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Abstract: 

A rotating gliding arc is proposed as a promising alternative to enable direct 

nitrogen fixation from ubiquitous air under mild conditions. The effect of different 

process parameters on NOx generation and energy consumption has been investigated 

through a combination of experiments and artificial neural network modeling. The 

optical emission spectroscopic diagnostics together with electrical diagnostics and 

high-speed photography has been used to understand the variation of the discharge 

characteristics. The lowest energy consumption of NOx production (4.2 MJ/mol) is 

achieved at a gas flow rate of 12 L/min and an O2 concentration of 20 vol.%. The 

simulation results from the ANN model show a good agreement with the experimental 

data and the model enables us to evaluate the relative importance of the process 

parameters to the reaction performance.  

 

Keywords: Non-thermal plasma; Rotating gliding arc; Nitrogen fixation; NOx 
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1. Introduction 

Nitrogen fixation, usually defined as the conversion of nitrogen molecules (N2) 

into nitrogen compounds (such as ammonia, nitric oxides or nitrate) through redox 

reactions, plays a significant role in the nitrogen cycle and industrial agriculture. To 

date, the Haber-Bosch process (HBP) is undisputedly the dominant and successful 

artificial nitrogen fixation technology since its first introduction in 1913, contributing 

to nearly 90% of global NH3-based fertilizer [1, 2]. However, intensive energy inputs 

and harsh operating conditions (450-600 oC, 150-350 atm) are prerequisites for the HBP 

owing to the high stable triple bond of the nitrogen molecule (N≡N, 948 kJ/mol). It has 

been reported that the HBP consumes 1~2% of the world’s energy and emits more than 

300 million metric tons of CO2 annually [3, 4]. Therefore, it is imperative to develop 

eco-friendly and energy-efficient technologies to achieve green nitrogen fixation. 

Alongside other alternatives to the HBP, such as electrocatalysis, photocatalysis, 

thermal catalysis, non-thermal plasma (NTP) attracts considerable interest for nitrogen 

fixation because of its advantages of high chemical reactivity, parameter-tuning 

flexibility and mild operating conditions [2, 5-11]. Actually, the Birkeland-Eyde 

process based on thermal plasma NOx synthesis was the first commercial attempt of 

nitrogen fixation prior to HBP. However, the thermal-equilibrium nature of the plasma 

and the frequent occurrence of electric shortage at that time limited its further 

development [12]. Contrary to thermal plasma, NTP is highly non-equilibrium, which 

means that the majority of the energy injected into the NTP is used to generate energetic 

electrons and chemically reactive species (e.g., radicals, excited molecules, ions and 



atoms), rather than to heat the background gas [13, 14]. As a result, NTP has great 

potential to achieve a theoretical limit of power consumption of ~0.2 MJ/mol of N2, 

which is about 2.5 times lower than that of HBP (~0.48 MJ/mol of N2) [15]. Moreover, 

NTP offers the flexibility to be easily integrated with renewable energy sources (e.g. 

solar, wind and wave power) with the merits of quick startup and shutdown. As the 

booming development of renewable energy will lead to a projected 30% cost reduction 

in renewable electricity by 2050 [16], NTP technologies have great potential to be 

economically competitive for fertilizer production and energy storage.  

In this context, increasing research efforts have been devoted to investigating non-

thermal plasma synthesis of NOx (a mixture of NO and NO2) for nitrogen fixation. Patil 

et al. developed a knife-shaped pulsed gliding arc (GA) plasma reactor for NOx 

synthesis, achieving 4000 ppm NOx at a flow rate of ~1 L/min [11]. Graves et al. 

compared different plasma systems (e.g. glow discharge, spark discharge and propeller 

arc) for nitrogen fixation via air oxidation [17, 18]. Yang et al. investigated nitrogen 

fixation at the interface in air/water system using an air GA, with a maximal NOx 

production rate of 5.5 mg/L at an air flow rate of 3.2 L/min [19]. However, this 

promising nitrogen fixation process involves complex multi-step physical and chemical 

processes and still face challenges such as low NOx yield, low treatment capacity and 

high energy consumption. A better understanding of the roles of different process 

parameters is essential to optimize the performance of nitrogen fixation using NTP. 

