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Abstract 
The paper presents a comprehensive numerical investigation of dielectric barrier discharges (DBDs) operating in 
atmospheric pressure air (N₂–O₂–Ar) containing NO concentrations between 2.5% and 10% is presented for plasma 
assisted NOₓ mitigation. A one-dimensional fluid model is developed to describe the discharge dynamics and plasma 
chemical interactions under applied voltages of 8–12 kV and excitation frequencies of 2–4 kHz. The influence of voltage 
amplitude and frequency on electrical characteristics and NOₓ removal efficiency is systematically analyzed. A 
representative operating condition (10% NO, 10 kV, 3 kHz) is examined in detail to elucidate the temporal evolution of 
voltage and current and the spatial distributions of electrons, ions, excited species, and neutral particles involved in 
NO dissociation pathways. The results provide improved insight into the reaction kinetics governing NO degradation 
in air plasma and offer practical guidance for optimizing DBD-based environmental remediation systems. 
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1. Introduction  

Atmospheric pollution has become a major 
global concern due to its impact on human health, 
climate, and environmental quality. Among the 
most critical pollutants, nitrogen oxides (NOₓ) 
play a central role because of their involvement in 
photochemical smog, acid rain, ozone formation, 
and secondary particulate matter [1]. The two 
dominant species nitric oxide (NO) and nitrogen 
dioxide (NO₂) are primarily generated during 
high-temperature combustion, with NO 
representing nearly 95% of freshly emitted NOₓ 
[2]. Despite being less toxic than NO₂, NO rapidly 
oxidizes in the atmosphere, contributing to 
harmful photochemical cycles. Major 
anthropogenic sources such as transportation, 
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power generation, and industrial activities 
account for a large share of global NOₓ effluent, 
making their mitigation an urgent priority [3]. 

Recently, Cold plasma systems have emerged 
as attractive substitutes for conventional 
approaches to NOₓ reduction. These plasma-based 
processes rely on energetic electrons that trigger 
fast chemical reactions capable of decomposing or 
oxidizing NOₓ at low temperatures [4]. Among the 
various NTP configurations, dielectric barrier 
discharges (DBDs) have gained specific interest 
thanks to their operational stability, flexibility, 
and ability to operate efficiently at atmospheric 
pressure [5]. A typical DBD consists of two 
electrodes spaced by at least one dielectric layer, 
which limits current and enables the generation 
of numerous transient micro discharges. This 
configuration has been widely applied in ozone 
generation, surface modification, environmental 
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remediation, plasma-assisted combustion, 
excimer lamps, and other technological fields [6–
8]. 

The efficiency of NOₓ removal in plasma 
highly depends on the composition of the gas 
mixture, particularly N₂–O₂–Ar–NO systems. 
Electron impact processes generate a variety of 
reactive species excited atoms, radicals, ions, and 
meta stables that participate in NO dissociation 
and oxidation pathways [9]. A detailed 
comprehension of the interaction between 
discharge physics, plasma chemistry, and 
external operating parameters is therefore 
essential for optimizing DBD systems for 
pollutant abatement. Numerical modeling is a 
powerful approach to achieve this, providing 
detailed insight into plasma behavior under 
atmospheric-pressure conditions and 
complementing experimental studies [10]. 

Previous research on NOₓ removal using 
DBDs has examined both standalone plasma 
reactors and hybrid plasma catalyst 
configurations. Studies have reported enhanced 
pollutant removal efficiencies under low-
temperature conditions [11], investigated the 
effects of electrode geometry and dielectric 
materials [12], and demonstrated the role of 
oxygen concentration, hydrocarbon content, and 
discharge power in NOₓ conversion [13–15]. 
Modeling efforts have further clarified the 
sensitivity of NO and N₂O formation to oxygen 
fraction and plasma power, with good agreement 
between simulations and experiments [16,17]. 
These contributions highlight the complex and 
highly condition-dependent nature of NOₓ 
chemistry in non-thermal plasmas. 

