Journal of CO2 Utilization 67 (2023) 102347

ELSEVIER

Contents lists available at ScienceDirect
Journal of CO2 Utilization

journal homepage: www.elsevier.com/locate/jcou

UTILIZATION =

S 3

Check for

Atomic oxygen assisted CO, conversion: A theoretical analysis e

a,b,*

C. Verheyen

# PLASMANT, Department of Chemistry, University of Antwerp, Belgium

, K. van ’t Veer?, R. Snyders ™, A. Bogaerts®

® Plasma-Surface Interaction Chemistry, University of Mons, 23 Place du Parc, 7000 Mons, Belgium

¢ Materia Nova Research Center, 3 Avenue Nicolas Copernic, 7000 Mons, Belgium

ARTICLE INFO ABSTRACT

Keywords: With climate change still a pressing issue, there is a great need for carbon capture, utilisation and storage (CCUS)
€02 methods. We propose a novel concept where CO2 conversion is accomplished by O, splitting followed by the
Oxygen addition of O atoms to CO,. The latter is studied here by means of kinetic modelling. In the first instance, we
(Sjll)lgate change study various CO»/O ratios, and we observe an optimal CO» conversion of around 30-40% for 50% O addition.
Conversion Gas temperature also has a large influence, with a minimum temperature of around 1000 K to a maximum of

2000 K for optimal conversion. In the second instance, we study various CO2/0/O; ratios, due to O3 being a
starting gas. Also here we define optimal regions for CO conversion, which reach maximum conversion for a
CO;, fraction of 50% and an O/O; ratio bigger than 1. Those can be expanded by heating on one hand, for low
atomic oxygen availability, and by quenching after reaction on the other hand, for cases where the temperatures
are too high. Our model predictions can serve as a guideline for experimental research in this domain.

1. Introduction

In May 2021 the National Oceanic and Atmospheric Administration
(NOAA) measured the highest recorded CO2 concentrations at 419 ppm
up to then. [1] This is almost a 50% increase from pre-industrial levels,
which are estimated at 280 ppm. [2] This brings us closer to the crucial
limit of a 1.5 °C increase in global temperature. [3] Passing this point
would lead to unprecedented weather events, sea levels rising due to
melted ice-caps, deaths of many species, many climate refugees and
increased inequality, to sum up, a few examples. [3] The call for climate
action is very urgent and has also been put forward as one of the sus-
tainable development goals (SDG) [4] by the United Nations (SDG 13).
Moreover, it is intertwined with many other SDGs, for example, life
below water (SGD 14) and clean energy (SDG 7). [5] To stay below the
1.5 °C limit, high concentrations of CO need to be tackled. This is due to
the “greenhouse heating effect’ of the molecule, combined with its
longevity and stability. [6].

A combined strategy of carbon mitigation, adaptation and carbon
capture and utilization and storage (CCUS) is preferred to stop the levels
from increasing [3], together with an effort in bringing the existing CO5
levels down — through negative emissions technology (NET). [7] To
bring this into implementation, there is a need for good policies together
with the development of new CCUS methods and improvement of

existing ones. [ 3] If possible, carbon capture should take place already at
(pre-)exhaust level (pre-, post-and oxy-combustion), thus it allows for
capturing the emissions at the moment they are released. [8] Carbon
capture and storage (CCS) allows for the removal of CO; from the at-
mosphere but misses a big opportunity for the re-utilization of the car-
bon. [9] Carbon capture and utilisation (CCU) is an interesting way of
combatting climate change, as it allows for the re-utilization of already
emitted CO5 and it could be an alternative carbon source to fossil fuels.
[10] This fits perfectly into a framework for a circular economy and is
thus a very interesting path forward for the future. [11].

Many methods for CCU have been developed over the years: elec-
trochemical, solar thermochemical, biochemical and photochemical
conversion, as well as hybrid methods. [10,12] Each approach has its
benefits, but all of them struggle with difficulties related to e.g., catalyst
instabilities, the use of rare materials, cultivation problems,... In short,
the presented methods are capable of converting CO5 but sometimes
require complex set-ups and thus high investment costs and often have
limited scale-up possibilities. [12].

