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Abstract
A twin surface dielectric barrier discharge (SDBD) ignited in a dry synthetic air gas stream is
studied regarding the formation of reactive oxygen and nitrogen species (RONS) and their
impact on the conversion of admixed n-butane. The discharge is driven by a damped sinusoidal
voltage waveform at peak-to-peak amplitudes of 8 kVpp–13 kVpp and pulse repetition
frequencies of 250 Hz–4000 Hz. Absolute densities of O3, NO2, NO3, as well as estimates of
the sum of the densities of N2O4 and N2O5 are determined temporally resolved by means of
optical absorption spectroscopy using a laser driven broadband light source, suitable
interference filters, and a photodiode detector. The measured densities are acquired across the
center of the reactor chamber as well as at the outlet of the chamber. The temporal and spatial
evolution of the species’ densities is correlated to the conversion of n-butane at concentrations
of 50 ppm and 400 ppm, measured by means of flame ionization detectors. The n-butane is
admixed either before or after the reactor chamber, in order to separate the impact of short- and
long-lived reactive species on the conversion process. It is found that, despite the stationary
conversion at the selected operating points, at higher voltages and repetition frequencies the
densities of the measured species are not in steady state. Based on the produced results it is
presumed that the presence of n-butane modifies the formation and consumption pathways of
O3. At the same time, there is no significant impact on the formation of dinitrogen oxides (N2O4

and N2O5). Furthermore, a comparatively high conversion of n-butane, when admixed at the
outlet of the reactor chamber is observed. These findings are discussed together with known rate
coefficients for the reactions of n-butane with selected RONS.
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1. Introduction

Non-thermal atmospheric pressure plasmas, such as dielec-
tric barrier discharges (DBDs), are a promising alternative to
conventional techniques in the field of purification of indus-
trial exhaust gases or ambient air. Both can be polluted with
a wide array of volatile organic compounds, which are known
for their negative impact on environment and human health
[1–6]. Especially with regard to the removal of volatile organic
compounds (VOCs) in air, established processes have a high
energy demand and are comparably inflexible in their way of
use [7, 8]. Dielectric barrier discharges, however, are poten-
tiallymore energy efficient andmore easily adaptable to a vari-
ety of small and large scale applications [9].

Dielectric barrier discharges are characterized by the pre-
vention of an electric arc due to a dielectric material separating
the two high voltage electrodes. The resulting properties, such
as the non-thermal nature, immediate efficacy, and enhanced
formation of reactive species make these discharges suitable
for the purification of polluted gas and water feeds, as well as
surface treatment [10–12]. Generally, DBDs can be categor-
ized into two basic configurations: the volume dielectric bar-
rier discharge (VDBD) and the surface dielectric barrier dis-
charge (SDBD) [13–15]. In volume DBDs the two electrodes
are separated by a gas filled gap, in which the plasma is ulti-
mately ignited. In the case of surface DBDs, however, said
gap is completely filled by the dielectric material, resulting
in a discharge on its exposed surface [16, 17]. The advant-
ages of SDBDs, especially in the field of air purification, lie
in the low flow resistance and ease of optical access for dia-
gnostic purposes, making them ideal for the purification of
gas streams, as demonstrated for the removal of VOCs from
air. In addition, SDBDs have been shown to generate complex
gas flow patterns that transport reactive species throughout the
volume, which may also contribute to their success in such
applications. [9, 18, 19]

While the efficacy of non-thermal plasmas for the conver-
sion of VOCs has been demonstrated many times, the true
reaction kinetics for the oxidation of VOCs by SDBDs remain
unclear. Optical absorption spectroscopy (OAS) is a technique
employed to gain detailed insight into the gas phase chem-
istry of a process, by revealing absolute densities of selected
reactive species [20–26]. In this work, to gain further under-
standing on the complex plasma chemistry of the presented
process, absolute densities of O3, NO2, NO3, and dinitrogen
oxides (N2O4 and N2O5) are measured temporally and spa-
tially resolved for different n-butane concentrations, which
acts as a model VOC [27, 28]. Furthermore, in order to differ-
entiate between the influence of short- and long-lived species,
the densities aremeasured in situ and at the reactor outlet while
the n-butane is admixed either before the reactor chamber or

directly at the outlet. Finally, while considering rate coeffi-
cients for selected reactions of n-butane with reactive oxygen
and nitrogen species (RONS), it is discussed in how far O3 and
excited nitrogen states may play into the conversion process.

