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Abstract

The development of microdischarges and the inception dynamics of subsequent microdis-
charges in an electrode arrangement consisting of a metal pin and a hemispherical die-
lectric-covered electrode, operated in air with a small toluene admixture, is studied. The
discharge is operated with sinusoidal high voltage. A gated ICCD camera and a current
probe enable the recording of images and current pulses of the single microdischarges,
respectively, while the spatio-temporally resolved development is measured with a multi-
dimensional time-correlated single photon counting technique. The overall discharge
dynamics changes significantly if a concentration of 35 ppm toluene is added to dry air. A
lower high voltage amplitude than in dry air is needed for stable discharge operation. This
can be explained by the lower ionization energy of toluene compared to molecular oxy-
gen and nitrogen. The microdischarge development is the same with or without admixture,
i.e. a positive (cathode directed) streamer mechanism is observed. Lower mean power is
dissipated into the discharge when toluene is admixed. The main effect caused by tolu-
ene admixture is the suppression of high-energy microdischarges in case of the cathodic
pin half-cycle of the sinusoidal high voltage. The influence on the inception voltage by
additional ionization mechanisms and volume memory effects, the consumption of ener-
getic electrons for toluene decomposition reactions, and the modification of the surface by
plasma treatment are discussed as possible reasons.

Keywords Dielectric barrier discharge - Atmospheric pressure plasma - Microdischarge -
Pollutant degradation - Volatile organic compounds - Toluene removal

Introduction

Dielectric barrier discharges (DBDs) are an established approach for the generation of
ozone and the abatement of air impurities from exhausts and off-gases [1-3]. In particu-
lar, the removal of volatile organic compounds (VOCs), specially odorous molecules, was
widely studied by plasma and plasma-catalyst combination [3—7]. The conversion of VOCs
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in air is mainly via oxidising reactions driven by free radicals such as oxygen atoms O, OH,
HO,, ions and other reactive species, e.g. ozone [5-7]. The conversion, energy efficiency,
carbon balance and selectivity to CO, are improved when plasma is coupled with a catalyst
and undesired by-products such as ozone and solid deposits at walls are suppressed [8, 9].

DBD plasmas are commonly filamentary, i.e. consisting of transient and thin individual
microdischarges (MDs) [10-12]. The generation of free radicals and ions via electron-
impact dissociation is determined by the mechanisms and basic plasma parameters of the
MDs. Microplasmas and its diagnostic are a topic of research since about four decades
[10-15]. The physics of MDs or single DBDs in air and other nitrogen/oxygen gas mix-
tures has been studied by experimental methods, in particular electrical measurements
[16-23], optical emission spectroscopy and imaging [24-29], Streak camera recording [19,
30], time-correlated single photon counting [31-33] and laser diagnostics [34—37] as well
as by simulation and modelling [38—46]. In [47] the correlation of the chemical reaction
pathways for the oxidation of toluene and trichlorethylene with the physical behaviour of
MDs was studied. The variation of the oxygen concentration in argon and nitrogen had a
significant impact on the removal efficiency, which was explained by the balances between
atomic oxygen generation, its fast reactions with the VOC molecules and the formation
of ozone, which is slow reacting with the hydrocarbons. Although numerous publications
describe the removal of a large variety of hydrocarbons in DBDs, with and without a cata-
lyst (see e.g. [3-7] and references therein), an experimental study dedicated to the MD
development in low-level VOC-containing air is still missing. Even small admixtures of
VOCs (ppm or sub-ppm level) can cause distinct changes on the discharge dynamics. As
an example, it is observed that in case of a defined admixture of about 30 ppm of oxygen
to nitrogen even the discharge regime changes from a diffuse or uniform discharge to a fila-
mentary plasma [48]. In addition, the humidity has an effect on both, the discharge physics
and the removal efficiency of VOCs [49].

Recently, a metal pin-to-dielectric-covered electrode arrangement was investigated
in dry air [50]. This electrode arrangement combines the main features of single-DBDs
and corona discharges. It can also be seen as a miniaturization of a DBD stack reactor,
i.e. volume DBD arrangements consisting of a stack of dielectric plates (Al,O; or mica)
and woven mesh electrodes (fabric made of stainless steel) operated at alternating poten-
tial of the high voltage—power supply [51]. The reactor concept has been used to clean air
admixed with toluene and other VOCs in the past (e.g. [52]). This work also motivated the
study of single MDs in low-level VOC contaminated air.