Motivated by these findings, the present work 
investigates the influence of voltage amplitude 
and frequency on the performance of a dielectric 
barrier discharge for NO reduction in atmospheric 
Air N₂–O₂–Ar–NO mixtures. Using a 
unidimensional fluid model, we explore the 
temporal extension of electrical parameters and 
the spatiotemporal behavior of electrons and 
reactive species responsible for NO 
decomposition. A representative mixture of 69% 
N₂, 20% O₂, 1% Ar, and 10% NO is examined in 
detail to elucidate relevant reaction pathways. 
The simulation results provide deeper insight into 
plasma-assisted NO conversion mechanisms and 
contribute to the optimization of DBD-based 
systems for environmental remediation and 
advanced plasma technologies. 

 
2.   Materials and Methods   

2.1.   Numerical Model  

A fluid model in one dimensional was used to 
simulate the micro discharge behavior in a 
parallel-plate dielectric barrier discharge (DBD) 
reactor with a double dielectric layer. The 

simulations were performed using COMSOL 
Multiphysics, which solves the plasma transport 
equations self-consistently. The model couples 
Poisson’s equation with the continuity, 
momentum, and energy equations for ions, 
electrons, and relevant neutral species. This 
approach enables time-resolved evaluation of the 
discharge current, applied voltage, electron 
density, electron temperature, and the spatial 
evolution of charged and neutral particles. The 
model captures the transient nature of micro 
discharges and provides a detailed description of 
plasma dynamics under different electrical 
operating conditions. 

The governing equations follow the 
methodology presented in [18,19]: 
Electron Transport: The electron density's 
continuity model is established using: 
 
 𝜕𝜕𝑛𝑛𝑒𝑒
𝜕𝜕𝜕𝜕

+ 𝛻𝛻.𝛤𝛤𝑒𝑒 = 𝑅𝑅𝑒𝑒                                      (1) 
𝛤𝛤𝑒𝑒 = −𝜇𝜇𝑒𝑒𝐸𝐸𝑛𝑛𝑒𝑒 − 𝛻𝛻(𝐷𝐷𝑒𝑒𝑛𝑛𝑒𝑒)                         (2) 
 
Where, 𝑛𝑛𝑒𝑒 represents the electron number density 
expressed in (1/𝑚𝑚3), while 𝑅𝑅𝑒𝑒 denotes the electron 
source term in (1/𝑚𝑚3. 𝑠𝑠) . The electron flux, 𝛤𝛤𝑒𝑒 , 
accounts for electron transport due to drift and 
diffusion mechanisms. The drift component is 
governed by the electron mobility 𝜇𝜇𝑒𝑒, expressed in 
(𝑚𝑚2/𝑉𝑉. 𝑠𝑠) , in the presence of the electric field 𝐸𝐸 , 
where 𝐸𝐸  is given in (𝑉𝑉/ 𝑠𝑠) . The diffusion 
contribution involves the electron diffusion 
coefficient 𝐷𝐷𝑒𝑒, expressed in (𝑚𝑚2/𝑠𝑠), acting on the 
spatial gradient of the electron density. The 
symbol 𝑒𝑒 refers to the electron species considered 
in the plasma discharge. 
Electron energy is defined via:  
 
∂𝑛𝑛𝜀𝜀
∂𝑡𝑡

+ ∇.𝛤𝛤𝜀𝜀 + 𝐸𝐸.𝛤𝛤𝑒𝑒 = 𝑅𝑅𝜀𝜀      (3) 
 𝛤𝛤𝜀𝜀 = −𝜇𝜇𝜀𝜀𝐸𝐸𝑛𝑛𝜀𝜀 − ∇(𝐷𝐷𝜀𝜀𝑛𝑛𝜀𝜀)                         (4) 
 
with 𝑛𝑛𝜀𝜀  denotes the electron energy density, 
expressed in (𝑉𝑉/𝑚𝑚3) . The term 𝑅𝑅𝜀𝜀 represents the 
source term associated with inelastic electron 
collisions, accounting for both energy gain and 
energy loss mechanisms due to interactions 
between electrons and neutral species, and is 
expressed in (𝑉𝑉/(𝑚𝑚3. 𝑠𝑠)). The electron energy flux 
(𝛤𝛤𝑒𝑒) includes contributions from drift and diffusion 
processes. The drift transport is controlled by the 
electron energy mobility 𝜇𝜇𝜀𝜀 , expressed in (𝑚𝑚2/
𝑉𝑉. 𝑠𝑠) , under the influence of the electric field 𝐸𝐸 . 
The diffusion term involves the electron energy 
diffusivity 𝐷𝐷𝜀𝜀, expressed in (𝑚𝑚2/𝑠𝑠), which governs 
the spatial redistribution of electron energy. The 
symbol 𝜀𝜀 refers to the electron energy considered 
in the plasma discharge. The energy of an 
electron, 𝜀𝜀 (V) calculated by:  
 