2. Experimental setup

2.1. Surface dielectric barrier discharge

The electrode configuration used to ignite the studied SDBD
has been described in detail by Schücke et al and Peters et al
[27, 28]. It is composed of two identical nickel-plated metal
grids, symmetrically printed onto front and back side of a
thin aluminum oxide plate (α-Al2O3). This aluminum oxide
plate functions as the dielectric of the SDBD, with the two
metal grids acting as driven and grounded electrode. The outer
dimensions of the dielectric are 190× 88× 0.635 mm and the
metallic grid has a lattice constant of 10 mm with the indi-
vidual traces being 0.45 mm wide. When a high voltage in the
order of several kilovolts is applied, the discharge ignites to
the sides of the metallic grids, directly on the top and bottom
surfaces of the dielectric, as illustrated in figure 1. In dry syn-
thetic air the visible part of the discharge occupies a height of
about 0.1 mmmeasured from the surface of the dielectric with
a width of up to 1 mm extending from the sides of the metallic
grid [9].

In this work the discharge is driven by a high voltage gener-
ator with external transformer (Redline G2000, Redline Tech-
nologies, Germany). The generator applies a rectangular high
voltage pulse at repetition frequencies between 250 Hz and
4 kHz to the primary side of the transformer. On the sec-
ondary side the transformer’s inductance and the electrode’s
capacitance form a resonant circuit, resulting in a high voltage
damped sine wave with an eigenfrequency of 86 kHz and amp-
litudes of up to 13 kVpp, which then drives the discharge. The
dissipated powers of the system are in the range of 0.5 W at
250 Hz and 8 kV up to 70 W at 4 kHz and 11 kHz. Repro-
ducible values for all operating points under the same condi-
tions have been measured before and can be found in [27].
A gas flow of 10 slm of synthetic air (ALPHAGAZ 1 Luft,
AIR LIQUIDE Deutschland GmbH, Germany) is provided by
means of mass flow controllers (EL-FLOW Select, Bronk-
horst High-Tech B.V., Netherlands) for all measurements in
this work. This results in a spatially averaged gas stream velo-
city of 0.1ms−1 at a constant pressure of 1 bar.

2.2. Reactor chamber and devices

The experimental setup (see figure 2) and methodology used
for all measurements in this work is similar to the one
presented by Schücke et al [27], with the exception of a few
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Figure 1. Sketch of the electrode configuration used to ignite the
SDBD. The plasma ignites on both sides of the system, directly next
to the driven (top) and grounded (bottom) metallic grid. For
illustrative purposes the image is split into two parts, with (top half)
and without (bottom half) an active plasma. [27] © Institute of
Physics (the ‘Institute’) and IOP Publishing Limited 2019. n/a.

Figure 2. Schematic drawing of the reactor chamber and periphery.
Optical absorption measurements are performed either across the
electrode configuration or through the KF25 cross attached to the
chamber outlet. The power connectors are not shown for the sake of
simplicity.

modifications. The aluminum vessel that serves as the reactor
chamber and ensures a defined synthetic air atmosphere has
been modified to accommodate for larger, rectangular quartz
windows (Viosil SQ, GVB GmbH, Germany). Two such win-
dows with dimensions of 75× 15mm are located to either side
of the discharge to provide optical access perpendicular to the
gas flow. These windows have been used for all optical absorp-
tion measurements shown in sections 4.1 and 4.2. The trans-
mission of the used quartz, as measured by the manufacturer,
is over 90% in the range from 200 nm to 1900 nm.

Four Pt100 resistance thermometers, which measure the
upstream and downstream gas and electrode temperatures,
were added using vacuum feed-throughs in the KF25 tubing
(Pfeiffer Vacuum Components & Solutions GmbH, Germany)
before and after the chamber. The sensors are connected to
the LabVIEWuser interface (LabVIEW2019, National Instru-
ments Corporation, USA) by means of a PLC control sys-
tem (KL3204, Beckhoff Automation GmbH & Co. KG, Ger-
many). The downstream tubing also serves as an additional,
optional inlet for VOCs, to separate the influence of plasma
and longer-lived reactive species on the conversion process.
A further KF25 cross with quartz windows (Pfeiffer Vacuum
Components & Solutions GmbH, Germany) allows for optical
access of the exhaust gas stream directly after the reactor

chamber. Finally, the chamber was mounted on a motorized
stage (LTS150, Thorlabs Inc. USA), to allow for measure-
ments axially resolved along the length of the electrode (see
chapter 4.2).

3. Diagnostic methods

3.1. Flame ionization detectors

Two flame ionization detectors (SmartFID ST, ErsaTec
GmbH, Germany) are used tomeasure absolute concentrations
of the admixed organic compounds, in this study n-butane
(2N5, AIR LIQUIDEDeutschland GmbH, Germany) specific-
ally. The operating principle andmeasurement procedure were
presented in detail by Schücke et al [27]. In summary, the two
devices are directly connected to the setup before and after
the reactor chamber, drawing a continuous sample of the gas
stream and providing real time data on the VOC’s concentra-
tions and, by automated calculations, the absolute and relat-
ive conversion. These values are crucial for the understanding
of the processes underlying chemistry and complemented by
measurements of RONS, as outlined in the following section.

