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ABSTRACT 
 

The purpose of this work is to investigate the contribution of different chemical reactions that 
participate in NOx creation or reduction in N2/O2/H2O/CO2 mixed gas induced by negative corona 
discharge under different reduced electric field levels:100 - 200 Td (1Td=10−21 V.m2). The 
fundamental chemistry governing NOx evolution developed in this paper is based on a full set of 
processes regrouped in 200 selected chemical reactions involving 36 molecular, excited, atomic, 
and charged species. The density was calculated using the continuity equation while not the 
diffusion term, and the time analysis varied from 10−9 to 10−3s. The results of simulations show the 
role played by different chemical reactions on NOx conversion. It is shown that at 100 Td near 

60% of NO can be removed by radical    
  through the reaction NO +    

 →    
   + O2 and near 

20% of NO2 and NO3 could be removed by radicals    
  and      

 through NO2 +   
 →   

 + O3 and 

NO3+   
 → N  

   O2 respectively.  
 
Keywords: Plasma Chemistry; Rate Constant; Nox Conversion; Chemical Kinetic; Gas 

Discharge. 
 
 
1. INTRODUCTION 
 
Generally, the reduced electric field (E/N ratio) is considered a critical parameter controlling the 
electron energy in plasma discharges. The chemistry of plasma can be different based on the value of 
E/N ratio. For several years, the common catalytic and thermal methods used to eliminate or at least 
to reduce the level of NOx that existed in industrial flue gas and/or generated by the vehicles will not 
permit us to respect the limits of gases emission, which h become more dangerous in the 
environment.J.L. Walsh, P. Olszewski and al [1, 2] studied the properties of Ar O2 microwave, driven 
surface on plasmas as a function of the Ar /O2 ratio in the gas mixture. The key parameters are the 
plasma electron density and electron temperature, which are estimated with Thomson scattering (TS) 
for O2contents up to 50% of the total gas flow. N C Roy and al [3] used an optical emission 
spectroscopic (OES) diagnostic technique for the characterization of plasmas and for identifications 
of OH and O radicals along with other species in the plasmas. Walsh et al [4, 5] showed in experimental 
studies at atmospheric pressure plasma jets in helium that, for jets extending beyond the guiding tube, 
the propagation can be temporarily halted by neutralizing the applied voltage by applying the same 
voltage to two external electrodes surrounding the jet. Chang J S et al have investigated the influences 
on the applications such as electron beam processing. It has been predominantly studied for treatment 
of gaseous effluents polluted by NOx [6−7] and/ or ozone production [8−11], medical applications 
[12−16] and surface treatment [17−18]. Therefore, new more effective depolluting methods are at 
present studied and the use of non-thermal plasmas made by electrical discharge or electron beam  
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processing [19–25] seem suitable techniques. The energetic electrons generated by the electrical 
discharge collide with the background gas molecules, thus   creating long-lived molecular and atomic 
free radicals that interact with the pollutants and convert them, during the post-discharge, into clean 
or easy to collect yields through a complex set of chemical and physical reactions.  
 
Several researchers have previously studied the influences of non-equilibrium discharges gas 
dynamics at atmospheric pressure [26−29]. These influence can be thermal (correlated movements) 
or dynamic (collective movement of drift) by nature. The charged particles, specifically the ions, can 
transfer a part of their derivative movement to the neutral ones. The fluid motion induced by an 
electric discharge is indicated to as an ion wind or electric wind. This case was proved before and 
extensively studied in the case of the corona discharge between the plane and the tip [29-31]. The 
charged particles generated in the inter electrode space are usually accelerated by the electric field E. 
It is known that the electrical proprieties depend on the reduced field E/N, where E is the electric field 
and N is the neutral gas density [32-34], and raise the internal energy of the neutral gas. During the 
post-discharge phase, the vibrational energy reservoir slowly relaxes resulting light warming of the 
ionized channel and a local decrease in the density of the gas. The chemical reactivity of the neutral gas 
mixture allows the toxic molecule transformation into harmless particles (such as N or N2O) or to 
generate acids (such as HNO3) inside the plasma. This type of acid can be converted into salt (by 
addition of a base) [35-38]. 
 
