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A marked decrease of odorous compounds concentrations was achieved by homogeneous non-thermal plasma application.
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A B S T R A C T

Non-thermal plasma technique can be a method to improve indoor air quality. In particular in cuisines, odorous
emissions can be removed by non-thermal plasmas. In this study 2-methylthiophene, 2-methylpyrazine, 2-
acetylthiazole, nonanal and trans-2-nonenal were used as target compounds in concentrations in the low ppmv
range. These odorous compounds are emitted during cooking and frying processes. The oxidation of these target
compounds as multi-component mixture in a non-thermal gas-phase plasma was studied in dry mixtures of argon
and oxygen and in humid air. Complete oxidation of the odorous compounds to COX was achieved in both
atmospheres. The energy efficiency was higher in the dry mixture of argon and oxygen, whereas the selectivity of
the oxidation towards carbon dioxide was significantly higher in humid air. The main products of plasma
treatment were identified as CO, CO2 and polymeric deposits. Some minor organic intermediates in the pptv
range were also identified. Although odor carriers could be completely degraded and the concentrations of
potentially harmful organic byproducts were several orders of magnitude below critical values, high ozone and
CO emissions during plasma operation are critical for indoor application of non-thermal plasma as stand-alone
technique. The combination with a catalytic step, either as in-plasma or post-plasma catalysis, might be a
promising approach to tackle this problem.

1. Introduction

The trend towards higher energy efficiency in residential buildings
and particularly better thermal insulation results in lower air renewal
rates and ventilation. As a result, cuisines and especially combined
kitchen and living rooms can suffer from odorous emissions originating

from cooking. Although conventional kitchen hoods equipped with
activated carbon adsorbers can reduce undesired emissions, their per-
formance is decreasing over time of operation and they have to be
periodically exchanged. Disregarding the fact that a substitution of the
filter is often not made in time, in situ regeneration without removal
would be more convenient and cost efficient.
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Non-thermal plasma (NTP) as a flexible electrical technique for
exhaust air treatment [1] is also considered as a promising and suitable
method for regeneration in the residential context [2] and namely in
cuisines. Typical features of an NTP are the acceleration of free elec-
trons in an external electrical field, the formation of activated chemical
species by collisions between electrons and gas molecules and chemical
reactions of these species with other gas constituents, e.g. pollutants
[3]. The lifetime of the discharge channels is usually lower than 100 ns
[4]. NTP is often also called “cold” plasma because the gas molecules
not involved in the primary or secondary electron processes remain at
low temperature [5]. Reactive species in humid air plasmas can be N, O,
OH%, H2O+, OH+, N2

+, O2
+, O2

-, O- and excited molecules or atoms
[4,5]. The chemical reactions leading to a conversion of organic com-
pounds in an air NTP are very complex. It has been proposed that the
first step is either an attack by high-energy electrons [6,7] or by radicals
leading to hydrogen abstraction or addition of the radical resulting in
an organic molecule radical [7,1]. Further reaction steps lead to the
formation of partially oxidized compounds such as alcohols, aldehydes
or organic acids, aerosols and finally to products of total oxidation (CO2

and H2O).
For elimination of odorous compounds, it is often sufficient to

partially oxidize the target compounds thus enhancing the perceived
quality of indoor air. However, the formation of even small con-
centrations of toxic compounds and especially CO has to be considered
and carefully avoided. There are many studies showing the occurrence
of CO in NTP oxidation processes even for high power density [8,9].

The aim of this study was the demonstration and evaluation of the
NTP application for direct treatment of air streams originating from
cooking processes by studying the potential for elimination of five
different target compounds. Their chemical structures, origin and main
properties are summarized in Table 1. The model substances represent a
typical spectrum of odorous compounds emitted by cooking and frying
meat or other food. They are characterized by varying physical and
chemical properties, including the kind of heteroatoms in the mole-
cules.