𝜀𝜀 = 𝑛𝑛𝜀𝜀

𝑛𝑛𝑒𝑒
          (5) 
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Neutral species Positive species Negative species Exited species 
N, O, O3, NO, NO2, 

NO3, N2O, N2O5 
Ar+, Ar2+, NO+, NO2+, 

O2+, O+, N2+ 
e-, O-, O2-, O3-, O4-, NO-, 

NO2- 
N2(a1s), N2(A3s), 

N2(B3p), N2(C3p), N(d), 
N(p), O(1d), O(1s), 
O2(a1d), O2(b1s), 

O2(45), Ar(s) 

 
Rate coefficients or Townsend coefficients are 
used to indicate the coefficients that originate 
from the above equations, depending on the 
system's molar concentration. 

Assume that exist P collisions between 
inelastic electrons and neutrals and M processes 
that influence the increase or decrease of electron 
density.  The energy loss of electron is calculated 
by: 

 
 𝑅𝑅𝑒𝑒 = ∑ 𝑥𝑥𝑗𝑗𝑘𝑘𝑗𝑗𝑁𝑁𝑛𝑛𝑛𝑛𝑒𝑒𝛥𝛥𝜀𝜀𝑗𝑗

𝑝𝑝
𝑗𝑗=1         (6) 

 
where, is calculated as the sum of energy losses 
resulting from all inelastic collision processes 
between electrons and neutral species 𝑝𝑝 . In this 
expression, the summation is performed over all 
inelastic reactions (j) involved in the plasma 
chemistry. The parameter 𝑥𝑥𝑗𝑗 represents the mole 
fraction of the target neutral species participating 
in reaction (j), while 𝑘𝑘𝑗𝑗 denotes the corresponding 
reaction rate coefficient expressed in 𝑗𝑗 (m3/s). The 
quantity 𝑁𝑁𝑛𝑛 refers to the total neutral number 
density, expressed in (1/m3), and accounts for the 
availability of collision partners in the discharge. 
The term 𝛥𝛥𝜀𝜀𝑗𝑗  represents the energy loss 
associated with reaction (j), expressed in electron 
volts, which depends on the specific inelastic 
process such as excitation, ionization, or 
dissociation. This formulation allows the total 
electron energy loss to be evaluated self-
consistently by summing the contributions of all 
relevant inelastic collision processes occurring in 
the plasma. 

The mean electron energy (𝜀𝜀)  has an 
exponential relationship with the Townsend 
coefficients (𝑘𝑘𝑗𝑗). A function of the following kind 
can be used to fit the Townsend coefficients when 
a Maxwellian EEDF is assumed:  

 
𝑘𝑘𝑗𝑗 = 𝐴𝐴𝜀𝜀𝛽𝛽𝑒𝑒−𝐸𝐸/𝜀𝜀                  (7) 
 
Electrostatic Equations: The electrostatic field 
distribution is calculated through Poisson’s 
equation, expressed as follows: 
 
−𝛻𝛻. 𝜀𝜀0. 𝜀𝜀𝑟𝑟𝛻𝛻𝑉𝑉 = 𝜌𝜌                      (8) 
 
where, V represents the electrostatic potential, εr 
is the relative permittivity, and  ε0 is the vacuum 

permittivity, and ρ corresponds to the space 
charge density. The space charge density (ρ) is 
calculated automatically based on the plasma 
chemistry defined in the model, using the 
following formula: 

 
𝜌𝜌 = 𝑞𝑞(∑ 𝑍𝑍𝑘𝑘𝑛𝑛𝑘𝑘 − 𝑛𝑛𝑒𝑒𝑁𝑁

𝑘𝑘=1 )      (9) 
 
with Zk represents the electric charge,  q is the 
absolute terms of electronic charge. The 
constitutive relation given by: 
 