Herein, the aim of the current work is to simulate numerically, under various reduced electric field 
(100 -200 Td) values, the time evolution of 36 chemical species such as atoms (H,O and N), molecules 
(O2, N2,CO2, OH,H2O, HO2, HNO3, O3,CO, and H2), nitric oxides (NO, NO2, NO3, N2O and N2O5), negative 

ions (    
 ,    

    ,   
 ,   

       
 ,) , positive ions (            

    
        

 ), excited species 

(O2(a1g), N2(A3  
 

),O(1D), N(2D),N(2P)) and electrons (e) in the mixture (N2: 76%, O2: 12%, CO2: 6%, 
and H2O: 6%). These different species react following 200 selected chemical reactions. In this 
numerical simulation, we presume numerous effects induced by the corona discharge passage in a 
mixed gas. In order to simplify this study, we suppose that the gas has no convective movement 
gradients and the pressure remains constant. 
 
 
2. MATHEMATICAL MODEL 
 
The mathematical model applied in this study comprises a system of equations, which takes into 
consideration the density variation and the chemical kinetics of the environment. A numerical code of 
zero order was developed to resolve the transport equations for charged and neutral particles. The 
algorithm is based on the time integration of the equations system under consideration the density 
variation and the chemical kinetics of the environment. The equation systems of chemical kinetics can 
be described by an ordinary differential equation system, as shown below: 

   

  
     

    

   
                                                                                                                                                                                                                              (1) 

                                                                                                                                                                   (2) 

 
Where Ni is the species densities vector, i=1 up to 36 considered in the plasma and Qij the source term 
vector depending on the reaction coefficients and corresponding to the contributions from different 
processes. Gij and Lijis the gain and loss of species i during the chemical reactions j=1 up to jmax=200. 
The solution of such a system requires the knowledge of the initial concentrations. The total density N 
of the gas is given by the ideal gas law:  

                                                                                                                                                                                   (3) 
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Where P is the pressure, kb Boltzmann constant and T is the absolute temperature. The gas reactivity is 
taken into consideration in the source term Qij of the density conservation Eq. (1). 
 

                                                                                                                                                                       (4) 

                                                                                                                                                                         (5) 

 
Kα(T) and K (T) are the coefficients of the chemical reaction number α or β   and (ninj) is the product of 
densities of species i and j interacting in response to the reaction α or β. These coefficients satisfy 
Arrhenius formula: 
 

            
   

 
                                                                                                                                                        (6) 

            
   

 
                                                                                                                                                         (7) 

 
Where A and B are the constants factor and α and   are the activation energy of the reaction and T 
the absolute temperature of the species involved in the warm rain that has left the chemical reaction. 
 

Table 1.Main reactions contributing to generation and destruction of NOx and their rate constants.(The units of 
rate constants are in cm3· molecule−1· s−1 for two body reactions, whereas cm6. molecule−2·s−1 for three body reactions). 

 
 Reactions Rate constants Ref. 

R1 e +O2 → O + O +e k1= 15 x 10−9 [32] 

R2 e +N2 → N + N + e k2= 2.05 x 10−11 [32] 

R3 e +H2O → OH + H + e k3= 3.35 x 10−10 [32] 

R4 e +CO2 → CO+ O + e k4= 8.7 x 10−11 [27] 

R5 N(2D) +O2→NO + O k5= 5.2 x 10−12 [34] 

R6 N+   
 → NO + O2+ e k6=5.0 x 10−10 [27] 

R7    N  
 →NO+O3 + e k7=1.5 x 10−10 [27] 

R8 NO +   
 →N  

   O2 k8= 2.5 x 10−10 [34] 

R9 NO +   
 →N  

   O k9= 1.0 x 10−11 [34] 

R10 NO +   
 →N  

  O2 k10= 2.6 x 10−12 [34] 

R11 H+ NO2→ NO + OH k11= 1.15 x 10−10 [32] 

R12 NO + HO2→NO2+OH K12= 1.1 x 10−11 [27] 

R13    N  
 →NO2+ NO + e K13=5.0 x 10−10 [27] 

R14 N  
 +N2O5→2NO2+ N  

  k14=7.0 x 10−10 [32] 

R15     
  → NO2  + e k15= 5.0 x 10−10 [34] 

R16 NO2 +   
 →   

 + O3 k16= 7.0 x 10−11 [34] 

R17 NO2  +    
 → N  

   O2 k17= 2.0 x 10−11 [34] 

R18 NO2 +    
 →    

 + O2 k18= 7.0 x 10−10 [34] 

R19 N  
 +   

 → NO3 + O2 + O2 k19= 1.0 x 10−7 [27] 

R20 N  
 + N  → NO3 + N  O k20= 1.0 x 10−7 [34] 

R21 OH + HNO3→ NO3+H2O k21= 1.3 x 10−13 [27] 

