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1. Introduction

In the industrialized society air pollution has become a major concern for the environment and
public health. Pollutants such as particulate matter and harmful chemicals are causing disease
or death to humans and other living organisms and strongly affect ecosystems (e.g. acidifica-
tion, eutrophication). Although significant progress has been made in recent years in tackling
the emissions of some air pollutants (e.g. sulphur dioxide), a large fraction of the population
is still exposed to excessive concentrations of certain air pollutants, in particular volatile
organic compounds, particulate matter, and ammonia. Therefore, environmental standards
are continuously being raised and more effective technologies for depollution of gas streams
are needed.

Air non-thermal plasmas (NTPs) are strongly oxidizing environments and thus useful means
for the activation of advanced oxidation processes for air and water remediation. NTPs are
used for the generation of ozone as an important oxidant for water or air cleaning and the
removal of dust from flue gases in electrostatic precipitators [1, 2, 3]. Within the last years
deodorization by means of NTP or NTP-supported methods has reached the level of com-
mercialisation.

The term plasma denotes an ionised gas containing free electrons, ions and neutral species
(atoms and molecules) characterized by collective behaviour. Often referred to as the “4th state
of matter”, plasmas have unique physical and chemical properties distinct from solids, liquids
and gases. They are electrically conductive, respond to electromagnetic fields, contain
chemically reactive species as well as excited species and emit electromagnetic radiation in
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4 Current Air Quality Issues

various wavelength regions. Plasmas are generated artificially by supplying energy to gases,
liquids or solids.

In principle, gaseous plasma depollution can be done by an increase of the gas enthalpy in so-
called “translational” plasmas, which are non-equilibrium plasmas (electrons and heavy
particles have different mean kinetic energies) but with gas temperatures reaching several
thousand K. Plasma torches, arcs, arc jets or gliding arcs are examples for such plasma-based
incineration sources [4]. However in the following we will focus on non-thermal plasmas
which stays at moderate gas temperatures, also referred to as “cold” non-thermal plasmas.
Another approach, which is also excluded in this chapter, is the electron beam injection, which
is under development for very large combustion facilities (coal fired power plants) [5].

The most common method of producing “cold” non-thermal plasmas for technological
applications is based on the application of an electric field to a gas. If the applied field exceeds
a certain threshold value (breakdown field strength) a gas discharge and thus plasma are
generated. The specific feature of so-called non-thermal plasmas is that most of the coupled
energy is primarily released to the free electrons which exceed in temperature that of the heavy
plasma components (ions, neutrals) by orders of magnitude. Thus, strong non-equilibrium
conditions are achieved in which the gas temperature remains nearly at or slightly above room
temperature (“cold”) while “hot” electrons initiate chemical processes resulting eventually in
the oxidation of pollutants.

This chapter is meant to provide some insight into the application of NTP for air remediation.
After a brief introduction to summarize the principles of NTP generation, the main aspects of
discharge physics and plasma chemistry involved in air treatment are described and discussed.
Special focus is on the removal of volatile organic compounds (VOCs). The two major types
of plasma sources for such applications, namely dielectric barrier discharges and corona
discharges, are described in the next section. Various aspects of plasma generation and the
ensuing chemical processes will be discussed in two separate sections based largely on work
carried out by the Authors in Padova and in Greifswald. Finally, some conclusions and
perspective outlook on the field are given.

2. Overview non-thermal plasma-reactors and processes for depollution of
gases

The most common principles for the generation of “cold” non-thermal plasmas are dielectric
barrier discharges (DBDs) and corona discharges. They are most suitable for treating exhaust
gases from manufacturing processes and mobile emission sources, as they offer a compact
design and good scalability.

DBD based devices consist of at least two electrodes enclosing a gas space which is filled with,
or bound by, an insulating material [6]. Typically, dielectric materials such as glass, quartz,
ceramics, enamel, plastics, silicon rubber or Teflon are used as barrier materials. There are many
possible DBD arrangements. Traditionally, DBDs were generated in parallel plate reactor
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geometries or in coaxial cylindrical reactor geometries, as shown in Figure 1 (left). The dielectric
barrier(s) can cover one or both electrodes entirely, but they can also be separated from both
electrodes, forming two discharge gaps. The gap widths are typically in the range of 0.1 -5 mm.
When a sufficiently high voltage is applied between the electrodes, an electrical breakdown
occurs and plasma is formed. Furthermore, both electrodes can be arranged in such a way that
they are in direct contact with the barrier. In this case, the gas discharge is formed in the gas at
theexposed electrode and propagates along the dielectricsurface, and is therefore called ‘surface
discharge’ or ‘surface DBD'. In ‘co-planar DBDs’ both electrodes are embedded in the insula-
tor. The so-called ‘sliding DBD’ is based on surface DBDs but with a third electrode which is
placed opposite to the top electrode on the dielectric surface [7]. This arrangement allows the
discharge 'to slide' over the dielectric. The so-called “packed bed reactor’ is also often classi-
tfied as DBD-type plasma. Dielectric or ferroelectric pellets are packed in between the two
electrodes. Due to polarization of the pellet material, regions with high electrical fields are
generated, leading to gas discharges in the void spaces between the pellets and on their surfaces
[8]. Porous ceramic foams can also be used instead of pellets beds [9]. Packed-bed reactors are
relevant for depollution since the filling can feature catalytic properties.

The insulator suppresses large currents on the electrodes and thus keeps the plasma in the
non-thermal regime [6]. Because of the capacitive coupling of the insulating material to the gas
gap, DBD generation requires alternating or pulsed operating voltages. For the treatment of
gas streams the gas is injected into the device flowing along the electrode arrangement. In
industry DBDs are used for the generation of ozone, deodorization, surface treatment and
many more.

Corona discharges are characterized by non-uniform electrical field geometries, e.g. needle-
to-plate or wire-in-cylinder electrode arrangements, as shown in Figure 1 (right). DC and low
frequency AC operated corona discharges expand from the needle or wire electrode in the
outer regions towards the plate or cylinder electrode. The energy is mainly dissipated in the
high-ohmic region of non-ionized gas in the outer drift region, where the electrical field is
lower than in the plasma region around the wire/needle electrode. In this region the discharge
isnot supported anymore and is thus kept in the non-thermal regime [10]. DC-operated corona
discharges are used in electrostatic precipitators. For environmental applications (e.g. VOC
removal, water purification) corona discharges operated by pulsed high voltage are proposed
since higher densities of reactive species can be achieved [11]. Pulsed corona discharges are
characterized by plasma regions which fill a much larger fraction of the discharge gap than
DC or low frequency corona discharges.