3.2. Optical absorption spectroscopy

Optical absorption spectroscopy is a technique that correlates
the absorbance of light transmitted through a medium with
given properties based on the Lambert-Beer law, according to
equation (1).

I1 = I0 · exp(−σ(λ,T) · n · l). (1)

The medium is characterized by its density n, its effective
absorption cross section σ(λ,T) (where λ is the wavelength
and T the temperature) and the absorption length l, which
corresponds to the width of the reactor. Due to absorption
within the medium, the initial light intensity I0 is reduced to
a lower value I1 after transmittance. The light emitted by the
plasma and ambient lighting would normally have to be sub-
tracted from these values, but can be neglected in the presen-
ted case. Here, the light emitted from the very thin plasma
does not reach the detector and the ambient light was suffi-
ciently dimmed. The Lambert-Beer law can then be solved for
the medium’s density, which can be calculated as shown in
equation (2).

n=
− ln

(
I1
I0

)
σ(λ,T) · l

. (2)

The absolute densities of reactive oxygen and nitrogen
species presented in this work are acquired using a setup
for OAS as shown in figure 3. The divergent light of a
thermally stabilized (TECMount 284, Arroyo Instruments
LLC, United States) laser-driven xenon discharge broadband
lamp (EQ-99X LDLS, Energetiq Technology Inc. United
States) is focused into a parallel beam by a plano-convex
quartz collimating lens (#48-274, Edmund Optics Ltd United
Kingdom) and restricted by an iris diaphragm in order to avoid
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Figure 3. Schematic drawing of the optical absorption spectroscopy
setup.

Figure 4. Absorption cross sections of the considered reactive
oxygen and nitrogen species [29]. Wavelength sections accepted by
the bandpass filters (see table 1) are highlighted in red.

distortions at the lenses edges and restrict possible reflec-
tions. The light beam then passes through the reactor cham-
ber, perpendicular to the gas flow, and falls onto a photodiode
(APD440A2, Thorlabs Inc. United States). The front of the
photodiode is equipped with an interference filter suitable for
the desired wavelength, based on the absorption cross section
of each species σ(λ) according to figure 4. With the excep-
tion of NO3 the absorption cross-sections of the measured spe-
cies are approximately constant across transmission region of
each bandpass filter. In the case of NO3 this would mean that
a deconvolution and integration of the transmission function
of the bandpass filter and the profile of the NO3 absorption
cross-section is required. However, as no significant absorp-
tion related to NO3 could be detected under our operating con-
ditions it was not necessary to implement this correction.

All absorption measurements are performed continuously
in time while the experimental parameters are varied, with
pauses of 90 s before and after changing each voltage set-
ting. The entire parameter variation procedure is the same as
that described in detail in Schücke et al [27]. The initial light
intensity I0 is checked before and after each measurement

series, when the plasma is turned off and the gas in the chamber
has been exchanged (see figure 5), in order to ensure there is
no drift of the value. A typical value for the intensity drift of
the lamp over one measurement period (15min), as recorded
by the photodiode, is 0.6%.

The individual wavelengths at which the absorption spec-
troscopy is performed for each reactive species were chosen
based on two criteria: the respective absorption cross section
being as high as possible while also being sufficiently higher
than any other cross section in that wavelength area. The band-
pass filters (Edmund Optics Ltd United Kingdom) chosen
according to these criteria are listed in table 1. It should be
noted that for N2O4 and N2O5 the difference in absorption
cross section at 193 nm is about 72%, which means there is
no sufficient distinction between these two species. As a com-
promise their densities are measured as the sum of both spe-
cies while using the higher absorption cross section of N2O4

for the Lambert-Beer law. It should be noted that if the cross
section for N2O5 was chosen for the calculation, the resulting
density would differ significantly. As a result of these factors,
the densities presented for these species in this work represent
an estimate of the ‘effective density’ of N2O4 and N2O5, rather
than a density that can conclusively be related to one species or
the other. Due to its comparatively high density, as measured
at 254 nm, the absorption caused by O3 at 193 nm needs to be
subtracted from these numbers to achieve are more accurate
representation of the densities of N2O4 and N2O5. An estim-
ate of this effect can be obtained using equation (3), where
n193 nm is the effective total density of reactive species meas-
ured at 193 nm using the absorption cross-section of N2O4 and
nO3,254 nm is the density of ozone measured at 254 nm. The
latter is then weighted by the ratio of the absorption cross-
sections of O3 and N2O4 at 193 nm, σO3,193 nm and σN2O4,193 nm

as given by figure 4.

nN2O4,N2O5 = n193 nm − nO3,254 nm · σO3,193 nm

σN2O4,193 nm
. (3)