On the other hand, gas conversion offers a relatively simple way of
converting COs. It uses CO; in gaseous form without the addition of non-
gaseous products (like binding metals) that are needed for conversion.
Examples are thermal and plasma conversion. Thermal conversion al-
lows for high conversion rates, but at low energy efficiency. [12] This is
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due to the stability of the CO, molecule and thus a great amount of
energy is needed to break the double bonds (R1). [13].

CO, — CO + O AH® = 5.5 eV/molecule (RD)

The O atom formed in R1 can also react with CO,, leading to the
dissociation of the latter:

CO; + O » CO + O, AH° = 0.3 eV/molecule (R2)
The sum of both reactions gives us:

CO, — 2 CO + Oy AH® = 5.8 eV/molecule (R3)
Or in reduced form.

CO, — CO + 2 Oy AH® = 2.9 eV/molecule (R4)

The indirect route (R2) offers some insight into possible optimisa-
tions of the conversion, because of the much lower reaction enthalpy.

Besides thermal conversion, another way to optimise gas conversion
is the use of plasma technology. [12] Plasma will allow for conversion
through different channels, like electron-impact dissociation or the more
efficient vibrational ladder-climbing. [14] This allows for the addition of
energy to the vibrational levels. Subsequently, through collisions,
vibrational energy will be exchanged between molecules, allowing some
molecules to become more excited until they reach the highest vibra-
tional level, which then leads to dissociation. [15] Different types of
plasma reactors, like microwave (MW), gliding arc (GA), dielectric
barrier discharge (DBD), etc. can be used. Plasma conversion allows for
reaching quite high energy efficiencies, depending on the plasma type.
Indeed, up to 90% was reported in MW plasmas. [16] However, this was
at specific conditions (reduced pressure and supersonic flow) and has
not been reproduced since then. Moreover, high energy efficiency is not
always associated with high conversion, and more research is needed to
improve the performance of plasma-based CO2 conversion. [12] In
general, every CCU method mentioned is characterised by successes, but
also needs further improvement.

All those methods have in common that the focus is on the CO,
molecule as the main energy-consuming compound. Alternatively,
instead of focusing on how to split the CO5 molecule by applying energy
to it, a deeper look into the most favourable reactions for CO splitting
could possibly allow for a simpler solution for CO, conversion.

As mentioned above, the indirect route (reaction R2) has a much
lower reaction enthalpy. Therefore, increasing the occurrence of this
reaction could lead to better conversion and energy efficiency. Indeed,
previous studies [17,18] have found that atomic oxygen plays a positive
role in plasma-based CO; conversion, due to so-called super-ideal
quenching. This concept was brought forward in the plasma chemistry
community by Fridman. [13].

Therefore, we propose here to start with atomic oxygen as the biggest
driving force for COy conversion. Step 1 would consist of converting O
into O, by utilizing e.g., plasma, heat, UV or any other suitable method.
This is in theory less energy-consuming than CO5 splitting (the O=0
dissociation bond energy is 498 kJ/mol vs 532.2 kJ/mol for the OC=0
bond dissociation energy at 298 K) [19]. Step 2 would be the addition of
CO4, into this stream of O atoms, or the O2/0 mixture, allowing the re-
action (R2) to be dominant. By adding O atoms to pure CO; gas, instead
of a CO2/CO mixture (i.e., already partially converted COs), the back-
ward reaction of (R1) can be, in the first instance, bypassed. The dif-
ference with previous works, as mentioned above, is that the focus here
is to provide the O-atoms externally (thus a source separate from the
COy) to optimize reaction R2.

Our hypothesis is that this process of creating O atoms, to let them
react with COy gas, could be a promising and more energy-efficient
novel route for CO, conversion. To test this hypothesis, we explore
here theoretically the second step of this process, i.e., reaction (R2), by
means of modelling, in an attempt to define this novel concept and lay
down a basis for further research.
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2. Methods

The chemical reactions are described by a 0D chemical kinetics
model in the Fortran 90 ZDPlasKin (Zero-Dimensional Plasma Kinetics
solver) code. [20] The model calculates density changes for all different
species in the model, in a homogeneous volume element over time. It
includes gas heating but neglects physical parameters related to trans-
port. Therefore, only the mass conservation equation for every species
and the gas thermal balance equation are solved. The density changes
over time can be represented by:

Jmax Jmax
ciin; :ZQ:j:ZRj[agfal;/} (€]
= =
R; = ijnh 2)
i

where n; is the density of the species s, Qs; is the source term for reaction
j of the species s, aﬁ}andaﬁj represent the stoichiometric coefficients on the
right and left sides, respectively, of species s for reaction j. R; is the re-
action rate and k; the reaction rate coefficient.