Most of previous experimental works on plasma NOx production were investigated 

using standard approaches, which examines the influence of only one of the process 



parameters in isolation from the others each time. It is also time consuming and labor 

intensive to screen a large number of process parameters to get a full picture of the 

plasma process using this conventional method. The quantified relative importance of 

different process parameters and the interactive effects of different process parameters 

on the performance of the plasma NOx production process is largely unclear. Plasma 

chemical kinetic modeling provides a promising alternative for the prediction and 

optimization of plasma chemical processes. For instance, Wang et al. developed a 0D 

plasma chemical model to describe the N2/O2 reaction in a GA discharge, which 

involved 48 species and hundreds of reactions [20]. Nevertheless, the elaboration of a 

comprehensive model of NTP is very time-consuming and thus it may not be the best 

option for a fast and cost-effective prediction and optimization of highly complex non-

linear plasma systems. To tackle this issue, artificial neural networks (ANNs) have been 

recognized as a promising solution for regression analysis. Owing to their advantages 

of self-adaption, self-configuration and self-learning, ANNs can build a mapping of the 

input and output variables based on a limited amount of experimental data with 

sufficient process units (neurons). Thereby, a well-trained and developed ANN model 

could forecast the interaction between the input process parameters and the output 

reaction performance of the nitrogen fixation process with good accuracy. In addition, 

the model enables us to better understand the quantified relative importance of different 

process parameters in the plasma NOx production process. However, using ANNs for 

plasma chemical processes is still limited, especially for plasma-driven nitrogen 

fixation [21-23].   



In this work, a rotating gliding arc (RGA) discharge reactor has been developed 

for the production of NOx (NO and NO2) from N2/O2 mixtures. The influence of O2 

concentration, gas flow rate, and applied voltage on the performance of N2 oxidation 

(NOx concentration and energy consumption) and the relative importance of different 

process parameters, are evaluated through a combination of experiments and ANN 

modeling. The electrical characteristics and arc dynamics of the RGA discharge are 

investigated to provide an intuitive illustration of the nitrogen fixation process under 

different operating conditions. Furthermore, optical emission spectroscopic (OES) 

diagnostics has been used to study the formation of reactive species and the possible 

reaction mechanisms involved.  

 

2. Materials and Methods 

2.1 Experimental setup 

Figure 1 shows the experimental setup for the NOx synthesis. The RGA reactor is 

made of stainless steel, with a cone-shaped anode inside (base diameter of 36 mm and 

the height of 55 mm) and an external cylindrical cathode. The narrowest gap between 

the two electrodes is 3 mm. Magnetic rings are placed outside the RGA reactor to form 

a vertical magnetic field. A cyclone unit is designed to form a swirling gas flow inside 

the reactor to enhance the interaction between the arc and the reactants. Herein, O2 

(99.99%)/N2 (99.99%) mixtures and air are selected as the reactants. The total flow rate 

is controlled by a mass flow controller (MFC) and adjusted between 4 L/min and 12 

L/min, with an O2 concentration set in the range of 10 vol.% to 60 vol.%. The RGA 



reactor is connected to a direct current (DC) power supply (Teslaman TLP 2040, 10 

kV). A resistance (40 kΩ) is connected in series with the reactor to limit the arc current. 

The electrical signals are sampled using a digital oscilloscope (Tektronix DPO4034B), 

while the dynamic characteristics of the RGA discharge are recorded using a high-speed 

camera (Phantom V2512) with a sampling rate of 39000 frames per second (fps). The 

gas products are diluted with nitrogen (99.9%) and pumped into a gas analyzer (MGA-

5) for the quantification of NOx (NO and NO2) concentration. All the measurements are 

repeated 3 times. The N2O concentration is below the detection limit of the gas analyzer 

and is thus not considered. Previous works also reported that the formation of N2O in 

GA was very low even though the greenhouse gas impact of N2O is significant [11]. 

The emission spectra of the RGA discharge is recorded using a Princeton 

monochromator (Princeton SP 2750) equipped with an intensified charge-coupled 

device (ICCD, Princeton PIX-100B).  

The specific energy input (SEI) is defined as follows. 
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where U (V) is the average arc voltage and I (A) is the average arc current. 

The energy consumption of NOx production is calculated as follows. 
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Figure 1. Experimental scheme of RGA system used for nitrogen fixation 

2.2 Artificial neural network 

ANN consists of highly interconnected neurons to process information by their 

dynamic state response to inputs. A typical ANN model includes an input layer, an 

output layer and one or more hidden layers, while each layer consists of several neurons 

and communication paths [24]. Back-propagation (BP) is a widely used supervised 

learning algorithm for training the multilayer ANN, by providing the desired 

relationship between input and output data based on the minimization of an error 

between simulated and experimental data.  

