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Introduction 
The PhD thesis focuses on the development of state-of-the-art technology for the 
treatment of airborne organic contaminants. Conventional air treatment processes, such 
as absorption, biofiltration and thermal treatment are respectively either transferring 
volatile organic compounds (VOCs) to liquid phase or are insufficient in degrading 
refractory pollutants. These limitations emphasize the need for advanced treatment 
methods capable of achieving efficient degradation and, ideally, complete mineralization 
of organic pollutants. Advanced oxidation processes (AOPs) can effectively degrade 
airborne VOCs reducing these pollutants to less harmful components or completely 
mineralize organic pollutants to CO2 and H2O. The fundamental principles of plasma 
processes, photocatalysis and AOPs that underpin this research are discussed in Chapter 1. 

The main drawback of many AOPs lies in their high consumption of energy and other 
resources, which consequently leads to elevated treatment costs. From this perspective, 
the present doctoral study explores the application of an energy-efficient method based 
on low-temperature plasma generated by gas-phase pulsed corona discharge (PCD) in 
combination with photocatalytic oxidation (PCO). This approach required fundamental 
research to evaluate the process performance and to identify the efficiency limitations 
with respect to airborne contaminants.    

The study revealed chemical reaction kinetics, reaction products and operational 
limitations associated with the treatment of airborne pollutants using gas-phase PCD 
plasma combined with PCO. The first article focuses on the PCD reactor operating as a 
standalone cold-plasma oxidation system, analyzing degradation efficiency, energy 
performance and reaction kinetics. The second article examines the PCO reactor 
independently, evaluating photocatalytic activity, operational parameters and pollutant 
transformation. The third article investigates the combination of the PCD reactor 
followed by the PCO reactor, assessing potential synergistic effects arising from plasma 
treatment and subsequent photocatalytic oxidation, with particular emphasis on 
enhanced degradation efficiency. 

A tentative list of VOCs emitted by industry in Estonia served as a guide for selecting 
the target pollutants. 2-Methoxyethanol (2ME) and m-xylene were chosen for their 
widespread industrial use and their classification as hazardous and toxic compounds. The 
characterization of the degradation pathways of the target contaminants was performed 
using gas chromatography–mass spectrometry (GC-MS), liquid chromatography (LC) and 
Fourier transform infrared spectroscopy (FT-IR). 

The thesis is based on data acquired from experiments conducted with a scale-up PCO 
reactor built for this purpose and a PCD reactor. The research project included the 
construction and optimization of the experimental setup for the application of plasma-
photocatalytic oxidation system, analysis and reporting of experimental results. The 
methodology, reactor configurations and analytical procedures are described in Chapter 
2, while the experimental results, including degradation efficiencies, energy 
consumption and operational limitations, are presented and discussed in Chapter 3. 

The novelty of the study lies in the systematic evaluation of plasma and photocatalytic 
oxidation processes both individually and in sequence, demonstrating the potential of 
combining one of the most energy-efficient plasma-based AOPs with heterogeneous 
photocatalysis for improved treatment of airborne VOCs. The findings contribute to a 
deeper understanding of reaction mechanisms and provide a foundation for the 
development of more sustainable air purification technologies.  
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Abbreviations  
2EE 2-ethoxyethanol 
2ME 2-methoxyethanol 
AOP Advanced oxidation processes 
DBD Dielectric barrier discharge 
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FT-IR Fourier transform infrared spectroscopy 
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NMVOC Non-methane volatile organic compounds 
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PCO Photocatalytic oxidation 
PPC Post plasma catalysis 
pps Pulses per second 
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RONS Reactive oxygen and nitrogen species 
UV-A Ultraviolet light A radiation (wavelength: 315-400 nanometres) 
VOC Volatile organic compounds 
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1 Literature overview  

1.1 Air emission control technologies 
Volatile organic compounds of toxic character present both indoors and outdoors an 
increasingly relevant health hazard that must be effectively mitigated. It has been found 
that indoor air pollutants originate from cleaning products, construction materials, 
kitchen activities, and furniture, whereas outdoor sources include traffic and 
neighbouring industries (Edwards et al., 2001; Schlink et al., 2010; Wang et al., 2013; 
Pearson, 2019). Considering that VOCs are generally hazardous, the member states of 
the European Union have committed to reducing emissions of non-methane volatile 
organic compounds (NMVOCs) by 40% by 2030, as stated in Directive 2016/2284 of the 
European Parliament and of the Council on the reduction of national emissions of certain 
atmospheric pollutants (Directive (EU) 2016). This commitment puts especially the 
industry in the European Union under pressure to implement innovative technologies to 
reduce NMVOCs emissions and achieve this ambitious goal.  

Air emission control systems used in industry for the removal of volatile organic 
compounds (VOCs) are presented in Table 1. These technologies can be applied either as 
stand-alone systems or in combination. The table also illustrates the suggested 
application ranges for the different techniques (Kiely, 1997). 

Table 1. Application ranges of air emission control technologies (Kiely, 1997). 

Technology VOC treatment Inlet concentration, 
ppm 

Efficiency, 
% 

Adsorption physico-chemical 
> 5000 99 
> 200 90 

Absorption physico-chemical > 5000 99 
> 200 90 

Condensation physico-chemical 
> 5000 95 
> 500 50 

Thermal incineration thermal > 100 99 
> 20 95 

Catalytic incineration thermal > 100 95 
> 50 90 

 
Gas separation technologies are based on the principle of physico-chemical separating 

unwanted pollutants from the airstream, thereby emitting only clean air. This can be 
achieved through several methods (Henry & Heinke, 1996; Kiely, 1997): 

• Adsorption. The gas is passed through a porous material with a large surface 
area trapping the target components (pollutants) through weak adhesion forces 
while allowing clean air to pass through. This process continues until the porous 
material becomes saturated with pollutants, after which it must be regenerated 
or replaced.  

