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Abstract
Numerous indoor sources emit volatile organic compounds, NOx and O3 which all have a negative effect on human health. Previous work

proved that plasma technology seems promising. However, some disadvantages occur such as high energy cost and the formation of by-products.

In this work in-plasma (IPC) and post-plasma (PPC) catalysis was investigated for indoor air purification. Introducing a TiO2 catalyst in-plasma

was not effective in ozone reduction. Adding only 10 g of CuOMnO2/TiO2 post-plasma position, resulted in a reduction of the ozone outlet

concentration by a factor 7. Humidity proved to have a limiting effect on ozone removal rates.

In dry air toluene (Cin = 0.5 ppmv) was removed three times more efficient by introducing Aerolyst17706 TiO2 (IPC). In humid conditions

(RH = 27%) performance of this IPC decreased: toluene abatement was only 1.5 times more efficient compared with the non-catalytic plasma

oxidation. For dry air inserting 10 g CuOMnO2/TiO2 down flow the plasma reactor modules (PPC), resulted in toluene removal efficiencies up to 40

times higher. In humid gas streams, PPC toluene removal efficiency decreased by competitive adsorption.

NOx production by the corona discharge was monitored. In dry air and for an energy density of 10 J L�1, the NO2 outlet concentration was

1500 ppbv, while this is three times lower at 50% RH. Both heterogeneous catalysts (TiO2 and CuOMnO2/TiO2) proved capable to reduce NOx

levels in the outlet gas stream by up to 90%.

Deactivation of the catalyst material may be explained by the formation of HNO3 in the plasma discharge. These molecules adsorb on the

catalyst, surface nitrate ion concentrations were 0.184 mg/m2 and 0.143 mg/m2 for TiO2 and MnO2–CuO/TiO2 catalysts, respectively.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Indoor air quality has become an important issue in recent

years. Indoor air quality (IAQ) is influenced by physical

(humidity, temperature), physical–chemical (particulate mat-

ter), biological (bacteria, molds) and chemical parameters.
Abbreviations: dc, direct current; PDMS, polydimethylsiloxane; RH, rela-

tive humidity; SPME, solid-phase microextraction; VOC, volatile organic

compound; PM, particulate matter; WHO, World Health Organization; IAQ,

indoor air quality; IC, ion chromatograph; PAH, poly cyclic aromatic hydro-

carbon; NTP, non-thermal plasma; IPC, in plasma catalysis; PPC, post-plasma

catalysis; FID, flame ionisation detector; GC, gas chromatograph; ppbv, parts

per billion (volumetric/gas) = 1 mL m�3; ppmv, parts per million (volumetric/

gas) = 1 mL m�3; Cin, inlet concentration (ppmv; 1 mL m�3); CNO2 ;out, outlet

concentration of NO2 (ppmv; 1 mL m�3); Qair, gas flow rate (m3/h); P, pressure

(Pa); T, temperature (K)
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Numerous indoor sources emit VOC (volatile organic

compounds). Jones [1] proved that the level of indoor pollutants

is 2–10 times higher than outdoor, mainly because of a low

turnover rate of indoor air. In general VOC can be given off by

office products, insulating materials, synthetic furniture,

cleaning agents, air fresheners, solvents, maintenance products,

pressed wood, etc. or may originate from tobacco smoke [2]. A

large study of total VOC concentrations in 179 UK homes

showed that the mean concentration in the rooms was 200–

500 mg m�3 [3]. Relations to adverse health effects such as

allergic reactions, headache, eye, nose and throat irritation, dry

cough, dizziness and nausea, concentration problems, tiredness

[4] and even cancer [5] have been made.

Next to volatile organic compounds, also the presence of

ozone and nitrogen oxides contributes to poor indoor air

quality. Sources of NOx are indoor fuel combustion, elevated

outdoor concentrations, smoking and the use of unclean heaters

[6]. During smoking periods, average air concentrations were
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200 and 80 mg m�3 (376–150 ppbv) for NO and NO2,

respectively [7]. During cooking with a gas range, peak levels

in the kitchen can be as high as 400–1000 ppbv (752–

1880 mg m�3) [1]. Evidence of health effects, in terms of

mortality, of low NO2 concentrations is less strong than for PM

[6]. However, for more vulnerable population subgroups (e.g.,

children and asthmatics), it has been proven that elevated NO2

concentrations may increase respiratory infections and

adversely affect lung function [8,9]. The WHO included an

indoor air quality guideline of 40 mg m�3 for NO2 [10].

Epidemiological studies have found a relation between

indoor ozone concentrations and certain adverse health

outcomes as mentioned above. Ozone is a strong oxidizing

agent; the lungs are the most sensitive to ozone exposure. In the

absence of ozone generating sources, indoor ozone concentra-

tions vary from less than 10 to 80% of the outdoor levels.