In molecular gases at atmospheric pressure, corona discharges and DBDs are typical examples
of non-uniform, filamentary plasmas, consisting of many individual microdischarges or
discharge channels. Each volume element of the flowing gas is repeatedly subjected to the
action of these filaments as it passes through the reactor. Non-thermal plasma based reme-
diation of air is due to chemical reactions with photons and active species created in the plasma,
namely radicals or ions. The different physical and chemical processes associated with and
induced by non-thermalizing discharges span a time range of about 12 orders of magnitude.
The equilibrium of the electrons with the local electrical field is usually approached within



6  Current Air Quality Issues

High-voltage electrode
---------- Dielectric

............ Plasma

:» Grounded electrode

Wire Electrode

tlerrade with Dielectric

<

Tube Hertrode Tube Electrode

Figure 1. Top pictures: Cross sectional view of coaxial DBD (left) and DC corona discharge (right) arrangement; Bot-
tom pictures: Coaxial DBD (left) and corona discharge (right) reactor for treatment of air streams.

picoseconds [6, 12, 13]. Ionization and electrical breakdown typically proceed at the nanosec-
ond time scale via electron collisions. For example, DBD microdischarges in atmospheric air
have duration of about 20 - 50 ns. The development of discharge channels and microdischarges
is dominated by the build-up and spatio-temporal enhancement of volume space charges,
resulting in propagating perturbation of the electric field, which has been investigated as a
cathode directed streamer or ionization wave [12, 13]. In the filaments the highest electron
density and electron temperature are achieved and electron-induced dissociation and thus
formation of radicals occur. The pollutant degradation is initiated by secondary reactions with
these free radicals and ions, mainly on a micro- to millisecond time scale, i.e. after the active
discharge filament has faded [14]. Ion-molecule reactions occur on an intermediate time scale,
typically in the range of 10 ns up to 1 us. The pollutant molecules react with oxidizing atoms
and radicals (e.g. O, OH) or with plasma-generated ozone (O;). Water vapor may play an
important role, as it acts as the precursor for hydroxyl radicals (OH) and hydroperoxyl radicals
(HO,). When hydrocarbons or other VOCs are present in the gas, other radicals are also
produced and radical chain reactions occur. Beside electrons, photons or collisions with
metastable or excited species can lead to ionization.

The chemical equilibrium including heat and mass transfer is commonly settled within
milliseconds to seconds.

The application of NTP for pollutant degradation in gases in industry must comply with the
demands on removal efficiency, energy efficiency and selectivity.

The removal efficiency is defined as the removed molar fraction of the pollutant related to the
initial molar fraction C;: N=(C;,-C,,,)/Ci, (C, is the molar fraction of the pollutant after the
plasma treatment) [2, 14]. Energy efficiency relates to the energy needed to achieve a given
removal efficiency and can be expressed in several ways. For example the energy yield is the
decomposed pollutant mass per dissipated energy. A high energy yield is not necessarily
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assuring sufficient removal efficiency as this is determined by the initial molar fractions of the
pollutant [2]. The removal efficiency and the energy efficiency depend on the specific energy
density of the plasma and are also determined by a number of conditions (gas composition,
humidity and temperature; level of initial contamination) [2, 14].

Selectivity is defined as the fraction of the desired product of the plasma-chemical conversion
to the total amount of products of the conversion process. The chemistry and fraction of desired
products and undesired by-products can also be characterized by mass balances (e.g. carbon
balance in the case of conversion of hydrocarbons). A high selectivity is required to achieve a
reasonable performance in terms of energy efficiency and by-products [2]. High reactivity of
radicals usually results in a poor selectivity, since competing reactions which result in the
formation of undesired by-products happen simultaneously. One important reaction which
consumes oxygen atoms alongside the reactions with pollutant molecules is the generation of
O;. For some pollutants (e.g. NO, alkenes and other unsaturated VOCs) O; is an efficient
oxidizer, but in other cases it constitutes an additional pollutant by-product.

In the following paragraphs the main aspects of pollutant degradation by means of DBDs and
corona discharges are discussed using selected examples. The discussion is focussed on VOCs
as aclass of contaminants presentin many differentindustries (e.g. semiconductor manufactur-
ing, chemical processing, painting and coating) as well as in indoor air (outgassing of paint,
carpets etc.). VOCs contribute to the generation of photochemical smog and to certain health
diseases like nausea and skin irritation. Some are associated with high cancer risk [15, 16].
Conventional methods for VOCs removal are thermal oxidation, condensation, absorption and
biofiltration. The thermal oxidation and condensation are economic only for situations in which
VOCs are present in moderate to high concentrations. The absorption process does not destroy
VOCs but only transfers them to another medium. In addition, this technology suffers from
problems arising by deposits of dirt or clog on filters. Biofilters are useful only for VOCs that
have some solubility in water and they are cost-effective if the volume of air to be treated is in
the range of 10* — 10° m*/h. In NTP energy of about 10-30 eV are needed to produce an O-atom
or an OH-radical in (humid) air, which makes the decomposition also energy consuming [14].
However, the total energy consumption can be low in case of small concentrations of pollu-
tants. Thus NTP-based processes are feasible for low contamination levels. For VOCs, this level
is about 100 mg/m,? (N refers to standard conditions for pressure and temperature) [2, 14].

Among the different VOCs which are being routinely monitored for air quality, toluene
(methylbenzene, C,Hy) is one of the most important ones. Toluene is widely used as feedstock
in the chemical industry for the synthesis, among others, of drugs, dyes, explosives, and as a
solvent (e.g. thinner, paints, adhesives). Exposure to toluene is known to affect the central
nervous system and may cause tiredness, confusion, weakness, memory loss, and nausea.
Toluene is water-insoluble and thus cannot be scrubbed. For its wide use, diffusion and well
known properties and reactivity, toluene has become sort of a standard for testing and
comparing non-thermal plasma based air treatment for VOCs removal. Thus, the discussion
in the following sections will focus largely on experiments with toluene. The conversion of
toluene in hybrid systems in which NTP is combined with a catalyst is also being extensively
studied and has been reviewed [17]. Such hybrid processes will not be covered in this chapter.
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3. VOC removal by means of corona discharges

Air plasma produced by corona discharges and its performance in the oxidation of VOCs are
being investigated in Padova using a prototypal large corona reactor [18-20]. The reactor and
the auxiliary apparatus were designed in order to achieve stable and reproducible plasma
regimes and experimental conditions, which are necessary for quantitative kinetic and product
studies. Reproducibility and stability of experimental conditions in our set-up allow to test
and compare the performance of different corona regimes, notably dc+, dc—and pulsed+ within
the same apparatus and under otherwise identical experimental conditions. The experimental
set-up, comprising the corona reactor, the gas flow line and instrumentation for in line and off
line analysis of the treated gas, is schematically reproduced in Figure 2.