• Absorption. The gas is brought into contact with a liquid medium, in which the 
target components (pollutants) are dissolved and thereby removed from the gas 
stream. The liquid must be continuously circulated, and the absorbed pollutants 
removed, to prevent saturation. 
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• Condensation. The gas is cooled in a heat exchanger, reducing its temperature 
and causing pollutants in the gas stream to condense. The condensate can then 
be collected and potentially reused, leaving the gas stream free from unwanted 
components.  

Polluted air incineration technologies aim to mineralize pollutants to environmentally 
benign CO2 and water. This can be achieved by the following methods: 

• Thermal incineration. The gas is mixed with fuel (e.g. methane or propane) and 
ignited in a burner, where both the fuel and organic pollutants are oxidized to 
CO2 and water.  

• Catalytic incineration. The gas is passed over a surface of catalytic material, 
which lowers the activation energy required for the oxidation of pollutants. This 
leaves the gas stream pure from unwanted substances. Catalytic incineration is 
operated in continuous mode and typically requires elevated temperatures 
above 200 °C to further accelerate oxidation (Everaert & Baeyens, 2004).  

It should be noted that gas separation technologies offer the advantage of recovering 
vaporized components. However, this approach is economically viable only when the 
initial pollutant concentrations exceed approximately 200 ppm, and ideally around 0.5% 
(5000 ppm). Gas incineration is recommended for pollutant concentrations between 20 
to 100 ppm, where recovery is not economically feasible. 

The technologies listed above do not include advanced oxidation processes (AOPs), as 
such methods have not yet reached widespread industrial application. AOP technologies, 
such as plasma oxidation and photocatalytic oxidation used in air emission control 
systems constitute the main focus of this thesis. 

1.2 Non-thermal plasma 
Plasma is the fourth state of matter, following solid, liquid and gas, as seen in Figure 1. It 
is an ionized gas consisting of positive and negative ions, free electrons, excited species, 
and neutral atoms and molecules. Plasma occurs naturally in phenomena such as 
auroras, lighting or in stars, and it can be generated artificially using thermal energy, 
electric fields or radiation (Meichsner et al., 2012). 
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Figure 1. Transition of states of matter (Chu & Lu, 2013). 

Plasma can be classified according to three main parameters: ionization, density, and 
thermal equilibrium. Ionization refers to the ratio between ionized and neutral particles. 
When this ratio is less than 0.1, the plasma is considered weakly ionized, whereas a ratio 
close to 1.0 indicates fully ionized plasma.  

Plasma density (or pressure) describes the number of particles per unit volume. A 
particle density above 1015 cm-3 is considered high-density plasma, characterized by 
extensive excitation and ionization collisions as well as increased ion bombardment 
rates. Low-density or low-pressure plasma has a particle density of 1014 cm-3 or less, 
where collision rates between particles are negligible.  

Thermal equilibrium in plasma refers to the temperature balance between electrons, 
ions and neutral particles. In thermal equilibrium plasma, all components have 
approximately the same temperature, and the plasma is regarded as hot. In non-thermal 
plasma, however, the electron temperature is significantly higher than that of ions and 
neutral particles. Since electrons have much lower mass, they cannot efficiently transfer 
energy to heavier particles, meaning that the overall gas temperature remains low.  
Therefore, non-thermal plasma is often referred to as cold plasma (Chu & Lu, 2013). 

Plasma (ionized gas) can be utilized in environmental technologies due to its ability 
to degrade organic compounds. In emission control systems, cold plasma is of particular 
interest, as it requires less energy because the gas temperature remains low. 
Consequently, plasma density also remains lower compared to that of thermal 
equilibrium plasma. Even when the gas is only partially ionized, its components can form 
a variety of reactive oxygen and nitrogen species (RONS), as illustrated in Figure 2. 
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Figure 2. Oxygen and nitrogen species formed in plasma (Meichsner et al., 2012). 

In dry air, oxygen and nitrogen form various RONS, such as O, O+, O•, N• and NO•. In 
other words, molecular oxygen and nitrogen are dissociated into their atomic and ionic 
forms (Eq. 1 to 5) when they interact with high-energy free electrons. These reactive 
species readily undergo further reactions with other compounds in the gas mixture 
(Ogata et al., 2002; Ono & Oda, 2003; Nijdam et al., 2012). 

𝑒𝑒− + 𝑂𝑂2  → 𝑂𝑂+ + 𝑂𝑂 • + 2𝑒𝑒−      (1)  

𝑒𝑒− + 𝑂𝑂2  → 2𝑂𝑂 • + 𝑒𝑒−       (2)  

𝑒𝑒− + 𝑂𝑂2  → 𝑂𝑂− + 𝑂𝑂 •       (3)  

𝑒𝑒− + 𝑁𝑁2  → 2𝑁𝑁 • + 𝑒𝑒−      (4)  

𝑁𝑁 • + 𝑂𝑂2  → 𝑁𝑁𝑁𝑁 • + 𝑂𝑂 •      (5)   

In humid air, water molecules participate in the reactions, producing 
hydrogen-containing species such as H2O2, •OH (Eq. 6 and 7). Among these, the hydroxyl 
radical (•OH) is the most reactive, with a redox potential as high as 2.8 V (Carey, 1992; 
Schiorlin et al., 2009; Chen et al., 2016). It is formed mainly through electron-impact 
dissociation of water (Eq. 6) (Chu & Lu, 2013): 

