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Abstract — The paper discusses non-thermal plasmas, their
generation and characteristics, formation mechanisms of ozone
and the treatment of volatile organic compounds (VOCs). In the
experimental part, undecane (CyH,, as model VOCs) was
treated with assistance of low temperature plasma at an
atmospheric pressure which was generated in the so-called stack
reactor. The gas composition was 13% of oxygen in nitrogen with
impurities of carbon dioxide, carbon monoxide and undecane.
The formation of by-products, as well as the removal efficiency,
were investigated.
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I. INTRODUCTION

Recently, the increasing number of scientists stress the
negative impact of volatile organic compounds (VOCs) on
human health and environment. VOCs in the atmosphere are
participating in photochemical smog formation reactions.
They are also known to be toxic and cancerogenic [1, 2]. VOC
are classified in two groups: methane and non methane
volatile organic compounds (NMVOC). Methane is a known
greenhouse gas, but some of NMVOC are also involved in
global warming mechanisms [1].

In recent years, plasma technologies play a growing role in
environmental protection. These technologies have still
undiscovered potential to reduce emissions efficiently and at a
reasonable cost. Low temperature plasma generates a variety
of radicals and other active species, such as ozone. These
species are responsible for the oxidation of hazardous
compounds in flue gases.

Plasma is a partly or fully ionized gas, where the total
amount of positive and negative charges is equal, the so-called
quasi neutrality. It is the most common state of matter in the
Universe. About 99% of visible mater in the Universe consists
of plasma. On the Earth, one of the most common plasma
sources are lightnings [3].

In 1777 Georg Christoph Lichtenberg started to explore
electrical discharges in isolation, where he observed electrical
trees. From that point on, different studies were made, but a
turning point was when Werner von Siemens discovered the
dielectric barrier discharges (DBDs). They were used to
generate ozone, mainly for water treatment. Nowadays, still
DBDs are used in many environmental applications [4].

By the different properties, plasmas can be divided in two
parts — thermal and non-thermal plasmas (NTP). In thermal
plasma, electrons and ions have equal energy — the plasma is
in equilibrium. Electron temperature, as a measure of energy

in NTP, can range up to 1-20 eV (1leV =11600 K). While ions
and neutral species remain near room temperature (0.025¢V =
293 K), the plasma is not in equilibrium [5]. This is due to the
fact, that the energy is mainly transferred to the light electrons.
Nevertheless, the exact differentiation between thermal and
non-thermal plasmas depends on the classification. This
contribution discusses only NTP generation and treatment.

NTP can be used in many different ways, but for
environmental protection NTP is mainly used for flue gas
treatment, particulate matter treatment, odour purification,
water cleaning, etc. [6]. Since plasma technologies have an
undiscovered potential, they are a promising alternative tool
for environmental protection, economically and ecologically
[6].

By supplying plasma reactors with external energy, e.g. by
applying an electric field, the dissipation of atoms into ions
and electrons can be achieved. Free electrons can then interact
with other ions and neutral species. There are two types of
collisions [3]:

e elastic collisions do not change the internal energy of
neutral matter, but increases their kinetic energy;

e inelastic collisions are collisions with high energy. They
change the structure of a neutral matter, which results in
the formation of active radicals and ions.

An applied electrical field accelerates the electrons,
therefore they can collide with molecules and neutral species,
creating excited molecules which can then create active
species like O, O3, N, OH, etc.

Reactions and other processes occur quite fast. The basic
processes, like ionization, excitation and dissociation, take
part in 10™° s. Therefore, we can see that gas residence time in
plasma plays a minor role [7].