Herein, a three-layer BP ANN model (input, hidden and output layer) is developed 

to simulate and predict plasma synthesis of NOx. Three key process parameters 

including gas flow rate, applied voltage and O2 concentration are used as the input 

variables for the input layer, while the output layer consists of two critical performance 

indicators (NOx concentration and energy consumption), as illustrated in Figure 2. The 

experimental data are randomly divided into training and test sets. The Root Mean 



Square Prop (RMSprop) training algorithm with a Rectified Linear Unit (ReLU) 

activation function is used to train the ANN model. To reduce the overfitting of the 

model, the trick of L2 regularization is employed. Based on the optimization of the 

connection weights between different layers, the optimal neuron number at the hidden 

layer is determined to be 32 with a minimum mean square error (MSE). Herein, the 

MSE on the training set and test set is 0.025 and 0.034, respectively. The optimal ANN 

model is obtained with a correlation coefficient of 0.912, indicating a good agreement 

between simulated and experimental data. For comparison, the experimental data are 

also trained using another 6 linear or non-linear regression methods (Table.S1), 

including support vector machines (SVM) with 3 different kernels, random forests, k-

nearest neighbor regression and ridge regression. As a result, the ANN model shows 

the best performance as confirmed by the least MSE value on the testing set. For non-

linear regression problems, conventional machine learning (ML) methods are restricted 

by their given mathematical structures and limited flexibility. In other words, an 

inappropriate mathematical structure or data mapping method decreases the 

performance of the ML model. Therefore, we choose the ANN model for the 

optimization and prediction of the plasma NOx production using the RGA. 

 



 

Figure 2. Optimized three-layer ANN model 

The relative importance of each process parameter is determined by calculating 

the average absolute gradient of the ANN model using a Monte Carlo simulation. Firstly, 

a million normalized random inputs are imported into the ANN model. Then, the 

corresponding gradient of the ANN model for every generated input is calculated using 

the BP algorithm: 
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where F stands for the ANN model; Xi refers to the ith input neuron; Nh is the number 

of hidden neurons; f1j is the linear mapping between the input layer and jth hidden 

neuron; f2 is the linear mapping between the hidden layer and the target output neuron; 

hj refers to the jth hidden neuron. Finally, the absolute gradients are aggregated and 

averaged to determine the relative importance of a process parameter: 
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where Ii is the relative importance; gi stands for the gradient component for the ith input; 

Xij refers to the ith input component of the jth randomly generated by the ANN; Nm is the 

number of randomly generated ANN inputs. 
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3. Result and discussion 

3.1 Effect of gas flow rate  

The gas flow rate has a considerable impact on the plasma reaction performance 

in terms of NOx concentration and energy consumption (Figure 3(a) and (b)). Clearly, 

the concentration of NOx decreases with the increase of the gas flow rate, regardless of 

the O2 concentration (Figure 3(a)). Increasing the gas flow rate decreases the residence 

time of the gas in the plasma zone, which reduces the interactions between the feeding 

gas and the arc discharge. On the other hand, increasing the gas flow rate from 4 L/min 

to 12 L/min decreases the SEI from 4.5 kJ/L to 1.6 kJ/L, suggesting that less input 

energy per unit volume of the reactant gas. Both of these effects negatively affect the 

production of NOx in this process. By contrast, we find that the variation of the gas flow 

rate significantly changes in the arc properties.  

 

Figure 3. The effect of gas flow rate on (a) NOx concentration; (b) SEI and 

energy consumption at an applied voltage of 10 kV. 

As shown in Figure 4, increasing the gas flow rate lengthens the arc, thus increases 

the non-equilibrium degree and the reaction zone in the RGA reactor [25], which can 



facilitate the formation of more energetic electrons and reactive species in the plasma, 

consequently enhancing the activation of N2 and the subsequent formation of NOx. 