Weschler [11] hypothesized that exposure to products from

ozone initiated indoor chemistry are more responsible for

health effects than ozone itself. Typically 5–10% of organic

indoor pollutants contain unsaturated carbon–carbon bonds [3],

which efficiently react with ozone. In addition, ozone and

ozone derived oxidants react with organic compounds on

indoor surfaces, again producing volatiles. Nazaroff and

Weschler [12] reported that the reaction between indoor ozone

and NO2 results in nitrate radicals. These species react with

unsaturated compounds and polycyclic hydrocarbons (PAHs) at

rates even faster than ozone and the hydroxyl radical [12]. The

World Health Organisation recommends maximum ozone

exposure limits of 0.1 mg/m3 (47 ppbv) [13].

Several conventional techniques are being used for off-gas

treatment. However, for many applications, particularly for the

removal of diluted indoor air concentrations, the non-thermal

plasma (NTP) approach is likely to be more appropriate [14].

NTPs are energy efficient and are capable to remove various

indoor pollutants simultaneously. Atmospheric plasma dis-

charges generate high energy electrons, while the background

gas remains close to room temperature [15]. The energetic

electrons excite, dissociate and ionize gas molecules producing

chemically active species (atomic oxygen, hydroxyl radicals,

ozone, etc.). These species are capable to oxidize volatile

organic compounds. The efficiency of NTP can be improved in

two ways: reducing power consumption and reducing the

formation of undesired by-products [16]. Reduction of size and

energy cost are critical parameters in the design and

development of indoor air purification technologies. Previous

work [14] indicated that NO2 was present in the outlet gas

stream of the plasma reactor, and that NO2 production increases

linearly with the energy density. This relationship is confirmed

by Cooray and Rahman [17]. The same conclusions can be

drawn for ozone production by NTPs. Reducing energy input

implies a lower production of undesired products such as NOx

or ozone.

These disadvantages may be resolved by combining plasma

technology with heterogeneous catalysis. Heterogeneous

plasma catalysis results in an increase in retention of the

adsorbate molecules in the plasma zone which can lead to

improved selectivity towards total oxidation [18].
Sano et al. [19] proved that atmospheric electric discharges

emit radiation with wavelengths between 290 and 400 nm. This

UV emission range lies within the absorption range of TiO2

[20]. IPC (in plasma catalysis) implies placing photocatalyst

material into the plasma zone, e.g., semiconductors such as

SrTiO3, TiO2, ZnO, ZnS and CdS can be used [21]. Titanium

dioxide (TiO2) is a well-known semiconductor that has been

widely used as one of the best photocatalysts for decomposing

volatile organic compounds (VOC) [22,23]. Illumination of

semiconductors results in the production of electron–hole pairs

that, after separation, can induce redox reactions with adsorbed

molecular oxygen, water and organic pollutants [24]. The key

oxidant in this reaction is OH� produced from water, O2 and

electron–hole pairs on the catalyst surface [21]. Next to UV

triggered catalytic processes, the in-plasma catalyst can also be

activated by adsorption of high-energy plasma species such as

metastable N2
* (6.17 eV) [25]. Malik et al. [26] reported that

plasma streamers might travel along the introduced additional

surface, showing enhanced ionization compared to streamers in

the gas space. Next, the synergetic effect may also be explained

by the formation of short-living oxidizing species formed in the

pores of the catalyst material [27]. Finally, the introduction of

catalysts may also shift the distribution of accelerated electrons

towards higher energy levels, leading to a more oxidative

plasma [27,28].

Although a part of the energy dissipated in the plasma

discharge is converted into heat, photons, etc., a significant part

is used for the dissociation of oxygen molecules, resulting in

ozone formation through recombination processes [14]. The

oxidative capacity of these ozone molecules can be exploited by

the introduction of an ozone degrading post-plasma catalyst

(PPC). It does not only result in an increased energy efficiency,

at the same time harmful ozone is removed from the outlet gas

stream. The decomposition of ozone into oxygen is a

thermodynamically favored process. Nevertheless, ozone is

thermally stable up to 523 K and a catalyst is necessary for

decomposition at lower temperatures [29]. Metal oxides are

known to have ozone decomposing properties. Noble metals

like Pd or Pt, or oxides of transition metals such as Mn, Co, Ni

and Ag could be used as ozone degrading catalyst. These

compounds are often supported on materials such as g-Al2O3,

TiO2, SiO2, zeolites, activated carbon or on combinations of

both [30]. Heisig et al. [30] found that combinations of metal

oxides with various organic and inorganic additives are

effective in enhancing the physical stability and activity of

the catalysts. Sano et al. [19] reported that ozone degrading

catalysts often give better results than those obtained by

heterogeneous photocatalysis during VOC oxidation experi-

ments.