𝐷𝐷 = 𝜀𝜀0𝜀𝜀𝑟𝑟𝐸𝐸                  (10) 

 
Submicroscopic characteristics of the coating 
medium that has dielectric feature and the 
relevant material properties are explained by 
relation (10) by connecting the electric field (E) 
and electric displacement (D). The following 
limiting condition adds to surface charge buildup 
to borders: 

 
−𝑛𝑛. (𝐷𝐷1 − 𝐷𝐷2) = 𝜌𝜌𝑠𝑠                      (11) 
 
With 𝜌𝜌𝑠𝑠 is the boundary's solution to the 
distributed ODE that follows: 
 
𝑑𝑑𝜌𝜌𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝑛𝑛. 𝐽𝐽𝑖𝑖 +𝑛𝑛. 𝐽𝐽𝑒𝑒                   (12) 
 
With 𝑛𝑛. 𝐽𝐽𝑖𝑖 and 𝑛𝑛. 𝐽𝐽𝑒𝑒  are the wall's total current 
density of electron and total current density of ion 
are both represented by the normal component. 
 
2.2   Chemical Model 

2.2.1. Plasma model species: 

The chemical kinetics of the Air–NO plasma 
mixture is highly complex. The model includes all 
nitrogen reactions listed in Supporting 
Information (Table S1) and all oxygen reactions in 
Table S2, along with more than 240 additional 
reactions involving nitrogen, oxygen, and argon 
species presented in Tables S3, S4 and S5. In 
total, the simulation tracks 34 plasma species 
presented in Table 1, including electrons, 
neutrals, ions, and excited states. These reactions 
cover key processes such as dissociation, 
ionization, recombination, excitation, and charge 
exchange. This comprehensive reaction set 
enables accurate modeling of the formation and 
depletion of reactive species, particularly those 

Table 1. Plasma model species. 
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influencing NOₓ conversion, and ensures reliable 
prediction of plasma behavior under different 
electrical and gas-mixture conditions. 

 
2.2.2. Ions 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 [20]. 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 
[21]:  
 
𝜇𝜇𝑚𝑚 = 36.10−4

�𝛼𝛼.𝑀𝑀𝑟𝑟
. 𝑇𝑇
𝑇𝑇0

 in (m2/V. s)                           (13) 
 
𝑀𝑀𝑟𝑟 = 𝑚𝑚𝑖𝑖.𝑚𝑚𝑛𝑛

𝑚𝑚𝑖𝑖+𝑚𝑚𝑛𝑛
                                            (14) 

 
The coefficient  denotes the polarizability of 

the neutral molecule, expressed in atomic units, 
and reflects the ability of the neutral species to be 
polarized by the electric field generated by the 
moving ion. The parameter Mr corresponds to the 
reduced mass of the ion neutral pair, also 
expressed in atomic units, and is calculated from 
the individual masses of the ion (mi) and the 
neutral molecule (mn) according to Equation (14), 
where the reduced mass represents the effective 
inertial contribution governing momentum 
transfer during collisions. The gas temperature 𝑇𝑇 
characterizes the thermal state of the background 
gas under operating conditions, while T0 refers to 
the reference or initial temperature at which the 
reduced mobility is defined. 

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, 1

𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴/𝑁𝑁𝑁𝑁
 , is obtained as the mole-

fraction-weighted sum of the inverse mobilities in 
each pure gas component, i.e.:  
 
 1
𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴/𝑁𝑁𝑁𝑁

= 𝐹𝐹𝑁𝑁2
𝜇𝜇𝑁𝑁2

+ 𝐹𝐹𝑂𝑂2
𝜇𝜇𝑂𝑂2

+ 𝐹𝐹𝐴𝐴𝐴𝐴
𝜇𝜇𝐴𝐴𝐴𝐴

+ 𝐹𝐹𝑁𝑁𝑁𝑁
𝜇𝜇𝑁𝑁𝑁𝑁

                          (15) 
 
where, Fi represents the mole fraction of species i, 
and μi 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. 

