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We investigate the potential of a warm O plasma effluent for the removal of trace CH4 concentrations in ambient
air, using a combination of modeling and experiments. To parameterize the 0D model, rotational Raman mea-
surements were performed to obtain both temperature and O atom concentration profiles downstream of the Oy
plasma. Subsequently, the model is validated by obtaining satisfactory agreement for CH4 conversion and COy/
CO/NOy production with the experiments of [1]. Next, we explore the theoretical limits of the O, plasma effluent
strategy by scanning the model over a broad range of effluent temperatures, mixing rates and ratios of plasma to
barn air flow rate. Our model predicts the lowest energy cost for CH4 conversion (at 100 ppm) to be 153 MJ/mol,
obtained at a characteristic mixing time of 0.1 ms and flow rate ratio of 30 (plasma flow to barn air flow), which
is still higher than that of catalytic thermal oxidation (ca. 120 MJ/mol). Based on these insights, we propose a
new strategy that uses NOyx produced by warm air plasma to oxidize CHy4 at a catalyst surface, potentially
reducing the required operating temperature and broadening the range of viable catalytic materials with higher
resistance to poisoning than conventional Pd-based catalysts.

1. Introduction

Methane (CHy4) is a potent greenhouse gas with a global warming
potential approximately 28 times greater than carbon dioxide (CO3)
over a 100-year period [2]. Its atmospheric concentration is predicted to
increase to 2 ppm by the year 2030, a substantial rise from its prein-
dustrial level of 0.7 ppm, correlating with a 0.5 °C increase above pre-
industrial temperatures [3]. An important strategy in reducing CHy
emissions is the oxidation of CH4 at its emission sources, where its
concentration is higher than atmospheric levels [4].

For the control of point source CH4 emissions, two main commer-
cialized methods exist: regenerative thermal oxidation (RTO) [5], and
catalytic thermal oxidation (CTO) [6]. Due to its high operating costs,
the RTO method is suited for large air flows with CH4 concentrations of
1000 ppm or higher, typically found in industrial settings [7]. However,
Abernethy et al. [4] recently showed that around 3/4 of CH4 emissions

occur at concentrations below 1000 ppm.

CTO can treat lower CHy concentrations down to 200 ppm [8].
However, it faces other limitations, such as the size required to treat
large air flows, rendering CTO methods inappropriate for agricultural
and wastewater treatment applications, operating at scales exceeding
1 m® s7! [7]. Additionally, highly active catalysts are required for the
low-temperature combustion of the inert CH. molecule, such as
Pd-based catalysts, which are susceptible to severe deactivation due to
poisoning and sintering [6,9].

The pursuit of better alternatives for the oxidation of low CH4 con-
centrations has led to the development of biofilters [10], photocatalysts
[11], and catalysts combined with zeolites [12], but none have been
proven at scale with an acceptable volumetric (kJ m~3) or specific (kJ
kg™!) energy input [7,13]. We note that gas phase advanced oxidation
(GPAO) is a promising strategy [14], in which reactive radical species
are produced in-situ through the use of precursors photolyzed by UV
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lights. This method overcomes many limitations associated with cata-
lysts, such as heat losses, high capital costs and deactivation of the
catalyst. Recent work utilized chlorine atoms in gas phase that were
created by photodissociation of Cly, reaching 58 % removal efficiency
for a 50 ppm CH4 flow at 30 slm, with relatively low energy cost of
2.1-7.7 kWh g~ ! or 121-444 MJ/mol [7].

In the recent study of Helsloot et al. [1], a completely new strategy
was explored that uses radicals present in a plasma effluent to activate
the CH4 molecules. Similar to gas phase radical generation in GPAO, this
approach employs plasma to create reactive species, and subsequently,
through the mixing of the plasma effluent with the low concentration
CH4 mixture, the radicals are titrated to the polluted air and CHy4
removal is initiated. In [1], the low-level CH4 mixture was taken to be a
barn air mixture, as livestock farming contributes approximately 14.5 %
of total anthropogenic greenhouse gas emissions [15], but this strategy
can be extended to other applications.

There exist various plasma types that could be explored for this
application. Cold plasmas could have the advantage that no energy is
lost in heating the gas mixture, but they are generally not energy-
efficient for molecule dissociation, since a limited fraction of the elec-
tron energy is used in dissociative electron impact processes [16,17].
Additionally, cold plasma conditions often require low operating pres-
sures, associated with high process costs [18,19]. Dielectric barrier
discharge (DBD) plasma can operate at atmospheric pressure and
maintain room temperature, but besides not being very energy-efficient,
it encounters significant power losses associated with the
high-frequency and high-voltage power supply [20]. Singh et al. [21]
recently investigated oxidation of trace CH4 concentrations (1 vol% in
air) in a co-axial dielectric barrier discharge (DBD) quartz tube reactor,
reaching a minimal energy cost of ca. 50 MJ per mole of converted CHy.
Since the energy cost of CH4 conversion scales inversely proportional
with CHy4 concentration, assuming CH,4 conversion is limitedly affected
by the CHy4 level at such low concentrations [22], the energy cost is
estimated to be two orders of magnitude higher for more realistic barn
air concentrations of 100 ppm [1].

Warm or (quasi-)thermal plasmas, e.g., arc plasma and microwave
(MW) plasma, are a more efficient source of radicals due to their high
dissociation degrees linked to high plasma temperatures [23,24].
Therefore, Helsloot et al. [1] used a warm MW plasma, since it not only
generates radicals efficiently, but can also operate with large gas flow
rates and is free from impurities originating from electrode sputtering
[25]. Hence, this MW plasma is further explored in the present study.

Due to the high energy costs associated with the elevated tempera-
tures of warm MW plasma, the ratio of polluted air flow rate to plasma
gas flow rate should be sufficiently high. Indeed, after mixing of both
flows, the gas mixture should not heat up to temperatures around
1000 K, where the low CH4 fraction would react spontaneously. Similar
to RTO, the external heat needed to reach these temperatures is too high,
since insufficient heat is generated from combustion of the low CHy4
fraction. Instead, the high radical fraction present in the plasma effluent
should activate the CH4 molecules upon mixing, enabling CH4 conver-
sion at relatively low temperatures (e.g. 450 °C), similar to those of CTO,
or even lower.

Helsloot et al. [1] investigated various plasma-sustaining gases, and
concluded that O, plasma was the only appropriate candidate, as it
produced no hazardous or substantial by-products. While air plasma
offers several practical advantages, including easier handling, lower
cost, and reduced safety risks, the use of warm air plasma inevitably
results in significant NOx formation. In the O, plasma, reactive O atoms
are created through O, dissociation, and they can oxidize CHy
post-plasma via the reaction O + CH4 — OH + CHs. However, injecting
barn air close to the O, plasma at higher plasma powers can still lead to
warm NOy formation. A critical concern for the O, plasma effluent
mixing is thus to mitigate NOy formation and prevent substantial NOy
emissions, which could be harmful to the environment.

Helsloot et al. [1] achieved the best energy cost for CHs removal
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(ECcr,) by the Oy plasma effluent at a flow rate ratio of 20 slm plasma
flow to 19 slm barn air flow, resulting in 37.7 MJ/mol for a CHa con-
centration of 2400 ppm. This translates to an EC¢cg, of 905 MJ/mol for a
more realistic barn air CHa concentration of 100 ppm, based on the
assumption that the CH4 conversion is independent of the injected CHa
concentration at such low concentrations (this assumption will be
evaluated later in this paper).

Catalytic thermal oxidation (CTO) via palladium catalysts is capable
of converting low CHy4 concentrations within dry air at ca. 350 °C [26].
However, in practical CH4 abatement scenarios, impurities such as water
vapor are commonly present in the gas stream. It was shown in [27] that
the presence of HoO significantly diminishes the activity of Pd/Al,O3
catalysts at lower temperatures, necessitating operating conditions
around 450 °C to achieve efficient CH4 oxidation. Similar findings were
reported in [28], where low-temperature deactivation of Pd/Al,O3 due
to water vapor required comparable temperatures for near-complete
CH4 conversion. Given that realistic barn air compositions contain
substantial HoO fractions (> 1000 ppm) [29], we adopt 450 °C as the
benchmark operating temperature for CTO. At this temperature, the
associated energy cost for CH4 conversion, assuming a CH4 concentra-
tion of 100 ppm, is ca. 120 MJ/mol. When compared to the energy cost
of post-plasma O atom-activated CH4 conversion reported in [1], CTO is
about 7.5 times more energy efficient.