The purpose of this work is to optimize a positive corona

reactor used for the abatement of low concentrations

(Cin = 0.5 ppmv) of toluene by introducing catalyst material.

The effect will be evaluated on two aspects: increase of energy

efficiency concerning toluene oxidation, decrease by-product

formation such as ozone and NOx. First, a photocatalyst,

Aerolyst17706 TiO2, will be inserted between the reactor

electrodes in order to take advantage from the emitted radiation.
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Next, the catalyst, CuOMnO2/TiO2, will be placed post-plasma

in order to increase toluene removal and remove ozone and

NOx. The effect of humidity of the gas stream will be

investigated. Finally, research on deactivation of plasma

catalysts will be conducted.

2. Experimental

2.1. Experimental setup

A positive pin-to-mesh corona reactor is mounted in a

cylindrical tube with an inner diameter of 42 mm. The cathode

is a stainless steel mesh, the anode is a set of four specially

developed inox pins which are placed towards the mesh. Each

pin is ballasted with a 1.5 MV resistance. The fraction of the

total electrical power dissipated in these resistors amounts to

10% at most. Each pin-resistor combination had an identical

total resistance and no visual differences could be noticed when

the corona discharge was initiated. This indicates that the

current is distributed equally over the four pins. The inter-

electrode gap was set at 20 mm, the discharge is powered by a

40 kV/5 mA dc high voltage supply. In this work two 4-pins-to-

mesh modules are placed in series (Fig. 1). Details can be found

in Van Durme et al. [14].

Two gas streams are controlled by mass flow controllers

(Brooks Instrument BV). Dry air (Alphagas 1, Air Liquide) is

humidified by a temperature controlled water bubble column. A
Fig. 1. Schematic presentatio
second stream is loaded with toluene by a capillary diffusion

system [31] (Fig. 1). Toluene 99.5+% was obtained from

Aldrich (Steinheim, Germany). With a flow rate of 10 L min�1,

the empty bed plasma residence time was calculated as 1.5 s.

Fig. 1 shows that catalyst material can be placed on the

stainless steel mesh electrode. Aerolyst17706 (commercially

available, Degussa, Hanau-Wolfgang) was selected as in-

plasma catalyst (Section 3.1). This catalyst is an extrudate with

cylindrical shape and average diameter and length of 2.7–

3 mm and 4 mm, respectively. Its chemical composition is

>85% TiO2 (70% anatase, 30% rutile) and <15% aluminum

oxide and silicon dioxide, with a density of 3.8 g/cm3. The

BET surface of Aerolyst17706 is 49 m2/g (physical–chemical

data from Degussa, Hanau-Wolfgang). As ozone degrading

catalyst, CuO–MnO2/TiO2 was selected for post-plasma

catalysis (3% Cu, 6.8% MnO2, commercially available,

Heraeus, Hanau). This catalyst was also tested as in-plasma

catalyst. However, results will not be discussed in this paper

because ozone breakdown efficiencies were much lower

compared to results when used as post-plasma catalyst

(Section 3.1). This extruded catalyst material is cylindrically

shaped with an average diameter and length of 1.5 and 4 mm,

respectively, and a density of 0.925 g/cm3. The catalyst has a

BET surface area of 50 m2/g. When the in plasma catalysts

were introduced, the in plasma residence time decreased to

approximately 1.12 s. The residence time in the PPC unit was

around 0.25 s.
n of experimental setup.



Fig. 2. Effect of positioning on (a) ozone outlet concentration (ppmv) and (b)

toluene removal efficiency (%) as a function of energy density (J L�1).

Experiments were done with Aerolyst17706 TiO2 and CuOMnO2/TiO2 catalyst

in dry air (Qair = 10.8 L min�1, P = 101.3 kPa, and T = 298 K).
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An ozone generator (model LAB2B, Triogen) was used for

the study of deactivation of catalyst materials. Ozone is

produced by an electric discharge in dry air.

2.2. Analytical methods

Inlet and outlet air samples were taken by solid-phase

microextraction (SPME) with a 100 mm polydimethylsiloxane

fibre (Supelco) [14]. Chemical analyses were carried out with an

Agilent 6890 Series Gas Chromatograph, equipped with a flame

ionization detector (FID) and a HPCORE integration system.