The two aldehydes nonanal and trans-2-nonenal were selected as
representatives for aliphatic hydrocarbons. These compounds are
formed by roasting meat or heating milk products due to the conversion
of amino acids or thermal decomposition of lipids [10–13]. Trans-2-
nonenal additionally appears when baking wheat bread [14]. From the
methodical point of view, the two selected model aldehydes also cover
both saturated and unsaturated aliphatic compounds.

Three heterocyclic substances were chosen as representatives of
aromatic compounds relevant as odorous products of baking and
cooking processes. 2-acetylthiazole with a five-membered ring contains
three different elements in the aromatic structure: carbon, sulfur and
nitrogen. This model compound is formed when roasting meat by
complex reactions of reducing sugars with amino acids (Maillard re-
action) [10]. Another five-ring chemical, 2-methylthiophene, exhibits

only one sulfur atom substituting carbon in the ring and is formed
analogously by roasting beef and pork meat [15,16]. The third selected
aromatic model compound, 2-methylpyrazine, exhibits two nitrogen
atoms in opposite positions in a six-ring structure. It is emitted, for
instance, when frying beef meat [16] or baking cake [17].

The NTP process can be realized under ambient conditions in the
cuisine context using molecular oxygen and water vapor as primary
sources for reactive oxygen species. In the NTP, long- and short-lived
reactive oxidative species such as ozone, oxygen and hydroxyl radicals
and charged atomic oxygen can be produced. For economic reasons,
there is practically no option for modifying the ambient conditions,
which are about 20 °C and 100 kPa moist air as carrier gas. However,
for clarifying the performance of NTP, some studies were carried out
using also other gas mixtures.

2. Material and methods

2.1. Materials

The model substances described and summarized in Table 1 were
provided by Sigma Aldrich (2-methylpyrazine: purity [p] > 99 %, 2-
methylthiophene: p= 98 %, trans-2-nonenal: p= 97 %), ABCR (non-
anal: p= 97 %) and Fluorochem Ltd. (2-acethylthiazole: p= 98 %).
Three different gas mixtures, dry air (residual water content: 5 ppmv),
humid air (water content: 15,000 ppmv) and a dry mixture of Ar and O2

(volumetric ratio 4:1, residual water content: 5 ppmv) were used.

2.2. Experimental setup

The experimental setup for the NTP conversion tests is schemati-
cally shown in Fig. 1. For realizing the desired concentrations of model
substances, they were dissolved in silicone oil with a medium viscosity
(type 85415, Fluka) which was pretreated at 140 °C for 3 h under re-
duced pressure in order to remove volatile components from the oil. For
dosage, a continuous stream of pressurized air (flow 100mL/min) that
was purged through a packed bed of supported sodium hydroxide for
CO2 removal was used. The CO2-free air was then directed through a
wash bottle with silicone oil containing the model compounds which
was kept constant at a temperature of 25 °C using a water bath.

After dosage, heated PTFE gas pipes were utilized (T=65 °C) in
order to avoid re-condensation and adsorption of odorous compounds.
The concentration of model substances was independently determined
by gas sampling and subsequent gas chromatography/mass spectro-
metry analysis (GC–MS) and by total oxidation over a copper(II) oxide
bed (T= 750 °C) and non-dispersive infrared (NDIR) measurement of
the formed CO2. For all experiments, a controlled humidity was ad-
justed with gas flow controllers GFC1 and GFC2 (GFC, Analyt-MTC,
Müllheim) by determining the ratio of the gas flows running through
and bypassing a wash bottle filled with distilled water. The gas flow

Table 1
Model compounds, their origin of formation during cooking/baking processes, typical aromas and some physical properties (for ambient pressure and T=25 °C).