2.2.3  Chemical reactions of heavy species 

The tables (S1-S5) display the reactions that 
produce and destroy the heavy species, along 
with the rate constants related to them. The 
Arrhenius equation [22] is used to quantitatively 
determine the rate coefficients kf for the reactions 
that are utilized in our model token. 
 
 𝑘𝑘𝑓𝑓 = 𝐴𝐴𝑒𝑒𝐸𝐸𝑎𝑎/𝑅𝑅𝑅𝑅                             (16)  
 
while A is the pre-exponential factor that 
accounts for the frequency of effective molecular 
collisions and the steric characteristics of the 
reacting species. The exponential term 
incorporates the activation energy Ea, which 
represents the minimum energy barrier that 
must be overcome for the reaction to proceed and 
is expressed in units consistent with the product 
of the universal gas constant R and the absolute 
temperature (R*T). The gas temperature T, 
expressed in kelvin, governs the thermal energy 
available to the reacting species, whereas R 
denotes the universal gas constant. All reaction 
sets for Nitrogen (N₂), Oxygen (O₂), Argon (Ar), 
and their mixtures are summarized in Tables 
(S1–S5) in the Supporting Information. 

 
2.2.4 Surface reaction processes 

Surface processes neutralize ions on 
dielectric surfaces and are characterized by a 
surface interaction coefficient, representing the 
probability of a species reacting upon contact. 
Mathematically, this defines the particle flux at 
the surface described in the following relation 
[41]:  

 

𝛤𝛤𝑘𝑘 = 𝛾𝛾𝑘𝑘𝑛𝑛𝑘𝑘�
𝑘𝑘𝐵𝐵𝑇𝑇𝑘𝑘
2𝜋𝜋𝑚𝑚𝑘𝑘

                                    (17) 

 
where the flux (𝛤𝛤𝑘𝑘) corresponds to the number of 
particles of species k reaching the surface per 
unit area and time. This flux is proportional to 
the surface interaction coefficient (γk), which 
characterizes the efficiency of surface reactions, 
and to the number density (nk) of the considered 
species in the gas phase. The thermal motion of 
the particles is taken into account through the 
square-root term, which depends on the 
Boltzmann constant  (kB), the temperature (Tk)  of 
species k, and its mass (mk). This expression 
accounts for the thermal motion of heavy species 
and the probability of reaction upon surface 
contact. The following interfacial reactions are 
implemented in (Table 2). 

 
3. Results and Discussion 

This section provides a detailed presentation 
of the simulation results describing the approach 
of the dielectric barrier discharge (DBD) plasma 
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Reaction Formula Reaction Formula 
01 N+ => N 21 O(1d) => O 
02 N2+ => N2 22 O(1s) => O 
03 N3+ => N2+N 23 O2(a1d) => O2 
04 N4+ => N2+N2 24 O2(a1s) => O2 
05 N => 0.5N2 25 O2(b1s) => O2 
06 N(d) => N 26 O2(45) => O2 
07 N(p) => N 27 O+ => O 
08 N2(A) => N2 28 O2+ => O2 
09 N2(A3s) => N2 29 O3+ => O2+O 
10 N2(B3p) => N2 30 O4+ => O2+O2 
11 N2(C3p) => N2 31 O => 0.5O2 
12 N2(a1s) => N2 32 O- => O 
13 NO+ => NO 33 O2- => O2 
14 NO- => NO 34 O3- => O2+O 
15 NO2 => O2+N 35 O4- => O2+O2 
16 NO2+ => O2+N 36 NO3- => N+O3 
17 NO2- => N+O2 37 N2O- => N2O 
18 NO3+ => O3+N 38 Ar+ => Ar 
19 N2O => O+N2 39 Ar2+ => Ar+Ar 
20 N2O+ => N2O 40 Ar(s) => Ar 

in air mixture containing 69% N₂, 20% O₂, 1% Ar, 
and 10% NO at atmospheric pressure for NO 
removal. The DBD occurs under a sinusoidal 
voltage, with 3 cm × 3 cm parallel electrodes 
covered by a 0.635 mm thick dielectric (εr = 9). The 
1 mm discharge gap operates at 10 kV peak 
voltage and 3 kHz frequency, starting from a 10% 
NO concentration. The DBD plasma cell geometry 
used in the simulation is shown in Figure 1. 