These results indicate that it will be challenging for post-plasma O
atom activated CH4 conversion to reach the ECcy, of thermal catalysis.
However, Helsloot et al. [1] also demonstrated that ECcy, can be
significantly reduced by increasing the barn air flow rate relative to the
plasma flow rate. Nevertheless, due to the reactor configuration
employed in [1], specifically, tangential barn air injection downstream
of the plasma, the maximum achievable flow rate ratio of barn air flow
to plasma flow was limited to 1. Higher injection rates resulted in sub-
stantial backflow of barn air into the plasma zone, leading to plasma
instability and eventual extinguishment. However, improved reactor
designs, incorporating reactor constrictions downstream of the plasma,
would likely allow for higher flow rate ratios of barn air flow to plasma
flow, since backflow of the barn air to the plasma zone can be eliminated
through injection of the barn air after the constriction. In addition,
turbulence generated after the gas expansion would increase the mixing
rate, as is typical for nozzle expansion chambers [30], further improving
the CH4 activation.

Before investigating these advanced experimental setups, we use the
model presented in this paper to explore whether higher flow rate ratios
of barn air to plasma flow and higher plasma energy inputs, as well as
higher mixing rates, i.e., conditions that could not be explored in the
experiments by Helsloot et al. [1] due to plasma stability issues, might
reduce the energy cost, potentially bringing it below that of CTO.

To explore the theoretical limits of this plasma effluent strategy, we
have developed a OD chemical kinetics model. This model describes the
post-plasma gas conversion process occurring when the effluent of warm
O, plasma mixes with the barn air. We first validate the model by
reproducing the experimental measurements from [1]. To strengthen
the model validation, rotational Raman measurements were performed
to obtain both temperature and O atom concentration profiles down-
stream of the O plasma. Subsequently, we investigate the influence of
the plasma effluent temperature, flow rate ratio and mixing rate, with
the aim of maximizing the CH4 conversion and minimizing the energy
cost and NOy production.

2. Experimental details

The reactor previously used to measure the CH4 conversion was
modified by adding a laser to the original setup [1]. The new setup thus
consists of five main parts, as illustrated in Fig. 1.

A solid-state microwave power generator (2450 MHz, <1 kW) is
used for plasma generation. The microwave generator is isolated via a
circulator so that reflected microwaves are absorbed by a water load. An
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Fig. 1. Schematic illustration of the reactor setup. The injection-distance is adjustable in steps of 2 cm, ranging from 2 to 14 cm. The feed gas (O5) is injected into a
vortex configuration. Two Nd:YAG lasers are combined and are shot through the setup as a single laser beam.

autotuner ensures minimal reflected power by matching the impedance
of the circuit. The microwave power absorbed by the plasma is corrected
for the reflected power.

The plasma is sustained in a quartz tube with 26 mm inner diameter
and 420 mm length. A secondary gas inlet with an inner diameter of
1 mm is positioned at different distances along the tube, ranging from
150 to 270 mm in steps of 20 mm. The flow rates of the plasma-
sustaining gas and downstream-injected gas are regulated by mass
flow controllers (MFCs), expressed in standard liters per minute (SLM).
The synthetic barn air is created by mixing 2400 ppm of CH,4 into air
(~80 % Ng, 20 % Oy), which is injected downstream of the O plasma.
As most of our previous work was done for a ratio of O to synthetic barn
air of 4, this same ratio is used in the present work.

The reactor output gas flows through a 20.062 cm path length gas
cell with germanium (Ge) windows. The pressure in the gas cell is kept
low (100 mbar) to minimize pressure broadening of the experimental
spectra. Measurements are conducted using an Invenio R FTIR spec-
trometer. The Invenio R uses a Michelson interferometer combined with
a liquid-nitrogen-cooled mercury cadmium telluride photovoltaic de-
tector. The effluent concentrations are calculated by fitting data from
the HITRAN database to the experimental data [31].

The rotational Raman setup uses two 532 nm Nd:YAG lasers (Litron
1td.) which are combined before passing through the full length of our
reactor. Two lasers are combined to improve the signal-to-noise ratio,
which is especially needed at high temperatures. With this laser diag-
nostic, we aim to measure spontaneous rotational Raman scattering,
which is inelastic scattering with a change in rotational quantum
number. Since this effect is relatively weak, the elastic (Rayleigh scat-
tering) is removed from our final spectra by using a 532 nm RazorEdge
long-pass filter (LP0O3-532RE-25). The measurements are performed
using an Andor iStar spectrometer. Due to the sudden increase in
transmission of the filter, the measured spectral lines below 534.9 nm
are ignored (Raman shift of 100 cm™1). Both lasers and the spectrometer
are all phase-matched using a pulse delay generator. The reactor is
positioned on a translational stage, allowing us to make 2D maps of the
temperature and O atom concentration directly downstream of our
plasma region and inside of the mixing region. Both temperature and O
atom concentration are plotted as a function of power, radial and axial
downstream distance. The measurable radial distance goes from 0 to
8 mm in steps of 2. The axial downstream distance is defined as the
distance between the waveguide and our measurement point, which is at
15, 30, 40, 50, 70 and 100 mm.

Our measured spectra are fitted using an in-house created method to
calculate the expected Raman spectra [32], based upon many previous
works looking into spontaneous Raman spectroscopy [33-37]. This
method allows us to assess the local gas composition and temperature
downstream of the plasma, without having to calibrate for the system’s
collection efficiency. Also, as the wavelength region of the measured
spectra is narrow and we cut off any overlap with the edge of the notch
filter, wavelength calibration is not necessary. In this method, the local
gas composition is not determined in absolute values, but only in rela-
tive terms. This is only correct if all components present in the gas
mixture are effectively measured and accounted for. Further explana-
tion, as well as an example spectrum, are given in the supplementary
information (section S.2).

3. Model description

To explore the theoretical limits of post-plasma O atom activated
CH4 conversion, we have developed a 0D chemical kinetics model in the
framework of the Chemical Reaction Engineering module of COMSOL
Multiphysics [38]. The construction of this model closely follows the
methodology outlined in [39]. Here, we briefly discuss the most
important features and direct the reader to [39] for a more detailed
discussion.

The model solves the 0D mass balance equations for a batch reactor,
given by:

d(ciV)
dt

where ¢; is the species molar concentration, V denotes the simulation
volume and R; is the species rate expression resulting from chemical
reactions. We adopt the GRI-Mech 3.0 reaction set [40], which is an
optimized mechanism designed to model CH4 combustion in air, con-
taining 53 different species and 325 different reactions. Surface
recombination of O atoms is not included in our model, as it is expected
to be negligible under the current reactor conditions [23], specifically,
an internal diameter of 13 mm and operation at atmospheric pressure,
leading to much faster gas-phase recombination than diffusion of O
atoms to the reactor walls. The reactor volume is adjusted to keep a
constant pressure, balancing variations in temperature and number
density:

=RV (€9
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dvVv vdT RT
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with R the ideal gas constant, T the gas temperature and p the
pressure in the reactor (1 atm).

Fig. 2 schematically illustrates the experimental setup as imple-
mented in our global mixing model. The upper section depicts the
reactor tube transporting the hot O5 plasma effluent, with barn air
injected downstream through tangential inlets. The lower section illus-
trates the conceptual framework of the global model, beginning at the
initial volume V; and extending to the final simulation volume V;.

We approximate the O plasma effluent as a combination of a hot gas
stream that has passed through the plasma and a surrounding cold
stream at 300 K that has not. Indeed, MW plasma at atmospheric pres-
sure is typically “contracted”, with a hot plasma core surrounded by a
colder periphery, so not all the gas passes through the hot plasma core
[41-43]. Immediately after the plasma, the hot gas stream represents the
plasma stream generated by the contracted MW plasma. However, as the
gas travels downstream, the cold surrounding gas mixes with the inner
hot gas core, which increases the cross-section of the hot gas stream,
while decreasing its temperature, in addition to the cooling caused by
conductive losses to the walls. Consequently, the radius and temperature
of the hot gas stream are a function of the distance from the plasma
outlet, and barn air injected at different positions downstream will
encounter varying O/O5 mixtures.