To obtain DBD, it is necessary to have at least one
dielectric layer between the electrodes (see Fig. 1). The
discharges are generated by applying an AC voltage of several
kV and frequency between 50 Hz and 1 MHz. At atmospheric
pressure in the air, the DBD consists of so-called
microdischarges (MDs). Their appearance follows three main
steps [8]:

e pre-discharge phase — negative electrons and ions
accumulate in front of anode, according to polarity. The
duration of this phase is at least 10 s, until a high local
electrical field is accumulated. With reaching a critical
point, a MD starts from the surface of the anode;

e propagation phase — more and more positive charges start
to accumulate. In front of the region of positive charges,
more and more new electrons and ions are created, due to
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the electric field distortion. The duration of this phase is
approximately 1-2-107 s;

e destruction phase — the MD crossed the gap between the
electrodes. Positive charges accumulate on the dielectric
layer, compensating the external electrical field. As a
result, the MD decays.

This propagation mechanism is called a streamer
mechanism. With changing of the polarity, the MDs take place
according the same mechanism in the opposite direction. MDs
also can be characterized as short-lived transient glow
discharges. The radius of a MD channel is approximately 0.1
mm. The radius and the transferred charges do not depend on
the applied voltage. With increased voltage, more MDs
appear. Therefore, it is possible to investigate upscaleable
reactors in a laboratory environment [4, 8, 9].

DBDs are considered to be one of most popular reactor type
for flue gas treatment.
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Fig. 1. DBD reactor types [4].

The biggest DBD advantages are that they do not need
vacuum, they operate in atmospheric pressure, they do not
need complicated power source and they are easy to build up.
DBDs are usually used [8]:

« for ozone generation;

e in luminescent lamps ;

e in plasma displays;

o for air treatment;

ein CO, lasers;

e surface treatment.

Il. OzZONE PRODUCTION AND VOC TREATMENT METHODS

As already stated, non-thermal plasmas produce active
species, such as radicals and ozone, which enable the
possibilities of the plasma chemistry. In this paper, the main
attention is on the production of ozone, as the main active
compound. This is due to its relative long lifetime of about 20
minutes and the fact that ozone is known to be one of the best
oxidants. As ozone starts decomposing at 100°C, the flue gas
temperature should be below that level to obtain the best
results. At higher temperatures, ozone appears only in a
transient form and, therefore, other species play a more
important role. The DBD is suitable for this application.
Ozone production is a two-stage process. It starts with oxygen
molecule dissociation [10]:
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e+0,—-20+e (1),

At the second stage, atomic oxygen reacts with oxygen
molecule, creating ozone [10]:

0O+0,+M—-03+M (2),

where M is a third body.

Two main reactions 1-2 take part only in presence of
oxygen. Beside the above mentioned main reactions, there are
approximately 100 possible reaction path ways for ozone
production and decomposition [10].

In air, ozone generation is a more complex process than in
pure oxygen. Excited nitrogen species in air take a major part
in those processes, as well as in forming nitrogen oxides, like
NO, NO,, NOs;, N,Os N,O [11]. Nitrous oxide N,O is the
initial oxide formed within 100 ns after the initiation of
microdischarge [11]. The main reaction leading to N,O
formation is involving metastable excited N, molecule:

N, + O, — N,O + O (3

The formation of nitrogen oxides in ozone production has
its disadvantages:

1. Nitrogen oxides are undesirable in atmosphere because
they form smog, participate in ozone depletion, and N,O is a
greenhouse gas with global warming potential 298 [12];

2. Nitrogen oxide formation consumes a lot of energy,
decreasing plasma efficiency, but in air it cannot be avoided
[6].

About a half of the produced ozone in air is formed in
reactions with nitrogen oxides [8]. As it is mentioned in the
literature, the more power is fed to reactor, the more ozone
and nitrogen oxides are produced.

There are already known methods for VOC treatment as
adsorption, absorption, thermal oxidation, etc. Recently, using
non-thermal plasmas for VOC treatment has been proven to be
economically and ecologically profitable.