 
3.1 Temporal Evolution of Electrical Parameters 

Figure 2 presents the time-resolved evolution 
of the applied voltage and discharge current over 
a complete electrical cycle. The voltage exhibits a 
nearly sinusoidal waveform with peak values 
around ±10 kV, typical of a high-voltage AC 
signal. The current, however, is highly non-
sinusoidal, displaying sharp transients and 

Table 2. Interfacial reaction. 

irregular oscillations between 0.1 mA and 0.9 mA, 
remaining positive throughout. This behavior 
arises from the modeling approach, where the 
discharge current represents only the conduction 
and displacement currents through the dielectric, 
both defined as positive in the simulation. The 
pronounced current spikes reflect rapid charge 
transfer events at the dielectric surface during the 
DBD process 

 
3.2  Number Densities of Positive and Negative 
Charged Particles 

Figures 3 and 4 illustrate the dynamic 
evolution of charged species during the DBD 
discharge. NO⁺ dominates the positive ion 
population, reaching densities around 10¹⁷ m⁻³, 
while lighter ions, such as O₂⁺, N₂⁺, and O⁺, 
oscillate in the 10¹²–10¹⁴ m⁻³ range. Rare gas ions 

Figure 1. Configuration of DBD model geometry. Figure 2. Discharge current and voltage waveform 
in DBD discharge. 
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(Ar⁺, Ar₂⁺) remain almost constant at much lower 
densities (~10⁸ m⁻³), reflecting their inertness. 
Electron densities closely follow the main 
molecular ions, highlighting the strong coupling 
between ionization and the applied voltage. 

Among negative ions, NO₂⁻ and O⁻ are 
predominant (~10¹² m⁻³), while O₂⁻, O₃⁻, O₄⁻, and 
NO⁻ also contribute, with their concentrations 
anti-correlated to electron density due to 
attachment processes. The periodic variations in 
both positive and negative species reveal the rapid 
ionization, attachment, and recombination events 
governed by the applied electric field. These 
results demonstrate a highly active plasma 
environment, emphasizing the intricate temporal 
chemistry and providing insights into the kinetics 
essential for optimizing plasma-based gas 
treatment. 

 
3.3  Number Densities of Exited Particles 

Figures 5 and 6 illustrate the temporal 
evolution of key excited species in the DBD 
plasma, providing insights into energy 
distribution and excitation kinetics. For nitrogen, 
long-lived metastable states, such as N₂(A3s), 

reach peak densities around 6×10¹³ m⁻³, with 
sharp rises during each discharge pulse followed 
by exponential decay, while higher-energy states 
N₂(B3p) and N₂(C3p) exhibit similar but lower-
density trends. These dynamics confirm nitrogen’s 
central role in energy transfer, secondary 
ionization, and optical emission processes. 

Excited oxygen species, including O(1s), 
O(1d), and O₂ (b1s, a1d, 45), show much higher 
peak densities, up to 10¹⁷ m⁻³, with clear 
periodicity linked to the applied voltage, reflecting 
efficient electron-impact excitation. Excited argon 
species are less abundant (~10¹⁰ m⁻³) but follow 
similar trends, potentially sustaining the plasma 
via Penning ionization. Overall, these results 
highlight the transient and voltage-synchronized 
nature of excitations, emphasizing oxygen’s 
dominant contribution to reactive species and the 
complex interplay of excitation, quenching, and 
energy transfer in the plasma. 

 
3.4  Number Densities of Neutral Particles during 
NO Removal in DBD 

Figure 7 depicts the evolution of major 
neutral species relevant to NO removal in the 

Figure 3. Evolution of positive charges densities 
in DBD discharge. 

Figure 4. Evolution of negative charges densities 
in DBD discharge. 

Figure 5. Evolution of excited nitrogen species 
densities in DBD discharge. 

Figure 6. Evolution of excited oxygen species 
densities in DBD discharge. 
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DBD plasma across a 100 ms interval. The 
number densities are shown on a logarithmic scale 
(10⁵–10²⁵ m⁻³) to capture their wide dynamic 
range. The most striking feature is the continuous 
decrease in NO concentration, starting from an 
initial value of approximately 10²⁴ m⁻³ and 
dropping by several orders of magnitude 
throughout the simulation. This strong depletion 
reflects the efficiency of plasma-activated 
mechanisms, including reactions with O and N 
radicals and oxidation pathways that convert NO 
into higher nitrogen oxides. 

