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Abstract

This thesis reports a detailed numerical investigation of nitrogen oxides (NOx) mitigation
using a dielectric barrier discharge (DBD) reactor operating at atmospheric pressure. The study
examines the electrical behavior of the discharge, including voltage—current characteristics,
discharge power, and specific energy density, and investigates their relationship with NOy
removal performance. Simulations were performed for various working gas compositions (69%
Nz, 20% O-, and 1% Ar), and a simulated exhaust gas containing NO, under different operating
conditions such as applied voltage(10kV), excitation frequency(3kHz), and NO flow rate. The
numerical model was developed and implemented using COMSOL Multiphysics to analyze the
coupled plasma dynamics and chemical Kinetics involved in the discharge process. Particular
attention is given to the temporal development of micro-discharges in order to elucidate the
plasma-chemical pathways responsible for the generation of reactive species, including atomic
oxygen, ozone, and electronically excited molecules of nitrogen and oxygen. These species are
shown to govern the oxidation of NO and its subsequent transformation into NO2, N>Os, and
other less hazardous nitrogen compounds. The simulations were carried out for atmospheric-
pressure gas mixtures composed of N2, Oz, Ar, and NO under optimized operating conditions.
The results indicate that higher applied voltages, combined with the presence of low oxygen
fractions, markedly increase the formation of oxidative radicals, thereby improving NO
conversion efficiency. In addition, the effect of argon admixture is analyzed, revealing its role in
enhancing electron-impact processes and discharge homogeneity, which in turn leads to
improved plasma reactivity. The obtained results demonstrate a NO reduction efficiency
reaching approximately 99% under optimal operating conditions, confirming the strong potential
of DBD plasma technology for air pollution control. The energetic performance of the process is
evaluated to assess its suitability for large-scale implementation. Overall, the outcomes confirm
that non-thermal plasma generated by DBD reactors constitutes an effective, energy-efficient,
and environmentally sustainable approach for NOy reduction. The reactor demonstrates
significant removal efficiencies, underscoring its potential for advanced air purification. Finally,
strategies for reactor optimization and prospects for coupling DBD technology with catalytic

systems are discussed.

Keywords: Cold plasma; Dielectric barrier discharge (DBD); Nitrogen oxides (NOy); Air

pollution control; Numerical modeling; Plasma chemistry; Atmospheric-pressure plasma.



Résumé

Cette thése présente une étude numérique détaillée de la réduction des oxydes d’azote
(NOx) a I’aide d’un réacteur a décharge a barri¢re diélectrique (DBD) fonctionnant a pression
atmosphérique. L’étude analyse le comportement ¢électrique de la décharge, notamment les
caractéristiques tension—courant, la puissance de décharge et la densité d’énergie spécifique,
ainsi que leur influence sur les performances d’élimination des NO,. Les simulations ont été
réalisées pour différents mélanges gazeux composés de 69% Nz, 20% O: et 1% Ar, ainsi qu’un
gaz simulant les fumées contenant du 10% NO, sous diverses conditions de fonctionnement
telles que la tension appliquée(10kV), la fréquence d’excitation(3kHz) et le débit de NO. Le
modele numérique a été¢ développé et implémenté a 1’aide du logiciel COMSOL Multiphysics
afin d’étudier la dynamique du plasma et la cinétique chimique couplées au sein du réacteur
DBD. Une attention particuliere a été portée au développement temporel des micro-décharges
afin d’identifier les mécanismes plasma-chimiques responsables de la génération des especes
réactives, telles que I’oxygene atomique, 1’ozone et les molécules excitées d’azote et d’oxygene.
Ces especes jouent un role essentiel dans I’oxydation du NO et sa transformation en NO2, N2Os
et d’autres composés azotés moins nocifs. Les résultats montrent que 1’augmentation de la
tension appliquée, associée a de faibles fractions d’oxygene, favorise fortement la formation des
radicaux oxydants et améliore ainsi I’efficacité¢ de conversion du NO. L’effet de I’ajout d’argon a
également été étudié, révélant son role dans I’amélioration des processus d’impact électronique
et de ’homogénéité de la décharge, ce qui conduit a une réactivité plasma plus élevée. Les
résultats obtenus montrent une efficacité de réduction du NO atteignant environ 99 % dans des
conditions optimales de fonctionnement, confirmant ainsi le fort potentiel de la technologie DBD
pour le contréle de la pollution atmosphérique. Les performances énergétiques du procédé ont
également été évaluées afin d’examiner sa faisabilité pour des applications a grande échelle.
Globalement, cette étude confirme que le plasma non thermique généré par les réacteurs DBD
constitue une solution efficace, écoénergétique et durable pour la réduction des NOy. Enfin, des
perspectives d’optimisation du réacteur ainsi que le couplage de la technologie DBD avec des

systémes catalytiques sont proposes.

Mots-clés : Plasma froid ; Décharge a barriere diélectrique (DBD); Oxydes d’azote
(NOxy); Depollution de I’air; Modélisation numérique; Chimie plasma; Plasma a pression
atmosphérique.
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List of Abbreviations

DBD : Dielectric Barrier Discharge
NTP : Non-Thermal Plasma

EEDF : Electron Energy Distribution Function
LEA : Local Energy Approximation
LFA : Local Field Approximation
OES : Optical Emission Spectroscopy
RF : Radio Frequency

NOXx : Nitrogen Oxides

NO : Nitric Oxide

NO: : Nitrogen Dioxide

N:Os : Dinitrogen Pentoxide

SOx : Sulfur Oxides

VOC : Volatile Organic Compounds
ODE : Ordinary Differential Equation
PDE : Partial Differential Equation
FEM : Finite Element Method

PIC : Particle-in-Cell

DM : Drift-Diffusion Model

CC : Continuity Equation

HV : High Voltage

AC : Alternating Current
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t: Time ()
X : Spatial coordinate (m)
p : Pressure (Pa)
T : Gas temperature (K)
Te : Electron temperature (eV or K)
N : Number density (m™)
Ne : Electron density (m™3)
ni : Ion density (m)
E : Electric field (V/m)
V : Electric potential / Applied voltage (V)
I : Discharge current (A)
P : Power (W)
f: Frequency (Hz)
e : Electron mobility (m?-V-s7)
i : Ion mobility (m?-V'-s7)
De : Electron diffusion coefficient (m?-s™")
Di : Ton diffusion coefficient (m?-s™")
I'e : Electron flux (m2:s™)
Ii : Ion flux (m™2:s7")
Kj : Rate coefficient of reaction j
€ : Mean electron energy (eV)
Ne : Electron energy density (eV-m™)
¢ : Electrostatic potential (V)
€0 : Vacuum permittivity (F/m)
er : Relative permittivity
dg : Gas gap distance (m)
dd : Dielectric thickness (m)
A : Electrode area (m?)

Q : Accumulated surface charge (C)
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General Introduction

Air pollution remains one of the most critical environmental challenges of the 21st century,
driven by rapid industrialization, intensive transportation systems, and increasing global energy
demand. Among the various atmospheric contaminants, nitrogen oxides (NOx) occupy a central
position due to their major contribution to tropospheric ozone formation, photochemical smog,
acid rain, and fine particulate matter (PM..s). With international regulations becoming
increasingly stringent, the development of efficient and environmentally friendly NOx reduction
technologies has become an active area of scientific research. This thesis addresses this challenge
through the study and modeling of dielectric barrier discharge (DBD) plasma as a promising

non-thermal technology for NOy reduction in air.
Antecedents

The emission of nitrogen oxides originates primarily from high-temperature combustion
processes, including vehicular engines, power plants, gas turbines, and industrial furnaces.
Historically, conventional mitigation techniques such as Selective Catalytic Reduction (SCR)
and Selective Non-Catalytic Reduction (SNCR) have dominated the field due to their relatively
high efficiency in converting NOy into benign products like N> and H.O. However, these
technologies require elevated temperatures, expensive catalysts, and strict operating conditions,
which limit their applicability particularly in small and medium scale systems or in applications

involving fluctuating exhaust streams.

During the last three decades, advances in plasma science have opened new perspectives
for addressing atmospheric pollution. Non-thermal (or cold) plasmas, characterized by energetic
electrons and near-ambient gas temperatures, offer the ability to drive chemical reactions that are
otherwise unattainable under normal conditions. Dielectric Barrier Discharges, first developed in
the 19th century for ozone generation, have reemerged as a powerful tool for environmental
applications due to their ability to generate highly reactive species without significant gas
heating. The combination of historical knowledge on gas discharges and recent progress in

plasma diagnostics and modeling sets the foundation for the present work.
Motivation

The motivation behind this thesis lies in the need to develop sustainable alternatives to

conventional NOy abatement technologies. Cold plasmas, and in particular DBD systems,



General Introduction

operate under atmospheric pressure, require no expensive catalysts, and can be activated
instantaneously. They are capable of producing reactive oxygen and nitrogen species (O, Os, N,
N>*) that react promptly with nitrogen oxides to convert them into less harmful compounds.
Moreover, DBD reactors are relatively simple in design, scalable, and compatible with hybrid

plasma catalytic systems.

Despite their advantages, several challenges remain. The efficiency of NOx reduction
strongly depends on electrical parameters (voltage, frequency, and waveform), reactor geometry,
and gas composition. Additionally, the presence of competing reactions may lead to the
formation of undesired by-products such as ozone or nitrous oxide (N20). As a result,
understanding the physicochemical mechanisms governing DBD operation and the optimal

conditions for NO removal requires comprehensive modeling and simulation.

This thesis aims to address this gap by developing a detailed 1D fluid model capable of
capturing the temporal and spatial dynamics of charged and neutral species, electron energy, and

chemical pathways relevant to NOy reduction.

Literature Review

Plasma technology has attracted growing attention over recent decades due to its wide
applicability across numerous scientific and industrial fields. Its versatility has enabled
advancements in ozone generation, polymer surface modification, CO: laser excitation,
environmental pollution control, plasma-assisted gas conversion, excimer lamps, plasma display
panels, and medical disinfection technologies [1-3]. Among the various plasma sources,
dielectric barrier discharges (DBDs) operating at atmospheric pressure are particularly attractive
because they allow the generation of non-thermal plasmas under relatively simple operating

conditions.

Several experimental studies have reported the formation of diffuse and filamentary
plasmas in atmospheric-pressure discharges using a variety of gas compositions, including pure
oxygen [4-6], argon—oxygen mixtures [7-8], argon-nitrogen mixtures [9], oxygen-nitrogen
mixtures [10], pure argon [11], and pure nitrogen [12-13]. These investigations highlight the
strong dependence of discharge characteristics on gas composition, emphasizing the need for a
detailed understanding of the underlying physical and plasma-chemical processes governing
DBD operation.
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A thorough understanding of discharge physics and plasma chemistry is essential for
further progress in plasma-based technologies. In particular, the composition of gas mixtures
plays a critical role in determining discharge behavior, energy efficiency, and dominant chemical
pathways in DBD reactors. Consequently, recent studies have focused on optimizing gas
mixtures to enhance plasma performance for industrial and environmental applications [14]. In
this context, nitrogen-based mixtures containing oxygen, nitric oxide, and argon have gained
interest due to their relevance to air pollution control and NOy abatement. The addition of argon
is known to influence electron energy distribution functions and ionization processes, thereby
enhancing the generation of reactive species through electron-impact reactions with molecular

gases.

DBD reactors have been extensively investigated for the removal of nitrogen oxides (NOy)
from gas streams. Early work demonstrated the feasibility of using non-thermal plasmas as
standalone systems for NOx decomposition [15- 20]. Subsequent studies explored the synergistic
coupling of DBD reactors with catalysts or adsorbents to further improve removal efficiency and
selectivity [16, 21-27]. For example, the study reported in [22] examined non-thermal plasma
treatment under very low-temperature conditions representative of flue gases from power plants
and showed effective removal of gaseous pollutants. Reactor design parameters, including
electrode geometry, dielectric material, electrode length and diameter, and discharge

configuration, were also found to significantly affect NO removal performance [23].

In addition to reactor design, operating conditions and gas composition strongly influence
NOx abatement efficiency. The effects of oxygen concentration, NHs/NO molar ratio, and
discharge power were investigated in [24], where it was demonstrated that low-oxygen
conditions combined with high discharge power could achieve NOx removal efficiencies as high
as 98.5%. More recently, numerical and experimental approaches have been increasingly
employed to elucidate plasma chemistry mechanisms. A zero-dimensional kinetic modeling
study combined with experimental validation [25] revealed a strong sensitivity of NO and N.O
formation to oxygen concentration and power input in N>—O: plasmas, with a peak in NO
production observed at approximately 4% O:. Excellent agreement between modeled and

measured species concentrations was reported.

Cold plasma techniques have also been applied to the treatment of flue gases, where NO
was shown to be effectively oxidized to NO: and subsequently to N20Os, facilitating downstream
catalytic reduction at lower temperatures [26]. The presence of hydrocarbons in the gas stream

was found to further enhance oxidation efficiency. Complementary modeling studies have
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examined the role of oxygen concentration on nitrogen oxide conversion using zero-dimensional
plasma chemistry models, demonstrating that NO conversion efficiency strongly depends on O:

levels and exhibits optimal behavior at specific concentrations [27].

Despite the extensive experimental and modeling efforts reported in the literature, several
gaps remain. In particular, the combined effects of voltage and frequency on NO removal
mechanisms in realistic N>-O—Ar-NO gas mixtures are not yet fully understood, especially
under atmospheric-pressure DBD conditions. Moreover, many numerical studies rely on
simplified kinetic schemes or reduced-dimensional models that do not fully capture
spatiotemporal plasma dynamics. In light of these limitations, the present work aims to provide a
comprehensive numerical investigation of dielectric barrier discharge behavior in No—O>—Ar—NO
mixtures, with particular emphasis on the influence of operating frequency and applied voltage

on electron dynamics, plasma chemistry, and NO elimination efficiency.
Objectives

The overarching goal of this research is to investigate the potential of dielectric barrier
discharge plasma for the removal of nitrogen monoxide (NO) in air, using a 1D fluid modeling
approach.

The specific objectives are:

v' To analyze the physical principles and chemical mechanisms governing DBD operation,
particularly those relevant to the generation of reactive species involved in NO oxidation and
reduction.

v" To develop a robust 1D fluid model of air DBD plasma, incorporating continuity equations,
electron energy transport, Poisson’s equation, and a representative set of chemical reactions.

v To characterize the temporal and spatial behavior of electrons, ions, radicals, and excited
species under various electrical conditions (frequencies, voltages, waveforms).

v To evaluate the efficiency of NO removal in N>—-O—Ar-NO mixtures under different
operating conditions.

v To identify the dominant chemical pathways and optimal conditions that maximizes NO
conversion while minimizing undesired by-products.

v To contribute to the design and optimization of operating conditions of plasma systems to
combat environmental pollution, with potential applications in industrial emission control and

clean technologies.
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e) Organization
The thesis is structured into four chapters, each addressing a major component of the research
Chapter I: Overview of Nitrogen Oxides (NO,) and Their Reduction Methods

This first chapter presents background information on air pollution, the formation and
impacts of NO,, and conventional mitigation techniques. The fundamentals of cold plasma
science are introduced, highlighting non-thermal plasma as an innovative method for pollution

control.
Chapter I1: Fundamentals and Applications of Dielectric Barrier Discharge Plasma

In the second chapter, an in-depth overview of plasma created by Dielectric Barrier
Discharge plasma is provided, including discharge physics, micro-discharge behavior, chemical
pathways, and the formation of reactive species. Applications of DBD reactors such as ozone
generation, surface treatment, and pollutant removal are discussed, with emphasis on their role in
NOx reduction.

Chapter I11: Modeling and Simulation Results of Air DBD Discharge

The third chapter describes the physical assumptions, governing equations, boundary
conditions, and numerical methods used to simulate DBD plasma. The coupling between
electron energy, particle charges species transport, dielectric surface charge, the electric and the
voltage distribution in the gap discharge, and plasma chemistry forms the core of the modeling

framework.
Chapter 1V: Application of DBD Plasma for NO Reduction in Air

The last chapter presents the simulation results, analyzing the influence of frequency and
voltage on discharge behavior, species formation, and NO conversion. Spatial and temporal
distributions of key radicals are examined, and the dominant chemical mechanisms responsible
for NO removal are identified. The chapter concludes with recommendations for optimizing

DBD reactors for environmental applications.

This thesis will conclude with a comprehensive synthesis of the main accomplishments and
the difficulties encountered throughout the work. In addition, potential avenues for future

investigations will be outlined.
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1.1. Introduction

Air pollution has become one of the most pressing environmental challenges worldwide,
largely driven by rapid industrialization, urban expansion, and the growing demand for energy.
The continuous emission of harmful pollutants into the atmosphere poses serious threats to
environmental quality and human health. Among these pollutants, nitrogen oxides (NOx),
primarily nitric oxide (NO) and nitrogen dioxide (NO:), are of particular concern due to their
significant contribution to photochemical smog, acid rain, ground-level ozone formation, and
respiratory diseases. These compounds are mainly produced during combustion processes in
power plants, transportation systems, and various industrial activities. To mitigate NOx
emissions, several conventional control strategies have been developed and implemented,
including combustion optimization, Selective Catalytic Reduction (SCR), and Selective Non-
Catalytic Reduction (SNCR). Despite their widespread application, these technologies suffer
from notable limitations such as high operational costs, complex system requirements, and the
potential generation of secondary pollutants. As a result, there is a growing demand for

alternative treatment methods that are both energy-efficient and environmentally sustainable.

In this framework, plasma-based technologies, particularly cold plasma generated by
dielectric barrier discharge (DBD) systems, have attracted increasing attention as promising
solutions for air pollution control. Cold plasma discharges are capable of producing a wide range
of highly reactive oxygen and nitrogen species under ambient conditions, enabling effective NOy
decomposition without the need for elevated temperatures. Accordingly, this chapter presents an
overview of air pollution and its principal sources, examines the formation, impacts, and
conventional abatement techniques of nitrogen oxides, and introduces the fundamental principles
of plasma technology with a focus on cold plasma discharges as innovative tools for atmospheric

depollution.
1.2. Nature and Sources of Atmospheric Pollution

Every day, we inhale approximately 15,000 liters of air, making it the most essential
element for sustaining life. The average composition of dry air consists of 78% nitrogen (Nz),
21% oxygen (02), and 1% of other gases, mainly argon (Ar) and carbon dioxide (CO:). Many
other constituents are present at much lower concentrations. Among these constituents, an
atmospheric pollutant can be defined as a substance present at a concentration significantly
higher than its natural level, producing measurable harmful effects on humans, animals, plants,

and materials through deposition or interactions with surfaces.
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The origin of atmospheric pollution is diverse, as it involves both biogenic or natural
sources (such as volcanic eruptions, dust, and emissions of volatile organic compounds from
plants) and anthropogenic sources associated with human activity (transportation, industry,
agriculture, households, etc.). The latter has grown considerably since the first industrial
revolution. Atmospheric pollution includes several families of pollutants, classified according to

their nature and the degree of dispersion of their components. These include:

e Inorganic Pollutants: nitrogen oxides (NOx) and sulfur oxides (SOx), ozone (Os),
hydrogen sulfide (H=S), ammonia (NH3), etc.

e Organic Pollutants: saturated, unsaturated, cyclic and polycyclic hydrocarbons,
aldehydes, ketones, sulfur- and chlorine-containing compounds. Most of these are
classified as volatile organic compounds (VOCSs).

e Aerosols: particles, soot, smoke, etc. [1-2].
1.2.1. Major Atmospheric Pollutants

Atmospheric pollutants may occur in gaseous, liquid, or solid form, and their harmful
effects are linked either to their intrinsic physicochemical properties or to the toxic substances
adsorbed onto the surface of suspended particles. These pollutants originate from both natural
processes, such as volcanic eruptions, desert dust storms, or biogenic emissions and human
activities including industrial operations, transportation, and domestic energy use. In reality, the
atmosphere contains a highly complex mixture of hundreds of chemical compounds, ranging
from major pollutants released in significant quantities to trace species that, despite their low
concentrations, can have profound environmental and health impacts due to their reactivity or
persistence. Among these pollutants, nitrogen oxides (NOx) are of particular concern, as they
play a central role in atmospheric chemistry by contributing to smog formation, acid rain,
ground-level ozone production, and secondary particulate matter. Given their environmental
significance and direct relevance to human health, this study focuses specifically on nitrogen
oxides as the primary target for investigation and control. In the following section, the major
categories of primary pollutants will be briefly introduced to provide context for the discussion
of NOy [3-6], figure 1.1 shows the major atmospheric pollutants.

e Nitrogen Oxides (NOy) e Toxic Heavy Metals

e Carbon Oxides (COx) e Suspended and Fine Particles (PMio

e Sulfur Dioxide (SO2) and PMas)
e Polycyclic Aromatic  Hydrocarbons
(PAHSs)

e Volatile Organic Compounds (VOCs)
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Fig 1.1. Major Atmospheric Pollutants [3]
1.3. Nitrogen Oxides (NOXx): Sources and Environmental Impact

1.3.1. Chemical Nature of NOx
Nitric Oxide (NO):

Nitric oxide is a colorless, odorless gas primarily generated during high-temperature
combustion processes, where atmospheric nitrogen (N2) reacts with oxygen (O:). Major sources
include vehicle engines, industrial furnaces, and power plants. Although NO itself is relatively
inert and has low solubility in water, it serves as a key precursor in atmospheric chemistry. In the
presence of oxygen and other oxidants, NO is readily converted to nitrogen dioxide (NO-). It also
reacts with ozone (Os), thereby influencing the balance of tropospheric ozone concentrations.
Despite its short atmospheric lifetime, NO is critically important because of its role as an initial

product of thermal and fuel-bound nitrogen oxidation [7].
Nitrogen Dioxide (NO2):

Nitrogen dioxide is a reddish-brown gas with a pungent, acrid odor. It can be directly
emitted from combustion sources but is more commonly formed through the oxidation of NO in
the atmosphere. Unlike NO, NO: is highly reactive and plays multiple roles in air pollution
chemistry. It is directly harmful to human health, as it is a strong respiratory irritant capable of

penetrating deep into the lungs. From an atmospheric point of view, NO: is a primary contributor

13
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to the formation of ground-level ozone (Os) through photochemical reactions under sunlight. It
also participates in the formation of secondary particulate matter (PM2.s) via the generation of
nitrates. Furthermore, NO. absorbs visible light, contributing to urban haze and the characteristic

brownish coloration of smog [8].
Other Nitrogen Oxides:

Although less abundant, other nitrogen oxides also have environmental relevance. Nitrous
oxide (N20), commonly known as “laughing gas,” is a powerful greenhouse gas with a global
warming potential nearly 300 times greater than carbon dioxide (CO:) and a long atmospheric
lifetime (~120 years). While traditionally considered harmless in air pollution studies, its role in
stratospheric ozone depletion and climate change has made it a growing concern. Higher oxides,
such as dinitrogen tetroxide (N20s), dinitrogen trioxide (N20s), and dinitrogen pentoxide (N20s),
are generally unstable under ambient conditions but act as intermediates in atmospheric

chemistry, particularly in nighttime reactions and the formation of nitric acid (HNOs) [8].
1.3.2. Sources of NOx Emissions

The primary sources of NOx emissions include both natural and anthropogenic (human-

caused) activities [9], figure 1.2 shows the different sources of NOx emissions.