Rafflenbeul presented in his works [13] a comparison of
different technologies for waste air purification process
((50,000  m3N/h) for <100 mg VOC/m3) in the flavor
processing (see Fig. 2).
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Fig. 2. Investment and running cost comparison of waste air purification
processes (50,000 m3N/h) for <100 mg VOC/m3 in the flavor processing
industry [13].
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Figure 2 shows that non thermal plasma is competitive.
Nevertheless, one should take into account, that investment
and operational costs are usually higher for flue gas treatment.
In order identify all aspects, cost benefit analysis has to be
done. Not all benefits can be described in monetary terms. The
main benefits of plasma technologies usually are avoided
payments for air pollution, avoided external costs and health
benefits. The advantages of NTP for flue gas treatment are
[14]:
¢ VVOC are oxidized to less noxious gases like CO, and
H,0;

¢ The energy consumption of the plasma technology is less
than for thermal oxidation units. There is no need for fan
in NTP, because pressure drop in stack is lower,
comparing with adsorption and absorption; therefore,
total energy costs are less;

¢ plasma technologies can simultaneously treat organic and

inorganic pollutants.

Although complete VOC oxidation in NTP form
nonharmless substances often alkane and ozone reactions
could lead to formation of many by-products. For example, n-
decane oxidation involves isomeric decanones, primary
alcohols, secondary isomeric decanols, esters,
c-alkylbutyrolactones, = C1-C9  monocarboxylic  acids,
ketocarboxylic acids, dicarboxylic acids and hydroxy acids
[15].

I1l. DESCRIPTION OF EXPERIMENTAL PART AND DEVICES

The aim of the experiments was to research the oxidation of
a sample hydrocarbon, namely undecane in DBD plasma.
The experimental part consisted of three main parts:
1. Ozone concentration measurements in DBD without

oNTP works at atmospheric pressure and room
temperature; undecane )
oNTP can be combined with other technologies (e.g. 2. Investigation of by-product formation _
adsorbance); 3. Ozone and N,O concentration measurements with
undecane
The experimental setup is shown in Figure 3.
DC power
supply
H,O
Gas mass i
AC power DBD Input Nz, Oy,
SUEPW plasma < ‘ <«— flow g - N+CO
controller +CO
reactor 43°C 2
C11H24
Oscilloscope
FTIR > FID output

Fig. 3. Scheme of the experimental setup.

It consisted of the gas mixing equipment, the plasma
device, its power supply and the gas analytics.

The gas composition was implemented by adjusting the gas
flow of nitrogen, oxygen, carbon monoxide and carbon
dioxide by mass flow controllers. This way, a gas composition
of 13% oxygen, 200 ppm of CO and 1000 ppm of CO, at a
flow of 900 L/h could be achieved. The concentration of 200
ppm of undecane and 1 % of water were achieved by gas
bubblers. The plasma device was a DBD, build up in a stack
reactor design. As a power supply, a resonance power supply
provided by the Western Pomeranian University of
Technology Szczecin was used. It was driven by a DC power
supply (EA-PS 3150-04B). The details of this power supply
were already discussed in by Kalisiak et. al. [16]. An
oscilloscope (Tektronix DPO 4104) with voltage probe was
used for direct measurements of current and voltage. While
the voltage was measured with a high voltage probe

(Tektronix P6015A), the current was measured with a resistor
(50 Q). The multiplication of both values equals the power.

Gas analytics consisted of Fourier transform infrared
spectroscopy - FTIR (Gasmet CR2000 and Alpha Bruker with
long path gas cell 4.8 m) and Flame ionization detector - FID
(Testa 2010T) for continuous gas measurements.

The maximum input power was limited to 100 W, because
this would be suitable to the average household heating system
VOC treatment. The reactor contained of HV, ground mesh
electrodes and dielectric layers of mica between them. The
discharges appear not only in volume, but also on the surface
of dielectrics. The use of a stack reactor has already been
studied in [5].
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IV. METHODS

Tests were carried out in three parts. The first part was to
observe ozone production in plasma DBD reactor without
undecane. The aim of first experiment part was to precise
amount of ozone and nitrogen oxides. The applied power was
raised from 10 W up t0100 W in 5 W steps. Data used for
ozone and N,O concentration was an average value. This was
necessary since the concentration was fluctuating.