GCI/FID
Power g GC/MS

]

supply

t — 2 A
I FT-R |

reactor

Figure 2. Schematics of corona reactor, gas flow line and instrumentation for in line and off line analysis of the treated
gas.

The corona reactor has a wire/cylinder electrode configuration. The wire electrode (stainless
steel, outer diameter 1 mm) is electrically connected to the high voltage supply and fixed along
the axis of a stainless steel cylinder (38.5 mm i.d. x 600 mm) which is electrically grounded.

The reactor can be energized by dc or pulsed high-voltage power. The dc power supply has
an output voltage of + 25 kV and an output current of 0 - 5 mA. For generating pulsed corona,
a pulsed high voltage with dc bias (PHVDC) was used, based on a spark gap switch with air
blowing, with the following specifications: dc bias of 0 — 14 kV, peak voltage of 25 -35 kV (with
dc bias), peak current up to 100 A, maximum frequency 300 Hz, rise-time of the pulses less
than 50 ns. To measure the power input two homemade current probes (shunt), one of 1.1 Q)
for pulsed current, the other of 52 Q) for dc current, were used. The experimental apparatus
was described in detail previously [18].

The reactor is connected to a gas flow line made of Teflon tubing (inner diameter 4 mm). The
air/VOC mixture is prepared by bubbling synthetic air (80% nitrogen: 20% oxygen from
AirLiquide) through a sample of liquid VOC and by diluting the outcoming flow with a second
flow of synthetic air to achieve the desired gas composition (VOC mixing ratio in the 100 - 1000
ppm range) and flow rate (usually kept constant at 450 mLy-min™). The gas flow line is
equipped with aloop for humidification and with a probe to measure the humidity. The treated
gas exiting the reactor goes through a small glass reservoir equipped with a sampling port
from which aliquots are withdrawn with a gastight syringe for off-line chemical analysis by
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GC-MS (Agilent Technologies 5973) and GC-TCD/FID (Agilent Technologies 7890). In line IR
analysis is performed with an FTIR Nicolet 5700 spectrophotometer using a 10 cm long gas
cell with windows of NaCl (for experiments with dry air) or of CaF, (for experiments with
humidified air). The determination of ozone, CO, and CO, were performed by integration of
characteristic IR bands as described previously [18]. The determined conversion data, i.e.
[VOC]/[VOC], as a function of the specific input energy (SIE, also referred to as specific energy
density SED) usually follow a first order exponential decay profile. The SIE was determined
as described previously for dc [18, 21] and pulsed [20, 21] corona, respectively. The data are
thus interpolated with the equation (1) to obtain the energy constant kE, which is a measure
of the process energy efficiency.

[voc]=[roc], - ") 1)

Current/voltage characteristics of dc corona, both of positive and negative polarity, were
monitored in synthetic air with and without VOC admixture (500 ppm VOC concentration).
For each applied voltage, the mean current intensity was measured, after a stabilization time
of 5 minutes, using a multimeter. The ions present in the air plasma produced by +dc and —dc
corona were investigated using an APCI (Atmospheric Pressure Chemical Ionization) interfaced
to a quadrupole mass analyzer (TRIO 1000 II, Fisons Instruments) [22, 23]. A schematic
drawing of the arrangement and the gas inlet systems is shown in Figure 3.

:

Figure 3. Schematics of APCI ion source and gas inlet system (1) quadrupole analyzer, (2) rotary pump, (3) diaphragm
pump.

The corona discharge is kept at atmospheric pressure by a flow of synthetic air (4-5 L-min™)
introduced through the nebulizer line, a capillary of ca. 2 mm (inner diameter). Vapors of the
desired VOC, stripped by an auxiliary flow of synthetic air (typically 5-50 mL-min™) from a
liquid sample contained in a reservoir, enter the APCI source through another capillary (inner
diameter 0.3 mm) placed coaxially inside the nebulizer line. A second line allows for the
introduction of water vapors as desired. The needle electrode for corona discharge was kept
at 3 kV. Ions leave the source through an orifice (50 um in diameter) in the counter electrode,
called the “sampling cone” and held at 0-150 V relative to ground. The ions then cross a low

9
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pressure region (down to ca. 102 Torr) and, through the orifice in a second conical electrode,
called the “skimmer cone” and kept at ground potential, reach the low pressure region hosting
the focusing lenses and the quadrupole analyser. Prior to running the experiments with the
VOC, a preliminary analysis is routinely conducted to acquire the “background” spectra with
only synthetic air and humidified synthetic air 2.

The efficiency, products and mechanisms of VOC oxidation were studied systematically under
variation of the corona type (dc or pulsed), the corona polarity (negative or positive), the VOC
(a few hydrocarbons, halogenated and oxygenated organic compounds have been investigat-
ed), the VOC inlet concentration and the level of humidity. These studies have provided alarge
body of experimental results which give insights into corona induced chemical oxidation and
useful hints for its application.

The type of corona has major impact on the process efficiency. In Figure 4 an example is shown,
which is reporting a comparison of the decay profile of toluene concentration as a function of
SIE under three different corona regimes: dc+, dc—and pulsed+[21]. The much better efficiency
of pulsed+ corona with respect to dc corona of either polarity is evident. Also evident is the
better performance of dc— with respect to dc+ corona. Analogous results were obtained in
similar experiments with other VOCs, including n-hexane [18, 20] and dibromomethane [24].

o
(o2}
!

dec+

o
~

[CHJVICH,],

o
N
|

pulsed+

o
o
L

SIE (kJ-L")

Figure 4. Decay profile of toluene (500 ppm in synthetic air) as a function of SIE in corona induced oxidation under the
following regimes: pulsed+, dc—and dc+ [21].

The better efficiency of pulsed+ corona with respect to dc corona of either polarity is consistent
with the results of an emission spectroscopy study which showed that at any specific input
energy significantly greater average electron energy is obtained with pulsed corona than with
dc coronas [25]. Correspondingly, a higher density of reactive O atoms is observed in pulsed
+ corona than with dc coronas [25]. Due to the filamentary nature of the plasma, not only the
energy but also the spatial distribution of electrons and other short-lived reactive species is
very different from that in glow dc coronas: the plasma is affecting a relatively larger volume
thus accounting for a more efficient process.