We model this by adjusting the radius (Rr) and temperature (T;) of
the hot gas stream, ensuring that the heat required to heat up the cold O,
to the hot dissociated mixture does not exceed the experimental energy
input:

2

P R
= > =L [neq*HOZ,eq('ri) _HOZ(Tcold)] (3)

SEI, = R

where SEI, is the plasma specific energy input, P is the experimental
power, F, is the plasma molar flow rate (mol/s), R is the reactor tube
radius, Toq = 300 K, Hop, (J/mol) is the enthalpy of Oz, Ho, ¢q (J/mol) is
the enthalpy of the dissociated oxygen equilibrium mixture and n.q is a
factor that accounts for the increase in number of particles of the

. . . e . . . R2
dissociated chemical equilibrium mixture. The ratio 3} corresponds to

N,/O,/CH,

02 — \

o = wm g
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Fig. 2. Schematic of the experimental setup (upper part) and conceptual
framework of the global model (lower part).
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the ratio of the hot O5/0 gas stream to the total O, plasma flow, as can
be deduced from Eq. 4 below. In addition to this first requirement, we
account for the heat lost through the reactor walls, by ensuring that the
total mixture enthalpy (kJ/mol), i.e., the right-hand side of Eq. 3, de-
creases along the reactor length.

The initial composition within the simulation represents the hot gas
stream, at the position of barn air injection. Since we showed in [39] that
the O, plasma afterglow contains an equilibrium fraction of O atoms at
atmospheric pressure, the initial O5/0 densities are determined from the
dissociation equilibrium at the temperature of the hot gas stream. The
presence of O atoms at their equilibrium fraction in the plasma effluent
is further supported by the Raman measurements presented in the cur-
rent study, as discussed in Section 4.

When barn air is injected post-plasma, N2 (80 %), Oz (20 %) and CHy4
(400 - 2400 ppm) mix with the hot (plasma) gas stream (O/0) and the
cold surrounding O stream. We model this mixing of gases by adding
N/03/CH4 (300 K) to the simulation volume, as illustrated in Fig. 2,
where the cold O3 added includes both the cold surrounding stream and
the O, present in the barn air. Thus, we consider diffusive mass transfer
from the surrounding cold O; stream and the injected barn air to the
inner hot gas stream, but we neglect diffusion from the latter to the
surrounding stream. Indeed, we assume that conversion does not occur
in the cold surrounding stream due to slow reaction kinetics. In this way,
we can describe the system in a single kinetic simulation.

The molar ratios of the cold surrounding O, stream to the hot O/0
gas stream, and of the injected barn air flow to the hot O2/0 gas stream
are determined by the molar flow rates and the radius of the hot gas
stream (Rr):

2 2
Neold _ R — RT

= 4
Mpor R%
Nair R_2 * Fﬁ (5)
Mpot R-zr F,

where Ny, Neg and nge represent the molar amounts of hot 0y/0
mixture, cold Oz gas and barn air in the simulation, respectively, and F,
(mol/s) and F,;, (mol/s) are the molar flow rates of Oy plasma and barn
air, respectively.

We introduce a mixing rate R;, (mol/s) that determines the rate at
which the gases mix in the reactor, i.e. how fast No/O5/CH4 (300 K) are
added to the simulation. Therefore, the mixing rate is a source term
(Rm/V;) in the species rate expression (cf. R; in Eq. 1), representing the
diffusive mass transfer from the surrounding stream to the simulation
volume. The mixing rate R, is defined by an exponential decay, as
explained in [39].

PR ) . P ©
dt Trmix
where n,,, is the total amount of gas (mol) that is added, and 7y, is
the characteristic mixing time.
The temperature of the gas mixture is calculated in the heat-balance
equation [39]:

c dl" _ 7sz/02/CH4
P ~ v,
+Qr

k(T —T
(Huy 0, /¢, (T) = Hivy 0, ey (Teota) ) — ( Rziwm

)

where p is the gas density, C, denotes the heat capacity, H is the
species enthalpy, k is the thermal conductivity of the mixture, Ty
= 300K and Q3 is the total heat absorbed/released in chemical re-
actions. The first term on the right-hand side represents the cooling of
the mixture due to mixing with the cold N2/O2/CH4 gas, accounting for
the energy needed to heat up the incoming gas to the current tempera-
ture T in the simulation volume. We note that RS represents the addi-
tion of cold O, including both the cold surrounding stream as well as the
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O, present in the cold barn air.
The CH,4 conversion (y“) is calculated as:

cHy _ XcH, Nair — [CH4]fo

XcH, Nair

X (8)

where xcy, is the molar fraction of CH4 present in the barn air (ppm),
and [CH,); and V; are the final molar concentration present in the
simulation and the final reactor volume, respectively.

We note that, compared to the 0D framework adopted in this work,
higher-dimensional models can more accurately capture the mixing
dynamics between barn air and plasma flow through species diffusion at
the flow interfaces. Unfortunately, multidimensional models, describing
the highly complex and turbulent flow field, characterized by swirling
flow, steep gradients in temperature, velocity, and mixture composition
near the plasma interface, as well as tangential flow injection, in com-
bination with the extensive reaction chemistry involved in CH4 oxida-
tion in air (e.g., the GRIMECH 3.0 mechanism includes 53 species and
325 reactions), would be extremely challenging to develop and also
computationally highly demanding. Consequently, we first explore the
reaction chemistry using a 0D model in this work. This approach allows
us to efficiently scan a broad operational parameter space and assess the
feasibility of the proposed strategy.

4. Experimental Results

Our first aim is to map both temperature and gas composition (i.e., O
atom concentration) downstream of the Oy plasma, without synthetic
barn air injection downstream. The following measurements were done
with an O, feed flow rate of 20 slm and a pressure of 1 atmosphere (1020
mbar). The results are displayed in Fig. 3.

From Fig. 3 (left), we learn that the O plasma is efficient in trans-
porting heat downstream. We can quantify this by integrating the tem-
perature profiles radially. In the 400 W case, considering the 8 mm
cylinder in which the measurements were done, we find that approxi-
mately 75 % of the initial (thermal) energy at 15 mm is still present at
100 mm (assuming constant pressure). Notably, an increase in power
has a positive effect on both the maximum temperature as well as the
transport of heat to the downstream, as in all other cases, approximately
85 % of the initial (thermal) energy at 15 mm is still present at 100 mm.
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Heat loss to the surroundings is often complex and influenced by many
factors, but it is rarely inversely dependent on temperature gradients (i.
e. the heat loss becoming smaller with higher temperatures) [44]. Thus,
we hypothesize that the observed increase in “transport-efficiency” for
higher powers is due to the measurements being performed over a radius
of 8 mm compared to the full reactor radius of 13 mm.

In Fig. 3 (right), we note that the O atom concentration follows a
similar pattern as the temperature, as the O atoms travel further
downstream for higher powers. We may compare these results with the
maps obtained when synthetic barn air is injected downstream at a
downstream distance of 40 mm, as shown in Fig. 4. The O, feed flow rate
is kept at 20 slm, with a downstream injection flow rate of 5 slm. The
pressure is kept at 1 atmosphere (1020 mbar).

In Fig. 4, during downstream injection of synthetic barn air, the O
atom concentration (right) still closely follows the measured tempera-
ture profile (left). After the downstream injection point (40 mm), we see
a drastic decrease in temperature. The same decrease can be seen for the
O atom concentration, with barely any O atoms being present further
downstream. Note that at 400 and 500 W, the temperature is mostly
uniform at 100 mm, showing relatively fast mixing. At 600 and 700 W,
we can see that the core remains hotter than the outer regions,
demonstrating that the feed and downstream injected flow are not
completely mixed yet.

An assumption for the proposed model is that without mixing, the O/
O, ratio follows thermal chemical equilibrium at atmospheric pressure
[23]. Combining the results from Fig. 3 (left and right), this assumption
can be verified, as shown in Fig. 5. When no downstream injection of
synthetic barn air is present, the O/O; ratio closely follows the values
predicted by thermal chemical equilibrium, validating this initial
assumption.

When injecting synthetic barn air downstream, we aim to create a
region where the O/0; ratio is decoupled from temperature, i.e., where
an elevated O atom fraction can be sustained that allows energy-efficient
removal of the low CH4 fraction, as will be explained in Section 6.
Combining the results from Fig. 4 (left and right), we plot the O/O ratio
as a function of temperature whilst injecting synthetic barn air down-
stream, as also shown in Fig. 5.