Compound Formula Structure Origin Odor Properties1

2-methylthiophene C5H6S beef onion, garlic, sulfurous MW: 98.2 g/mol, MP: −63 °C, BP: 113 °C, VP:
4130 Pa

2-methylpyrazine C5H6N2 beef, cake nutty, chocolate, peanut MW: 94.1 g/mol, MP: −29 °C, BP: 135 °C, VP:
1292 Pa

2-acetylthiazole C5H5NOS beef, pork popcorn MW: 127.2 g/mol, MP: −65 °C, BP: 90 °C, VP: 23.1 Pa

nonanal C9H18O chicken, dairy products orange, lemon MW: 142.2 g/mol, MP: −18 °C, BP: 190 °C, VP: 35 Pa

trans-2-nonenal C9H16O chicken, dairy products, wheat
bread

cucumber, lemon MW: 140.2 g/mol, MP: −20 °C, BP: 189 °C, VP:
38.6 Pa

1 MW=molecular weight, MP=melting point, BP=boiling point and VP=vapor pressure at 25 °C
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system as represented in Fig. 1 allowed several options of operation
including conversion tests and reference measurements for controlling
dosage of the model substances.

2.3. Plasma reactor and high-voltage source

The NTP reactor is a coaxial double barrier reactor and schemati-
cally presented in Fig. 2. The outer barrier was formed by the glass tube
with a diameter of 13mm and a length of 255mm. The thickness of
wall, i.e. the outer dielectric barrier, was 1.5 mm. The central high-
voltage (HV) electrode was formed by a stainless steel rod (diameter
4.5 mm, length 100mm). The HV electrode was coaxially surrounded
by another glass tube (outer diameter 6.5 mm, length 200mm, thick-
ness about 1.0mm) representing the inner barrier. All glass parts con-
sisted of quartz glass. A two-barrier system was utilized in order to
avoid potential catalytic reactions at the metal surface. The outer
electrode was grounded and formed by a thin (thickness 0.3mm) alu-
minum foil. The resulting plasma zone had a length of 35mm. The
discharge gap was 2mm leading to a plasma discharge volume of ap-
proximately 1.9 mL. The reactor was heated up to 65 °C to avoid re-
condensation of organic compounds by a PTFE-insulated heating wire
which was coiled around the grounded outer electrode of the NTP

reactor. The residence time in the discharge zone was approximately
1 s.

The plasma high-voltage source COM-UFZ (Anseros, Tübingen)
could provide a variable pulsed high voltage in the range between 6 and
30 kV. The pulse width was about 11 µs. The pulse repetition fre-
quencies could be chosen between 50 and 2000 Hz. In this study, vol-
tages of 15 kV, 20 kV, 25 kV and 30 kV were used. The pulse repetition
frequency was adjusted to 600 Hz. The power input into the plasma
reactor was determined using the internal HV probe of the power
supply with a voltage ratio of 1:104 and a current probe (TCP 312,
Tektronix) placed around the grounding cable. Both signals were ana-
lyzed and processed using an oscilloscope (RTO 1024, Rohde &
Schwarz) with a maximum resolution of 4 ns. The according waveforms
are shown in Fig. 3. The voltage waveform is characterized by alter-
nating positive and negative pulses. The actual pulse repetition fre-
quency measured from one positive to the next positive pulse was
570 Hz. By multiplying the momentary values of voltage and current
the instantaneous power was calculated. The integration of the in-
stantaneous power over time yields the energy input (Fig. 4). More than
95 % of the energy input into the system was observed during the first
two oscillations of each pulse (until approximately 100 µs in Fig. 3,
left). The maximum current pulses for an adjusted NTP voltage of 25 kV
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were characterized by a height and width of 1.4 A and 20 ns, respec-
tively. The energy density equals the ratio of power input and gas flow
(Fig. 4). The plasma power input into a dry mixture of argon and
oxygen was over the whole voltage range approximately 0.6W higher
than the power input into humid air. The power input into dry air was
similar to that of humid air.