Anthropogenic sources:

e Transportation: Combustion of fuels in vehicles is one of the largest contributors to NOx
emissions, especially in urban areas with heavy traffic.

e Industrial combustion processes: Factories, power plants, and refineries burn fossil fuels,
releasing large amounts of NOX.

e Agriculture: Agricultural machinery and livestock, especially cattle, contribute to NOXx
emissions.

e Residential heating: Wood stoves, heating appliances, and coal-fired heating systems also
produce NOX.

Natural sources:

e Lightning: Lightning strikes can cause nitrogen in the atmosphere to react with oxygen,
producing NOX.

e Wildfires: Combustion of organic material in wildfires releases NOXx into the atmosphere.

14
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e Soil emissions: Soil microbes, particularly in wetlands, can release nitrogen compounds,

contributing to NOx formation.
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Fig 1.2. Different Sources of NOx Emissions [10].
1.3.3. Environmental Impacts of NOx
NOx has significant effects on both air quality and ecosystems [11]:

« Formation of Ground-Level Ozone (Tropospheric Ozone): NOx, along with volatile organic
compounds (VOCs), reacts in the presence of sunlight to form ground-level ozone, a key
component of smog. Ground-level ozone is harmful to human health and vegetation.

¢ Acid Rain: NOx combines with water vapor and other compounds to form nitric acid (HNOs),
which contributes to acid rain. Acid rain can damage aquatic ecosystems, soil, forests, and
buildings.

« Particulate Matter (PM): NOXx can react with other pollutants to form fine particulate matter
(PM2.5), which is harmful to human health when inhaled.

« Global Warming: Although NOXx is not a direct greenhouse gas, its role in the formation of

ozone contributes to global warming because ozone is a potent greenhouse gas.
1.3.4. Health Impacts of NOx

NOx has several detrimental effects on human health (see figure 1.3), especially in areas

with high pollution levels:
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« Respiratory Issues: NOx can irritate the respiratory system, leading to conditions such as
asthma, bronchitis, and other chronic obstructive pulmonary diseases (COPD).

e Increased Mortality: Long-term exposure to high levels of NOx is associated with an
increased risk of heart disease, lung cancer, and premature death.

« Vulnerable Populations: Children, the elderly, and individuals with preexisting respiratory or

cardiovascular conditions are more susceptible to the health impacts of NOx.
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Fig 1.3. Environmental and Health Impacts of NOx [11].
1.3.5. Formation of NOx: Detailed Mechanisms

NOx formation primarily occurs in two ways: thermal NOx formation and fuel NOx formation

[12], in addition to prompt formation:
Thermal NOx

e Process: This is the most common form of NOx generated in high-temperature combustion
processes. At temperatures greater than 1,300°C (2,372°F), nitrogen (N2) from the air reacts
with oxygen (O2) to form nitric oxide (NO).

The reaction is as follows:
N2+ O2 — high temperature 2NO (1.2)
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e« Thermal NOx Contribution: It's produced in engines, power plants, and industrial
combustion sources. The higher the combustion temperature, the greater the production of
thermal NOx.

Fuel NOx

o Process: This occurs when nitrogen compounds present in the fuel itself, particularly in fossil
fuels (like coal, oil, or natural gas), combine with oxygen during combustion. This type of

NOXx forms at lower temperatures than thermal NOx.

The main reactions involve the conversion of nitrogen in fuel (e.g., nitrogen in coal) into
NO and NO:..

Prompt NOx

e Process: This is a rapid reaction between nitrogen (N2) and hydrocarbons (CH) in the
combustion process, especially in engines and internal combustion devices. This type of
NOx is generally formed in fuel-rich combustion zones, where there's an abundance of

hydrocarbons.
The reaction can be represented as:

CH+N, — HCN +N (1.2)
4HCN + 50, — 4NO+4CO+2H.0 (1.3)

1.3.6. Secondary NOx Formation (Photochemical Reactions)

e NO and Ozone Formation: When NO (produced from the combustion process) mixes

with ozone (Os) under sunlight, it forms nitrogen dioxide (NO:):
NO+03—NO2+0: (1.4)

This interaction is critical in the formation of smog and can increase the concentrations of ozone

in the troposphere, which is harmful to human health and the environment.

1.4. Conventional Gas Treatment Techniques
Several conventional techniques are commonly employed for the depollution of gaseous

emissions [13-15]:
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1.4.1. Filtration

The fundamental step in the separation and pretreatment of polluted effluents consists of
separating a discontinuous solid or liquid phase from a continuous gaseous or liquid phase by
passing the fluid under pressure through a semi-permeable membrane, which retains the particles
on the surface, or through a porous medium which traps the undesirable matters (see figure 1.4).

1.4.2. Adsorption

The physical process in which gaseous pollutants are transferred onto the surface of an
adsorbent, driven by weak Van der Waals forces, the adsorption can be reversible, allowing

desorption and regeneration of the adsorbent, or irreversible, requiring replacement.
1.4.3. Absorption

A method in which a pollutant gas is captured within a liquid phase, often referred to as
“gas scrubbing”, for particulate capture, inertia and impaction dominate, while for gaseous
pollutants, thermodynamic and chemical interactions between the carrier gas, the pollutant, and

the liquid govern the process.

Absorption | Adsorption

\0\ Adsorbate

Absorbent Adsorbent

Absorbate

Fig 1.4. Absorption and Adsorption Techniques.
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1.4.4. Cryogenic Trapping

Based on the physical properties of matter at very low temperatures (below 200 K), This
technique induces condensation, fractional distillation, gas cooling and liquefaction, or cryogenic

absorption/adsorption, enabling efficient pollutant removal.
1.4.5. Combustion

It is primarily applied to exhaust gases containing hydrocarbons; the pollutants are
oxidized at high temperatures (900-1200 K) into inert, non-polluting compounds. Effective
application requires knowledge of the type and concentration of the pollutant to prevent

uncontrolled ignition and ensure uniform reaction conditions in the gas stream.

I.5. Plasma-Based Pollution Control Techniques

Plasma-based pollution control techniques [15, 16, 17] are generally divided into two
groups. The first group relies on thermal plasmas (plasma torches or electric arcs) to raise the gas
temperature (500-1200 K), thereby promoting specific reduction reactions. The second group
uses non-thermal (non-equilibrium) plasmas, which seed the gas with excited and radical species

to initiate chemical kinetics for pollutant transformation.
Techniques requiring elevated gas temperatures include:

1.5.1. Selective Catalytic Reduction (SCR) is one of the most effective and widely used
technologies for NOy control. In this process, a reducing agent typically ammonia (NHs) or urea
is injected into the flue gas stream, where NOy is selectively reduced to molecular nitrogen (N2)
and water (H20) in the presence of a catalyst. Common catalysts include vanadium titanium
oxides and zeolite-based materials. SCR systems operate efficiently within a temperature
window generally ranging from 250 to 450 °C. Despite their high removal efficiencies, often
exceeding 90%, SCR installations are associated with high capital and maintenance costs,

catalyst deactivation, and the risk of ammonia slip.

1.5.2. Selective Non-Catalytic Reduction (SNCR), also known as Thermal DeNO., eliminates
the need for a catalyst by relying solely on thermal activation. In this technique, ammonia or
urea-based reagents are injected directly into the combustion chamber or flue gas at elevated
temperatures, typically between 850 and 1100 °C. Under these conditions, NOy is reduced to
nitrogen and water through homogeneous gas-phase reactions. Although SNCR systems are

simpler and less expensive than SCR, their NOx removal efficiency is comparatively lower
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(usually 30-60%) and highly sensitive to temperature fluctuations, which may lead to

unreacted ammonia emissions.

1.5.3. Non-Selective Catalytic Reduction (NSCR) is an earlier technology that has been in use
since the mid-20th century, particularly in stationary engines and industrial exhaust treatment.
This method employs hydrocarbon-based reducing agents, such as carbon monoxide (CO) or
unburned hydrocarbons, in the presence of a catalyst to reduce NO,. Unlike SCR, NSCR does
not selectively target NOi, as oxygen competes with NO, for the reducing species.
Consequently, NSCR requires near-stoichiometric or fuel-rich conditions and is generally
unsuitable for oxygen-rich exhaust gases.

1.5.4. RAPRENO: process is a high-temperature reduction technique closely related to
Thermal DeNOy. It involves the injection of isocyanic acid (HNCO) or cyanuric acid as the
reducing agent. At elevated temperatures, these compounds decompose to form reactive
intermediates that facilitate the reduction of NOx to nitrogen. While effective under controlled
conditions, the RAPRENOy process faces practical challenges related to reagent handling,
operational safety, and process optimization.

These thermal methods are not well suited for treating toxic effluents present at low
concentrations in large gas volumes (e.g., exhaust gases), since they heat molecules non-

selectively, resulting in high energy and financial costs

More recently, research in several countries has focused on cold (non-thermal) plasmas
[18], that is can induce similar chemical reduction processes as thermal methods, but without
significant gas heating, while also enabling the simultaneous removal of multiple pollutants.
They are particularly well suited for treating exhaust gases where toxic species are highly
diluted. Crucially, the treatment process is driven by electronic energies (several thousand
Kelvin), rather than bulk gas temperature, which remains nearly unchanged. Economically, the
main advantage lies in the fact that electrical power is primarily used to generate energetic
electrons. These electrons transfer their energy during collisions with neutral species, creating

radicals and chemically active excited species, without unnecessary heating of the gas.

While oxidation of NO to NO: is relatively easy to achieve in plasma, complete removal of
both NO and NO: (i.e., conversion to N> and O:) requires a delicate balance of radical
concentrations and residence time. In some cases, undesirable by-products like N2O or Os may

form, which must be carefully controlled through reactor design and process optimization.
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1.6. Cold Plasma Pollution Control Techniques
1.6.1 Plasma Fundamentals

This section is devoted to defining the concept of plasma, presenting the type of plasmas of
discharge studied, and providing a brief description of the mechanisms responsible for their

generation by electrical discharge [19, 20].

1.6.1.1. What is Plasma?

Unlike solids, liquids, and gases, plasmas exhibit high electrical conductivity and
collective behavior governed by long-range electric and magnetic fields [21-23]; The term
plasma was introduced by Langmuir in 1929 to describe ionized gases that are quasi-neutral,
containing nearly equal numbers of positive and negative charges [24]. Although plasma
constitutes about 99% of the visible Universe, it is relatively rare on Earth under normal
conditions and is usually generated artificially through electrical discharges or electromagnetic
fields. Depending on their degree of ionization, plasmas are generally classified into two
categories: thermal plasmas, which are in thermodynamic equilibrium, and non-equilibrium cold
plasmas, where energetic electrons coexist with a near-room-temperature bulk gas. We can now
define more precisely what a plasma is. A plasma is a gas that is partially or fully ionized [21]. It
is therefore composed of electrons, positively or negatively charged ions, neutral particles,

excited species, and photons (Figure 1.5).
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Fig 1.5. Fundamental State of Matter [22].
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1.6.1.2. Plasma in Our Life

Plasma is not only a fundamental state of matter in the Universe but also an essential part
of our daily lives. In nature, plasmas manifest as lightning, auroras, and solar winds that
continuously interact with Earth’s atmosphere. Artificial plasmas are equally significant: they
power lighting systems like fluorescent and neon lamps, and are used in plasma display
technologies [25]. Industrially, plasmas play a critical role in semiconductor manufacturing, thin-
film deposition, and surface modification, thanks to their ability to activate chemical reactions
under controlled non-equilibrium conditions. In environmental applications, non-thermal
plasmas are being developed for ozone generation, pollution control, and advanced water
purification particularly in degrading persistent organic contaminants and wastewater treatment
[26-27]. Medical applications of non-thermal atmospheric plasmas have also seen rapid growth,
from sterilization, wound healing, and dermatological treatments to emerging roles in cancer
therapy and plasma-activated liquid technologies [28-29]. These natural phenomena and
technological applications underscore that plasma, beyond its cosmic prevalence, serves as a
versatile and indispensable tool in contemporary science, healthcare, and environmental
technology. Plasmas can be characterized according to two key parameters: the electron density
(n.) and the electron temperature (7). By representing these parameters in a diagram, two main
categories of plasmas can be distinguished: hot plasmas and cold plasmas. The distribution of
plasmas in this parameter space is shown in figure I-6.
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Fig 1.6. Diagram of Plasmas in the Space Te/ne [30].
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1.6.1.3. Classification of Plasmas

One of the key characteristics of plasma related to the electron density is its degree of

ionization a , which is defined as:

e (1.5)
where ne is the electron density and N is the density of neutral species.

Based on the degree of ionization and the electron temperature (Te), plasmas can be classified
into the two main categories previously defined: hot plasmas (thermal plasma) and cold plasmas
(also referred to as non-thermal plasmas). Hot plasmas are fully ionized and exhibit temperatures
higher than 10°K such as those found in the solar core, lightning, and fusion reactors. In
contrast, cold plasmas are non-equilibrium systems where ions and neutrals remain at relatively
low temperatures (typically below 1000 K), while the minority electron population reaches much
higher temperatures in the range of 10,000 to 50,000 K. The degree of ionization for such
plasmas typically lies between 107¢ and 1072,

The plasmas investigated in this thesis belong to the category of cold (non-thermal) plasmas.
1.6.1.3.1. Thermal Plasmas

Thermal plasmas, also called equilibrium plasmas, are characterized by local
thermodynamic equilibrium (LTE), where electrons, ions, and neutrals have approximately the
same temperature and their velocity distributions follow Maxwell Boltzmann statistics. They are
typically generated under high-pressure and high-density conditions, resulting in temperatures
ranging from several thousand to tens of thousands of kelvins. Examples include electric arcs,
plasma torches, and fusion plasmas. Thermal plasmas are widely applied in industrial processes

such as plasma spraying, cutting, welding, and waste treatment [31].
1.6.1.3.2. Cold (Non-Thermal) Plasmas

Cold plasmas, also called non-equilibrium plasmas, are distinguished by a strong
temperature disparity between electrons and heavy species (ions and neutrals). While electron
energies can reach several electron volts (equivalent to thousands of kelvins), the bulk gas
remains close to room temperature. This non-equilibrium feature allows cold plasmas to initiate

fast chemical reactions without globally heating the system, making them ideal for temperature
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sensitive applications. Today, cold atmospheric plasmas (CAPs) are being extensively
investigated for sterilization, wound healing, cancer therapy, dermatology, water purification,

and environmental decontamination [26 -28].

To generate this type of plasma, an electric field can be applied to accelerate electrons,
which then produce ionizing collisions and thereby create a plasma. In our study, this is the type
of plasma we investigated. Cold plasmas have a wide range of applications, including lighting
tubes, microelectronic etching, thin film deposition, gas lasers, as well as pollutant and surface
treatment. Later in this thesis, we will present possible applications of the specific types of this

plasma studied.

For environmental applications such as NOx treatment, non-thermal plasma is preferred due to its
ability to initiate chemical reactions at low gas temperatures, avoiding thermal NO formation and

saving energy.
1.6.2. Cold Plasma Generation Techniques
Two main techniques can be used to generate cold plasma at atmospheric pressure:

1.6.2.1. Electron Beam Techniques: (electron beam irradiation of exhaust gases) first
developed in the 1970s by the Japanese company EBARA, later extended in Germany and the
United States in the 1980s. This process oxidizes NOx and SO: into HNOs and H.SO4, which
are subsequently neutralized with a base, yielding solid residues that can be recovered via

mechanical filters or electrostatic precipitators and reused as fertilizer salts.

In this approach, electrons are first created and accelerated under vacuum conditions.
These highly energetic electrons are then introduced into the target gas through a semiconductor
window. Once inside the gas, which is at atmospheric pressure, the energetic electrons initiate

plasma formation by colliding with gas molecules and inducing ionization [32].

1.6.2.2. Electrical Discharge Techniques: (Non-equilibrium electrical discharges, including
corona discharges, dielectric barrier discharges (DBD), surface discharges, and glidarc

discharges).

In this case, electrons are directly created and accelerated at atmospheric pressure within
the gas volume to be treated, through the application of a high voltage between two electrodes.

These electrons collide with the gas molecules, and ionization of the molecules or atoms occurs.
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lonization takes place when a molecule or atom acquires sufficient energy either from an

external excitation source or via collisions with other energetic particles [32].

A gas always initially contains a small number of electrons and ions, formed for instance
by collisions with cosmic rays or radioactive radiation interacting with the gas. These free
charges are accelerated by the applied electric field, and new charged particles may subsequently
be created when they collide with atoms and molecules in the gas or with the surfaces of the
electrodes. This process leads to an avalanche of charged particles, which is eventually balanced

by charge losses, resulting in the establishment of a steady-state plasma [33].
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Fig 1.7. Representation of the difference between a Neutral Gas and a Plasma [33].
1.6.3 Characteristic Scales and Processes in Plasmas

Plasma behavior is governed by a set of characteristic scales and elementary processes that
control its dynamics, stability, and interaction with matter. These characteristic scales define the
collective properties of the plasma, while the elementary processes determine how energy and

particles are exchanged within the plasma and with its surroundings.
1.6.3.1. Plasma Oscillations

Plasma oscillations are high-frequency collective motions of the electron population
around a nearly immobile ion background. When electrons are displaced, the electrostatic

restoring force drives them back, creating oscillations at the plasma pulsation (ay):

(1.6)



Chapter | Overview of Nitrogen Oxides (NOx) and Their Reduction Methods

where ne is the electron density, e the elementary charge, & is the vacuum permittivity, and is me
the electron mass. These oscillations are fundamental in determining plasma stability and wave

propagation [34].

1.6.3.2. Debye Length

The Debye length (A,) characterizes the distance over which electrostatic interactions are

screened in a plasma, It is defined as:

) (1.7)

where Te is the electron temperature, ne is the electron density, e is the elementary charge, & is

the vacuum permittivity, and kg is the Boltzmann constant.

Within a Debye sphere, the plasma behaves collectively, but beyond this scale, electrostatic
potentials are shielded. A defining condition for a medium to be plasma is that the system size

L>>1p ensuring collective behavior [34].