The second part was to observe the precise amount of ozone
and N,O in reactor with undecane. Methodology of
experiment was as in the first part.

The third part was to investigate by-product formation from
undecane oxidation. It is clear that although there was an
excess of ozone a lot of by-products were formed. By-
products were identified with the FTIR “Alpha” of Bruker.

V. RESULTS

In the first experiments, only ozone and N,O were observed
as by-products. Figure 4 represents ozone and N,O
dependence on specific energy density (SED). Meanwhile,
CO, CO, and H,0O concentration did not change at all. That
means that there were no by-products produced. At the power
of 20 W, ozone could first be detected (0.87 ppm). That means
that critical breakdown voltage was achieved just before that
point. In this case, voltage was 2.3 kV and frequency was
about 900 Hz, but N,O concentration first was observed at 30
W (0.58 ppm), which corresponds to 2.8 kV and
approximately the same frequency. At that time, the ozone
concentration in gas was already 25.95 ppm.
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Fig. 4. Ozone and N,O concentration depending on the specific energy density with and without undecane.

In Figure 4 Ozone and N,O concentration is raising with the
increasing power. Without undecane, the function is
exponential — at the beginning there is no ozone produced and
then suddenly it increases drastically. The difference with and
without undecane can be observed.

In second case o0zone concentration was first observed at 30
W (2.29 ppm). Next to that, an increase of CO and CO,
concentration could be detected. Therefore, the conclusion can
be drawn, that undecane was reacting with the reactive species
in the plasma. Besides that, the N,O concentration with and
without undecane in the reactor was completely different (see
Fig. 4). As stated in the introduction, ozone and N,O have
similar reaction paths. That means that N,O concentration
with and without undecane should not change, because the
power input is the same.

34

The first proposed explanation could be that oxygen atoms
which produce N,O are much more consumed in reactions
with undecane. It is important to notice that almost all volume
consists of nitrogen and oxygen, but undecane is only 200
ppm. The probability that oxygen will collide with undecane is
much smaller, rather than the probability that it will happen
with nitrogen atoms.

The second proposed explanation could be that undecane
directly reacts with plasma. Then it would change all
processes comparing with first experiment. This explanation
could be the most logical one.

Figure 5 shows comparison of gas FTIR spectra with
undecane when power is 10 W and 103 W. As it was
mentioned before, discharges start to develop when power fed
to reactor is about 20 W. It means that at 10 W spectra there
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are no reactions, but, on the other hand, at 103 W spectra,
there are a lot of reactions

Theoretically, gas after plasma reactor should contain not
only undecane, but also other hydrocarbons, because of the

Absorbance
-
)]
|

O s’ N A

incomplete oxidation. By comparing reference spectra, it was
concluded that n-alkanes in FTIR spectrum look very similar.
Therefore, it is hard to distinguish which n-alkanes are in the
gas.
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Fig. 5. FTIR spectra of gases with undecane in DBD plasma treatment with power 10 W and 103 W.

Although it is possible to identify the main substances,
there might be others which cannot be detected, due to the
used method. The bands of water cover big part of the
spectrum and, therefore, could mask other substances as
well. In general, the spectra are similar, but there are minor
changes. After data processing, it was concluded that these
minor changes are ozone and formic acid at 1100 cm™. At
2200 cm™ N,O and CO, appeared as predicted. With a
concentration of up to 46 ppm, formic acid made a major
by-product.

As predicted, the undecane destruction and removal
efficiency (DRE) will not be very high, because of the low
energy amount fed to reactor. The key solution how to
increase DRE was to increase the interaction time between
undecane and ozone, because in the output there was still
about 200 ppm ozone. O3 is the most important oxidizer in
VOC treatment in non-thermal plasma. After the reactor,
DRE was only 27 % (see Fig. 7). The increasing energy
raises ozone in output and decreases the total amount of
undecane, but the undecane removal occurs more slowly
than production of ozone.