2.4. Gas analysis

As also stated above, NDIR gas analyzers (V117 and V451, Junkalor
Dessau) were used for CO2 quantification in the effluent of the total
oxidation oven and the NTP reactor, respectively. Another NDIR device
was used for CO measurement downstream from the reactor. The
concentration of ozone was measured by UV absorption employing a
GM-6000 detector (Anseros, Tübingen). In order to avoid a reaction of
CO with ozone in the effluent and in the gas analyzers, a packed bed of
potassium hydroxide was installed for ‘non-reactive’ decomposition of
ozone (2O3→ 3O2) downstream of the ozone analyzer. The position of
the instruments for gas analysis is also shown in Fig. 1.

The GC–MS analysis (GC-17A/MS-QP5000, Shimadzu) was made
with a thick-film column (OV1 30m×0.25mm×5 µm, Ohio Valley)
for determining the CO2, N2O and SO2 concentrations (injected volume
25 µL; temperatures of injector, interface and detector at 80 °C, 230 °C
and 230 °C, respectively; temperature program: isothermal at 27 °C).
Another GC–MS (GC-2010/QP-2010, also Shimadzu) equipped with a
thin-film column (DB-1 60m×0.32mm×0.25 µm, Agilent) was used
for quantification of the model substances and their organic reaction
products (injected volume 25 µL; temperatures of injector, interface and

detector at 80 °C [in order to avoid decomposition of ozone], 250 °C and
250 °C, respectively; temperature program: 40 °C [1min] – 20 K/min –
140 °C [2min]). For the analysis of organic intermediates, the NTP
reactor was operated for 2 h at 20 kV (conversion to COX 41 %, see
below) ensuring only a partial removal of the model substances. Here, a
condensation trap (at −78 °C), filled with tetrahydrofuran (THF) and
sodium sulfite (as ozone quencher) on glass spirals, was installed di-
rectly at the outlet of the NTP reactor in order to collect intermediates.
The samples were then analyzed by GC–MS (PF 5973A, SolGelWax
column 25m×0.25mm×1.2 µm, both from Agilent; detector and
interface temperatures at 250 °C; 40 °C [2min] – 6 K/min – 280 °C; scan
mode) after derivatization with N,O-bis (trimethylsilyl) tri-
fluoroacetaminide [BSTFA] and N-methyl-N-(t-butyldimethylsilyl) tri-
fluoroacetaminde [MTBSTFA]. The NTP performance for elimination of
the model substances was evaluated on the basis of the following
parameters concentration (c, conversion X, selectivity S, peak areas A in
GC–MS analysis being proportional to respective concentrations) de-
termined according to:

= +c c cConcentration of carbon oxides: CO CO COX 2 (1)

=X
c

c
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C tot
X

, ,0
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CO

CO
2

X
2

2

(3)

=
−X A A
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i i

i

0

0 (4)

The concentration of total organic carbon cC,tot,0 reflecting the
concentrations of the model compounds at the inlet of the reactor was
determined after total oxidation on the basis of CO2 analysis as de-
scribed before.

3. Results and discussion

3.1. Dosage of model substances

Silicone oil was used as a solvent for the model compounds to purge
the model compounds into a gas stream with constant concentrations in
the range of 5 ppmv to 20 ppmv. The large differences in the partial
pressure of the model compounds (e.g. 2-methylthiophene: 4130 Pa vs.
2-acetylthiazole: 23 Pa at 25 °C) were according to Raoult’s law ad-
justed for by different mole fractions of the model compounds in the
silicone solvent. The appropriate dosage of model substances was in-
itially verified, when the model compounds were subsequently added to
the silicone oil by comparing the calculated partial pressure (on the
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basis of Raoult’s law) with the CO2 concentrations in the gas stream
obtained after total oxidation. These concentrations were, furthermore,
compared with GC–MS analyses based on an external calibration for
each model substance. In the course of the experiments the silicone oil
mixture had to be re-spiked several times by adding the depleted
compounds, in particular, the more volatile 2-methylthiophene and 2-
methylpyrazine. Gas phase concentrations of the target compounds
were continuously measured during the experiments by the con-
centrations of total organic carbon cC,tot0 and GC–MS analysis. A typical
chromatogram is shown in Fig. 5.

