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ABSTRACT: The destruction of ethylene in a dielectric
barrier discharge plasma is investigated by the combination of
kinetic modeling and experiments, as a case study for plasmabased gas puriﬁcation. The inﬂuence of the speciﬁc energy
deposition on the removal eﬃciency and the selectivity toward
CO and CO2 is studied for diﬀerent concentrations of
ethylene. The model allows the identication of the destruction
pathway in dry and humid air. The latter is found to be mainly
initiated by metastable N2 molecules, but the further
destruction steps are dominated by O atoms and OH radicals.
Upon increasing air humidity, the removal eﬃciency drops by
±15% (from 85% to 70%), but the selectivity toward CO and
CO2 stays more or less constant at 60% and 22%, respectively. Beside CO and CO2, we also identiﬁed acetylene, formaldehyde,
and water as byproducts of the destruction process, with concentrations of 1606 ppm, 15033 ppm, and 185 ppm in humid air
(with 20% RH), respectively. Finally, we investigated the byproducts generated by the humid air discharge itself, which are the
greenhouse gases O3, N2O, and the toxic gas NO2.

■

INTRODUCTION
Currently, there is signiﬁcant interest for the development of
nonequilibrium plasma methods for gas puriﬁcation and
abatement. The most common discharge types reported in
the literature are dielectric barrier discharges (DBDs), corona
discharges, and packed bed surface discharges.1−4 These
methods are based on the formation of a high concentration
of chemically active species (i.e., O3, O, and N2 metastable
molecules) in the polluted gas stream using nonequilibrium
low-temperature plasma, without appreciable heating of the
treated gas ﬂow. Those generated chemically active species will
react with the pollutants and decompose them into less toxic
end products (such as CO2, CO, etc.).5
Ethylene (C2H4) is an odorless and colorless gas which exists
in nature and is generated by human activities, such as engine
exhausts, as a petrochemical derivative and in thermal power
plants.6 Moreover, it is used in the food industry to ripen
tomatoes, bananas, pears, and a few other fruits postharvest.7 It
is harmful for mankind, causing anesthetic illness and
contributes to photochemical smog.8 Ethylene is an excellent
case study hydrocarbon to investigate the destruction
mechanism in upcoming gas puriﬁcation techniques (such as
photocatalysis and plasma-assisted catalysis).9,10
Numerous papers regarding modeling11−13 and experimental
diagnostics14,15 indicate the degree of complexity in plasmas for
environmental purposes. Both numerical and experimental
results are necessary to fully understand the chemical
mechanism in the destruction of ethylene. Previously published
© 2013 American Chemical Society