Toluene (CgHsCH;) was chosen as the VOC in this study. It is an aromatic compound
and one of the most frequent used hydrocarbon in laboratory studies concerning the VOC
removal by means of plasmas or plasma-catalyst combination [5—7]. Furthermore, it is one of
the most widespread hydrocarbon in the troposphere since it is extensively used in industry
e.g. as a solvent or thinner, in rubber, in cosmetics and in adhesives, as a gasoline additive
or for the synthesis of other chemicals. Toluene is hazardous as it affects the central nervous
system and is known to cause several illness (e.g. drowsiness, headache, nausea) [5-7].

Experimental Set-Up
The experimental set-up is the same as described in [50] except the gas supply system. Fig-

ure 1 sketches the overall set-up. Only the main aspects of the discharge arrangement and
the measurement procedure are given in the following.
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Fig. 1 Scheme of the experimental set-up

The discharge cell is a closed cell made of polycarbonate with two quartz windows. It
contains the metal pin electrode as well as the dielectric-covered hemispherical electrode.
The latter is a cap made of alumina (Al,O;, relative permittivity 9, radius 2 mm) contain-
ing the second metal electrode. The thickness of the dielectric at the tip is about 0.5 mm
[30]. The gas-gap distance between the electrodes is 1 mm.

The electrodes are aligned horizontally and the gas (dry air plus toluene admixture) is
flowing through the cell from the bottom to the top. The gas is prepared by mixing two gas
lines controlled with separate mass flow controllers. One line of dry air is kept constant at
a flowrate of 300 sccm and the other passes through a bubbler filled with toluene. The gas
flow rate though the bubbler is varied from O to 4 sccm, but most of the experiments were
conducted at 1.5 sccm. The hydrocarbon-containing dry air is admixed with the “pure” dry
air gas flow, resulting in a long time stable toluene admixture. The toluene concentration
was determined by means of micro-GC analysis (Inficon, 3000 Micro GC).

A sinusoidal voltage at 7.5 kHz (period of 134 ps) is applied to the dielectric-covered
hemispherical electrode, while the pin is grounded. The applied voltage amplitude is
11.4 kV,, during all experiments. The diagnostic methods include electrical (current and
voltage) measurements, optical (morphology of the discharge by taking ICCD images),
and time-correlated single photon counting (TC-SPC, spatio-temporally resolved discharge
development). A current probe (Tektronix CT-1, bandwidth: 1 GHz) is surrounding the
grounded lead of the metal pin electrode, and a voltage probe (1000:1, Tektronix P6015A)
is connected to the high-voltage contact of the dielectric-covered electrode. An oscillo-
scope (Tektronix DPO4104, bandwidth: 1 GHz, sampling rate: 5 GHz) records current and
voltage. The distribution of the current pulses is measured using the “histogram” option of
the oscilloscope. For current pulse distribution over the applied voltage cycle “horizontal
histogram” option of the oscilloscope is used. Current pulse amplitude distributions are
measured using “vertical histogram” option of the oscilloscope. The details of these meas-
urements are described elsewhere [50].

The microdischarges are imaged by a lens, and recorded by an ICCD camera (Andor
iStar). By setting the opening of the ICCD gate to different phases of the applied voltage,
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it is possible to take images of different discharge events within the high voltage cycle
(see [50] for details). To measure the spatio-temporally resolved MD development, the
light from the single DBD is guided to a monochromator (Princeton Instrument SP2300)
entrance slit. A highly sensitive photomultiplier for single photon counting (Hamamatsu
H5773/Becker-Hickl PMC-100-04) is equipped at the exit slit of the monochromator. This
photomultiplier is part of the multi-dimensional time-correlated single photon counting
(TC-SPC, Becker-Hickl SPC 152) set-up [50]. The high-voltage—power source as well
as the diagnostic devices are controlled by a trigger signal generated in the TC-SPC sys-
tem in order to enable the recording of the MD development for different phases within
the applied voltage cycle. The spatial resolution (resolved along the MD axis) is given by
imaging and the width of the entrance slit, and it is 25 um. Technically, the temporal reso-
lution is given by the parameters of the TC-SPC device, namely the time-window of a
time-to-amplitude convertor and the number of memory segments covering this time win-
dow. It is 12 ps for all experiments (50 ns divided by 4096).