1.6.3.3. Reactive Processes

The plasma generation process is based on the injection of a “plasma forming” gas into a
chamber maintained either under partial vacuum or at atmospheric pressure [19]. lonization
processes can occur, for example, when the gas molecules are subjected to high energy radiation,
an electric field, or high thermal energy. Free electrons are then accelerated, gain energy, and
collide (elastically or inelastically) with gas molecules or atoms. Inelastic collisions lead to the
ionization of gas molecules. As a result, the gas transitions from an electrically insulating state to
a conducting state through the production of free charged species. The presence of ionized and
excited species initiates a wide range of complex reactional processes (ionization, dissociation,
emission, recombination, neutralization, de-excitation, attachment, etc.) [20].

In practice, several types of collisions can be distinguished:
1.6.3.3.1. Elastic Collisions

In these collisions, both kinetic energy and momentum are conserved. Heavy particles
readily exchange their energy through elastic collisions, whereas in the case of a collision
between an electron and a heavy particle, the fraction of energy transferred is very small.

Consequently, an electron must undergo thousands of elastic collisions to lose its energy.
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e +A-e +A (1.8)
1.6.3.3.2. Inelastic Collisions

Electrical discharges induce collisions between electrons emitted from the cathode toward
the anode and the gas species. All inelastic collisions have an energy threshold: electrons must
possess an energy greater than this threshold in order for the reaction to occur. After the
collision, the electron loses the threshold energy. These collisions sustain the electrical discharge
and give rise to primary and secondary processes such as excitation, dissociation, ionization, and
attachment. Inelastic collisions are therefore the source of a large number of physico-chemical

reactions, which in turn modify the macroscopic properties of the gas [19].
e +Aoe +A (1.9)

where A* represents the excited atom.
» Charge Transfer Collisions

In this process, a high-energy ion (A*) becomes a fast neutral (A), while a neutral species

(B), initially at the gas temperature, is transformed into a positive ion (B*):

A+B—>B" +A (1.10)
> lonization

In the case of low pressure or high pressure discharges, gas ionization is primarily due to
electron molecule or electron atoms interactions. A collision between an electron and a molecule
produces a scattered electron, an ejected electron, and a positive ion. Both electrons are
subsequently accelerated by the electric field, leading to further ionization processes:

e +A—>2e + A" (1.11)

> Electron Attachment

According to the molecule or atom electron affinity, the electron can be captured by these
last particles, leading to the formation of a negative ion. This process occurs primarily in

electronegative gases:

e +A> A (1.12)
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> Electron Detachment

The collision of a negative ion with a neutral species can result in the release of an

electron, producing two neutral particles:

A +e > A+2e (|_13)

> lon Conversion

When an ion collides with a molecule, the impact may cause dissociation of the molecule

and the formation of a new type of ion.

Table 1.1 presents a set of representative reactions induced by electron impact during inelastic

collisions [19].

Table 1.1: Set of Reactions Induced by Electron Impact [19]

Type of Collision Reaction
Electronic Impact Excitation A+e > A +e e +A+hv
Electron Impact lonization A+e — At +2e
Electron Impact Dissociation AB+e —>e +A+B
Dissociative lonization AB+e —> A" +B+2e
Penning lonization A +e” 5 At +2e
Dissociative Attachment AB+e —> A +B
Recombination A'+B+e — A+B
Radiative Recombination e+ A" S A +hv
Electron Impact Detachment e+ A > A+2e

where A and B are chemical species (neutral particles, atoms, molecules, etc.)
1.6.4. Cold Plasma reactors

Cold plasma reactors are devices designed to generate non-equilibrium plasmas, where
electrons are highly energetic while ions and neutral species remain near room temperature.
Different reactor configurations have been developed to tailor plasma properties for specific
applications such as surface modification, sterilization, environmental remediation, and

biomedical treatments. The most common types include glow discharge, radio frequency
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discharges, microwave discharges, corona discharges (pulsed and continuous), dielectric barrier

discharges, and gliding arc systems.
1.6.4.1. Glow discharge

Glow discharge reactors are the simplest and most studied cold plasma sources. They
consist of two electrodes at low pressure, where a DC voltage initiates a discharge characterized
by distinct regions (cathode fall, negative glow, plasma region). Glow discharges are widely used
in thin-film deposition, sputtering, surface cleaning, and analytical techniques such as glow
discharge spectroscopy. Recent studies report their application in nanomaterial synthesis and

plasma-assisted catalysis [35].
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Fig 1.8. Glow Discharge Reactor [35].
1.6.4.2. RF Discharge (Capacitive, Inductive)

RF discharges are generated by applying an alternating electric field, typically at 13.56 MHz, to
electrodes. Two main modes exist; Capacitively Coupled Plasma, and Inductively Coupled

Plasma (see fig. 1.9).

= Capacitively Coupled Plasma (CCP): electrons gain energy from oscillating electric
fields between two electrodes, commonly used in microelectronics, thin film processing,

and biomedical devices.
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» Inductively Coupled Plasma (ICP): energy is transferred via electromagnetic induction,
generating denser plasmas with higher ionization efficiency. ICPs are widely used in

spectroscopy and etching processes [35].
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Fig 1.9. RF Discharge Reactor Design [35].

1.6.4.3. Microwave Discharge
Microwave plasmas are produced when microwave radiation (typically 2.45 GHz) couples

with a gas, leading to high electron densities and efficient ionization. Microwave discharges
operate at low or atmospheric pressure and are applied in plasma chemistry, ozone generation,
and biomedical treatments. They provide stable, uniform plasmas without electrodes, reducing

contamination risks, the scheme of Microwave Reactor is represented in figure 1.10 [36].
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Fig 1.10. Microwave Discharge Reactor [36].
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1.6.4.4. Corona Discharge

Corona discharges occur when a high voltage is applied to asymmetric electrode
geometries (sharp tips, wires) under atmospheric pressure, creating strong electric fields near the
electrode surface. They are characterized by localized plasma regions around sharp electrodes.
Corona discharges are widely used for ozone generation, flue gas treatment, and surface
activation of polymers, the scheme of point to plane corona discharge reactor is shown in figure
1.11 [37,38].

Corona
< discharge

HV ~

Fig 1.11. Corona Discharge Reactor [37,38].
1.6.4.5. Pulsed Corona Discharge

A pulsed corona discharge uses short-duration, high-voltage pulses, which reduce electrode
heating and enhance energy efficiency compared to continuous corona discharges. This
configuration is especially effective for non-thermal plasma water treatment, decomposition of
volatile organic compounds (VOCs), and plasma-assisted sterilization. Recent works emphasize
pulsed corona discharges for environmental and biomedical applications due to their

controllability and efficiency [36].
1.6.4.6. Dielectric Barrier Discharge

In DBD reactors, at least one electrode is covered with a dielectric material, which limits
the discharge current and distributes the plasma into micro-discharges. DBDs operate at
atmospheric pressure and are used in ozone generation, surface functionalization, plasma
medicine, and CO: conversion. Their ease of scalability and ability to operate in ambient air
make them among the most versatile cold plasma sources, the dielectric barrier discharge

phenomena is shown in figure 1.12 [27].
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Fig 1.12. Dielectric Barrier Discharge Phenomena [27].

1.6.4.7. Gliding Arc Discharge

Gliding arc discharges are non-equilibrium plasmas formed between diverging electrodes,
where an arc is ignited and then "glides™ along the electrode gap due to gas flow. They combine
properties of both thermal and non-thermal plasmas: electrons remain hot, while bulk gas
temperature is moderately elevated. Gliding arcs are widely applied in plasma-assisted
combustion, gas reforming, and pollution control, the scheme of Gliding Arc Discharge Reactor

is represented in figure 1.13 [39].
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Fig 1.13. Gliding Arc Discharge Reactor [39].
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1.6.4.8. Gliding Arc Tornado Discharge

The gliding arc tornado (GAT) reactor is an advanced configuration where a gliding arc is
stabilized and rotated by a strong vortex gas flow, forming a tornado like plasma structure. This
geometry improves plasma gas mixing, increases energy efficiency, and provides longer
residence times. Recent studies report its promising use in CO2 conversion, syngas production,

and plasma-assisted catalysis [39].

Table 1.2 Comparative of Cold Plasma Reactors

Reactor Type Operating Principle Pressure Range Typical Applications
Glow Discharge DC voltage at low pressure; Low pressure (0.1- Thin-film deposition,
electron avalanches sustain 10 Torr) sputtering, spectroscopy,
stable plasma glow nanomaterials synthesis
RF Discharge (CCP/ICP)  RF (13.56 MHz) field excites Low to medium Microelectronics, plasma
plasma; CCP uses electrodes, (mTorr —few Torr) etching, thin-film
ICP uses induction coils processing, biomedical
devices
Microwave Discharge Microwave radiation (2.45 GHz) Low or Ozone generation, plasma
couples with gas; electrode-less ~ atmospheric chemistry, biomedical
plasma generation pressure sterilization, material
processing
Corona Discharge High voltage applied to Atmospheric Ozone production, flue gas
sharp/asymmetric electrodes at pressure treatment, surface activation
atmospheric pressure of polymers
Pulsed Corona Discharge  Short high-voltage pulses Atmospheric VOC removal, wastewater
improve corona stability and pressure treatment, sterilization

reduce heating

Dielectric Barrier At least one electrode covered Atmospheric Ozone generation, surface
Discharge (DBD) with dielectric; limits currentand  pressure modification, CO2
forms micro-discharges conversion, plasma
medicine
Gliding Arc Discharge Arc ignited between diverging Atmospheric to Plasma-assisted combustion,

electrodes, carried by gas flow moderate pressure  gas reforming, pollution

(‘'glides' along gap) control
Gliding Arc Tornado Gliding arc stabilized and rotated ~ Atmospheric to CO: conversion, syngas
by vortex gas flow, creating moderate pressure  production, plasma catalysis

tornado-like discharge

Dielectric Barrier Discharge (DBD) was selected in this study as the core plasma

technology due to its unique advantages in pollutant removal under atmospheric pressure
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conditions. Unlike thermal plasmas, which require high energy input and elevated gas
temperatures, DBD generates a non-thermal plasma where energetic electrons initiate chemical
reactions without significantly heating the bulk gas. This allows efficient generation of reactive
species such as radicals, excited molecules, and ozone, which are highly effective in oxidizing
and decomposing nitrogen oxides (NOx) at low energy cost. Furthermore, DBD reactors are
relatively simple, compact, and flexible in design, making them suitable for integration into
pollution control systems. Their ability to operate under ambient conditions with minimal
secondary pollution makes DBD an attractive and sustainable solution for addressing NOy

emissions, which are the central focus of this research.
1.7. Conclusion

Atmospheric pollution represents a major challenge for both environmental sustainability
and public health, with nitrogen oxides (NOx) playing a central role in the formation of
photochemical smog, acid rain, and other secondary pollutants. Although conventional control
technologies such as Selective Catalytic Reduction (SCR) and Selective Non-Catalytic
Reduction (SNCR) are commonly employed, their inherent limitations related to cost,
operational complexity, and potential secondary emissions underscore the necessity for
alternative mitigation strategies. In this context, plasma-based processes, particularly cold
plasmas generated by dielectric barrier discharges (DBDs), have gained increasing attention as
effective and flexible solutions for NOx abatement. These systems enable the generation of
highly reactive species under ambient conditions, allowing efficient pollutant removal without
the need for high temperatures. Consequently, the following chapter focuses on the fundamental
principles of dielectric barrier discharge plasma, with particular emphasis on its application in air

pollution control.
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Chapter 11 Fundamentals and Applications of Dielectric Barrier Discharge Plasma

11.1. Introduction

Dielectric barrier discharge (DBD) plasma has emerged as a promising non-thermal plasma
technology for NOx abatement. Operating under atmospheric pressure and near-ambient
temperatures, DBDs produce a rich variety of reactive oxygen and nitrogen species capable of
oxidizing or reducing NO and NO: without generating additional thermal NO.. Their modular
design, scalability, and compatibility with catalytic materials further enhance their potential for

practical applications.

This chapter provides an in-depth overview of DBD plasmas and their relevance to NOx
reduction. It begins with a discussion of Electrical discharge fundamentals, followed by the
physical and chemical mechanisms governing DBD operation. The unique chemical environment
of DBDs, where short-lived radicals and long-lived species act synergistically in both plasma and
post-discharge regions, is examined in detail. Furthermore, recent advances in DBD applications
for pollution control are reviewed, including ozone generation, surface treatment, and pollutant

reduction.

Despite significant progress, several knowledge gaps remain, particularly concerning
plasma chemistry pathways, by-product formation, and reactor optimization for large-scale
operation. Addressing these challenges requires both experimental investigations and numerical
modeling approaches capable of capturing the coupled physics and chemistry of DBD plasmas.
This context provides the scientific and technological foundation for the modeling framework
developed in the following sections, which aims to better understand and optimize NOx reduction

under DBD conditions.

11.2. Historical Development of DBDs

To provide context for the evolution of this technology, the following table (Table 11.1)
outlines the major milestones in the development of Dielectric Barrier Discharges (DBDs), since
its inception in the mid-19th century, the application of DBDs has transitioned from a specialized
method for ozone production to a versatile solution for modern environmental and biomedical

challenges.

This chronological overview highlights the transition from the first discovery, basic
industrial chemistry, the breakdown of volatile organic compounds, biomedicine and screens, to

the sophisticated plasma-assisted catalytic systems used today [1-12].

39



Chapter 11 Fundamentals and Applications of Dielectric Barrier Discharge Plasma

Table I1. 1. Historical Development of DBD Technology.

Era Key Milestone Primary Application

1857 First Discovery Proof of concept for ozone generation via dielectric
(Siemens) barriers.

Early 1900s Industrialization Large scale ozone production for water treatment.

1960s-1970s  Surface Processing Polymer activation, textile treatment, and thin film

deposition.
1980s Environmental Pivot First use in flue gas cleaning (NOx and SO> removal).
1990s VOC& CO reduction ~ Decomposition of volatile organic compounds and

carbon monoxide.

2000s Biomedical& Displays Plasma medicine (wound healing, sterilization) and
Plasma Display Panels.

2010s—-Now  Plasma Catalysis Synergy between plasma and catalysts for CO> and

NOXx conversion.

11.3. Definition and Characteristics of Dielectric Barrier Discharge (DBD)

A Dielectric Barrier Discharge (DBD) is a source of non-equilibrium cold plasma, i.e., an
ionized gas that remains globally neutral in which the electrons possess a much higher energy or
temperature (with an average energy of a few electron volts) than that of the ions and the neutral

gas particles (approximately 300 K), which constitute the majority species [13].

The term DBD refers to discharge configurations in which a current flow between two
metallic electrodes separated by a gas and at least one layer of insulating material. Depending on
the intended application, two insulating layers may also be employed. Typical coplanar and
cylindrical electrode configurations are illustrated in Figure 11.1. Coplanar configurations are
generally used for surface treatment applications, while cylindrical ones are more suitable for gas
treatment. The plane—plane arrangement (c) in Figure I1.1 has the advantage of avoiding direct
contact between the plasma and the metallic electrodes, which is particularly useful when
working with corrosive plasmas. Configuration (b) enables the simultaneous generation of a
discharge on both sides of the dielectric, which is advantageous when the dielectric itself
constitutes the material to be treated, as it allows processing of both surfaces at once. Commonly
used dielectric materials include glass, quartz, ceramics, and silicone rubber, particularly in

corona treatment applications [13].
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Fig I11.1. Current Configurations of DBD

These discharges have the particular advantage of being able to operate at atmospheric
pressure. However, under high-pressure conditions (and with larger inter-electrode gaps), the
increase in current between two metallic electrodes generally leads to a transition into an arc
regime [14], which is characterized by high temperatures that are detrimental to many
applications. The role of the dielectric barriers is precisely to limit the current flowing through
the discharge. The accumulation of charges from the plasma on the solid dielectric causes a
reduction of the potential and the electric field applied to the gas, which results in the extinction
of the discharge. Due to the presence of the solid dielectric, a DBD is inherently pulsed and
requires excitation by alternating voltage power supplies. Typically, potential differences on the
order of several tens of kilovolts and frequencies ranging from 1 Hz to 1000 kHz are applied to

ignite the gas across an inter-electrode gap of only a few millimeters.
11.4. Basic Principle of DBD

The fundamental operating principle of dielectric barrier discharges (DBDs) relies on the
use of at least one dielectric layer placed between two electrodes (Figure 11.2.), across which a
high alternating or pulsed voltage is applied. This dielectric barrier plays a crucial role in
controlling the discharge process and ensuring the generation of a non-thermal plasma rather

than a thermal arc.
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When the applied voltage exceeds the breakdown voltage of the working gas (typically air,
oxygen, nitrogen, or their mixtures), localized micro-discharges are initiated in the gap. These
micro-discharges consist of short-lived plasma filaments with high electron density, which last
only a few nanoseconds. During each micro-discharge, electrons are accelerated by the high
electric field, producing ionization, excitation, and dissociation of gas molecules. This process
leads to the formation of reactive species such as O, Os, N, and excited N2, which are central to

applications like ozone generation, pollutant abatement, and surface modification

A distinctive feature of DBDs is the charge accumulation on the dielectric surface during
each micro-discharge event. As charges deposit on the dielectric, they locally reduce the electric
field, which gquenches the discharge and prevents continuous current flow. This self-termination
mechanism is essential for maintaining a cold, non-equilibrium plasma where electrons reach
high energies (1-10 eV) while the bulk gas remains near room temperature. Unlike arcs or glow
discharges, DBDs can therefore operate stably at atmospheric pressure without significant gas
heating.

Overall, the operation of DBDs is based on three key elements: (i) the application of high-
voltage AC or pulsed power, (ii) the formation of transient micro-discharges that generate
reactive species, and (iii) the dielectric barrier, which prevents arcing and maintains plasma

stability, the operating principle of the DBD is shown schematically in figure 11.3.
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Fig 11.3. Operating principle of a DBD: (a) initiation of the first micro-discharge, (b) extinction
of the initial micro-discharge and triggering of a new one, (c) reversal of the applied polarity on

the electrodes, and (d) equivalent electrical circuit of a micro-discharge [15], [16].
I1.5. Electrical Characteristics of DBD

The electrical behavior of dielectric barrier discharges (DBDs) is central to their operation
and directly influences their stability, efficiency, and chemical reactivity. Unlike continuous arc
discharges, DBDs are characterized by a series of short-lived, spatially and temporally localized
discharges that occur within each half-cycle of the applied voltage, ensuring non-equilibrium

plasma conditions.
11.5.1. Voltage-Current Behavior

DBD reactors typically operate under sinusoidal or pulsed high voltages in the range of 5-
30 kV, with frequencies between 1-1000 kHz, depending on the reactor geometry and
application [15-16]. The current waveform reflects the formation of multiple micro-discharges
per cycle, appearing as sharp current spikes superimposed on a capacitive displacement current.
This characteristic current profile distinguishes DBDs from other non-thermal plasmas, such as

coronas or gliding arcs.
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11.5.2. Micro-discharges

The plasma formed in DBDs does not fill the gap uniformly; instead, each half-cycle
produces numerous short micro-discharges, typically lasting 10-100 nanoseconds, and
distributed randomly across the dielectric surface [15-16]. These micro-discharges appear as
filamentary channels with high electron density (~10%2-10'* cm™), surrounded by regions of low
ionization. Their transient and localized nature is crucial in preventing the transition to thermal

arcs while allowing efficient generation of reactive species.

11.5.3. Charge Accumulation and Self-Termination

A defining feature of DBDs is the role of the dielectric barrier in accumulating surface
charge during each micro-discharge event. As charges deposit on the dielectric surface, they
locally reduce the electric field in the discharge gap, causing the micro-discharge to self-
terminate within nanoseconds. This self-limiting mechanism prevents continuous current flow
and arcing, thereby maintaining the plasma in a non-equilibrium state where the electron

temperature (several eV) is much higher than the gas temperature (close to ambient) [15-16].

The combination of high-voltage excitation, nanosecond micro-discharges, and charge-
controlled self-termination results in a plasma environment dominated by energetic electrons,
weakly ionized gases, and abundant radicals. These features explain why DBDs are particularly
effective for applications requiring selective chemistry, such as ozone generation, volatile

organic compound decomposition, and NOy reduction.

11.6. Different Types and Mechanisms of Dielectric Barrier Discharges

11.6.1. Positive Polarity DBD

When a positive voltage is applied to the powered electrode, electrons in the gas are
accelerated toward the dielectric surface while positive ions move in the opposite direction, and
because of the electrons have much higher mobility, they quickly accumulate on the dielectric,

leading to strong surface charging.