It is important to realize that due to dilution with Ny downstream,
the O/04 ratio predicted by thermal chemical equilibrium may differ
slightly, as shown in Fig. 5. Here, we take 25 % as an example, as this is

Power=400W 0(_%)

(b)

Power=500W

Power=600W

Power=700W

\ 0.0

20 30 40 50 60 70 80 90 100

Downstream distance (mm)

Fig. 3. Measured temperature (left) and O atom concentration (right) in the downstream region of an O, plasma, as a function of axial and radial distance for

different microwave powers. The measurement points are given as grey dots.
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Fig. 4. Measured temperature (left) and O atom concentration profiles (right) in the downstream region of an O, plasma with synthetic barn air injected at a
downstream distance of 40 mm. The measurement points are given as grey dots, with the point of injection given as a black dot.
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Fig. 5. Measured (symbols) O atom concentrations as a function of temperature, as well as calculated values based on thermal chemical equilibrium (solid lines, with

and without dilution with N5).

the highest measured dilution. However, this change is small for lower
temperatures, and higher temperature regions match with lower dilu-
tion. Because of this, we believe it valid to assume the O/O5 ratio once
again closely follows the predicted values by thermal chemical equi-
librium. These results indicate that within these measurements, O atom
recombination is sufficiently fast so that the O atom fraction immedi-
ately relaxes towards its equilibrium value upon mixing and cooling of
the gas mixture. Consequently, higher flow rate ratios of barn air flow to
plasma flow and higher mixing rates are needed to perform better than
thermal conversion, as will be discussed in Section 6.

5. Model Validation

To assess the ability of our model to accurately simulate the post-
plasma conversion process, we applied it to the experimental setup
involving the mixing of O, plasma effluent with synthetic barn air, as
described in [1]. In these experiments, the plasma power, the inlet po-
sition of barn air injection relative to the plasma outlet, and the barn air
flow rate were systematically varied (power = 400 — 700 W, inlet po-
sition = 2 — 14 c¢m, and barn air flow rate = 5 — 20 slm) to evaluate their
impact on CH4 conversion and NO production. Therefore, the

concentrations of CHy, CO5, CO, and NO were measured at the outlet,
and their trends are extensively discussed in [1]. The concentrations are
plotted without their respective uncertainties, because in all cases, the
uncertainties are below 5 ppm and are not clearly visible within the
graphs. Further information on how the fitting procedure works for FTIR
data can be found on Github [31].

5.1. Specification of model parameters

Based on the temperature measurements of the downstream plasma
region conducted in the present study, we adjusted the model parame-
ters to correctly describe the experiment. These parameters include the
radius and temperature of the hot gas core, Rr and T; in Eq. 3, respec-
tively, and the characteristic mixing time 7, (cf. Eq. 6). As an initial
guess, we selected for T; the measured on-axis temperature of the Og
plasma flow without post-plasma N/O5/CHy4 injection (Fig. 3, left) at
the point of CH, injection. Subsequently, we varied Ry and T; to optimize
the agreement for CH4 conversion and CO5/CO/NOy concentrations
between the model calculations and experimental data, ensuring that
the chosen values did not significantly deviate from the experimental
profiles by visual inspection.
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The optimized values for Ry and T; are shown in Table 1, as well as
the total mixture enthalpy. We note that the values for T; are somewhat
lower than the experimental on-axis temperature (cf. Fig. 3, left), while
the Ry values are somewhat higher than the experimental width of the
hot gas zone (cf. Fig. 3, left). These discrepancies are attributed to the
limitations of our global model, which represents the hot gas zone using
a uniform mixture temperature. Nevertheless, we believe this represents
reasonable agreement, given the approximative nature of the 0D model.

The experimental temperature profiles also serve as a validation tool
for the mixing rate employed in the model. Upon the injection of barn
air, the temperature in the simulation predominantly cools due to
mixing with the cold gas. Therefore, the cooling rate predicted by the
model, governed by the selected value for 7, should be of a similar
magnitude to that observed in the experiments.

Since the experiment operates under steady-state conditions, the
temperature at a fixed spatial location remains constant over time.
Consequently, the cooling experienced by the gas along the flow path is
governed solely by the convective term of the total derivative [45]. To
quantify the experimental cooling rate from the spatial temperature
profiles, we correlate the distance traveled by the gas downstream to
specific points in time using the gas flow velocity, solving the following
differential equation:
dx _Fy p(T(x))

— =%

a A Po

©)]

Here, x is the axial position in the reactor, A is the reactor tube
diameter, F, and p, denote the volumetric flow rate and mass density of
oxygen gas at 300 K, respectively, and p(T) is the mass density of the
equilibrium oxygen mixture at the specified temperature, taken as the
on-axis temperature at the given axial position x.

By solving the differential equation described above, the axial tem-
perature can be mapped as a function of time, providing a rough esti-
mate of the cooling rate experienced by the gas downstream. When
solving Eq. 9 for the temperature profile corresponding to a plasma
power of 700 W and a post-plasma CH4 injection distance of 4 cm
(Fig. 4, left), we estimate a cooling rate of 1 — 2 x 105 K/s during the
first 7 ms. Assuming a characteristic mixing time of 10 ms, the cooling
rate in the model decreases from 5 x 105 K/s at the start of the simu-
lation to 5 x 104 K/s at t = 7 ms. Therefore, as 7,,; = 10 ms produces
cooling rates comparable to the experimental estimate and achieves
reasonable agreement with the experimental data, we have adopted this
value for all conditions for the sake of simplicity.

5.2. Comparison between model calculations and experiments

Fig. 6 shows the CHy4 conversion (left y-axis), as well as the formed
CO4, CO and NOy (NO + NO5) concentrations (right y-axis) as a function
of barn air injection position (relative to the plasma outlet), comparing
the model calculations and experiments for plasma powers of 500 W (a)
and 700 W (b), and plasma and barn air flow rates of 20 slm and 5 slm,
respectively. Under certain conditions (inlet position of 2 — 6 cm for

Table 1

Model parameter values for Ry and T; used to describe the experiments with
varying N5/O,/CHj, injection position at a plasma power of 500 and 700 W.
Additionally, the total mixture enthalpy Hpy is given in the last column.

P=500W P=700W
Inlet position T; Rr Hpix (kKJ/ T; Rr Hpix (kJ/
(cm) (K) (mm) mol) (K) (mm) mol)
2 2343 7.8 26.6 2950 7.2 36.9
4 2213 7.8 24.5 2627 7.8 32.4
6 1976 8.0 22.1 2521 7.8 30.0
8 1838 8.0 20.1 2499 7.8 29.5
10 1629 8.2 18.0 2339 8.2 29.4
12 1544 8.2 16.8 2100 8.2 25.2
14 1501 8.2 16.1 1967 8.4 24.2
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Fig. 6. Conversion of CH, (left y-axis) in blue and formed CO,, CO, and NOy
concentrations (right y-axis) in black, red and green, respectively, as a function
of inlet position of barn air injection, for a power of 500 W (a) and 700 W (b),
and plasma and barn air flow rates of 20 slm and 5 slm, respectively. Modeling
results are indicated by solid lines, experimental measurements by dashed lines.
The experimental uncertainties are always below 5 ppm and thus not visible.

P =500 W and inlet position of 10 — 14 cm for P =700 W) the CO
concentration is somewhat underestimated and the CO5 concentration
somewhat overestimated, which indicates over-oxidation of CO to COs.
Nevertheless, in general reasonable agreement is reached, and we
believe our model sufficiently captures the observed trends, considering
the simplicity of the OD framework.

Overall, at P = 500 W, the CH4 conversion, and the produced CO and
CO4 concentrations drop upon later injection positions, which makes
sense, as the O/05 plasma effluent cools down as a function of position
due to wall heat losses and, consequently, the O atom concentration
decreases as the gas travels downstream. The CH4 conversion drops
more or less linearly from almost 80 % to about 15 % upon increasing
the injection position from 2 to 14 cm, while the formed CO and CO;
concentrations drop from 150 to 200 ppm to below 50 ppm, and virtu-
ally no NOy seems to be formed at P = 500 W. At P =700 W, the CH4
conversion is nearly 100 % for injection positions up to 10 cm, and only
drops to 60-70 % for the injection position of 14 cm. The formed CO4
concentration drops from ca. 300 to ca. 100 ppm upon increasing in-
jection position, while the CO concentration rises from ca 100 to ca.
200 pm, pointing towards over-oxidation of CO to CO; at the shortest
injection positions. Strikingly, at P = 700 W, almost 500 ppm of NOy is
formed at the injection position of 2 cm, but it drops to negligible values
for injection positions of 4 cm and above. Thus, it is clear that at
P =700 W and short injection positions, there are abundant O radicals
to make the CH4 conversion quite effective, but due to the high gas
temperatures enabling N, oxidation, there is also significant NOy for-
mation. All these trends are comprehensively discussed in [1], so to
avoid redundancy, we refer the reader to [1] for a detailed explanation.