modeling work regarding volatile organic compounds
(VOCs)16,17 (i.e., formaldehyde, trichloorethylene, etc.)
neglected the inﬂuence of chemical quenching reactions
between metastable N2 molecules and the hydrocarbon species.
However, in our previous work11 we demonstrated that the
contribution of N2 metastables in the destruction of C2H4 could
not be neglected. Also Pasquiers and co-workers identiﬁed the
important role of N2 metastables in the destruction of diﬀerent
VOCs.18,19 Therefore, in the present paper, we have expanded
our plasma chemistry to fully take into account the eﬀect of
metastable N2 molecules in the destruction process of ethylene
in humid air, in a DBD plasma. In our previous work, we mainly
focused on the role of electrons in the destruction path, for one
pulse and afterglow, and found that they can be neglected. In
the present paper, we will investigate in detail the entire
reaction pathway, both in dry and humid air, and under more
realistic conditions of consecutive pulses. We will also evaluate
the eﬀect of humidity on the eﬃciency of the destruction
process and identify the important byproducts. The latter is
extremely important for environmental application of this
technology.
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DESCRIPTION OF THE EXPERIMENTS AND THE
MODEL
Description of the Experiments. The experimental setup
used in this work is a cylindrical DBD reactor consisting of two
coaxial fused quartz tubes, both of which are covered by a
stainless steel mesh electrode. A more detailed description of
the reactor can be found in Tu et al.,20 although in the present
case no catalyst is placed inside the reactor. The gap between
both quartz tubes is 3 mm. The reactor volume is 11.4 cm3, and
the experiments are carried out with a ﬂow rate of 1 slm at 300
K, which corresponds to a residence time of 0.684 s. The
molecules C2−C4 (representing various hydrocarbons with two
to four C-atoms), CH4, H2, CO, and CO2 are analyzed by a
two-channel microgas chromatograph (GC; Agilent 3000A)
equipped with two thermal conductivity detectors (TCD) as
described in Tu et al.20 The molecules NO2 and N2O are
analyzed by online FTIR spectroscopy (Shimadzu 8300) with a
long path IR cell (2.76 m). All the electrical signals are sampled
by a four-channel digital oscilloscope (Agilent DSO6014A, 2
GHz). A LABVIEW control system is used for the online
measurement of the discharge power by the area calculation of
the Q-U Lissajous ﬁgure.
Description of the Model and the Chemistry. The
model used in this work is a global kinetic (0D) model, called
global_kin, developed by M. Kushner and co-workers.21 The
model includes an online Boltzmann solver for the electroninduced reactions. It constructs lookup tables for the reaction
rate coeﬃcients versus the mean electron energy, based on the
corresponding cross sections. Furthermore, a gas-phase kinetics
module calculates the time-evolution of the density of every
species and of the electron energy at a ﬁxed temperature of 350
K. This temperature is chosen 50 K higher than the
experimental temperature of the gas ﬂow, to take into account
local overheating in the microdischarge itself, which is reported
to be around 50 K.22,23 Finally, an extra module is recently
added to investigate the production and loss of each species
from each individual reaction. More details about this module
can be found in Aerts et al.24
The chemistry set used in this model can be divided into two
subsets. The ﬁrst subset is for the background gas, i.e., humid
air (21 − x/2% O2, 79 − x/2% N2, where x = % H2O), and the
second subset represents the hydrocarbon chemistry. The
details of the humid air chemistry set are reported by Van
Gaens et al.,25 and a description of the initially dominant
reactions in (humid) air can be found in the work of Kossyi and
co-workers.26 The hydrocarbon set is based on the chemistry
published by Snoeckx et al.27 and Aerts et al.,11 but it is
extended with chemical reactions between N2 metastable
molecules and hydrocarbon species. In total the model contains
113 chemical species and 1639 reactions.

Figure 1. Measured voltage (left y-axis) and current (right y-axis) as a
function of time, for a speciﬁc energy deposition (SED) of 1.2 J/cm3
(a) and 2.4 J/cm3 W (b), in the case of 3500 ppm C2H4 in dry air. The
red circles indicate that the number of microdischarge pulses increases
as a function of SED (or power).

typical values for electron temperature and electron density, as
reported in the literature.28 By simulating a number of these
consecutive discharge pulses, the ﬁlamentary behavior of the
DBD can be mimicked.
Although in reality, a large number of ﬁlaments occur per half
cycle (see Figure 1), the ethylene molecules will not pass all
these ﬁlaments, as they are spread in volume. The exact number
of ﬁlaments that a typical ethylene molecule will pass when
ﬂowing through the reactor is not known. Therefore, we have
subdivided the total energy deposition in the experiment into a
number of triangular pulses (ﬁlaments). The individual pulse
energy and the number of pulses were adapted to match the
electron temperature adopted from the literature and the
experimentally obtained electron density, making sure that the
total simulated energy deposition is the same as the total energy
deposition in the experiment. If the obtained electron
temperature and density have realistic values, the other plasma
characteristics, including the densities of the other plasma
species, are most probably also realistic. More details about this
method can also be found in Aerts et al.24 and Snoeckx et al.27
It should be mentioned that by increasing the speciﬁc energy
deposition (SED) in the experiments the number of ﬁlaments
visually increases, and as a result also the number of peaks in
the current waveform becomes higher. Figure 1 illustrates the
increase in number of current pulses for a rise in SED from 1.2
to 2.4 J/cm3, for 3500 ppm ethylene in dry air.
In Figure 2, the values of electron density as obtained from
the model and the experiment are plotted as a function of SED,
together with the number of simulated discharge pulses
through which the ethylene molecules will pass when ﬂowing
through the reactor. Note that the electron density obtained
from the experiment is not measured directly but is simply
estimated from the electrical current density, as follows: ne = J/
(Eμee), where J is the experimental current density, μe is the
drift mobility for electrons, adopted from Nielsen et al.,29 E is
the electric ﬁeld, estimated from the ratio of breakdown voltage
versus gap, and e is the elementary charge (1.602 × 10−19).20,30
The ﬁgure shows that both the experimental and calculated
electron density drop slightly upon increase of the SED (or the
discharge power), and as a result, the number of pulses
(ﬁlaments) should increase, to correspond to the rise in SED.
Eﬀect of SED on the Ethylene Destruction Process. In
this section we will discuss the eﬀect of the SED on the removal