A second important variable is the VOC initial concentration. Usually, the corona induced
oxidation efficiency decreases as the VOC initial concentration [X], is increased and often a
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linear correlation is observed between k; and 1/[X], within a significant range of concentra-
tions. An example is shown in Figure 5.

0-00 T T T T
0.000 0.001 0.002 0.003 0.004

1/[(CH,),CO], (ppm’)

Figure 5. Dependence of process efficiency (ki) on the reciprocal of VOC initial concentration for dc+ corona induced
oxidation of acetone in dry synthetic air.

Other similar cases are reported in the literature [14, 24, 26-29] and have been interpreted based
on a simple scheme of inhibition by the intermediates formed in the VOC reaction [30]. Finally,
the VOC chemical composition and structure also matters and different VOCs are oxidized
with different efficiencies under the same experimental conditions. A few representative data
are reported in Table 1.

de- de+
vocYy
dry air humid air dry air humid air

n-hexane © 7.7-10" 1.1 2.0-10" 1.8-10
i-octane 4.2-10" 7.5-10"1 1.3-10"1 1.2-10"1
toluene 4.1-10" 8.1-10" 1.4-101 1.3-101
CH,Br, 2.1-10" 2.6-10" 6.4-107 5.1-10
CF,Br, 1.4-10" 1.1-10" 4.5-10* 3.9-10

 Data are from ref. [27] unless otherwise specified. ” VOC initial concentration was 500 ppm. 9 Data from ref. [25].

Table 1. Reaction efficiency data, expressed as kg in L k] units, for corona processing of different VOCs in dry and in
humid (40% RH) synthetic air.

This outcome might not have been anticipated a priori since the generally accepted notion is
that plasma chemical processes proceed via radical reactions which are usually very fast and
poorly selective. This is the case, for example, for the reaction of OH radicals with organic
compounds which is viewed as a major contributor to VOC oxidation in humid air plasmas.

The datain Table 1 show instead that air plasmas are somewhat selective. This selectivity might
originate from either of two circumstances (or possibly a combination of the two): within a
given type of plasma, say that produced by dc-, different VOCs either react along different

1"
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paths or react with the same species but at different rates. The vast available bibliography on
rate constants for reactions of many VOCs with air plasma reactive species (atoms, radicals,
ions) and on ionization energies and electron affinities provides tools to exclude some
possibilities and sort out which reactions are most likely paths. Chemical knowledge and
intuition help in providing model VOCs to be used as reactivity probes.

A most intriguing and informative response is found in studying the effect of humidity on the
efficiency of VOCs oxidation. The data in Table 1 show that for all VOCs considered, except
CF,Br,, the presence of humidity in the air produces an increase in efficiency with dc— corona
and no effect or a slight decrease in efficiency with dc+ corona. The increase in efficiency
observed with dc-is rather straightforwardly attributed to the OH radicals formed by corona
discharges in humid air. OH radicals are among the strongest known oxidants of VOCs.
Compare for example the rate constants for reaction of toluene with atomic oxygen (2) [31]
and with OH radical (3) [32], a channel becoming more available in humid air plasma:

C,Hg +0O—> Products Ky = 7.6-107"* cm’ - molecule™ -s™' ()

C,Hy+OH — Products Kyos = 5.7-107 cm’ - molecule™ -5 3)

Support for the conclusion that reaction with OH radicals is important in dc- corona induced
oxidation of hydrocarbons and of CH,Br, (Table 1) came from experiments with CF,Br, (halon
1020) [27]. Like other perhalogenated saturated hydrocarbon, CF,Br, is not attacked by OH
and other atmospheric radicals: the reaction of CF,Br, with OH radicals is more than 220 times
slower [33] than that of CH,Br,. And indeed there was no increase in efficiency for dc-
processing of CF,Br, in humid air, but rather a slight decrease with respect to dry air. This
slight decrease in efficiency was attributed to reaction (4) which contributes to reduce the
average electron energy while producing OH radical, which is unable to attack this specific
VOC.

H,O+e —> OH+ H+ e (4)

Less straightforward was to explain the decrease in efficiency observed with dc+. To make sure
that OH radicals also form in dc+ corona regime and to compare their relative densities in dc
+and dc- air plasmas the well known reaction of OH with CO to form CO, (eq. (5)) was used
[34].

CO+0OH —CO,+H K,og = 2.41-107" cm’ - molecule™ -s™ (5)

Indeed, in a control experiment CO did not react at all in dry air under the effect of either dc
+ or dc— corona. In contrast, in humid air (40% RH) reaction (5) occurs both with dc—, more
efficiently, but also with dc+ corona, thus proving the presence of OH radicals in such plasmas.
Since with dc+ oxidation of hydrocarbons is less efficient in the presence of OH radicals than
it is in dry air (Table 1), it was concluded that reaction with OH radicals is not the dominant
initiation channel for their oxidation in dc+ corona. Thus, it appears clearly that VOC oxidation
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induced by dc+ and dc- corona in air occurs by different mechanisms. For the investigated
hydrocarbons (see Table 1) oxidation induced by dc+ corona is believed to be initiated by ion-
molecule reactions. Support for this hypothesis comes from direct observation of the ions
within the plasma achieved by APCI-mass spectrometry analysis and from comparison of
current/voltage (I/V) profiles measured with only synthetic air and with VOC-containing
synthetic air.

Figure 6 (a) reports I/V data monitored in experiments with toluene (500 ppm initial concen-
tration). It is seen that for dc— the profiles determined with and without toluene are nearly
superimposed, whereas in the presence of toluene for dc+ the current intensity measured is
significantly lower, at any applied voltage, than found in pure synthetic air. Since corona
current is due to ion transport across the drift region of the interelectrode gap, the results
suggest that with dc+ corona different ions are present in pure air and in toluene containing
air. Accordingly, different average ion mobilities are derived from the current/voltage
characteristics of Figure 6 (a) [35-37]: 2.35 cm?-V'-s? for pure air and 1.79 cm?-V*-s? for
toluene-containing air, respectively.