R22 NO3+   
 → N  

   O2 k22= 5. x 10−10 [27] 

R23 NO3 + OH → NO2 + HO2 k23= 2.6 x 10−11 [27] 

R24 NO3 +    
 →NO2 + N     

  k24= 5.0 x 10−10 [27] 

R25 H2O + O(1D) → 2OH k25= 2.3 x 10−10 [27] 

R26 H + O3→ OH+ O2 k26=2.8 x10−11 [27] 

R27 H +   → OH+ e k27=6.5 x10−10 [27] 
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R28 HO2 + O3→ OH+ 2O2 k28=2.0 x10−15 [27] 

R29 OH+O3→HO2+O2 k29= 6.5 x 10−14 [27] 

R30 OH + NO2→HNO3 k30= 3.5 x 10−11 [27] 

R31 OH + HO2→ H2O + O2 k31=1.1 x 10−10 [35] 

R32 OH+ NO2+O2→HNO3+O2 k32= 2 .2 x 10−30 [32] 

 
 
3. RESULTS AND DISCUSSIONS 
 
The chemical kinetics includes 36 different types of chemical species: atoms (H,O and N), molecules 
(O2, N2,CO2, OH, H2O, HO2, HNO3, O3,CO, and H2), nitric oxides (NO, NO2,NO3,N2O and N2O5), negative 
ions (    

 ,    
    ,   

 ,   
        

 ,), positive ions (            
    

        
 ), excited species 

(O2(a1g), N2(A3  
 

),O(1D), N(2D),N(2P)) and electrons (e). These species react following 200 selected 
chemical reactions; the main ones are shown in Table 1. In this part, we will evaluate the influence of 
reactions rate on conversion NOx species, we calculate in particular the reactions rate of R5 to R24 
between 10-9 s and10-3 s. These reactions in this work are the main reactions which they participate in 
evolution of NO, NO2 and NO3 species. We recall that for each species, the first three reactions 
contribute to the creation of the species and the other three to the destruction of the same species. For 
example, for nitrogen monoxide, R5, R6 and R7 reactions are involved in the production of NO 
whereas R8, R9 and R10 reactions are involved in the consumption of the same species. 
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Figure 1.Time evolution of reaction rate of the main reactions that participate in the conversion of NO specie in 

the mixture N2/O2/H2O/CO2 at 100Td.The numbers are associated with the following reactions: R5:N(2D)  + 
O2→NO + O;R6 : N +O3

-→ NO + O2 + e; R7: O+ NO3
-→ NO + O3 + e ;R8: NO +O4→N  

  O2;R9: NO +  
 → N  

  O;  
R10: NO +  

 →N  
  O2. 
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Figure 2.Representation of the main reactions (R5, R6, R7, R8, R9 and R10) contributing to the conversion of NO 
specie in the mixture N2/O2/H2O/CO2 at 100Td. (a) with percentage of different reactions; (b) with diagram of 

different reactions rate. 

 
Figure1 shows the time evolution of the main reactions contributing to NO conversion at 100 Td. As 
illustrated in this figure   many reactions participate to the generation and destruction of NO. 
However, NO is generated through R5, R6 and R7 reactions:  
 
N (2D) +O2→NO + O                               (R5) 
 
N+  

 → NO + O2+ e           (R6) 
 
O + N  

 →NO+O3 + e           (R7) 
 

and reduced through R8, R9 and R10 reactions:  
 
NO +  

 →N  
  O2           (R8) 

 
NO +  

 →N  
  O           (R9) 

 

 NO +  
 →N  

   O2                        (R10) 
 

The effects of these reactions have been represented in figure 2a with percentage and 2b with diagram 
of different reactions rate.  Observed on this figure is the domination of N (2D) on others radicals for 
creation, at 29.33%, whereas for the reduction it is the radical 
which prevails over the others since it represents 59.13%. These results are also verified on figure 2b 
and resembles the phenomenon of destruction dominates that of creation. 
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Figure 3.Time evolution of reaction rate of the main reactions that participate in the conversion of NO 
specie in the mixture N2/O2/H2O/CO2at 200Td.The numbers are associated with the following 
reactions: R5: N(2D)  + O2→NO + O;R6 : N +  

 → NO + O2 + e; R7 :  O+N  
 → NO + O3 + e ;R8: NO 

+  
 →N  

  O2; R9: NO +  
 → N  

  O; R10: NO +  
 →N  

  O2 
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Figure 4.Representation of the main reactions (R13, R14, R15, R16, R17 and R18) contributing to NO conversion 
in the mixture N2/O2/H2O/CO2 at 200Td. (a) with percentage of different reactions; (b) with diagram of different 

reactions rate. 