Additionally, reference tests were made to determine the cross se-
lectivity of the NDIR sensors with respect to the different gas con-
stituents (e.g. CO vs. NOx). The corresponding results were considered
for the evaluation of the reaction tests.

3.2. NTP effect on the carrier gases

The NTP treatment of emissions from cooking and roasting pro-
cesses is always closely connected with a plasma action on the carrier
gas molecules, namely moist air. In order to evaluate the background
effects of NTP, three different gas mixtures were studied without ad-
mixing organic compounds: dry air, humid air with a water content of
15,000 ppmv and a dry mixture of Ar and O2 (volumetric ratio 4:1). As
stated before, CO2 was always eliminated from the gas streams before
entering the plasma reactor. As critical emissions to indoor air, the
concentrations of N2O and O3 were particularly evaluated.

N2O was the only nitrogen oxide detected in the effluent. The
concentrations measured for the relevant carrier gas for cooking,
baking or roasting, humid air with 100mL/min flow, were 8 ppmv
(20 kV), 25 ppmv (25 kV) and 38 ppmv (30 kV). The emitted ozone
concentrations were significantly higher and, as discussed later, have to
be considered when evaluating the plasma-based treatment method. As
can be seen in Table 2, the ozone concentrations at constant high vol-
tage are lower by a factor of about 2 for humid in comparison to dry air.
This effect is known from literature [18] and is interpreted by
quenching of oxygen radicals as ozone precursors by reactions with
water molecules and or radical formed by the plasma (OH and H).
Additionally, ozone is more rapidly decomposed in humid gases due to
reactions with the same species [18]. The higher ozone formation in the
Ar/O2 mixture in comparison to dry air can be explained by a higher
power input into the Ar/O2 mixture (Fig. 4). This is in particular valid
for low plasma voltages of 15 and 20 kV, at which the power input into
air is only 40 % and 62 %, respectively of the power input into dry Ar/
O2 mixture. Also differences in plasma chemical processes might con-
tribute to the observed ozone concentrations. In contrast to argon ni-
trogen can convert the energy of low energy electrons (< 3 eV) into
vibrational and rotational molecule excitation. This energy is lost for
dissociation processes of molecular oxygen necessary to produce the

ozone precursor species O(3P). Moreover, reactive nitrogen species
(especially nitrogen atoms) can quench O(3P) species.

3.3. Conversion of model compounds in dry Ar/O2 mixtures

After some hours with stationary gas flow carried out to stabilize the
hydrocarbon concentrations and to test the analytical procedures (not
shown in Fig. 6), the conversion of the model substances in the plasma
reactor was studied stepwise increasing the applied high voltage
(Fig. 6). Data evaluation was made using Eqs. (1)–(4). The results are
summarized in Table 3.

The main result is that the concentrations of the model compounds
could be significantly reduced by the gas phase plasma. Expectedly, the
conversion to COx increased with increasing plasma voltage from 60 %
(at 15 kV) to 80 % (at 20 kV) and 92 % (at 25 kV). As expected, the
ozone formation also increased with growing applied voltage resulting
in concentrations (Table 3) being slightly lower than the values ob-
tained in the absence of the organic compounds (Table 2). The se-
lectivity of oxidation to the desired product CO2 remained almost
constant (Table 3). This effect was already described in literature [19].
It can be interpreted by the fact that although the number of active
plasma species increases with applied plasma voltage, the selectivity
with respect to the relevant reactions does not change and CO is rela-
tively stable under these conditions.