The monochromator enables investigation of different spectral lines or bands emit-
ted by the plasmas. The 0-0 transition of the second positive system (SPS) of nitrogen
(A=337 nm), the most intense band of the DBD under the conditions being considered,
and the 0-0 transition of the first negative system (FNS) of nitrogen (A=391 nm) are inves-
tigated. The dominant excitation process of the radiating states N,(C>IT,) and N,™(B*Z}H)
is direct electron collision with energy thresholds of 11.03 and 18.70 eV, respectively. The
main loss processes of the excited molecules are spontaneous emission (according to the
radiative lifetime of the state) and collisional quenching by nitrogen and oxygen molecules.
For the N,*(B) state three-body quenching with nitrogen molecules has to be considered as
well. Due to atmospheric pressure the effective lifetimes of the states in dry air are orders
of magnitude lower than their radiative lifetimes, namely about 0.6 ns (N,(C’II,) state)
and 0.05 ns (NZJ’(BZZQr ) state). A comprehensive overview about lifetimes and quenching
coefficients for the calculation of effective lifetimes is given in [53]. A detailed sensitiv-
ity analysis including 617 elementary processes performed in [54] revealed that the above
mentioned processes are the most dominant and sufficient to describe the radiation kinetics
in weakly ionised atmospheric pressure plasmas in dry air. Due to the much higher excita-
tion energy of N,"(B®L}) the FNS emission is an indicator the development of the elec-
tric field strength, while SPS emission is interpreted as a convolution of the electric field
strength and the local electron density [31-33, 54].

Results and Discussion
Microdischarge Morphology and Development

The Fig. 2 shows oscillograms of the applied voltage (blue curve) and discharge current
(purple lines) after accumulation over 1 s, i.e. 7500 voltage cycles.

An oscillogram (voltage and current development) for dry air is shown in Fig. 2 a. For
the negative half-cycle, i.e. the grounded pin acts as the anode, two subsequent MDs per
single half-cycle are observed forming two “groups” in the accumulated oscillogram. In
the positive half-cycle, i.e. the grounded pin acts as the cathode, an erratic behaviour in
terms of the current pulse amplitude and the inception phase is obtained. MDs with ampli-
tudes above 400 mA, but also weaker current pulses are observed. This behaviour is not
changing up to a toluene-containing gas flow of 1.5 sccm. For this admixture (see Fig. 2 b),
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Fig.2 Current (purple) and voltage (blue) oscillograms after accumulation over 7500 V cycles for a dry air
without toluene admixture and b with admixture of 35 ppm toluene (Color figure online)

significant effects on the discharge dynamics are obtained. For the negative half-cycle still
two MD groups appear. The two groups are now separated by a time window of about 6 ps
and MDs in the 1st group can exceed amplitudes of 200 mA, while the MDs in the second
group are weaker. In the positive half-cycle clearly weaker MDs are obtained if toluene is
admixed. In most cycles current pulses with amplitudes in the range 100-200 mA appear
in the first or second interval. MD with an amplitude higher than 200 mA are rare.

For 1.5 sccm gas flow admixture the value of toluene concentration was determined at
35 ppm+2 ppm by means of micro GC analysis. After about 20 h of operation, the dis-
charge behaviour shown in Fig. 2 b remained when the discharge was operated with dry air.
This will be discussed further in “Discussion” section.

The employed multi-dimensional TC-SPC system allows recording of MDs in defined
intervals of the applied voltage cycle and, thus, to investigate the discharge development
for the two subsequent MDs in case of the anodic pin configuration. The discharge devel-
opment and the morphology of individual MDs are presented in Fig. 3 by means of ICCD
images and TC-SPC results (time-position-photon count plots after an accumulation of
4h (1.07x10% cycles) for SPS and 3 h (8% 107 cycles) for FNS). As shown in Fig. 3, the
discharge development is determined by the positive streamer mechanism. The 1st MD
(Fig. 3a) propagates nearly along the central axis between anode tip and dielectric menis-
cus and spreads on the dielectric surface (see ICCD image). The TC-SPC results show
that the streamer inception starts near the pin electrode. After streamer reaches the die-
lectric surface, the propagation of discharge channels along the gas-dielectric interface is
observed and a bulk plasma (so-called anode glow) forms. From 19 ns on the decay of the
discharge in the volume is obtained. Due to residual surface charges from the 1st MD, the
2nd MD avoids the centre of the dielectric, and covers the sides of the surface (see Fig. 3b).
This influences MD development of the 2nd MD as well, but since the same discharge
development is observed in air we refer to our previous contribution [50] and do not dis-
cuss the details here.