 
Figures.3 and 4 show the evolution of reaction rate of NO at 200 Td. We notice on all the figures that 
the reduction of nitrogen monoxide is always higher than that of the creation but with a smaller 
deviation than for 100Td. Indeed, the value is 53.35% for the reduction against 46.65% for the 
production. It is also noted that the reactions R9 and R10 which were negligible for 100Td begin to 
have an influence on the reduction of nitrogen monoxide for 200Td. It’s found that the effects of the 
  

  ion is less dominant than in the case of 100 TD, this is due to the fact that the reactions R5, R6, 
decreased less rapidly than the reaction R8 with time. 
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Figure 5.Time evolution of reaction rate of the main reactions that participate in the conversion of NO2 specie in 
the mixture N2/O2/H2O/CO2 at100Td.The numbers are associated with the following reactions: R13: N+ 

N  
 →NO2 + NO + e; R14: N  

 + N2O5 → 2NO2 + N  
 ; R15:     

  → NO2  + e;R16:NO2 +  
 →   

 + O3; R17: NO2  

+  
 → N   

   O2; R18: NO2 +  
 →   

 + O2. 
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Figure 6.Representation of the main reactions (R13, R14, R15, R16, R17 and R18) that contribute in the 
conversion of NO2 specie in the mixture N2/O2/H2O/CO2 at 100Td. (a) with percentage of different reactions; (b) 

with diagram of different reactions rate. 

 
Figure 5 shows the time evolution of the main reactions contributing to NO2destruction and creation 
at 100 Td.  NO2 is generated through R13, R14 and R15 reactions:  
 
N + N  

 →NO2 + NO + e                     (R13) 
 
N  

  + N2O5 → 2NO2 + N  
                      (R14) 

 

N +   
 →NO2 + e                       (R15) 

 
and reduced through R16, R17 and R18 reactions:  
 
NO2 +  

 →N  
  O3                      (R16) 
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NO2 +  
 → N  

  O2                     (R17) 
 

NO2 +  
 →N  

  O2                     (R18) 
 

We continue with the same analysis as before. In general, NO2is formed from NO and N2O5 and is 
converted into N2O, NO3 and HNO3, while NO can be converted into NO2 and N2. In our case, NO2 is 
formed especially from N: 68.61%and converted into O3              O2: 5.51% (see Figure 6a). 
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Figure 7.Time evolution of reaction rate of the main reactions that participate in the conversion of NO2 specie in 
the mixture N2/O2/H2O/CO2 at 200Td.The numbers are associated with the following reactions: R13:    

N  
 →NO2 + NO + e; R14: N  

 + N2O5 → 2NO2 + N  
 ; R15:    

  → NO2+ e;R16:NO2 +  
 →   

 + O3; R17: NO2  

+  
 → N  

   O2;  R18 : NO2 +  
 →   

 + O2. 
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(b) 

Figure 8.Representation of the main reactions (R13, R14, R15, R16, R17 and R18) that contribute in the 
conversion of NO2specie in the mixture N2/O2/H2O/CO2at200Td. (a) with percentage of different reactions; (b) 

with diagram of different reactions rate. 

 
To continue the analysis, shown in Figures 7 and 8 the results for the value 200Td. We observe that 
the gap between production and consumption of nitrogen dioxide decreases. Indeed, we obtain 
64.41% for the creation of NO2 against 35.50% for its disappearance. It can be said that for 200Td the 
six reactions R13 to R18 participate in the conversion of the nitric dioxide. 
 



International Journal of Nanoelectronics and Materials 
Volume 11, No. 2, Apr 2018 [271-282] 

279 

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
6

10
8

10
10

10
12

10
14

10
16

10
18

10
20

R
e
a
c
ti
o
n
 r

a
te

 (
c
m

-3
 s

-1
)

Time (s)

R19

R20

R21

R22

R23

R24

 

Figure 9.Time evolution of reaction rate of the main reactions that participate in the conversion of NO3 specie in 
the mixture N2/O2/H2O/CO2 at 100Td.The numbers are associated with the following reactions: R19: N  

 +   
 → 

NO3 + O2 + O2; R20: N  
 + N  → NO3 + N  O; R21:  OH + HNO3→ NO3+H2O; R22: NO3+  

 → N  
  O2; R23:NO3 + 

OH → NO2 + HO2; R24: NO3 +   
 →NO2 + N  

 . 
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Figure 10.Representation of the main reactions (R19, R20, R21, R22, R23 and R24) that contribute in the 
conversion of NO3specie in the mixture N2/O2/H2O/CO2at 100Td. (a) with percentage of different reactions; (b) 

with diagram of different reactions rate. 