However, compared to the opposite and negative effects, this positive effect induced by 

the increased arc length is less important in the plasma synthesis of NOx 

 

 

Figure 4. The effect of gas flow rate on the arc length (O2 concentration of 20 vol.%, 

applied voltage of 10 kV) 

Figure 3 (b) shows that the variation in energy consumption as a function of the 

gas flow rate follows the same trend as NOx concentration. The energy consumption is 

decreased by about 35% when increasing the gas flow rate from 4 to 12 L/min. The 

lowest energy consumption of NOx (~4.2 MJ/mol) is obtained at the highest gas flow 

rate of 12 L/min and an O2 concentration of 20 vol.%. Increasing the gas flow rate 

shows a more significant effect on the decrease of the SEI instead of the NOx 

concentration, leading to lower energy consumption at a higher flow rate. When using 

air extracted directly from the surrounding environment as the nitrogen source, the NOx 

concentration and energy consumption are within the range measured when using O2 is 

used at a concentration varying from 10 vol.% to 30 vol.% (Figure 3 (a) and (b)).  

(a) (b) (c) (d) (e)



 

Figure 5. Comparison of experimental and predicted data in terms of (a) NOx 

concentration; (b) energy consumption (O2 concentration of 20 vol.% and applied 

voltage of 10 kV) 

 

Figure 5 (a) and (b) illustrate that the predicted values from the ANN model show 

a fairly good agreement with the experimental results when changing the flow rate at 

an O2 concentration of 20 vol.%. Furthermore, the ANN model enables us to predict 

the performance of plasma NOx production under other conditions not experimentally 

tested (e.g., 2.5 L/min and 13.5 L/min). The results show that a lower gas flow rate (< 

10 L/min) leads to higher NOx concentration at the expense of increased energy 

consumption, while further increasing the gas flow rate has a limited impact on the 

energy consumption. 

Previous works reported that the limitations of using plasma for the production of 

nitrogen oxides are mainly reflected through the low NOx concentration and limited 

treatment capacity [11, 18, 26-28]. For example, using a knife-shaped GA reactor, Patil 

et al. reported a NOx concentration of 14000 ppm, but this was achieved at the expense 

of a very low gas flow rate (0.5 L/min) and high energy consumption (7.5 MJ/mol of 

NOx) [11]. In their studies, the concentration of NOx decreased significantly to ~5000 



ppm with the increase in the gas flow rate from 0.5 to 1 L/min [11]. In contrast, RGA 

provides an effective solution to obtain a reasonable treatment capacity and a relatively 

low energy cost simultaneously, as shown in Figure 3. 

 

3.2 Effect of oxygen concentration 

 

The O2 concentration affects the production of NOx and energy consumption at 

different gas flow rates, as presented in Figure 6(a) and (b). At a gas flow rate of 4 

L/min, the highest NOx concentration of ~15500 ppm is reached at an O2 concentration 

of 30 vol.%, while the maximum NOx concentration is achieved at an O2 concentration 

of ~40 vol.% at a higher gas flow rate (6 L/min and 8 L/min). Previous works reported 

that the optimal oxygen concentration in the gas mixture for the plasma production of 

NOx was in the range of 20 vol.% - 50 vol.% [11, 18, 29], which corroborates our results 

obtained with the RGA reactor. Increasing the O2 concentration produces more reactive 

oxygen species due to the increased SEI at a higher O2 concentration, thus enhancing 

the oxidation of nitrogen species in the plasma synthesis of NOx. However, increasing 

the oxygen concentration to >50 vol.% reduced the NOx concentration, which can be 

attributed to the decrease of N2 species involved in the reaction although more oxygen 

species are formed. Additionally, the discharge becomes unstable at a high O2 

concentration (>50 vol.%)  



 

 

Figure 6. The effect of O2 concentration on (a) NOx concentration; (b) SEI and 

energy consumption (applied voltage of 10 kV).  

 

The influence of O2 concentration on the discharge characteristics was evaluated 

through the analysis of the electrical signals and high-speed photography (Figure 7). In 

Figure 7 (a), the arc voltage and current signals show a sawtooth shape with an average 

value of 1.26 kV and 215 mA, respectively, suggesting the formation of a typical 

‘restrike’ mode in the RGA discharge. In this mode, the intense and irregular 

fluctuations of the arc voltage are generally observed, while the electric arc was 

hopping over the electrodes, as shown in Figure 7(e) and (f). However, when the O2 

concentration reached 40 vol.%, the electrical signals were changed completely with 

the average arc voltage increased to 1.6 kV and the average current decreased to 210 

mA. The RGA discharge then exhibits a combined ‘restrike’ and ‘takeover’ mode, with 

a longer rotating period, as shown in Figure 7(b)[30]. Compared to the RGA at an O2 

concentration of 20 vol.%, the arcs formed at an O2 concentration of 40 vol.% appear 

blurred and fill the main zone of the reactor. Most of the arcs cannot be fully developed 



before being replaced by the next arc. A smooth dazzling plasma disc with yellow 

clusters of the discharge was gradually formed in the RGA reactor as the O2 

concentration increased from 20 vol.% to 40 vol.%. In this study, we found that further 

increasing the O2 concentration enhanced the discharge instabilities. 