■

RESULTS AND DISCUSSION
Description of the Power Deposition. DBDs mostly
operate in ﬁlamentary mode, which can be observed by the
many short peaks in the electrical current waveform as shown
in Figure 1. These ﬁlaments (streamers) are spread in volume
and time, making it very diﬃcult to model in a typical
(continuum) plasma model. By using a zero-dimensional
kinetic model, this problem can be overcome as follows. The
power deposition is deﬁned as a pulse of 15 ns, which
corresponds to the typical lifetime of such a ﬁlament.28 The
maximum power deposition in this pulse is chosen to obtain
6479
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Figure 2. Electron density, both calculated from the model and
estimated from the experiment, as a function of the speciﬁc energy
deposition (SED) (left y-axis), as well as the total number of
microdischarge pulses assumed in the simulations for a residence time
of 0.684 s (right y-axis), for 3500 ppm C2H4 in dry air.

eﬃciency (RE) and on the selectivity of CO (SCO) and CO2
(SCO2), which are deﬁned as:
RE (%) =

C2H4(inlet) − C2H4(outlet)
C2H4(inlet)

Figure 3. Comparison between calculated (solid lines) and measured
(dashed lines) removal eﬃciency (RE) (a), and selectivities toward
CO and CO2, i.e., SCO (b) and SCO2 (c), at diﬀerent concentrations of
C2H4 in dry air and as a function of the SED.

× 100%

SCO (%) =

moles of CO produced
× 100%
2 × moles of C2H4 converted

SCO2 (%) =

moles of CO2 produced
× 100%
2 × moles of C2H4 converted

apparent from the experiments than from the simulations (see
Figure 3c). This can be explained by the increasing number of
pulses upon a rise in the SED, increasing the possibility to
convert the byproducts into CO2. The reason why the CO
selectivity remains constant is that it is more eﬃciently created
from the byproducts at higher SED, but at the same time, it is
also more eﬃciently oxidized into CO2, so that the net
production of CO remains constant. Furthermore, for a lower
concentration of ethylene, the CO selectivity drops slightly,
whereas the CO2 selectivity increases, indicating that the
destruction process becomes “more clean”. In general, we can
conclude that the destruction of C2H4 in a DBD is predicted by
our model in reasonable agreement to the experiment, both for
diﬀerent C2H4 concentrations and for diﬀerent speciﬁc power
depositions. Most of the C2H4 is converted to CO as can be
seen from the selectivity toward CO (±60%). Moreover, at
high values of SED and at low C2H4 concentrations, the
selectivity toward CO2 reaches ±40%. In this case almost all
C2H4 is converted into CO and CO2. At lower values of SED
and higher C2H4 concentrations, the selectivity toward CO2
drops to ±10−20%, indicating that some byproducts are
formed, as will be elaborated below.
Identiﬁcation of the Destruction Pathway. As the
calculated RE and selectivities of CO and CO2 correspond well
with the measured values, both in absolute values as well as the
trends as a function of SED and C2H4 concentrations, the
model can be used to elucidate the destruction pathway of
C2H4 in a DBD in dry and humid air, which is illustrated in
Figure 4. The thickness of the arrows indicates the importance
of the various reaction paths. Note that the latter might vary a
bit, depending on the values used for some of the rate
coeﬃcients (cf., the deviations found for diﬀerent literature
values; see Supporting Information). Nevertheless, in view of
the good agreement between calculated and measured results,
we are quite conﬁdent that this reaction pathway presents a
realistic picture.