The absorption spectroscopy procedure as described above
has been checked for viability for each bandpass region. For all
regions the absorption by the VOCs’ reaction products should
be negligible, due to their low concentrations [27]. Further-
more, the blocking regions of all filters extend across the full
sensitivity range of the used photodiode detector (200 nm to
1000 nm), which rules out possible influences of other spe-
cies in secondary bandpass regions of the filters. The intens-
ity of the measured signal is adjustable by the amplification
of the photodiode. Neutral density filters are used to ensure
the linearity of the signal and avoid saturation for each filter
and amplification setting. This is especially important for the
UV range, as UV light may be absorbed by the used quartz
glass windows and atmospheric oxygen. The manufacturer
reports a transmission for the quartz windows of over 90%
across the sensitivity range of the photodiode. Even at 193 nm
no significant decrease of the voltage signal from the pho-
todiode is observed. Further absorption of UV light due to
atmospheric oxygen, specifically at 193 nm, can be calculated
according to the Lambert-Beer law and the corresponding
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Figure 5. Time-resolved densities of O3, effective N2O4 and N2O5,
as well as NO2, measured across the center of the discharge without
the admixture of n-butane. Red highlights indicate the 10 s intervals
where the values were averaged for each voltage and frequency
setting for the following graphs.

absorption cross-section (3.9 · 10−27m2 [29]). The amount of
light absorbed in this way amounts to 1.8% of the initial intens-
ity emitted by the light source.

Table 1. List of measured species with the respectively used filters’
center wavelength and full width at half maximum, as well as the
suppliers item number.

Species Filter range / nm EO item number

N2O4, N2O5 193.0± 7.5 #67-836
O3 254.0± 5.0 #67-808
NO2 400.0± 5.0 #65-677
NO3 660.0± 5.0 #11-981

The photodiode has a circular active area of 1 mm diameter
which faces the reactor chamber side window and is positioned
in the center of the light spot projected by the light source. The
absorption length l is given by the reactor width of 10 cm. The
aforementioned motorized stage, which allows translation of
the chamber in direction of the gas stream, is not shown for
the sake of simplicity.

The spatial resolution for all measurements is in the order
of 1 mm, as given by the active area of the photodiode, illu-
minated be the approximately parallel light beam formed by
light source and lenses.

4. Results and discussion

4.1. Temporal evolution of the densities

Absolute densities of reactive oxygen and nitrogen species
in combination with varied concentrations of VOCs and their
conversion performance are crucial to further understand the
underlying chemistry of the process. In this study O3, NO2,
NO3, and a combination of N2O4 and N2O5 were measured
spatially averaged across the middle of the electrode config-
uration, separately above and below the electrode, along the
electrode configuration in the direction of the gas flow, and in
the exhaust after the reactor chamber. For all shown graphs,
except figure 5, at least three full sets of measurements have
been performed and error bars are given by the standard devi-
ation of these measurements. The highest absolute error exper-
ienced across each individual graph is applied to each data
point within that graph in place of a systematic error.

The underlying chemistry of the process, based on atomic
oxygen, atomic nitrogen, ozone, and nitrogen oxides is rel-
atively complex and has a delicate, temperature dependent
balance. Computational models of this chemistry in surface
DBDs have been presented in a number of studies in the lit-
erature [30, 31]. In these studies, the formation of NO-based
species is proposed to be initiated by the interaction between
vibrationally excited nitrogen molecules and O, to form NO
and N. The resulting NO is then involved in the formation of
NO2 by reacting with O or O3. Reactions involving NO2 then
go on to produce N2O, NO3, N2O3, N2O4, and N2O5. Overall,
the kinetics and densities of these species are closely coupled.
For processes in closed chambers, without a gas flow, Park
et al have identified a number of specific reactions of import-
ance based on production rates [31]. These include the form-
ation of N2O4 and N2O5 from NO2 and NO3, as well as the
formation of NO2 from O3 and NO. The formation of NO2
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from O and NO, as well as its destruction involving O do not
appear to play a significant role. While these studies provide
some insight into the reactions that may be important in our
system, the detailed impact on the following measurements is
difficult to discern, due to differences in the experimental sys-
tems, in particular, the presence of a gas flow that continuously
refreshes the gas within the plasma region.

Figure 5 shows the time resolved behaviour of the meas-
ured species across the center of the discharge and for dry
synthetic air without the admixture of n-butane. Especially for
higher voltages and frequencies no steady state of the dens-
ities of the reactive species is achieved during the 90 s time
interval, which was chosen for comparability with the res-
ults in Schücke et al [27]. Nevertheless, in the same work, it
was shown that the VOC conversion does achieve steady state
within 90 s, which is in contrast to the non-stationary state of
the measured species and suggests a low correlation between
the densities of these reactive species and VOC conversion.
The three graphs also illustrate how the measurement values
have been condensed into graphs with density over repetition
frequency. For each combination of voltage and frequency the
last 10 s, highlighted in red, are averaged and reduced to a
single data point of the following graphs in this work.