 

 

 

Figure 7. Electrical signals of RGA at an O2 concentration of (a) 20 vol.%; (b) 40 

vol.%; (c)-(g) Dynamic characteristics of RGA captured by high-speed camera. 

(applied voltage of 10 kV and gas flow rate of 4 L/min) 

 

As increasing the O2 concentration only slightly increases the SEI, the energy 

consumption approaches its lowest value when the O2 concentration ranges between 20 

vol.% and 40 vol.%. In this study, the optimal O2 concentration is 20~30 vol.% to 

achieve the highest NOx concentration and lowest energy consumption simultaneously 

at a gas flow rate of 8 L/min and an applied voltage of 10 kV. The predicted values from 



the ANN model are reasonably well in agreement with the experimental results in 

Figure 8. The model shows that increasing the O2 concentration from 20 vol.% to 60 

vol.% increases the energy consumption by ~50% and decreases the NOx concentration 

by 20%.  

 

Figure 8. Comparison of experimental and predicted data in terms of (a) NOx 

concentration; (b) energy consumption (gas flow rate of 8 L/min and applied 

voltage of 10 kV) 

 

3.3 Effect of applied voltage  

 



 

Figure 9. The effect of applied voltage on (a) NOx concentration; (b) SEI and 

energy consumption. Comparison of experimental and predicted data in terms of 

(c) NOx concentration; (d) energy consumption (gas flow rate of 8 L/min and O2 

concentration of 20 vol.%) 

 

Figure 9 (a) shows increasing the applied voltage from 7 kV to 10 kV slightly 

increases the NOx concentration by 11% due to the increase of SEI. However, compared 

to the production of NOx (NOx concentration), the SEI is increased more significantly 

when rising the applied voltage. Thus, the energy consumption for NOx 

synthesis also increases with the increase of the applied voltage. As shown in Figure 

9(b), the lowest energy consumption of 3.37 MJ/mol is achieved at 7 kV. 

Figure 9 (c) and (d) show that both the simulated NOx concentration and the energy 

consumption are in good agreement with the experimental data. Lower energy 

consumption can be anticipated when further decreasing the applied voltage, as 

predicted by the ANN model. The applied voltage is directly linked to the energy input 

for the chemical reactions and the formation of reactive species and energetic electrons, 

thus affects the plasma chemistry in the plasma synthesis of NOx, including the 



enhanced electron-impact collisions (R1-R6) to facilitate the generation of N atoms, O 

atoms and excited N2 molecules [31, 32]:  

e + N2 → e + N2 (v)                               (R1) 

e + N2 → e + N2 (A), N2 (B), N2 (C)                   (R2) 

e + N2 → e + N + N                               (R3) 

e + N2 → e + N2 (C)                                (R4) 

e + O2 → e + O + O                               (R5) 

e + O → e + O (1S)                                (R6) 

Previous work also reported the dependence of the electron excitation temperature 

on the applied voltage in an RGA plasma [33]. On the other side, increasing the applied 

voltage significantly enhances the dynamic stability of the RGA discharge. We found 

that the arc cannot remain stable for a long period at a low applied voltage. Hence, it is 

not recommended to lower the applied voltage to reduce the energy consumption 

considering the stability of the RGA discharge. The lowest energy consumption 

predicted by our ANN model could be achieved at an applied voltage of 6.5 kV. Further 

work will attempt to enhance the stability of the RGA at lower applied voltages by 

optimizing the reactor and/or power design.  

 

3.4 Correlation between SEI and NOx concentration 

In this study, the SEI is affected by the applied voltage, the flow rate and the O2 

concentration, and is intimately correlated with the NOx concentration. Figure 10 

indicates a quasi-linear and positive correlation between the SEI and the NOx 



concentration. Clearly, increasing the SEI enhances the production of NOx using either 

air or a mixture of N2 and O2.  