The gas heating can be calculated as:

ks dTga.r Jmax

y—1 dt =Y AH;* R~ Py, (©)
j=1

where N is the total gas density, y is the specific gas heat ratio, kg is the
Boltzmann constant, AHj is the enthalpy released or consumed during
reaction j, and Py is the external cooling.

The rate coefficients of the reactions between molecules, atoms and
excited species are temperature-dependent and obtained from the
literature (see below).

There is no addition of power, thus the changes are chemically
driven. However, one could argue that the addition of atomic oxygen is
an indirect way of adding power. Indeed, power is needed to first split Oy
into O atoms. As a result, we can calculate the energy efficiency (see
derivation in the Appendix) of the process through

n= Xco, Xco, AHco, “

1 — Xco, /YOZ AHOZ

where 5 represents the energy efficiency, x represents the fraction in the
gas, y the conversion and AH the dissociation energy.

The calculations are performed over time, for a gas in a volume
element, comparable to a batch reactor. However, by means of a gas
velocity, the time dependence in a batch reactor can also be translated to
spatial dependence, i.e., as a function of distance travelled through a
(tubular) reactor, because of the equivalence between batch reactor and
plug flow reactor in terms of residence time and distance travelled
through the reactor. Hence, the calculations can mimic the situation of
continuous flow reactors where O atoms (or an O/0O, mixture) and CO,
gas are brought in contact.

The chemistry described in the model includes the species listed in
Table 1. They react with each other in 19 base reactions, which are listed
in the Appendix. The chemistry is based on previous work from our
group. [21] This allows for usage in multiple conditions and an easier
transition for future research. Besides neutral ground-state species, it
also includes various vibrationally excited levels of the molecules, which

Table 1
Most important species included in the model for the CO, gas reacting with O
atoms or an O/0O, mixture.

Neutral ground state species

0,, 0, CO,, CO, C

Excited species

02[V1-V4], CO[V1-Vi0l, CO2[V1-V21], CO2[Va-Vdl
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can be easily populated at the higher temperatures under study in this
work. Note that electronically excited levels of O are not included, as
they would be negligible at the conditions under study. The notations of
these levels are explained in our earlier work. [21].

The model is on purpose kept simple to give more insight into the
basic chemical reactions and changes that occur by the mixing of O
atoms (or an O/O mixture) with CO; gas at room temperature and to lay
the groundwork for experimental studies. Note in fact that the vibra-
tionally excited molecules of Oz, CO and CO; could also be simply
described by a Boltzmann distribution, as our model is applied to a gas,
and not to a plasma, so the vibrational distribution functions of these
molecules are determined by the gas temperature. In the results section
(Section 3 c), we provide a sensitivity analysis, where we compare the
results without vibrational levels, showing that they yield the same
results.

3. Results and discussion
3.1. COg conversion upon reaction with O atoms

To explore CO, conversion driven by O atoms, and thus to prove the
aforementioned concept, we consider a simple approach of mixing CO5
and O and we follow the changes of the mixture over time. It should be

noted that no external power is applied in these calculations, as would
be the case when e.g., a plasma is created; hence, only chemical
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reactions take place. The results can be found in Fig. 1. Fig. 1A illustrates
the CO, conversion in different CO,/0 mixtures, for different concen-
trations of O atoms upon mixing (t = 0 s). For instance, the addition of
30% O atoms yields a CO2 conversion of 10%, simply by chemical re-
actions (reaction (R2) in the Introduction). The higher the O fraction,
the higher the CO, conversion is reached in short timescales. Indeed, a
CO; conversion up to almost 100% can be achieved upon the addition of
90% O atoms, simply by thermal chemistry, without the addition of
external power. However, this conversion drops as a function of time (as
explained below), and is thus not practical in an industrial setup. The
highest conversion, when looking at a longer timescale and steady-state,
is achieved at a ratio of 50/50 CO2/0, reaching a value of up to 40%.