The FID detector (250 8C) was fed by 400 mL min�1 air and

40 mL min�1 hydrogen. The carrier gas was helium with a flow

rate of 3 mL min�1. A SPME inlet liner was installed and placed

at a temperature of 200 8C. Separation was done on a

30 m � 0.53 mm cross linked methyl siloxane capillary column

with a film thickness of 5.0 mm (HP-1) (HP, Santa Clara).

Analyses were carried out isothermally (140 8C). Equilibrated

water–gas systems with a known toluene headspace concentra-

tion were used for calibration [32]. Sampling with a 100 mm

polydimethylsiloxane (PDMS) SPME fiber combined with GC-

FID, resulted in a limit of quantification of 67 ppbv.

To measure ozone outlet concentrations, a constant gas flow

(Q = 200 mL min�1) was pumped from a sample point at the

outlet towards the inlet of the Anseros ozone analyzer equipped

with Picolog Data Acquisition software. A low pressure

mercury vapor lamp provides a monochromatic source for

253.7 nm radiation. This IR wavelength is absorbed by ozone

molecules.

A chemiluminescence NO–NO2–NOx analyzer (Model 42C,

Thermo Environmental Instruments Inc.) was used for

monitoring nitrogen oxides production. These measurements

are based on the principle that nitric oxides (NO) and ozone

(O3) react to produce a characteristic luminescence with an

intensity linearly proportional to the NO concentration.

A Dionex ion chromatograph ICS 90 was used for measuring

nitrate and nitrite ions on the catalyst surface after rinsing with

deionized water. Ten grams of CuOMnO2/TiO2 and 15 g

Aerolyst TiO2 pellets each were mixed with 50 mL deionized

water. Samples were stirred for 8 h at 25 8C. After filtering,

5 mL of the samples was diluted with 60 mL of deionized water

before analysis with IC.

Temperature and humidity monitoring was conducted with a

TESTO 110 device. For current and voltage measurements two

multimeters (Velleman DVM 92) were used.

3. Results and discussion

3.1. Toluene removal efficiency by heterogeneous catalysis

Catalyst material can be introduced in IPC and PPC

positions. Initially a systematic investigation is carried out in

order to select the most optimal positioning. Two important

criteria are considered; minimum ozone outlet concentration

and maximum toluene removal efficiency.

Aerolyst17706 TiO2, both in IPC as PPC position, did not

result in significant ozone reduction (Fig. 2a). However, when
this catalyst was positioned IPC, the highest toluene removal

was measured (Fig. 2b) (Section 3.1.1.). It could be concluded

that Aerolyst17706 TiO2 was most useful when inserted into

the plasma discharge.

When used in PPC position, MnO2–CuO/TiO2 reduced

ozone outlet concentrations up to seven times when compared

to the levels obtained without catalysis. When placed in the

plasma discharge, limited ozone reductions were measured

(Fig. 2a). Both IPC as PPC positions increased toluene removal

efficiency. Adding 10 g CuOMnO2/TiO2 in the discharge zone

resulted in 56% toluene conversion for an energy density of

1.8 J L�1. This removal efficiency increased to 77.8% when

used as post-plasma catalyst (Fig. 2b). Energy density is defined

as P/Q, where P is the electrical power in the discharge (W or J/

s) and Q is the flow rate of the gas stream (L/s). Taking into

account both criteria, CuOMnO2/TiO2 is discussed in this

manuscript as a post-plasma catalyst.

3.1.1. Toluene abatement: in-plasma catalysis

When IPC is operated, the catalyst material is placed on the

stainless steel mesh electrode. Atmospheric dc and pulsed glow

discharges emit UV light due to excitation of nitrogen by

accelerated electrons [20]. UV light illumination of the

photocatalyst is necessary to produce negative electron (e�)

and positive hole (h+) pairs on the catalyst surface. Next to

plasma triggered photocatalysis, activation is possible due to

adsorption of high-energy plasma species such as metastable

N2
* (6.17 eV) [25]. Other phenomena such as the storage and

formation of oxidative species [25] or a shift in average electron

temperature [27,28], may also contribute to the formation of a

more oxidative environment than plasma alone.



J. Van Durme et al. / Applied Catalysis B: Environmental 74 (2007) 161–169 165
Taking into account parameters such as stability of the

corona discharge and degradation rates of toluene, an optimal

amount of 7.5 g in plasma catalyst for each plasma module was

found (height �1 cm). The plasma became unstable when

larger amounts (>20 g) of Aerolyst17706 pellets were

introduced. This might be explained by interactions with

micro-discharges which arise between the charged catalyst

pellets, negatively influencing the plasma characteristics.