The small toluene admixture does not affect the breakdown mechanisms. Even the
velocities of the streamers in the gap or on the surface are almost the same than in dry
air. The decay of the intensity of the FNS and the SPS is unaffected as well. Obviously,
the effective lifetime of the excited states is not influenced by the presence of toluene due
to its low density compared to nitrogen and oxygen. The rate coefficients for the quench-
ing of the state N,(C’I1,) by nitrogen and oxygen are kzizvz =(04-1.7)x 10" cm?/s
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Fig.3 ICCD photos of individual MDs and spatio-temporally resolved development of the emission of the
second positive system of nitrogen (0-0 transition at 337 nm) and first negative system of nitrogen (0-0
transition at 391 nm) for the different time windows of the applied high voltage in dry air with 35 ppm
toluene admixture. a 1st MD in negative half-cycle (anodic pin); b 2nd MDs in negative half-cycle; ¢ MDs
in the first interval of positive half-cycle. The number of recorded photons is shown in color-coded logarith-

mic scale (Color figure online)

and k(ioz = (1.9 - 3.3) x 10~%cm? /s, respectively [54]. For the state N,*(B?L]) these
constants are kBN2 =(1.4-9.8)x 1071%m3/s and kg,oz = (4.4 -11.0)x 107%cm3 /s,
respectively [54]. Rate coefficients for the quenching of the states by toluene are not
known, but should be in the order of 10~*cm? /s to have a significant influence on the
effective lifetime under the conditions being considered. The quenching coefficients for
the metastable states N,(A’E]") by benzene (C¢Hy) are k?,voc = (1.6 —3.2) x 107%cm?/s
[55] and thus, far below this threshold.

In the work [55] the role of the nitrogen metastable molecules on the removal of tolu-
ene in nitrogen and nitrogen/oxygen was discussed. Toluene removed efficiently through
dissociation processes involving electrons and nitrogen excited species in nitrogen with-
out oxygen. The admixture of oxygen leads to considerable quenching of N,(A’Z]).
The values for quenching by nitrogen and oxygen are k‘(’; vy =3.0x107%¥cm? /s and
kg,oz =3.83x107"2cm?/s [56, 57]. Using these values and a radiative lifetime of
7, = 2 s its effective lifetime is 50.2 ns in air, and 49.8 ns with toluene. For the metasta-
ble N,(a’'Zy) the effective lifetime is 0.4 ns in dry air and the effect of toluene admix-
ture is also negligible. These timescales are significantly lower than for other radicals
[58] and, for an admixture of oxygen in the range of some volume percent, oxygen and
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hydrogen atoms as well as hydroxyl radicals are dominant for the toluene removal [6,
55].

The current pulses of the 1st and 2nd group MD are also not significantly changed when
toluene is admixed. The current pulse averaged over 512 cycles for dry air with and with-
out toluene admixture as measured with the current probe are presented in Fig. 4a, b. The
timescales are different than the time scale presented in the TC-SPC results as both meth-
ods (current pulse oscillography, TC-SPC) are independent from each other. The 1st MD
current pulses are characterized by a steep increase and an exponential decay, while the
2nd MD current pulses reach a first local maximum after a steep inset, but then saturates
for about 2 ns before a second, the global maximum is reached. From the integration of
current pulses over time, taking the values of total and barrier capacitance (C,, = 0.21 pF
and C, = 0.68 pF) into account [see Eq. (1)], the dissipated charge is calculated [29]. With-
out toluene 2.5 nC and 3.8 nC are obtained for the 1st and 2nd MDs, respectively. Admix-
ing toluene increases the value of charge for the 1st MDs (2.9 nC) but reduces the value for
the 2nd MDs (3.2 nC).

1
— [I(t)dt
| Cuj M

Oup =

The MDs for the positive half-cycle (pin acts as the cathode), presented in Fig. 3c,
show a similar morphology to the 1st MD in the negative half-cycle, with the differ-
ence there are no distinct discharge channels observed on the dielectric surface. The
discharge inception starts in front of the anode (dielectric) and a cathode directed
ionisation wave followed by bulk plasma formation in the entire gas-gap is observed.
Only a limited part of the surface is covered by plasma and there is no distinct propaga-
tion on the surface. Again, there is no significant difference to the MDs development
observed in air without toluene admixture. Similar current pulses to the 1st MDs in
the negative half-cycle are obtained, i.e. a steep increase followed by slower decay (see
Fig. 5a, b). Due to reversed polarity, the sign of the current changed to positive values.
MDs appearing at the very beginning of the half-cycle (1st appearance time interval in
Fig. 2b) have a longer duration in dry air. MDs in the 2nd appearance time interval (no
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Fig.4 Current pulses measured with current probe CT-1 for the negative half-cycle. Results after averaging
over 512 events (Color figure online)