The surface charge created by the dielectric barrier discharge effectively reduces the local
electric field, interrupting the discharge after a few nanoseconds. Positive polarity discharges
generally favor short-duration micro-discharges, characterized by narrow current pulses and

lower discharge uniformity [17].
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11.6.2. Negative Polarity DBD

For negative voltage polarity, the powered electrode acts as a cathode. Electrons are
accelerated into the gap, while positive ions bombard the dielectric surface. This process
enhances secondary electron emission from the dielectric and electrode surfaces, leading to
longer and more stable micro discharges. Negative polarity discharges are often more effective
for initiating streamers, as the enhanced electron emission sustains electron avalanches over

longer distances [17].

11.6.3. Pulsed DBD

In addition to the conventional sinusoidal or alternating current (AC) excitations, pulsed
voltage sources are increasingly employed in dielectric barrier discharge (DBD) systems. The
use of pulsed operation introduces several important advantages, both from a physical and a

chemical perspective, making it highly attractive for advanced plasma applications.

One of the primary benefits of pulsed excitation lies in the generation of short high voltage
pulses on the nanosecond to microsecond timescale. Such short pulses produce higher values of
the reduced electric field (E/N), which strongly influences the behavior of electrons in the
discharge. This high reduced electric field accelerates electrons to energies sufficient for efficient
excitation, dissociation, and ionization of gas molecules, thereby favoring electron driven
reactions over thermal processes. This leads to a more energy efficient plasma where reactive

species are formed with minimal power losses to gas heating.

A second advantage of pulsed operation is the effective suppression of gas heating, and
because of each discharge event is confined to very short durations, there is insufficient time for
significant thermal energy transfer to the bulk gas. As a result, the discharge remains in a non-
thermal regime, characterized by hot electrons and relatively cold ions and neutrals. This
property is crucial for applications where thermal damage must be avoided, such as in biological

treatments or the processing of temperature sensitive materials.

Another key feature of pulsed DBD is the ability to achieve enhanced control over plasma
chemistry. By adjusting pulse parameters such as width, frequency, amplitude, and repetition
rate, it is possible to tailor the production of specific reactive species notably oxygen radicals
(O), hydroxyl radicals (OH), and nitrogen species (N). These reactive species are highly

desirable in many plasma-assisted processes, including sterilization, decontamination, and
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environmental remediation. At the same time, pulsed operation helps to minimize the generation

of undesired by-products, which improves selectivity and process efficiency.

Due to these combined advantages, pulsed DBD has found wide applicability across
multiple fields. In plasma medicine, it enables localized treatment of tissues with reactive oxygen
and nitrogen species (RONS) without causing thermal injury. In sterilization and disinfection, the
method ensures effective microbial inactivation with minimal material degradation. For ozone
generation, pulsed operation enhances ozone yield while reducing unwanted secondary reactions.
Similarly, in plasma catalysis, pulsed DBDs improve catalyst plasma interactions, thereby
enhancing conversion efficiency and selectivity in chemical processes. These characteristics
make pulsed DBD a versatile and promising technology for both industrial and biomedical

applications [20].

11.7. Mechanism of DBD Formation

A. Seed Electron Sources

The initiation of a dielectric barrier discharge (DBD) requires the presence of seed
electrons, which act as the starting point for electron avalanche processes. In a neutral gas, the
density of free electrons is naturally very low; however, several mechanisms can supply these
initial electrons. One important source is cosmic rays and natural background radiation, which
continuously produce a small but steady concentration of charged particles in the atmosphere.
Although their contribution is weak, they are sufficient to trigger the very first ionization events

when the applied electric field becomes high enough.

Another relevant mechanism is photoionization of impurities or background gas molecules
by ultraviolet (UV) photons. These photons are generated by other micro discharges within the
plasma and can ionize nearby neutral molecules, thereby creating additional seed electrons that
facilitate spatial expansion of the discharge. Furthermore, secondary electron emission from
dielectric or electrode surfaces also contributes significantly. When energetic ions or photons
strike these surfaces, they can release electrons into the gap, reinforcing the pre ionization level
of the system. Altogether, these different electron sources play a critical role in ensuring that the

discharge can ignite at the onset of each half cycle of the applied voltage [18].

B. Streamer Mechanism
a. Electron Avalanche
Once seed electrons are present in discharge volume, they are accelerated by the strong

local electric field applied across the gap. Under these conditions, electrons gain sufficient
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kinetic energy to collide inelastically with neutral gas molecules. Each collision may ionize the

molecule, producing a new electron and a positive ion.

e +M o2 +M” (||.1)

This process repeats itself, and the number of free electrons grows exponentially as they
drift in the opposite direction of the electric field. The phenomenon is known as an electron
avalanche. The avalanche process is extremely rapid, occurring on nanosecond time scales, and it

represents the first stage of the breakdown process in DBD systems.

b. Streamer Propagation

As the avalanche develops, space charge effects start to influence the local field
distribution. The accumulation of positive ions at the tail and electrons in the head of the electric
avalanche enhances the electric field locally, enabling the discharge to extend beyond its initial
region of formation. This leads to the formation of a streamer, a thin, filamentary plasma channel

that propagates through the gas gap.

The direction and dynamics of streamer propagation depend on the applied polarity.
Positive streamers propagate toward the cathode, driven primarily by the strong local reduced
electric field created by high energy electrons at the streamer tip. In contrast, negative streamers
move toward the anode and are supported by photoionization processes ahead of the streamer,
which provide new seed electrons in the propagation path. Streamers typically last only a few
nanoseconds but occur repeatedly across the electrode surface during each half cycle of the
applied AC voltage. They are the fundamental building blocks of filamentary DBD micro-
discharges, whose collective effect results in the uniform non-thermal plasma that characterizes

this type of discharge [19].

11.8. Types of DBD in Volume
11.8.1. Filamentary Discharge

The filamentary regime is the most common mode of dielectric barrier discharges (DBDs)
at atmospheric pressure, particularly in air and molecular gases. In this regime, the plasma forms
as a collection of numerous short-lived micro-discharges, or streamers, that appear randomly
distributed across the electrode surface during each half cycle of the applied voltage. Each
filament typically lasts for only a few nanoseconds, with diameters ranging from a few hundred
micrometers to several millimeters. These filaments generate sharp current pulses superimposed

on the displacement current, resulting in a highly non-uniform discharge structure [21]. Despite
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their transient nature, the large number of filaments per cycle can make the plasma appear
diffuse to the naked eye. The localized high energy density within each filament leads to strong
production of reactive species, making filamentary DBDs highly effective for applications such
as ozone generation, nitrogen oxides (NOx) removal, volatile organic compound (VOC)

decomposition, and plasma-assisted combustion.

11.8.2. Homogeneous Discharges

Under specific operating conditions, DBDs can exhibit a homogeneous or diffuse regime,
where the plasma is more evenly distributed throughout the discharge gap without the formation
of discrete filaments. Achieving this regime typically requires the use of noble gases (e.g.,
helium, neon, argon) or gas mixtures that facilitate photoionization, as well as optimized
operating conditions such as high-frequency excitation, small electrode gaps, and smooth
dielectric surfaces [22].

Unlike filamentary discharges, homogeneous DBDs produce smoother current waveforms
with fewer spikes, indicating more uniform conduction. This uniformity is advantageous for
processes that require controlled plasma exposure and minimal localized heating, such as
polymer surface treatment, thin-film deposition, sterilization, and biomedical applications [23].
Although more challenging to sustain in molecular gases at atmospheric pressure, homogeneous
DBDs are increasingly studied for advanced applications that demand stable and uniform plasma
characteristics.

11.9. Applications of Dielectric Barrier Discharges (DBDs)

The operating principle of DBD plasmas has two aspects, one physical and the other
chemical: the breakdown of the gas leading to the generation of an electrical discharge (physical
aspect), and the creation of chemically active species (electrons, free radicals, excited species,
meta-stables, and ions) that interact with objects placed between the electrodes, resulting in
chemical modifications of their surface properties (chemical aspect). These characteristics, along
with their relative ease of implementation, have made DBD plasmas widely used in various

fields of application, such as industry and biomedicine [24-26].

11.9.1. Treatment of Gaseous Pollutants: NOx Removal

One of the most significant applications of DBDs is the removal of nitrogen oxides (NOXx)

from exhaust gases. NOx, which includes nitric oxide (NO) and nitrogen dioxide (NO:), are
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major atmospheric pollutants generated from combustion processes in power plants, vehicles,
and industrial activities. In DBD reactors, high energy electrons interact with nitrogen and
oxygen molecules, leading to the formation of radicals (O, OH, N) that convert NO into less
harmful compounds such as N2 and O.. When combined with catalysts or additives such as
ammonia or hydrocarbons, the process efficiency increases significantly. Thus, DBDs provide an
energy efficient, non thermal plasma method for selective non catalytic or catalytic NOx
reduction, the operating principle of the DBD reactor used in gaseous pollutants treatment is

shown schematically in figure 11.3 [25].
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Fig 11.4. DBD for Treatment of Gaseous Pollutants [25]
11.9.2. Ozone Generation

DBD reactors are widely used for ozone (Os) production due to their ability to generate

high-energy electrons that dissociate O- molecules, which then recombine into ozone.

e Ozone Instability: Ozone is inherently unstable and decomposes naturally back into O.. Its
half-life strongly depends on temperature, humidity, and the presence of catalytic surfaces.

« Ozone Behavior with Bacteria, Viruses, and Germs: Because of its high oxidation potential,
ozone effectively inactivates bacteria, viruses, and other microorganisms by damaging their cell
membranes and disrupting nucleic acids. This makes ozone an environmentally friendly

disinfectant.
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« Ozone Generation: DBD reactors are the dominant industrial technology for large-scale ozone
generation, used in water treatment (see figure I1.5), food sterilization, and air
purification.

« Advantages Over Other Disinfection Methods: Unlike chlorine-based methods, ozone does

not leave harmful chemical residues. It also acts faster than UV irradiation and penetrates

biofilms more effectively.
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Fig 11.5. Diagram of an Ozone Device used in Water Treatment [25].
11.9.3. Oxygen Generation

Although DBDs are mainly associated with ozone production, they can also be applied in
oxygen enrichment processes. By carefully tuning the plasma conditions, oxygen molecules can
be dissociated and recombined into O, allowing for selective control of oxygen concentration in
a gas streams. This approach is of interest in medical and industrial processes requiring

controlled oxygen environments.
11.9.4. Surface Treatment

DBD plasmas are increasingly used for surface modification of materials at atmospheric
pressure. The high-energy electrons and reactive species alter the physical and chemical
properties of polymer, textile, or metallic surfaces without significant heating. Common
modifications include increased wettability, improved adhesion of coatings, and sterilization of
medical surfaces. Plasma surface treatments are environmentally friendly alternatives to wet

chemical processes, avoiding the use of toxic solvents.
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Fig 11.6. Use of a DBD in the Surface Treatment of Plastics [27].
11.9.5. Treatment of Gaseous Pollutants Beyond NOx

In addition to nitrogen oxides, DBDs are efficient for treating a wide variety of volatile
organic compounds (VOCs), sulfur dioxide (SO2), and other hazardous gaseous pollutants. The
non-thermal plasma produces radicals and excited species that oxidize pollutants into less
harmful products such as CO: and H.O. For VOC removal, DBDs are often combined with
catalysts to improve selectivity and reduce energy consumption.

11.9.6. Treatment of Liquid Pollutants

DBDs can also be applied in water and wastewater treatment. When operated in contact
with liquids, DBD plasmas generate hydroxyl radicals (*OH), ozone, hydrogen peroxide (H20-),
and UV radiation, all of which contribute to advanced oxidation processes (AOPs). These
species efficiently degrade organic pollutants, pesticides, and pharmaceutical residues, while also
inactivating pathogens. Cold plasma water treatment is particularly promising as it avoids

chemical additives and can be applied on-site.
11.9.7. Plasma Display Panels (PDPs)

Another industrial application of DBDs is in plasma display panels (PDPs), which were

widely used in flat-screen televisions and displays. In PDPs, each pixel contains a miniature
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DBD cell filled with a noble gas mixture. When a voltage is applied, the discharge excites the
gas atoms, producing UV photons that subsequently excite phosphors to emit visible light.
Although PDPs have largely been replaced by LCD and LED technologies, they represent one of

the most commercially successful uses of DBDs.

Figure I1.7 illustrates the role of DBD plasma in flat-panel displays [26,28,29]. The left
panel shows a parallel-electrode DBD configuration, where the discharge occurs between two
opposing electrodes separated by dielectric layers. The right panel presents a coplanar-electrode
DBD configuration, in which the electrodes are placed on the same substrate and covered by a
dielectric, allowing the plasma to spread along the surface. The bottom panel depicts an
elementary display cell (pixel) composed of red, green, and blue sub cells, each containing a
phosphor material excited by UV radiation to generate visible light. The combination of these

subpixels enables full-color image formation.
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Fig 11.7. Operating Principle of Dielectric Barrier Discharge Plasma in Flat-Panel Displays

The following figure summarizes the general principle of DBDs and outlines their major
applications, as ozone generation, surface treatment, pollution control, NOx or CO. removal,

excimer formation, plasma screen.
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11.10. Conclusion

This chapter presented a comprehensive overview of dielectric barrier discharge (DBD)
plasma and its application to nitrogen oxides (NOy) reduction. The fundamental characteristics of
DBD plasmas were first discussed, including discharge mechanisms, reactor configurations, and
the distinction between filamentary and diffuse discharge modes. The plasma chemical
environment within DBD reactors was then examined, with particular emphasis on the
generation of reactive oxygen and nitrogen species and their roles in the oxidation and reduction

pathways involved in NOy conversion.
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In addition, various applications of DBD plasmas were reviewed, such as ozone
generation, surface modification, and treatment of gaseous and liquid pollutants, with emphasis
on environmental remediation. Important considerations related to reactor performance and
optimization were also addressed, underscoring the significance of numerical modeling and
appropriate reactor design in enhancing NOy removal efficiency. This comprehensive overview
establishes the foundation for Chapter 111, where a one-dimensional fluid model is developed to

simulate the physical and chemical processes governing NOy reduction in DBD plasmas.
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I11.1. Introduction

Due to the transient and non-equilibrium nature of DBD plasmas, as well as the difficulty
of directly measuring microscopic plasma parameters under atmospheric conditions, numerical
modeling has become an indispensable tool for understanding and optimizing DBD based NOy

treatment.

Modeling provides access to quantities such as electron energy distribution, space charge
dynamics, and radical concentrations, which are challenging to capture experimentally. In
particular, fluid models allow the description of spatiotemporal evolution of plasma species by
solving continuity, transport, and energy equations, coupled with Poisson’s equation for the
electric field. By incorporating detailed plasma chemistry for NO and NO: conversion, these
models enable the evaluation of dominant pathways leading to pollutant removal, as well as the

identification of conditions that maximize efficiency while minimizing undesired by-products.

The objective of this chapter is therefore to establish the physical and numerical framework
used to simulate DBD plasma for NOx reduction. The model is based on a one-dimensional (1D)
fluid description that couples plasma transport equations with a reaction set representing the key
chemical processes in air. Special attention is given to the treatment of dielectric charging,
micro-discharge self-termination, and the non-equilibrium nature of electron Kinetics. This
framework provides the foundation for the results and analysis of NOx reduction presented in the
last chapter.

111.2. Dielectric Barrier Discharge Modeling

Given the intrinsic complexity of dielectric barrier discharge systems, the literature
commonly reports the use of simplified modeling approaches, such as zero dimensional (OD) and
one dimensional (1D) models. These reduced order frameworks allow for the quantitative
estimation of key plasma parameters, including electron density and electron temperature, while
maintaining manageable computational costs. Such models are particularly useful in preliminary
analyses, as they facilitate the identification of dominant plasma chemical reactions and the
selection of relevant kinetic data. However, due to the simplifying assumptions involved, these
approaches lack sufficient spatial and temporal resolution to serve as fully predictive tools. A
detailed description of plasma behavior, based on tracking individual particles using stochastic
equations is extremely computationally expensive. To overcome this limitation, plasma species
are characterized using distribution functions, which provide a statistical representation of their

collective behavior.
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The distribution function of each particle is obtained by solving the Boltzmann equation, as

commonly described in the literature [1-2]:

111.2.1. Distribution function

Each gas particle is characterized by its position vector r, which extends from the origin of
the reference frame to the particle’s center of mass, and by its velocity vector V. The
combination of spatial coordinates and velocity components defines a six-dimensional phase
space. At a given time t , the expected number of particles dN(r,v,t) contained within an
infinitesimal spatial volume element dr® around position r, and possessing velocities within the
differential velocity element dv® about v, is expressed as:

 Av3A3
dN(r,v,t) =dr°dv’f (r,v,t) (11.1)
where f(r,v,t) denotes the particle density distribution function.

The local particle number density at position r and time t is obtained by integrating the

distribution function over the entire velocity space, yielding:

N(r,t)=f f(r,v,t)dv’ (11.2)

Furthermore, the mean velocity of particles at a given point in the plasma can be defined as

the first order moment of the distribution function with respect to velocity:

1
v=——|vf(r,v,t)dv’
N(r’t)I (111.3)

111.2.2. Boltzmann equation

The collective transport behavior of charged particle ensembles can be described

statistically through the Boltzmann equation [3-4]:

A
at m; coll

(111.4)

The solution of this equation provides the time- and space-dependent distribution function
fi for each particle species i. In the present study, the dominant external force acting on particles

charged arise from the applied electric field, which directly governs the evolution of the
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corresponding distribution functions. At the same time, the electric field is not prescribed
independently but is determined self-consistently by the spatial distribution of charges through
Poisson’s equation [5]:

- €

VE=—(n"-n")
€ (111.5)

The numerical solution of the Boltzmann equation is inherently complex, and its coupling
with electromagnetic phenomena further increases the computational challenge. As a result,

several modeling strategies have been developed to describe electrical discharges.

The most simplified approach is the fluid model, which relies on a number of assumptions
but can yield reliable results within a limited range of operating conditions and with relatively
low computational cost. At the opposite end, microscopic or particle-based methods directly
solve the Boltzmann equation to capture detailed kinetic effects. Between these two extremes,
hybrid approaches have been introduced to balance accuracy and computational efficiency. In
the hybrid model, fast electrons are treated using a Monte Carlo simulation (more details about
Monte Carlo simulation can be found in references [6,7,8], and slow electrons are treated using

the fluid model, this fluid model will be described in the following sections.
111.3. Fluid Model

In the fluid description, plasma behavior is represented through macroscopic quantities
such as particle density, mean velocity, and average energy for each species. These variables are
determined by solving a set of continuity, momentum (or flux), and energy balance equations

associated with the different plasma constituents [9].

The fluid equations are derived by taking successive velocity moments of the Boltzmann
equation. To ensure a self-consistent description of the discharge, the fluid equations are coupled
to Maxwell's equations in the general case, or with Poisson’s equation in electrostatic
formulations, allowing the electric (and, when relevant, magnetic) fields to be calculated from

the charge distributions.

The particle continuity equation can be written as:

@+§rn\7:j(ij =S =n,(v(r,t)—v,(r,t))—r(r,t)nn,
at v coll (|||6)
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In this expression, the first term represents the temporal variation of the particle density,
while the second term corresponds to the divergence of the particle flux. The term on the right-
hand side accounts for source and loss processes, encompassing all collisional mechanisms
responsible for the production and destruction of the considered species. The corresponding
creation and loss frequencies depend on the gas composition, pressure, and the species

distribution functions.

Fluid modeling is particularly well suited for high-pressure plasmas, where frequent
collisions tend to reduce nonlocal effects. Nevertheless, nonlocal behavior may still arise in
atmospheric-pressure discharges when strong electric fields are present. Despite this limitation,
fluid models are widely employed due to their high computational efficiency. Moreover, they
allow the inclusion of a large number of species and reactions, making them suitable for

investigating complex plasma-chemical mechanisms.

The formulation of fluid models relies on two principal assumptions in order to limit the

number of governing equations and to achieve mathematical closure of the system [10].

- The first assumption concerns the truncation order of the moment expansion of the Boltzmann
equation. For instance, a first-order formulation retains the conservation equations for particle
density and momentum, while a second-order formulation additionally includes the
conservation equation for energy density.

- The second assumption relates to the closure conditions required to express higher-order

moments in terms of lower-order quantities.

