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Abstract: The current work demonstrates the feasibility of atmospheric pressure non-thermal plasma technique for NOx 

pollution control. Atmospheric pressure dielectric barrier discharge plasma reactor has been constructed for the treatment of 

the exhaust of 4kWs free load diesel engine. The nature and properties of the discharge were identified through studying 

electrical characterization of the discharge cell. The effect of applied voltage, discharge power and discharge length on the 

removal and energy efficiency of NOx has been investigated. Different parameters including, NOx removal efficiency, specific 

energy density and energy cost per molecule have been calculated, analyzed and interpreted. It has been found that the removal 

efficiency of NOx was varied from (16%-74%) at energy cost of values varied from (123-390 eV/molecule). The obtained data 

represents promising results and offers a solution for NOx pollution reduction. 
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1. Introduction 

NOx gases are one of the most harmful pollutants to 

human health and environment which can lead to cancer, 

respiratory and cardiovascular diseases [1]. Air pollution is in 

general associated with health impacts on fertility, pregnancy, 

newborn and children according to world health organization 

WHO [2]. In 2016 European Environment Agency (EEA) 

reported that NOx pollution is responsible for tens of 

thousands of early deaths across Europe each year [3]. There 

are some indirect ways by which NOx can affect human 

health, as example, acid rains accelerates corrosion of 

buildings and cause acidification of lakes and streams [4]. 

NOX sources are generally originated from fossil fuels 

burning in thermal power stations, motor vehicles, steel 

production factories and chemical plants. Automobiles and 

other mobile sources contribute to 50% of the NOx emission 

[5]. Engines produce exhaust fumes particularly rich in 

oxygen; as a result the conventional catalytic converters are 

not suitable for converting the generated NOx into nitrogen 

[6]. Recently, some researchers have used an aqueous urea 

solution to convert the NOx into harmless nitrogen via 

various chemical reactions in a special selective reduction 

catalyst (SCR) [7]. The aqueous urea solution was carried in 

a separate tank inside the car and needs to be topped up every 

now and again, usually while the vehicle is being serviced 

[7]. Using ammonia has some disadvantage, a low dosage of 

urea does not yield efficient NOx reduction, and a high 

dosage results in undesirable ammonia emissions. At 

temperatures below 200°C, aqueous urea solution tends to 

form residues that eventually clog up the SCR catalyst [7]. In 

recent years, nonthermal plasmas have been widely 

employed as one of the promising technologies for pollution 

control with high removal efficiencies and low energy cost 

[8-13]. Plasma is a chemically reactive medium inside which 

large concentrations of active species are generated. Ions, 

excited molecules and atoms, photons, energetic electrons 

and active species represent the main components of plasma 

[13]. Nonthermal plasmas (NTP) possess a lower 

translational temperature (< 300K) of ions and neutral atoms, 

while possessing electrons of high energy (> 1 eV or 11,000 

K) [13, 14]. Energetic electrons in NTP can easily break most 
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chemical bonds, make NTP suitable for environmental 

applications. Dielectric barrier discharge (DBD) is one of the 

most applicable plasma techniques that work at atmospheric 

pressure [13-16]. DBD is inhomogeneous filamentary 

discharge plasma that works at atmospheric pressure, 

requires alternating voltages for its operation. The main 

advantage of DBD is that it works under atmospheric 

pressure, consumes low power and ease of operation. A 

massive number of researchers had applied DBD for NOx 

reduction [17-19]. Some used packed bed DBD reactors [20, 

21] and others used catalytic assisted DBD reactor [22, 23]. 

The object of the present work is to investigate an efficient 

catalytic free, dielectric barrier discharge reactor constructed 

for NOx reduction. The source of NOx gas was taken from the 

exhaust of a 4kW diesel generator operated on no load. Most 

of the exhaust is let off to atmosphere with only a small part 

of the exhaust was directed to the discharge cell and 

withdrawn by the pump of gas analyzer at flow rate of about 

5 L/min. Different parameters including, applied voltage, 

discharge power, and discharge length have been investigated 

experimentally to achieve the maximum NOx reduction 

percentage. Different parameters including, NOx removal 

efficiency, specific energy density and energy cost per 

molecule have been calculated and discussed. 

2. Experimental Setup 

Schematic diagram of the co-axial DBD system is shown 

in figure1. 

 

Figure 1. Schematic diagram for coaxial DBD. 