@ Springer



674 Plasma Chemistry and Plasma Processing (2019) 39:667-682
(a) Cathode pin - 1st appear. interval (b) Cathode pin - 2nd apper. interval
300 T T T T T 300 T T T T T
—— with toluene !th toluene
250 | —— without toluene B 250 — without toluene ]
< 200f 1 < 200 ]
= £
§ 150 F b § 150 ]
5 5
O 100 1 © 100 B
50 F B 50 b
0 1 P - 0 1 1 1 1
0 10 20 30 40 50 10 20 30 40 50
Time (ns) Time (ns)

Fig.5 Current pulses measured with current probe for positive half-cycle. Results after averaging over 512
high voltage cycles (Color figure online)

TC-SPC results shown because of seldom events) are longer (50 ns instead of 30 ns)
than in the 1st interval, and the current increase is less steep (about 5 ns instead of 2 ns).
Without the toluene admixture, much higher current pulses (280 mA amplitude in the
mean, but up to 700 mA for individual MDs) can be obtained (see “Microdischarge
Inception and Dynamics” section). The corresponding values of mean dissipated charge
in the 1st interval are 1.5 nC no matter if toluene is admixed or not. The main difference
is observed in the second interval, where the high current MDs appear. Here, the dissi-
pated charge value become significantly smaller (2.5 nC instead of 4.1 nC).

Microdischarge Inception and Dynamics

As seen in the previous subsection, the admixture of toluene to dry air does not change
the MD development but it effects the overall discharge dynamics. For the negative
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Fig.6 Normalized appearance (pulse distribution function) of the MD current pulses within one period T
of high voltage for dry air with and without toluene admixture; a cathode pin with mostly on MD per T/2; b
anode pin with two subsequent MDs (Color figure online)
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Fig. 8 Distribution of the current pulse amplitudes within the negative half-cycle (anode pin) of the applied
voltage (Color figure online)

half-cycle the difference of dissipated charge is about 20%, but for positive half cycle,
MDs with a higher amplitude are supressed at the same high voltage when toluene is
admixed. This behaviour is further analysed by means of averaged electrical measure-
ments. Figure 6 shows the normalized appearance of MD current pulses (pulse distribu-
tion function), while Figs. 7 and 8 present the distribution of current pulse amplitudes
for each of the sections.

The highest probability to detect a MD in the air-toluene gas mixture in the positive
half-cycle is within the first 10 ps after the zero crossing of the high voltage (see Fig. 6a).
Without toluene, the tendency is that MDs are ignited later and more distributed over the
phase of the high voltage. The pulses in the first interval have a most probable amplitude
of about 150 mA, but spread over a range of 44-250 mA (see Fig. 7a). The spreading of
amplitudes is even larger in the second interval (Fig. 7b). In this interval, the most probable
amplitude is slightly higher for pure air compared to the one with toluene admixture, and
even amplitudes of up to 600 mA are reached. For the negative half-cycle (anodic pin) the

@ Springer



676 Plasma Chemistry and Plasma Processing (2019) 39:667-682

toluene admixture causes higher current pulses in case of the 1st group MDs (Fig. 8a), but
lower amplitudes of the 2nd group (Fig. 8b).

The mean energy per MD E,,;, can be calculated by multiplying the values of charge from
the average current pulses Q,,,, (Figs. 4, 5) with the value of the voltage at the breakdown
Via [Egs. (2, 3)] [30]. This value is assumed as constant during the MD development in case
of sinusoidal operation in the kHz-range. It cannot be determined directly from the electrical
measurements in our particular case due to the erratic behaviour of the discharge. However,
from the normalised appearance histograms in Fig. 6b it is seen that the external voltage V,,,,
(in the mean) needs to increase by (3.5+0.6) kV to start the 2nd MD. Thus, this value is
needed for the ignition of a MD. Therefore, it is assumed as an estimation for the inception
voltage. Considering the voltage drop over the barrier, which is calculated with the capacities
of barrier and discharge arrangement, the value of V,; is about (2.4 +0.4) kV. This value is
applied for both polarities. The corresponding value of the reduced electric field for electrical
breakdown is (90 + 15) Td and in fair agreement with the known Paschen-values for air. The
measured mean charges, resulting MD energies and mean power is given in Table 1.