A detailed analysis of the plasma action on the individual com-
pounds (see Fig. 7, left) showed an almost complete removal for 2-
methylthiophene and trans-2-nonenal already for the lowest plasma
voltage of 15 kV. From the chemical point of view, this result is not
surprising since the sulphur atom in methylthiophene and the double
bond in trans-2-nonenal can be easily attacked already by ozone as a
less reactive and long living plasma species. The nitrogen atoms in the
ring structures of 2-acetylthiazole and 2-methylpyrazin probably act in
a stabilizing way so that the conversion of these compounds requires
radical attacks to the methyl group. The saturated compound nonanal is
not reactive towards ozone so that also here a radical reaction should be
the first step in the transformation pathway. The TOC concentrations in
the NTP reactor outlet gas stream deduced from GC–MS and COX data
were normalized to the initial TOC concentrations reflecting the con-
centrations of the model compounds at the inlet of the reactor. These
normalized total organic carbon concentrations are shown in Fig. 7,
right. Differences between the two analytical methods are especially
significant for a partial conversion of the model compounds to COX of
60 and 80 % (voltages of 15 kV and 20 kV). For a higher conversion
(> 90 % COX at 25 kV), both methods gave similar normalized TOC
concentrations. It is, of course, not surprising that with a reactant based
GC–MS analysis a higher conversion of the model compounds is ob-
served than with the product based COX measurement. However, what
this comparison shows, is that primarily during partial conversion a
significant amount of organic carbon is transferred from the target
compounds into products, presumably more polar organic inter-
mediates and polymer-like substances, which are not accessible to the
GC–MS analysis. Actually, after these studies a brownish precipitate
was found on the walls of the inner and outer glass barrier.

The experiments in a synthetic atmosphere showed the general
applicability of plasma processes for the elimination of odorous

Fig. 5. Typical chromatogram of gas samples containing the model compounds (broader
peaks between 5min and 7min retention time are caused by column bleeding).

Table 2
Ozone concentrations for different gas mixtures after NTP treatment (100mL/min).

Plasma voltage/kV Ozone concentration/ppmv

Dry air Humid air Ar/O2 mixture

15 50 0 2500
20 1690 920 4100
25 3330 1950 4760
30 4400 2100 5350
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compounds. Therefore, the next step was to investigate the use of NTP
under realistic conditions, i.e. in humid air.

3.4. Conversion of model compounds in humid air

Analogous experiments with the model substances were performed
with humid air (water content: 15,000 ppmv) as carrier gas. An over-
view of the results is given in Fig. 8 and Table 4.

Compared to the experiments with the dry Ar/O2 mixture, the re-
sulting ozone concentrations were significantly lower (Table 4 vs.
Table 2). In comparison to studies in an Ar/O2 mixture, similar con-
version degrees to COX were obtained, however, at markedly higher
plasma voltages (Tables 3 and 4). Even when considering the fact that
the power input into humid air is lower than into a dry Ar/O2 mixture
(Fig. 4), more power is consumed in case of humid air to obtain a si-
milar conversion degree to COX than in a dry Ar/O2 atmosphere. For a
conversion degree to COX of approximately 90 % a power input of
3.8W (at 25 kV) and 5.4W (at 30 kV) was needed for dry Ar/O2 at-
mosphere and humid air, respectively. The conversion degrees at 15 kV
were negligible. Here a similar explanation as already given to address
differences in ozone formation can be offered. The fundamental dif-
ferences in energy transfer from accelerated electrons to nitrogen mo-
lecules and to argon atoms, respectively, result in higher mean electron

energy in an Ar/O2 mixture. Since less energy is lost in the Ar/O2

mixture to vibrational and rotational excitation processes (‘thermali-
zation’ of electron energy) more highly reactive oxygen species are
produced. Moreover, argon although not being converted in non-
thermal plasma cannot be considered as inert. Argon species (me-
tastable excited argon atoms and argon ions) can contribute to the
formation of reactive oxygen species via energy transfer.