Fig. 3 summarizes the removal efficiency (%) of toluene as a

function of energy density for corona, IPC (TiO2) and PPC

(CuOMnO2/TiO2) configuration. The toluene reaction rate

constant with hydroxyl radicals is 5.7 � 10�12 cm3

molecule�1 s�1, for atomic oxygen 2.32 � 10�13 cm3

molecule�1 s�1 [33]. The reaction rates, combined with the

high concentrations in the plasma discharge, make both radicals

important towards toluene oxidation. Ozone, with a reaction rate

constant of 1.2 � 10�20 cm3 molecule�1 s�1, plays a minor role

in the oxidation mechanism of toluene. In the absence of catalyst

material, 27 � 4% of the toluene was removed in dry air for an

energy density of 17 J L�1 [14]. Adding 15 g TiO2 in plasma

catalyst (Aerolyst17706) in the plasma zone increased this

removal rate to 82 � 2% due to in plasma catalytic processes.

Humidity proved to interfere within the oxidation mechan-

ism of toluene in a non-thermal plasma [14]. In current work,

the effect of humidity on IPC process was examined for two

relative humidities. Experiments prove that water molecules

negatively interfere within the plasma catalysis mechanism

(Fig. 3). For an inlet gas stream with 27% RH and a plasma with

energy density of 17 J L�1, a degradation efficiency of

40 � 6% was measured. This value is higher than the removal

obtained by plasma without heterogeneous catalysis at dry

conditions (27 � 4%). However, Fig. 2 shows that this

increased removal efficiency cannot be attributed to the TiO2

catalyst. Degradation results are equal to those obtained for

humid air (27% RH) without catalyst. It was concluded that for

moderate relative humidities, higher removal efficiencies are
Fig. 3. Removal efficiency (%) of toluene (Cin = 0.5 ppmv) as a function of

energy density. Data are shown for plasma without heterogeneous catalyst, TiO2

in plasma and CuOMnO2/TiO2 post-plasma. Experiments were conducted for

dry air and 27% RH (Qair = 10.8 L min�1, P = 101.3 kPa, and T = 298 K).
obtained due to enhanced production of hydroxyl radicals [14].

Toluene reaction kinetics research showed that OH induced

degradation is one of the most important pathways in toluene

oxidation [33,14]. It may be concluded that water molecules

adsorb on the TiO2 surface to form mono- or multilayers [23].

By this competitive adsorption, active sites are blocked which

may result in a reduced catalytic activity with decreasing

amounts of OH� formed on the catalyst surface. An other

possible explanation is that toluene degradation rates in humid

conditions are determined by slower diffusion rates through the

water layers which cover the catalyst surface.

3.1.2. Toluene abatement: post-plasma catalysis

Degradation of ozone on the catalyst surface results in the

production of reactive compounds (e.g., oxygen radical and so

on). By introducing 10 g CuOMnO2/TiO2 post-plasma, 78% of

toluene was removed at an energy density of 2.5 J L�1. In the

absence of this catalyst, removal efficiencies were only 2%. It

should be noticed that with this low amount of catalyst material,

ozone is not removed completely. By introducing higher

amounts of catalyst, ozone may be removed to a larger extend,

resulting in an increased toluene removal efficiency.

Humidity proved to have an important impact on the

performance of the post-plasma catalytic oxidation process.

Rakitskaya et al. [13] proved that catalysts with different

amounts of absorbed water showed different activity in ozone

decomposition. Indeed, for an energy density of 2.5 J L�1 and

27% RH, toluene removal efficiency was 30%, which is 2.6

times lower than in dry gas streams. For a higher relative

humidity of 50%, toluene removal efficiency proves to be five

times less effective than in dry air. This phenomenon can be

explained by competitive adsorption of water molecules.

Einaga et al. [29] reported that not only adsorption of VOC on

the Mn sites is inhibited by the presence of water vapor, but that

also structural changes of the catalyst could influence the rate of

decomposition. In own experiments a brownish color was seen

after washing used catalyst material, indicating that Mn ions are

extracted from the catalyst surface. An increased coordination

of water to Mn sites during ozone decomposition in humid gas

streams, might explain a bond cleavage of Mn–O–Al which is

present in the tested Al2O3 supported MnO2 catalyst.

Structural properties and chemical composition of the

catalyst, strongly influence the interactions with water

molecules. In future research, it will be tested if plasma

catalytic hybrid systems may benefit from introduction of

catalysts that are less susceptible to H2O adsorption.

3.2. Production of NOx and ozone by corona discharge

without catalysis

A major drawback of plasma technology for indoor air

treatment may be the production of ozone and NOx. Our

experiments show a linear correlation between ozone and NOx

production and applied energy density. Several physical and

chemical parameters were varied during our experiments, e.g.,

discharge polarity, relative humidity, residence time, and

energy density.