With and without toluene admixture, nearly similar values of E,,, are obtained for the neg-
ative half cycle as well as the first interval in the positive half-cycle. In the second interval, a
higher energy is dissipated in case of air. Taking the probabilities of discharge appearance per
section p into account (for positive polarity it is calculated from the data in Fig. 7), the mean
dissipated power P in case of air is about (178 +31) mW, while for toluene admixture a con-
siderably smaller value, namely (138 +24) mW, is calculated (Eq. (4)). Considering the gas
flow value, the specific energy input of the discharge with toluene admixture is about (27 +5)
J/L, and (36+6) J/L in air. The difference in the power consumption is due to the fact, that
(1) the dissipated charge in the MDs appearing in the 2nd interval of cathodic pin half-cycle
drops with toluene admixture (2.5 instead of 4.1 nC), and, (2) these stronger MDs appear less
frequent. This is also clearly seen in the amplitude distributions in Fig. 8a, b. Except the 1st
group MDs in negative polarity there is always the tendency to higher current pulse ampli-
tudes in air without the admixture. The most significant effect is obtained in the 2nd interval
of the positive half-cycle (see Figs. 6, 7b).

Eyp = QupVia 2

Table 1 Overview of mean charge Q,,, (by integration of average current pulses), mean energy per MD
E,,» and mean power per section P

Gas Polarity Interval Mean charge Energy Probability Power
Oup (nC) Eyp (WD) p () P (mW)
Air Negative 1st group 2.5 6.+1.0 1 178 +£31
2nd group 3.8 9.+1.6 1
Positive Ist interval 1.5 3.£0.6 0.19
2nd interval 4.1 9.+1.7 0.81
Air+tol. Negative 1st group 2.9 7.+12 1 138 +24
2nd group 32 7.+13 1
Positive Ist interval 1.5 3.5+0.6 0.72
2nd interval 2.5 6.1+1.0 0.18

The probabilities of the corresponding discharge event are also given. In case of negative polarity two MDs
per T/2 appear (thus probability is 1 for each group), in case of positive polarity one MD per T/2 appears
(sum of both probabilities are equal to 1)
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Vbd = ( 1- Ctot/cb > Vappl |t=r,) 3)

P=f- Z(EMD,I' “pi) 4)

It must be mentioned that the values in Table 1 are based on averaged measurements (in
particular for Q,,;). A more precise analysis would require the determination of the charge
and the breakdown voltage for individual MD current pulses followed by statistical meth-
ods. This was not in the focus of this study.

The effect of inlet concentration of toluene and temperature on the energy per MDs gen-
erated in a pulsed DBD was investigated in [59]. The energy dissipated per pulse was in the
range 4.4-5.3 mJ and only a slight increase with the concentration was measured. Due to
operation with fast increasing high voltage pulses and a different reactor design, the values
in [55, 59] are about three orders of magnitude higher. The small increase of the energy
per pulse was related to an increase of oxygen atom production and thus, a decrease of the
toluene removal rate. Overall, changes in the discharge physical characteristics over time
did not improve the toluene removal efficiency. A similar trend than in [59] is seen here
only for the 1st group MDs, but not for the other MDs. This is related to the different MD
development within the high voltage cycle (shown by the TC-SPC results).

Discussion

To discuss the obtained effect of the toluene admixture on the MDs properties and their
inception dynamics three hypotheses are considered: (1) influence on the inception voltage
by additional ionization mechanisms and volume memory effects, (2) toluene decomposi-
tion reactions, and (3) modification of the surface of the electrodes by plasma treatment.

As mentioned in “Experimental Set-Up” section, to obtain comparable results for both
gas compositions, the same voltage amplitude (11.4 kV)) was used in all experiments.
However, it was observed that the effect of toluene admixture on the distribution of the
current pulses over the applied voltage cycle is similar to applying higher voltages (over-
voltage) in pure air (14.5 kVpp). Furthermore, a lower voltage amplitude (10.5 kVpp) is
needed for the stable operation of the discharge with the toluene admixture, while for dry
air 11.4 kV , is required (i.e. 300 V less gap voltage value). Thus, toluene admixture seems
to decrease the value of ignition voltage slightly. Consequently, MDs are generated at
lower gap voltage than in air, which results in lower current amplitudes. The difference of
the ignition voltage is within the error bar of the value used for V,; in Table 1.

The ionization energy of toluene (8.8 eV) is significantly lower than for molecular oxy-
gen (12.1 eV) and nitrogen (15.6 eV). Penning ionisation by nitrogen metastable mole-
cules cannot explain a lower breakdown voltage in this gas mixture. The energies of N,(A)
(6.16 eV) and Ny(a’) (8.4 eV) are not sufficient to ionise toluene. Another possibility is
Penning ionisation of by-products of toluene decomposition. However, at the low specific
input energies (27 J/L) the overall conversion is about 20% [52] and effective lifetimes of
the metastable nitrogen molecules are low due to quenching by oxygen (see “Microdis-
charge Morphology and Development” section).