The O3 densities, shown in figure 5(a), first increase with
higher voltages and repetition frequencies, i.e. with higher dis-
sipated power, and then show a decline within the measure-
ment interval for higher powers. This is most likely a result of
increasing temperatures as the plasma is operated for long time
periods, which affects the rate constants for production and
consumption of O3. To complement this observation, the tem-
porally resolved temperatures of the upstream and downstream
ends of the dielectric plate, as well as the exhaust gas stream
are presented in appendix figure A1. As these measurements
show, a steady state of the different temperatures is generally
not achieved and, by extrapolation, it would take up to 60min
per parameter combination to do so. However, as previous
measurements have shown (see Schücke et al [27]), the VOCs’
conversion achieves steady state after less than 90 s. Further-
more, in the range from 300 to 350 K the absorption cross
section of O3 decreases by 3.4% [32]. As the standard devi-
ation of these measurements is consistently higher than that,
the temperature dependency of the absorption cross section, as
well as the non steady state of the temperatures, is neglected.

The effective density of N2O4 and N2O5 in figure 5(b)
exhibits a similar qualitative behaviour to that of O3. In stark
contrast to that is the density of NO2, shown in figure 5(c),
which is challenging to measure with the same setup due to a
comparatively low absorption cross section. It can be seen that
for lower power settings the NO2 density is below the meas-
urement threshold, yet drastically increases at higher power
settings between 10 W and 70 W. These operating points
coincide with those where the densities of O3 and effective
N2O4/N2O5 show a stronger decline, hinting at an overall
change in the importance of different reaction pathways for
these species. Finally, despite the comparably high absorp-
tion cross section, no absorption could be detected due to NO3

using the presented setup.

4.2. Spatial distribution of reactive species

The electrode geometry of the SDBD used in this study is
ultimately intended for industrial application and not optim-
ized for ease of diagnostic accessibility, which makes the sys-
tem quite complex. In order to complement the time resolved
density measurements and the illustration of the measurement
procedure, spatially resolved densities of O3 and the combin-
ation of N2O4 and N2O5 were measured for a representative
medium power setting of 11 kVpp and 1 kHz above and below
the dielectric plate and along the flow direction of the gas
stream. For bothmeasurements the beam from the light source,
with a diameter of approximately 1 mm, was guided through
the center of the visible region between the dielectric plate and
the reactor wall. The results of these measurements are presen-
ted in figure 6, where the midpoint of the electrodes is in the
center of the horizontal axis (at 31 mm). It is clear that the
densities of the reactive species above the electrode configur-
ation are consistently higher than those below. Furthermore, a
periodic variation of densities can be observed. This variation
coincides with the positioning of the electrode grid lines per-
pendicular to the gas stream, which are indicated by grey ver-
tical lines. Both effects are expected to be caused by the flow
characteristics of the gas stream, disturbed by the plasma and
thermal effects (e.g. thermal expansion and buoyancy), which
was studied by means of Schlieren imaging by Offerhaus [9].
The Schlieren images presented in Offerhaus’ work clearly
show periodic disturbances of the gas stream coinciding with
the perpendicular grid lines, as well as differences in the dis-
turbances above and below the electrode configuration. This
also suggests, in addition to local variations of the total gas
stream density, possible changes in the local gas phase chem-
istry and densities of reactive species.

4.3. Densities of reactive species for varying n-butane
content in the plasma chamber

The dependence of the densities of the reactive species on the
amount of admixed VOC and its conversion may lead to fur-
ther insight into the complex reaction mechanism that enables
the oxidation. Figure 7 shows the O3 densities across the cen-
ter of the system, and for n-butane concentrations of 0 ppm,
50 ppm, and 400 ppm exemplarily at 11 kVpp. The full set of
measurements can be found in appendix figure A2.

At lower pulse frequencies and voltages, i.e. lower dissip-
ated powers, an increase of the O3 density towards higher
powers can be observed. For even higher voltages and pulse
frequencies the O3 densities begin to decrease again. As illus-
trated in chapter 4.1 the decline of the O3 densities for higher
dissipated powers may be caused by increased temperatures
of the dielectric plate and the gas stream. It is yet unclear in
how far the formation of other species may instead inhibit
the formation of O3, or cause a decay via different reaction
pathways, and lead to decreased O3 densities at certain oper-
ating conditions due to such effects. Nevertheless, it should
also be noted that the rate coefficient for the decomposition
of O3 into the more reactive atomic oxygen is temperature
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Figure 6. Densities of (a) O3 as well as (b) effective N2O4 and
N2O5 along the length of the electrode configuration without the
admixture of n-butane. Grey vertical lines indicate the positions of
the electrode grid lines perpendicular to the gas flow. The center of
the x-axis corresponds to the center position along the reactor.

dependent [33]. A sufficient gas temperature of around 100 ◦C,
for this mechanism to be of relevant magnitude, is not reached
under the presented operating conditions, as will be illustrated
in greater detail in section 4.4.