Simultaneously, NO₂ forms rapidly and 
reaches a quasi-steady concentration around 10²¹ 
m⁻³, indicating that the oxidation of NO to NO₂ 
dominates during the early discharge period. This 
behavior aligns with the classical reaction 
pathway: 

 
𝑁𝑁𝑁𝑁 + 𝑂𝑂 → 𝑁𝑁𝑂𝑂2                          (18) 
 
As the discharge progresses, further oxidation 
leads to the formation of NO3, N2O5, and O3, which 
exhibit slower but steady increases in 
concentration. Notably: (a). NO3 increases 
gradually and stabilizes near 1018 m−3, indicating 
its role as a secondary oxidation product; (b). N2O5 
and O3 show delayed formation but reach similar 
concentrations, highlighting the multi-step 
reaction pathways involving NO₂ and O atoms or 
radicals; (c). N2O forms rapidly and stabilizes 
early, reflecting the contribution of recombination 
and neutral-neutral reactions in the nitrogen 
cycle; (d). Atomic oxygen (O) and atomic nitrogen 
(N), although present in relatively low 
concentrations, show modest initial increases 
before reaching steady plateaus. These radicals 
serve as essential intermediates, initiating and 
sustaining the chain of reactions responsible for 
NO degradation; (e). Ozone emerges as one of the 
dominant oxidants in the latter phase of the 
discharge, achieving concentrations on the order 

of 10²² m⁻³. Its presence is crucial not only for the 
oxidation of NO and NO₂, but also for the 
generation of higher oxides such as NO₃ and N₂O₅. 

The temporal behavior of the species 
demonstrates that NO removal in DBD plasma is 
governed by an initial burst of fast radical-driven 
reactions, followed by slower oxidation and 
recombination processes leading to stable by-
products. The interplay among NO, NO₂, O, O₃, 
and higher nitrogen oxides highlights the 
complexity of plasma chemical kinetics and 
underscores the importance of tuning plasma 
parameters to maximize pollutant removal while 
mitigating unwanted by-product formation. 

 
3.5  Temporal Variation of NO Mole Fraction  

Figure 8 presents the time-dependent 
variation of the NO mole fraction under various 
initial NO concentrations (10%, 7.5%, 5%, and 
2.5%) in a DBD reactor. In all cases, the NO mole 
fraction decreases rapidly over time, confirming 
the effectiveness of plasma-assisted processes in 
reducing NO under atmospheric-pressure 
conditions. For the highest concentration (10% 
NO), the decline is most pronounced in the early 
stages, driven by intense interactions with 
energetic electrons and reactive particles such as 
oxygen atomic, ozone, and excited nitrogen. 
Notably, at approximately 0.025 seconds, more 
than 99% of the initial NO is removed in all cases, 
regardless of the starting concentration. This 
rapid depletion indicates that the DBD system 
achieves high removal efficiency within a very 
short residence time. Lower initial concentrations 
(e.g., 2.5% NO) show a more gradual decline, yet 
the total removal is still achieved within the same 
timeframe. This behavior highlights the nonlinear 
dependence of NO depletion kinetics on the initial 
concentration, which arises due to differences in 
reaction rates and species interactions. 

Figure 8. Temporal variation mole fractions of NO 
during 100 periods of DBD discharge. 

Figure 7. Evolution of neutral species during NO 
removal in DBD. 
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Overall, the data validate the high reactivity 
and efficiency of the DBD plasma in removing NO. 
These findings can guide the optimization of 
reactor parameters, such as discharge power and 
residence time, for environmental applications 
targeting NO reduction. 