𝐻𝐻2𝑂𝑂 + 𝑒𝑒−  →• 𝑂𝑂𝑂𝑂 + 𝐻𝐻 • + 𝑒𝑒−      (6) 

• 𝑂𝑂𝑂𝑂 + • 𝑂𝑂𝑂𝑂 → 𝐻𝐻2𝑂𝑂2       (7) 

More stable species that form in plasma include ozone (O3) (Eq. 8, where M stands for 
a third body, typically a neutral molecule such as N2 or O2) (Ogata et al., 2002) and nitrous 
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oxide (N2O). Ozone is generally considered a powerful oxidant in most environmental 
technologies. However, in gas-phase plug flow plasma reactors, the residence time is 
often too short for O3 to play a significant role in pollutant oxidation. Therefore, ozone 
and nitrous oxide are typically regarded as unwanted by-products that require further 
attention. 

𝑂𝑂2 + 𝑂𝑂 •  + 𝑀𝑀 → 𝑂𝑂3 + 𝑀𝑀      (8) 

All these excited and stable species coexist in air plasma, continuously interacting with 
one another and with free electrons. More importantly, RONS and hydrogen-containing 
radicals react with organic pollutants when these are present in the plasma environment. 
This interaction forms the basis for using cold plasma in environmental applications, 
where sufficient radical concentrations are generated to degrade pollutants into less 
harmful substances. 

The two primary plasma technologies employed for environmental applications are 
dielectric barrier discharge (DBD) and pulsed corona discharge (PCD), both capable of 
producing non-thermal plasma at atmospheric pressure.   
 
Dielectric barrier discharge 
DBD is generated between two electrodes separated by a gas gap and dielectric barriers 
that prevent the formation of arc discharge. The electric field between the electrodes is 
sufficient to ionize the gas and produce plasma, as illustrated in the schematic (Figure 3) 
of a cylindrical reactor with a coaxial arrangement of the electrodes and a dielectric 
barrier in between. According to Meichsner et al. (2012), typical operating parameters 
for DBD in air are voltages between 3-20 kV, repetition frequencies of 50-1000 Hz, an air 
gap of up to 5 mm, and atmospheric pressure. The dielectric materials commonly used 
include glass, Al2O3 and ferroelectrics (Meichsner et al., 2012; Chu & Lu, 2013). 

 

 
Figure 3. Cylindrical DBD reactor (Meichsner et al., 2012). 

Pulsed corona discharge 
Corona discharge is a type of partial discharge that occurs in the immediate vicinity of 
the electrode pin or wire and does not extend fully to the grounded plate. The gas 
between the high-voltage electrode and the ground is ionized, forming plasma and 
associated reactive species. PCD operates with nanosecond pulses, allowing voltages to 
reach tens of kilovolts. Typical configurations of corona discharge plasma generators 
include pin-to-plate or wire-to-plate systems (Figure 4) (Chu & Lu, 2013). 
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Figure 5. Photocatalytic oxidation mechanism (Sujatha et al., 2020). 

The photocatalytic mechanism can be utilized for air purification in photocatalytic 
oxidation (PCO) reactors. In general, all PCO reactors consist of three essential 
components: a light source, a substrate or reactor structure, and a semiconductor 
coating that covers the substrate and is activated by light. The most common reactor 
designs are summarized in Table 2 (Ren et al., 2017; Zhang et al., 2022; Almaie et al., 
2022).  

Although, reactor configurations may vary, their objective remains the same: to bring 
the polluted gas stream into contact with the illuminated photocatalyst while maximizing 
surface contact area and minimizing the energy required for irradiation.  

One of the most important components of a PCO reactor is the photocatalyst material, 
which determines the energy required for activation. Reducing this energy requirement 
(band gap) opens the possibility for PCO systems that can be driven by visible light 
instead of UV. Commonly studied materials include, for example, cerium oxide (CeO2) 
and bismuth vanadate (BiVO4) (Ren et al., 2017; Sharma & Kumar, 2021). CeO2 is known 
for its stability and resistance to photocorrosion. Notably, Fe-doped (2.0 mol%) CeO2 has 
a reduced band gap of 2.35 eV, enabling activation under visible light (Channei et al., 
2014). BiVO4 is a low-cost, highly stable semiconductor with a band gap of 2.4 eV, making 
it a promising candidate for visible-light-driven PCO applications (Fan et al., 2012; Ren et 
al., 2017). However, when shifting from UV to visible-light photocatalysts with narrower 
band gaps, the redox potentials of the generated charge carriers decrease. As a result, 
such catalysts may struggle to degrade more persistent pollutants efficiently, exhibiting 
undesirable selectivity in air treatment processes and often requiring longer reaction 
times or failing to achieve complete decomposition of pollutants (Chen et al., 2025). 
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Table 2. Basic PCO reactor designs. 

 

A plate reactor consists of a flat 
structure coated with a photocatalyst, 
while the light source is positioned 
above the semiconductor material to 
irradiate the surface. The air stream 
passes through the reactor between 
the light source and the photocatalyst. 

 

Annular reactors have a tubular shape 
with the inner surface coated with a 
photocatalyst. A light source is placed 
along the central axis of the tube, 
irradiating the inner walls. Air passes 
through the annular space between 
the light source and the photocatalyst-
coated walls.  

 

A honeycomb monolith reactor 
consists of a honeycomb-structured 
substrate, the inner walls of which are 
coated with a photocatalyst and 
irradiated by light sources positioned 
outside the structure. Air flows 
through the channels of the 
honeycomb, allowing contact 
between the photocatalyst and the 
gas stream.   