Fig. 1B depicts the gas temperature, self-consistently calculated for
the different CO2/0 mixtures, and provides good insight into the un-
derlying mechanisms, especially in the case of high conversions (60%
and higher). Upon mixing CO, with O, the gas is at room temperature,
but before the O atoms will be able to react with CO, molecules (reaction
(R2) from the Introduction, which is an endothermic reaction), a frac-
tion of them will recombine with other O atoms (R5):

O + O— 0y AH® = -5.2 eV/molecule (R5)

The recombination of O atoms (R5) is an exothermic reaction, which
easily proceeds at room temperature, and leads to a temperature rise, as
clearly observed in Fig. 1B. As a result, the endothermic reaction
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Fig. 1. Overview of CO, conversion upon addition of O atoms: A) Conversion of CO, in a CO5/O mixture: addition of O in higher concentrations results in higher
conversion at first. However, the conversion drops after a few ms for the higher O fractions (above 50%), while up to 50% O fraction, it stays rather constant. B) Gas
temperature self-consistently calculated for the CO5/0 mixtures of (A): The addition of more O atoms results in higher gas temperatures, due to the heat created by O-
O recombination into O, (see text). Full figures of (A) and (B) can be found in the Appendix. C) Comparison of pure CO5 conversion at fixed temperatures of 2000 and
4000 K (dashed lines) with CO5/0O conversion for 50% and 90% O fraction (solid lines), which yield self-consistent temperatures around 2000 and 4000 K,
respectively (cf. B): when we remain below the thermal conversion limit for CO,, e.g., in case of the 50/50 CO»/0 mixture (2000 K), we see a dramatic increase from
roughly 0% conversion up to 40% conversion. Above the thermal conversion limit (e.g., in case of 90% O, 4000 K), we see no improvement. D) CO,/O conversion at
different pressures for 50% O fraction: an intermediate pressure around 5 x 10* Pa is optimal, indicating the importance of collision frequency and gas temperature

(see text).
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between CO5 and O (R2) can take place, resulting in CO5 conversion (see
Fig. 1A). For high O fractions, however, the temperature can rise above
3000 K, which reflects the CO, thermal conversion limit (i.e., reaction
step (R1)). In this case, the temperature rise serves therefore a double
purpose. On one hand, it is clear that the conversion upon addition of O
atoms is partly due to the increase in temperature, giving rise to purely
thermal conversion (at a high enough O fraction), but on the other hand,
and more importantly, even at lower O fractions, when the temperature
is below the thermal conversion limit of around 3000 K, it already
provides enough energy for reaction (R2, the reaction of CO, with O
atoms) to proceed, which is only slightly endothermic, and thus requires
less energy.

To confirm that the conversion is not purely thermal, but proceeds by
reaction (R2), at least for temperatures below the thermal conversion
limit, we compare in Fig. 1C our COy/O calculations with pure CO5
chemical kinetics simulations at similar temperatures. Indeed, we
compare two cases, i.e., 50% and 90% O fraction: at 50% O fraction, the
self-consistently calculated gas temperature rises to about 2000 K due to
the exothermic O atom recombination reaction, while at 90% O fraction,
the gas temperature rises to almost 4000 K (see Fig. 1B). Hence, we

A

LA

mmO,+CO - CO,+0

EmCO, +M —CO+0+M gmCO,+0~CO+O0,
ENO,+M—0+0+M EECO+0+M-CO,+M
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compare in Fig. 1C the conversion in the CO5/0 mixtures at 50% and
90% O fraction with the corresponding thermal conversion in pure CO5
at 2000 K and 4000 K, respectively. At 50% O fraction, we obtained 40%
CO4, conversion (see also Fig. 1A), while the conversion in pure CO; at
2000 K is lower than 1%. This demonstrates that the conversion in the
CO2/0 mixture is not purely thermal (reaction (R1)), but is mainly due
to the reaction of CO, with O atoms (R2), which is clearly less endo-
thermic. However, for cases that are above the thermal conversion limit,
i.e., at 90% O addition (reaching almost 4000 K), a similar conversion of
99% can be observed, indeed attributed to thermal conversion, though
without an external heating source, but simply upon addition of O
atoms. On the other hand, as the high temperature is not maintained
over time and due to the presence of O/0,, the conversion drops again
due to backward reactions. Therefore, for CO2/0 conversion, too high
temperatures (higher than 2500 K) seem to be counterproductive after
the initial reaction phase.