The discharge cell consists of two coaxial electrodes 

separated by a Pyrex glass tube with a length of 140 cm, 

inner and outer diameter of 1.2 and 1.5 cm respectively. The 

ground electrode was made of copper rod with a diameter of 

0.8 cm and 120 cm in length. The ground electrode was 

drilled at one of its ends and connected to the exhaust of the a 

4 kW diesel engine operated at no load to let the treated gas 

enter the discharge zone. A paste graphite layer was painted 

on the outer surface of the Pyrex tube then connected to the 

live terminal of the power supply representing the live 

electrode. The graphite layer length could be varied from 10 

cm to 120 cm to change the discharge zone volume. The gap 

space between the electrodes was kept constant at 2 mm. 

Step up high voltage transformer (12 kV, 15 mA, 50 Hz) was 

used as a sinusoidal high voltage source and connected to the 

life electrode through a protecting limiting resistance RL. The 

current and voltage waveforms were recorded experimentally 

by 100 MHz two channels, digital storage oscilloscope (Type 

HM1508). Channel one was connected to a potential divider 

(R1:R2) to measure the applied voltage on the discharge cell, 

the other channel was connected to a 100 ohm resistance 

inserted between the inner electrode and the ground to 

measure the discharge current. The discharge power was 

calculated using the Q-V Lissajous figure following the 

method of Manley [24, 25]. The accumulated charge was 

measured by replacing the 100 ohm resistance by 10 nF 

capacitor. The treated gas was directed to multi gas analyzer 

(model Teknotest 488) at flow rate 5 L/min to measure NOx 
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concentration. The initial concentration of the NOx was kept 

constant at 200 ppt. 

3. Results and Discussion 

3.1. Electrical Characterization 

3.1.1. Current- Voltage Waveform 

The current - voltage oscillogram of the coaxial DBD 

reactor operated at atmospheric pressure and ambient 

temperature is shown in figure 2. The figure shows that as the 

gap voltage increases, a displacement current starts to flow 

through the reactor. When the gap voltage reaches the 

electrical breakdown value, a number sharp filaments appear 

over the current signal represent the micro-discharges mode 

of the DBD.  

 

Figure 2. Current-Voltage oscillogram. 

To understand the current-voltage waveform of DBD an 

electric model of the discharge, schematically described in 

figure 3 cell will used [26]. 

 

Figure 3. DBD circuit model. 

CD and Cg represent the capacitance of dielectric material 

adjacent to one of two electrodes and the gap capacitance 

respectively. Cp and Rp represent the capacitance and 

resistance that modeling the electric response of plasma. 

When the applied voltage across the gap is less than the 

discharge voltage, switch S in position 1 in figure 3, there is 

no electrical breakdown and the applied voltage is divided 

between the discharge gap and dielectric material and a 

displacement current Idisplacement (t) will flow in the circuit, 

given by formula (1): 

��������	
��
�� � ����
�����

��
��                        (1) 

When the applied voltage reaches the breakdown voltage, 

switch S is in position 2, the discharge current goes on with 

numerous tiny breakdown channels referred as micro 

discharges superimposed on the current waveform as shown 

in figure 2. A filamentary discharge is initiated when a high 

voltage is applied to the electrodes such that the electric field 

in the open gap equals or exceeds the breakdown strength of 

the ambient gas. The mechanism of creation of the filaments 

could be explained as follow: as the applied voltage increases 

the background free electrons are accelerated in the electric 

field to energies equal or exceed the ionization energy of the 

gas, and create an avalanche in which the number of 

electrons doubles with each generation of ionizing collisions. 

The high mobility of the electrons compared to the ions 

allows the electron swarm to move across the gap at a time 

measured in nanoseconds that appear in the current 

waveform as a pulse with 100 nanosecond duration. The 

electrons leave behind the slower ions, and various excited 

and active species that may undergo further chemical 

reactions [27]. The microdischarge filaments schematically 

represented in figure 4 can be characterized as weakly 

ionized plasmas with properties resembling those of transient 

high pressure glow discharges [28]. 

 

Figure 4. Schematic diagram of micro discharge formation. 

The number of microdischarge channels was proportional 

to the applied voltage between the two electrodes. The 

discharge current cycles are a little bit different from each 

other in the microdischarge density and peak intensity, this 
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because one of the two electrodes is covered with a dielectric 

material while the other is naked. When the electron swarm 

reaches the opposite electrode, the electrons spread out over 

the insulating surface, counteracting the positive charge on 

the instantaneous anode. This factor, combined with the 

cloud of slower ions left behind, reduces the electric field in 

the vicinity of the filament and terminates any further 

ionization along the original track in time scales of tens of 

nanoseconds.  