 
Although a number of photocatalytic materials have been studied, TiO2 remains the 

most widely used photocatalyst in environmental applications due to its stability, cost 
efficiency and availability. 

The degradation of organic pollutants via PCO has been extensively studied (Almaie et 
al., 2022; Zhang et al., 2022), but the technology can also target other pollutants such as 
O3 and N2O, especially when PCO is combined with a PCD reactor. Similarly to oxygen, 
ozone acts as an electron acceptor, triggering a sequence of reactions (Eq. 13-15) that 
generate reactive oxygen species (ROS) such as ozonide radical anions, hydrotrioxide 
radicals, and hydroxyl radicals (Pengyi et al., 2003): 

𝑂𝑂3 + 𝑒𝑒𝑐𝑐𝑐𝑐− → 𝑂𝑂3 •−       (13) 

𝑂𝑂3 •−+ 𝐻𝐻+ → 𝐻𝐻𝐻𝐻3 •       (14) 

𝐻𝐻𝐻𝐻3 • → 𝑂𝑂2 + 𝑂𝑂𝑂𝑂 •       (15) 

Ozone is thus degraded in a PCO while simultaneously generating ROS and suppressing 
electron-hole recombination, thereby extending the availability of hvb

+ for further 
oxidation of organic pollutants (Krichevskaya et al., 2017). 
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and heterogeneous photocatalysis are of interest due to their ability to generate highly 
reactive species capable of oxidizing VOCs at moderate operating conditions. 
Increasingly, research has explored the coupling of plasma and catalytic processes in 
order to enhance oxidation efficiency and improve mineralization. 

Previous studies have demonstrated that combining plasma with catalytic materials 
can improve VOC degradation and reduce the formation of undesirable by-products 
(Zhang et al., 2022; Belkessa et al., 2024; Destrieux et al., 2025). Most of this research, 
however, has focused on laboratory-scale systems and on in-plasma catalysis, where the 
catalyst is placed directly inside the discharge zone. In contrast, post-plasma catalytic 
(PPC) configurations, where the catalyst is located downstream of the plasma reactor, 
remain comparatively rare. The combination of plasma with a dedicated PCO reactor as 
a post-plasma stage is even less explored. Furthermore, the majority of published studies 
rely on small-scale experimental setups, and only a few scaled-up prototype reactors 
have been reported worldwide. To the best of current knowledge, none of these scaled-
up systems incorporate an internal water-sprinkling configuration within a plug-flow PCD 
reactor. 

These limitations highlight several open research questions. How does a scaled-up 
plug-flow PCD reactor equipped with an internal water-sprinkling system perform in VOC 
oxidation? Can the introduction of a downstream PCO reactor enhance mineralization 
and overall process efficiency? And does a sequential plasma–photocatalytic 
configuration offer measurable advantages compared to the individual processes 
operating separately? 

In response to these gaps, the aim of this study is to investigate the performance of a 
scaled-up plug-flow PCD reactor with internal water sprinkling and its integration with a 
downstream PCO unit, with particular emphasis on oxidation efficiency and process 
synergy. To achieve this, the present work develops and systematically evaluates this 
combined system arranged in a PPC configuration (Figure 6). 

Three main objectives were addressed in this thesis:  
• The first objective was to evaluate the performance of a prototype PCD reactor, 

equipped with a water-sprinkling system based on patented technology (Preis et 
al., 2016), for the degradation of VOCs. In addition, the study aimed to identify 
the key operational parameters influencing oxidation efficiency.  

• The second objective was to design and commission a pilot-scale PCO reactor, 
quantify its key performance parameters under controlled operating conditions 
and study PCO performance in the presence of ozone. 

• The third objective was to integrate the PCD and PCO units into a single PPC 
system and systematically evaluate the benefits and limitations of their coupled 
operation. 
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Figure 6. Structure of study. 
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Figure 7. VOC vaporization setup: 1 – main flow control valve, 2 – main flow rotameter, 3 – air dryer 
filled with silica gel for the experiments with 2.5 % RH, 4 – 2ME column, 5 – m-xylene column, 6 – 
air dryer filled with silica gel for the generation of ozone, 7 – rotameter and control valve for the 
2ME saturation bypass, 8 – rotameter and control valve for the m-xylene saturation bypass, 9 – 
rotameter and control valve for ozone generator,  10 – valve for input air sampling. 

2.3  Gas-phase pulsed corona discharge 
The PCD reactor (Flowrox Oy, Finland), illustrated in Figure 8, has a total volume of 75.9 
L and comprises a central plasma zone (1275 × 550 × 35 mm, volume 24.5 L) and two side 
compartments housing high-voltage electrodes mounted on tensioning devices. The 
active plasma region is formed between two vertical grounded plates and a set of 
horizontal high-voltage wires suspended between them. 

The high-voltage electrode assembly consists of 12 m of wire (0.6 mm diameter) 
arranged horizontally, with an inter-electrode distance of 17 mm from the grounded 
plates and 30 mm between adjacent high-voltage wires. The peak voltage is 18 kV, and 
the peak current can reach 380 A. Corona discharge is generated using nanosecond 
pulses (100 ns), with pulse repetition frequencies ranging from 50 to 800 pulses per 
second (pps), corresponding to an input power range of 6.25−100 W depending on the 
operational settings, as shown in Table 3. 

Table 3. Power consumption corresponding to pulse frequency. 