The calculations and experiments are performed for 3500
ppm, 8700 ppm, and 13700 ppm ethylene in dry air, in a range
of discharge power from 20 to 40 W, corresponding to an SED
between 1.2 and 2.4 J/cm3. Figure 3 illustrates the calculated
and measured RE, SCO, and SCO2 for these three ethylene
concentrations as a function of SED. The RE increases with
rising energy deposition, both in the experiments and in the
simulations. This is attributed to the larger concentrations of
“activating” air species (such as metastable N2 molecules and O
atoms; see below), which destroy the C2H4 molecules. It is also
clear from Figure 3a that the RE is the highest at low
concentrations of C2H4, because the possibility that all C2H4
molecules can react with “activating” air species also increases.
Nevertheless, at an SED of 2.5 J/cm3, the RE is almost 100%
for all C2H4 concentrations. Note that the model predicted a
somewhat lower RE for the 13700 ppm case compared to the
experiment, but in general, the agreement is quite satisfactory.
The removal eﬃciency was previously benchmarked with other
VOCs.11 However, it should be realized that ethylene is quite
simple to destroy in a plasma compared to other (e.g.,
aromatic) VOCs, as can be seen from the high removal
eﬃciencies close to 100% presented in the literature for
diﬀerent discharge types,2,6 for inlet concentrations ranging
from 100 ppm till 3%.
Figure 3b,c shows that there is also a reasonable agreement
between the model and experimental results for the CO and
CO2 selectivity. An increase in SED does not inﬂuence the CO
selectivity to a large extent, which is more or less constant at
±50−60%. The selectivity toward CO2 is on the order of 10−
40%, increasing slightly upon higher SED, which is more
6480
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CH 2O + O → CHO + OH
(k = 1.78 × 10−11(T /298 K)e(−1390[K]//T ) cm 3/s)

(R4)

CH 2O + OH → CHO + H 2O
(k = 8.2 × 10−12e(40[K]/T ) cm 3/s)

(R5)

Reaction of CHO with O, O2, or OH eventually leads to the
formation of CO and CO2, as shown in Figure 4.
Finally, the oxidation process from CO to CO2 can be
assigned to reaction with O2(b1∑g+) metastable molecules or
OH radicals, the latter path being more important:32,38
+

CO + O2 (b1 ∑ ) → CO2 + O
g

(k = 3.7 × 10−15 cm 3/s)
Figure 4. Ethylene destruction pathway in dry and humid air, as
elucidated by the model. The thickness of the arrows indicates the
importance of the various reaction paths. The pathway is more or less
similar in both dry and humid air, except for some extra destruction
through OH radicals in humid air, as indicated by the dashed arrow in
the ﬁgure.

CO + OH → CO2 + H
(k = 5.4 × 10−14(T /298 K)1.50 e(250[K]/T ) cm 3/s)

C2H3 + O2 → CHO + CH 2O
(R1)

In addition, it can also react with O to CO and CH3, or to
acetylene and OH:33
C2H3 + O → CO + CH3

(k = 1.25 × 10−11 cm 3/s)
(R2)

C2H3 + O → C2H 2 + OH

(R7)

The paths presented in the right side of the ﬁgure contribute
for only a few percent to the oxidation pathway, as indicated by
the thinner arrows, and they are therefore not discussed in
detail here. They become slightly more important in humid air.
The air humidity does not really inﬂuence the dominant
reaction pathways, but it does aﬀect the relative importance of
the diﬀerent reagents, i.e., OH, O, and O2. The higher OH
density in humid air introduces an extra reaction path (see
dashed line in Figure 4), producing formaldehyde. The eﬀect of
the air humidity on the eﬃciency of the destruction process will
be discussed in detail in the next section.
We can summarize the reaction pathway as follows: (1) The
initial destruction of ethylene in dry air is dominated by
metastable N2 molecules and to a lower extent by O atoms. (2)
The initial destruction of ethylene in humid air is similar to that
in dry air, but the OH radicals give rise to an extra destruction
path. (3) The further destruction path to CO and CO2 in both
dry and humid air is fully controlled by O atoms and OH
radicals, and the contribution of the OH radicals increases with
increasing humidity.
Eﬀect of the Air Humidity on the Ethylene
Destruction Process. As mentioned in the previous section,
an increase in air humidity does not inﬂuence the reaction
pathway to a large extent, as most of the destruction is initiated
by N2 metastable molecules. Figure 5 presents the eﬀect of air
humidity on the RE and on the selectivity toward CO and CO2,
for an energy deposition of 1.8 J/cm3 and 8700 ppm C2H4 in
air. The calculations were performed for relative humidity
between 0% and 99%, whereas the experiments could only be
carried out until 20% humidity, but at least in this range the
agreement between experiment and model is quite good. Our
calculations predict that the selectivity toward CO and CO2
does not change signiﬁcantly upon increasing humidity.
However, the RE drops by about 15% when the humidity
rises from 0% to 99%. This can be explained by the drop in
densities of the O atoms and metastable N2 molecules at the
maximum of the pulse (i.e., from 8.8 × 1016 cm−3 to 4.8 × 1016
cm−3 for the O atoms, and from 6.8 × 1016 cm−3 to 4.1 × 1016
cm−3 for the metastable N2 molecules). The humidity might
inﬂuence the formation of other byproducts (see below), but
this eﬀect will be minor, as the CO and CO2 selectivities remain
approximately constant.