Furthermore, it can be observed that the addition of lar-
ger amounts of n-butane leads to a stronger decrease of the
O3 densities, which cannot be observed in the case of N2O4

and N2O5 as presented in figure 8 (full set of measurements
in appendix figure A3). This would hint at a direct interaction
between O3 and n-butane, or even a direct oxidation of the lat-
ter. However, it is also possible that, due to the presence of

Figure 7. Densities of ozone measured across the center of the
discharge at 11 kVpp for 0 ppm, 50 ppm, and 400 ppm of n-butane
admixed before the reactor chamber.

Figure 8. Effective densities of N2O4 and N2O5 measured across
the center of the discharge at 11 kVpp for 0 ppm, 50 ppm, and
400 ppm of n-butane admixed before the reactor chamber.

n-butane, the reaction pathways leading to the formation of
O3 change. This might be due to interaction of, e.g. atomic
oxygen, which is required to form O3, and the admixed n-
butane, such that less atomic oxygen is available for the form-
ation of O3. At the same time the reaction pathways leading
to the formation of N2O4 and N2O5 appear to be largely unaf-
fected. This hypothesis will be further explored in the follow-
ing section, where n-butane has been admixed after the plasma
chamber as well, while also considering the conversion of n-
butane depending on the location of admixture.
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Figure 9. Densities of O3 measured at 11 kVpp in the exhaust for
0 ppm, 50 ppm, and 400 ppm of n-butane admixed before the plasma
chamber.

4.4. Densities of reactive species for varying n-butane
content in the exhaust gas stream

In order to further elucidate the importance of reactive spe-
cies with different lifetimes, O3 densities have also been meas-
ured after the reactor chamber, rather than within the reactor
chamber (see figure 2). The densities of O3 at this position in
the exhaust are shown in figure 9, for pure synthetic air and
for butane admixed, as before, in front of the reactor chamber
(full set of measurements in A figure A4). Short-lived reactive
species are present only in the region close to the plasma. To
exclude the influence of such species on the conversion of n-
butane, O3 densities were also measured for butane admixed
after the reactor chamber but still in front of the measurement
position of the densities of the reactive species (figure 10, full
set of measurements in appendix figure A5). In both cases the
start of the decrease of absolute densities occurs sooner (i.e.
at lower voltages and pulse frequencies) than when measured
within the reactor. This is possibly caused by more elevated
temperatures of the gas stream, having passed the full length
of the discharge, as when measured across the center of the
reactor.

For the measurements with n-butane admixed before the
reactor chamber, unlike in figure 7, there is no longer a signi-
ficant difference between the O3 densities at 0 ppm, 50 ppm,
and 400 ppm of n-butane. This indicates that the presence
of n-butane in the mixture affects the production rate of O3

as a function of distance along the reactor and the distance
required to achieve an equilibrium density, but not the equilib-
rium value itself. These findings imply a change of the reaction
pathways for the production and/or consumption of O3. Fur-
thermore, when n-butane is admixed after the reactor chamber,
similar densities are observed (see figure 10). This is another

Figure 10. Densities of O3 measured at 11 kVpp in the exhaust for
0 ppm, 50 ppm, and 400 ppm of n-butane admixed behind the
plasma chamber.

Table 2. Rate coefficients of reactions between n-butane and
selected RONS to various products at 298 K as compiled in [45].
(∗ Rate coefficient given as sum for all listed reactions with different
products.).

Reaction k(298 K) / cm3s−1 Source

C4H10 + O 2.46 · 10−14 [36]
C4H10 + O2(1D) 1.74 · 10−18 [37]
C4H10 + O3 1.00 · 10−23 [38]
C4H10 + NO2[∗] 1.56 · 10−30 [34]
C4H10 + NO3 4.65 · 10−17 [39]
C4H10 + H 6.87 · 10−16 [40]
C4H10 + OH[∗] 2.33 · 10−12 [35]
C4H10 + N(2D) 3.10 · 10−11 [41, 42]
C4H10 + N(2P) 2.70 · 10−12 [41, 43]
C4H10 + N2(A3Σ+

u ) 2.70 · 10−12 [41, 44]

indication that O3 does not directly interact with the VOC,
and rather that the formation of O3 is inhibited in the presence
of n-butane, possibly due to oxidation of n-butane by atomic
oxygen, which is required for the formation of O3. To give
an indication of the rate at which plasma-produced reactive
species are expected to react with n-butane, a number of rate
coefficients are given in table 2.