Pulse frequency, pps Power, W 
50.00 6.25 

100.00 12.50 
200.00 25.00 
500.00 62.50 
800.00 100.00 
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Water sprinkling was integrated into the system via a 12.7-L stainless steel storage tank, 
which was filled with 5.0 L of distilled water. A magnet-drive circulation pump (Iwaki Co. 
Ltd., Tokyo, Japan) delivered the water to the top of the reactor, where it was evenly 
distributed across a perforated plate (565 × 97 mm) containing 24 holes (3 mm diameter 
each). The water then cascaded downward through the plasma zone before returning to 
the storage tank, completing the circulation loop. This configuration ensured effective 
interaction between the plasma and the liquid phase, facilitating advanced oxidation of 
pollutants. The reactor generated a low-temperature, non-thermal plasma under 
atmospheric pressure air conditions, suitable for the oxidative degradation of VOCs. 

Energy efficiency of the PCD reactor, expressed in g kW-1h-1, was calculated according 
to Eq. 18. 

𝐸𝐸 =  ∆𝐶𝐶 ∙𝑄𝑄
𝑃𝑃

        (18) 

where E – energy efficiency, ΔC – difference in m-xylene concentrations between inlet 
and outlet air streams, g m-3, Q – air volumetric flow rate, m3 h-1, P – pulsed power input, 
kW. 

 
Figure 8. (A) - Pulsed corona discharge reactor schematics (Kask et al., 2021), (B) - Photo of the 
pulsed corona discharge reactor. 

2.4 Gas-phase photocatalytic oxidation  
The plug flow PCO reactor used in this study features a flat-bed design enclosed by a 
transparent 2-mm polyethylene terephthalate cover. This configuration enables external 
irradiation of the photocatalyst and ensures continuous contact between the polluted 
gas stream and the photocatalytic surface throughout the reactor chamber. The internal 
dimensions of the reactor are 996 mm in length, 534 mm in width, and 40 mm in height, 
corresponding to a total internal volume of 21.3 L. 

The reactor is divided into five chambers of equal volume (4.26 L each), separated by 
stainless-steel partition plates with perforations that direct airflow diagonally between 
compartments. Additionally, three vertical stainless-steel walls were installed within 
each section to induce a zigzag flow pattern. This design enhances turbulent mixing and 
promotes effective contact between the polluted air and the photocatalyst surface. 
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This discrepancy may be attributed to the influence of VOC concentration on 
interfacial processes. Earlier findings demonstrated that sprinkling-induced 
enhancement occurred at m-xylene concentrations around 20 ppm (Paper I), whereas 
this effect diminished when the concentration was doubled. It is hypothesized that 
water-soluble intermediates, particularly phenolic compounds, accumulate in the 
sprinkling water and alter the oxidant balance at the interface. These intermediates, 
which are rapidly oxidized during PCD treatment (Kornev et al., 2006), likely compete 
with m-xylene for short-lived radicals such as HO• at the gas-liquid interface. Their 
presence may reduce the availability of reactive species on the plasma side of the 
interface, thereby inhibiting further m-xylene degradation.  

Furthermore, oxidation efficiency was consistently higher in dry air than in moderately 
humid air (35% RH), reinforcing the detrimental impact of humidity on plasma-induced 
oxidation (Preis et al., 2013; Ajo et al., 2017). The observed decline at elevated RH may 
result from reduced peak voltage and current in the plasma pulses, which limits the 
generation of oxidative species such as ozone. This humidity-dependent behaviour was 
also evident in the present study. 

 

 
Figure 12. m-Xylene oxidation degree in the PCD reactor at varying relative humidity levels vs air 
flow rate at 12.5 W power input: m-xylene inlet concentration 40±5 ppm, water circulation rate 9 
L min-1 at RH 65%, circulation water pH 6.0 – 6.5, error margin in m-xylene quantification ±5%. 

3.1.2 Ozone and N2O production during plasma treatment 
Ozone yield  
Unwanted by-products of plasma-based VOCs abatement include ozone and nitrogen oxides. 
In clean, dry air, ozone is formed via three-body collisions as described in Eq. 8. The 
dependence of ozone concentration on power input in the water-sprinkled plasma reactor, 
with and without m-xylene present, is shown in Figure 13. Under the studied conditions, the 
discharge power input exhibits an almost linear effect on ozone yield, i.e., higher power input 
results in higher concentrations of ozone in the outlet air stream.  

The linear increase becomes clearer when considering the maximum achievable ozone 
concentration under equilibrium conditions in the sprinkled PCD reactor with no air flow, 
which may reach approximately 3.000 ppm (5 mg L-1) (Preis et al., 2013). Thus, increasing the 
input power enhances ozone generation at the air flow rates applied in the experiments. 

A reduced ozone concentration was observed when m-xylene was present. This reduction 
may arise from direct oxidation of the VOC by ozone or, more likely, from competition among 
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reactive species involved in ozone formation and m-xylene oxidation. Given the short 
residence time and the relatively slow reaction kinetics of molecular ozone, the latter 
explanation appears more plausible (Ridgway et al., 2017). 

 
Figure 13. Ozone generation dependent on power input with m-xylene inlet concentrations of 0 and 
20±5 ppm, air flow rate 6 m3 h-1, water circulation rate 9 L min-1, pH 6.0 – 6.5, error margin ±5%. 

The influence of air humidity and residence time on ozone formation is illustrated in 
Figure 14. Concentration of ozone followed a trend similar to that observed for m-xylene 
oxidation: ozone production increased at higher pulse repetition frequencies and longer 
residence times. Humidity strongly affected ozone yield, with nearly twice as much ozone 
produced in dry air (RH 2.5%) compared with the water-sprinkled reactor (RH 65%).  

 

 
Figure 14. Ozone generation at varying relative humidity levels vs air flow rate at 12.5 W power 
input: m-xylene inlet concentration 40±5 ppm, water circulation rate 9 L min-1 at RH 65%, circulation 
water pH 6.0 – 6.5, error margin ±5%. 