APCI-mass spectrometry is a powerful tool for monitoring and characterizing the ions formed
by corona discharges and their reactions. The APCI-mass spectra reported in Figure 6 (b) show
the ions present in the plasma produced in synthetic air by dc— and dc+ corona discharge,
respectively. These ions are water clustered O, and O; ions (O, (H,O), (n = 0-2: m/z 32, 50,
68), O;(H,0), (n=0-1: m/z 48, 66)) as well as O,(O,) (m/z 64) for dc- corona and H;O*(H,0),
(n=2-3:m/z 55, 73) and NO'(H,0), (n=1 - 2; m/z 48, 66) for dc+ corona, respectively.
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Figure 6. (a) Current/voltage profiles measured with dc- and with dc+ corona in pure air (open symbols) and in tol-
uene (500 ppm) containing air (closed symbols). (b) APCI mass spectra recorded with dc- and dc+ corona in pure air.
(c) APCI mass spectra recorded with dc—and dc+ corona in air containing toluene (500 ppm).
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The APCI mass spectra recorded under the same experimental conditions except for the
presence of a small amount of toluene (500 ppm) in the air are shown in panel (c) of Figure 6.
The effects are significantly different for dc— and dc+ corona. Thus, with dc- corona the major
ions observed in the plasma are the same regardless of whether toluene is present or not in the
gas (compare the mass spectra on the left-hand side in panels (b) and (c) of Figure 6). These
observations are fully consistent with and provide a rationale for the nearly identical I/V curves
determined for dc— in pure air and in toluene containing air (panel (a) of Figure 6).

In contrast, in the case of dc+ the mass spectrum of toluene containing air is completely different
from that of pure air (compare the mass spectra on the right-hand side in panels (b) and (c) of
Figure 6). Thus, in air contaminated with toluene (500 ppm) the prevailing charged species are
T" (m/z 92) and [T+H]* (m/z 93) (T stands for the toluene molecule), along with their ion-
molecule complexes T*(T) (m/z 184) and [T+H]*(T) (m/z 185). These ions form [38-40] via
exothermic charge- and proton transfer ion-molecule reactions (eq. 6 and 7), characterized by
rate constants of 1.8x10° and 2.2x10° cm® molecule™ s?, respectively [38], followed by ion-
molecule complex formation (eq. 6a and 7a).

T+0, »>T" +0, ‘
T*+T+M T (T)+M (a) ©)

T+H,0" - [T+H] +H,0

[T+H] +T +M ->[T+H] (T)+M (a) @

Finally, the NO*(T) (m/z 122) ion-molecule complex is also observed. Thus, mass spectroscopic
ion analysis provides a rationale, at the molecular level, for interpreting I/V curves observed
with dct+ (Figure 6 panel (a) right hand side). In addition, these results suggest that ionic
reactions might be responsible for the initial stages of toluene decomposition induced by dc+
corona. This hypothesis is consistent with the observed insensitivity of the dc+ process
efficiency to the presence of humidity, which rules out a significant role of the OH radical.

Analogous results were obtained with other hydrocarbons leading to the conclusion that the
initial step of oxidation depends on the plasma regime applied: ion-molecule reactions are
favored with dc+ whereas reactions with O atoms and OH radicals prevail in the case of dc-
corona discharges.

The yield of the final oxidation product, CO,, as a function of SIE has been determined and
compared with the profile of VOC conversion (Figure 7). CO, production is clearly less energy
efficient than VOC conversion as is reasonable to expect for a process which involves many
steps and oxidation intermediates.

In comparing pulsed and dc coronas, at any given value of VOC conversion the yield of CO,
increases in the order pulsed+ < dc— < dc+. This is evident from the data shown in Figure 8a
concerning experiments with n-hexane. Comparing the results corresponding to a given
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Figure 7. Profiles of VOC decay and CO, production as a function of SIE for treatment of toluene (500 ppm) with dc—
corona in dry synthetic air.

decomposition fraction of the VOC, for example 0.7 (70% conversion), the corresponding
amount of CO, released with dc+ is about 4 times larger than with pulsed+ and about 1.6 times
larger than with dc-. Thus, among the different types of corona tested, dc+ has the poorest
efficiency for VOC conversion but the best selectivity for CO, production. On the other hand,
a consistently lower CO,/CO ratio is found with dc+ than with dc— and pulsed+ (Figure 8b).
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Figure 8. CO, production and CO,/CO ratio for treatment of n-hexane (500 ppm) with dc+, de— and pulsed+ corona in
dry synthetic air. The data are displayed as a function of the fraction of decomposed n-hexane.

In search for the missing fraction of organic carbon several oxidation intermediates were
identified and quantified by means of GC/MS and GC/FID analysis and proper standards. In
the case of n-hexane the major detected intermediates were a few aldehydes and ketones, as
shown in Figure 9. It is seen that the concentration of most of these intermediates reaches a
maximum and then decays, showing that they are in turn oxidized in air non-thermal plasmas.
It is also seen that, with the exception of acetaldehyde, the concentrations of these organic
intermediates are very small under any of the applied conditions. The experimental data have
been fitted according to a simple kinetic model for consecutive reactions [41] to obtain relative
reactivity data of the intermediates with respect to that of the precursor, n-hexane [18].



16 Current Air Quality Issues

- Acetaldehyde 1 - Propionaldehyde . Butyraldehyde
80 10 4
50 e
s 4
g 9 2 4
30
20 “1 i 4 "
10 21
0 T T T T 1 [i] T T T T a
o 02 0.4 0.8 LE:] 1 4] 0.2 0.4 0.8 0.8 a 0.2 0.4 0.8 0.8
1-[CeH12l[CeH14]o 1-[CeH12l[CeH1lo 1-[CeH 1] [CeH 1l
J | Acetone . 2-Hexanone I 3-Hexanone
10 o
5 - 12 4 ./'\\
3 -
g 4 4 5 'f’éiii::::‘hﬁ
/'/ ] N
24
[ T T = T 1 o . r r r . 0 T T T r
] 02 04 08 08 1 i 02 04 0.8 0.8 1 Q 0.2 0.4 08 08
1-[CeH1 4l [CeH14lo 1-[CeH1al[CeH1ela 1-[CeH1al[CeH14lo

Figure 9. Aldehydes and ketones detected as intermediates in the oxidation of n-hexane (500 ppm in dry synthetic air)
induced by pulsed+, de- and dc+. The data are displayed as a function of the fraction of decomposed n-hexane [18].
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In line FT-IR spectroscopy gives a comprehensive overview of the composition of the treated
gas analyzed at the outlet of the corona reactor. Besides CO, and CO, other species can be
conveniently determined, including ozone, various nitrogen oxides and derivatives (N,O,
HNO,, etc), and, depending on the specific VOC, also other volatile organic oxidation inter-
mediates. A few examples, reported in Figure 10, show characteristic bands for VOC specific
products such as formic acid in the case of toluene and CF,O in the case of CF,Br,.

The production of HNO; is high and ozone is almost completely absent in corona discharge
treatment of air containing bromo derivatives CH,Br, and CF,Br,, (Figure 10 d and e). These
observations have been explained considering reactions and catalytic cycles involving BrOx
(x =0, 1) and NOx (x = 1, 2) species [24], which have been extensively investigated as major
contributors to the depletion of stratospheric ozone [42].