In contrast to the negative effect of an air atmosphere on the con-
version degree to COX the selectivity of the oxidation towards CO2 is
significantly enhanced (0.78, 0.82 and 0.83 for 20 kV, 25 kV and 30 kV,
respectively, see Table 4). Although a direct comparison of the results
with different gas atmospheres is difficult due to different specific
power input and reaction pathways, it is feasible to compare selectiv-
ities towards CO2 at least for similar conversion to COX. Here at a
conversion to COX of approximately 90 %, the selectivity increased in
comparison to the Ar/O2 mixture from 65 % to 83 %. Most likely, the
additional formation of OH radicals in a humid air atmosphere is the
explanation for this result [20,21].

The initial formation of an excess of carbon oxides after switching
on the plasma with 25 kV is obvious from Fig. 8. This phenomenon was
also observable for the Ar/O2 atmosphere, but less pronounced. This
enhanced COx production can be explained by the oxidation of a
carbon-containing deposit, a polymer layer formed on the glass surface.
These polymers could also be visually detected by a color change at the
surface of the glass barriers in both experimental studies. The formation
of organic polymers is well known from other NTP studies especially
when investigating the conversion of aromatic compounds [8,22]. As
initial step, a dimerization by recombination of two resonance-stabi-
lized organic molecule radicals can be assumed. For practical use, the
formation of the polymeric layers is disadvantageous. However, a re-
oxidation in the plasma at higher power input can solve this problem.

The differentiation of the conversion for the different model

Fig. 6. CO and CO2 concentrations in a dry Ar-O2 mixture
after oxidation of the model compounds in the NTP reactor
with varying plasma voltage. The dotted green line re-
presents the TOC concentration in the input gas flow.

Table 3
Conversion to COX, selectivity to CO2 and ozone emissions during plasma oxidation of the
model compounds in a dry Ar/O2 mixture.

Plasma voltage/kV Conversion to COX/% Selectivity to CO2 Ozone/ppmv

15 60 0.60 2500
20 80 0.62 4300
25 92 0.65 5100

Fig. 7. Normalized concentrations of each model compound
(left) and comparison of normalized total organic carbon
(TOC) concentrations deduced from GC–MS analysis and
COX concentrations (right) during NTP treatment at dif-
ferent plasma voltages in an Ar-O2 mixture.
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compounds (Fig. 9, left) is similar to the results for Ar/O2 which can be
explained by the same arguments. Generally, the variation is more
pronounced in moist air. The normalized TOC concentrations (Fig. 9,
right) indicate a similar picture to the conversion studies in an Ar/O2

atmosphere. Plasma operation with a partial removal of the target
compounds to COX of 41 % and 74 % (Table 4) obviously leads to the
formation of immobile products (polymer deposits). Moreover, also
organic intermediates which were not detectable by GC–MS might
contribute to this apparent gap in the carbon balance. This effect was
again less pronounced for a high conversion to COX of 90 % which
supports the interpretation that at higher energy input, polymer de-
posits were re-oxidized to COX again.

The detected concentrations of N2O are almost identical with those
found in the analogous experiments without organic compounds (blank
test described in 3.2.). It can be concluded that the nitrogen-containing
organics such as 2-acetylthiazole and 2-methylpyrazin (about 30 ppmv
in total) do not act as additional sources of N2O formation. Other ni-
trogen oxides which are typically also formed in plasma processes were
not found in the effluent which was also the case for the reference tests
without organics. Sulphur oxides were also not detected in the expected
concentrations which could be explained by the formation of inorganic

acids in the water-containing atmosphere.
The analysis of volatile organic intermediates collected by cryo-