It means that there is no reason to improve capacity of
the power supply, but it would be necessary to raise
efficiency. The suggested solution is to use adsorbents after
plasma DBD reactor. Adsorbents would increase the
interaction time between undecane and ozone, and it could
significantly improve DRE and by-product formation.
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Fig. 6. Ozone and undecane concentration, depending on specific energy
density.

The concentration of gases was measured in the reactors
exhaust. At the end, 27% undecane removal efficiency was
achieved, and there was still about 200 ppm ozone, which
did not have enough time to react with undecane.

The highest destruction and removal efficiency was
reached at 101 W, which corresponds to 404 J/I and 112
Wh/m?, and it was 27%. Figure 5 shows that DRE is raising
by increasing energy fed to plasma reactor.
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Fig. 7. Destruction and removal efficiency depending on specific energy density.

VI. CONCLUSIONS

In this paper, the introduction to non-thermal plasma and
undecane (as one of the VOC’s) treatment with dielectric
barrier discharge have been analysed. The following
conclusions from this paper can be drawn:

1. As VOC abatement produces high concentration of by-
products, it is necessary either to use catalytic surfaces or
adsorbents to decrease the by-product formation and to
increase VOC removal. Ozone and undecane reaction time has
to be improved to achieve the higher removal efficiency.

2. When producing ozone in air, nitrogen oxide formation
cannot be avoided. The increasing power raises the nitrogen
oxide concentration and, when reaching a certain level, ozone
production decreases till it stops.

3. Nitrous oxide forms differently with or without undecane
in the reactor, and it was the only by-product from nitrogen
oxides observed in the DBD.

4. It is necessary to use more complex methods for by-
product observation, because in FTIR spectrum the bands of
water cover big part of the spectrum and, therefore, could
mask other substances as well.
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Janis Ikaunieks, Liga MeZmale, Aivars Zandeckis, Jelena Pubule, Andra Blumberga, Ivars Veidenbergs. Zemas temperatiiras plazma GOS

attiriSanai dimgazes.

S1 darba galvenais mérkis bija veikt izpéti zemas temperatiras plazmas lietojumam diimgazu attiri§ana no gaistoSajiem organiskajiem savienojumiem
(GOS). GOS tiek minéti ka prekursori - vielas, kas veicina piezemes ozona veidoSanos, noarda stratosféras ozona slani un uzkrajas apkartgja vide, ka art
piedalas fotokimiskas reakcijas, veido toksiskus un kancerogénus savienojumus. Tiek uzskatits, ka zemas temperatiiras plazmas tehnologijas nakotng
varétu samazinat emisijas loti efektivi un par sapratigam izmaksam. Plazma gaisd veido ozonu, kas ir viens no labakajiem oksidétajiem, ar kuru ir
iesp&jams attirit GOS lidz CO, un tidenim, tapéc tika apskatitas GOS attiriSanas iesp&jas ar plazmu. Tika pétiti galvenie procesi, kas norisinas plazma.
Eksperimentalais stends tika izveidots INP institata Greifsvaldé Vacija. Pétijuma, analiz&jot plazmas reaktora darbibu un ozona veidoSanos, tika
konstatéts, ka ozona veido$anas procesa slapekla oksidu form&sanas gazu sastaviem ar un bez GOS bija atSkiriga. Tika noteikts, ka plazma veidojas ne
tikai CO, un H,0, bet arT daudz dazadi blakusprodukti. Ka galvenos var minét N,O un skudrskabi. Nepilnigi oksid&joties rodas arT citi GOS, tomér

izmantojot FTIR spektrometru, to nebija iesp&ams noteikt, jo notika spektru parklaganas. Tika sasniegta 27 % GOS attiriSanas efektivitate un piedavati

risindjumi, ka palielinat $o efektivitati, nepalielinot reaktora jaudu. Citu GOS veidoSanas apstaklu izpétei, ka ari attiriSanas efektivitates

paaugstinasanai, ir nepiecieSami plasaki eksperimentali p&tijumi.
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