHO — Hy+ HCO
o 2
697 3,34 x 1023 . 7351 wp( 2.0;x 10 > [5]
g
H+ HCHO — CH30
698 2.4 % 1013 (—4.11 x 103 -4.184) [93]
—_— . el’p
Ny Ty
CH;0+ H — Hy+ HCHO
699 | 33 10-1 (23]
CH;0 + H — CH30H
700 [94]

T 0.33
34x10710. (29
* (3 x 102
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Reaction / Rate equation

Ref.

701

T, * —2.47 x 103
-15 g .
1.7 x 10 <3><102) exp( T, )

[95]

702

CHOH +H — Hy,+ HCHO
1x 10~

[96]

703

CH,OH +H — CH; +0OH
1.6 x 10710

[96]

704

CH,OH + Hy, - CH3;0H + H
—6.722 x 10°
112 x 10718 T2 - eap (m>

[96]

705

Tq
[ _2.2 ]. 3
5.7 x 10715 T124 . ep (6XO>

(5]

706

Tl?
CH30H+H — CH3 + Hy0O
2 x 102 —5.3-4.184 x 10
N, P R-T,

[97]

707

CH300 4+ H — CHy + Os

4.02 x 10'3 T, \'*” —1.66 x 10" - 4.184 x 103
Na 1x 103 . R-T,

)

[79]

708

CH3;00+ H — CH30 + OH
1.6 x 10710

[25]

709

—1.31 x 10*
5x 10~ 11t. e
exp ( T(I )

[25]

710

HCO+ H* - H+ HCO*
9.4 x 10710

(1]

711

HCO+H* - COT + H,
9.4 x 10~10

(1]

712

HCO+ HY — CO + Hf
9.4 x 10710

(1]

713

Hi + HCO — Hs + HCOT
1x107°

(1]

714

Hf + HCO — CO + Hf
1x107?

(1]

715

HCO+H —e+ HCHO
1x107°

(1]

716

HCHO+ H*™ — CO" + H + Ho
1.064 x 107°

(98]

717

HCHO + H* — Hy + HCO™
3.572 x 1079

(98]

718

Hf + HCHO — H + Hy + HCO*
1.4 x 107°

(1]
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# Reaction / Rate equation Ref.
H;_ + HCOOH — CO + Hy +H30+
71 83 % 1079 [59]
Hi + HCOOH — Hy + HyO + HCO*
720 4.27 x 1079 (%3]
CHsOH + Ht — CHy + H,0
721 7.4 x 10710 [29]
CHsOH +H* — Hy+ Hy + HCO™*
722 1.11 x 107° [29]
CHs;OH + H;L — CY.H—:;r + Hy + HyO
723 3.71 x 1079 [100]
OHgOH-i-H;_ — Hy + Hy + Hy + HCO™*
724 1.26 x 1079 [100]
HCOT+H - CO+H+H
725 T —05 12, 3]
-8 . g ’
3.76 x 10 (3 - 102)
HCOt+H- - H+HCO
726 T, —0-5 12, 3]
. 10-8. J ’
3.76 x 10 <3><102)
HCO+ +H — CO+H2
727 T, —08 [1]
23%x1077- g
310 (3 X 102>
HCO+ OH — CO + Hy,O
728 1.8 x 1010 (5]
HO+ HCO - HCHO + OH
_ 4
729 3.9 x 10716 7195 . e 1.314;6 x 10 > [25]
g
HyOy; + HCO — HCHO + HO»
_ 3
730 17 % 10-13 . exp( 3.48T6 x 10 ) [25]
g
HCHO +OH — H,O+ HCO
- 2
731 531 x 10-11 ‘exp< 3.04 x 10 ) [5]
Tq
HCHO+OH — H+ HCOOH
732 5 % 10-13 [101]
HCHO + HO9 — Hy0O9 + HCO
—5.14 x 103
733 6.8 x 10-20 . Tg2.5 . exp <TX> [5]
g
HCHO+H02 — CH20H+02
734 3.38844156 x 102 - —8 x 10* [92]
Na P\ R,
HCOOH + OH — COOH + H>0
735 [102]

5.93 x 108 -1 x 103 <1.036 x 103)
cexp (2222 T

T

Ny y
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# Reaction / Rate equation Ref.
CH30+ OH — H,O+ HCHO
736 33>< =t 2 [25]
CHs30 + HOy — Hy0y + HCHO
737 53>< 1018 2 22 [25]
CH30 4+ HOy — CH3sOH + O
738 4?7 X 10—112 ’ i [103]
CH,OH + OH — H,O + HCHO
739 42>< o1 2 [96]
CH>,OH + H,O — CH30H + OH
740 1.54881662 x 10 e [ 1L 10° [92]
Na P\ TR,
CH>,OH +HOy — Hy,O + HCHO
741 | 1.3x10°-1 x 103 T, 531 oy (=601 x 10° [104]
Ny 2.98 x 102 R-T,
CHy;OH + HOy — CH3OH + O4
742 | 5.7 x10%-1 x 103 T, 52 —6.8 x 10 [104]
Ni 2.08x102) ““P\TR.T,
CH,OH + HOy — H,O + HCOOH
743 3.6 x 107 -1 x 103 7012 g —-1.9 x 10° [104]
Na g R-T,
CH,OH + HyO5 — CH30H + HO;
_ 3
744 5« 10-15 . exp( 1.3T>< 10 ) [96]
g9
CHgOH + H02 — CHQOH + H202
-9.2 x 103
74> 5.41 x 1071 - exp (9 TX 0 ) [205]
g
CH3OH + HO9 — CH30 + Hy09
—1.01 x 10*
7481 902 x 10712 eap (OTX 0 ) [105]
g
CH300H + OH — CH300 + H,0
2
747 1.8 % 10712 - exp (2.2 x 10 ) (5]
Tq
CH300 4+ OH — CH30H + O
748 |72 1010 3 2 [25]
CH300 + HOy; — CH3O0H + Oy
5 x 102
749 0.9-42x 1071 . exp (75;0) ]
g
CH300 + HoO9 — CH3OOH + HO9
. 3
750 |0t ezp( 5% 10 ) [25]
Tq
HCO+OH* — HCO* + OH
L 98 x10-10 [1]
HCO +OH*' — CO + H,O
7521 98 % 10710 (1]
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# Reaction / Rate equation Ref.
H,O" + HCO — H,O + HCO™
753 2.8 x 10710 1]
H.Ot + HCO — CO + H;07"
754 2.8 x 10710 (1]
HCOt +0OH — CO + H,OF
735 6.2 x 10710 (1]
HQO + HCO+ — CO + H30+
756 2.5 x 1079 [91]
HCOT+0OH- - CO+H+0OH
757 T 05 o
78 . g '
3.76 x 10 (3 - 102)
HCO¥ +OH- — HCO + OH
"~ (L) 2, 3]
3.76 x 10 (3 - 102)
HCO+0 — CO+OH
739 5x 10711 (25]
HCO+0 —CO;,+H
760 5w 10-11 -
HCO + 0, — CO + HO,
2. 102
g9
HCHO+O — HCO+ OH
— 3
762 6.9 x 10713 - 7957 . ep (1.3?F><10> -
q
HCHO+ 0, - HCO+ HO,
— 4
783 | 405 % 10-19 T2 . exp <1~835X10> [5]
Tq
CH30 + O — CH3 + O,
764 1.875 x 10~ 11 [5]
CH3;0 +0 — HCHO + OH
765 6.25 x 10712 [5]
CHs0 + Oy — HCHO + HO,
— 2
q
CH>OH + O, — HCHO + HO;
-8, —1.5
e e g —1.88 x 10° (5]
+1.2x 1070 . exp <T>
g
CH;OH +0 — CH,0H + OH
— 3
788 1 1% 1071 - eap <2'6;X10> 5]
g
CH30H + Oy - CHyOH + HO»
— 4
g
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Reaction / Rate equation

Ref.

770

CH;00 + O — CH30 + Os
6 x 1011

[25]

771

HCO+0O*t - HCOT +0
4.3 x 10710

(1]

772

HCO+0O" - CO+OH*
4.3 x 10710

(1]

773

HCO + Of — HCO" + 0,
3.6 x 107190

(1]

774

HCOJrO;' — CO+HO;‘
3.6 x 10710

(1]

775

HCHO + 0% = CO + HyOF
4 x 10710

(1]

776

HCOT+0- - CO+H+O0
T —-0.5
3.76 x 1078 - ( 9 )

3 x 102

(2,3]

777

HCOT + 0~ = HCO+0

T —0.5
. 1 -8 . g
3.76 x 10 (3 > 102)

(2,3]

778

HCO" +0; - CO+ H + Oy

T —0.5
-8, g
3.76 x 10 (3 > 102)

(2,3]

779

HCOT +0; — HCO + O,
T —0.5
3.76 x 1078 - < g )

3 x 102

(2,3]

780

CH,+ HCO — CHs+ HCHO

— _1133 X 0
20 /l 2.85 . e A Y
121 X ].O g 6.1p< )

[25]

781

CH;+ HCO — CH, + CO
2 x 10710

[25]

782

CHs; + HCO — CH3CHO
3x 1011

[25]

783

CH, + HCO — CHs + CO
3x 10711

[25]

784

CHs; + COOH — CHyCO + H,0O
(1.52+1.95x 107* - T,)) - 3.24 x 10711 . 79-1024

[106]

785

CH3z + COOH — CHy + CO,
3.24 x 10711 01024

[106]

786

CHs; + HCHO — CH3CH>0
3 x 101! (—6.336 x 103 ~4.186)
- exp

Na R-T,

(93]

787

CH; + HCHO — CH, + HCO

—2.17 x 103
—23 3.36
5.3 X 1072 - T30 - eap (T>

(5]
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# Reaction / Rate equation Ref.
CH; + HCHO — CH3;+ HCO
788 1% 10-14 [25]
CH+ HCHO —- CH,CO+ H
. 102
789 762 x 10-10 .Tgfo.gz eap 3 86; 0 ) [107]
g
790 |06y 1018 egp [ 240 X107 [25]
. T,
CH3;+CHsO - CH,+ HCHO
791 A5 10-11 [25]
CH, + CH3O — CH3 + HCHO
792 3% 10-11 [25]
CH,OH +CH, — CHs; + CH3;0OH
793 _ —8.166 x 103 96
3.6 x 10723 . Tg'l - exp (Tq) [96]
CH>;OH + CH3; — CH3CH,OH
794 9 5 10-11 [96]
CH,OH +CHs; - CHs+ HCHO
795 4 % 1012 [96]
CHQ + CHQOH — CQH4 + OH
796 4% 10-11 [96]
CH2 + CHQOH — CH3 +HCHO
_ 3
798 0.33-5 x 10723 . T345 . exp —4.02 X 107 ]
g T,
CH3 + CH3OH — CH3O + CH4
—4.02 x 103
7067 5% 10728 . T35 egp [ 20 15]
g T,
800 —3.609 x 103 96
5.3 x 10723 T_g"Q - exp Tq) [96]
CH; + CH3OH — CHs + CH30
801 _ —3.49 x 10° 96
24 X ].O 23, ngl - Exp <7_‘q> [ ]
CHs00+ CHy — CH3 + CH3sOOH
802 3% 10-15 - cap -9.3 x 103 [25]
Ty
OH3 + CHgOO — CHgO + OH3O
803 4% 10-11 [25]
804 CHs + CE{,OO — CH3s0+ HCHO [25]
3x10
805 CH2 + CH3OO — CQH5 + 02 [25]

3x 10711

202




Reaction / Rate equation

Ref.