4. VOC removal by means of barrier discharges

The experimental results obtained with a surface DBD reactor developed at INP Greifswald
are reported. The discharge arrangement consists of two metal woven meshes and a dielectric
plate (mica) in between the two electrodes [43]. As shown in Figure 11 the surface DBD
arrangement (110 x 80 x 3 mm) was installed in a gastight chamber made of poly(methyl
methacrylate) (PMMA) where the gas mixture to be treated (mixed from gas cylinders by
means of mass flow controllers) was conveyed with a total gas flow of 75 Ly/h. In order to vary
the humidity of the gas mixture the partial gas flow from oxygen gas cylinder was directed
through a water containing bubbler. Water content of around 0.5% was realized in this way.
Most of the gas flows along the electrodes configuration instead of entering the active plasma
region between the electrodes and the dielectric as depicted by the arrows in Figure 11 (right).
An advantage of this configuration is the very small back pressure, which is desired for the
treatment of large gas flows.

The plasma reactor was energized with a programmable high-voltage power source and a
high-voltage transformer. The frequency of the applied voltage was ranged from 400 Hz to 1
kHz. The power dissipated into the plasma was analyzed by recording the high voltage
operating the reactor via a high voltage probe. Additionally, the voltage drop over a capacitor
(capacitance 100 nF), connected in series with the reactor between the grounded electrode and
protected earth, was recorded. By multiplying the voltage drop over the capacitor by the
capacitance the transferred charge was obtained.

Samples of the gas mixture were analyzed by Flame Ionization Detector (FID) (Testa
FID-2010T), measuring the total amount of organic carbon present in the exhaust gas. Addi-
tionally, a Fourier Transform InfraRed spectrometer (FTIR) (Bruker Alpha, spectral resolution
1 cm™, optical path length 5 m) was used to monitor the processed gas mixtures. The gas cell
of the spectrometer was heated up to 40°C in order to avoid water condensation. Higher
temperatures would be desirable to avoid water condensation but cannot be used otherwise

ozone will decompose and give rise to sort of a “post-plasma” contribution to toluene oxidation
which should be avoided.
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Figure 11. Experimental setup for toluene removal studies (left) and detailed horizontal cut view of the Surface DBD
reactor (right).

In order to obtain comparable results of the measurements under the selected conditions the
operating voltage was chosen as the electrical parameter to be set for every measurement. The
electrical data recorded during the experiments were investigated during the analysis
procedure. The power input into the plasma reactor was calculated by integrating the area of
the charge-voltage plot (Q-V plot) and multiplying the resulting value with the frequency of
the applied voltage [44]. By this, it was found that the Q-V plots for different frequencies at
the same driving voltage were almost identical.

Examples are given in the left part of Figure 12. The black curves show the Q-V plots recorded
at a frequency of 400 Hz, whereas the red curves display that one recorded at 1 kHz. The
operating voltage was 8.3 kV and 6.9 kV, respectively. The equality of the Q-V plots implies
that the energy transferred per cycle into the plasma is almost identical. Thus, the power input
for a fixed operating voltage should depend only on the frequency in a linear relation [44].
Using the frequency ratio 2.5 (1000 Hz divided by 400 Hz) and multiplying it with the power
input measured at 400 Hz, one gets the calculated power at 1 kHz. In the right part of Figure
12 the power measured at 400 Hz (black boxes), the power calculated for 1 kHz (blue triangles)
and the power measured at 1 kHz (red circles) are shown. The values calculated and measured
at 1 kHz are in good agreement and can be taken as another evidence of the proportionality
of frequency and power, as already mentioned by Kogelschatz [44] and Manley [45].

Further investigations showed that the slope from the bottom right corner to the upper right
one of the charge-voltage plot, which gives the capacitance of the plasma reactor during the
discharge period, increases with increasing the operating voltage (Figure 13, left). The reason
is suggested to be the increase in the active area of the electrode, which means the surface of
the electrode covered with plasma. Photographs of the plasma were taken (Nikon D5100,
aperture 5.6, exposure time 30 s) and reworked with an image manipulation program (Gimp
2.8, color correction) to make the plasma visible (Figure 13, right). An analysis of the extension
of the visible plasma was performed. The obtained values were normalized as well as the
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values of the measured capacitance. The result is given in the left part of Figure 13. The
normalized capacitance (red circles) increases linearly with the increasing driving voltage. The
normalized active area of the plasma (black boxes) increases almost linearly, except the value
at 7.3 kV. The linear relation between the dielectric capacitance and the amplitude of the
applied voltage is further confirmed by the fact that the bottom right corner as well as the left
top corner of the Q-V-plot (which both correspond to the inset of the discharge in every half
period of the applied voltage) are not sharp. This would be the case for a uniform breakdown
of the gas discharge.
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Figure 12. Left: Q-V plots recorded at 8.3 kV and 6.9 kV at 400 Hz and 1 kHz under dry conditions. Right: Power input
under dry conditions at 400Hz and 1 kHz and at 1 kHz calculated based on the power of 400 Hz.
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Figure 13. Left: Increase in active plasma area and increase in capacitance with respect to the operating voltage. Right:
Photographs of the plasma operated at different voltages.

In a first step the overall plasma chemistry of toluene removal was investigated by FTIR. In
Figure 14 samples of selected spectra are presented showing the so-called fingerprint region
(i.e. wavenumber 700-1500 cm™). The left graph shows infrared-spectra taken at an applied
voltage amplitude of 8.3 kVyp and a frequency of 400 Hz under dry conditions. In the untreated
gas mixture (black curve) the absorption band related to toluene is the only detectable band.
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With plasma (red curve) the strong absorption band of ozone appears at 1053 cm™, which is
the main stable by-product of an NTP operated under ambient air conditions. Additionally,
nitric acid HNO; is detected. It is assumed that HNO; is formed by the reaction of intermediate
NO, with hydroxyl radicals produced by the toluene decomposition. The toluene absorption
band is replaced by a broad absorption band whose origin could not be identified. Because no
infrared absorption spectrum of the known products or intermediates (formaldehyde,
benzaldehyde, benzoic acid, benzene, nitrobenzene, phenol, formic acid, and acetic acid) of
the toluene removal process fits to the measured spectra it is assumed that it is a compound
emitted from the material of the reactor housing (PMMA). According to the results given by
the FID this analyzed gas mixture does not contain any hydrocarbons at all.
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Figure 14. FTIR absorption spectra without plasma (black lines) and with plasma (frequency 400 Hz, operating voltage
8.3kV, red lines) under dry (left) and wet conditions (right) of 50 ppm toluene in synthetic air.