Several factors contribute to the higher ozone yield in the absence of sprinkling. Lukes 
et al. (2005) concluded that part of the discharge energy is lost when electrodes are 
partially covered by water droplets. Additionally, water vapor plays a crucial role in 
corona-discharge ozone formation, as it reduces the lifetime of atomic oxygen and 
thereby limits ozone production (Carey, 1992; Ono & Oda, 2003). 
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Nitrous oxide formation 
N2O is one of the relatively stable nitrogen oxides formed in plasma through multiple 
reaction pathways involving excited nitrogen species, nitrogen oxides, oxygen, and ozone 
(Becker et al., 2004). In the prototype PCD reactor, N2O generation exhibited trends 
similar to ozone formation: high humidity and water sprinkling reduced the yield of 
nitrogen-containing gaseous compounds.  

At an air flow rate of 6.0 m3 h-1, an m-xylene concentration of 20±5 ppm, and a pulse 
repetition frequency of 800 pps, N2O concentrations were 3.7 ppm at RH 65% and 7.1 
ppm at RH 35%. Experiments at 2.5% RH (with doubled m-xylene concentration) resulted 
in 8.6 ppm of N2O. The lower N2O concentrations in the sprinkled reactor may be 
attributed either to hydroxyl-radical attack at the gas-liquid interface, producing nitrites 
detected in the aqueous phase, or to reduced formation of N2O due to oxidation of 
nitrogen to NO, further to NO2, and ultimately to NO3. 

Nitrite and nitrate yield 
The formation of N2O was observed in both dry and sprinkled PCD reactors; however, NO 
and NO2 were not detected in the gas phase under either condition. The absence of NO 
can be attributed to its high reactivity, while NO2 is expected to react rapidly with HO• 
radicals, forming nitric acid. 

In the aqueous phase, NO2 appeared only as minor intermediates, whereas NO3 
concentrations increased continuously over the course of plasma treatment (Figure 15). 
In the sprinkled reactor at 100 pps (12.5 W of pulsed power), the quantified NO3 mass 
was approximately 50 mg, corresponding to about 11.3 mg of nitrogen bound in the 
aqueous phase. This value is an order of magnitude higher than the amount of nitrogen 
transferred as N2O in the gas phase over 30 min (1.9 mg in dry mode and 0.9 mg in 
sprinkled mode). The NO3 production energy efficiency in the sprinkled reactor was 8.0 
g kW-1 h-1, consistent with the findings of Preis et al. (Preis et al., 2014).  

 
Figure 15. Aqueous nitrite and nitrate concentrations dependent on treatment time: m-xylene 
concentration 20±5 ppm, pulse repetition frequency 100 pps, air flow rate 6 m3 h-1, water circulation 
rate 9 L min-1, pH 6.0 – 6.5. 

3.1.3 Reference experiments 
The PCD reactor inherently functions as a wet scrubber, enabling the absorption of gaseous 
pollutants into the liquid phase (Figure 16). However, due to the low water solubility of the 
hydrophobic compound m-xylene, the contribution of physical absorption to overall 
pollutant removal is negligible. In the present study, a hydrophobic VOC was intentionally 
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selected to focus on chemical degradation processes and to highlight the non-selectivity 
and versatility of the PCD system for air purification. 
 

 
Figure 16. (A) – m-Xylene absorption by water in time at various water recirculation rates, (B) – 
linearized form of absorption kinetics: gaseous m-xylene input concentration 20±5 ppm, air flow 
rate 6 m3 h-1, pH 6.0 – 6.5. 

After saturation of the recirculating water with m-xylene, the PCD generator was 
switched on, causing an almost immediate decrease in the aqueous m-xylene 
concentration. Subsequently, an equilibrium concentration was established, which 
depended on the applied pulsed power input (Figure 17).  
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Figure 18. Photocatalytic degradation of 2ME with and without ozone dependent on 2ME 
concentration: ozone inlet concentration 33±3 ppm, residence time 12.8 sec, irradiance 119 W m-2, 
error margin in 2ME quantification ±5%. 

The effects of relative humidity and residence time on m-xylene oxidation in the PCO 
reactor are shown in Figure 19. Two primary trends are evident:  

i) m-xylene conversion increased with increasing residence time (i.e., decreasing air 
flow rate), as also shown in Paper II (Figure 9);  
ii) higher air humidity enhanced PCO performance, a phenomenon also reported by 
other authors (Bouazza et al., 2008).  

The enhanced oxidation efficiency at elevated RH can be attributed to increased 
formation of hydroxyl radicals on the photocatalyst surface (Eq. 12). Nevertheless, m-
xylene degradation was observed under all tested conditions, demonstrating that both 
relative humidity and residence time play critical roles in the design and operation of PCO 
systems. 
 

 
Figure 19. m-Xylene conversion in the PCO reactor as a function of relative humidity and air flow 
rate: m-xylene inlet concentration 40±5 ppm, irradiance (315-400 nm) 119 W m-2, error margin in 
m-xylene quantification ±5%. 
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3.2.2 Photocatalytic decomposition of ozone 
Ozone removal in the PCO reactor depending on residence time, with and without VOCs 
present, is shown in Figure 20. The air residence time, controlled by the flow rate, varied 
between 7 and 77 s. An increase in residence time resulted in improved ozone 
conversion; however, increasing the residence time by nearly an order of magnitude led 
to only an approximately twofold increase in ozone conversion. 