806

CHf + HCO — CH3 + HCO™
4.4 x 10710

(1]

807

CHf + HCO — CH} +CO
44 % 10710

(1]

808

CHY + HCO — CHf + CO
4.5 x 10710

(1]

809

CHT + HCO - CH + HCO™*
4.6 x 10710

(1]

810

CH* + HCO — CHf + CO
4.6 x 10710

(1]

811

CHf + HCHO — CHy + HCO™
1.6 x 107°

[20]

812

CH, + HCO™ — CHJ +CO
8.6 x 10710

(1]

813

CH + HCO* — CHS +CO
6.3 x 10~10

(1]

814

HCO + HCO — CO+ HCHO
4.265 x 101!

(5]

815

CH30 + HCO — CH30H + CO
1.5 x 10710

[25]

816

CH>,OH + HCO — CH30H + CO
2 x 10710

[96]

817

CH,OH + HCO - HCHO + HCHO
3 x 10710

[96]

818

CH;0H + HCO — CH,OH + HCHO

—6. 1 3
1.6 x 10720 732 - exp 6591?“))
g

[96]

819

CH3;0H + HCO — CH30+ HCHO

—6. 1 3
L6 x 10722 - T2° - eap 659T6X0)

[96]

820

q
CHsO+ HCHO — CH3s0H + HCO
—1.5 x 103

1.7 x 10713 .
exp T

[25]

821

g
CH;OH + HCHO — CH30H + HCO

~ ~92.95 x 10
9.1 x 10 21, ngs *exTrp (T‘q>

[96]

822

CHs0 + CH30 — CH3sOH + HCHO
1x10-10

[25]

823

CH;OH +CH30 — CH3sOH + HCHO
4 %1071

[96]

824

—2. 103
5x1013. exp <05X0)
1y

[96]
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# Reaction / Rate equation Ref.
875 Cfgszﬁf)j-mCHgOH — CH3sOH + HCHO [96]
CH;OH + CH30H — CH30 + CH30H
_ 3
826 1.3 % 10-14 . exp( 6.07 x 10 ) [96]
Tq
827 0}5[331—533{{300 — CH300H + HCHO [25]
CH30OH + CH300 — CH,OH + CH3;00H
828 _ —2.9826 x 10* [108]
3.421 x 10 33 TgQ *exrp (M)
CH30OH + CH;00 — CH30 + CH3;00H
829 _ —5.6739 x 10* [108]
1318 X 10 27, T;jl cExTP <R/1—’q)
CH;OH + CH300 —- CH3sOOH + HCHO
830 _ 1.4344 x 10* [108]
1047 X ].0 24, T92.69 *exTp <M]>
CH>;OH + CH300 — CH3;0H + HCOOH
831 B . 1.4922 x 10% [108]
3.89 x 10724 ng ™. exrp M)
CH300 + HCHO — CH300H + HCO
—5. 103
832 3.3 % 10-12. exp( 5 8;>< 0 ) [25]
g
OQHﬁ + OH — 02H5 + HQO
_ 2
833 1 152x 1071772 - eap (5; 10 > 5]
g9
CoHg + HO5 — CyHs + H50O9
—8.48 x 10?
834 1.83 x 10719 .ngs - exp <8 8TX 0 ) 5]
q
CyHs + OH — C3Hg + O
—2. 102
835 1 17x 10710 . 755 . eqp <5X0> [85]
1,
CyHs + OH — CyHy + HyO
836 1y 10-11 [25]
CyHs + H,O — CoHg +~ OH
_ 4
837 5.6 x 1018 . 7144 . g 1.015 x 10 [25]
g T,
CoHs + HO3 — CyHg + Oo
838 5w 10-13 [25]
CoHs + HOy — CoHy + HyO9
839 5w 10-13 [25]
CyHs + HyO9 — CoHg + HOo
_ 2
840 145 x 10~ - exp ( 4.9T>< 10 ) [25]
g
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# Reaction / Rate equation Ret.
C2H, +OH — CH3 + HCHO
1 o ,
841 | L 54107 eap —2.99 x 10° 5)
3 T,
CyHy +OH — CH3;CHO + H
1 Y 3
. 234 %107 - exp =299 x 107 [5]
3 T,
CoH, + OH — CH,CH,OH
B3 1 19210715 . 7298 . eap 797 < 10° (109]
i R-T,
CoH, + HOy — CoHs + O,
844 1x 10713 . 7007 . eqpy (658><103> -
’ T,
g
CoHs + OH — CHs + HCO
— 2
845 1.09 x 1075 - T 185 . eqp M (110
g 7,
CoHs + OH — CH;CO + H
846 042 x 10-9 . 71014 o, M (110]
] g P T,
CyHs + OH — CyHs + H5O
847 | 306 x 10-13 . 70081 . oqp) (191><102> 110
. « ~
g
CyHs + OH — CH,CO + H,
— 2
848 1.26 x 1078 - T 1517 . ep —3.63 x 10% (110
g Tq
CyHs +OH — CHy + CO
849 1.32 x 1078 . 71328 , op M (110
’ g P T
CoHy + Hy0 — CoHy + OH
B0 8% 1072 129 ey (‘7'48“03) [25]
i T,
g
OQH?, + H202 — 02H4 + H02
2
851 9 % 10-14 . eap (3 leo > 25
g
CyHs + OH - CH,CO + H
- 3
g
CoHy + OH — CyH + H,O
- 3
3 0513 x 10710 eap (W) (5]
g
CyHy + HOy — CoHs + O,
B 518 10718 7160 g (71309“03) [111]
] 9 P T
g
CoH + OH — CoHy + O
55 23 ><+10—11 e [25]
CoH +0H — CH, +CO
5 23 x 10~ 2 [25]
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# Reaction / Rate equation Ref.
CoH + HyO — CyHy + OH

857 2.2 % 10721 7395 . earp (3.76T>< 102) [112]
858 C2f><+1§[—?12 — CyHs + Oy : [25]
859 025x+1£{(1)12 — HCCO + OH [25]
260 szg4+x01[g—+9 — CH + Hy + OH (28]
861 Cgfg 1‘ 10(){1;) — CoHY + Hy+ O 28]
862 szg 1—100{1:; — CoHy + H307" (28]
863 szg ;L 100152 — C’gHgL +OH 28]
865 ngg;xb%ql*oa CoH} + Hy + HyO 28]
866 0252 ig%olf = GHJ + H0 [28]
867 szg 1‘{{)2_011'*' — CoHS + H + Hy0 (28]
sos |21 IO CoHli + 20 [61]
e A CoHlg + 20 [61]
870 C’gf{)tOlé{tO% CoHT + OH 1]
872 025442(1{8(3;) — CoHY + HyO (1]
873 CQf;( I{(Q)E)I) — CoHyS +0H (1]
gra | P14 1O = Colly 0, [1
875 C’Q;Igr)i 11{5_09 — CoHs + H30™" (87]
876 ngli*;lz(;lgg) — OyHy + H30% [113]
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Reaction / Rate equation

Ref.

877

CoHi + HyO — CyHy + H30F
8.5 x 10710

(1]

878

CQH;_ +OH~ — CyHz + OH
T —-0.5
7.51 x 1078 < g )

3 x 102

(2,3]

879

CQH;— + HyO — CyH + H30+
2.2 x 10710

(1]

880

CoHy +OH- — CoHy + OH

T ~0.5
-8 g
7.51 x 10 <3><102)

(2,3]

881

CoHf + OH- — CyHs + H + OH
—0.5
7.51 x 1078 < Ty )

3 x 102

(2,3]

882

OQHﬁ +0 — CQH5 +OH
—2.92 x 103
3 x 10719 Tg2~8 -exp <9X0)

(5]

883

Tq
CQHG + Oy — C2H5 + HO,

2474 x 10"
1.21 x 10718 . T25 . cqp <X>

1,

(5]

884

02H5 +0 — CHgCHO + H
8.8 x 10~

(5]

885

CyHs + 0 — CHs + HCHO
6.6 x 10~ 11

(5]

886

CyHs +0 — C3Hy + OH
4.4 x 10711

(5]

887

CyHs + Oy — CoHy + HOo
1x10713

(5]

888

CoHy+0O — CHs+ HCO

—9.2 x 10
0.6-2.25 x 10717 - T155 . ep (X>

1,

(5]

889

CyHys+0O — CHyCO + Ho

—9.2 x 10!
0.05-2.25 x 10717 - T55 . g <X>

T

(5]

890

CyHy + Oy — CoHs + HOo

_ 4
7x 1071 . exp (29TX10>

g

[25]

891

CQH?, +0 — CQHQ +OH
1.6666667 x 10~

(5]

892

CyHs +0 — CHz + CO
1.6666667 x 10~ 11

(5]