In general, both in dry and humid air, two main destruction
mechanisms can be distinguished, i.e., upon collision with
metastable N2 molecules (especially N2(A3∑u+)) and with O
atoms, but the ﬁrst one appears to be most important,
producing vinyl radicals (C2H3) and acetylene molecules
(C2H2); see Figure 4. The fact that acetylene has a triple
bond and a high ionization energy of 11.4 eV31 makes it very
diﬃcult to destroy, and as a result, acetylene will be one of the
byproducts besides CO and CO2 (see further). Nevertheless, it
can also be further oxidized with O toward C2HO and ﬁnally
toward CO and CO2.
A more important oxidation path, especially in dry air,
proceeds through the C2H3 radical, which will be oxidized to
CHO radicals and formaldehyde (CH2O):32
(k = 9.0 × 10−12 cm 3/s)

(R6)

(k = 1.25 × 10−11 cm 3/s)
(R3)

Note that in Figure 4, only arrows are drawn toward CO and
C2H2 and not to CH3 and OH, as the latter species are radicals
which react further, whereas CO and C2H2 are obtained as
byproducts.
Hübner et al. also reported formaldehyde as one of the
byproducts in their experimental work on ethylene destruction.34 However, formaldehyde is also a VOC which can be
destroyed in plasma.19,35,36 The latter is also observed in our
model, where the formaldehyde concentration decreases for an
increasing number of pulses. Indeed, most of the formaldehyde
will be further oxidized to CHO by O or OH, which have their
highest density shortly after each pulse:32,37
6481
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respectively, in the humid air case (and slightly lower in dry
air). At these conditions, the selectivities toward CO and CO2
are calculated to be 60% and 22% (see Figure 5), so that the
sum of these selectivities amounts to 96%; the remaining 4%
goes to methane, formic acid, and ketene. Note that the
selectivity toward H2O is not included in these calculations, as
the selectivities are obtained with respect to the C atoms in
C2H4, and H2O does not contain C atoms.
Figure 6 shows that the CH2O, H2O, and C2H2 densities
exhibit a rise (or a drop) at each pulse, whereas they remain
more or less constant in the interpulse time. Furthermore, the
H2O density keeps on increasing for the consecutive pulses,
whereas the CH2O and C2H2 densities go over a maximum
after the ﬁfth pulse. The latter behavior can be explained
because more chemically active species (i.e., O3, O, and N2
metastable molecules) are available at this time to destroy
CH2O and C2H2. We have found that the C2H4 removal
progresses as a function of time, and the densities of CH2O and
C2H2 become comparable to the C2H4 density, and at that
point the chemically active species also yield the destruction of
CH2O and C2H2.
H2O, on the other hand, will be consumed by electron
impact dissociation and by vibrational excitation during each
pulse, whereas after the pulse, it is produced again by decay of
the vibrationally excited species and by reaction of OH radicals
with hydrocarbon species (e.g., eq R5 above). However, an
extra hydrogen source is necessary to explain the stepwise
increasing H2O density. The explanation can be found in the
indirect production of H2O by the destruction of ethylene and
its byproducts. The reactions between hydrocarbon species and
O atoms will produce OH radicals (e.g., by eq R3), and those
OH radicals will then react with hydrocarbon species in a
second reaction (e.g., by eq R5).
In general, a higher humidity does not result in diﬀerent
byproducts formed, but the concentration of formaldehyde
increases by 224 ppm for a humidity of 20% compared to dry
air. This diﬀerence is attributed to the higher density of OH
radicals, which results in a new destruction path, as discussed
above. Note that the time-integrated rate of the reaction:39

Figure 5. Comparison between calculated (solid lines) and measured
(dashed lines) RE (red; circle), SCO (black; triangle), and SCO2 (blue;
square), as a function of the relative air humidity, for an energy
deposition of 1.8 J/cm3 at 8700 ppm C2H4 in air.