The closure of the system of equations at the first-order moment corresponds to the
hypothesis of local field equilibrium, while the closure of this system at the second-order

moment corresponds to the hypothesis of local energy equilibrium.

a- Local Field Approximation (LFA)

Under the Local Field Approximation, electron transport coefficients and reaction rate
coefficients are assumed to depend solely on the local reduced electric field E(r,t)/p, where E(r,t)
denotes the electric field at position r and time t, and p is the gas pressure. Accordingly, the
electron energy distribution function (EEDF) at a given point is considered equivalent to that
obtained in a uniform field characterized by the same reduced electric field. This assumption

implies a local equilibrium between the energy gained by electrons from the electric field and the

62



Chapter 111 Modeling and Simulation Results for Air DBD-Discharge

energy dissipated through collisions [11]. As a result, transport and kinetic coefficients are

typically obtained from precomputed databases as functions of E/p.
b- Local Energy Approximation (LEA)

In the Local Energy Approximation, transport properties and reaction rates are expressed
as functions of the mean electron energy, which is evaluated by solving the electron energy
balance equation within the fluid framework. With advancements in plasma modeling, it has
become common practice to solve the coupled set of equations comprising the species continuity
equations, the mean electron energy equation, and Poisson’s equation, generally used in one-
dimensional (1D) or two-dimensional (2D) geometries. To further simplify the model, particle
fluxes are often described using the drift diffusion approximation, in which the flux is expressed
as the sum of drift and diffusion components while higher order contributions are neglected.
Although fluid models do not provide detailed information on full distribution functions, such as
ion energy distribution functions, and are limited to averaged quantities, this shortcoming can be
alleviated through the use of hybrid modeling approaches [11]. A key advantage of fluid models,
which remains unmatched by statistical methods of comparable dimensionality, is their rapid

convergence and relatively low computational cost.
I11.4. Physical Model and Basic Equations of DBD Discharge

This section outlines the physical model adopted to describe the dielectric barrier
discharge, along with the underlying assumptions and the fundamental equations employed. The
present work relies on a one dimensional formulation based on a fluid representation derived
from the first three velocity moments of the Boltzmann equation. The transport of electrons and
ions is modeled in a self consistent manner by coupling these fluid equations with Poisson’s
equation for the electric field, while additional kinetic equations are used to describe the

temporal evolution of excited state populations.
I11.4.1. Transport equation

The velocity distribution function provides access to macroscopic plasma quantities;
including particle density, mean velocity, and average energy. The particle number density N(r,t)
is defined by the following integral:

N(r,t):j f(rv,t)ydv® (11.7)

63



Chapter 111 Modeling and Simulation Results for Air DBD-Discharge

More generally, the mean value of a physical quantity y is given by:

1
ns(rvt)

2(rt) = j;( f.(r,v,t)dv® (111.8)

Macroscopic transport equations can thus be obtained by multiplying the Boltzmann
equation by the corresponding quantity x(v) and integrating over the entire velocity space. In this
framework, the Boltzmann equation is replaced by a system of three coupled equations
governing the evolution of particle densities, average velocities, and electron energy. These
equations correspond to the continuity, momentum, and energy balance equations, respectively,
and are obtained by taking successive velocity moments of the Boltzmann equation, where y(v)

is expressed as a polynomial function of the particle velocity.

A. Continuity equation:
By choosing y(v)=1, the zeroth-order moment of the Boltzmann equation is obtained,
leading to the continuity equation:

on,
—L4+V.n,, =S (111.9)
ot

r-e,p e,p

This equation expresses the conservation of charged particles. Here, n denotes the number
density of charged species, where subscripts e and p refer to electrons and positive or negative
ions, respectively. The source term S accounts for all production and loss mechanisms, including
ionization, attachment, and recombination processes, and can be written as:

S, , =N, [v,(r,t)—v,(r,t)]-r(r,in.n_ (111.10)

In this expression, v represents the ionization frequency, va the attachment frequency, and r(r,t)

the electron ion recombination coefficient.

The recombination term reflects collisions between charged species, and is generally
negligible compared to ionization during the current pulse. Both ionization and attachment
frequencies depend on the electron energy distribution function, which is not explicitly known

and therefore requires appropriate modeling assumptions.

B. Momentum Transfer Equation
Selecting y(v)= mv yields the first order moment of the Boltzmann equation, corresponding
to the momentum balance. Under standard simplifying assumptions, this leads to the following

momentum transfer equation:

N pVep =an, 4, ,E-V(D, N, ) (111.11)
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where v. , denotes the mean drift velocity, E is the electric field, and x and D represent the
mobility and diffusion coefficient, respectively. The parameter a in equation (I11.11) takes the
value —1 for electrons and negative ions and +1 for positive ions. In this formulation, the particle
flux consists of a drift component driven by the electric field and a diffusion component resulting
from spatial gradients in particle density.

C. Energy Equation:

By setting y(v)=mv?/2, the second-order moment of the Boltzmann equation is obtained,

leading to the scalar energy balance equation:

on, e +§V[n Eeve]+Vq —n,eV.E =-n_cev,

e

a3 (111.12)

In this equation, ¢ denotes the mean energy of the charged particles, Vq represents the

variation of thermal energy, and v, is the energy exchange frequency associated with inelastic

and elastic collisions, . is the average energy.

The accumulation of space charge due to electrons and ions significantly alters the local
electric field within the discharge gap. These field distortions, in turn, affect the evolution of the
particle distribution functions through the force term in the transport equations. Consequently, an
accurate description of the discharge requires coupling the fluid equations with Poisson’s

equation, which governs the spatial and temporal variation of the electric field:

VE :H(nIO -n,)
€o (111.13)

where &,denotes the vacuum permittivity

The coupled system consisting of the continuity, momentum, and energy equations,
together with Poisson’s equation, provides a comprehensive description of the DBD discharge.
However, this system remains mathematically unclosed. To achieve closure, additional
assumptions regarding the energy distribution of charged particles must be introduced, allowing

transport and reaction coefficients to be expressed in terms of macroscopic plasma parameters.
111.5. Mathematical Model used in our Calculations

The dielectric barrier discharge (DBD) plasma is modeled using a fluid approach, which
describes the spatiotemporal evolution of charged and neutral species through conservation laws
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coupled with electric field by solving the Poisson equation. The model incorporates momentum
continuity equations for each species ions and electrons; the electron energy balance equation is
also taken into account in order to govern the non-equilibrium effects. In this model based on
Local Energy Approximation (LEA), the electrons transport parameters and reaction rate
coefficients are functions of the local electrons average energy, obtained from pre-calculated

Boltzmann solutions by including complete set of cross sections.

A. Continuity Equations for Charged and Neutral Species
For each plasma species j (electrons, ions, excited neutrals, radicals), the continuity
equation expresses the balance between temporal density variation, transport, and volumetric

production or loss:

on,
—+V-I';=R,
ot (111.14)
where:
e n;jis the number density of species j,
e Tjis the particle flux,
e R;represents the net source term (creation minus destruction) due to plasma-chemical

reactions.

For electrons (e7) and ions (N2*, 02", NO¥, etc.), R;j includes contributions from ionization,
recombination, attachment, detachment, and electron-impact processes. For neutrals (O, Oz, NO,

NO>), it includes dissociation, oxidation, and radical reactions.

The electron flux is expressed using the drift-diffusion approximation (see equation 111.11):

I'.=v,n=-punE-DVn, (111.15)

with:
e s electron mobility,
e Dq: electron diffusion coefficient,

e E: local electric field.

This relation accounts for both drift transport under the applied electric field and diffusion
transport driven by density gradients. It is important to note that the neutral flux only contains

the diffusion term due to the density gradient of each neutral type.
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B. Electron Energy Balance Equation

Since DBD plasmas are strongly non-equilibrium systems, the electron energy distribution

must be separately described. The electron energy density equation is written as the following:

%V-F; E-I' =R,
ot (111.16)
where:
e ng electron energy density,
o T electron energy flux,
e R: net electron energy gain or loss through collisions,

o theterm E.I'e: energy gained from the electric field.

+¢+ The electron energy flux is expressed as:

I''=-unE-D,Vn,

(n.17)
where u. and D¢ are the energy mobility and diffusivity, respectively [12].
¢+ The mean electron energy is obtained as:
né‘
&==
N (111.18)

The electron energy loss term is calculated by summing the collisional energy losses over

all inelastic electron-neutral reactions:

P
R,= 2. . XkiN.nAg, (111.19)

Where:
« Xj: mole fraction of target species in reaction j,
e kj: rate coefficient of reaction j,
e Np: total neutral particle density,

e Ag: energy loss per collision,

P: probability of inelastic electron—neutral collisions
C. Poisson’s Equation

The electric potential distribution in the plasma is computed from Poisson’s equation:

V-(gongV) =—p% (|||.20)
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where:
e V: electrostatic potential,
e & vacuum permittivity,
o & relative permittivity of the medium (dielectric or gas),
e s space charge density.

¢+ The space charge density is computed from the plasma species densities as:

N
P =002, Znn,) (111.22)

where:
e Q. elementary charge,
e Zy: charge number of ion species k,
e i ion density,

e ne: electron density.

The dielectric barrier plays a critical role in limiting current and preventing transition to arc

discharge. Its response to the applied field is described by:

D=z E (111.22)

where D is the electric displacement vector. Surface charge accumulation on the dielectric
modifies the local electric field distribution and leads to the self-terminating nature of DBD
micro discharges.

+¢+ The electric field is obtained from the potential:

E=-VV (111.23)

+ Boundary conditions

The impact of heavy species on the surface of the dielectric barrier represents the most

important parameter governing the behavior of the discharge.

e The accumulation of charges on the surface of the dielectric, resulting from variations in the

flows of electrons and ions is described as follows [9]:

(D~ D) =p (111.24)
% = ‘Ji + je
dt (111.25)
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with ps is the density of surface charge. On the boundaries, the electric fields displacement is
defined by D: and D2, J; : the total current density of ion, and Je the total current density of
electron.

e Atelectrode surface, the electron energy is written as [13]:

1 -
.n= 3Venée

&

(111.26)
where n boundary normal vector and Vewn: electron thermal. ¢ is the mean energy of
electrons.
e For electron, electron energy, and heavy species beside to both sides of the gap, the
boundaries conditions are written as [14]:

-nl’, =0
-nI’, =0 (11.27)
-nl’, =0

I11.6. Surface Reactions

Surface processes are essential to neutralize ions at the dielectric surfaces. A surface
interaction coefficient, which indicates the likelihood that a particular species would respond
upon coming into touch with the surface, is used to characterize these interactions [15,16]. In
mathematics, the following relation describes the flux of particles reacting at the surface:
kB 'Tk
27.m,

L=rene
(111.28)

where:

e T is the specie (k) flux of the surface,
e s the surface interaction coefficient of specie (k),
o ngis the specie (k) number density,
e kg is Boltzmann constant,
e Tkis the specie (k) temperature,
e Mg is the mass of specie (k).
This expression accounts for the thermal motion of heavy species and the probability of

reaction upon surface contact.
I11.7. Simulation conditions

The table I11.1 summarizes the DBD reactor geometry dimensions, the electric parameters,

and the species atomic data used in the discharge of our model.
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Table I11.1 Discharge Parameters used in our Model

Parameter Value
Maximum applied voltage (kV) 9,10,12
Frequency (kHz) 3,45
Resistance (kQ) 1
Pressure (Torr) 760
Discharge gap (mm) 1
Electrode area (cm3) 9
Preionization density (m3) 10¢
Thickness of dielectric (mm) 0.635
Relative permittivity of dielectric (Al.O3) 9.96
Molar mass N2 (g/mol) 28.01340
Molar mass O (g/mol) 31.99880
Molar mass Ar (g/mol) 39.9480
Molar mass NO (g/mol) 30.00610
Polarizability N2 (A3) 1.710
Polarizability Oz (A3) 1.562
Polarizability Ar (A3) 1.664
Polarizability NO (A3) 1.698
Gas temperature (K) 300

Gas mixture percentage (%)

69%N2,20%02,1%Ar,10%NO

111.7.1. Initial Conditions

Initial distributions of electron and ion densities: ne=5x10* cm?, ni=10*cm?3.

Initial fraction of metastable density: n, =101,

Initial average electronic energy: & =5V.

111.8. Computational Study

The model developed in this study is a fluid type, self consistent model based on the

resolution of the first three moments of the Boltzmann equation, coupled with Poisson’s

equation. The adaptation of the simulation model to the studied structure is achieved through the

introduction of boundary conditions and initial conditions inherent to the system. The model

developed for the dielectric barrier discharge is one-dimensional (1D).
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Our work focuses on the development of fluid models using COMSOL Multiphysics 6.2, a
simulation and modeling environment that integrates multiple physical domains, either coupled
or separate. It is based on the finite element method (FEM), which discretizes the studied

problem by dividing the different domains into elementary meshes.

The appropriate simulation module, Plasma, was chosen according to the basic equations
of dielectric barrier discharge plasma presented earlier. Once the geometry of the model is
created and the values of constants and variables are predefined, the selection of boundary
conditions becomes essential. The determination of the mesh, calculation time, and time step
optimizes the accuracy of the simulation.

Through this software, it is possible to visualize both the resolution and the convergence
rate used for our system of equations, which allows us to reduce computation time and detect the
errors during the resolution process. After completing these steps, the simulation results are
ready for analysis [10].

The different simulation procedures of plasma discharge using COMSOL Multiphysics 6.2

are illustrated in Figure I11.1.

Start

i

Problem Definition

E

Geometry & Physics Setup

v

Boundary Conditions & Domains
Meshing

Solver Execution

B

Results Analysis

v

End

Fig 111.1. COMSOL Multi-physics Calculation Process
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111.9. Results of the 1D Modeling of Air DBD at Atmospheric Pressure

In this section, we present the results obtained from the numerical simulation of a dielectric
barrier discharge (DBD) in atmospheric-pressure air, considered as a mixture of nitrogen,
oxygen, and argon. The objective of this simulation is to investigate the influence of DBD
operating conditions on the electrical characteristics of the plasma generated in air. The
governing system of equations, together with the boundary and initial conditions, has already
been introduced in the previous section. We conclude this part by presenting the simulation

results obtained under a sinusoidal voltage signal.

111.9.1. Kinetic Model Considered in Air Discharge

To model a plasma discharge in air, it is necessary to account for the transport parameters
of the main gas components. Since atmospheric air is a mixture of nitrogen (~79%), oxygen
(~20%), and argon (~1%), the chemical Kinetics involve a variety of elastic collisions,
excitations, ionizations, dissociations, and attachment processes. The most relevant reactions for

air plasmas can be summarized as follows [17-19]:

Table 111.2: Collision Processes Considered in the Simulation of Air Discharge

No. Reaction Type Ag (eV)
1 e t+tNe=>e + N2 Elastic 0

2 e +02=>e +02 Elastic 0

3 e +tAr=>e +Ar Elastic 0

4 e +tN2=>e +No* Excitation 6-12

5 e +0:=>e +02* Excitation 4.5-10
6 e + Ar = ¢ + Ar* (metastable) Excitation 11.6

7 e +N2=2e +NoF lonization 15.6

8 e +02=2e +02" lonization 12.1

9 e +Ar=2e +Ar lonization 15.8
10 e +0:>0 +0 Attachment 4-6

11 e +Ne=>e +2N Dissociation 9.8

12 e +0:=>e +20 Dissociation 5.1

111.9.2. Cross Section

The electron-impact collision cross sections for nitrogen (N2), oxygen (Oz), and argon (Ar),

adopted from the Triniti, Phelps, and Siglo databases available on the LXCat online platform, are
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presented in fig.l11.2, fig.111.3, and fig.I11.4, respectively, where in figure 111.2; the curve 1
represents the effective momentum transfer, curves from 2 to 22 are the excitations for different
levels, and curve 23 represents the ionization, in figure 111.3; the curve 1 represents the electron
attachment, curve 2 represents the effective momentum transfer, curves from 3 to 16 are the
excitations for different levels, and curve 17 represents the ionization, and in figure 111.4; the
curve 1 represents the effective momentum transfer, curve 2 is the excitation process, and the

curve 3 represents the ionization with electron impact.
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These cross sections include the main elastic, excitation, ionization, and dissociation
processes relevant to low-temperature. Their accurate representation is essential for determining
electron transport coefficients and reaction rate constants, and consequently, the generation of

reactive species involved in NOy conversion.

111.9.3. Studied Geometry for the DBD Discharge

The geometric model of the dielectric barrier discharge (DBD) plasma cell considered in
this simulation is shown in Figure 111.5. The DBD discharge is established between two parallel
electrodes. The upper electrode, connected to an alternating voltage source, is covered with a
dielectric layer of Al>Osz (thickness: 0.635 mm, permittivity: 9.96), while the lower electrode is

grounded and also coated with the same dielectric.
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Fig 111.5. Geometric Model of the Dielectric Barrier Discharge (DBD) [23].
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111.10. Simulation Results and Interpretations

This section presents the main results obtained from the numerical simulation of the
dielectric barrier discharge (DBD) in an air mixture (N>—O>—Ar) at atmospheric pressure. The
results are analyzed in terms of the electrical characteristics of the discharge, the temporal
evolution of charged and neutral species. Each result is interpreted to provide physical insight
into the discharge mechanisms, electron kinetics, and the generation of reactive species, with

particular focus on the implications for ozone production and NOx removal.
111.10.1. Temporal Progression of Electrical Characteristics

Figure 111.6 illustrates the temporal evolution of the applied voltage and discharge current
over two consecutive periods of the DBD operation. The applied voltage follows a sinusoidal
waveform with peak amplitudes of £10 kV, which is typical for AC-driven DBD systems at

atmospheric pressure.
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Fig 111.6. Current Discharge and Voltage Waveform in Two Periods of DBD

In contrast, the discharge current exhibits sharp, transient pulses with peak values of the
order of 1 mA. These current spikes are signatures of filamentary micro-discharges occurring
near the rising and falling edges of the applied voltage. Each micro-discharge corresponds to a
short-lived plasma channel where strong local electric fields accelerate electrons to high
energies. In reality, this current represents the superposition of two currents: the discharge
current due to the movement of charged particles, where it is dominated by the movement of

electrons, and another weak capacitive current due to the temporal variation of the electric field.
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The energetic electrons initiate key elementary processes such as electron-impact
dissociation of O2 and N, leading to the formation of atomic oxygen (O) and excited nitrogen
species. From a NOXx reduction perspective, this pulsed discharge regime is particularly
favorable, as it maximizes the production of reactive radicals without excessive thermal NO
formation. The strong temporal correlation between voltage extrema and current peaks confirms

that NOx-relevant chemistry is mainly triggered during these micro-discharge events.
111.10.2. Temporal Evolutions in the Density of Charged Species

Figures 111.7 and 111.8 present the temporal Fluctuations of positive and negative ion

species, together with electrons, during dielectric barrier discharge (DBD) operation.
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Fig 111.7. Evolution of Positive Charges Densities During Two Periods of DBD

The results show that electron density oscillates between 10'° and 10'* m™3, with sharp
peaks occurring in phase with the applied voltage, corresponding to micro discharge events.
Among positive ions, O," dominates with densities up to 10® m~, followed by N2" and NO".
The formation of O* and argon-related ions (Ar*, Ar2") is comparatively less significant but still

contributes to charge balance and energy transfer processes.

For negative ions, Oz~ and O~ exhibit the highest densities, reaching up to 10 m=, while
NO.™ and Oz show moderate concentrations, where the negative ion O- is created mainly by the
dissociative attachment of the oxygen molecule O> (primary reaction), and the other negative

ions are created by secondary reactions.
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The temporal profiles highlight that ion production and recombination are strongly
synchronized with the applied AC field, where rapid ionization and attachment processes occur
during each half-cycle. These charged species, particularly oxygen-related ions, play a crucial
role in ozone formation via subsequent three-body recombination and ion—molecule reactions.

which play a central role in converting NO into NO: and higher nitrogen oxides.
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Fig 111.8. Evolution of Negative Charges Densities During Two Periods of DBD

111.10.3. Temporal Evolution of Exited Species

The temporal variation of excited species within the dielectric barrier discharge (DBD)
reactor reveals a strongly pulsed behavior, corresponding to the periodicity of the applied voltage
as display in Figures 111.9 and 111.10.