893

OQHg +0 — CHQ + HCO
1.6666667 x 10~

(5]
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# Reaction / Rate equation Ref.
CoHsz + Oy — CoHy + HOq
894 6.6 x 1021 .. —5.41 x 10% - 4.184 [114]
—_— T . . el’p
Na 9 R-T,
CQHg +02 — HCHO + HCO
895 4x10t —2.4 % 10% - 4.184 [114]
S T . emp
Na 9 R-T,
CyHy + 0O — CHy; +CO
—1.11 x 103
89 1 02.1.95x 10715 . T2 - eap (TX 0 ) [5]
g
CQHQ +0—-H+HCCO
—1.11 x 103
897 1 081,95 10715 . T4 - eap <TX 0 ) 5]
g
CoHy + Oy — HCO + HCO
898 6.1 x 102 oy (5325 104 - 4.184 [115]
N4 P R-T,
CoH +0 — CH + CO
899 1 799« 10-11 (3]
CoH + Oy — CO + HCO
9901 04527 x 10710 7035 [3]
CQH+02 — CH+ COQ
%01 | 70197 x 10710 7,703 5]
CoHg + O — CoH + H,0O
902 177 33 1079 [28]
CQHG + O+ — (72115+ +OH
903 5.7 x 10710 [28]
CoHy+0T — CQHI +0
904 7% 1011 [29]
02H4 -+ OJr — OQH;_ —+ HQO
905 1.12 x 1079 [29]
CyHy+OF — CoHY + OH
906 2.1 x 10710 [29]
CoHy + O;r — CQHI + Oy
907 6.8 % 1010 [116]
CQHQ + OJr — CQH; +0
908 | 759« 10-11 [29]
CyHy + O;’_ — CQH;_ + Os
909 1% 105 x 1072 [117]
CyHs +OF — CO+ H + HCO*
910 | %65 x 1011 [117]
02H+O+ — 02H+ + O
ML "y 6 % 10-10 (1]
CoH + Ot — CH + CO™*
912 | 46 x 10-10 [1]
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# Reaction / Rate equation Ref.
CoHf +0 — CHY + HCO
913 177 08 x 1010 [118]
CQHI + 0O — CH; + HCO*
914 8.4 x 10711 [118]
CoHf +O~ — CoHs +H+ O
915 T, —05 12, 3]
51X 1078 : ’
7.51 x 10 (3 » 102)
CoHf +0 — CHY +CO
916 5 10-12 [118]
CQH;_ + 0~ — CyH3+ O
917 T, —05 [2,3]
51x 1078 g ’
7.51 x 10 <3 - 102)
C2H3++07 — CoH + Hy + O
918 T, —05 12, 3]
51 x1078. J ’
o110 (3 x 102>
OQH;_ + 02_ — CoHs + O
919 T —05 12, 3]
78 . g 7
7.51 x 10 <3><102>
CoHf +0 — CH + HCO™T
920 8.5 x 10~ 11 (81]
CQH;— + O~ — CyHy + O
921 T, —05 12, 3]
51 x1078. J ’
7.51 x 10 (3 » 102)
CQH;_ + 02_ — C2H2 + 02
922 T, —05 [2,3]
51x 1078 g ’
7.51 x 10 (3 - 102)
CoHY+0 = C+ HCO™T
923 1 x 10—11 [1]
C2H4 +CO — CQHg + HCO
—4.56 x 10*
924 | 5 10710 cap <T><> [25]
g
CQHQ +CO — CQH + HCO
—5. 10%
925 8 5 10-10.. exp( 5.37 x 10 ) [25]
Tq
02H4 + CO;_ — CQHI + COQ
926 8.775 x 10710 [61]
CQHQ + C'O;r — CQH; + COQ
927 1773 10-10 [61]
CyH +COT — CyHY +CO
928 | "39x10-10 (1]
CyHg + HCO — CoHs + HCHO
929 78 % 1020 . T272 o —9.176 x 10° [25]
) p — 7
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# Reaction / Rate equation Ref.
CyHg + CH30 — CoHs + CHgOH
930 4% 10713 - eap <3.5;>< 10 ) [25]
g9
CQHﬁ + CHQOH — CQH5 + CHgOH
—7.033 x 103
931 3.3 x107%2. Tg2'95 -exp — 7 X ) [96]
g
CQHG + CHSOO — CQH5 + CHgOOH
- 3
932 4.9 % 10-13 . exp ( 7.52 x 10 ) [25]
Tq
CyHs + HCO — CyHg + CO
933 9 % 1010 [25]
CyHs + HCHO — CoHg + HCO
—2. 103
934 | g 10721 2L gy (2210 (23]
g Tq
CQH5 + CH?,O — CQHG +HCHO
935 4% 10-11 [25]
936 CyHs + quOH — CyH, + CH30H [96]
4 x10
02H5 + CHQOH — CQHG +HCHO
937 L% 10-12 [96]
CyHs + CH3sOH — CoHg + CH,OH
—4.61 x 103
938 5.3 x 10723 . T;"Q - exp <6TX 0 > [56]
g
02H5 + OHgOH — CQH@ + CHgO
. 3
939 94 % 10-23 . 731, cxp 4.5 x 10 [96]
g T,
940 CyHs + 91}{300 — CH3CH>0O + CH30 [25]
4 x10
CyHy + COOH — 02H5 + COs
941 1 x 10-14 [88]
CyHy + CHOH — CoHs + HCHO
-3.5 x 103 -2 %103
8 x 1014 . cap 35X 107Y )
942 - ( T, ) - ( T, [96]
-2 x 10°
1.0+ exp (;{JO)
CyHs + HCO — CyHy + CO
943 1.5 x 10710 [25]
CoHs; + HCHO — CyHy + HCO
—2. 103
M4 910 S T281 . exp (95 10 ) [23]
T
g
CQHg + OHgO — CQH4 +HCHO
945 4% 10-11 [25]
946 CQE]:I;;( —;OC_YEQOH — CyH, + HCHO [96]
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Reaction / Rate equation

Ref.

947

CyHs + CH;OH — CyH, + CH,OH
- —3. 1 3
5.3 x 1072 . T2 . cap 3609“))

[96]

948

T
C2H3 + CHgOH — CQH4 + CH:_),O

g
—3.49 x 10°
—-23 3.1
2.4 %1072 . T3 - exp (71,)

[96]

949

OQHQ +COOH — OQHg + 002
3 x 107

(88]

950

CyHy + CHyOH — C3Hs + HCHO

- 3
1.2 x 10712 - eap <4'531 10 )
Tq

[96]

951

CyH + HCO — CyHy + CO
1x10710

[25]

952

CQH+CH3O — CQHQ +HCHO
4x 1071

[25]

953

CoH +CHy;OH — CoHy + HCHO
6 x 10~

[96]

954

OQH + OH3OH — CQHQ + OHQOH
1x1071t

[96]

955

CQH + CHgoH — CQHQ + CHgO
2x 10712

[96]

956

CyH + CH300 — CH30 + HCCO
4x 10711

[25]

957

CoHy + HCOt — C2H;_ +CO
1.4 x 1079

[13]

958

CyHs + HCOT — CQHZ_ + CO
1.4 x 1079

[13]

959

CoHy + HCOT — CQ.H:;r + CO
1.4 x 1079

(38]

960

CoH + HCO* — CoHY + CO
7.8 x 10710

(1]

961

CoHy + HCO — CyHy + HCO™
5x 10710

(1]

962

CoHY + HCO — CoHy + CO
3.7 x 10710

(1]

963

CoHy + HCHO — CyHz + HCO™*
5.375 x 1010

(87]

964

CoHS + HCHO — CoH + CO
2.795 x 10710

(87]

965

CoHY + HCO — CyHS +CO
7.6 x 10710

(1]
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# Reaction / Rate equation Ref.
H+HCCO — CHy,+CO
2
966 0.92 x 10-13 . 7976 . (4.38T>< 10 > [119]
g
CH,CO+ H — CHs+CO
967 111 x 107 —2 % 10%-4.184 [120]
. T?.exp| —————
Ny g R-T,
CH,CO+ H — Hy, + HCCO
968 1.8 x 1014 or —8.6 x 103 -4.184 [120]
Na P R-T,
CH,CO+ H — CH3CO
969 1.63 x 107 LT —1.664 x 10° - 4.184 [121]
Ny g R-T,
CH3;CO+H — CHs+ HCO
970 0.65-2 x 1013 [122, 123]
Ny
CH3CO+ H — CHyCO + Hy
971 0.35-2 x 103 [122, 123]
Ny
CH3;CO+ H — CH3CHO
72 | 602 x 10711 7016 [110]
CH3sCO+ Hy - CHsCHO + H
—8.862 x 103
973 6.8 x 1015 . 7152 . e 8 86T x 10 > [25]
g
_ 2
974 2.18 x 10719 T258 . eqp 76'1;{X 10 > [124]
g
—3.57 x 103
975 766 % 10-17 .Tg1.71 exp (TX> [124]
g
CHsCHO + H — CH;CHOH
—3. 103
76 | 080 x 10715 722 . eap <37é;><0) [124]
g
CH3CH,O + H — CH,OH + CH;
—1.74 x 102
771 996 x 10712 . 70701 . e <7TX 0 ) [123]
g
CHgCHQO + H — CH3CH20H
978 | o1y 10-13 LTOSM . ep (ﬁé) [125]
g
CHgCHQO + H — CQH5 +OH
—1.57 x 10
79 | 904 x 10710 7127 . ey (TX) [125]
g
—1.42 x 10?
980 1.33 % 10~22 .Tg?,,l - exp <TXO) [125]
g
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# Reaction / Rate equation Ref.
CH3CH>,O+ H — CyH, + Hy0O
9BL | g5 x 10710 7081 . e <3.5S;>< 102) [125]
CH,CH;0 T H 5 CH,CHO T H;
982 1.25 x 10720 Tgl'78 - exp <_40;g><101 [125]
+1.24 x 10714 T}15 - exp (_332;102>
CHsCH,O+ H - CHy+ HCHO
P81 132x 1072 122 e (Q'OSTX 101) 125]
CHsCHOH + H — CHgCHQOHq
%84 | 599 x 101 L TO96 . eqp (_2-2T>< 102) [125]
CH3;CHOH + H — CH,OH + C’qug ,
985 | | w107, T0591 g (1.46% X 1os> [125]
CH3;CHOH + H — C3Hs + OH !
986 | 4 9% 102 T058 . cqp (—2.41;: X 103) [125]
CH3sCHOH + H — CH3CH»0 + Hq
987 195 x 1072 . T29% e (—4.26; X 103> [125]
CH3CHOH + H — C3Hy + H>O :
988 | 1103, T30 . cqp (1.43; X 103> [125]
CH3;CHOH + H — CH3CHO + ng
989 7.42 x 10721 - T)%% - exp <5Tj [125]
+2.26 x 10715 - T129 . eap (_1'42T1 . 103)
CH3;CHOH +H — CHy+ HCHO :
990 | oo 10-22 T2 cap (1.07Tx 102) [125]
CH3;CH;OH + H — CyH5 + HQOq
991 5.9 x 10 exp —3.45 x 103 -4.184) [126]
N4 R-T,
CH3sCHyOH + H — CHsCHOH + Hy
992 1 146 x 10719 T265 . cp —1-46'; X 103> [127]
CH3sCH,OH + H —- CH,CH,OH —q&— Ho
993 8.82 x 10720 T2 . e (3.77; X 1o3> [127]
CH3;CH;OH + H — CH3CH>0 + ;{2
P41 157 x 102 LT3 eqp (_4'371? x 103) [127]
g