It should be noted that the product distributions for many of
these reactions are not known, and therefore it is not yet pos-
sible to use these as part of a detailed plasma chemistry model.
However, for the reactions of n-butane with NO2 and with OH
some reaction products are known. Possible reaction products
for n-butane and NO2 are 1-C4H9, sec–C4H9, cis–HONO, and
trans–HONO, with the rate coefficients favouring the produc-
tion of 1-C4H9 [34]. The listed reaction products for n-butane
and OH are again 1-C4H9, sec–C4H9, with both reactions also

8



J. Phys. D: Appl. Phys. 55 (2022) 215205 L Schücke et al

Figure 11. Relative conversion of n-butane admixed before the
reactor chamber at 11 kVpp and for concentrations of 50 ppm and
400 ppm.

leading to the formation of H2O. Here, the rate coefficients
indicate that 1-C4H9, sec–C4H9 are formed in similar amounts
[35]. For ease of comparison these rate coefficients have been
summed up in table 2, to be used as a general guide to possible
reaction pathways. For example, the rate coefficient for the
reaction of n-butane with O3 is nine orders of magnitude lower
than that of n-butane with O. This low rate coefficient is con-
sistent with the observations that the O3 density is not strongly
affected by the presence of n-butane in the gas mixture at the
concentrations studied here.

The conversion of n-butane has been measured for con-
centrations of 50 ppm and 400 ppm when admixed before the
reactor chamber (figure 11) and after the reactor chamber
(figure 12). Full sets of measurements are given in appendix
figures A6 and A7. The maximum conversion of n-butane
when admixed before the reactor chamber, across the tested
parameter set, is 50% at a concentration of 50 ppm and the
most intense setting for the plasma of 11 kVpp and 4 kHz. At a
higher concentration of 400 ppm the conversion is consistently
lower but still significant. When n-butane is admixed after the
reactor chamber the conversion reaches a maximum value of
26%. This value is much higher than expected, as the atomic
oxygen, present when n-butane is admixed before the reactor
chamber, is believed to play a key role for the oxidation pro-
cess [46]. At a concentration of 400 ppm of n-butane, however,
the conversion achieves significantly lower values than when
admixed before the reactor chamber. This behaviour may be
due to depletion of reactive species outside of the active zone,
which would only be within the reactor, or due to the absence
of sufficient mixing of the gas stream as induced by the dis-
charge within the reactor (as shown by Offerhaus [9]).

The conversion of n-butane purely based on O3 can be
estimated under a few assumptions. Total oxidation of the
molecule and its intermediate products is assumed according

Figure 12. Relative conversion of n-butane admixed after the
reactor chamber at 11 kVpp and for concentrations of 50 ppm and
400 ppm.

to equation (4). Based on the residence time from the n-butane
inlet after the chamber to the inlet of the FID (2.2 s) the tem-
poral evolution of each intermediate product’s density can be
calculated according to equation (5). Since the rate coefficients
for each intermediate step are unknown, the one for the initial
reaction of n-butane and O3, according to table 2, is assumed
for these reactions. For each step of the oxidation process the
change in density of the respective reaction product dni over
the time interval dt is produced by a reaction of the previous
step dni−1 and consumed towards the next step by reaction of
dni, each multiplied by the ozone density nO3 and the rate coef-
ficient kox,O3 . As full oxidation is necessary for the FID to not
measure any signal of a carbon-containing molecule, a theor-
etical conversion Xtotal can be estimated according to equation
(6), where the sum of the remaining n-butane n0 and each of
its reaction products ni are divided by the initial density of n-
butane ninit.

C4H10 + 13 O3 −→ 4 CO2 + 5 H2O+ 13 O2 (4)

dni
dt

= kox,O3 · ni−1 · nO3 − kox,O3 · ni · nO3

[
m−3

s

]
(5)

Xtotal = 1−
n0 +

12∑
i=1

ni

ninit
. (6)

In this case the response factors of the FIDs for each
individual intermediate product are unknown and neglected.
When calculated for the operating points with the highest O3

densities measured after the reactor chamber, 1 · 1022 m−3 for
50 ppm of n-butane and 8 · 1021 m−3 for 400 ppm of n-butane,
a conversion far below the measurement threshold is obtained.
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The calculated values are in the order of 1 · 10−13%, which is
significantly lower than the measured values. This points to
the importance of other long-lived reactive species, in order
to enable the conversion of n-butane in the absence of short-
lived reactive species. Among the reactions documented in
[45] (see table 2) the nitrogen metastable N2(A3Σ+

u ) is a pos-
sible candidate. While collisions with N2(A3Σ+

u ) cannot dir-
ectly cause oxidation, the large internal energy of the excited
state could cause excitation or fragmentation of the n-butane
molecule. These reaction products would have the potential to
react at a higher rate with other plasma produced species, such
as O3.