The simulated densities of excited states of molecular nitrogen (e.g., N2(A3s), N2(B3p),
N2(C3p)) and atomic nitrogen states (N(d), N(P)) exhibit sharp increases during discharge pulses,
followed by rapid decay, characteristic of short-lived metastable and excited species. Notably,
the Na(als) state shows a gradual accumulation, suggesting a relatively longer lifetime or
persistent excitation between pulses. Similarly, excited oxygen species such as O(1d), O(1s), and
0O:2(ald), which play critical roles in ozone formation and NOx Conversion, follow a comparable
pulsed profile. The Oz(bls) state reaches the highest peak densities (up to 10'®* m2), indicating
significant dissociation and excitation of molecular oxygen during discharge. Meanwhile, Ar
metastable (Ar(s)) are present at lower densities yet contribute to sustaining the discharge via

energy transfer processes.
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These results demonstrate the tight coupling between electrical pulse dynamics and species
excitation, underscoring the importance of discharge timing and energy input in controlling the
plasma chemistry and optimizing ozone production and NOx Removal efficiency.
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Fig 111.9. Evolution of Excited Nitrogen Species Densities During Two Periods of DBD
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Fig 111.10. Evolution of Excited Oxygen Species Densities During Two Periods of DBD
111.10.4. Temporal Evolution of Neutral Species

The time variation of neutral species in the post-discharge phase of the DBD system, as

depicted in Figure 111.11, provides important insights into the chemical mechanisms governing
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NOxy reduction. The rapid formation of ozone (Os), reaching number densities above 10*' m™
within the first milliseconds, and this highlights the strong oxidative environment established by
the discharge. Ozone acts as a key oxidizing agent for NO, promoting its conversion into higher
nitrogen oxides through reactions such as:

NO + 05 — NO, + O.. (111.29)

This pathway represents a critical first step in NOy transformation within DBD systems.
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Fig 111.11. Evolution of Neutral Species during 100 Period of DBD in (79% N2, 20% O, 1% Ar)

Nitric oxide (NO) and nitrogen dioxide (NO:) exhibit sharp increases during the early post-
discharge period, stabilizing at densities on the order of 10?® m™3. This behavior reflects the
continuous interplay between NO oxidation and subsequent consumption pathways. While NO is
rapidly oxidized by Os and atomic oxygen, NO: serves as an intermediate species that can further
react with ozone and other radicals to form more stable nitrogen oxides. The presence of

sustained NO: levels indicates an active conversion regime rather than simple accumulation.

The gradual formation of secondary nitrogen oxides, including N2Os, N2Os, and N2O, with
densities ranging from 10'° to 10*° m™, is particularly relevant for NOx removal. These species
originate from downstream reactions involving NOz, ozone, and nitrogen oxides, and represent
more stable or condensable products that can be more readily removed from the gas phase. In
particular, the formation of N2Os is a key indicator of effective NOyx oxidation, as it may lead to

subsequent hydrolysis or surface adsorption in practical systems.
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Atomic oxygen (O) concentration increases rapidly to around 10'® m=, and remains
relatively stable, indicating its rapid consumption in oxidation reactions. Its role is essential in
sustaining ozone production and driving NO to NO: conversion, thereby maintaining the

oxidative capacity of the plasma-treated gas.
111.11. Conclusion

In this chapter, a comprehensive physical and numerical framework for modeling dielectric
barrier discharge (DBD) plasma applied to NOy reduction was established. A one-dimensional
fluid model was developed to describe the non-equilibrium behavior of the plasma, coupling the
transport equations of charged and neutral species with Poisson’s equation and detailed plasma
chemistry relevant to air discharges. The model accounts for key physical mechanisms such as
electron energy evolution, space charge dynamics, dielectric surface charging, and the self-
termination of micro-discharges. The governing equations, boundary conditions, and numerical
solution strategies were presented and discussed, providing a consistent description of the
coupled electrical, transport, and chemical processes occurring in DBD plasmas. By integrating
plasma chemistry pathways responsible for NO and NO: conversion, the model enables the
investigation of dominant reaction mechanisms and the influence of operating parameters on
NOyx removal efficiency and by-product formation. Generally, this modeling framework
constitutes a robust tool for analyzing DBD plasma behavior and optimizing reactor performance
under atmospheric conditions. The results obtained from this model and their implications for
NOy reduction are presented and discussed in the following chapter, where the numerical

simulations are validated and analyzed in detail.
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Chapter 1V Application of DBD-Discharge for NO Removal in Air

1V.1 Introduction

The present chapter aims to provide a comprehensive investigation into the impact of
frequency and voltage on the execution of dielectric barrier discharge (DBD) reactors for NO
elimination in N>—-O>— Ar— NO gas mixtures. Particular emphasis is placed on examining the
spatiotemporal distribution of electrons and reactive particles within the plasma, thereby
improving the fundamental understanding of discharge mechanisms relevant to atmospheric
chemistry and advanced plasma technologies. The numerical simulation results offer detailed
insights into the temporal evolution of key electrical parameters, as well as the behavior of
charged, excited, and neutral species. Additionally, the study tracks the dynamic changes in the
mole fraction of NO, enabling a deeper analysis of the chemical kinetics governing its removal.
These findings contribute to the optimization of plasma-based systems for environmental

remediation and other plasma-assisted processes.
IV.2. The Mixture's Chemical Kinetics Model

The plasma's chemical dynamics are extremely complicated in the N2-O2-Ar-NO
combination examined in this work. The model incorporates all of the nitrogen-based reactions
in Table 1V.2 and the oxygen-related reactions mentioned in Table 1V.3. Beyond these, it
incorporates more than 240 chemical pathways involving interactions with nitrogen, oxygen, and
argon atomic and molecular species. The simulation accounts for 34 distinct plasma species
presented in table IV.1, including electrons, neutral atoms and molecules, ions, and excited
states. These species and their associated reactions encompass dissociation, ionization,
recombination, excitation, and charge exchange processes, ensuring a comprehensive description
of plasma kinetics under atmospheric pressure conditions. The simulation results forms the
foundation for a thorough comprehension of the production and destruction mechanisms of
reactive particles, notably those involved in NOx conversion, and is critical for accurate

prediction of plasma behavior under varying electrical and gas mixture conditions.

Table 1V.1 Species Taken into Account for the Plasma Model

Electrons e

Neutral species N, O, Oz, NO, NO2, NO3, N20O, N20s

Positive species Art, Ar*, NO*, NO2*, O, OF, No*

Negative species 07, Oy, O3, O, NO", NOy

Exited species N2(als), N2(A3s), N2(B3p). N2(C3p), N(d), N(p), O(1d), O(1s), Oz(ald), O(b1s),
0,(45), Ar(s)

84



Chapter 1V Application of DBD-Discharge for NO Removal in Air

e |ons Mobilities

The electron mobility is computed based on electron-neutral collision cross sections, which
are incorporated into the simulation through a Boltzmann solver or from validated experimental
data [1]. In contrast, the ion mobilities for the gaseous mixtures studied in this work are
determined using polarization theory. This approach allows the estimation of the reduced

mobility of an ion through the following relation [2]:

36.10° T
Hn = a.M T_ )
VETe 0 in (m?V. s) (IV.1)
M, = m..m.

with:

@ : The polarizability coefficient of the neutral molecule in atomic unit
M;: The reduced mass of the ion(mi)/neutral(mn) in atomic unit

T : The gas temperature

To: Initial temperature
For the mixtures N2/O2/Ar/NO

The mobility of charged species in the N2/O2/Ar/NO mixture was calculated using Blanc’s

law, which assumes additive momentum transfer collision frequencies in multicomponent gases.
According to this formulation, the inverse mobility in the mixture, L e ino is obtained as the
mole-fraction-weighted sum of the inverse mobilities in each pure gas component, i.e.

F, F
1 _ ™ 2y Far + Fro (1V.3)

Hpirvo Hn, Mo, Har Hno

where Fi represents the mole fraction of species i, and i denotes the mobility of the same
charged particle in the pure gas i at the reference temperature and pressure. This approach
provides an effective mobility for the mixture that accounts for the relative contributions of all

background gases while preserving the physical influence of each component.
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e Cross Section of Electron-NO

The cross sections for NO by using the Hayashi compilation from the LXcat website are
plotted in figure 1V.1. In the last figure, the curve 1 represents the electron attachment, curve 2
represents the effective momentum transfer, curves from 3 to 9 are the excitations for different
levels, and curve 10 represents the ionization

Hayashi, e / NO
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Fig IV.1. NO Cross Section _Hayashi Data [3]
IVV.3. Chemical Reactions of Heavy Species

Tables V.2 through 1V.6 summarize the primary reactions responsible for the formation
and destruction of heavy species in the plasma, along with their corresponding rate coefficients.
These reactions include both two-body and three-body processes involving nitrogen, oxygen,
argon, and their mixtures. The rate constants are expressed in units of m%/s for bimolecular

reactions and m®/s for termolecular (three-body) reactions.

The reaction rate coefficients k' employed in the present model are given using the

modified Arrhenius formula [4]:

k' = A(lj g%/~ (IV.4)
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In this expression, A is the pre-exponential factor, which captures the frequency of
effective molecular collisions, The exponential term incorporates the activation energy Ea,
representing the minimum energy threshold that must be overcome for the reaction to proceed.
The activation energy is expressed in units consistent with the product of the universal gas
constant R and the absolute temperature T, with T given in Kelvin and To=300K, the temperature
T controls the thermal energy available to the reacting molecules, while R denotes the universal
gas constant. Arrhenius coefficients form the basis for accurate modeling of the chemical
evolution of heavy species in dielectric barrier discharge plasmas. The compiled reaction sets
allow coupling the continuity equations of the species to the transport and energy equations of
the plasma, thus ensuring a consistent description of the plasma chemistry at atmospheric

pressure.

Table 1V.2. Reaction set for Nitrogen with their Rate Coefficients

No Reaction Rate Coefficient (m®/s), (m%/s) Ref

Electron Impact Reactions with Nitrogen

El e+Ng => N2+0.38N2(A3s) +0.38N2(B3p) +0.24N2(C3p)  2e-12%(0.026/Te)"0.5 [5]
E2 e+N3*=>N2+N 2e-13*(0.026/Te)"0.5 [6]
E3 e+Ny*=>1.143N+0.086N(p)+0.771N(d) 1.6e-13*(0.026/Te)"0.37 [6]
E4 e + No=>e+Ny Cross Section [7]
E5 e+ No=> e+N; Cross Section [7]
E6 e+ No=>e+N; Cross Section [7]
E7 e+ Np=>e+N; Cross Section [7]
ES8 e+ Np=>e+N; Cross Section [7]
E9 e+ Np=>e+N; Cross Section [7]
E10 e+ No=> e+N; Cross Section [7]
E1l e+ No=> e+N; Cross Section [7]
E12 e+ No=> e+N; Cross Section [7]
E13 e+ No=> e+N; Cross Section [7]
E1l4 e+ No=>e+N; Cross Section [7]
E15 e+ No=> e+Ny(A3s) Cross Section [7]
E16 e+ N2(A3s) => e+N; Cross Section [7]
E17 e+ No=> e+Ny(A3s) Cross Section [7]
E18 e+ N=> e+N(B3p) Cross Section [7]
E19 e+ N2(B3p) => e+N Cross Section [7]
E20 e+ Np=>e+N, Cross Section [7]
E21 e+ No=> e+Ny(A3s) Cross Section [7]
E22 e+ No=>e+N; Cross Section [7]
E23 e+ No=> e+Ny(als) Cross Section [7]
E24 e+ Nz(als) => e+N; Cross Section [7]
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E25 e+ Np=> e+0.88N2+0.12N+0.12N Cross Section [7]
E26 e+ No=>e+N> Cross Section [7]
E27 e+ No=> e+N(C3p) Cross Section [7]
E28 e+ N2(C3p) => e+N Cross Section [7]
E29 e+ Np=>e+N; Cross Section [7]
E30 e+ Np=>e+N; Cross Section [7]
E31 e+ Np=> e+0.7N+0.7N(d)+0.3N> Cross Section [7]
E32 e+ Np=> e+e+Ny* Cross Section [7]
E33 e+ No=> e+ e+ N+N* Cross Section [71
E34 e+ N2(A3s) => e+e+Ny* Cross Section [8]
E35 e+ N2(B3p) => e+e+N," Cross Section [8]
E36 e+ Np(C3p) => e+e+N," Cross Section [8]
E37 e+ Ny(als) => e+e+Ny" Cross Section [8]
E38 e+ N=>e+N Cross Section [7]
E39 e+ N=>e+N(d) Cross Section [7]
E40 e+ N(d)=>e+N Cross Section [7]
E41 e+ N=>e+N(p) Cross Section [7]
E42 e+ N(p)=>e+N Cross Section [7]
E43 e+ N=>e+e+N* Cross Section [7]
E44 e+ N(d)=>e+N(p) Cross Section [7]
E45 e+N(p)=>e+N(d) Cross Section [7]
E46 e+ N(d)=> e+e+N* Cross Section [7]
E47 e+ N(p)=> e+e+N* Cross Section [7]
Nitrogen Reactions
N1 N2(A3s) + Na(als) => e+N4* 5e-17 [5]
N2 N2(als) + N2(als) => e+Ng* 2e-16 [5]
N3 N2(als) + N(p) => e+N3* le-17 [5]
N4 N(d)+ N(p) => e+Ny* 1.92e-21*(T70.98)/(1-exp(-3129/T)) [9]
N5 N(p)+ N(p) => e+Ny* 3e-21*(T"0.98)/(1-exp(-3129/T)) [10]
N6 N*+ N+ No=> N3*+N, 1.7e-41*(300/T) ~2.1 [6]
N7 N*+N+N2=>Nz"+N, 1e-41*(300/T) [6]
N8 N2 +Nz+No=>Ng*+N, 5.26-41*(300/T)"2.2 [6]
N9 Nz +N+No=>Nz*+N;, 1.7e-41*(300/T)"2.1 [6]
N10 N4++N2=>N2*+N2+N; 2.1e-22*exp(T/121) [6]
N11 Ng*+N=>N*+N>+N, le-17 [6]
N12 Nz*+N=>N,"+N, 6.6e-17 [6]
N13 Nz +N=>N*+N, 7.2e-19%(T/300) [6]
N14 N*+N=>N,* 3.71e-24*(T/300)10.24*exp(-26.12/T)  [6]
N15 N2*+N(A3s) =>N3*+N 3e-16 [6]
N16 N+N+N,=>0.31N5(A3s) +0.44N2(B3p) +1.25N, 8.26e-46*exp(490/T) [5]
N17 N2(A3s) +N(A3s) =>N(C3p) +N; 1.5e-16 [5]
N18 N2(A3s) +N2(A3s) =>N,(B3p) +N> 7.7e-17 [5]
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N19 N2(A3s) +N2=>N2+N> 2e-24 [5]
N20 N2(B3p) +N2=>0.95N2(A3s) +1.05N> 3e-17 [5]
N21 N2(C3p) +N2=>N2(B3p) +N> 1.15e-17 [5]
N22 N2(C3p) +N2=>N(als) +N. le-17 [11]
N23 Nz(als) +N>=>Nz(B3p) +N> 1.9e-19 [5]
N24 N2(A3s) +N=>Np+N(p) 4e-17*(300/T)"0.66 [5]
N25 N(p)+N2=>N+N, 3e-22 [10]
N26 N(p)+N=>N(d)+N 1.8e-18 [9]
N27 N(d)+N2=>N+N, 1le-19*exp(-510/T) [10]
N28 N+N+N=>0.31N>(A3s) +0.44N,(B3p) +0.25N,+N 3.35e-43*T"-0.5 [5]
N29 N(p) +N+N2=>0.31N,(A3s) +0.44N»(B3p) +0.25N> 8.26e-46*exp(490/T) [5]
N30 Nd+N+N»=>0.31N2(A3s) +0.44N2(B3p) +0.25N; 8.26e-46*exp(490/T) [5]
N31 Nz +N=>Nz"+N; le-15 [6]
N32 N(p)+N2=>N(d)+N> 1.8e-24 [10]

Table 1V.3. Reaction set for Oxygen with their Rate Coefficients.

No Reaction Rate Coefficient (m®/s), (m¥/s)  Ref
Electron Impact Reactions with Oxygen
E1l e+0,=>e+0, Cross Section [12]
E2 e+0,=>0+0" Cross Section [12]
E3 e+0,=>e+0, Cross Section [12]
E4 e+0,=>e+0, Cross Section [12]
E5 e+0,=>e+0> Cross Section [12]
E6 e+0,=>e+0> Cross Section [12]
E7 e+0,=>e+0> Cross Section [12]
ES8 e+0,=>e+0> Cross Section [12]
E9 e+0,=>e+0, Cross Section [12]
E10 e+0,=>e+0,(ald) Cross Section [12]
E1l e+0;(ald) =>e+0O, Cross Section [12]
E12 e+0,=>e+0,(b1s) Cross Section [12]
E13 e+0,(b1s) =>e+0; Cross Section [12]
El4 e+0,=>e+0(45) Cross Section [12]
E15 e+0,(45) =>e+0; Cross Section [12]
E16 e+0,=>e+0+0 Cross Section [12]
E17 e+0,=>e+0+0(1d) Cross Section [12]
E18 e+0,=>e+0+0(1s) Cross Section [12]
E19 e+0,=>e+e+0," Cross Section [12]
E20 e+0,=>e+e+0+0" Cross Section [12]
E21 e+0(ald) =>e+0+0 Cross Section [12]
E22 e+0(ald) =>2e+0," Cross Section [12]
E23 e+0;(b1s) =>e+0+0 Cross Section [12]
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E24 e+0,(b1s) =>2e+0,* Cross Section [12]
E25 e+0,(45) =>e+0+0 Cross Section [12]
E26 e+0,(45) =>2e+0,* Cross Section [12]
E27 e+0=>e+ O(1d) Cross Section [12]
E28 e+0(1d) =>e+0 Cross Section [12]
E29 e+0=>e+0(1s) Cross Section [12]
E30 e+0(1s) =>e+0 Cross Section [12]
E31 e+0=>2e+0" Cross Section [12]
E32 e+0(1d) =>e+01s Cross Section [12]
E33 e+0(1d) =>2e+0* Cross Section [12]
E34 e+0(1s) =>2e+0* Cross Section [12]
E35 e+03=>e+03 Cross Section [12]
E36 e+03=>0,+0 Cross Section [12]
E37 e+03=>0"+0; Cross Section [12]
E38 e+03=>2e+03" Cross Section [12]
E39 e+0'=>2e+0 Cross Section [12]
E40 e+0,=>e+0> Cross Section [12]
E41 e+0,=>0+0" Cross Section [12]
E42 e+0,=>e+0> Cross Section [12]
Oxygen Reactions
01 O+0=>0,+e 1.9e-16 [13]
02 O +0,=>03+e 5e-21 [13]
03 O+03=>03+0 8e-16 [13]
04 0, +0=>03+e 1.5e-16 [13]
05 0,+0=>0+0, 1.5e-16 [13]
06 0,+0,=>0,+0,+e 2.7e-16*(T/300)"0.5*exp(-5590/T)  [13]
o7 07+05=>03+0; 3.5e-16 [13]
08 O3 +0=>0,+0,+e le-16 [13]
09 05+0=>0,+0, 2.5e-16 [13]
010 O35+03=>02+0,+0;+e le-16 [13]
011 0, +0,+0,=>04+0, 3.5e-42*(300/T) [13]
012 04 +0,=>0,+0,+0, le-16*exp(-1044/T) [13]
013 04 +0=>03+0; 4e-16 [13]
014 04 +0=>0+0,+0; 3e-16 [13]
015 0 +0,+0,=>05+0; 1.1e-42*(300/T) [13]
016 0*+0,=>0,"+0 2e-17*(300/T)"0.5 [13]
017 0*+03=>0,*+0> le-16 [13]
018 02" +0,+0,=>0,4+0; 2.4e-42*(300/T)"3.2 [13]
019 04*+0=>0,"+03 3e-16 [13]
020 04 +0,=>0,"+0,+0; 3.3e-12*((300/T)4)*exp(-5030/T) [13]
021 0*+0+0,=>0,*+0; le-41 [13]
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022
023
024
025
026
027
028
029
030
031
032
033
034
035
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060
061
062
063

04" +0,(ald) =>0,"+0,+0;
04" +0(b1s) =>0,"+0,+0>
04 +02(ald) =>0,+0,+0;
04 +02(h1ls) =>0,+0,+0,
0O2+0,(ald) =>0,+02+e

O +0(ald) =>03+e

O +0(ald) =>0,+0
0O2+0,(b1s) =>0,+0,+e
0+03=>0,+0;
0+0+0,=>0,+0>
0+02+0,=>03+0;

Oz(ald) +03=>0,+0,+0
O2(ald) +0,=>0,+0;
03(ald) +O=>0,+0
03(b1s) +03=>0,+0,+0
O2(b1s) +O3=>0(ald) +O3
O2(b1s) +O,=>0,(ald) +O,
O2(b1s) +O=>0,(ald) +O
O2(b1s) +O=>0,+0(1d)
02(45) +0,=>05(b1s) +0(b1s)
02(45) +O=>02(b1s) +O(1d)
0O(1d) +O,=>0(ald) +O
0O(1d) +0,=>07(b1s) +O
0(1d) +02=>0,+0

0O(1d) +03=>0,+0+0
0(1d) +O3=>0,+0;