The electron-impact ionization cross section of toluene has not only a lower threshold
energy than the cross sections for nitrogen and oxygen, also the values are significantly
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higher. At an electron energy of 15 eV its value is about 2.4 X 107'¢ cm? [60, 61] for tolu-
ene, but 1 x 10717 cm? for oxygen and zero for nitrogen [62]. The maximum ionization cross
section of toluene is at 60 eV with a value of 1.5 x 10~'% cm?, while about 2.5 x 10716 cm?
at 100 eV for nitrogen as well as oxygen. Thus, rate coefficients for electron impact ioni-
zation in weakly ionized non-thermal plasmas (7, ~ 1 eV) will be considerably larger for
toluene.

Toluene is detectable by Atmospheric Pressure Chemical Ionization (APCI) with a
sensitivity in the sub-ppb (parts-per-billion) range [63, 64]. APCI utilises DC corona dis-
charges for the formation of primary ions, which start reaction cascades leading to radi-
cal and molecular cations, protonated clusters and other ion—-molecule complexes. These
are then detected by a mass spectrometer. A study of the ions being formed by APCI in
dry air concluded that in case of negative DC-polarity the same kind of ions were pro-
duced in both dry and toluene-polluted air [65]. But, in positive DC-polarity different ions
than in air were formed. Exothermic charge- and proton transfer ion—molecule reactions
between toluene and O,*, N,* and H;0O% led to the generation of C;Hg*, [C;Hg+H]* and
their ion—molecule complexes, e.g. C;Hg"(C;Hg). The rate coefficients for these formation
processes are in the range of 10™° cm/s. The same ions and rate coefficients have also been
investigated for a pulsed electron beam at low pressure [66]. Since these ions are bigger
and heavier than O,* and N,™, their mobility is smaller. The ion mobility in dry air with
and without toluene admixture was determined in the same work in DC corona discharges
by means of current—voltage measurements in a wire-to-cylinder reactor. The concentration
of toluene was 500 ppm, and DC high voltage (positive or negative polarity) was applied
to the wire electrode. The Townsend formula was used to determine the ion mobility of
positive ions, which was 2.35 cm? V! s7! for pure air and 1.79 cm® V~! s! for tolu-
ene-containing air. In correlation with this result, the current—voltage characteristics were
almost identical in negative polarity (wire as cathode) while in positive (wire as anode) the
presence of toluene produced a smaller discharge current when compared to dry air. The
authors [65] conclude that ionic reactions could be responsible for the initial stages of the
toluene removal process in case of positive DC corona discharges.

In our experiment subsequent “switching” between both polarities is present. The effect
on the discharge is more significant when the (albite grounded) pin electrode acts as the
cathode. This is somewhat different compared to the results of the DC corona measure-
ments in [65]. However, the formation of ions with lower mobility in the MDs in the nega-
tive half-cycle (anodic pin) could lead to a higher residual volume charge at the start of the
following positive half-cycle. This could also explain the lower inception voltage obtained
with the toluene admixture. In case of air, residual volume charge is lower at the start of
the positive half-cycle. Consequently, it is more probable that the MDs appear in later
phases of the applied voltage and thus, have higher current pulse amplitudes. It is known
for pulsed single DBDs in N, with small admixtures of O, that sufficient pre-ionization
can affect the breakdown leading to weaker MDs [30]. The formation of low-mobility ions
is therefore a candidate to explain the suppression of the high-current MDs by the tolu-
ene admixture. This also influences the MDs inception in the following (i.e. negative half-
cycle). Since weak MDs are more probable, the amount of deposited surface charge on
the dielectric surface is lower and so it is the electric memory field after the voltage rever-
sal (zero crossing). This explains why 1st group MDs appear later within the half-cycle
if toluene is present (Fig. 7b). Since the applied voltage value is higher when these MDs
ignite, they have higher current pulse amplitudes (160 mA most probable amplitude within
arange of 130 mA up to 400 mA, see Fig. 8a). A quantitative proof of this hypothesis, and
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whether chemi-ionization or associative ionization play a role, remains as an open question
for further studies.

Toluene as a molecule consisting of an aromatic ring with six carbon and five hydrogen
atoms as well as a methyl group (-CH;) can also be dissociated or vibrational/rotationally
excited by electron collisions. These processes consume high-energy electrons. According
to decomposition pathway studies conducted with GC-MS analysis (see [5, 6, 55]) oxygen
radicals, but also energetic electrons are the most important species for toluene removal.
The analysis of organic by-products of toluene removal suggest H-abstraction from the
methyl group by both electrons and O or OH radicals as the primary destruction pathway.
The subsequent reactions lead to the formation of various partially oxidized intermediates,
which finally convert to CO, and H,O. These reactions can also be induced by electron
collisions. In summary, the toluene destruction mechanisms consumes energetic electrons,
which leads to a decrease of measured dissipated energy. The effect of the toluene admix-
ture on the average charge is not significant, but in most cases lower current amplitudes are
obtained than in air.