3.1.2. Consumed Power Determination 

The consumed power was calculated following the original 

the work of Manley, who had used charge-voltage Lissajous 

figures to determine the average consumed power during the 

discharge [24]. Figure 5 shows the charge-voltage 

characteristic plot (Q-V plot), which appears as a 

parallelogram where Qmax is the maximum charge transferred 

through the gas gap. The appearance of two distinct slopes of 

the Q-V plot indicates the two values of effective discharge 

capacitance, dielectric discharge capacitance CD and gas 

capacitance Cg as previously described in the equivalent 

circuit of DBD. 

 

Figure 5. Charge-Voltage Lissajous figure at discharge length 120 cm and 

applied voltage 5 kV. 

The DBD power formula described in equation (2) relates 

the total power P to the operating frequency f, the peak 

voltage Vmax and the minimum discharge voltage Vmin at 

which microdischarges are observed in the discharge gap 

with the capacitances of the dielectric (CD) and the discharge 

gap (Cg). 
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Figure 6 shows the variation of consumed power inside the 

discharge cell as a function of the applied voltage at different 

discharge length. The figure shows a linear relation between 

the consumed power and both the applied voltage at each 

discharge length. The consumed power also increases with 

increasing the discharge length attributed to the increase in 

discharge volume that needs more energy to sustain the 

plasma. 

 

Figure 6. Discharge power as a function applied voltage at different 

discharge length and constant flow rate. 

Figure 7 shows the relation between consumed power and 

the maximum amount of charges deposited inside the 

discharge cell in each cycle at different discharge length. It is 

seen from the figure that the amount of charge deposit per 

cycle is a power dependent, as the power increases the 

amount of deposit charge increases. The amount of deposit 

charge is also a function of the discharge length, as the 

discharge length increases the discharge volume also 

increases followed by an increase in depositing charge inside 

the discharge gap. 

 

Figure 7. Charge deposited as a function of the consumed power. 

3.2. NOx Removal Efficiency 

The NOx gas with a mixture of hydrocarbons and air was 

taken from the exhaust of a 4kW diesel generator operated at 

no load. The exhaust was first collected in a gas container, 

then directed to the discharge cell through the pump of the 

gas analyzer at constant flow rate of 5 L/min. The NOx 

removal efficiency was described as follow: 
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The dependence of NOx removal efficiency on the applied 

voltage and discharge length can bee seen in figure 8. It has 

been found that the NOx removal efficiency is an increasing 

function of the applied voltage which might be attributed to 

the increase of both the electron density and the electron 

temperature inside the discharge channels of DBD. 

 

Figure 8. NOx removal efficiency as a function of applied voltage at different 

discharge length. 

The electrons impact collisions inside the discharge zone 

cause a lot of dissociative reactions of oxygen, nitrogen and 

water vapor molecules those produce free radicals, like O·, 
OH·, N and O3 interact with NO and NO2 to finally produce 

N2 and nitric acid as described in table 1. The reactions 

pathway is divided into two main categories, oxidative and 

reductive reactions [29]. Oxidation is the dominant process, 

particularly when the O2 concentration is 5% or higher [30]. 

The oxidative reactions causing the conversion of NO to 

NO2 through reaction with atomic oxygen (R1) and ozone 

(R2). 

Table 1. Oxidation and reduction reaction mechanism of NO and NO2. 

?@ + @ J ?@* K � 1.4 > 10-�* EIO/Q (R.1) 

?@ + @O J ?@* + @* K � 1.8 > 10-�S EIO/Q (R.2) 

@* + e J O + O + e K � 1.1 > 10-�* EIO/Q (R.3) 

@* + @ J @O K � 1 > 10-�S EIO/Q (R.4) 

?@ + ? J ?* +O K � 2.1 > 10-�� EIO/Q (R.5) 

?* + G J ? + ? + G K � 3 > 10-�X EIO/Q (R.6) 

?@ + ?*
Y� J ?* + ? + @  (R.7) 

?* + G J ?*
Y� + G K � 3.4 > 10-�� EIO/Q (R.8) 

?@ + @Z J Z?@* + [ K � 2.5 > 10-�*EIO/Q (R.9) 

?@* + @Z J Z?@O + [ K � 4.11 > 10-�� EIO/Q (R.10) 

G + Z*@ J @Z + Z + G K � 6.8 > 10-�* EIO/Q (R.11) 

Oxygen atoms and ozone molecules were produced as a 

result of electron impact dissociation of oxygen molecules 

in the discharge zone (R3 & R4). The reductive reaction 

described in (R5) causing the conversion of NO into N2 

through the reaction between NO and atomic nitrogen N 

that formed as a result of electron impact dissociation of N2 

inside the discharge zone (R6). The NO reduction into N2 

achieved under the condition that nitrogen atoms exceeds 

oxygen atoms otherwise the oxidative reaction described in 

reaction (R1) will be dominant [30]. NO could also be 

reduced to N2 (R7) through reaction with nitrogen 

molecules metastables N2(A) formed as a result of electron 

excitation of nitrogen molecule described in reaction (R8). 