Finally, the pressure and thus collision frequency is important for
this concept. As mentioned before, reaction (R2) needs enough energy to
proceed, and this can only be achieved when the exothermic O atom
recombination reaction occurs to the right extent, i.e., sufficient to
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Fig. 2. Reaction rates of the most important production and destruction reactions for O atoms, as well as the total production and destruction rates. A) 50%, and B)

90% O atom addition.
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provide enough heat, but without going over the thermal limit of COo,
which would not lead to further gains after steady state. Thus, the
interplay between pressure, CO,/0 mixing ratio and temperature is of
great importance. Starting from room temperature, our calculations
reveal that a pressure of 5 x 10% Pa is ideal for maximum conversion
(see Fig. 1D). Indeed, lower pressures give rise to less O recombination,
not providing enough heat for reaction (R2) to take place, while too high
pressures give rise to too much O recombination, and hence too high
temperatures that are not optimal for the process to occur (see above).

To obtain a deeper insight into the underlying reactions, we per-
formed a reaction analysis of the destruction and production of O atoms,
as presented in Fig. 2. Fig. 2A shows the most prevalent reactions for
50% O addition. We can observe that initially (t =0.01 ms) the
recombination of O atoms into O3 is the most important destruction
reaction, but already after 0.1 ms, reaction (R2), i.e., the conversion of
CO; to CO, becomes more important. Finally, at longer timescales
(t = 10 ms), this reaction is balanced by the recombination of O + CO,
forming again CO». Hence, this reaction is limiting the CO, conversion.
In addition, the most important O production reaction is the recombi-
nation of Oy with CO, also forming again CO; as well as O. Note that this
is the backward reaction of (R2). It is not important at early timescales,
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but from t = 1 ms, it becomes equal to (or even slightly higher than) the
forward reaction of (R2). We can see that after 1 ms, the net production
of O becomes almost 0, and with O being the driving force of this
concept, this indicates the beginning of the formation of a steady-state
and the halt in the increase of COy conversion. Indeed, this is the
point where CO5 production will overtake the CO; conversion, the latter
reaching a maximum at around 0.1 ms.

In the case of 90% O addition (Fig. 2B), the dynamic of O destruction
and formation is slightly different. We still see that initially
(t = 0.01 ms) the recombination of O atoms into O is the most impor-
tant, and that reaction (R2) quickly becomes equally important and
takes over from t =1 ms, and also will be balanced by its backward
reaction from t = 1 ms, just like in the case of 50% O addition. However,
because at 90% O addition, the O fraction highly outweighs the CO2
fraction, this leads in the longer term as well to more O in the mixture.
Combined with the higher temperatures at 90% O addition (see Fig. 1B),
this leads after a while to more O production than for the 50% O addition
case, due to the dissociation of O, and reaction (R1) (see Fig. 2B: dark
green and middle green bars, respectively).