 
3.6  Voltage-Frequency Effects on the NO 
Removal and Current Waveform 

Figures 9 and 10 show how NO mole fractions 
and the corresponding current waveforms evolve 
over time under varying voltage and frequency 
conditions in the DBD reactor. In Figure 9, the 
effect of applied voltage is examined for 8 kV, 10 
kV, and 12 kV at a fixed frequency of 3 kHz with 
an initial NO concentration of 10%. The findings 
show that rising the applied voltage markedly 
enhances NO removal efficiency. Higher voltages 
produce stronger electric fields, which accelerate 
electrons to higher energies, enabling more 
frequent dissociation and oxidation reactions of 
NO. This leads to the formation of reactive species 
such as O, O₃, and N, that play a fundamental role 
in NO decomposition. 

The current waveform reflects this behavior: 
higher voltages generate sharper and more 
intense current peaks, indicating stronger micro 
discharges and increased electron-impact activity. 
At 0.025 s, the NO mole fraction drops 
significantly at all voltage levels, but the decline 
is most pronounced at 12 kV, confirming that 
intensified plasma activity accelerates NO 
conversion. In contrast, at 8 kV the removal rate 
is noticeably slower, suggesting that the available 
electron energy is insufficient to fully sustain the 
gas-phase chemistry within the short plasma 
residence time. Overall, these observations 
highlight the essential role of the applied voltage 
in controlling plasma strength and chemical 
reactivity in DBD-based NOₓ abatement. 

Figure 10 shows the influence of frequency on 
NO removal for 2 kHz, 3 kHz, and 4 kHz at a 

constant voltage of 10 kV. Increasing the 
frequency significantly boosts NO degradation. 
With higher frequencies, the number of discharge 
cycles per second increases, leading to more 
frequent electron-impact events and continuous 
formation of reactive species such as O, O₃, and 
excited N₂/O₂ states. These species accelerate NO 
oxidation and dissociation processes. The NO mole 
fraction at 0.025 s is lowest for 4 kHz, 
demonstrating faster and more efficient removal 
at higher discharge repetition rates. The current 
waveform becomes denser and more regular at 
elevated frequencies, reflecting improved 
discharge uniformity and higher average power 
density. This enhanced temporal continuity of 
micro discharges supports more effective plasma-
driven chemical reactions. Thus, frequency acts as 
a key operational parameter that governs both 
plasma stability and chemical conversion 
efficiency in DBD reactors. 

Collectively, the voltage–frequency analysis 
demonstrates a synergistic influence: increasing 
voltage strengthens the plasma and raises 
electron energy, while higher frequency increases 
the discharge repetition rate and reactive species 
generation. Both factors work together to improve 
NO removal performance. 

 
4. Conclusion 

This study provides a detailed analysis of NOₓ 
behavior and removal in a DBD reactor operating 
in atmospheric Air–NOₓ mixtures. Through a 
fluid model in one-dimensional, we investigated 
the spatiotemporal transition of charged particles, 
excited particles, and neutral molecules under 
different electrical conditions. The results confirm 
that DBD reactors efficiently promote NOₓ 
decomposition via electron-impact reactions and 
the generation of reactive species such as atomic 
oxygen (O), ozone (O₃), and excited nitrogen and 
oxygen states. The NO mole fraction decreases 
rapidly over time, with the strongest reduction 

Figure 9. Effect of voltage on the NO removal and current waveform in DBD discharge. 
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occurring at higher applied voltages and 
frequencies. This improvement is directly linked 
to enhanced electron energy and increased 
discharge repetition, which intensify plasma-
induced chemical pathways. The analysis of 
species densities further clarifies the underlying 
plasma chemistry, confirming the formation of 
essential intermediates and secondary products. 
Additionally, the study highlights the sensitivity 
of NO removal to initial concentration, voltage, 
and frequency, emphasizing the necessity of 
optimizing these parameters for effective 
pollution control. Future work should focus on: 
Experimental validation of the simulated trends 
to strengthen the reliability of the model; Multi-
dimensional and time-resolved modeling to 
capture spatial non-uniformities, streamer 
behavior, and electrode effects; Energy-efficiency 
optimization, including improved reactor 
geometry, electrode design, and power delivery 
systems; Scaling-up studies for integration into 
real industrial exhaust treatment systems. 
Overall, the outcomes of this study highlight the 
potential of DBD reactors as an efficient non-
thermal plasma technology for NOₓ mitigation 
and provide a roadmap for future improvements 
and practical implementation. 
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