NO and NO2 in the presence of OH radicals are rapidly 

converted to nitrous (HNO2) and nitric (HNO3) acids as 

shown in reactions (R9 & 10) respectively. OH radicals 

formed as a result of water vapor electron impact 

dissociation described in (R11). The discharge length is 

anther effective factor in NOx reduction as shown in Figure 

8. Increasing the discharge length cause an increase in the 

number of microdischarge inside the discharge zone, which 

enhance the chemical reactions inside the discharge zone, 

followed by an increase in removal efficiency. Increasing 

the discharge length causes an increase in the discharge 

volume followed by an increase in the residence time inside 

the discharge zone that enables more interaction between 

plasma species and treated gases 

Consumed power is another important factor affecting the 

removal efficiency of NOx. Increasing the consumed power 

will contribute to increase the electron density and electron 

temperature those have a positive contribution to electron 

impact dissociation and excitation of oxygen, nitrogen and 

water vapor molecules those form free radicals like O, N, O3 

and OH whom are contributing in NOx reduction. 

3.3. Specific Energy Density 

Specific energy density (SED) is defined as discharge 

power per unit gas volume, measured in J/L. The specific 

energy density for NOx reduction can be calculated from the 

following formula: 

SED (J/L) � ���^� �_`
a 
b�
c�_` a��
 
d/��                     (4) 

The concentration of NOx as a function of the specific 

energy density can be seen in figure 9. It is evident from the 

figure that the concentration of NOx steadily decreases with 

the increase of SED for all discharge lengths. This signifies 

that the increase in SED cause an increase in electron density 

and electron temperature that produce more radicals those 

contribute in the removal of NOx. Also, it can be observed 

that, with increasing the discharge length, more SED is 

needed to be conducted in order to achieve more NOx 

reduction. At discharge length of 120 cm maximum 

reduction in NOx concentration has been achieved, on the 

other side a lot of SED has been consumed. So increasing the 

discharge length will improve the reduction in NOx 

concentration, but it will necessitate more energy to be added 

to the discharge zone. 
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Figure 9. The specific energy density for NOx reduction. 

3.4. Energy Cost 

The standard of performance for pollution control devices 

is the energy required to remove a given quantity of 

pollutant. In the case of plasma devices removing dilute 

concentrations of pollutants, the performance is best 

described in terms of the number of eV required to remove 

each pollutant molecule. Energy cost is the amount of energy 

required to remove one molecule of NOx from the discharge 

zone. It can be calculated from the following formula: 

Energy Cost (eV/molecule) � �_`
a ���^�
b�>X.*e>�#fg
�/�
�
457 	_�
�^�
� h
	_i
�   (5) 

Figure 10 shows the relation between the energy cost in 

eV/molecule and the removal efficiency of NOx at different 

discharge length.  

 

Figure 10. Energy Cost as a function NOx removal Efficiency. 

The curve shows that high removal efficiency requires 

high energy cost. Removal efficiency from 50%-66% 

requires energy cost range from 170-187 eV/molecule at 

discharge length of 60 cm while removal efficiency range 

from 53% to 74% requires energy cost from 372 to 392 

eV/molecule at discharge length 120 cm, this is because high 

removal efficiency needs more consumed power to enhance 

the removal process. A discharge length of 30 cm shows 

small values of energy cost that range from 123-139 

eV/molecule corresponding to moderate removal efficiency 

that range from 39% to 50%. 

4. Conclusion 

This article deals with non equilibrium plasma process for 

removal of nitrogen oxides. An efficient coaxial dielectric 

barrier discharge reactor with variable discharge length was 

constructed for maximum removal efficiency and low energy 

cost. Based on the approach presented in the current work 

conversion efficiency was strongly dependent upon the 

consumed power and discharge length. It was also found that 

increasing the discharge length will improve the efficiency of 

NOx reduction but it will necessitate more energy density and 

energy cost to be added to the discharge zone. Even though 

the efficiency improvement could be achieved by using 

different types of catalysts inside the plasma reactor those 

help in increasing NOx reduction efficiency and reduce 

energy cost. 
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