As mentioned before the discharge dynamics reported in Fig. 2 b remained when the
discharge cell was operated in dry air after about 20 h (i.e. after time-consuming TC-SPC
and ICCD measurements). This is a clear indication that surface processes must be con-
sidered. During the experiments with 35 ppm toluene admixture the current signals were
continuously inspected and the discharge behaviour did not changed during this period.
However, after the measurements a brownish, non-wipeable layer was found on the barrier
electrode. A similar observation was reported in [55, 67]. It was explained by the depo-
sition of polymer layers on the dielectric due to plasma polymerization. After polishing
the barrier electrode with fine sandpaper the discharge behaviour was as expected for air
(Fig. 2a), but after some hours of operation with dry air, the discharge behaviour changed
to the regime similar to Fig. 2b. This suggest, that toluene (and other hydrocarbons) are
deposited on the cell walls (made of polycarbonate), and evaporated and diffused into the
plasma zone, where it can cause change of discharge behaviour and new polymer layers on
the surface of the electrodes.

Obviously, the surface layer does not influence the MD morphology as seen by compar-
ing the ICCD camera pictures (see Fig. 3 and ICCD images in [50]). The spreading of the
MD foot and the size of the surface spot are about the same. Also, the values of dissipated
charge change only slightly. These observations suggest a minor effect on the MD proper-
ties by the deposited layer, but a comprehensive investigation of this subject remains for
future work.

Conclusions and Outlook

The properties, the inception dynamics and the development of MDs in toluene contain-
ing dry air are studied in an asymmetric DBD arrangement consisting of a metal pin and
a hemispherical dielectric-covered electrode. The discharge is operated by sinusoidal high
voltage with a frequency of 7.5 kHz. Several discharge events are obtained within one high
voltage cycle.

It is shown that small concentration of toluene (up to 35 ppm) has only minor effects on
the discharge physics. The MD development is similar to that in dry air (positive streamer
mechanism), only the inception dynamics and the properties of MDs change by the toluene
admixture. The toluene admixture affects the dissipated charge and energy of MDs only
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slightly and there is no distinct trend obtained in the discharge geometry being consid-
ered. The main influence of toluene is the suppression of high current MDs in the posi-
tive half-cycle of the applied voltage (the pin acts as the cathode). In addition, the mini-
mum applied voltage to operate the plasma is lower with 35 ppm toluene admixture (about
300 V). Possible explanations are higher rate coefficients for electron impact ionization of
toluene, additional ionization processes and the formation of toluene-ion complexes with a
lower mobility than nitrogen and oxygen ions. These ions could be responsible for a vol-
ume memory space charge, which affect the MD properties and supress the formation of
the high current MDs. Furthermore, toluene decomposition reactions consume energetic
electrons. Also observed is the modification of the surface by plasma treatment. The effect
on MD properties and inception dynamics is not found to be significant, but a comprehen-
sive statement cannot be done without further studies dedicated to this issue. Such studies
must include a variation of the toluene concentration (including higher admixtures) as well
as a coupling with high-sensitive gas-analysis in order to correlate physical and chemi-
cal effects. An in situ surface analysis would enable the study of the influence of surface
modification.

The asymmetric electrode arrangement was chosen as a representation of the conditions
in DBD reactors used for studying pollutant degradation. According to [59] it is preferable
to use discharge pulses with a highest energy per pulse and less number of pulses in order
to obtain optimal removal. Simulation results in [68] suggest that a maximized area density
of MDs will most likely lead to an optimum removal efficiency (studied for nitrogen oxides
conversion from automotive exhausts). In [69] it is suggested that treatment of a volume
element of the gas with a series of discharge pulses with a smaller energy deposition is
more efficient than treating the gas with a single pulse of high energy deposition. These
examples demonstrate the highly complex interaction of discharge physics and energy dis-
tribution, and the chemistry. And, it gives plenty of room for optimization.

Here, we show that microdischarges generated in the same half-cycle of the high voltage
can be different and that they influence events in the following half-cycle. More statements
on the role of residual ions and surface modifications require an experiment in a symmet-
ric arrangement and only one MD per half-cycle. This remains for future studies, as well
as the simulation of DBDs in VOC containing gases. Such investigations would also be
interesting with catalytic barrier materials in order to characterize the interaction between
plasma and surface from physics and chemistry viewpoints.
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