Another effect to be considered is the thermal decay of O3

into molecular oxygen and atomic oxygen, which is highly
temperature-dependent and may facilitate the oxidation of n-
butane through atomic oxygen, even after the outlet of the
chamber. The rate coefficient for the thermal decomposition
has been studied in detail with results being documented in
NIST Chemical Kinetics Database according to equation (7),
where R is the molar gas constant and Tg is the neutral gas
temperature [33].

k(Tg) = 7.6 · 1012 exp

(
−102268Jmol−1

RTg

)
s−1. (7)

Even under the drastic overestimation that the gas temper-
ature is 110 ◦C (to be in accordance with the defined region
of the rate coefficient for the thermal decay of O3), the total
conversion of 50 ppm of n-butane admixed after the reactor
chamber based on atomic oxygen formed due to the thermal
decomposition of O3 (and O3 itself) amounts to 4.25 · 10−5%.
For a concentration of 400 ppm that number decreases to just
1.1 · 10−12%. The addition of other reactive species using their
measured densities, due to their significantly lower rate coef-
ficients for the oxidation of n-butane, does not make a not-
able difference to these results. These findings support the
hypothesis that further long-lived species, other than the meas-
ured reactive oxygen and nitrogen species, play a signific-
ant role in the conversion process, potentially by breaking
chemical bonds and enabling direct oxidation from reactive
species.

5. Conclusion and future work

A surface dielectric barrier discharge intended for the con-
version of volatile organic compounds is studied with regard
to gas phase chemistry by optical absorption spectroscopy of
reactive oxygen and nitrogen species. Densities are measured
within the reactor chamber and in the outlet. To differenti-
ate between the influence of short-lived and long-lived react-
ive species the VOC (n-butane) is admixed either before or
after the chamber. A variation of the driving voltage, pulse
frequency, and VOC concentration is performed in order to
uncover trends in different operating regimes based on dissip-
ated power and gas temperature.

Temporal evolutions of the densities of O3, effective N2O4

and N2O5, as well as NO2 measured in pure synthetic air show
a direct correlation between the densities of reactive species
and the dissipated power based on repetition frequency and
voltage amplitude. At higher gas temperatures a decay of O3

and the dinitrogen oxides is observed, while the densities of
NO2 suddenly increase at the corresponding operating points.
This indicates a turnaround in the operating regime which
does, however, not appear to have a significant influence on the
discharge’s performance with regard to VOC conversion. Sig-
nificant amounts of NO3 are not found for any of the applied
operating points.

Further spatially resolved measurements uncover a differ-
ence of O3 and dinitrogen oxide densities above and below the
electrode configuration, as well as along the the electrode. The
densities below the electrode configuration are consistently
higher than above, which is attributed to thermal effects. Along
the electrode densities grow substantially with the gas streams
continued exposure to the discharge and exhibit oscillations,
which coincide with the electrode geometry. This effect could
be connected to gradients of the absolute gas density, but also
to local differences in the gas phase chemistry, as will be fur-
ther explored by Schlieren imaging in a different work on the
same discharge.

When adding a VOC in form of n-butane an effect on the
densities of O3 within the reactor chamber is observed, with
no significant changes in the effective densities of N2O4 and
N2O5. However, in the outlet of the reactor, after having passed
the entire length of the discharge, the O3 densities no longer
exhibit a strict dependence on the n-butane admixture. When
admixed after the reactor chamber, the presence of n-butane
does not have a significant effect on the measured O3 dens-
ities, which, together with the former observations, suggests
a change of reaction pathways for the formation of O3, rather
than consumption of it in an oxidative process. This conclusion
is further supported by the rate coefficient for the reaction of
O3 with n-butane, which is comparatively low (see table 2).
Nevertheless, even when admixed after the reactor chamber,
a significant conversion of n-butane is observed, which can-
not just be attributed to oxidation by O3. Instead further long-
lived species, for example excited nitrogen species, are pre-
sumably enabling the oxidation process in the exhaust gas
stream.
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Appendix. Full data sets of selected measurements

Figure A1. Temperatures measured on (a) the upstream end of the
dielectric plate, (b) the downstream end of the dielectric plate, and
(c) for the gas stream directly at the reactor outlet.

Figure A2. Densities of O3 measured across the center of
the discharge for (a) 0 ppm, (b) 50 ppm, and (c) 400 ppm of
n-butane.
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Figure A3. Densities of N2O4 measured across the center of
the discharge for (a) 0 ppm, (b) 50 ppm, and (c) 400 ppm of
n-butane.

Figure A4. Densities of O3 measured in the exhaust for (a) 0 ppm,
(b) 50 ppm, and (c) 400 ppm of n-butane admixed before the plasma
chamber.
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Figure A5. Densities of O3 measured in the exhaust for
(a) 50 ppm and (b) 400 ppm of n-butane admixed behind the plasma
chamber.

Figure A6. Relative conversion of n-butane when admixed before
the reactor chamber for concentrations of (a) 50 ppm and
(b) 400 ppm.
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Figure A7. Relative conversion of n-butane when admixed after the
reactor chamber for concentrations of (a) 50 ppm and (b) 400 ppm.
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