Fig. 4. NO2 production as function of energy density (J L�1); (a) effect of

introducing heterogeneous catalyst material (IPC (TiO2) and (b) PPC

(CuOMnO2/TiO2) and effect of humidity (dry air or 28% RH) (pure air (no

toluene), Qair = 10.8 L min�1, P = 101.3 kPa, and T = 298 K).
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3.2.1. Ozone production by pin-to-mesh corona discharge

At an energy density of 50 J L�1, ozone concentrations for

positive and negative corona were 224 and 21 ppmv,

respectively. Similar observations for corona discharges were

obtained by Cooray and Rahman [17], proving that polarity

strongly influences O3 formation. In positive coronas, electrons

are concentrated in streamers close to the surface of the sharp

electrodes, in a region of high potential energy. Electron

concentrations are denser and they are accelerated to higher

energy levels. It is known that a positive streamer corona has a

higher ozone production rate than obtained in negative coronas

[34].

Humidity proved to have an influence on plasma

characteristics, which is reflected by changing ozone produc-

tion rates. Measurements showed a decreasing ozone

production at increasing humidity levels. For an energy

density of 10 J L�1, ozone outlet concentrations were

49.9 ppmv (0.10 g O3 m�3), 31.2 ppmv (0.06 g O3 m�3) and

26.6 ppmv (0.05 g O3 m�3) for dry air, 27% RH and 45% RH,

respectively (Table 1). A detailed study concerning ozone

production by atmospheric glow discharge plasma, has also

been conducted by Morent and Leys [35]. The influence of

discharge current, temperature, flow rate and air humidity on

ozone production rates was determined. Similar conclusions

as seen in Morent and Leys [35], could be taken based on own

experimental data.

3.2.2. Production of nitrogen oxides by pin-to-mesh corona

discharge

NOx concentrations formed by the corona discharge were

measured (Fig. 4). Outlet concentrations of nitric oxide (NO)

were below limit of detection (<10 ppbv). No detectable

enhancement of NO in the outlet gas stream was observed

when energy input increased. This can be explained by an

efficient oxidation of NO in the presence of excess O3, OH�
and O� (Table 2a). This trend is consistent with other

experimental studies on corona-streamer like discharges

[17].

Fig. 4 shows that NO2 production linearly increases with

applied energy density in dry air. Humidity interferes within the

NOx production mechanism. Lower NO2 concentrations were

measured at 25 and 50% RH. For an energy density of 10 J L�1

a NO2 concentration of 1500 ppbv was measured in dry air. At a

relative humidity of 25% and 50%, NOx outlet concentrations

decreased to 800 ppbv and 500 ppbv, respectively. This effect is

more pronounced at higher energy densities: for an energy
Table 1

Ozone outlet concentrations (ppmv) for plasma and plasma catalytic hybrid system

Ozone outlet concentration (ppmv)

Dry air 27%

Energy density (J L�1) 5 10 20 5

No catalysis 27.7 49.9 91.8 16.2

IPC 24.0 52.6 99.5 18.9

PPC 3.6 7.1 15.0 8.1

Experiments were conducted at different humidities (0%, 27% and 45%) (pure air
density of 25 J L�1, NO2 outlet concentrations are 4210 ppbv

and 1130 ppbv for 0 and 25% RH (Fig. 4).

The reduction of NO2 outlet concentrations in humid gas

streams can be explained in two ways. First, water effects the

field strength, the mobility of charge carriers and the plasma

composition. Due to electron attachment processes, the electron

concentration and mean electron energy decreases for

increasing humidities, resulting in a reduced total production

of radicals [14]. Secondly, the production of hydroxyl radicals

results in a more efficient reaction with NO2 molecules

(Table 2a).

Experiments prove that low levels of toluene in the gas

stream have limited effect on the NO2 outlet concentration.

The small effect is only observed at higher energy densities

(>10 J L�1). In dry air the NO2 outlet concentration was

4400 ppbv at an energy density of 25 J L�1, while this was

3600 ppbv in the presence of 0.5 ppmv toluene. This can be

explained by a competition for atomic oxygen in the

presence of toluene, resulting in reduced NO2 outlet

concentrations.
and effect of IPC (Aerolyst17706) and PPC (CuOMnO2/TiO2)

RH 45% RH

10 20 5 10 20

31.2 N.A. 13.4 26.6 61.49

41.9 75.8 6.9 20.4 36.1

16.7 N.A. 3.9 9.9 18.3

(no toluene), Qair = 10.8 L min�1, and energy density 10 J L�1).