O(1s) +02=>0+0,(45)
O(1s) +0,=>0(1d) +O
O(1s) +03=>0(1d) +0+0,
O(1s) +03=>0,+0-

O(1s) +0,(ald) =>0y(b1s) +O(1d)
O(1s) +Oz(ald) =>0,(45) +O
O(1s) +0O2(ald) =>0+0+0
O(1s) +O=>0(1d) +O
0+0*=>0+0
0+0;"*=>0+0+0

0 +04'=>0+0,+0;
0,+0*=>0,+0
02,+0,'=>0,+0+0

0, +04'=>0,+0,+0;

03 +0*=>03+0

O3 +0,"=>03+0+0
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le-16

le-16

le-16

le-16

7e-16

6.1e-17
7.3e-16*exp(-890/T)
3.6e-16
1.43e-20*(T/300)"4.13
1.56e-45*(T/300)"-3
6e-46*(T/300)"-1.7
3.5e-21*(T/300)"5.8
2.2e-24*(T/300)"0.8
Te-22

1.5e-17

3.3e-18
4.3e-28*T2.4%exp(-241/T)
8.1e-20

8.1e-20

2.9e-19

9e-18
0.25*6.4e-18*exp(67/T)
2.56e-17*exp(67/T)
0.75*6.4e-18*exp(67/T)
1.2e-16

1.2e-16
0.69*4.3e-18*exp(-850/T)
0.31*4.3e-18*exp(-850/T)
0.5*4.3e-16

0.5*4.3e-16

2.9e-17

1.1e-16

3.2e-17
5e-17*exp(-300/T)
7.51e-14*(300/T)"0.5
7.51e-14*(300/T)"0.5
7.51e-14*(300/T)"0.5
7.51e-14*(300/T)"0.5
7.51e-14*(300/T)"0.5
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7.51e-14*(300/T)"0.5
7.51e-14*(300/T)"0.5
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064 03+04*=>03+0,+0, 7.51e-14*(300/T)"0.5 [13]
065 04 +0*=>0,+0,+0 7.51e-14*(300/T)"0.5 [13]
066 04 +0,'=>0,+0,+0; 7.51e-14*(300/T)"0.5 [13]
067 04 +04"=>0,+02+0,+0; 7.51e-14%(300/T)"0.5 [13]
068 0, +0,"+0,=>0,+0,+0, 2e-37*(300/T)"2.5 [13]
069 O, +0%+0,=>0,+0+0, 2e-37*(300/T)"2.5 [13]
070 O +0"+0,=>0+0+0, 2e-37*(300/T)"2.5 [13]
o71 0, +0"+0,=>03+0> 2e-37*(300/T)"2.5 [13]
072 0 +0;"+0,=>03+0; 2e-37%(300/T)"2.5 [13]
073 O+0*+0,=>0,+0, 2e-37*(300/T)"2.5 [13]
074 03+0,=>0,+0+0, 7.3e-16%*exp(-11400/T) [13]
075 O2(b1s) =>0,(als) 1.5E-3 [15]
076 02(b1s) =>0, 8.5E-2 [15]
o077 O2(als) =>0; 2.6E-4 [15]
078 02(45) =>0 11 [15]
Table IV.4. Reactions Nitrogen-Oxygen with rate coefficient
No Reaction Rate Coefficient (m&/s), (m%/s) Ref
Electron Impact Reactions with NO
El e+ NO =>NO- Cross Section [3]
E2 e+NO=>e+NO Cross Section [3]
E3 e+NO=>e+NO Cross Section [3]
E4 e+NO=>e+NO Cross Section [3]
E5 e+NO=>e+NO Cross Section [3]
E6 e+NO=>e+NO Cross Section [3]
E7 e+NO=>e+NO Cross Section [3]
E8 e+NO=>e+NO Cross Section [3]
E9 e+NO=>e+e+NO* Cross Section [3]
Nitrogen-Oxygen Reactions

R1 N*+O=>N+0 2.6e-13 [16]
R2 N*+0O;=>N+0; 4e-13 [16]
R3 N2*+O0=>Np+0 4e-13 [16]
R4 N2 +02=>N2+0; 1.6e-13 [16]
R5 No+0, =>0,+Ny+e 1.9e-18*exp(-4990/T) [16]
R6 N*+0=>0*+N le-18 [16]
R7 N*+Q,=>N+0,* 3e-16 [16]
R8 Nz*+N=>N*+N; le-17 [16]
R9 N2+0* =>N,*+0 4.9e-15 [16]
R10 N2+0O+0 =>0,+N> 2.76e-46*exp(720/T) [16]
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R11 N2*+0O=>0"*+N, 6e-18 [16]
R12 N2*+0,=>0,"+N 4.7e-18 [16]
R13 N2*+03=>0,"+0+N; le-16 [16]
R14 N2+0+0, =>03+N; 6.2e-46 [16]
R15 N+O- =>NO+e 2.6e-16 [16]
R16 NO+O =>NO,+e 2.6e-16 [16]
R17 N+O; =>NO,te 5e-16 [16]
R18 N*+0,=>NO*+0 2.6e-16 [16]
R19 N*+03=>NO*+0, 5e-16 [16]
R20 N*+NO=>NO*+N 5.1e-16 [16]
R21 N*+NO=>N,*+0 5e-17 [16]
R22 N*+NO,=>NO+NO 5e-16 [16]
R23 NO*+O=>NO+0 4.9e-13 [16]
R24 NO*+0,=>NO+0, 4e-13 [16]
R25 No*+0O=>NO*+N 1.4e-35 [16]
R26 N2*+0,=>NO*+NO le-23 [16]
R27 No+O* =>NO*+N 1.2e-18 [16]
R28 NO+O* =>NO*+0O le-18 [16]
R29 NO2+0* =>NO*+0, 5e-16 [16]
R30 N+O," =>NO*+0 1.8e-16 [16]
R31 N2+0O2" =>NO*+NO le-22 [16]
R32 NO+0O,* =>NO*+0; 3.5e-16 [16]
R33 NO+0O+0,=>N0,+0, 8.6e-44 [16]
R34 NO+O+N2=>NO2+N> le-43 [16]
R35 NO.+0 =>NO+0, 1.3e-17*(T/1000)"0.18 [16]
R36 N+NO»=>N»+0+0 9.1e-19 [16]
R37 N+NO,=>2NO 6e-19 [16]
R38 NO,+N=>N»+0, 7e-19 [16]
R39 NO+NO+0,=>2N0; 1.4e-50 [16]
R40 NO+03; =>N0O,+0, 4.6e-20 [16]
R41 N*+NO,=>NO,*+N 3e-16 [16]
R42 NO,+0,"=>N0O,"+0, 6e-16 [16]
R43 NO*+03=>N0;"+0, 1e-20 [16]
R44 NO>*+NO=>NO*+NO, 2.9e-16 [16]
R45 N+NO,=>N,0+0 3e-18 [16]
R46 NO»+03=>N03+0, 1.7e-22 [16]
R47 NO2*+0O=>NO+0, 4e-13 [16]
R48 NO,*+0; =>NO+0, 4e-13 [16]
R49 NOz+0 =>N0,+0, le-17 [16]
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R50
R51
R52
R53
R54
R55
R56
R57
R58
R59
R60
R61
R62
R63
R64
R65
R66
R67
R68
R69
R70
R71
R72
R73
R74
R75
R76
R77
R78
R79
R80
R81
R82
R83
R84
R85
R86
R87
R88

NO+NO3=>2N0;
NO+NO3=>2N0O+0;
NO2+NO3<=>N,0s
NO3+NO3;=>2N0,+0;
NO*+N,0s=>N0O,"+2NO;
N205+02" =>NO;"+NO3+0;
N205+N2=>NO>+NO3+N>
N205+0,=>N0O,+NO3+0;
e+NO*=>N+0
e+NO*=>N(d) +O
e+NO*=>N+0(1d)
e+NO,*=>NO+0
e+NO2*=>NO+0(1d)
N+O" =>NO+e

NO+O" =>NOy+e

N2+0" =>N,O+e
e+NO=>e+N+O

N2(A3s) +0,=>0+0+N,
N2(A3s) +NO,=>NO+O+N;
N2(A3s) +N20=>2N,+0
N2(A3s) +0,=>N,0+0(1d)
N2(A3s) +0,=>N,0+0
N2(A3s) +O=>NO+N(d)
N(d)+NO2=>NO+NO
N(d)+0,=>NO+O
N(d)+NO=>N,+O
NO+0(1d) =>0,+N
NO2+0(1d) =>0,+NO
N,O+0(1d) =>2NO
NO,+O(1d) =>NO+0,
N,O+ O(1d) =>N2+O,
N+0O3=>NO+0,
N+NO=>N,+O
N+O+N2=>NO+N,
N+0+0,=>NO+0;
NO2+0+0,=>NO3+0;
NO2+0+N2=>NO3z+N>
N+NO>=>N»+0O+0
N+NO>=>N,0+0

94

2e-17

2.71e-17*(T)"-0.23 *exp(-947/T)

1.1e-18

1.2e-21

5.9e-16

8.8e-16

1.6e-25

1.6e-25
4e-13*(300/Te) .5
2e-13*(Te)*-0.5
2e-13*(Te)*-0.5
2e-13*(Te)*-0.5
2e-13*(Te)*-0.5
0.26e-15

0.26e-15

5e-19

6.4e-16

1.5e-18

le-18

0.8e-16

0.3e-19
2e-20*(T/300)"0.55
7e-18

le-18

5.2e-18

1.8e-16

1.7e-16

2.5e-16

7.2e-17

0.49e-16
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5e-22
1.8e-17*(T/300)"0.5
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0.9e-18

3e-18

[16]
[16]
[16]
[16]
[16]
[16]
[16]
[16]
[16]
[17]
[17]
[17]
[17]
[17]
[17]
[17]
[17]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]
[18]



Chapter 1V

Application of DBD-Discharge for NO Removal in Air

R89

R90

R91

R92

R93

R94

R95

R96

R97

R98

R99

R100
R101
R102
R103
R104
R105
R106
R107
R108
R109
R110
R111
R112
R113
R114
R115
R116
R117
R118
R119
R120
R121
R122
R123
R124
R125
R126
R127

N+O+0O =>0,+N

N+0O =>NO*+e

NO+0O =>0.+N
N+0,=>NO+0O
NO+03=>NO,+0;
NO+03=>NO3+0
N2+0+0 =>N,+0;
NO+NO3=>2NO+0,
N2+O =>NO+N
NO+N2=>N+0+N>
NO+0=>N+0+0
NO+NO=>N+0O+NO
NO»+0; =>NO+03
NO3+0; =>NO2+03
NO+ O* =>0,"+N
NO,+0O* =>NO,*+0
N2*+NO=>NO*+N,
N2*+NO2=>NO>"+N;
N2"+NO,=>NO*+N,0O
N2*+N20=>NO*+N+N;
N2+0,"*=>NO*+NO
N+0;* =>NO*+0
N,O+0* =>NO*+NO
N2*+0; =>N,+0;
NO*+02=>NO+0;
NO2*+02,=>N0,+0;
NO*+0O" =>NO+0
NO2*+0O" =>NO2+0
N2*+0" =>N,+0
N+0,=>NO+0
N(d)+0,=>NO+0(1d)
NO+0,(ald) =>NO+0,
N+0(ald) =>NO+O
N2(A3s) + O, =>N,+0+0
N2(A3s) +0, =>N,0+0
N2(A3s) +Oz” =>N2+02+e
N2(B3p) +O2 =>No+0+e
N2(B3p) +O° =>N,+O+e
N2(A3s) +O° =>N,+0+e
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3.2e-45*(300/T)"0.41
2.33e-24*(T)"1.5%exp(-319000/T)
7.5e-18*(T/300)"-0.5
3.2e-18*(T/300)*exp(-3150/T)
2.5e-19%exp(-765/T)
1.2e-19*exp(-2450/T)
2.76e-46*exp(720/T)
6.2e-11*(300/T)*exp(-25000/T)
3e-16*exp(-38370/T)
8.7e-15%exp(-75994/T)
17.4e-14*exp(-75994/T)
17.4e-14*exp(-75994/T)
2.8e-18*exp(-25400/T)
1.5e-18*exp(-15020/T)
3e-16

1.6e-15

3.3e-16

3.3e-16

5e-17

4e-16
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6e-18*exp(T/300)%0.5
2.5e-17
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R128 NO+N2(B3p) =>NO+N,(A3s) 2.4e-16 [16]
R129 N2+0,(b1s) =>N,+0,(ald) 4.9e-21*exp(-253/T) [16]
R130 NO+0,(b1s) =>NO+O,(ald) 4e-19 [16]
R131 N(p)+NO=>N,(A3s) +O 3.4e-17 [16]
R132 N*+0,=>NO*+O 2.5-17 [16]
R133 N(d)+O*=>N*+0 1.3e-16 [18]
R134 NO,*+e=>NO+0 2e-13*(300/T)"0.5 [17]
R135 N.O*+e=>N,+0O 2e-13*(300/T)"0.5 [17]
R136 NO2+e=>NO+0O" le-17 [17]
R137 N2(A3s) +N20=>N,+N+NO le-17 [16]
R138 N0 +0(1d) =>NO+NO 7.2e-17 [17]
R139 N*+NO=>0*+N, le-18 [17]
R140 N*+N,0=>NO*+N, 5.5¢-16 [17]
R141 N,O +O* =>N,O0*+0 4e-15 [13]
R142 N,O +O* =>0,"+N> 2e-17 [13]
R143 N*+N,0=>N,0"+N, 5e-16 [13]
R144 N +O," =>NO*+0O 1.2e-16 [13]
R145 NO+ 0,* =>NO*+0, 4.4e-16 [13]
R146 NO,+0," =>NO*+03 le-17 [13]
R147 NO,+0," =>NO,"+0, 6.6e-16 [13]
R148 N3*+0,=>0,"+N+N, 2.3e-17 [13]
R149 N3"+0,=>NO>*"+N> 4.4e-17 [13]
R150 N3*+NO=>NO*+N+N 7e-17 [13]
R151 N3*+NO=>N,0"+N, 7e-17 [13]
R152 N,O*+NO=>NO*"+N,0 2.9e-16 [13]
R153 N4*+0,=>0,"+N,+N, 2.5e-16 [13]
R154 NO+ 04" =>NO*+0,+0; le-16 [17]
R155 NO2+0O; =>NO;+0; 8e-16 [13]
R156 NO,+O =>NO,+0 1.2e-13 [13]
R157 N2O+ O- =>NO+NO 2e-16 [13]
R158 NO+0s =>03+NO; 7e-16 [13]
R159 NO+0;=>0;+NO 5e-16 [17]
R160 NO3+07=>0,+NO5’ 5e-16 [18]
R161 N,O+0,=>03+N> 5e-16 [18]
R162 NO»+0'=>NO+NO 1.2e-15 [18]
R163 N>,O+0=>N,0+0 2e-18 [18]
R164 NO+05=>NO5s+O 1e-17 [18]
R165 NO+03=>NO,+0, 2.6e-18 [18]
R166 NO+05=>NOz+0; 7e-16 [18]
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R167 NO,+03=>N03z+0, 2e-17 [18]
R168 NO3+03=>N0O3+03 5e-16 [18]
R169 NO+0,=>0,+NO 5e-16 [13]
R170 NO+NO,=>NO,+NO 7.4e-22 [13]
R171 NO+N.0=>NO>+N> 2.8e-20 [13]
R172 NO2+03=>N0O3+0; 1.8e-17 [13]
R173 NO2+NO,=>NO3z+NO 4e-18 [13]
R174 NO2+NOs=>NO3s+NO, 5e-16 [13]
R175 NO, +N;05=>NO5+NOz+NO 7e-16 [13]
R176 NO3+NO=>NO;+NO; 3e-21 [13]
R177 NO+ O4 =>NO3+0; 2.5e-16 [13]
R178 N + Oz(ald) =>NO+O 1e-22 [18]
R179 No+O(1d) =>0+N, 2.6e-17 [18]
R180 N2(A3s) +O=>NO+N 7e-20 [16]
R181 N2z(als) +O;=>N,+0+0 2.8e-17 [16]
R182 N2(als) +NO=>N,+N+O 3.6e-16 [16]
R183 N2(A3s) +N2(als) =>Ns*+e 5e-17 [16]
R184 N2(als) +N2(als) =>Ns*+e 2e-16 [16]
R185 Nz+O2(ald) =>02+N; 1.7e-16 [16]
R186 N2(A3s) +N2=>2N, 2.7e-17 [16]
R187 N2(A3s) +NO,=>NO+0+N le-18 [16]
R188 N2(A3s) +N,0=>2N+0 8e-17 [16]
R189 N2(A3s) +N20=>Nz+N+NO 8e-17 [16]

Table 1V.5. Reaction set for Argon with Rate Coefficient

No Reaction As (eV) Rate coefficient (m®/s), (m®/s) Ref

Electron Impact Reactions with Argon

El e+Ar=>e+Ar 0 Cross section [20]
E2  et+tAr=>e+Ar(s) 11.50 Cross section [20]
E3  etAr(s)=>e+Ar -11.50 Cross section [20]
E4  etAr=>2e+Ar* 15.80 Cross section [20]
E5  et+Ar(s)=>2e+Ar* 4.427 Cross section [20]

Argon Reactions

Al Ar(s)+Ar=>Ar+Ar 1807 [19]
A2 Art+Ar+Ar =>Ary +Ar 2.5e-43*(300/T)"1.5 [19]
A3 Ar(s)+Ar(s)=>e+Ar+Ar* 3.3734e8 [19]
A4 e+Ar =>Ar+Ar 7.34e-14*TeM-0.67*(T/300)" -0.58 [19]

97



Chapter 1V

Application of DBD-Discharge for NO Removal in Air

Table IV.6. Reaction set for Argon & Oxygen& Nitrogen with Rate Coefficient

No Reaction Rate Coefficient (m&/s), (m%/s) Ref
R1 Ar+0=>Ar+0 7.51e-14*(300/T)"0.5 [21]
R2 Art+0,=>Ar+0, 7.51e-14*(300/T)"0.5 [21]
R3 Art+03=>Ar+03 7.51e-14*(300/T)"0.5 [21]
R4 Art+0,=>Ar+20, 7.51e-14*(300/T)"0.5 [21]
R5 Ar(s) +Ar => Ar+ Ar 1807 [21]
R6 Ar(s) +O,=>Ar+0+0 0.46*2.2e-16 [21]
R7 Ar(s) +O2=>Ar+0+0(1d) 0.52*2.2e-16 [21]
R8 Ar(s)+0; =>Ar+ O+ O(1s) 0.02*2.2e-16 [21]
R9 Ar(s) +O =>Ar+ 0O 4.1e-17 [19]
R10 Ar+ O+0, =>03+Ar 3.9e-46*(300/T)"1.9 [21]
R11 Ar +0,(b1s) =>0O,+Ar 1.5e-23 [21]
R12 Art+Ar+Ar =>Ary*+Ar 2.5e-43*(300/T)"1.5 [21]
R13 Ary*+0=>2Ar+0 7.51e-14*(300/T)"0.5 [21]
R14 Ary*+0,=>2Ar+0; 7.51e-14*(300/T)"0.5 [21]
R15 Ary*+03=>2Ar+03 7.51e-14*(300/T)"0.5 [21]
R16 Ary*+04 =>2Ar+20, 7.51e-14*(300/T)"0.5 [19]
R17 Ar(s)+Ar(s)=>e+Ar+Ar* 3.3734e8 [19]
R18 Ar+0(1d) =>Ar+0 2.0947e-17*exp(-309.4467/T) [21]
R19 Ar+0,=>Ar+0,* 6.3e-17*exp(T/300)"-0.78 [21]
R20 Art+0=>Ar+ O* 6.4e-18 [21]
R21 Ar+ O(1s) =>Ar+ O(1d) 5e-23 [21]
R22 Ar+20=>Ar+0,(A) 9.85e-41 [21]
R23 Ar+0(A) =>Ar+0, 3e-24*exp(-200/T) [21]
R24 Ar+ 0y(B) =>Ar+0;(A) le-23 [21]
R25 Ar+0;* =>Ar+0;*+0, 3e-23 [21]
R26 Oo+Ar =>2Ar+0,* 1.2e-16 [21]
R27 Ar+20=>Ar+0, 4.5e-40*exp(630/T) [19]
R28 e+Ar*=>2Ar 7.34e-14*(Te)"-0.67*(T/300)"-0.58 [40]
R29 Ar+ O,(B) =>0,+Ar le-22 [21]
R30 Ar+QO =>0+Ar 3e-19 [21]
R31 Art+0z(A) =>Ar+0,* 5e-17 [21]
R32 Art+0,(B) =>Ar+0,* 5e-17 [21]
R33 Ar+O*=>Ar*+0 2.1e-17 [21]
R34 Ar+0," =>Ar-+0, 2.1e-17 [21]
R35 Ar+0(1d) =>Ar+O 5e-18 [21]
R36 Ar+20 =>Ar+0; 2.45e-43*(T)"-0.63 [21]
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R37 Ar+NO+0O =>Ar+NO; 1e-43*(T/300)"-1.6 [19]
R38 Ar+NO»+0 =>Ar+NQO; 9e-44*(T/300)"2*exp(-0/T) [19]
R39 Ar+No+No" =>Ar+Ny* 1.8e6 [19]

1VV.4. Surface Reactions

In addition to the gas-phase chemical reactions described previously, a set of surface-
mediated reactions has been incorporated into the model to account for interactions at the reactor
walls or electrode surfaces. These interfacial reactions are summarized in Table 1V.7 and include
processes such as adsorption, desorption, recombination, and heterogeneous oxidation of reactive
species. Surface reactions play a significant role in modeling the overall plasma chemistry,
particularly for species with high reactivity, such as atomic oxygen and nitrogen radicals. They
can act as additional pathways for the removal or generation of certain species, influencing both
the concentrations of gas phase radicals and the formation of stable by products. By integrating
these surface mechanisms, the model provides a more comprehensive and realistic description of

the dielectric barrier discharge under atmospheric-pressure conditions.