213




# Reaction / Rate equation Ref.
995 1 897 x 1010 [200]
CH3CHO + Hy — CoHF + Hy0O
996 1 7750 x 10-10 [100]
CH3;CHO + Hf — CH30H + CH;
997 1.449 x 107° [200]
CH3CHO + Hf — CHS +CO + H,
998 | 598 % 1010 [100]
CH3CHO + Hf — CyHy + H30%
999 11035 x 109 [200]
+ +
1000 CHgCHQO_Ig + H3 — CH3 + OH4 + HQO [100]
1.5 x 10
+ +
1001 CH3CH2_01({‘I+H3 —>C2H3 + Hy + Hy + HyO [100]
4 x10
+ +
1002 OH3CH2071;I+H3 —CHy+Hy+Hy,+ HCO [100]
1.1 x 10
+ +
1003 CchHQO_IQJ + H3 — CQH5 + Hy + HQO [100]
1.1 x 10
HCCO+ OH — CH,CO + 0O
J— 4 .
1004 | s e, 1.128 x 10 4.184) [128]
g R-T,
g
CH,CO+ OH — CH;OH + CO
5.1 x 102
1005 0.6-2.8x 10712 exp <;> Bl
g9
CH>,CO+ OH — H,O+ HCCO
2
1008 1 1. 2.8 x 1012 . exp (51;10) 5]
g
CH,CO+OH — HCHO + HCO
5.1 x 102
10071 0 02.2.8 x 1012 - eap <;) 1
g
CH;CO+ OH — CH3 + COq
1 x 102
1008 | ) 37.2.8 x 1012 - eap <5XO) Bl
Tq
1009 CI;TgflOO:knOH — CH>CO + H,O [25]
CH3CO + HyO — CH3CHO + HOo
—4.14 x 103
1010 | 4 413, crp Tx 0 ) [25]
q
CH3;CHO+ OH — CH3CO + Hy0
92 x 102
1011 0.93-4.8 x 10716 -Tgl'35 - exp (79;0> 1
g
CH3;CHO +OH — CH3 + HCOOH
.92 x 102
1012 0.03-4.8 x 10716 7135 . erp (79;“)> [5,129]
g
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# Reaction / Rate equation Ref.
CH3;CHO +OH — CH3;COOH + H
. 92 x 10?
10131 00248 x 10716 . 713 . g ( L2210 TX 0 ) [5,129]
g
CH3CHO + HO9 — CH3CO + H50,
o 3
1014 | Lo 10_2O~Tg2'5~emp< 5.13T5 x 10 ) (5]
g
CchHQOH + OH — CHQCHQOH + HQO
1015 | 1.74 x 10'* 702 —6 x 107 - 4.184 [130]
Na 9 R-T,
CH3CH,OH + OH — CH3CHOH + H,0
1016 |  4.64 x 10! 7015 [130]
Ny 9
CH3CH>;OH + OH — CH3CH>0 + H,0O
1017 | 746 x 10t . —1.634 x 10° - 4.184 [130]
—T;" - exp
Na 9 R-T,
CH3CH>OH + HOy — CH3CHOH + H509
1018 |  5.544 x 10'® 108 —8.29197 x 103 [131]
Na ¢ Ty
HCCO+ 0O — CH + COq
_ 2
1019 4.9 x 107 - exp <56T><1O) [5]
g
CH,CO+ 0O — HCCO+ OH
1020 —1.669 x 10* - 4.184 [128]
3.11 x 10719
X exrp R-T, )
CH,CO+0O —-CO+HCHO
. 2
1021 | 5 g q0-12. cxp 6.8T>< 10 [5]
g
CH,CO+ 0O — HCO+ HCO
—6.8 x 102
102211 3 10712 ep (2082100 STX 0 ) [5]
g
CH>;CO+ O — CHy + CO9
—6.8 x 102
10231 063 x 10712 cap (6 8 > 10 ) Bl
Tq
CH3CO+ 0O — CH,CO+ OH
10247875 x 10-12 ]
102515 625 x 10-10 [5]
CH3;CHO+ O — CH3CO+ OH
1026 5 x 1012 —7.5 x 103 [123]
OF T epp (22T
N4 R-T,
CHgCHO + 02 — Cch'O + H02
_ 4
1027 2x 10719 . 725 . exp M (5]
g9 Tq
CH3CH>O + 0Oy — CH3CHO + HO9
- 2
1028 3.8 x 107" . exp <44X1O> Bl
Tg
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# Reaction / Rate equation Ref.
CH3;CHOH + O — CHs + HCOOH
1029 7, \"'® —0.49 [132]
—10 g
3.9 x 10 .<3><102) 'eacp< T, )
CH3;CHOH + 0O — CH3sCHO + OH
1030 T T, \"" —0.39 [132]
4.8 x 107 - (3 <102 - erp T,
CH3;CHOH + O — CH3COOH + H
1031 7, \*'© —0.59 [132]
2.2 x10710. <3x9102> -exp( 7, )
CH3CHOH + Oy — CH3CHO + HO,
1032 | 5.28 x 10'7 P16 o —0.839 - 4.184 x 103 [133]
Ny g R-T,
CH,CH,OH + O — CH,OH + HCHO
1033 T, \"" —0.51 [132]
—9.3 x 10?
1034 0.99 -1 x 10-18 _Tg2.5 -exp ( TX ) [5]
g
CH3CH,OH + O — CH,CH,OH + OH
—9.3 x 10?
1035|005 - 1 x 10715 725 . eap (93T><0) [5]
g
CH3;CH,OH + O — CH3CH,0 + OH
—9.3 x 10?
1036 10,0051 x 10718 725 - eap (93TXO> [5]
g
CH3CH,0H + Oy — CH;CHOH + HO,
_ 4
10371 g 10719 725 . e 72'21; <10 ) Bl
g
CH3CHsOH + Oy — CHyCHsOH + HO»
_ 4
1038 | 6 10-19. T3 - exp (2.40;: <10 > 5]
g
CH3OH20H + 0y — CH3CHQO + IZOQ
2. 1
1039 | 10719 . 725 'exp< 651?:>< 0 > (5]
g
CH,CO + CHs — CyHs + CO
1040 1.24 x 105 —1.0642 x 10* - 4.184 [134]
N, e R-T,
A clg
CH,CO+ CHs — CHy4+ HCCO
1041 | 155x 107 o eap [ 10012 % 10*- 4.184) [134]
Ny 9 R-T,
CH2 + CHQCO — 02H4 + CO
1042 1 x 102 [135]
Ny
CH, + CH,CO — CHs + HCCO
1043 [120]

3.6 x 1013 —1.1 % 10% - 4.184
—— " €T
Na P R-T,
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# Reaction / Rate equation Ref.
CH3CO+ CHy — CHs + CH3sCHO
_ 4
1044 3.6 x 10-21 .T;VSB - exp 1.0§x 10 > [25]
g9
CHg + CHgCO — CHQCO + CH4
1045 6.1 x 10% -1 x 103 [136]
Ny
1046 Cglgx—&-lgﬁio,CO — CH;CO + CHj [25]
CHg + CHgCHO — CHgCO + CH4
—8.2 x 10?
10871 0.993.5.8 x 10792 . 7921 eap (TX> 5]
g9
CHs + CH3sCH>,OH — CHsCHOH + CHy4
1048 | 2476 x 10" 5 565 eap [ 393579 10° [131]
Ny g T,
CHs + CH3sCH>yOH — CHy;CH>OH + CHy
1049 1.861 x 102 T35 ey —5.54285 x 103 [131]
Ny g T,
CHg + CHgCHQOH — CHgCHQO + CH4
1050 0.09533 —4.119 x 103 [131]
. T4159
CQHG + CHgCO — 02H5 + CHgCHO
—8.82 % 103
1051 4 10_20_T92_75.exp( 88T>< 0 ) [25]
g
CyHs + CH3CHO — CyHg + CH3CO
1052 1.25892541 x 10'2 ” —8.5-4.184 x 103 [137]
Na P R-T,
CH3CO+ HCO - CH3CHO + CO
1053 1.5 x 107! [25]
CH3CO+ HCHO — CH3;CHO + HCO
—6.5 x 103
1054 | o 10_13_%27( 6.5 x 10 ) [25]
Tq
1055 CH3CO ;FHC'HgO — CHy;CO + CH30H [25]
1x10
1056 CInllnglOOirllCHgO — CH3sCHO+ HCHO [25]
CH3;CO+ CH30H — CH;OH + CH3CHO
—6.21 x 103
10571 8,06 x 102! T2 - exp (6 TX 0 > [56]
g
CH3CHO + CH30 — CH3CO + CH30H
1.69 x 10° 204 —2.353 x 103 - 4.184
— T2 -exp
1058 Ny 9 R-T, [138]
L 962 103 725 gy (159X 102 - 4.184
N4 g P R-T,
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# Reaction / Rate equation Ref.
CHsCHO + CH300 — CH3CO + CH;00H
0.322 —9.503 x 103 - 4.184
. T39% exp
1059 Ny 9 R-T, (138]
+4.99 x 1076 .98 —5.2682 x 10% - 4.184
7NA g erp R T,
CH3CO + CH3CO — CH,CO + CH3sCHO
1060 9x10°-1x10° [136]
Ny
COOH - CO+OH
102-5187x10 —1.8862 x 10*
ko — L2396
0 N4 g erp T,
—1.8349 x 104
_ 101.4074x10'  70.132 |
1061 | Feo=10 T erp T, ) [139]2
—5.13 x 102
F.=0.729 - exp (X>
Tg
4 ;Tg
P\ 5.4 % 102
COOH — COy,+ H
106775x10" ~1.8629 x 10*
ko — .T—3.148
0 Na g “rp T,
—1.7783 x 104
_ 101.1915x10' | 770.413 |
1062 | Koo =10 T erp T, ) [139]2
—2.407 x 103
F, = 1.049 - exp (X)
Tg
+ L
exr —_—
Pl 823 % 102
HCHO — H+ HCO
-3. 104
1063 8.09 x 1077 - exp (380;XO> SN 51
g
CH,OH — H+ HCHO
6.01 x 1033 —3.62 x 10* - 4.184
ko = . T—5.39 .
o Na g TP RT,
—3.282 x 10* - 4.184
_ 14 —0.73
koo =28 x10°% - T, - exp RT, >
1064 -T, [140)2
F.=(1-0.96) - — 7
( )-exp (6.76 > 101)
,Tg
+0.96 - exp (1.855 % 107
N —7.543 x 103
exp 7119
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# Reaction / Rate equation Ref.
0.8k
_ 4
ko= 1.1 % 1077 - exp (W)
9
_ 4
1065 | koo = 2.5 x 10" - T709 - eap (W) (5, 141]3
g
_Tg
F.=0.18-exp (2 » 102)
~T,
0.82- —g
+0.82- exp (1.438 X 103)
OHgOH — CHQ + HQO
0.15- k
-3. 10*
ko =1.1x 1077 - exp (3’30;“))
g
_ 4
1066 | koo = 2.5 x 1019 - T, 09 . exp (W) (5, 141]3
g
~T,
=0.18 - g
F.=0.18 exp(zx 102)
~T,
0.82- —a
+0.82- exp (1.438 X 103)
CHsOH — CH,OH + H
0.05 - k
-3. 10*
ko= 1.1 % 107 - exp (33();%”))
9
_ 4
1067 | koo = 2.5 x 1019 - T, 09 . exp (W) (5, 141]3
g
~T,
=0.18- g
F.=0.18 exp(zx 102)
~T,
0.82- —g
+0.82- exp (1.438 x 103)
CH300H — CH30 + OH
. 4
1068 | . 1o exp 2.13x 10 ) [5]
Tq
HCCO —- CH+ CO
1069 | 6 x 10'° » —2.96 x 10* . [142]
Na P T, M
CH,CO — CH, +CO
1070 2.3 x 10%® e —2.899 x 104 " [135]
Na P T, M
CH3CO — CH3 +CO
—7. 10°
ko =1x10"%-exp (7()?“)
1071 g (512
-8. 103
koo = 2 x 1013 - exp (863“))
Tg