Figure 6 illustrates the calculated densities (in ppm) of the
most common byproducts besides CO and CO2 as a function

C2H4 + OH → CH 2O + CH3

Figure 6. Calculated concentrations of H2O (left axis), CH2O, and
C2H2 (right axis), formed as byproducts in C2H4 destruction, as a
function of time during 10 consecutive microdischarge pulses, in the
case of humid air with 20% RH (dashed lines) and dry air (solid lines),
for a total energy deposition of 1.8 J/cm3 at 8700 ppm C2H4 in air.

(k = 1.6 × 10−15 cm 3/s)

(R8)

increases by 1 order of magnitude, i.e., from 1016 cm−3 to 1017
cm−3, when the RH rises from 0% to 90%. However, this rate is
still 3 orders of magnitude lower than the integrated rates of the
reactions with metastable N2 molecules, explaining why the
eﬀect of humidity is not signiﬁcant. The eﬀect of humidity on
the C2H2 density is even smaller, and the minor drop in density
can be assigned to the drop in metastable N2 density, as most of
the C2H2 production is caused by the N2 metastable
destruction of ethylene (see Figure 4 above). Finally, the eﬀect
on the H2O concentration is simply due to the extra water
introduced in the humid air, but the H2O production itself does
not change, as shown in Figure 6.
Production of O3, NO2, HNO2, HNO3, and N2O. Not only
are hydrocarbon byproducts an issue in plasma destruction of
VOCs, but also the production of O3, NO2, HNO2, and N2O in
the carrier gas (air) must be considered. In Table 1 the
concentrations of produced O3, NO2, HNO2, and N2O species
are listed, after treating 3500 ppm C2H4 in dry air with an
energy deposition between 1.2−2.4 J/cm3.

of time, for 10 consecutive pulses (i.e., microdischarge
ﬁlaments) with an interpulse time of ±0.0684 s. Only the
calculated concentrations of the byproducts could be obtained.
Indeed, we could not separate the C2H2 and C2H4 peaks on the
GC. However, a rough estimation by FTIR indicated ±26 ppm
C2H2, which is somewhat lower than the calculated result (see
Figure 6 and below). We could not detect CH2O on the GC or
the FTIR, possibly because this species might be condensed
after the plasma reactor. The results are shown for an energy
deposition of 1.8 J/cm3 and 8700 ppm C2H4, both in humid air
with 20% relative humidity (RH) and in dry air. The
concentrations of CH2O, H2O, and C2H2 after a residence
time of 0.684 s, i.e., when the gas ﬂows out of the reactor,
amount to 1606 ppm, 15033 ppm, and 185 ppm, respectively,
in humid air (with 20% RH), and to 1382 ppm, 10057 ppm,
and 131 ppm, respectively, in dry air. This corresponds to
selectivities toward CH2O and C2H2 of 11% and 3%,
6482
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HNO3 + NO2− → NO3− + HNO2

Table 1. Calculated Concentrations of O3, NO2, N2O, and
HNO2 Formed as Byproducts in the Destruction of 3500
ppm C2H4 in Dry Air, for Diﬀerent Values of SEDa

(k = 1.6 × 10−9 cm 3/s)

which explains why we calculated the largest density for HNO2
and not for HNO3. We should, however, keep in mind that in
this case the ratio between HNO2 and HNO3 is strongly
dependent on the error on the rate coeﬃcient. We were not
able to detect any peaks of HNO2 or HNO3 on the FTIR, but it
could be possible that they condense in the tubing to the FTIR,
together with water.
Finally, similar to that for O3, the NO2, N2O, and HNO2
concentrations increase at higher SED, which can again be
explained by the increasing density of O atoms and metastable
N2 species (N2(A3∑u+)) in the discharge, giving rise to the
following reactions:32,44

species
3

SED (J/cm )

O3(ppm)

NO2 (ppm)

N2O (ppm)

HNO2 (ppm)

1.2
1.8
2.4

632
1089
3043

3 (165)
6 (198)
22 (225)

214 (52.5)
287 (74)
358 (77)

776
996
1249

a
The measured values of the NO2 and N2O concentrations are also
indicated between parentheses.