Table 1V.7. Surface Reactions

Reaction Formula Reaction Formula

01 N*=>N 21 O(1d)=>0
02 N2* => N, 22 O(1s)=>0
03 Ns* => No+N 23 O2(ald) => O,
04 Na* => No+N; 24 O2(als) => 0,
05 N =>0.5N; 25 O2(bls) => O,
06 N(d) =>N 26 02(45) => 0,
07 N(p) =>N 27 0*=>0

08 N2(A) => N, 28 0t => 0,

09 N2(A3s) => N, 29 Os* => 0,+0
10 N2(B3p) => N> 30 O4* => 0,+0;
11 N2(C3p) => N2 31 0 =>0.50;
12 N2(als) => N; 32 O =0

13 NO*=>NO 33 0,y =>0,

14 NO => NO 34 O3 => 0,+0
15 NO; => O2+N 35 O4 => 0,10,
16 NOz* => O,+N 36 NO3z => N+0Os
17 NO; => N+0O, 37 N,O" => N,0O
18 NOs* => Oz+N 38 Art=> Ar

19 N2O => O+N, 39 Ary" => Ar+ Ar
20 N.O* => N,O 40 Ar(s) => Ar
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1V.5. Results & Discussion

This section presents the results obtained from the numerical modeling of a dielectric
barrier discharge (DBD) reactor operating in air-based gas mixtures composed of 69% N2, 20%
02, 1% Ar, and 10% NO at atmospheric pressure, with the primary goal of investigating NO
removal. The simulations consider a DBD configuration in which a sinusoidal voltage is applied
across two parallel, planar electrodes, each measuring 3cmx3cm. Both electrodes are coated with

a dielectric material characterized by a relative permittivity of 9.96 and a thickness of 0.635 mm.

The working gases are introduced into a narrow 1 mm discharge gap, maintained at 1 atm,
while the reactor is energized with a peak voltage of 10 kV at a frequency of 3 kHz. The initial
NO mole fraction is set to 10%, and the temporal evolution of the plasma and reactive species is

tracked throughout the discharge period.
IV.5.1 Temporal Evolution of Electrical Parameters

Figure 1V.2 presents the temporal evolution of voltage and current during a representative
cycle of the electrical system under investigation over three different periods. The voltage
waveform follows sinusoidal profile, with peak amplitudes reaching approximately +10 kV,
consistent with a high-voltage alternating signal. In contrast, the current exhibits a distinctly non-
sinusoidal behavior, characterized by sharp transients and irregular oscillations, with peak values

exceeding (peak = 0.9 mA).
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Fig. IV.2 Discharge Current and Voltage Waveform in Three Periods of DBD Discharge
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These current spikes occur in synchronization with specific phases of the voltage signal,
particularly near the voltage zero-crossings and extrema. This suggests the presence of nonlinear
conduction phenomena; they induced by the breakdown of insulating media and dielectric barrier

discharges.
IV.5.2. Evolution of Charged Particles Densities

Figures 1V.3 and 1V.4 present the time-resolved number densities of positive and negative

charged particles, respectively, over a 1 ms under periodic electrical excitation.
1. Positive Charged Species

The dominant positive ion observed is NO*, which reaches peak densities on the order of
10 m3, significantly exceeding those of other ions. The positive ion densities of others such as
02", N2*, and O exhibit synchronized oscillations, with peak values ranging from 10'? to
10 m=. The rare gas ions Ar* and Ar;* remain nearly constant, with lower densities

(~108 m™3), reflecting their more inert chemical behavior under the studied discharge conditions.
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Fig V.3 Evolution of Positive Charges Densities During Three Periods of DBD Discharge

2. Negative Charged Species

Among the negative ions, NO. and O dominate the charge carrier population, with
densities peaking around 102 m=. Other anionic species such as O:7, Os7, O, and NO™ also

exhibit notable presence, contributing to the overall electronegativity of the plasma. The periodic
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rise and fall in their concentrations are anti correlated with the electron density, consistent with

electron attachment processes being more effective during relaxation phase.

The presence of multiple ions, especially oxygen containing ones, reflects a chemically
rich plasma environment with active dissociation, attachment, and recombination reactions. The
formation of these species is susceptible to electron energy and gas composition, reinforcing the

complex temporal chemistry driven by the applied voltage.
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Fig V.4 Evolution of Negative Charges Densities During Three Periods of DBD Discharge

Together, these figures reveal highly dynamic and chemically active plasma in which
ionization, attachment, and recombination processes vary rapidly within each voltage cycle. The
clear phase dependence and distinct behavior of individual species provide key insights into
discharge kinetics, offering a foundation for optimizing plasma-driven applications in gas
processing.

The electron density closely follows the similar temporal trend as the dominant molecular
ions, particularly NO* and O", indicating a strong coupling between ionization processes and the
applied voltage waveform. The stepwise variation and recurrent peaks in densities suggest

periodic ionization and recombination events modulated by the applied electric field.

1\VV.5.3 Evolution of Exited Particles

Figures 1V.5 and 1V.6 depict the time-dependent behavior of important excited atomic and
molecular types in a dielectric barrier discharge (DBD) plasma, which shed light on the

discharge's energy distribution and excitation kinetics.
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a. Excited Nitrogen States

Figure IV.5 shows the temporal evolution of several excited nitrogen states, including
singlet and triplet metastable and radiative levels such as N2(A3s), N2(B3p), and N2(C3p), along
with their related population states (Nz(als), Nz(d), Nz(p)). The results reveal a periodic
generation of excited species that is closely synchronized with the applied voltage waveform.
The N2(A3s) state, a long-lived metastable, exhibits the highest density (peaking around
6x10% m™3, with a sharp increase at each discharge pulse followed by exponential decay,
characteristic of excitation during the breakdown phase and subsequent quenching or radiative
decay. The C-state (N2(C3p)) and B-state (N2(B3p)) also shows similar trends but with slightly

lower densities, consistent with their shorter lifetimes and higher energy thresholds.

The sequential appearance and decay of these excited states confirm that nitrogen plays a
dominant role in energy transfer processes in the plasma. These species are also indicators of

electron impact excitation and serve as precursors for vibrational and dissociative processes.
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Fig IV.5 Evolution of Excited Nitrogen Species Densities During Three Periods of DBD.

b. Excited Oxygen and Argon Species

Figure IV.6 presents the number densities of electronically excited oxygen and argon
states, including O(1s), O(1d), Oz(b1s), Oz(ald), and O2(45), as well as excited Ar(s) levels.

Oxygen species exhibit significantly higher peak densities, reaching up to 10 m3, particularly
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for O2(45) and O2(bls). Their behavior shows apparent periodicity aligned with the applied

voltage cycles, indicating strong electron impact excitation during discharge phases.

Although less concentrated (~10*° m™), the excited argon species follow a similar
temporal trend, showing a delayed response compared to oxygen due to differences in excitation
thresholds and cross-sections. The persistence of Ar(s) may play a role in sustaining the plasma

via Penning ionization, especially in mixtures with nitrogen and oxygen.

These observations suggest that oxygen contributes more significantly to the pool of
reactive excited species due to its high electron affinity and multiple accessible energy levels.
The rapid quenching of oxygen states between discharge cycles highlights the transient nature of

these excitations and their strong coupling to the pulsed electric field.
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Fig 1V.6 Evolution of Excited Oxygen Species Densities During Three Periods of DBD.

IV.5.4. Temporal Evolution of Neutral Particles during NO Removal in DBD

Figure 1V.7 illustrates the temporal variation of different neutral gas-phase particles
involved in the removal of nitric oxide (NO) within a dielectric barrier discharge (DBD) plasma
over a 100 ms period. The number densities are plotted on a logarithmic scale to capture the

broad dynamic range of concentrations, spanning from 10°to 102 m3.

% NO Depletion and Reaction Pathways
The most prominent feature is the progressive decline in NO concentration, starting from a

high initial value (~10*m™) and decreasing by multiple orders of magnitude during the
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simulation. This strong depletion indicates the effective destruction of NO by plasma activated
processes, including reactions with atomic oxygen and nitrogen species and the formation of
higher order nitrogen oxides.

Concurrently, NO: rapidly accumulates and reaches a quasi-steady state at around
102t m3, suggesting that NO is primarily oxidized to NO: in the early stages. This is consistent

with the well-known reaction:

NO +0 — NO, (IV.6)

+« Formation of Secondary Products
As the discharge progresses, further oxidation leads to the formation of NO3, N2Os, and Os,

which exhibit slower but steady increases in concentration. Notably:

« NOs increases gradually and stabilizes near 10'® m™, indicating its role as a secondary
oxidation product.

e N20s and Os show delayed formation but reach similar concentrations, highlighting the
multi-step reaction pathways involving NO: and O atoms or radicals.

o N20 forms rapidly and stabilizes early, reflecting the contribution of recombination and

neutral-neutral reactions in the nitrogen cycle.

The atomic oxygen (O) and atomic nitrogen (N) species, which are critical intermediates,
remain relatively low in concentration but increase modestly during the early discharge stages
before plateauing. These atoms facilitate the initiation and propagation of NO decomposition and

oxidation reactions.

¢ Ozone (03) as a Key Oxidizing Agent

The generation of ozone (Os) is particularly significant in the discharge process. During the
latter stages of discharge, Os emerges as a primary oxidizing species, attaining peak
concentrations on the order of 1022 m™>. Beyond its direct involvement in the oxidation of NO
and NO:, ozone participates in the formation of higher nitrogen oxides, such as NOs; and N20Os,

thereby influencing the overall nitrogen chemistry within the reactor.

The temporal evolution of reactive species indicates that NO removal in DBD plasma
proceeds through a cascade of rapid radical mediated reactions during the early phase, followed
by slower oxidation and recombination processes that produce more stable nitrogen-containing

by-products. The dynamic interplay among NO, NO:, atomic oxygen (O), Os, and other
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intermediate nitrogen oxides underscores the complexity of the reaction network. These
observations highlight the critical role of plasma operating conditions including electric field
strength, gas composition, and discharge time in governing both the efficiency of pollutant

abatement and the nature and yield of secondary products.
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Fig 1V.7 Neutral Species Evolution in DBD During NO Removal in (69% N2, 20% O, 1% Ar,10% NO)
IV.5.5. Temporal Variation Mole Fraction of NO

Figure 8 presents the time dependent evolution of the nitric oxide (NO) mole fraction for
several initial inlet concentrations, namely 10%, 7.5%, 5%, and 2.5%, in an atmospheric-
pressure dielectric barrier discharge reactor. For all investigated cases, a rapid decrease in NO
concentration is observed as the discharge progresses, clearly demonstrating the strong capability

of plasma-assisted processes to promote NO conversion under non-thermal conditions.

At higher initial concentrations, particularly for the 10% NO case, the reduction occurs
extremely rapidly during the early stages of the discharge. This behavior can be attributed to the
enhanced frequency of interactions between NO molecules and energetic electrons, as well as
with highly reactive plasma-generated species such as atomic oxygen (O), ozone (Os), and
electronically excited nitrogen states. These reactive agents significantly accelerate NO oxidation
and dissociation pathways, resulting in an abrupt decline of NO concentration shortly after
plasma ignition. Remarkably, the simulations indicate that, after approximately 0.025 s of

treatment, more than 99% of the initial NO is eliminated in all cases, independent of the initial
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mole fraction. This finding highlights the ability of the DBD reactor to achieve near complete

NO removal within a very short effective residence time.

For lower initial NO concentrations, such as 2.5%, the temporal decay profile exhibits a
comparatively smoother slope, reflecting reduced collision probabilities and reaction rates due to
the lower availability of NO molecules. Nevertheless, complete or near complete removal is still
attained within the same characteristic time interval. This observation reveals a nonlinear
relationship between NO depletion kinetics and initial concentration, arising from the complex
coupling between electron driven processes, reactive species densities, and competing plasma

chemical reactions.

Overall, these results confirm the high chemical reactivity and operational efficiency of
dielectric barrier discharge plasmas for NO abatement. The insights gained from the temporal
behavior of NO removal provide valuable guidance for optimizing key reactor parameters,
including discharge power, operating time, and gas residence duration, thereby supporting the

development of efficient plasma based solutions for environmental pollution control.
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Fig 1V.8 Temporal Variance of NO Mole Fraction Over 100 DBD Discharge Periods
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1VV.5.6. Effect of Voltage on the NO Removal

The NO mole fraction's temporal change under dielectric barrier discharge (DBD)
circumstances is depicted in figure 9 for three distinct applied voltages: 8 kV, 10 kV, and 12 kV,

starting with a 10% NO concentration and a fixed frequency of 3 kHz.

The results clearly demonstrate that increasing the applied voltage enhances the NO
removal efficiency. This trend is attributed to the higher electrical field strength at increased
voltages, which in turn leads to greater electron energy. As a result, more energetic electrons are
available to initiate dissociation and oxidation reactions involving NO, producing reactive
species such as O, Os, and N that contribute to NO decomposition. At 0.025 seconds, the NO
mole fraction has significantly dropped for all voltage levels; however, the rate of decay is
noticeably faster at 12 kV, indicating accelerated NO conversion due to more intense plasma
activity. In contrast, at 8 kV, the removal is slower and less efficient, due to insufficient energy

to fully activate the gas-phase chemistry within the short residence time.

These findings highlight the critical role of voltage in optimizing DBD reactors for NOx
abatement. Higher voltages promote more effective plasma generation, which enhances reaction
kinetics and shortens the time required for near-complete NO removal. However, practical
considerations such as energy efficiency, thermal effects, and dielectric material limits must be

considered when scaling up the voltage in industrial implementation.
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Fig IV.9 Impact of Voltage on NO Removal Over 100 DBD Discharge Periods
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IVV.5.7. Effect of Frequency on the NO Removal

Graph 10 illustrates the temporal variation of NO mole fraction under DBD conditions for
three applied frequencies: 2kHz, 3kHz, and 4kHz, with a constant voltage of 10 kV and an initial

NO concentration of 10%.

Increasing the frequency enhances the NO removal efficiency. As frequency rises, the
number of discharge cycles per second increases, which results in a more frequent generation of
energetic electrons and reactive plasma species. These reactive species, including O, Os, and
excited N2/O- states, play a critical role in NO decomposition through oxidation and dissociation
mechanisms. At 0.025 s, the NO mole fraction is significantly lower for higher frequencies,
indicating faster NO degradation. The curve for 4 kHz drops more rapidly compared to 2 kHz
and 3 kHz, demonstrating that higher frequency facilitates more effective plasma driven
chemical reactions. This is because a higher frequency enhances the average power density and

discharge uniformity, both of which promote better gas treatment efficiency.

These results affirm that frequency is a key control parameter for optimizing DBD reactors

in NOy abatement applications.
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Fig 1V.10 Impact of Frequency on NO Removal Over 100 DBD Discharge Periods
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1V.6. Conclusion

This chapter presented a detailed numerical investigation of the application of dielectric
barrier discharge (DBD) plasma for nitric oxide (NO) removal in air and N>—O-Ar—NO gas
mixtures. The influence of operating parameters, particularly applied voltage and excitation
frequency, on discharge behavior and plasma chemistry was systematically analyzed. The
simulation results demonstrated that both parameters play a critical role in controlling the
electrical characteristics of the discharge, the formation of reactive species, and the overall
efficiency of NO conversion. The spatiotemporal distributions of electrons, charged particles,
and key reactive radicals were examined, providing valuable insight into the underlying
discharge mechanisms and non-equilibrium plasma dynamics. The evolution of NO mole
fraction revealed the dominant chemical pathways responsible for NO removal, highlighting the
importance of reactive oxygen and nitrogen species generated under specific operating
conditions. These findings elucidate the complex interplay between electrical excitation, plasma

kinetics, and pollutant conversion.
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General Conclusion

This thesis demonstrated the strong potential of Dielectric Barrier Discharge (DBD)
plasma as an effective non-thermal technology for nitrogen oxides (NOx) reduction under
atmospheric-pressure conditions. The originality of this work lies in the development of a self-
consistent numerical framework coupling plasma physics, charged particle transport, electric

field evolution, and detailed plasma chemistry in air-based gas mixtures relevant to NO removal.

Using COMSOL Multiphysics, a one-dimensional fluid model was successfully
implemented to investigate the temporal evolution of electrons, ions, excited species, and neutral
reactive particles involved in the discharge process. The simulations revealed that NOy
conversion is primarily governed by electron-impact reactions and by the generation of reactive
oxygen and nitrogen species such as O, N, and Os, which strongly influence the oxidation and

dissociation pathways of nitrogen oxides.

One of the major outcomes of this work is the identification of the operating conditions
leading to enhanced NO removal efficiency. The study established that both the applied voltage
and excitation frequency play a decisive role in controlling plasma activity, electron energy, and
reactive species production. Under optimized operating conditions corresponding to an applied
voltage of 10 kV and an excitation frequency of 3 kHz, the developed model predicted a NO
reduction efficiency approaching 99%, confirming the high capability of DBD plasma for
atmospheric pollutant treatment.

The obtained results also highlighted the dominant contribution of ozone-assisted oxidation
pathways, together with secondary reactions involving NOz, NOs, N2O, and N20s. The temporal
evolution of these species demonstrated the existence of a complex and highly coupled plasma-
chemical reaction network responsible for NO conversion. Another important contribution of this
work is the proposal of a predictive numerical framework for evaluating the influence of
discharge parameters on NOx removal performance. This model provides valuable physical
insight into plasma-assisted depollution mechanisms and constitutes a useful basis for reactor

optimization and future industrial applications.

Despite these promising results, some limitations remain associated with the one-
dimensional approximation adopted in this study. The 1D model cannot fully reproduce
filamentary structures, multidimensional transport phenomena, and spatial non-uniformities
characteristic of real DBD discharges. Therefore, extending the model toward 2D or 3D

configurations would improve the realism and predictive capability of the simulations.
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Furthermore, although the numerical results are physically coherent and consistent with trends
reported in the literature, experimental validation remains essential to confirm the predicted
discharge behavior, species evolution, and NOx conversion efficiency under real operating

conditions.

Future Works
While the results obtained in this thesis are promising, several opportunities for further
development and improvement remain. The following perspectives outline potential directions

for future research:

e Extending the Model to 2D or 3D Geometries
A multidimensional model would capture lateral non-uniformities, filament interactions,
and surface effects more realistically. This would allow better prediction of streamer branching,

power deposition, and reactor-scale inhomogeneities.

e Coupling Plasma with Catalysts (Plasma—Catalysis)

Coupling the DBD with catalytic surfaces or packed-bed materials could enhance NO
oxidation/reduction pathways, reduce energy consumption, and minimize undesired by-
products (e.g., Os, N2O). Modeling supported by targeted experiments represents a promising

advancement.

e Experimental Validation
Although the numerical results are highly informative, experimental campaigns would be
essential to validate the spatial and temporal distributions of species, confirm the predicted NO

removal pathways and assess long-term reactor stability and energy efficiency.

e Industrial-Scale Integration
Finally, scaling up DBD technology for industrial exhaust treatment requires addressing,
energy efficiency for removed NOx molecules, gas flow effects and residence times, durability of

dielectric materials, and compact reactor designs adapted to real flue-gas condition.

Overall, this work confirms that DBD plasma represents a promising, flexible, and
environmentally friendly technology for NOx abatement. Beyond the numerical results
themselves, the developed model contributes to a deeper understanding of the coupling between
plasma physics and chemical kinetics and provides a scientific framework for future

optimization, plasma-catalysis integration, and industrial-scale environmental applications.
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