F,. =05

219




# Reaction / Rate equation Ref.
CH;CO —- CH,CO+H
e —4. 10 -4.184
1072 | e 108 71 gy 6005 x 10 8 ) [121]
R-T,
CH3;CHO — CH3CO + H
1073 —8.79 x 10* - 4.184 [143]
1 14 |
5 x 10** - exp < R-T, >
CH3;CHO — CHz + HCO
—4.11 104
1074 2.1 x 106 - exp —;5 x 10 ) [5]
g
CH3;COOH — CH3; + COOH
1075 %100 e1.204% 101 —1.1313 x 10° - 4.182 [144]
105-7x10 'T9120 x 10 -exp( RO,
CH3CH;O —- CH;CHO + H
1076 | 5.43 x 105 7089 o —2.223 x 10* - 4.184 (93]
Ny g R-T,
CHsCH;O — CHs + HCHO
4.7 x 10%° —8.32 x 103
= .T-3. e
ko N g exp ( 7,
—8.605 x 103
Foo = 6.31 x 1010 . 0.9 . cqp 6TX>
g
-T a
0771 B — (1= 0.426) - exp [ —22 [145]
0.3
_Tg
+0.426 - exp <2.278 » 103>
N —1x 10
exp 7Tq
CH;CHOH — CHsCHO + H
b 1.77 x 106 » —1.0458 x 10*
0= 71\7,4 P —Tg
—1. 104
koo = 6.17 x 10° - T131 - exp <699T8X0>
g
1078 -T, [145]@
F.=(1-0.1 . "9
(1= 0.187) - cap (6.52 X 101)
-T
0.187 - —
* “rp <2.568 x 10°
N —4.1226 x 10*
exrp T,
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# Reaction / Rate equation Ref.
CH;CHOH — CH; + HCHO
L 586 1015 oy (10735 X 10*
0T TN, p T,
~1.71 104
Foo = 222 x 10° - T8 - ep 7229’“))
g
-T a
1079 F = (1—0124) - exp <1g) [145]
-T
0.124 - — 9
* “rp (1.729 X 103>
e [ 75X 104
P\~
2.88 x 103° 1 —5.5317 x 104
ko — . T—1.89x10"
0 NA g ETDP Tg )
—4.588 x 104
Foo = 5.94 x 10% . T; 165 . cap (TX>
g
1080 -7, [130]@
F.=0.5 exp (2 = 102)
_Tg
+0.5 - exp (8.9 = 102)
N —4.6 x 103
exrp 7Tq
e+ HCOt - CO+H
1081 | e ot 10-7 7, \ "% [146, 147]
’ ' 3 x 102
e+ HCOt - C+OH
1082 T, —0.69 [146, 147]
0.06-2.4x 1077 - < ’
8 (3 X 102>
e+ HCOT == CH+0O
1083 T —0.69 [146, 147]
06-2.4x10°7- c ’
0.06 x 10 ( 1 02)
C+0OH — e+ HCOT
1084 | 1.12 x 10'3 —8.06 x 10* d
Na exp T,
CO+H —>e+HCOT
1085 | 1.12 x 1013 —8.06 x 10* d
TN exp 7Tq
e+0 o e4+e+ 0t
1086 24
/(o) 4]
e+0 —e+e+0
1087 148
f(0) 4]
e+ 0y —e+e+OF
1088 24
/(o) 4]
+
1089 e+0y —e+e+0+0 [149]
f(o)
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# Reaction / Rate equation Ref.
e+0s —e+0+0
1090 24
f(0) 4]
e+0s—e+0+0
1091 24
/(o) 4]
e+0s—0+0"
1092 24
/(o) 4]
e+05 > 0+0;
1093 148
/(o) [148]
e+ 03— O0y+ 0O~
1094 148
/(o) [148]
M4+e+O—=M+0O-
1095 |70 [52, 150]
M+e+ 0y — M+0;
1096 | " 0t [52, 150]
M+e+03 = M+ 03
1097 |7t [52, 150]
e+e+0t =2e+0
1098 . 2\ 4P 2
7 10-20 30><10> [52]
T,
M+e+O0T =-M+0
1099 . 2\ 1? 52,150
6><10_27.<30><10> (52, 150]
Te
ete+0F5 = e+ Oy
1100 . 2\ 45 150
L% 10-19 . 30><10) [150]
Te
M+e+O05 = M+ O
1101 2\ 15 52,150
6><1027~<30X10) [ ]
Te
e+0; -0+0
1102 . 2\ 07 52
2.7><107~<3OX10> [52]
Te
M+0+0 — M+ O,
2
L eep <9 x 10 ) [25]
Tq
O+0 —e+O0F
1104 1.12 x 10'3 e <—8.06 x 104) [151]
Na P T,
O+0" —e+ 0y
1105 |75 2" 1g-10 [152]
M+0+0T - M+0F
1106 |7 7 029 [52, 150]
O+05; - 024+0"
1107 |7 5272 [ [52, 150]
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# Reaction / Rate equation Ref.
1108 | Jlrgf: Bjj Os 52, 150]
1100 | ¢ Jlrxoioﬁf +0240; [153]
1110 | ¢ ;5sz 1_0>—?02 +0; [154]
O+ 03 — Oy + O,

11| o g2 cxp (—2.060 X 103> [54]

Tq

M+0+0; = M+ 03

2| 3><102)1-9 [52]

Tq

0,+0" = 0+07

1114 031“;01;}) O2+ 05 [52, 150]
O +0"—=0+0

s |, o (3 0% 102>0 ° [150]
O3 +0T =0+ 0,

6| o (3 0 x 102>0 ° [150]
O; +0" - 0+0;3

w7, ( 0 x 102>05 [150]
M+0; 40" - M+0+ 0,

1118 10-25. <3 .0 x 102) [150]
M+O*+O+—>M+O+O

1119 5 % 10~ < 102) [150]
M+ 05 +O+%M+03

1120 5 % 10~ <3 0 x 102) (150]
M+O*+O+%M+02

1121 5 % 10-25 . <3 0 x 102) [150]
M+03‘+0+—>M+O+03

1122 5 % 10-%5 . <3 0 x 102) [155]

1123 O +0~ =0+0+0 [150]

1x10°7
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# Reaction / Rate equation Ref.
O O -0+ 0,
1124 . 2\ 08 1
2x10_7.(30x10> [150]
Tq
O3 4+0~ e+ 03
1125 | 2T 7 01 [52, 150]
M+0y+0" — M+ 0;
1126 -1 52, 150, 156
1.1 x 10730 T [52,150, 1561
3.0 x 102
O3+0" e+ 09+ 0Oy
1127 | 775 g 10 (52, 157]
O3+0~ = 0+0;
1128 | 70" 7 - 10 (52]
M+0 > M+e+0O
1129 T 0-5 [158]
. 1 —10 | g
69710 <3 x 102)
M+0; +0" = M+0+ 0,
1130 . 2\ 25 1
2><1O_25.<30><10) [150]
Tq
M+0; +0° — M+ 03
1131 . 2\ 2° 1
2><10—25-<30X10) [150]
Tq
Oy + 09 — O+ 03
—4. 10*
132 |, 1011'@@( 980 x 10 ) [52]
T‘?
M+0,>M+0+0
—5. 10*
1133 3% 100 .71 .exp< 5 93; x 10 ) [25]
g
M+037 +0;5 - M+ 03+ 03
1134 . 2\ %0
5 % 10-25 . <30><10 ) [155]
Tq
Of +03 - 0+0+0;
1135 | 72 0 [150]
O;r + O; — 02 + 03
1136 . A 150
2><1()7~(30X1O> [150]
Tq
M+ 05 +05 — M+ Oz + Oy
1137 . 2\ 2° 150
2><1025-<30X10) [150]
T‘J
O; +0f - 0+0+0,
1138 | 72 T 07 [150]
02_ + O; — O + Oy
1139 [150, 159]

o 10-7. (30 102\ %?
Tg
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# Reaction / Rate equation Ref.
M+0; - M+e+ 0,
1140 T, \%° [158]
—-10 . g
2x 10 <3 ” 102)
05 + 03— Oy + O3
141155 5 x 1010 (521
03+O3_ — e+ 02+ 03+ Oy
1142 | 7750 -0 [154]
M + 03 — M+ O + Oq
_ 4
1143 | oo 1010~exp< 1.160 x 10 ) [52]
Tq
M+0; - M+e+ O3
1144 0.5 c
2 x 10710 Ty
3 x 102
O2+05 e+ 02403
1145 | 72,008 T [160]
+
1146 CO2+e—=CO5 +e+e [24]
f(o)
1147 COy4+e—CO+e+0 [161]
f(o)
1148 COy+e—CO+e+ 0O [161]
f(o)
CO3+e—CO+0~
1149 162
f(o) [162]
CO+e—COt+e+e
1150 24
f(o) 24]
CO+e—C+0O™
1151 24
f(o) 24]
CO+e—=C+e+0
1152 24
f(o) [24]
COt+e—-C+0
153 | oo T, \ % [160]
) 3 x 102
COy +e—CO+0O
1154 6 7. \ " [160]
0.5-3.4x 1076 (3 - 102)
CO] +e—C+0;,
1155 T —o4 [160]
5-34x1076. =
0.5-3.4 % 10 (3><102>
CO+0—COF e
1156 | 1.12 x 1013 —8.06 x 10* d
7NA exp 7Tq
C+0,—COJ te
1157 d

1.12 x 1013 —8.06 x 10*
DR e [ 222 T
N P T,
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Reaction / Rate equation

Ref.