In the absence of 2ME, ozone decomposition is only dependent on residence time as 
can be seen in the linear drop of ozone concentration over the time axes. This is in 
accordance with the Langmuir-Hinshelwood kinetics of heterogeneous catalysis resulting 
in pseudo-zero order kinetics, similar to the oxidation of 2ME in the absence of ozone 
and is thoroughly explained in Paper II (Eq. 1-7). In contrast, when ozone reduction occurs 
simultaneously with 2ME oxidation, the process exhibits apparent second-order kinetics 
with respect to both reactants, as their degradation rates are directly and/or indirectly 
affected by each other’s concentrations. This observation suggests that PCO is not the 
sole reaction pathway in the gas mixture.  

During the simultaneous degradation of 2ME and ozone, the conversion of both 
species increased with increasing 2ME concentration. Similar behaviour has been 
attributed to the formation of additional oxidative species, such as ozonides (Rivas et al., 
2006, 2012), as well as to gas-phase degradation of ozone that influences the oxidation 
rate of VOCs (Zhang & Liu, 2004). The higher conversion of ozone observed in the 
presence of 2ME may also be explained by the formation of ozone reduction 
intermediates and by an overall increase in reactive organic species interacting with 
ozone and ozone-derived radicals, thereby promoting regeneration of active sites 
(electron-hole pairs) on the photocatalyst surface. 

 
Figure 20. Photocatalytic degradation of ozone in the absence and presence of 2ME, ozone inlet 
concentration 26±1 ppm, irradiance 119 W m-2 

The influence of RH and residence time on ozone degradation in the PCO reactor is 
shown in Figure 21. Similar to m-xylene oxidation, ozone degradation in dry air exhibited 
poor performance. At elevated humidity, degradation of ozone was notably enhanced 
due to radical-driven reactions described by Eq. 20 (an extension of Eq. 13) and Eq. 21 
(Huang & Li, 2011):  

𝑂𝑂3 + 𝑒𝑒− → 𝑂𝑂3•− →  𝑂𝑂• + 𝑂𝑂2      (20)  

𝑂𝑂•−(𝑂𝑂3•−) + 𝐻𝐻2𝑂𝑂 →• 𝑂𝑂𝑂𝑂 + 𝑂𝑂𝑂𝑂−(+𝑂𝑂2)     (21) 
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only negligible VOC concentrations for subsequent treatment in the PCO stage (Figure 6 
B Paper III). 

In the PPC configuration, both target pollutant degradation and ozone reduction must be 
evaluated simultaneously. Ozone degradation in the PPC system is shown in Figure 23. A 
pronounced difference is observed between ozone reduction in the presence and absence of 
m-xylene (Figure 24). Figure 26 also illustrates the effect of increasing the PCD input power to 
100 W (800 pps). Although ozone reduction generally increases due to the substantially higher 
ozone inlet concentration, a sharp decrease in ozone degradation is observed at an air flow rate 
of 2 m3 h-1. This effect is attributed to the negligible amounts of organic matter remaining in the 
air stream, as m-xylene oxidation in the PCD reactor was nearly complete at 100 W. These 
results further emphasize the importance of ozone-assisted PCO of VOCs. 

 
Figure 22. m-Xylene oxidation in the post-plasma catalytic configuration as a function of 
relative humidity and air flow rate: pulse repetition frequency 100 pps (12,5 W), m-xylene inlet 
concentration 40±5 ppm, water circulation rate at RH 65% of 9 L min-1, sprinkling water pH 
6.0 – 6.5, irradiance in PCO reactor 119 W m-2. 

 
Figure 23. Ozone degradation in the PPC reactor configuration at different relative humidities, air 
flow rates and pulse repetition frequencies: m-xylene inlet concentration, 40±5 ppm, water 
circulation rate 9 L min-1 (only at 65% RH), water pH 6.0 – 6.5. 
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Conclusions 
 
This thesis investigated the abatement of VOCs from air using AOPs based on non-
thermal plasma and photocatalysis. The research was structured around three 
complementary approaches: PCD with water sprinkling, PCO under UV-A irradiation, and 
the combination of PCD and PCO into a PPC reactor configuration. Together, these 
studies provide a comprehensive understanding of oxidation mechanisms, energy 
efficiency, synergistic effects, and the potential benefits and limitations associated with 
real-world application of this technology. 

A prototype PCD reactor with water sprinkling was evaluated for the oxidation of m-
xylene as a model air pollutant. The pulsed power input (6.25 – 100 W) was identified as 
the key factor governing the oxidation rate, while residence time also influenced reactor 
performance. Higher power input resulted in increased plasma density, leading to 
enhanced formation of RONS and, consequently, higher oxidation rates. Longer 
residence times further promoted reactions between pollutants and oxidative species. 
Other controllable parameters, such as water flow rate and water pH, had negligible 
effects. Air humidity in the PCD reactor exhibited a complex influence: low RH slightly 
improved target pollutant degradation but resulted in more than a twofold increase in 
O3 and N2O formation. The water-sprinkled PCD reactor also functioned as a partial 
scrubber, as oxidation by products of m-xylene were detected in the aqueous phase. 
Although no organic by-products were identified in the exhaust air, it is reasonable to 
assume that compounds not absorbed by water may remain in the gas stream.  

An upscaled PCO reactor was investigated for the removal of 2ME, m-xylene, N2O, and 
ozone. The reactor employed TiO2 as the photocatalyst and was designed for outdoor 
operation using solar radiation or, alternatively, UV-A lamps. The performance of the 
PCO reactor in VOCs degradation was primarily controlled by irradiance, residence time, 
and air humidity. Increasing residence time and irradiation intensity improved pollutant 
removal efficiency. RH had the most significant impact on photocatalytic performance; 
low humidity conditions (RH 2.5% at 27 °C) nearly completely inhibited photocatalytic 
degradation. 