Fig. 3. Overview of CO, conversion as a func-
tion of the fraction of CO5 in the mixture and
the O/0, ratio, with (A-C) self-consistent
calculation of temperature, and (D-E) fixed
temperature of 2000 K. A) Conversion at steady
state (1s): The highest conversion (around
30%) is achieved at a 50% CO,, fraction with an
0/0,, ratio above 6. B) Maximum conversion:
The highest conversion (about 99%) is achieved
at the lowest CO,, fraction and high O/0; ratio.
The high concentration of O atoms leads to high
temperatures (over 3000 K) which lead to bet-
ter (thermal) conversion at an early stage of
mixing. C) Maximum temperature achieved in
the model: lower CO, fractions and higher O/
O, ratios lead to higher temperatures. D)
Maximum conversion at constant temperature
of 2000 K, highlighting the importance of a
high enough temperature. Indeed, at 2000 K,
higher CO, fractions and lower O/O, ratios
allow already for good conversion, as compared
to figure B, where the temperature is lower at
these conditions (see figure C), and on the other
hand, the conversion in Fig. D is lower than in
Fig. B at lower CO, fractions and higher O/0,
ratios, where the temperature is higher than
2000 K (see figure C). E) Conversion at steady
state at 2000 K, with cooling to 300 K right
after reaching the maximum. Cooling the setup
allows for (partly) quenching the backward re-
actions, explaining the higher steady state
conversion than in figure A. F) Conversion at
400 Pa after 1 s with constant temperature at
2000 K. Low pressure with higher temperature
allows for high conversion.
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3.2. CO conversion upon mixing with an O2/0 mixture

Our model predictions of the previous section reveal that adding O
atoms to CO, gas at room temperature can give rise to significant CO5
conversions, e.g., around 40% for a 50/50 CO,/O mixture, without
adding external power or heating. However, mixing only O atoms with
CO; gas, and thus achieving a 100% O dissociation degree experi-
mentally, can be hard to achieve. Therefore, to simulate the output of
different methods for O atom production, we studied the effect of
different [0]/[O-] ratios, along with the CO» fraction in the mixture, on
the CO3 conversion, as illustrated in Fig. 3. The corresponding overall
energy efficiency for the case of Fig. 3(A,B), as calculated by Eq. (4)
above, is plotted in Appendix (Fig. A2). It reaches about 50%.

In Fig. 3A we show the conversions at steady-state, while Fig. 3B
shows the maximum conversion that can be obtained. It is important to
notice that (referring to Fig. 1A) the maximum is obtained quite early
and is significantly higher than the steady-state values. However, the
highest conversions drop quickly due to backward (recombination) re-
actions, so they would be harder to achieve experimentally. Neverthe-
less, they give a good insight into eventual conversion when these
backward reactions could be avoided (e.g., by quenching, i.e., fast
cooling after reaction). Fig. 3A allows us to obtain some insight into
what conditions would allow for the highest steady-state conversions, at
atmospheric pressure. Two trends can be observed. Firstly, at a high
[01/[0-] ratio, i.e., above 1 (corresponding to an O5 dissociation degree
above 50%), the conversion is higher, and secondly, a low CO fraction
in the mixture, corresponding to a high [0]/[CO-] ratio, also allows for
higher conversion. More specifically, a “band” of optimum conversion
can be found in Fig. 3A, depending on the combination of [0]/[O3] ratio
vs CO» fraction in the mixture. Interesting to notice this zone seems to
give as well the best energy efficiencies (see appendix; Fig. A2). A lower
[0]1/[0-] ratio can allow for good conversion in the case of lower CO5
fractions in the mixture. The maximum conversion is reached at 50%
CO,, fraction in the mixture, and high Oy dissociation, similar to the
values of Fig. 1A. In general, the concept allows for some flexibility
when it comes to ratios of [0]/[05] vs CO, fraction in the mixture, and
these are tightly related to the temperature in the gas mixture. As seen in
Fig. 3A, the higher conversion band closely follows the bright red band
of Fig. 3C, corresponding to 2000 K. When performing simulations at a
constant temperature of 2000 K, we achieve a broader range in which
high conversion can be achieved, allowing even high conversion at
lower [0]/[02] ratios, as seen in Figs. 3D and 3E. Yet, on a longer
timescale, a constant high temperature is detrimental, because it also
promotes backward reactions (recombination of CO and O/O5 back into
CO2). However, temperature control offers here a solution as well: by
cooling the gas mixture, we can avoid the backward reactions and
achieve a higher steady-state conversion (see Fig. 3E). Temperature
control even allows for achieving high conversion at lower pressures
without extra cooling, as seen in Fig. 3F. Therefore, this highlights again
that temperature, along with O/02/CO; fractions in the mixture, is an
important player in achieving optimal conversion in the system.