trapping during plasma operation with a partial conversion to COX

showed only trace concentrations in the extract solution (lower ppm to
ppb range). They correspond to exhaust gas concentrations in the pptv
range. The most significant product components were pyridine
(108 pptv), diacetonalalcohol (60 pptv), benzonitrile (54 pptv) and
hydroxy acetic acid (44 pptv). A detailed toxicological evaluation
cannot be given here. However, generally the values for the maximum
concentrations at the workplace (MAK concentrations) for critical
compounds like pyridine or benzonitrile are 5 ppmv and 2 ppmv, re-
spectively, and therefore approximately 4 orders of magnitude higher
than the measured values. Thus, the emissions of these intermediate
products should not be critical from the toxicological point of view. The
detected concentrations of volatile organic intermediates are too low to
significantly contribute to the gap in the carbon balance (Figs. 7 and 9,
right). Hence, polymer deposits seem to be the main fraction for
plasma-induced organic products that were not directly detectable by
the analytical tools used.

3.5. Complementary investigations with garlic essence

The basic concept was also tested with a natural odorous substance,
a garlic essence whose strong odor is mainly caused by allylsulfides.
The experimental conditions for these complementary tests were com-
parable with those described here and details are given elsewhere [23].
For NTP in air, a conversion of about 45 % and a selectivity to CO2

formation of approximately 20 % were observed already for an energy
density of about 1Ws/mL) and a content of organic carbon from the
garlic essence of 0.5mg/L. Both conversion and selectivity to carbon
oxides increased with increasing power input. Beside the volatile re-
action products, polymeric deposits were also formed. Although these

Fig. 8. CO and CO2 concentrations in humid air after oxi-
dation of the model compounds in the NTP reactor with
varying plasma voltage. The dotted green line represents the
TOC concentration in the input gas flow.

Table 4
Conversion to COX, selectivity to CO2 and ozone as well as N2O emissions during plasma
oxidation of the model compounds in humid air.

Plasma
voltage/kV

Conversion to
COX/%

Selectivity to
CO2

Ozone/
ppmv

N2O/
ppmv

15 0 0 0 0
20 41 0.78 770 8.5
25 74 0.82 1440 20
30 90 0.83 2200 32

Fig. 9. Normalized concentrations of each model compound
(left) and comparison of normalized total organic carbon
(TOC) concentrations deduced from GC–MS analysis and
COX concentrations (right) during NTP treatment at dif-
ferent plasma voltages in humid air.
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studies were not directly correlated with the model investigations as
objective, they additionally proved the applicability of the NTP method
for treatment of real odors in indoor air. In this application, the removal
of odor could be practically more relevant than the degree of conver-
sion and the performance should be judged depending on the special
situation.

4. Summary and conclusions

The results of this study show that the model substances as re-
presentatives for odorous organic compounds being produced in cuisine
processes like roasting, baking and cooking can be completely elimi-
nated by a homogeneous gas phase plasma. This is also the case for
realistic gas streams, i.e. moist air flows. The oxidation selectivity to
CO2 is significantly enhanced compared to dry gas streams most likely
due to the formation of OH radicals as reactive species for oxidation.
The reactivity of hydroxyl radicals for the oxidation of CO to CO2 is two
orders of magnitude higher than that of the O radicals (triplet stage)
[24,25]. The moisture content of air is also the reason for lower con-
centrations of emitted ozone [18]. The realized degrees of removal are
sufficient for practical use because a complete elimination would not be
necessary in order to reduce the odors to an acceptable situation.

The present study demonstrates the potential of continuous plasma
treatment as flexible electrical method for indoor air treatment.
However, the relatively large contents of CO (50 ppmv at 30 kV, see
Fig. 8) and O3 (2100 ppmv, see Table 4) are not acceptable and require
further treatment steps. One approach for overcoming these problems is
plasma-catalysis, which combines catalytic ozone decomposition and
CO oxidation. Another approach is based on a combination of ad-
sorptive removal of pollutants with a discontinuous operation of plasma
in order to regenerate the adsorber. These options will be investigated
in a further study with the same model substances as representatives of
cuisine odors.

Although the concept has been proved, the energy efficiency in the
laboratory experiments is still too low for practical use especially when
running the system in a continuous mode. These limitations require
further investigations also on engineering improvements.
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