Under wet conditions (right graph, same electrical parameters) there is no nitric acid detecta-
ble. Moreover, the absorption of ozone is much smaller than under dry conditions. Both
phenomena are attributed to the consumption of energetic electrons, which under dry
conditions are used to produce NOx as a necessary intermediate for the production of nitric
acid. These changes result in a considerable production of formic acid. The lower energy
efficiency in toluene removal under wet conditions is also assumed to be due to the consump-
tion of high energy electrons for the vibrational excitation of water.

FID is used to study the toluene removal since it is not sensitive to the main by-products of
toluene removal that were identified by FTIR. With the concentration of toluene at about 50
ppm in the untreated gas mixture the molar fraction was calculated and plotted against the
SIE. The results are shown in Figure 15. The removal efficiency increases with the SIE up to
total removal at around 55 J-L* under dry conditions (black boxes). The same efficiency is
achieved for 400 Hz and 1 kHz. Under wet conditions (red circles) the removal efficiency is
smaller and about twice as much energy is needed to achieve complete removal of toluene
which is only obtained at 1 kHz for this conditions. This dependency on the frequency is only
found under wet conditions.
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Figure 15. Molar fraction of toluene under dry (black boxes) and wet (red circles) conditions at 400 Hz (circle) and 1
kHz (square).

In order to discuss the energy efficiency the energy constant parameter k; was evaluated
according to the eq. (1). As reported in Table 2 the energy constants obtained under dry
conditions are very similar. Those obtained under wet conditions are significantly smaller but
also differ significantly.

kg L-J*
Frequency
dry wet
400 Hz 5.85-107 3.03-10%
1 kHz 5.63-107 2.06-10%

Table 2. Reaction energy efficiency data, expressed as kg in L J* units, for DBD processing of toluene.

Quantitative analysis data for CO, and CO produced under different experimental conditions
are shown in Figure 16 as a function of the SIE. At dry conditions the production of CO is
favored compared to CO,, while in humid conditions the amounts of both compounds are
almost the same. The increased selectivity towards CO, in humid conditions could be ex-
plained as follows. In the presence of water vapor in the plasma area the production of OH
radicals is higher. These radicals can react with the CO molecules to produce CO,, according
to the eq. (5).

Usually the formation of OH radicals in the plasma area is also accompanied by an enhance-
ment of the energy efficiency in the VOC removal process (e.g. see Section 3 of this Chapter).
In the case of this setup, as discussed above, the presence of water vapor in the process gas is
obviously responsible of a decrease in the energy efficiency of toluene removal.

In Figure 17 the selectivity to CO, of the plasma treatment for pollutant degradation is reported.
The black vertical line is referred to a value of SIE of 55 J-L, the energy value at which the
toluene is completely decomposed, but as reported in Figure 17 there is selectivity of 40% in
dry conditions and of 60% in humid conditions. The complete oxidation of the toluene is
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Figure 16. Left: CO (empty symbols) and CO, (full symbols) production during toluene decomposition experiments.
Comparison at 400 Hz (black) and 1 kHz (red) and between dry conditions (full line) and wet conditions (dashed line).
Right: CO,/CO ratio as a function of SIE at 400 Hz (black) and 1 kHz (red). Comparison between dry condition (full
symbols and straight lines) and humid conditions (empty circle symbols).
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Figure 17. Carbon balance for the different experimental conditions being tested. 400 Hz (black symbols) and 1 kHz
(red symbols) under dry (full square symbols) and wet (empty symbols and dashed lines) conditions.

achieved at a value of SIE of 150 J-L", where all the VOC is decomposed to CO and CO,. The
carbon fraction which is missing is mainly formic acid that could be easily removed from the
effluent gas by means of water scrubbing. Despite the reduction of the toluene removal
efficiency made by the presence of water vapor, it is clear how the selectivity to CO, production
is improved (Figure 16, right), but also the carbon balance is clearly improved at least until the
energy value of 100 J-L". Above the value of 150 J-L the carbon balance is exceeding 100%
(marked by the red horizontal line). This is due to some additional degradation of the acrylic
housing. This effect was also noted in the IR spectra where an additional band around 700
cm™ was recorded (see Figure 14).

Because of the construction of the NTP-reactor with the electrode configuration in the middle
of the discharge reactor and, therefore, a huge gas volume not in direct contact with plasma,
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the toluene to be removed hardly comes in contact with plasma. Thus, electron dissociation
cannot be the main process. As ozone is generated in the air plasma it is a possible oxidizer of
toluene. The effect of ozone on the toluene removal has been studied in a separate experiment.
Therefore the reactor was operated with a pure oxygen gas flow which was mixed with the
toluene polluted air in a separate reaction chamber (volume about 250 mL; not shown in Figure
11). The results of this experiment are presented in Figure 18.

T T T T T
:g‘ 4000 - lmx‘.a .o 4a0
o [ | 2T )
E- \ ; :;Q g
@ 3000 sl g"\._.. &
g B T~m [0 §
L | ~ e 3
= 2000} Y O3 CHg | =
E B i --0-- ozone —M— =
o [ 3 w
= € .* --O--plasma—e— 10 <
o 7 ot 3
g 1000F e g
g + /” - ’ \. ] E

oro” . BL
1 " 1 " 1 1 L 1 " 1 n
0 30 60 90 120 150
SIE (JL™Y)

Figure 18. Ozone and toluene concentrations as a function of SIE (frequency 1 kHz) at the surface DBD arrangement.
Comparison of the direct plasma treatment (red symbols) with the ozone injection experiment (black).

Ozone concentration increases and toluene concentration decreases with increasing SIE. The
ozone production is similar in both direct discharge and ozonation treatments, but the toluene
removal varies significantly. In the case of indirect treatment with ozone a small reduction of
toluene is obtained. In additional experiments a similar reduction was obtained even without
plasma operation. Thus it must be that toluene is adsorbed somewhere in the system (reaction
chamber, pipes etc). In case of direct treatment at 157 JL toluene is completely removed. These
results show that reactions with ozone are not dominant, which is in agreement with the fact
that the rate coefficient of the reaction of toluene with ozone is small (eq. (8) [46]) compared
to the reaction with atomic oxygen (eq. (2)).

C,Hg +O;—> Products K, = 1.5-107* cm® - molecule™ -s™' (8)

The reaction with atomic oxygen (eq. (2)) is considered to be the most important removal
process.