3.3. Sensitivity of the results

To get a better insight into how the vibrational levels affect the re-
sults, we removed all vibrationally excited species from the chemistry
set, As expected, since we study a regular (heated) gas, and not a plasma
(that could be in non-thermal equilibrium), the removal of the vibra-
tional levels did not result in any significant changes. A similar result can
be found for the addition of O3 as extra species. In theory, O3 could be
seen as an atomic oxygen source. Moreover, Oz is a secondary product
formed through O, + O. Additionally, O will react faster with O, than O3
to form O (the reaction rates are one order higher). This explains why it
has limited influence on our results.

When we compare the results of the different chemistry sets, we do
obtain clear differences in absolute values. We ran three different sets, as
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adopted from Butylkin [22], GRI-MECH [23] and Kozak et al. [24]
Moreover, we identified three reactions as a common factor in those
three sets, hence we varied those in our set too by a factor 10 (i.e., 10
times higher and 10 times lower). We observe that the general trend
stays the same, but the absolute values do vary. Worth noting is that in
our set, to keep the study simple, we always changed the complete re-
action thus the forward and reverse rates.

In general, we can conclude that the absolute conversion results do
change when the rate coefficients are changed, however, the trend of a
higher maximum conversion at a certain O fraction seems to stay the
same. This is in line with a bigger uncertainty study performed by Ber-
thelot et al. [25]. Table 2.

4. Applicability of this concept

Our results are in line with other observations in plasma research.
Our model indeed reveals that the recombination of CO with O, plays a
big role in CO; reforming, which has also been observed in literature, i.
e., the addition of O, to a CO, plasma had a counterproductive effect on
the conversion. [26] Obviously, the removal shows a positive effect. [27,
28] This was indeed demonstrated by Mori and Tun, by combining their
DBD reactor with SOEC, [27] and recently by our group (Vertongen
et al.), for plasma reactors in series. [28] This is indeed another way in
which the plasma chemistry community could proceed to enhance CO2
conversion. On the other hand, our approach is different, and focuses on
adding (preferably) O atoms to unreacted CO; gas (hence when there is
no CO present yet, so that recombination of CO with O/0O,, i.e., the
opposite reaction, cannot take place), as a novel way for CO, conversion,
through reaction (R2). Berthelot et al. [17] and Vargas et al. [29],
indeed showed by modelling the importance of reaction (R2), while Van
der Steeg et al. [18] proved experimentally the benefits of reaction (R2),
being an important contributor to CO, conversion in plasma, in line with
our results.

To put our theoretical results about mixing O atoms (or an O/0;
mixture) with CO gas into practice, multiple approaches can be chosen.
Namely, one can decide on a hands-off or a more controlled system. A
hands-off system, here represented by Fig. 1 and Fig. 3A-C, would allow
for conversion without extra control of temperature and pressure. This
allows for easier design possibilities, but it also limits the conditions that
can be used. Depending on the starting temperature, the CO5/0 mixture
would have to achieve a temperature between 1500 and 2000 K to allow
for conversion to happen, thus CO,/0 ratios and pressure will have to be
chosen accordingly.

When using a controlled system, temperature control is the most
interesting approach. This can be done, on one hand, with a heating

Table 2

Results of our uncertainty study for the calculated CO, conversion with different
chemistry sets (details in text). Even though the absolute values of the CO,
conversion vary, we still observe the same trend for all chemistry sets and all
cases investigated, so the general message of our paper is qualitatively valid,
independent of which set was used.