 
To complete our study we have shown in Figures 9 and 10 the results obtained for the specie NO3 at 
100Td. A much larger creation than that of NO2 was observed following the participation of the three 
R19, R20 and R21 reactions giving a rate of 79.55% compared with 20.45% reduction for the other 
reactions R22, R23 and R24. 
 
Figure 9 shows the time evolution of the main reactions contributing to NO3 destruction and creation.  
NO3 is generated through R19, R20 and R21 reactions: 
 
N  

    
 →NO3 + 2O2                      (R19) 

 
N  

  +     → NO3 + N + O                     (R20) 
 
OH + HNO3→NO3 + H2O                     (R21) 
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And reduced through R22, R23 and R24 reactions: 
 
NO3 +  

 →N  
  O2                      (R22) 

 
NO3 + OH →NO2 HO2                      (R23) 

 
NO3 +   

 →N   N  
                      (R24) 
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Figure 11.Time evolution of reaction rate of the main reactions that participate in the conversion of NO3 specie 
in the mixture N2/O2/H2O/CO2 at 200Td.The numbers are associated with the following reactions: R19: N  

 + 
  
 → NO3 + O2 + O2; R20: N  

 + N  → NO3 + N  O; R21:  OH + HNO3→ NO3+H2O; R22: NO3+  
 → N  

  O2; R23: 
NO3 + OH → NO2 + HO2; R24: NO3 +   

 →NO2 + N  
 . 
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(b) 

Figure 12.Representation of the main reactions (R19, R20, R21, R22, R23 and R24) that contribute in the 
conversion of NO3 specie in the mixture N2/O2/H2O/CO2 at 200Td. (a) with percentage of different reactions; (b) 

with diagram of different reactions rate. 

 
Finally, in Figure11 and 12 we have represented the evolution of the species NO3 for the value 200Td. 
We observed the dominance of the creation of this species following the evolution of the two other 
species previously studied, namely nitrogen monoxide NO and nitrogen dioxide NO2. The creation rate 
reaches 99.99% thanks to the reactions R19 and R20. 
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4. CONCLUSION  
 
In this work, the influence of chemical reactions, which actively participate in the conversion of 
nitrogen oxides in the gas mixture N2/O2/H2O/CO2 in the range 100 - 200Tdwere investigated. In 
particular, we wanted to know the reaction rate of these chemical reactions in this gas mixture and to 
specify the species that play a decisive role in the creation or destruction of nitrogen oxides. We have 
focused on three species that are nitrogen monoxide NO, nitrogen dioxide NO2 and nitrogen trioxide 
NO3 that are the main constituents of nitrogen oxides. 

 
The results obtained show a strong dependence on the reduced electric field and between the species 
themselves. Indeed, we have noticed that the evolution of one species can influence the evolution of 
another specie. They can be summarized as follows.  
 
(i) The mechanism of NO creation occurs mainly by the reaction of N (2D) radicals with molecular 

oxygen: 
 
 N (2D) + O2    → NO + O, and destruction by   

 radicals with: NO +  
 →N  

  O2.We have 
obtained 29.33% at 100 Td against 28.93% at 200 Td for creation, and 59.13% at 100 Td 
against 49.50% at 200 Td for destruction. 

 
(ii) The mechanism of NO2production is due mainly to the reaction of N  

 radicals with atomic 
nitrous: 

 
 N + N  

 →NO2 + NO + e, and reduction by reaction: NO2 +  
 →N  

  O3. At 100 Td we have 
found 68.61% for production against 61.65% at 200 Td, and 19.30% at 100 Td against 27.61% 
at 200 Td for consumption. 

 

(iii) About NO3 it is shown that the creation is due to two radicals   
  and     through reactions: 

 

 N  
    

 →NO3 + 2O2, and N  
  +     → NO3 + N + O, and reduction by reaction: NO3 

+  
 →N  

  O2. 
 

We note that at 200 Td, there is no reduction and the two reactions participated completely to the 
Production of NO3 (55.36% for R19 and 44.64% for R20). This is the effect of transformation of NO 
and NO2. 
 
Finally, the obtained results clearly show the important role played by chemical reactions on NOx 
removal and creation under reduced electric field. 
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