DBDs have been known as ozone producers for many
years.40 It is, therefore, not unexpected that O3 is also formed as
a byproduct in VOC destruction in air. As follows from Table 1,
the created O3 concentration is on the order of (several) 1000
ppm, hence the same order of magnitude as the C2H4
concentration to be destroyed. Moreover, it increases drastically
with SED, which is directly related to the higher O atom
density, producing more O3 upon three-body recombination
between molecular and atomic oxygen.41 We could not detect
any characteristic peak of O3 on the FTIR, but we suspect that
ozone is decomposed on the warm reactor walls and on the
tubing to the FTIR. Second, it is also possible that we have
reached the critical point of discharge poisoning by both
working at higher power and by heating the electrodes.28
For the NO2 and N2O concentrations, both the calculated
and measured values are listed. The calculated NO 2
concentration is 1−2 orders of magnitude lower than the
measured values. This might be attributed to some missing
reactions (or an error in some rate coeﬃcients) in the NOx
plasma chemistry, which was, of course, not the main purpose
of this work. However, it could also be an error in the
experiment, due to the diﬀerence between the time of
measurement and the residence time of the gas in the reactor.
Indeed, the NO2 concentration is still increasing at the end of
our simulation, or in other words at the end of the reactor;
therefore, it is likely that the actual NO2 concentration would
be higher at the place of measurement. The dissociation of
HNO4 can be found responsible for this production:42

O + O2 → O3
(k = 6.0 × 10−34(T /298 K)−2.8 cm 3/s)

(R11)

O + NO + M → NO2 + M
(k = 1.0 × 10−31(T /298 K)−1.60 cm 6/s)

(R12)

+

N2(A3 ∑ ) + O2 → N2O + O
u

(k = 7.8 × 10−14 cm 3/s)

(R13)

Furthermore, an increase in the NO2 density will then stimulate
the production of HNO2 and HNO3.
In conclusion, the destruction of ethylene in a DBD goes side
by side with the production of O3, NO2, HNO2, HNO3, and
N2O, in concentrations which are not negligible to the C2H4
concentration to be destroyed. This should of course be
avoided. In general, all end products of C2H4 destruction can be
categorized as sources of photochemical smog (i.e., NO2,
HNO2, CO, and VOCs (e.g., formaldehyde)) or greenhouse
gas emissions (i.e., O3, N2O, and CO2, where N2O should be
considered as the most harmful in this group, because of its
global warning potential of 289 (based on 20 years)45). In our
opinion, plasma technology can therefore only be viable for
VOC destruction purposes if combined with catalysis, i.e., socalled plasma catalysis, to minimize the outlet O3 and NOx
concentrations, produced by the plasma itself.9 This will be
investigated in our future work regarding the application of
plasmas for environmental applications.

HNO4 + M → HO2 + NO2
(k = 1.3 × 10−20 cm 3/s)

(R10)

(R9)

The calculated N2O concentration is about a factor of 4 higher
than the measured values, which is still reasonable, in view of
the complex plasma chemistry. Moreover, in the literature, the
NO2 concentration was typically reported to be lower than the
N2O concentration,6,34 which corresponds to our modeling
results. Another explanation for the diﬀerent values could be
temperature eﬀects at the wall of the reactor, caused by ohmic
heating in the electrode, and therefore the chemistry will locally
be diﬀerent from the bulk chemistry. Within this discussion we
should comment that an experimental measurement of the
atomic oxygen concentration would provide us a more detailed
validation.
Furthermore, the model predicts the production of HNO2
and small quantities of HNO3, which is not directly expected in
dry air, although water is produced during the destruction of
ethylene. The destruction of water will then produce OH and
HO2 radicals which will react with NO or NO2, producing
HNO2 and HNO3. The ratio between HNO2 and HNO3 will
eventually be controlled by the reaction:43
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