Set Maximum conversion (%)
10% O/ 50% O/ 90% O/
90% CO, 50% CO 10% CO,
Full Set < 1% 44% 98%
No Vibrational Levels <1% 43% 98%
With O3 <1% 43% 98%
Butylkin 13% 58% 96%
GRI-MECH 1% 22% 96%
Kozak <1% 43% 98%
CO;+0=CO+ 0, x 0.1 <1% 31% 92%
x 10 <1% 55% 99%
O;+M=0+0+M x 0.1 <1% 43% 98%
x 10 <1% 42% 98%
CO,+M=2C0+0+M x0.1 < 1% 52% 99%
x 10 <1% 33% 95%
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system, in case of temperatures that are too low, or on the other hand, by
lowering the temperature after the initial reaction, to quench the
backward reaction, when temperatures are too high or remain high for
too long. This was illustrated in Fig. 3D-F for example. Fig. 3D shows the
maximum conversion at a system with controlled heating at 2000 K.
However, if this high temperature stays for too long (1 s in our simu-
lations), this will kill the conversion, reaching final values of 0-8%.
Therefore, quenching back to 300 K can allow for “freezing” the con-
version at higher values, up to 60%, as seen in Fig. 3E. The benefits of
quenching have already been discussed by Vermeiren et al. [30] Another
approach is using low pressure and high temperatures, which shows a
nice build-up of conversion over time, up to 90%, as illustrated in
Fig. 3 F. Low pressures, however, did not allow for high conversion in
our “hands-off” models, because the temperatures did not reach the
1500-2000 K limit. To summarise, we believe the temperature is the
most important factor. Therefore, the choice of correct conditions in a
hands-off system, or using a temperature-controlled system would be
recommended.

Finally, an equally important choice that should be made is the
source of O-atoms. Depending on the technique, the (atomic) oxygen gas
could be created at different temperatures, pressures and dissociation
degrees. Methods for O, dissociation are (but not limited to) plasma
technology, catalysts and photodissociation. Firstly, dissociation by
plasma offers a lot of possibilities, ranging from the use of different types
of plasma reactors to the use of different O admixtures. Gavrilov and al.
[31] obtained a dissociation degree of ~40% in a low-pressure arc
plasma (less than 1 Pa) in an Ar/O mixture. Kutasi et al. [32] obtained
dissociation degrees as high as 60% in a surface-wave microwave
discharge, also upon Ar addition. Dedrick and al. [33] used N3/Oy
mixtures in radio-frequency driven pulsed atmospheric pressure plasmas
to create atomic oxygen. The addition of SFg to Oz also showed inter-
esting results: at 2 mTorr total pressure, an [0]/[O3] ratio of 0.3 was
obtained for 10% SF¢ addition by Booth et al. [34] In pure Og, Booth
et al. [35,36] also observed up to 20-30% of O atoms in a 20-40 mA DC
discharge at 1 Torr. Secondly, O, dissociation could take place as well
with the help of a catalyst. For this purpose, a range of different catalysts
could be used, such as Au [37-39], RuOy [40], TiO, [41], Ag [42], Pt
[43], SnO, [44]. Finally, when looking at nature and the atmosphere,
photodissociation of O, by ultraviolet radiation takes place, which can
be mimicked in the lab with radiation in the region from 200 to 240 nm,
the so-called Herzberg continuum. [45-47].

5. Conclusion

We propose here a new approach to CO, conversion, based on mixing
CO4 gas with O atoms. The first step would include the creation of O
atoms, independently from CO,. The next step allows for the addition of
O atoms to a CO, gas or vice/versa. Based on chemical kinetics simu-
lations, we show that O addition to CO5 gas at room temperature indeed
leads to significant CO4 conversion, e.g., around 40% for 50% O fraction,
without applying external power or heating. This is attributed to a
beneficial increase in temperature, self-consistently calculated by our
model, resulting from O atom recombination, which is an exothermic
reaction. This temperature increase provides enough energy for the
endothermic reaction of CO, with O atoms, yielding CO + O, to pro-
ceed. This reaction is only slightly endothermic, and temperatures of
2000 K are already sufficient for this reaction to proceed in an efficient
way, while thermal CO, conversion requires more energy (i.e., higher
temperatures, of 3000 K and above). Hence, when staying under the
thermal conversion limit (i.e., below 3000 K), the conversion is driven
by O atoms and turns out to be very efficient. We explored different O/
0,/CO2 mixing ratios to obtain insight into the possible conversions. We
found that mixtures with a 50% fraction of CO, allow for the best con-
version. In addition, the conversion also has a strong temperature
dependence. Staying within the desirable range of maximum tempera-
tures of 1500-2500 K allows for flexibility within the O/02/CO2 mixing
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ratios, and even gas pressures.

This paper is only based on chemical kinetics modelling, but we hope
the insights revealed by this modelling can serve as a proof of concept
and as the first incentive to explore this concept further in practice.
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