In addition to varying the barn air injection position, we also
investigated the effect of increasing barn air flow rate relative to plasma
flow rate. Fig. 7 presents a comparison between the model predictions
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Fig. 7. Conversion of CH, (left y-axis) in blue and formed CO,, CO, and NOy
concentrations (right y-axis) in black, red and green, respectively, as a function
of barn air flow rate, for a power of 620 W, plasma flow rate of 20 slm and barn
air injection position of 4 cm after the plasma outlet. Modeling results are
indicated by solid lines, experimental measurements by dashed lines. The
experimental uncertainties are always below 5 ppm and thus not visible.

and experimental data [1] for CH4 conversion (left y-axis) and formed
CO3, CO, and NOy concentrations (right y-axis), as a function of the barn
air injection flow rate, for a fixed plasma flow rate of 20 slm, power of
620 W and barn air injection position of 4 cm after the plasma outlet.
Since the barn air injection position remains constant, we assume a
constant radius and temperature of the inner hot gas stream at the point
of barn air injection. We obtain reasonable agreement between model
and experiment for Ry = 7.9 mm and T; = 2550 K, values which are
close to the parameters used to describe the experiment at the plasma
power of 700 W and injection distance of 4 cm (Ry = 7.8 mm and T; =
2627). The CH4 conversion drops from almost 100 % to ca. 50 % upon
increasing the barn air flow rate from 5 to 20 slm. It is logical that higher
conversions are reached at lower barn air fractions compared to plasma
flow. The produced CO concentration, however, rises from ca. 140 to
almost 400 ppm, while the CO;, concentration stays relatively constant
around 300 ppm, and the NOy concentration stays also very low for all
barn air flow rates.

In Fig. 6, where we modelled the experiments with varying barn air
injection position, we considered a constant characteristic mixing time
of Tmixy = 10 ms. In contrast, for the present case, the characteristic
mixing time is reduced as the barn air flow rate increases, since we
believe higher injection rates will improve the penetration of the barn
air to the O5 flow, significantly increasing the contact surface between
both and therefore enhancing diffusion and mass transfer. This higher
mixing rate upon increasing barn air flow rate allows better agreement
with experiment. Consequently, we reduce the characteristic mixing
time from 7,;, = 10 ms for the barn air flow rate of 5 slm to 7
= 3.33 ms and 7, = 2 ms for barn air flow rates of 10 slm, and 15 and
20 slm, respectively. While the model again somewhat overestimates the
oxidation of CO to CO5, we believe it captures the experimental trends
sufficiently well.

By capturing the trends in CH,4 conversion, as well as CO,, CO, and
NOx production, while adhering to the physical constraints derived from
experimental measurements, such as reasonable temperatures and
mixing rates, we believe our model sufficiently captures the post-plasma
chemistry and gas flow mixing. This enables us to make qualitative as-
sertions and explore the theoretical limits of the strategy beyond the
experimentally investigated parameter range, as discussed in the next
section.
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6. Theoretical limits of post-plasma O atom activated CH4
conversion

After validating our model, we investigate the best energy cost (EC)
achievable for O atom activated CH4 conversion through mixing of an
0/02 plasma effluent with low concentrations of CH4 in a barn air
mixture. As mentioned in the Introduction, Helsloot et al. [1] obtained
the best ECcy, of 37.7 MJ/mol for a CHa concentration of 2400 ppm
(equivalent to 905 MJ/mol for a more realistic barn air CH4 concen-
tration of 100 ppm) at a flow rate ratio of 20 slm plasma flow to 19 slm
barn air flow. This is 7.5 times higher than the EC¢y, associated with
catalytic thermal oxidation (CTO), i.e., 120 MJ/mol. However, higher
flow rate ratios of barn air flow to plasma flow, associated with higher
mixing rates (as discussed in previous section), that were not explored in
the experiments of [1], might still significantly reduce the ECcy,.
Therefore, in this section, we aim to identify the optimal plasma effluent
temperature, flow rate ratio, and mixing rate that minimize EC¢y,, while
also minimizing NOy production to prevent harmful NOy emissions. In
particular, we aim to evaluate whether the current strategy can become
competitive with existing CH4 removal methods like CTO.

To investigate the theoretical limits of post-plasma O atom activated
CHa4 conversion, our focus here is not on simulating a specific experi-
mental setup. Instead, we conduct more conceptual simulations. For
simplicity, we assume that all the O, passes through the plasma and
neglect conductive losses to the walls. These conditions resemble the
scenario of barn air injection at the end of a homogeneous warm O,
plasma. Consequently, the molar ratio of the hot dissociated oxygen
mixture (O2/0) to barn air is determined by the flow rate ratio of both:
Nair F, air
no,  Fo, 10)

where ng; and no, represent the molar amounts of barn air and hot
0,/0 mixture, respectively, and Fg; (mol/s) and Fo, (mol/s) are the
molar flow rates of barn air and O plasma, respectively.

6.1. Effect of mixing rate on CH4 conversion, NO, production and energy
cost

We first focus on the effect of the mixing rate, determined by the
characteristic mixing time 7, (cf. Eq. 6). Fig. 8 presents the modeling
results as a function of O, plasma effluent temperature, for 7,,; values of
1 ms, 0.1 ms and 0.01 ms, and for a barn air / plasma flow rate ratio of 8
and a barn air CHy4 concentration (xcy,) of 100 ppm. The CH4 conver-
sion, NOy concentration and ECcy, are plotted in Fig. 8(a), (b) and (c),
respectively. The energy cost per mole of CHy is calculated as the energy
required to heat up and dissociate the cold O, gas to the hot O5/0
equilibrium mixture at the plasma effluent temperature, divided by the
number of moles of converted CHy:

[neq*HOZ‘eq(Ti) - H02 (Tcold) ] * FOZ

¢ Xt Fair * M

1)

We note that this represents the ideal limit, as energy will be lost
through wall losses in the plasma, and the plasma afterglow will cool
down before it mixes with the barn air at the injection point.

As shown in Fig. 8(a), CH4 conversion increases with the afterglow
temperature, attributed to the higher density of O atoms in the effluent
and enhanced reaction kinetics. Additionally, Fig. 8(a) illustrates how
the mixing rate (i.e., the inverse of mixing time) impacts CH4 conver-
sion: higher conversions are achieved with faster mixing rates, provided
the afterglow temperature is sufficiently high. Conversely, at lower
afterglow temperatures, higher mixing rates result in lower conversions.
This phenomenon can be attributed to two competing effects.

First, faster mixing (i.e., shorter mixing time) corresponds to faster
cooling (cf. Eq. 7). Consequently, for a given number of moles of barn air
introduced into the system, more O atoms will be available because they
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have had less time to recombine. This kinetic drag for O atom recom-
bination is illustrated in Fig. 9, where the O atom fraction (left y-axis) is
plotted as a function of the total amount of barn air added to the
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Fig. 9. O atom fraction (left y-axis) and mixture temperature (right y-axis) as a
function of the total amount of barn air added to the system, for a characteristic
mixing time of 1 ms (solid) and 0.01 ms (dashed), for T; = 3100 K and flow rate
ratio of barn air flow to plasma flow of 8.

Journal of Environmental Chemical Engineering 14 (2026) 120529

simulation. We note that due to limited O atom recombination, the O
atom fraction is much higher than its equilibrium fraction. For instance,
equilibrium calculations within the Cantera Python module [46] for air
with a 100 ppm CH4 concentration at the temperature of 1000 K yield
an O atom equilibrium fraction of only 7.7 x 107}, which is much
lower than the O atom fractions of approximately 1 % and ca. 3 % ob-
tained at the mixture temperature of around 1000 K at 7, = 1 ms and
Tmix = 0.01 ms, respectively.

The elevated O atom fraction observed in the simulations (cf. Fig. 9)
was not detected in the experiments (cf. Fig. 5). The reason is that the
cooling rate considered in these conceptual calculations is considerably
higher than that estimated for the experiment (cf. Section 5), i.e., the
initial cooling rate in the simulation of 2 x 107 K/s at the lowest mixing
rate (corresponding to 7, = 1 ms) is two orders of magnitude higher
than the cooling rate of 2 x 105 K/s estimated for the experiment. The
higher cooling rate is attributed to both the shorter mixing time of 7
=1ms in the model compared to 7m, = 10 ms estimated for the
experimental conditions, and the higher flow rate ratio of plasma flow to
barn air flow of 8 in the model compared to 1/4 in the experiment. As a
result of the higher cooling rate, O atoms have insufficient time to
recombine and reach their equilibrium concentration, leading to the
elevated O atom fraction observed in the simulations.