Since for the production of these species energetic electrons are needed, the lower efficiency
under wet conditions can be explained by their lower production efficiency due to the
consumption of these electrons as well as a reduction of the electron temperature by water
dissociation and vibrational excitation. More detailed investigation on the toluene by-products
are needed to clarify the carbon balance and the selectivity of the process which remains to
future investigations.
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5. Conclusions and outlook

The feasibility of NTP for the removal of VOCs has been demonstrated by means of two
different gas discharge concepts, namely DBD and corona discharge. There are evident
peculiarities in the two different approaches and, notably, also among different types of
coronas. Different discharge regimes create NTPs with distinct properties and compositions
(type and density of reactive species), which reflect on the process chemical outcome. This
knowledge is important for mastering the process product selectivity, i.e. the chemical
composition of the treated gas. Likewise important is the process efficiency. Unfortunately, up
to now it is possible to make a comparison between the two reactor arrangements only for the
specific case of toluene. There are reviews in the literature in which the efficiency of different
NTP processes is compared [17].

Regarding the main chemical reaction involved in the decomposition process of toluene a
similar mechanism for DBD and dc-corona can be proposed. Here, the most important reactive
species are radicals. The main difference in the overall efficiency of the decomposition process
is when water vapour is present in the treated gas, but this opposite effect is totally in agree-
ment with the physical properties of the DBD. In the case of the DBD configuration the volume
of gas which is directly affected by plasma is small compared to dc— corona. Accordingly, in
the case of the corona a much higher probability of collisions between reactive species and
substrate molecules (toluene) exists, but also a high probability to generate OH radicals. In the
case of DBD the presence of water vapour is quenching the high energetic electrons and
reducing the chance to generate more reactive species with an overall result of a decrease in
energy efficiency. Despite this, if we calculate the Energy Yield (EY) according to the equation
reported in [47]:

_C,-m-M-0.15
SIE

EY )

where C;; is the starting concentration of the pollutant to be treated (ppm), 1 is the removal
efficiency and M is the molar mass of the pollutants. For the DBD configuration EY value is
13.6 g/kWh while for the corona reactor, in pulsed+ mode, the value is 6.9 g/kWh.

Plasma type Concentration Maximum removal Energy Yield
range (ppm) efficiency (%) (g/kWh)

DBD (this work, sec. 4) 50 >99 13.6

DBD packed with glass pellets [47] 1100 80 11.5

Pulsed Corona (this work, sec. 3) 500 >99 6.9

DBD packed with glass beads [47] 240 36 6.8

DBD [47] 400 23 5.2

DC corona [47] 5-200 93 0.4

Table 3. Selected results on toluene removal with NTP in dry air.
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In Table 3 are summarized selected results on toluene removal with NTP taken from [47] to
better evaluate the EY of the two setups reported above. In general, the DBD setups present
higher values compared to the corona ones. What is really interesting to note from this table
is that not only the values of EY obtained with the setups developed by the authors are among
the highest ones, but also these are the only cases in which the complete removal of toluene is
reached.

In contrast to many other established technologies of air cleaning, NTPs can be controlled more
or less instantaneously by their electrical operation parameters, and they can thus be adjusted
to fluctuating gas flow volumes and/or contamination levels. However, nearly all practical
processes of pollutant degradation in gases by means of NTPs are hybrid processes or a
combination of NTPs with other technologies. In such combinations the NTP acts as an
oxidation stage. However, the combination is not only a processing by means of subsequent
methods but also offer multiple process synergies. Therefore NTP can be coupled with
catalysts, adsorbing agents or scrubbing. For example, the oxidation of non-soluble VOCs
results in soluble by-products such as formaldehyde or formic acid. This can also be used for
the removal of NO, [48]. The so-called Plasma Enhanced Selective Catalytic Reduction (PE-
SCR) of NOx offers many synergies between plasma and catalyst.

In this context, the combination of plasma treatment with adsorption methods has also been
proposed for VOC abatement and deodorization [49]. Several manufacturers offer devices for
deodorization which sometimes combine a NTP with an active carbon or molecular sieve stage.
The odour reduction of so-called indirect plasma treatment was also demonstrated. Indirect
treatment means that the plasma processed air is injected in the VOC containing off-gas. In
such case short lived radicals and ions may be less involved in the decomposition processes
but the operation lifetime of such system is much longer. During the direct plasma decompo-
sition aerosols can be formed by nucleation of intermediate products and deposit as layers on
the electrodes which interfere with the plasma generation. This is avoided by indirect treat-
ment. Many of such DBD-based installations are worldwide used for deodorization in several
factories for producing food for fattening, fish meal and flavouring substances. The installa-
tions are low-maintenance and need about one third to one fifth of the space as conventional
technologies. In [50] the investment- and running cost of numerous waste air purification
processes for a gas flow of 50,000 my?/h and for <100 mg VOC/m?3 in the flavour processing
industry were determined and compared. NTP installation had the lowest investment costs
(about 400,000 € compared to at least 700,000 € for combustive methods, biological filter or
molecular sieve filtration) and second lowest operating cost (about 8 €/h, compared to 70 €/h
for combustion and biological filtration with 35 €/h). Although the applicability of NTPs is
devoted to low-contaminated gas streams, these examples show the high economic relevance
and potential of such technologies.

Furthermore, the combination of NTP with absorbers offers the possibility to establish cyclic
processes for the removal of low-concentrated pollutants [49]. In such processes, the low-
concentrated pollutants are adsorbed and thus concentrated on solid matter in a storage phase.
In the subsequent plasma phase, the adsorbed molecules are desorbed and decomposed by
plasma activity. Since the retention time of the pollutants in the plasma phase and their
concentration are increased, less energy is consumed in such a plasma-enhanced adsorption
process. Such processes have been established to decompose different VOCs and NO,, as
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summarized in [51]. The decomposition of adsorbed ethanol on active carbon samples by
means of ozone generated in the plasma has been investigated in [52]. The regeneration of
clinoptilolite (a natural zeolite) loaded with NH; has recently been shown by means of a
packed-bed DBD reactor. The adsorbed NHj is released at a relatively low temperature and
low energy consumption [53]. A cycled adsorption and plasma process using mineral granu-
lates consisting of 80 % halloysite in a packed-bed DBD reactor for the removal of formalde-
hyde CH,O was investigated in [51]. Here, the adsorbed CH,O molecules were decomposed
into COy and hydrocarbons in N, plasma. The total amount of decomposed CH,O and the
selectivity towards CO, increased with N, gas space-times (i.e. the time required to process
one packed bed volume of adsorbing material with gas) and with oxygen fraction in the carrier
gas. The above examples demonstrate the high potential of plasma-enhanced techniques,
which can increase efficiency and lower operational costs. However, more research and
development are necessary in order to establish a wider industrial breakthrough.
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