1158

C+0—=COt+e
5.28 x 1012 —3.2 x 10%
N, crp T

[151, 163]

1159

g
COT+e+e—CO+e
3><102>4'5

1x10719.
x T

1160

M+COt+e— M+CO

3% 102\ "?
6 x 10727 .
&

1161

CO;—i—e—Fe—)COg—&—e

1x 10~ 3x10°\*°
T,

1162

M+COJ +e— M~+CO;,

3% 102\ °
1—27.
610 ( T. )

1163

M+C+0—-M+CO

—2.114 x 103
9.1 x 10722 - T,7308 . exp (XO>

1,

[160]

1164

C+0,5C0+0
1.2 x 1014 <2.01 x 103>
12x107 (=201 x10°
Na P T,

[164]

1165

M+C+0"—= M+COt

. 3
L 107197505, emp( 2.114 x 10 )

1

[165]

1166

C+05 —-COt+0
5.2 x 10711

(1]

1167

C+0F —CH+0,
5.2 x 10711

(1]

1168

C+0" =CO+e
5x 10719

(1]

1169

M+Ct+0—M+COT

1><1019'Tg3'08~eacp( T

g

—2.114 x 103>

[165]

1170

Ct+0;—-CO+0t
6.138 x 10710

(56]

1171

Ct+0,—COt+0
3.762 x 10~10

(56]

1172

CO5+0 = CO + O,
1.7 x 1013 —2.65 x 10%
——7V;——f exrp ———7ﬁ;——f

[160]

1173

COy+ 0Ot — COF +0
4.5 x 10710

[56]

1174

COs+ 0% — CO + OF
4.5 x 10710

(56]
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# Reaction / Rate equation Ref.
M+CO+0 — M+ CO,
_ 3
175 | o4 1034.6561)( 1.51 x 10 ) [25]
T‘J
CO+ 09— COs+ 0O
_ 4
1176 | 45 10-12. exp ( 2.4 % 10 ) [25]
Tq
CO + 03 — COy + O,
177 |7 10-2 [166]
CO+0"—=COt+0
1178 T T, \"° —4.58 x 10° [165]
2 x 10 <5 103 exp 7110
CO+0" —-COz+e
—0.39
179 | o0, T, [167]
3 x 102
COF +0 — COy+ OF
1180 1 g 62 x 10-12 [56]
COS +0 — CO +OF
11811 %638 x 10-10 (56l
COF + Oy — COy + OF
1182 | 53 10-11 183]
COT+0 —CO+0"
1183 | 7 {10 [168]
COT + 0y — CO+OFf
1184 14 9 5 1010 5]
C+COy — CO +CO
1185 |7 | -5 [169]
COy +CT — CO+COT
1186 | 1% (09 [170]
C+COt = CO+CT
18717 11 x 10-10 [l
M+ COy— M+ CO+0
1188 | 3.65 x 104 (—5.2525 X 104> [171]
IW I epp [ 222
Na T,
COy+ COT — CO + COF
1189 | 77 -9 [91]
M+CO—-M+C+0
_ 5
1190 | e 106 e, exp( 1.287 x 10 ) [160]
Tq
e+H—e+e+ HT
1191 24
/(o) 4]
e+ Hy —e+e+ HF
1192 24
/(o) 24
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# Reaction / Rate equation Ref.
1193 e+ Hy, e+ H+H [149]
flo)
+
1194 e+ Hy, we4+e+H+H [149]
flo)
f(o)
e+Hy - H+H
T,
. 09 _112x107%9. ¢
75110 X 10 1160450524 ,
L .
1.03 x 10710 ¢
1196 F1.03 > 10 (1.16045052 % 102 [172]
T,
—4.15 x 10712 °
b 10 (1.16045052 X 104)
T 4.0
. 10714, =
586 x (1.16045052 % 107
e+H = H+H+H
T,
—o1. (g ~09 4 302 % 10-9 .
5 x 10 (839><10 +3.02 % 10 11604505264
-01 [ _ 1 —10 |
510 3810 (1 16045052 X 104 >
+5x 10700 | 1.31 x 1071 ( I
1197 1. 16045052 > 10 (172)
0L (242 x 10713
510 x (1 16045052 > 104
5 0
I 14
510 2310 (1 16045052 x 104 )
6 0
—01 | . 10—16
510 300 x (1 16045052 104 )
e+ H — H+ H,
T.
—o1 . —09 10-09 .
5 % 10 <8.39><10 +3.02 % 10 11604505264
+5x 1079 . ( —3.8 x 10710 . (
1198 [172]

+5x 107% . [ 2.42 x 10~

0L (131 x 1071t
510 31X (1 16045052 101 3
4.0

(1 16045052 X 104
5 0

1. 16045052 x 104 )
+5x 1070 ( —2.3 x 107 >

(1 16045052 x 107

+5 x 107% . [ 3.55 x 10~

6 0
(1 16045052 x 104 )
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# Reaction / Rate equation Ref.
H+Hf — Hy+HT
1199 6.4 x 10710 271
M+H+H— M+ Hy
1200 | 1.5x 10729 s [25]
Ny g
H+H—e+HS
1201 | 1.12x 103 —8.06 x 10 d
71\7,4 erp 7Tq
M+H —M+e+ H
1202 T, \"° [173]
1 —12 g9
8> 10 (3 X 102>
Hfy +H - H+H+H
2
1203 9 % 107 . 3.0 x 10 [174]
Tq
Hf +H — H+H+H>
2
1204 |, o7 3:0x10 [174]
T‘]
H +H"—H+H
1205 T, \%° [2,3]
51 x1078. J ’
ol xI0 (3>< 102>
Hy+ Hy — H + Hf
1206 |7, 109 (27]
M+Hy—~M+H+H
1207 | 7.6x107° T4 ey —5.253 x 10* [25]
Ny 9 T,
CH+e—Ct+ete
1208 148
/(o) Hesl
1209 kre'u 'Keq
CoHy - C+CHy b
1210 Frew - Keg
1211 CyHo+H — C+ CHs b
krev 'Keq
02H+H — C+CH2 b
1212 krev : Keq
1213 CyHeg+ H— CH;+CHy b
krav ‘Keq
1214 CyHs + Hy — CH; +CH, b
krev 'Keq
1215 CyHy+H — CH+ CHy b
kre'u 'Keq
1216 CoHy+H — CHy + CHs b
krev 'Keq
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# Reaction / Rate equation Ref.
1217 CQH2+H2—>CH2+CH2 b
k’r‘e’u 3 Keq
CQHQ —-CH+CH b
1218 Kpow - K og
CHs; + H— CHj b
1219
krev 3 Keq
CH + H — CH, b
1220
krev ) Keq
C + H2 — OH2 b
1221 Kyew - Kog
C+H—CH b
1222 Freo - Keg
1223 CyHy +CHy — C + CyHy b
kre’u 3 Keq
1224 CoHy +CHs — CoHg + CH b
krev 3 Keq
CoHy+CHy — CoHs + CHj; b
1225
krev 3 Keq
CyHy + CHs — CoHs + CHy b
1226
krev ) Keq
1227 OQHQ + CH4 — 02H3 + CHg b
krev ) Keq
1228 CQH2+OH3 *)CQHg‘FCHQ b
krev ) Keq
1229 CQHQ +CH — CQH + CH2 b
kre’u 3 Keq
1230 CoHy+ CoHg — CoHs + CoHs b
krev 3 Keq
1231 CQHQ + CQHG — CQH3 + 02H5 b
krev 3 Keq
1232 CyHy + CoHy — CoH + CyHj b
krev ) Keq
12 CyHy + CoHs — CoH + CyHy b
33
krev ) Keq
H2 + 02 —OH +OH b
1234 Kpew - Keq
OH + OH — H30, b
1235 Krew - K oq
Lozg | M+ H+OH — M + H,0 b
krev 3 Keq
1237 Hy05 + O — Hy0 + Oq b
krev 3 Keq
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# Reaction / Rate equation Ref.
1238 M+ HOy - M+ H+ Oy b
kre'u 'Keq
HOy+0 — H + Os b
1239 Kyew - K og
1240 HOs + OH — Hs + O3 b
krev 'Keq
CO+H — C+O0H b
1241
krev 'Keq
HCO —CO+ H b
1242 Kyew - Koq
1243 COy+OH — CO+ HOq b
k'r‘ev 'Keq
1244 COOH + OH — CO + Hy04 b
kre'u 'Keq
1oas | H+HCOHO — CH; + 0 b
kre'u 'Keq
1246 HCHO +OH — CHs + Oy b
krev 'Keq
1247 CH300 — CHs + Oq b
krev 'Keq
CO + Hy — CHy + O b
1248 Kyeo - Keg
1249 HCHO + 0O — CHy + Oq b
k'r‘ev 'Keq
1250 CO+H20—)CH2+OQ b
kre'u 'Keq
CO+H - CH+0 b
1251 Krew - K oq
COs+H — CH + Oy b
1252
krev 'Keq
o5z | CO+OH = CH + 0 b
krev 'Keq
1o54 | HOO +0 = CH + 0 b
krev ‘Keq
CO+ HCHO — CHy + CO2 b
1255
k'r‘ev 'Keq
1256 CO+HCO — CH + COq b
kre'u 'Keq
o5y | CHsO + H = CHy + OH b
kre'u 'Keq
Losg | Hz + HCHO — CHy + OH b
krev 'Keq
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# Reaction / Rate equation Ref.
1259 CH30+OH—>CH3+HOQ b
k’r‘e’u 3 Keq
1o6o | H +HCHO — CH; + OH b
krev 3 Keq
HCHO +OH — CHy + HO> b
1261
krev 3 Keq
1262 CHs + HOy — CHy + H30, b
krev ) Keq
1og3 | C + H0 = CH + OH b
krev ) Keq
1oga | H+HCO = CH +0H b
krev ) Keq
1ogs | H +HCHO — CH + HyO b
kre’u 3 Keq
COy+ HCO — CO +COOH b
1266
krev 3 Keq
1267 CHs; + COy — CH30 +CO b
krev 3 Keq
HCHO + HCO — CH30 + CO b
1268
krev ) Keq
CH30 + COy — CH300 + CO b
1269
krev ) Keq
1270 CO+Hy - H+HCO b
krev ) Keq
1o71 | CH2+0 = H+ HCO b
kre’u 3 Keq
1272 Hy+ HCO - H+ HCHO b
krev 3 Keq
Lo73 | CH3O — H+ HCHO b
krev 3 Keq
1o7a | H2 + HOHO — CH0 + H b
krev ) Keq
1275 OH3OH — OH3O + H b
krev ) Keq
Lo76 | CHsOH + H — CH30 + Ho b
krev ) Keq
1277
kre’u 3 Keq
1278 CHs; + H,O —- CH30OH + H b
krev ) Keq
127 ClZgO +K0H — CH300 + H b
rev eq
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# Reaction / Rate equation Ref.
1280
kre'u 3 Keq
1ogy | CO+H20 — HCO +OH b
krev 3 Keq
H+ HCOOH — HCHO + OH b
1282
krev 3 Keq
COOH + H,O —- HCOOH + OH b
1283
krev ) Keq
1284
krev ) ch
HyO2 + HCHO — CH30 + HOq b
1285
k'r‘ev ) Keq
CH30H+OQ—>CH30+HOQ b
1286
kre'u 3 Keq
HO+ HCHO — CH;OH + OH b
1287
krev 3 Keq
CHsOH + OH — CH>,OH + H,0 b
1288
krev 3 Keq
H5O9+ HCHO — CH;OH + HOy b
1289
krev ) Keq
H,O+ HCOOH — CHy;OH + HOq b
1290
krev ) ch
CH30 + HyOy — CH30H + HO9 b
1291
k'r‘ev ) Keq
CH3;00 + H,O — CH300H + OH b
1292
kre'u 3 Keq
1293
kre'u 3 Keq
CH3OOH + Oy — CH300 + HOq b
1294
krev 3 Keq
CH3OOH + HO9 — CH300 + H509 b
1295
krev ) Keq
1296 | CO+OH — HCO +0 b
krev ) ch
COy+ H — HCO + O b
1297 Kpew - Kog
1oog | CO +HOs = HCO +0; b
k'r‘e'u ) Keq
L29g | HCO +OH — HCHO + 0 b
kre'u 3 Keq
1300 HCO+ HO9 — HCHO + Oy b
krev 3 Keq
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# Reaction / Rate equation Ref.
HCHO + OH — CH;0 + O b
1301
kre’u 3 Keq
1302
krev 3 Keq
CH,OH + OH — CH;0H + O b
1303
krev 3 Keq
1304 | CH0 + 02 = CH300 + O b
krev ) Keq
1305 | CH1+ CO — CHy + HCO b
krev ) Keq
1306 CH3+CO — CHy+ HCO b
krev ) Keq
CH>,CO + Hy;O — CHs + COOH b
1307
kre’u 3 Keq
1308 CHy+COy — CHs +COOH b
krev 3 Keq
CH; + HCO — CHy + HCHO b
1309
krev 3 Keq
CH,CO+ H — CH + HCHO b
1310
krev ) Keq
CHy,+ HCHO — CH3 + CH30 b
1311
krev ) Keq
CH3;+ HCHO — CHy + CH30 b
1312
krev ) Keq
1313
kre’u 3 Keq
CyHy+OH — CHy + CHyOH b
1314
krev 3 Keq
CHs; + HCHO — CHy + CHyOH b
1315
krev 3 Keq
CH>;OH +CHs — CHy + CH30H b
1316
krev ) Keq
1317
krev ) Keq
CH3 + CH300H — CH300 + CH, b
1318
krev ) Keq
CH30 + CH30 — CHs + CH300 b
1319
kre’u 3 Keq
CH3sO0+ HCHO — CHs + CH300 b
1320
krev 3 Keq
1321 CyHs + Oy — CHy +~ CH300 b