We note that below temperatures of ca. 2000 K in the experiments,
the O atom fraction plotted in Fig. 5 might exceed its equilibrium value
due to the slower reaction kinetics. However, this deviation cannot be
reliably quantified owing to the limited sensitivity of the measurement
technique (ca. 0.5 %). The higher presence of O atoms for a given
amount of barn air added at higher mixing rates allows for more inter-
action with CH4 molecules, thereby increasing the rate of CH4 oxidation
and enhancing CH4 conversion, at sufficiently high temperature. In
addition, the temperature is plotted on the right y-axis of Fig. 9, indi-
cating that during the mixing process the temperature is slightly lower
for 7mi = 0.01 ms, as less heat has been generated through the
exothermic O atom recombination process.

Besides the higher presence of O atoms at higher mixing rates, which
enhances conversion, a second crucial factor is that O atoms react more
effectively with CH,4 at elevated temperatures, while at lower tempera-
tures O atom recombination will become more important, because it has
a lower or negligible enthalpic barrier. As a result, the rate of CHy
activation by O atoms strongly decreases with respect to the rate of O
atom recombination at lower temperatures. In this way, fast cooling
reduces CHy4 conversion as the O atoms react, on average, at a lower
temperature. At lower afterglow temperatures, this second effect dom-
inates and faster mixing decreases the overall conversion, as seen in
Fig. 8(a). Conversely, at higher afterglow temperatures, the first effect
becomes more important, and a higher mixing rate improves the CHy
conversion.

Fig. 8(b) indicates that the NOy concentration increases with rising
temperature, as O atoms more effectively react with inert Ny at higher
temperatures. Notably, Fig. 8(b) also shows that the NOx production is
strongly reduced upon increasing mixing rate, since faster cooling limits
the timeframe for thermal NOy formation. It is clear that the charac-
teristic mixing time should be preferably below 1 ms, since at Tmi
= 1 ms, a high NOy concentration of 173 ppm is obtained at the effluent
temperature of 3200 K, corresponding to y“* = 86 %.

Finally, Fig. 8(c) illustrates that the energy cost per mole of CHy
decreases with increasing temperature, as the improved conversion
outweighs the higher energy input. Only at high conversion (>90 %),
the energy cost rises with increasing temperature because the higher
energy input is no longer offset by the additional conversion of the small
fraction of remaining CH4. In addition, lower energy costs can be ach-
ieved for higher mixing rates, which are associated with higher con-
versions. The best energy cost for the flow rate ratio of 8 is achieved at T;
= 3100 K and zmi = 0.01 ms, yielding ECcy, = 192 MJ/mol. While this
value is much better than the EC¢g, of 905 MJ/mol, extrapolated for CHy4
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concentrations of 100 ppm from the experiments in [1], unfortunately,
it is still significantly higher than the target ECcy, of 120 MJ/mol of
CTO.

We observe that ECcp, can be significantly reduced when decreasing
Tmix from 1 ms to 0.1 ms, i.e., from 228 kJ/mol to 191 kJ/mol. However,
further reduction of 7, yields diminishing returns, with 7, = 0.01 ms
resulting in ECcy, = 185 MJ/mol. Increasing the mixing rate beyond this
point will even increase the energy cost. The reason is that for 7
< 0.01 ms, the O atom fraction reaches its upper limit as the timescale
for O atom recombination becomes longer than the timescale for O atom
addition through gas mixing. Consequently, the drop in the O atom
fraction observed in Fig. 9 for 7,;; = 0.01 ms is mainly due to dilution.
Hence, at these high mixing rates, only the effect of slower CH, acti-
vation by O atoms at lower temperatures (see discussion above) con-
tributes, and increasing the mixing rate lowers the conversion, thereby
increasing ECcyy, -

6.2. Effect of flow rate ratio on CHy4 conversion, NO, production and
energy cost

While the energy cost EC¢y, cannot be further lowered by increasing
the mixing rate, it can still be reduced by increasing the flow rate ratio of
barn air to plasma flow. Hence, we now evaluate the impact of the flow
rate ratio on the CH4 conversion, NOy production and energy cost.
Similar to Fig. 8 discussed above, Fig. 10 plots the CH4 conversion, NOx
concentration and EC¢y, in (a), (b) and (c), respectively, for different
flow rate ratios of barn air flow to plasma flow, as a function of the Oy
plasma effluent temperature, with zm, = 0.1 ms and x¢y, = 100 ppm.
Fig. 10 (a) indicates that higher effluent temperatures are needed to
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conversion (c) as function of O, plasma effluent temperature for different flow
rate ratios, with 7y = 0.1 ms and xcy, = 100 ppm.
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reach a similar CH4 conversion at higher flow rate ratio. Trivially, the
mixture cools down more as more cold barn air is added, which increases
O atom recombination and reduces the O atom fraction available for CH,4
oxidation. This makes it harder to convert all the CH4 present, thus
necessitating higher effluent temperatures.

Fig. 10 (b) indicates that for a given effluent temperature the NOy
concentration decreases with increasing flow rate ratio of barn air flow
to plasma flow, as higher barn air flow rates lead to stronger cooling.
However, considering that higher effluent temperatures are needed to
reach the same conversion at higher flow rate ratios (Fig. 10 (a)), in
order to reach the same conversion the NOy concentration is actually
higher for higher flow rate ratios, e.g., for y“#+ = 93 %, the flow rate
ratio of 10 yields a NOx concentration of 16 ppm at T; = 3250 K, while
the flow rate ratio of 30 yields a NOx concentration of 72 ppm at T;
= 4000 K.

Fig. 10 (c) indicates that the energy cost of CH4 conversion (ECcg,)
can be significantly reduced by increasing the flow rate ratio of barn air
flow to plasma flow, considering that higher effluent temperatures are
needed, e.g., the minimal ECcy, of 178 MJ/mol at T; = 3150 K and y "
= 85 % for the flow rate ratio of 10 can be reduced to ECcy, = 153 MJ/
mol at T; = 3850 K and y“+ = 85 % for the flow rate ratio of 30. The
drop in ECcp, at higher flow rate ratios of barn air to plasma flow,
combined with higher effluent temperatures, is caused by multiple
effects.

Before we discuss these effects, we first consider the case where barn
air is heated to a temperature of ca. 1000 K, causing the low CH,4 fraction
(e.g., 100 ppm) to react spontaneously, which we will refer to as thermal
conversion. In this context, the removal of CHj is initiated by the reac-
tion O + CH4 = OH + CHgs, of which the forward net rate is two orders of
magnitude higher than the thermal dissociation of CHy (i.e., CH4 + M =
CH3 + H + M) in our kinetic simulation for a CH4 concentration of
100 ppm and temperature of 950 K. Subsequent reactions with the
generated CHy and H radicals further contribute to CH4 conversion. This
means that at the temperature where thermal conversion occurs, the
equilibrium fraction of O atoms is sufficiently high to initiate the
removal of the low CHy4 fraction.

We now consider the case where the kinetics of O atom recombina-
tion are infinitely fast. This implies that when the hot mixture cools
down due to mixing with the cold barn air, the O atom density imme-
diately relaxes towards its equilibrium fraction. Consequently, the
conversion of CH4 will cease at temperatures below approximately
1000 K, as from that point onward, insufficient O atoms are present to
convert the low CHa fraction in the newly added barn air, similar to the
case of thermal conversion.

Note that in the case of infinitely fast O atom recombination, there is
no point in starting from a hot O»/0 mixture with a high O atom fraction
and mixing it with cold barn air. Indeed, it will produce the same result
as simply heating the barn air to the temperature reached when the hot
0,/0 mixture fully mixes with the barn air. Here, we disregard the fact
that the increased O, fraction from adding the O, plasma effluent would
require a slightly lower mixture temperature for CH4 removal, as this
leads to a negligible reduction in energy cost. In this case of infinitely
fast O atom recombination, the energy cost associated with post-plasma
CH4 conversion would be even higher than thermal conversion since all
the heat needed to raise the temperature of the additional O to the final
temperature is lost. We note that this scenario corresponds to the
experimental conditions of [1], where, as demonstrated in Section 5 (cf.
Fig. 5), O atoms rapidly relax to their equilibrium fraction upon mixing
with barn air, owing to the relatively slow mixing rate characteristic of
the experimental setup.