Table 2

Reactions and reaction rate constant for NOx and oxidative plasma species (O,

OH, O3) at standard conditions (T = 298.15 K and P = 101.3 kPa) [31,40]

Reaction k (cm3/(molecule s))

(a)

NO þ O� ! NO2 3.01 � 10�11

NO2þO� ! NO þ O2 9.3 � 10�12

NO þ O3
� ! NO2 þO2 1.65 � 10�14

NO2þO3
� ! NO þ 2O2 1.0 � 10�18

NO þ OH� ! HNO2 3.3.10�11

HNO2þOH� ! H2O þ NO2 6.0 � 10�12

NO2þOH� ! HO2þNO 7.7 � 10�16

(b)

NO2þO� ! NO3 2.16 � 10�11

NO3þO� ! NO2þO2 1.7 � 10�11

NO2þO3
� ! NO3þO2 7.8 � 10�17

NO3þO3
� ! NO3þO2 1.0 � 10�17
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3.3. Reduction of ozone and NOx by plasma catalytic

processes

Fig. 4 gives an overview of the effect of introducing in-

plasma and post-plasma catalysts on the NO2 production as a

function of the relative humidity. Both catalysts proved to

reduce outlet concentration of NOx compounds. Table 1

summarizes the observed ozone levels with the plasma catalytic

hybrid system.

3.3.1. By-product reduction by in plasma catalysis

At energy densities lower than 10 J L�1, no significant NOx

removal was observed after introducing the photocatalyst

(Fig. 3). For higher energy densities, the increased current

density results in more collisions of energetic electrons with N2.

This results in a larger amount of excited nitrogen molecules,

subsequently leading to higher photon emission rates. The UV

intensity might be sufficient to activate the photocatalyst. As

already mentioned earlier (Section 3.1.1.), the higher levels of

metastable N2
* may also result in an increased catalytic

activation [25]. At higher energy densities, the storage and

formation of oxidative species [27] or the shift in average

electron temperature [27,28] can become more significant.

Those phenomena might explain the suppression of NO2

production when more energy is delivered to the plasma

catalytic system. For an energy density of 15 J L�1 the NOx

removal rate in IPC system was 14%, while this value increases
up to 36% for 25 J L�1. For a identical energy density, but in

humid conditions (RH = 28%), introducing 15 g in plasma

catalyst resulted in a NO2 outlet concentration which was 86 %

lower ðCNO2;out ¼ 600 ppbvÞ compared with levels produced by

the corona discharge in dry air ðCNO2;out ¼ 4200 ppbvÞ.
Experiments showed that the photocatalyst under dry

conditions was less effective in ozone reduction. Results

indicate that no ozone degradation is measured by IPC in dry air

(Table 1). However, Table 1 clearly indicates that the presence

of water molecules improve ozone removal performance of the

in plasma catalytic reactor. The presence of adsorbed water

molecules can enhance the generation of hydroxyl radicals

[36]. Previous experimental work proved that ozone diffusion

through water layers on the catalyst surface is not rate limiting.

Ozone can be consumed by three reactions: decomposed by UV

light, acting as electron acceptor and as hydroxyl radical

scavenger [36]. The latter reaction might explain the reduced

ozone outlet concentrations in humid conditions as seen in

Table 1.

3.3.2. By-product reduction by post-plasma catalysis

Table 1 proves that humidity negatively influences the ozone

degradation by PPC. For 27 and 45% RH, ozone levels were

reduced by a factor 2.5 and 2, respectively. Radhakrishnan et al.

[37] have reported that ozone decomposition on MnOx/Al2O3

catalyst proceeds by electron transfer from Mn site to adsorbed

ozone producing reactive atomic oxygen at the surface. Mn is

reduced back during desorption of oxygen species. In this work

it was possible to reduce ozone outlet concentrations below

limit of detection (14 ppbv) when higher masses (20 g) of

catalyst were introduced in the system.

Also outlet concentrations of NO2 could be reduced by the

post-plasma catalytic system (Fig. 4). When the energy density

was 15 J L�1, the outlet NO2 concentration was 550 ppbv, while

this was 2520 ppbv in the absence of the post-plasma catalyst at

RH = 0%.

Best results were obtained after introducing 10 g CuOMnO2/

TiO2 PPC in a gas stream with relative humidity of 26%: NO2

outlet concentrations were only 360 ppbv at 15 J L�1, which is a

reduction of 86% compared to levels measured in the absence

of heterogeneous catalysis.

3.4. Deactivation of catalyst materials

During normal reactor operation of total duration of 48 h, no

deactivation of both catalyst materials was noticed during

ozone degradation experiments. Concentrations of toluene

degradation products are low [14], probably no significant

amounts of active sites are blocked by these by-products.

Secondly, adsorbed degradation products may also be oxidized

efficiently due to the long residence time in a strong oxidizing

environment. More volatile compounds, such as CO2 and H2O,

could be formed followed by desorption of the catalyst

material.