krev 3 Keq
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Reaction / Rate equation

Ref.

1322

CO+HCHO - HCO+ HCO
kre'u 'Keq

1323

CHsOH +CO — CHsO + HCO
krev 3 Keq

1324

CH30H + CO — CH,OH + HCO
krev 3 Keq

1325

HCHO+ HCHO — CH>sOH + HCO
krev'Keq

1326

CH3;0H + HCHO — CH30 + CH30
krev ) ch

1327

CH;0H + HCHO — CHy,OH + CH30
k'r‘ev ) Keq

1328

CHsOH + HCHO — CH,OH + CH,OH
kre'u 3 Keq

1329

CHsOOH + HCHO — CH30 + CH300
krev 3 Keq

1330

CH,OH + CH300H — CH30H + CH300
krev 3 Keq

1331

CH30 + CH30O0H — CH30H + CH300
krev ) Keq

1332

CH3;00H + HCHO — CHyOH + CH300
krev ) ch

1333

CH3;0H + HCOOH — CH;OH + CH500
k'r‘ev ) Keq

1334

CH3sO0H + HCO — CH3;00 + HCHO
kre'u 3 Keq

1335

CoHy + H,O — CoHs + OH
kre'u 'Keq

1336

CoHy + HyO9 — CoHs + HOo
krev 3 Keq

1337

CHs; + HCHO — CyHy +OH
krev ) Keq

1338

krev ‘Keq

1339

CH,CH,OH — Cy;Hy+ OH
k'r‘ev : Keq

1340

CHg + HCO — CQHg + OH
k'r‘e'u 'Keq

1341

CHgCO + H — CQHg +OH
kre'u 'Keq

1342

CyHoy + H,O — CoHs +~ OH
krev 'Keq
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# Reaction / Rate equation Ref.
1343 CH,CO + Hy — CyHs + OH b
k’r‘e’u 3 Keq
1344 CH4s+ CO — CyHs; + OH b
krev 3 Keq
1345 CyHy + OH — CyHs + HyO b
krev 3 Keq
1346 CoHy+ HOy — CoHs + Hy05 b
krev ) Keq
krev ) Keq
1348 C3Hy + 0O — CyoH + OH b
krev ) Keq
1349 CH2+CO—>CQH+OH b
kre’u 3 Keq
1350 CyHy + Oy — CoH + HOo b
krev 3 Keq
HCCO + OH — CoH + HO, b
1351
krev 3 Keq
CH3sCHO + H — (C3Hs + O b
1352
krev ) Keq
CH; + HCHO — C3Hs + O b
1353
krev ) Keq
1354 CoHy+ OH — C3Hs + O b
krev ) Keq
1355 CH3+HCO—>CQH4+O b
kre’u 3 Keq
135 | CH2C0 + Hy — CoHy + O b
krev 3 Keq
1357 CoHz + HOy — CoHy 4 Oy b
krev 3 Keq
1358 CyHy + OH — C3Hs + O b
krev ) Keq
1359 OH3+CO—>CQH3+O b
krev ) Keq
1360 CH; + HCO — C3H3 + O b
krev ) Keq
HCHO + HCO — CyHs + Oo b
1361
kre’u 3 Keq
1362 CHy +CO — CyHy + O b
krev 3 Keq
1363 | H +HCCO = CaHy +0 b
krev 3 Keq
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# Reaction / Rate equation Ref.
1364 HCO+ HCO — CyHy + Oy b
kre'u ) Keq
1365 |CH+CO = CoH +0 b
krev 3 Keq
1366 CO+ HCO — CyH + Oy b
krev 3 Keq
1367 CH +COy — CyH + Oy b
krev ) Keq
02H5 + OH3OOH — OQHG + OH3OO b
1368
krev ) ch
1369 CyHg + CO — CyHs + HCO b
k'r‘ev ) Keq
CoHg + HCHO — CyHs + CH30 b
1370
kre'u 3 Keq
CoHy +CH30H — CoHs + CH,OH b
1371
krev 3 Keq
CyHeg + HCHO — CyHs + CH,OH b
1372
krev 3 Keq
CH3CH>O + CH30 — CoHs + CH300 b
1373
krev ) Keq
02H5 +C0Oy —- CoHy + COOH b
1374
krev ) ch
CyHs;+ HCHO — Cy;Hy,+ CHOH b
1375
k'r‘ev ) Keq
CoHy, +HCO — CyHs + HCHO b
1376
kre'u 3 Keq
CoHy,+ HCHO — CyHz + CH30 b
1377
kre'u 3 Keq
CyHy+ HCHO — CyHs + CH,OH b
1378
krev 3 Keq
CyHy + CHyOH — CyHs + CHsOH b
1379
krev ) Keq
CyHy + CH30 — CoHs + CH3OH b
1380
krev ) ch
CQH3+002 — CyHy + COOH b
1381
k'r‘ev : Keq
CoHs + HCHO — CyHy + CHOH b
1382
k'r‘e'u 3 Keq
02H2+HCHO—>02H+CH30 b
1383
kre'u 3 Keq
1384 CyHo+ HCHO — CyH + CH,OH b

krev 3 Keq
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# Reaction / Rate equation Ref.
CQHQ + CHQOH — CQH + CHSOH b
1385
kre’u 3 Keq
CyHy + CH30 — CoH + CH30H b
1386
krev 3 Keq
CH3;0+ HCCO — CyH + CH300 b
1387
krev 3 Keq
13gg | CH2+CO — H+ HCCO b
krev ) Keq
1389 | CHs+CO — CHyCO + H b
krev ) Keq
1390 Hy+ HCCO — CH,CO+ H b
krev ) Keq
1391
kre’u 3 Keq
1392
krev 3 Keq
CH>;OH + CH3; — CH3CH>O + H b
1393
krev 3 Keq
CH3CHQOH—>CH3CHQO+H b
1394
krev ) Keq
CyHs + OH — CH3CH>,O + H b
1395
krev ) Keq
CoHy+ HO — CHsCH;O + H b
1396
krev ) Keq
1397
kre’u 3 Keq
CHy+ HCHO — CH3CH,O + H b
1398
krev 3 Keq
CHgCHgOH — CH3CHOH + H b
1399
krev 3 Keq
CH,OH + CHs — CHsCHOH + H b
1400
krev ) Keq
02H5+OH—>CH30HOH+H b
1401
krev ) Keq
CoHy+ HyO - CHsCHOH + H b
1402
krev ) Keq
CH3CHO + Hy — CHsCHOH + H b
1403
kre’u 3 Keq
CHy,+ HCHO —- CHsCHOH + H b
1404
krev 3 Keq
1405 CyHs + H,O — CH3sCH,OH + H b

krev 3 Keq
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1406

kre'u 'Keq

1407

CHQCHQOH + Hy — CH3CH20H + H
krev 'Keq

1408

CchHQO + Hy — CchHQOH + H
krev 'Keq

1409

CH;OH + CO — CH,CO + OH
krev ) Keq

1410

H,O+ HCCO — CH,CO+ OH
krev ) ch

1411

HCHO+ HCO — CH,CO+ OH
k'r‘ev ) Keq

1412

CHg + COQ — CHQCO +OH
kre'u 3 Keq

1413

krev 'Keq

1414

CH3CO + H,O — CHsCHO +0OH
krev 'Keq

1415

CH3; + HCOOH — CH3CHO + OH
krev ) Keq

1416

CH3;COOH + H — CH;CHO + OH
krev ) ch

1417

CH,CH;OH + H;O —- CH3CHsOH + OH
k'r‘ev : Keq

1418

CH3CHOH + H,0O — CH3CH,OH + OH
kre'u ) Keq

1419

CchHQO + HQO — CH3OH20H +OH
kre'u 'Keq

1420

CH3;CHOH + H,Oy — CH3CHsOH + HOo
krev 'Keq

1421

CH+CO; - HCCO+ 0O
krev 'Keq

1422

CO+HCHO — CHCO+0O
krev ‘Keq

1423

HCO+ HCO — CH,CO+ O
k'r‘ev 'Keq

1424

CHQ + COQ — CHQCO + O
k'r‘e'u 3 Keq

1425

CH,CO+ OH — CHsCO+ O
kre'u 3 Keq

1426

CHs +COy — CH3CO + O
krev 3 Keq
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1427