When the barn air flow rate is increased relative to the plasma flow
rate, the discharge gas (O2) constitutes a smaller fraction of the total
effluent. Consequently, a smaller fraction of the energy input is lost as
heat captured by the discharge gas at the effluent temperature. This
effect primarily explains the strong drop in ECc, observed in [1] when
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the flow rate ratio of barn air to plasma flow is increased, e.g., for Fo,
= 20 slm, a power of 620 W, and a CH4 concentration of 2400 ppm (as
used in the experiments of [1], instead of the more realistic value of
100 ppm for barn air considered in this work), ECcx, = 83 MJ/mol at Fy;r
= 5 slm and EC¢y, = 37.7 MJ/mol at Fgr = 19 slm.

However, O atom recombination kinetics are not infinitely fast, and
higher mixing rates can result in an elevated O atom fraction for a given
amount of barn air added, as was illustrated in Fig. 9. In addition to the
fact that a smaller fraction of the energy input is lost as heat captured by
the discharge gas at higher flow rate ratios of barn air to plasma flow,
higher flow rate ratios also lead to higher absolute mixing and cooling
rates, thus improving conversion and energy cost as well. This is similar
to the lower ECcy, achieved at higher mixing rates associated with lower
characteristic mixing times, as explained in Section 6.1.

In addition to the higher absolute cooling rate, the higher initial
effluent temperature suited for higher flow rate ratios is also advanta-
geous. Indeed, the O atom fraction increases significantly as the equi-
librium fraction of O atoms sharply rises with temperature, e.g. at T
= 3150 Kand T = 3850 K, x§' = 17 % and x§' = 65 %, respectively. Asa
result, the kinetic drag can more effectively sustain an elevated O atom
fraction during the mixing process, thereby improving conversion.

We observe that ECcy, can be significantly reduced when increasing
the flow rate ratio of barn air flow to plasma flow from 10 to 20, i.e.,
from 178 kJ/mol to 157 kJ/mol (Fig. 10 (c)). However, further reduc-
tion of the flow rate ratio to 30 leads to progressively smaller im-
provements, achieving a minimal energy cost of ECcy, = 153 MJ/mol.
Indeed, the energy gained by reducing the discharge gas fraction be-
comes increasingly smaller. In addition, the absolute cooling rate asso-
ciated with 7, = 0.1 ms for the flow rate ratio of 8 was already near its
optimal value (cf. Fig. 10 (c)), so increasing the absolute mixing rate by
increasing the flow rate ratio at 7 = 0.1 ms yields diminishing returns.
Consequently, increasing the flow rate ratio above 30 does not reduce
ECcu, further, but will only increase NOy production, as discussed
above.

Because of the kinetic drag on O atom recombination, an elevated O
atom fraction will be maintained at temperatures below 1000 K,
enabling the conversion of the low CH,4 fraction at temperatures lower
than those required for thermal conversion. Consequently, the optimal
energy cost of ECcy, = 153 MJ/mol achieved with the current post-
plasma O atom activated CH4 conversion strategy is significantly
lower than the energy required to heat air to the temperature at which
the low CH4 concentration reacts spontaneously. For example, a
100 ppm CHy4 concentration completely reacts within 1s at 1020 K,
associated with an energy cost of 224 MJ/mol.

However, the best ECcy, of 153 MJ/mol is still quite high, and
considerably higher than that of thermal catalysis (120 MJ/mol). The
primary reason for the high energy cost is the rapid rate of O atom
recombination compared to the rate of CH4 activation by O atoms. We
note that our kinetic analysis indicates that O atom recombination does
not only occur via the direct channel of three-body recombination, but
in larger extent proceeds through a circular reaction mechanism
involving an H atom, illustrated in Fig. 11. Because of the high recom-
bination rate, proceeding via different channels, even when an elevated
O atom fraction can be sustained at high mixing rates, nearly all O atoms

HO, O

H+O, OH

o

Fig. 11. Reaction mechanism of H atom assisted O atom recombination.
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will eventually recombine into O, instead of reacting with CH4 mole-
cules. Consequently, the high energy cost associated with dissociating
the O, discharge gas is predominantly lost to O atom recombination,
resulting in the relatively high lower limit of ECcy, = 153 MJ/mol for
post-plasma O atom activated CH4 conversion. We note that this is the
theoretical lower limit predicted by our model, but in reality, ECcy, is
likely significantly higher due to heat losses within the plasma reactor
associated with the high plasma temperatures [47].

Besides the high energy cost, achieving the high flow rate ratios of
barn air flow to plasma flow (> 20) and high mixing rates (7 <
0.1 ms), necessary to obtain the optimal energy cost and minimize NOy
production, is likely very challenging from an experimental perspective.
This is indicated by the highest flow rate ratio of barn air flow to plasma
flow of 1 achieved in [1], attributed to plasma stability problems. As
discussed in the introduction, higher flow rate ratios may be attainable
by implementing secondary injection of barn air downstream of a
constriction, thereby reducing backflow of cold air into the plasma zone.
However, it remains uncertain whether ratios as high as 20 or more can
be achieved using this approach.

Although uncommon, sub-millisecond mixing timescales can be
achieved in highly specialized reactor configurations. For example,
microreactors with small characteristic length scales [48,49] can ach-
ieve mixing times on the order of 0.1 ms, though their low throughput
likely renders them unsuitable for CH4 abatement applications requiring
treatment of large exhaust volumes. In supersonic combustion systems,
fuel must mix with air within tens of microseconds to enable efficient
combustion, suggesting that similarly fast mixing may be achievable
using advanced setups involving supersonic nozzles or shock generators
[50,51]. However, such configurations would incur additional energy
costs and could pose substantial challenges for scale-up.

Given these limitations, the realistic energy cost for the current
strategy is likely to exceed the lower bound of ECcy, = 153 MJ/mol
predicted by our modeling at a flow rate ratio of 30 and 7p; = 0.1 ms.
Quantitative estimation remains difficult due to uncertainties in the
achievable conditions within more specialized and optimized reactor
designs. Considering the significantly lower energy cost of thermal
catalysis (ca. 120 MJ/mol), we conclude that post-plasma O atom acti-
vated CH4 conversion is unlikely to be a viable alternative to existing
CH,4 removal technologies.

6.3. Effect of CH4 concentration on CHy4 conversion, NO, production and
energy cost

Lastly, we examine the effect of the CH4 concentration (xcg,) on the
CH,4 conversion (y¢H+), NOy production and energy cost. Fig. 12 plots

100
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40
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—— 400 ppm CH,
—— 2400 ppm CH,

CH, conversion (%)

1 1 1 1
2800 3000 3200 3400

Temperature (K)

1
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Fig. 12. Conversion of CH,4 for different CH,4 concentrations, as a function of
the effluent temperature, for a flow rate ratio of barn air to plasma flow of 8 and
Tmix = 0.1 ms.
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7+ as a function of the effluent temperature. Clearly, the conversion
depends on the CH4 concentration, with the largest relative difference
seen at the lowest temperature of 2500 K, i.e., y¢ = 37.5 % and y°H
= 25 % for xcy, = 100 ppm and xcy, = 2400 ppm, respectively. How-
ever, the 1.5-fold difference in conversion is much smaller than the 24-
fold difference in concentration, suggesting that the conversion is rela-
tively insensitive to the CH4 concentration.

The reason is that the fraction of O atoms consumed in CHy4 activa-
tion is very small compared to O atom recombination. Consequently, the
O atom fraction is primarily determined by the mixture temperature and
reaction time, governed by the flow rate ratio and mixing rate, as
extensively discussed in Sections 6.1 and 6.2. However, converting
higher concentrations of CHy4 requires more time for a given O atom
fraction, which is why the conversion is somewhat lower for higher
concentrations. At elevated temperatures, the reaction kinetics accel-
erate, and the relative difference becomes very small for T > 3150 K,
associated with CH4 conversions of around 85 %. Therefore, when
looking at high conversion degrees that are favourable for the energy
cost, we believe it is a reasonable assumption to state that for the current
strategy, the CH,4 conversion is independent of the injected CH4 con-
centration at the low concentrations considered here. Consequently,
ECcn, will vary inversely proportional to the CH4 concentration, e.g., for
T = 3000 K, ECcn, is equal to 191, 59 and 12 MJ/mol for a CHy4 con-
centration of 100, 400 and 2400 ppm, respectively.

Finally, the NOy production is also relatively insensitive to CHy
concentration, e.g., for T = 3500 K, the NOy concentration is equal to
105, 106 and 111 ppm for a CH4 concentration of 100, 400 and
2400 ppm, respectively. This can again be attributed to the minimal
influence of CH4 concentration on the mixture temperature and O atom
concentration, which are the primary factors governing NOy formation,
as discussed earlier.