In this work an experiment was conducted in dry air

(Q = 1.5 L min�1) at an energy density of 424 J L�1, resulting

in an inlet ozone concentration of 3050 ppmv (6.1 g/m3).
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During this experiment 10 g CuOMnO2/TiO2 and 15 g

Aerolyst17706 TiO2 catalyst material was added to the plasma

reactor. Initially, 98% of the ozone was removed by the

catalysts; after 7 h the ozone removal efficiency decreased to

47%. This indicated that there is a deactivation of the catalyst

under high loads. Einaga et al. [29] reported that structural

changes in alumina-supported manganese oxide catalyst were

measured during ozone decomposition reactions. Sullivan et al.

[38] reported that regeneration for alumina-coated tubes that

had been deactivated can be achieved by purging with dry CO2

free air for periods of a few days. They however proved that

there is only a partial recovery, ranging from a few percent to

over 50% of the initial removal capacity. In this study we

washed the deactivated CuOMnO2/TiO2 pellets with distillated

water. Experiments with the washed catalyst material were

repeated and results showed that the catalyst was reactivated

completely: ozone and NO2 could be decomposed to the same

degree as initially achieved.

The washing water was analyzed with ion chromatography.

No nitrite ions were detected in the washing water of both IPC

and PPC catalyst. Nitrate ions were detected, amounts of NO3
-

adsorbed on the photocatalyst were 0.184 mg/m2 and

0.143 mg/m2 NO3
� on the CuOMnO2/TiO2 catalyst.

Sano et al. [19] proved that plasma in atmospheric air

produces HNO3 and that these compounds are blocking the

oxidation sites of the photocatalyst. Devahasdin et al. [21]

reported that HNO3 is formed on a photocatalyst surface and

can reach an equilibrium with its reverse reaction. Also during

ozone degrading processes, similar reactions can occur on the

catalyst surface producing HNO3. Reaction rate constants in

gas phase between NO2 and atomic oxygen is 2.2 � 10�11 cm3/

(molecule s) [39] (Table 2b). The fast removal kinetics with the

formed atomic oxygen on the CuOMnO2/TiO2 surface,

explains the measured levels of nitrate.

4. Conclusions

Non-thermal plasma technology is used for the abatement of

low levels of toluene. A major drawback however is the

production of by-products such as ozone, NOx or secondary

degradation products. In this work a pin-to-mesh corona reactor

is used in combination with heterogeneous catalysts for the

abatement of toluene in gas.

Energy efficiency for toluene degradation strongly increased

using in-plasma catalysis (IPC). In dry air and for an energy

density of 17 J L�1, adding 15 g TiO2 photocatalyst increased

the toluene (Cin = 0.5 ppmv) removal rate from 27 � 4% to

82 � 2%. Humidity had a limiting effect for toluene degrada-

tion, under the same conditions degradation efficiency

decreased to 40 � 6%. Using MnO2–CuO/TiO2 as post-plasma

catalyst, toluene removal efficiencies of 78% were obtained for

an energy density of 2.5 J L�1, while this was only 2% in the

absence of the catalyst. Humidity proved to have a limiting

effect on toluene degradation: removal efficiency decreased to

30% for 27% RH.

Outlet concentrations of NO2 for dry air, 28 and 50% relative

humidity are 770 ppbv, 581 ppbv and 431 ppbv, respectively at
4.5 J L�1. Placing TiO2 between the electrodes (IPC) resulted

in NO2 degradation for energy densities >10 J L�1. For an

energy density of 25 J L�1, NO2 levels were reduced to

2685 ppbv in the IPC configuration, while this was 4208 ppbv

for the corona discharge. Best results were obtained for humid

gas streams: the NO2 degradation efficiency increased from 36

to 86% when relative humidity was increased up to 28%. No

degradation of ozone by TiO2 was measured.

Placing 10 g MnO2–CuO/TiO2 post-plasma resulted in

ozone outlet concentrations below limit of detection. Also NO2

was removed in the PPC configuration. For an energy density of

15 J L�1 in dry air, the outlet NO2 concentration was 553 ppbv,

while this was 2524 ppbv in the absence of this catalyst.

Humidity had a positive influence, NO2 outlet concentrations

were reduced to 360 ppbv at relative humidity of 26%.

Deactivation of catalyst materials used in combination with

non-thermal plasma, may be explained by formation of HNO3.

It was experimentally determined that nitrate ion concentra-

tions were 0.184 mg/m2 and 0.143 mg/m2 for TiO2 and MnO2–

CuO/TiO2 catalysts, respectively. After washing with water and

drying, the catalysts were fully reactivated again.
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