CH3;CO+ OH — CH3sCHO + O
kre’u 3 Keq

1428

CHgCO + H02 — CchHO + 02
krev 3 Keq

1429

CH3sCHO + HOy — CH3CH50 + Oy
krev 'Keq

1430

CHs; + HCOOH — CH3CHOH + O
krev ) Keq

1431

CH3;CHO +OH — CH3sCHOH + O
krev ) Keq

1432

CH3;COOH + H — CH3CHOH + O
krev ) Keq

1433

kre’u 'Keq

1434

CH;OH + HCHO — CH,CH>;OH + O
krev 3 Keq

1435

CH3sCHOH + OH — CH3CH>OH + O
krev 3 Keq

1436

CH,CH;OH + OH — CH3CH>;OH + O
krev ) Keq

1437

CH3CH;O + OH — CH3CH;OH + O
krev ) Keq

1438

CH3;CHOH + HO; — CH3CH>0H + O4
krev ) Keq

1439

CHy;CHsOH + HO9 — CH3CHsOH + Oy
kre’u 'Keq

1440

CHgCHQO + H02 — CH3CH20H + 02
krev 'Keq

1441

CyHs +CO — CH>,CO + CHj;
krev 'Keq

1442

CH,+ HCCO — CH>;CO + CHj;
krev ) Keq

1443

02H4 +CO — CHQ + CHQCO
krev 'Keq

1444

CH; + HCCO — CHy + CHyCO
krev ) Keq

1445

CH,CO +CHy — CH3 + CH3CO
kre’u 3 Keq

1446

CHQCO + CHg — OHQ + CH3CO
krev 'Keq

1447

CH3sCHOH +CH,y — CH3;+ CH3;CH;OH
krev 3 Keq
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CH,CH>,OH + CH4 — CHs + CH3CHOH b
1448
kre'u 3 Keq
CH30H20+CH4—>CH3+CH3CHQOH b
1449
krev 3 Keq
CHsCHO +CO — CHsCO + HCO b
1450
krev 3 Keq
CH3sCHO +HCO — CH3CO+ HCHO b
1451
krev ) Keq
CH,CO+ CH3sOH — CH3CO + CH30 b
1452
krev ) ch
CH3sCHO + HCHO — CH3CO + CH30 b
1453
k'r‘ev ) Keq
CH;OH + CH3CHO — CH3CO + CH30H b
1454
kre'u 3 Keq
1455
krev 3 Keq
CH3CO + CH3sOOH — CH3CHO + CH300 b
1456
krev 3 Keq
CH>,CO + CH3sCHO — CH3CO + CH3CO b
1457
krev ) Keq
CO + OH — COOH b
1458 Kyeo - Ko
CO, + H — COOH b
1459 kyew - Keq
vaco | H +HCO = HCHO b
kre'u 3 Keq
w46y | H +HCOHO — CH,0H b
kre'u 3 Keq
1462 CH2+H20—)CH30H b
krev 3 Keq
1463 |CH20H + H — CH;0H b
krev ) Keq
1464 | CH30 + OH — CH;00H b
krev ) ch
CHs; + COOH — CH3COOH b
1465
k'r‘ev : Keq
CHs+ HCHO — CH3;CHOH b
1466
k'r‘e'u ) Keq
CO+0 — C+ 0, b
1467 Krew - K og
COqs+ 0y — CO + O3 b
1468 Kyew - K og
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CO+CO —=C+CO, b

1469
kre’u 3 Keq

Constants:

N4 = 6.02214076 x 1023mol =1

kp = 1.38064852 x 10~23J /K

R = 8.31446261815324J K ~tmol ™!

ny = total number density of neutral species (cm™3)
Notes:

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

pe RolMlbo py logFe i N =075 — 1.27logF,
ko[M] + koo {log(ko[M}/koo)}

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

AGT>
RT P \AY
K=e (ﬁ) ;p=1bar; Av=> up — > ur

C estimated: equalto O~ + M — e+ O + M [158]

d estimated: equalto O + O — OF + e [163]
€ estimated: equaltoe + e+ AT — e+ A [150]
f estimated: equaltoe+ AT + M — A+ M [150]
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Table D-2 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)(2.684eV) excitation | [148]
4 |CH—CH ef fective |[148]
5 |CHy — CH, ef fective |[148]
6 |CHs — CHg ef fective |[148]
7 |CHy — CH, elastic [24]
8 |CHy — CH4(V24)(0.162¢V) excitation | [24]
9 |CH4 — CH4(V13)(0.361eV) excitation | [24]
10 CQHQ — CQHQ elastic [175]
11 |CyHy — CyHo(v5)(0.09¢V) excitation | [175]
12 |CyHy — C2H2(V2)(0.255eV) excitation | [175]
13 [CyHy — CyHo(V31)(0.407e¢V) excitation | [175]
14 |CoHy — CoHy x (1.911ev) excitation | [175]
15 |CyHy — CyHs  (5.089¢V) excitation | [175]
16 |CoHy — CoHy x (7.902eV) excitation | [175]
17 02H4 — 02H4 elastic [175]
18 |CoHy — CoHy(V1)(0.11€V) excitation | [175]
19 |CyHy — CoH4(V2)(0.36eV) excitation | [175]
20 |CyHy — C2Hy(3.8eV) excitation | [175]
21 |CoHy — CyHy(5eV) excitation | [175]
22 |CyHy — CoHy(7eV) excitation | [175]
23 CQHG — CQHG elastic [175]
24 |CyHg — C2Hg(V24)(0.16eV) excitation | [175]
25 |CyHg — CyHg(v13)(0.371eV) excitation | [175]
26 |CyHg — CoHg  (7.53e€V) excitation | [175]
27 |CyHg — CyHg + (10.12€V) 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 =3)(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 =7)(0.00335995¢eV) rotational | [46]
36 |CO — CO(J =7-J =28)(0.00383994¢eV) rotational | [46]
37 |CO — CO(J =8—J =9)(0.00431993eV) 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)(0.00767988eV) rotational | [46]
45 |CO — CO(J =16 — J = 17)(0.00815987eV) rotational | [46]
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46 |CO — CO(v0 — v1)(0.266eV) excitation | [24]
47 |CO — CO(v0 — v2)(0.54eV) excitation | [24]
48 |CO — CO(v0 — v3)(0.81eV) excitation | [24]
49 |CO — CO(v0 — v4)(1.07eV) excitation | [24]
50 |CO — CO(v0 — v5)(1.33eV) excitation | [24]
51 |CO — CO(v0 — v6)(1.59¢V) excitation | [24]
52 |CO — CO(w0 —v7)(1.84eV) excitation | [24]
53 |CO — CO(v0 — v8)(2.09¢V) excitation | [24]
54 |CO — CO(v0 —19)(2.33¢V) excitation | [24]
55 |CO — CO(v0 — v10)(2.58¢eV) excitation | [24]
56 |CO — CO(a3P)(6.006eV) excitation | [24]
57 |CO — CO(a’3Su+)(6.8eV) 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 |COy; — COy ef fective | [24]
64 | COy — CO2(v010)(0.083¢V) excitation | [24]
65 | COy — CO2(v020)(0.167€V) excitation | [24]
66 | COy — CO2(v100)(0.167¢V) excitation | [24]
67 |COy — CO2(v030 + 110)(0.252¢V) excitation | [24]
68 | COy — CO2(v001)(0.291eV) excitation | [24]
69 |COy — CO2(v040 4 120 4+ 011)(0.339¢V') excitation | [24]
70 | COq — CO2(Xv200)(0.339¢V) excitation | [24]
71 | CO; — CO2(Xv050 + 210 + 130 4 021 + 101)(0.422¢V) | excitation | [24]
72 | COq — CO2(Xv300)(0.5¢V) excitation | [24]
73 |COy — CO2(Xv060 + 220 4 140)(0.505eV) excitation | [24]
74 | COq — CO2(Xv0n0 + n00)(2.5eV) excitation | [24]
75 | COy — CO4q(el)(7eV) excitation | [24]
76 |COy — CO4(e2)(10.5€V) excitation | [24]
77 |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 — Ho(J =0—J =2)(0.044eV) rotational | [46]
85 |Hy — Ha(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 — Ho(v0 — v1)(0.516eV) excitation | [24]
89 | Hy — Ha(v0 — v2)(1eV) excitation | [24]
90 | Hy — Ha(v0 — v3)(1.5eV) excitation | [24]
91 | Hy — H3(b35u)(8.9¢V) excitation | [24]
92 | Hy — H2(B1Su)(11.4eV) excitation | [24]
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93 | Hy — H3(c3Pu)(11.75eV) excitation | [24]
94 | Hy — H3(a35g)(11.8¢V) excitation | [24]
95 | Hy — Hy(C1Pu)(12.4eV) excitation | [24]
96 | Hy — H2(FE15g,F15¢g)(12.4eV) excitation | [24]
97 | Hy — H»(e3Su)(13.4eV) excitation | [24]
98 | Hy — Hy(B'15u)(13.8¢V) excitation | [24]
99 | Hy — Hy(D1Pu)(14eV) excitation | [24]
100 | Hy — Hy(B'1S5u)(14.6eV) excitation | [24]
101| Hy — Ho(D'1Pu)(14.6eV) excitation | [24]
102 | H,O — H,0 elastic [46]
103 | H,O — H2O(R)(0.04eV) excitation | [46]
104 | H,O — H,O(V A)(0.198¢eV) excitation | [46]
105 | H,O — H20(V'1)(0.453¢eV) excitation | [46]
1060 — O elastic [24]
107 |0 — O(1D)(1.96eV) excitation | [24]
108 | O — O(15)(4.18¢eV) excitation | [24]
109| O — O(450)(9.2¢V) excitation | [24]
110| O — O(2D0)(12.5eV) excitation | [24]
111|0 — O(2P0)(14.1eV) excitation | [24]
11210 — O(3P0)(15.7¢V) excitation | [24]
113|005 — Oy ef fective | [24]
114 02 — O2(v0 — v1)(0.19eV) excitation | [24]
115 02 — O3(v0 — v2)(0.38eV) excitation | [24]
116 | O3 — O2(v0 — v3)(0.6eV) excitation | [24]
117 | O3 — O3(v0 — v4)(0.8eV) excitation | [24]
118 | O3 — 02(al1Dg)(0.977eV) excitation | [24]
119 | Oy — O2(b1Sg+)(1.627eV) excitation | [24]
120| O3 — O2(A3Su+,C3Du, c1Su—)(4.5¢V) excitation | [24]
121| O3 — 02(9.97eV) excitation | [24]
12205 — O2(14.7¢V) excitation | [24]
123|035 — O3 ef fective |[148]
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