7. Perspective

As mentioned above, because of the high energy cost (minimum 153
MJ/mol for xcy, = 100 ppm) of the current strategy and the challenging
experimental conditions needed, we believe post-plasma O atom acti-
vated CHy is not a more viable alternative to existing trace CH4 removal
methods, such as catalytic thermal oxidation. The high energy cost is
attributed to the rapid rate of O atom recombination at atmospheric
conditions, shown in the experimental results, relative to the rate of CHy4
activation. However, the concept of plasma technology to generate
reactive species for efficient removal of low CH4 fractions might still
hold value.

In the case of post-plasma O atom chemistry, the introduction of a
catalyst could enable reaction pathways that enhance oxidation of CHy4
over O atom recombination. Still, rapid gas-phase recombination limits
the time available for O atoms to reach the catalyst surface. For instance,
for the flow rate ratio of 8 and 7, = 0.01 ms, the flow is quenched
within the 0.01 ms timescale, but due to the kinetic drag, the O atom
fraction will drop below 10 ppm after ca. 1 ms. Below this concentra-
tion, CH4 conversion stops as insufficient O atoms are present to activate
the CH4 molecules. Therefore, from the point where complete mixing is
achieved within 0.01 ms, the O atoms must reach the catalyst surface
within 1 ms. For a diffusion constant of 1.5 x 10~* m?/s, this corre-
sponds to a diffusion length of 0.4 mm, indicating the challenging
reactor setup needed to meet these requirements.

Li et al. [52] investigated atmospheric pressure plasma jet (APP-
J)-assisted CH4 oxidation over a Ni-SiOy/Al»03 catalyst, demonstrating
a strong correlation between the quantified fluxes of plasma-produced O
atoms and CHy4 oxidation at the catalyst surface. This correlation in-
dicates that, within their experimental setup, O atoms are able to reach
the catalyst surface and actively participate in CH4 oxidation. Notably,
the study employed low Oy concentrations (<1.5 %) in the Ar/Oy
plasma jet, which slows down O atom recombination due to the
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involvement of O; in the recombination mechanism (cf. Fig. 11), thereby
extending the lifetime of the O atoms. Furthermore, since O atoms are
convectively transported into the catalytic bed, a sufficiently high
volumetric flow rate is required to ensure effective delivery. However,
the low total gas throughput (<0.6 slm) used in [52] may present
challenges for scaling the process to practical CH4 abatement
applications.

Given the limited potential of O atoms as oxidants for CH4 due to
their short lifetimes, it could be interesting to investigate other reactive
species produced by plasma for CHy4 oxidation that are more stable, such
as ozone (O3) and nitrogen oxides (NOx). The addition of NOy to the barn
air offers several advantages over conventional catalytic thermal
oxidation of CHy4 using O as the oxidant, as explained below. We note
that the generation of NOy must be carefully regulated to prevent the
release of excess NOy that is not consumed in CH4 oxidation at hazardous
concentrations. If such excess cannot be avoided, an additional catalytic
conversion step should be implemented to ensure its safe removal.

Fierro et al. [53] reported that the addition of NO to O, increased CHy4
conversion on V30s/SiO4, which was attributed to gas-phase reactions
promoted by NO as a radical initiator. It was shown in [54] that at lower
temperatures (< 400 °C), the NO/NO; system forms an O atom shuttle,
supplying O atoms to the catalyst surface. This NO-mediated O disso-
ciation allowed detectable CH4 conversion on various transition metal
oxide catalysts under conditions where negligible conversion occurs
with O3 alone. Similarly, [55] showed that the addition of NO alleviates
the transient deactivation of Pd/Al,O3 through the formation of gas
phase NO», that increased the content of more active PdO on the catalyst
surface.

The enhanced catalyst reactivity in the presence of NOx may allow
for milder reactor conditions, enabling the conversion of CHy4 at lower
temperatures. This has been demonstrated in literature, where enhanced
CH4 conversion over Pd-supported catalysts [56,57] was observed in the
presence of NOy. Similarly, the presence of NOx enhanced the long-term
activity and prevented the Pd-Pt/Al,O3 catalyst from deactivation in
[58].

More importantly, the higher reactivity of NOy could allow the use of
less active catalysts that are more resistant against poisoning. This
would offer a strong advantage over the conventional highly active
catalysts, such as Pd-based catalysts, which are required for low-
temperature combustion of CHa in air but are prone to severe deacti-
vation due to poisoning. For instance, Ghampson et al. [54] demon-
strated CH4 conversion over various transition metal oxides at mild
conditions of 300-400 °C in the presence of NOy, whereas only using Os
as oxidant showed much lower or no conversion.

Lastly, since thermal production of NOy has been demonstrated to be
quite efficient [25,59], the warm air plasma could function as an effi-
cient heater to activate the catalytic conversion, powered by green
electricity. Given the advantages discussed above, we believe that
post-plasma CH4 conversion through oxidation by NOy species (pro-
duced by air plasma) at the catalyst surface is a promising new strategy
worth exploring, potentially offering new catalyst candidates capable of
operating under milder conditions and exhibiting greater resistance to
poisoning.

Lastly, we note that our proposed strategy differs fundamentally
from the simultaneous CH4 abatement and NOy formation for fertilizer
production introduced in [1]. In case of the latter, the majority (if not
all) of the barn air must be processed directly through the plasma
reactor, and post-plasma injection must be minimized to avoid excessive
dilution of NOy. This is necessary to maintain a sufficiently high NOy
concentration (typically > 5 % [60,61]) for efficient downstream sep-
aration. Consequently, this configuration requires a very high energy
input, resulting in high energy costs for CH4 conversion, which must be
justified by reaching a high enough NOy yield.

In contrast, our proposed strategy treats only a small fraction of the
barn air in the plasma reactor. The resulting plasma effluent is then
significantly diluted with post-plasma barn air injection, since low NOy
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concentrations, e.g., 60 ppm [57], are already effective in promoting
catalytic CH4 oxidation by supplying O atoms to the catalyst surface.
Moreover, the catalytic oxidation can proceed at relatively low tem-
peratures (ca. 400 °C [27]), in stark contrast to the high temperatures (>
3000 K [59]) required for efficient thermal NOyx formation. As a result,
the energy cost for CH4 conversion in our approach can be substantially
lower than that associated with the simultaneous CH4 abatement and
NOy formation strategy.

8. Conclusions

We combined experiments and modeling to study the post-plasma
removal of trace CH,4 concentrations in ambient air upon mixing the
effluent of warm O plasma with barn air. The model demonstrates
satisfactory agreement with the experiments, so we can use it to explore
the theoretical limits of the Oy plasma effluent strategy, by systemati-
cally investigating a wide parameter space, including effluent temper-
atures, mixing rates, and flow rate ratios of plasma flow to barn air flow.
The results indicate that the energy cost of CH4 conversion (ECcy,) can
be substantially reduced by increasing the mixing rate and flow rate
ratio. Moreover, the high cooling rates resulting from these high mixing
rates effectively supresses NOy formation. The lowest energy cost of
ECcn, = 153 MJ/mol is obtained at an effluent temperature of 3800 K, a
characteristic mixing time of 7,;; = 0.1 ms and a flow rate ratio of 30
(plasma flow to barn air flow), producing only 32 ppm NOy. While this
energy cost is lower than that of thermal conversion, i.e., ca. 220 MJ/
mol, required to heat the barn air to ca. 1000 K where the 100 ppm CHy4
reacts away spontaneously, it is still higher than that of catalytic thermal
oxidation (ca. 120 MJ/mol).

Our model reveals that the O atoms cannot be efficiently used to
oxidize CH4 owing to fast O atom recombination post-plasma. Therefore,
the use of warm O, plasma effluent proves to be unviable for the removal
of CHy4 traces within barn air. On the other hand, we propose that other
plasma-generated reactive species with longer lifetimes than O atoms,
such as ozone (O3) and nitrogen oxides (NOy), may offer more effective
alternatives for CH4 oxidation. In future work, the CANMILK project
therefore aims to investigate the use of NOy produced by warm air
plasma to oxidize CHy at a catalyst surface. This approach can utilize the
residual thermal energy to activate catalytic conversion, while
leveraging the higher reactivity of NOy relative to Oy to potentially
reduce the required operating temperature and enable the use of cata-
lysts more resistant to poisoning than conventional Pd-based systems,
thereby broadening the range of viable catalytic materials.
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