The PCO followed pseudo-zero-order reaction kinetics during the oxidation of 
individual VOCs or O3, indicating that removal efficiency was largely independent of 
pollutant concentration. In the presence of ozone, however, the kinetics of VOC 
oxidation changed, revealing the full potential of the PCO process. Simultaneous VOC 
oxidation and O3 reduction were approximately doubled under these conditions. Ozone 
prolonged the lifetime of electron-hole pairs on the photocatalyst surface and 
contributed additional oxidizing species, thereby improving photocatalytic efficiency. In 
contrast, the PCO reactor showed no measurable effect on N2O degradation, which was 
attributed to the limited residence time (max 77 s) in the plug-flow reactor.    

Integration of PCD and PCO into a PPC system revealed pronounced synergistic effects 
strongly dependent on humidity and ozone dynamics. The PCD reactor alone performed 
better under dry air conditions; however, the introduction of water sprinkling, which 
increased RH to approximately 65%, substantially enhanced downstream photocatalytic 
activity. Under dry conditions, large amounts of ozone generated in the PCD reactor were 
only partially decomposed in the PCO reactor, while nitrous oxide concentrations 
remained unchanged.  
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Under humid conditions, ozone formation in the PCD reactor was suppressed, and 
residual ozone was effectively decomposed in PCO reactor due to improved electron-
hole separation and enhanced formation of hydroxyl radicals on the TiO2 surface. High 
air humidity was therefore identified as a critical parameter for achieving optimal synergy 
between plasma and photocatalysis. It not only limited the formation of undesirable by-
products (O3 and N2O) but also compensated for the reduced m-xylene oxidation 
efficiency of the PCD reactor. Overall, the PPC process achieved a balance between high 
oxidation efficiency and reduced secondary pollution, representing a clear improvement 
over either technology operated independently. 

The energy efficiency of the PCD reactor for m-xylene oxidation was calculated to 
reach up to 49.4 g kW-1 h-1. The energy efficiency of the PCO reactor was not evaluated, 
as the system is intended to operate using solar radiation and, ideally without additional 
external energy input. 

In conclusion, this study identified key operational aspects of a PPC system composed 
of a PCD reactor followed by a PCO reactor. The results demonstrate that while PCD 
provides rapid, on-demand oxidation suitable for dynamic pollution control, PCO offers 
a sustainable and potentially low-energy approach for continuous air purification, 
particularly through effective ozone removal and mitigation of oxidation by-products. 
Importantly, ozone reduction in the PCO reactor is enhanced in the presence of VOCs, 
and both high air humidity and ozone are necessary to maximize PCO efficiency. Nitrous 
oxide cannot be effectively degraded in a plug-flow PCO reactor under the investigated 
conditions. Finally, PCO is not suitable for integration into PPC systems operating under 
dry air conditions, as sufficient humidity is required to generate hydroxyl radicals that 
drive both oxidation and reduction reactions. 
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degradation. At high humidity, however, photocatalytic performance was enhanced, 
compensating for the reduced efficiency of the water-sprinkled PCD reactor and 
improving ozone removal. 

Throughout the study, Fourier-transform infrared (FT-IR) spectroscopy and gas 
chromatography–mass spectrometry (GC-MS) were used to quantify target pollutants 
and by-products, while continuous ozone monitoring was performed using an ozone 
analyser. The results confirm the complementary behaviour of PCD and PCO reactors, 
demonstrating that the hybrid configuration provides a viable platform for VOC 
abatement in real-world air purification applications. The findings highlight the critical 
roles of humidity, power input, and residence time in controlling pollutant degradation. 
Furthermore, the results indicate that post-plasma photocatalytic treatment is effective 
only when coupled with water-assisted PCD operation. Alternative post-plasma catalytic 
approaches and the use of more active photocatalysts are identified as promising 
pathways for further improving post-plasma catalysis performance.   
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paranes oluliselt FKO efektiivsus kompenseerides madalamat LOÜ-de eemaldust 
veepihustusega IKL-is. 

Uurimistöös määrati sihtsaasteainete ja kõrvalproduktide kontsentratsioonid. Saadud 
andmed viitavad IKL- ja FKO-reaktorite teineteist täiendavale toimimisele ning näitavad, et 
hübriidsüsteem võib olla perspektiivne platvorm LOÜ-de oksüdatsiooniks reaalsetes 
õhupuhastusrakendustes. Tulemused rõhutavad niiskuse, plasma intensiivsuse ja 
viibeaegade reguleerimise olulisust, kuna need parameetrid määravad nii saasteainete 
lagunemise kui ka sekundaarsete produktide tekke. Uuringute käigus ilmnes, et 
plasmajärgne töötlus FKO-ga oli efektiivne eeskätt koos veepihustusega IKL-reaktoriga. 
Alternatiivsed meetodid FKO asemel ja aktiivsemate fotokatalüsaatorite kasutamine 
võivad pakkuda uusi võimalusi plasmajärgse katalüüsi jõudluse parandamiseks. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper I 
 

K. Altof, M. Krichevskaya, S. Preis, J. Bolobajev. (2024). Oxidation of Airborne m-Xylene 
in Pulsed Corona Discharge: Impact of Water Sprinkling, ChemEngineering, 8, 99. 
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper II 
K. Altof, M. Krichevskaya, S. Preis, T. Tähemaa, J. Bolobajev. (2024). Ozone-assisted 

degradation of 2-methoxyethanol in a prototype plug flow photocatalytic reactor, 
Chemical Engineering Journal, 481. https://doi.org/10.1016/j.cej.2023.148488 
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