 

Figure 10. Correlation between SEI and NOx concentration 

 

In this work, the lowest energy consumption for NOx production in the N2/O2 

discharge and air discharge is 4.2 MJ/mol and 5.5 MJ/mol, respectively. In addition, 

our RGA process shows a balanced low energy consumption and large processing 

capacity (4-12 L/min) compared to other types of non-thermal plasmas (Table 1). The 

summarized results in Table 1 show that GA especially RGA has great potential to lower 

the energy consumption of NOx production for sustainable nitrogen fixation. 

Vervloessem et al. reported an energy consumption of 3.6 MJ/mol in the synthesis of 

NOx from a mixture of N2 and O2 using a GA plasma [34]. Jardali et al. investigated the 

NOx production using a RGA reactor operated in two arc modes (rotating and stable 

modes). The NOx concentrations up to 5.5% were achieved with the lowest energy 



consumption of 2.5 MJ/mol when the arc was operated in a stable mode [39]. 

 

Table 1. Comparison of the performance for NOx synthesis using different 

atmospheric pressure NTPs 

Plasma Gas 

Gas 

flow 

rate 

(L/min) 

O2 

Concentration 

(Vol.%) 

Power 

(W) 

NOx 

concentration 

(ppm) 

Optimal 

energy 

consumption 

(MJ/mol 

NOx) 

Reference 

Spark 

plasma 
Air 

Batch 

(15 

min) 

21 - - 20.3 [35] 

Spark 

plasma 
Air 

Batch 

(10 

min) 

21 
4.45-

26.7 
2000-6300 40 [36] 

Spark 

plasma 
- Batch - 4-5 - 5.2 [18] 

Glow 

discharge 
Air 2 21 - - 7 [18] 

Propeller 

arc 

Air 

3 1.6-98.5 0~133 0~4462 3.5 [18] N2/O2 

mixture 



DBD 
N2/O2 

mixture 

Batch 

(6-7 

min) 

20-100 - 6000 20 [37] 

GA 
N2/O2 

mixture 
0.5-1 20-70 12-40 2000-14000 4.8 [37] 

Plasma 

jet 
Air 8.8-66 21 

65-

165 
1000-3500 3.4 [27] 

Plasma 

jet 
Air 0.25-8 21 0.6-27 100-1000 8.6 [26] 

Spark 

plasma 

N2/O2 

mixture 
1.3-2.6 20 0-6 100-600 8.6 [38] 

GA 
N2/O2 

mixture 
10 10-90 369 15000 3.6 [34] 

RGA 
N2/O2 

mixture 
2 50% 

180-

200 
55000 2.5 [39] 

RGA 
N2/O2 

mixture 
4-12 10-50 

300-

382 
5900-15500 4.2 This work 

RGA Air 4-12 21 
315-

375 
7400-12000 5.5 This work 

 

3.5 Coupling effect and importance of different process parameters  



The effect of different operating parameters and their interactions on the NOx 

concentration and energy consumption of the plasma nitrogen fixation process was 

investigated using the ANN model and the three-dimensional surface plots of the results 

are presented in Figures S1-6. Figures S1 and S2 show the combined effect of the gas 

flow rate and O2 concentration on the NOx concentration and energy consumption at 

different applied voltages. The results from the ANN model indicate that the highest 

NOx concentration and the lowest energy consumption can be achieved at a gas flow 

rate of 2 L/min and an O2 concentration of 40 vol.% with the applied voltage of 10 kV. 

The change in the applied voltage does not have a significant effect on the reaction 

performance, as only a slight variation of the three-dimensional surface is observed 

when changing the applied voltage. The coupled effect of the applied voltage and O2 

concentration on the nitrogen fixation process at different gas flow rates is presented in 

Figures S3 and S4. Regardless of the applied voltage, we find that the NOx 

concentration is considerably affected by varying the O2 concentration, while the three-

dimensional surface reaches its valley of minimal energy consumption at an O2 

concentration of 20 vol.%-30 vol.%. As shown in Figures S5 and S6, decreasing the gas 

flow rate and increasing the applied voltage substantially increases the production of 

NOx but also increases the energy consumption simultaneously. Predicted by our model, 

the highest NOx concentration of ~16000 ppm can be reached at a gas flow rate of 2 

L/min, with the lowest energy consumption of ~2.8 MJ/mol for NOx production. Figure 

S7 shows the effect of gas flow rate and applied voltage on the plasma synthesis of NOx 

from the air. The experimental results fit well with the grids produced by the ANN 



model. The optimal energy consumption can be obtained when the gas flow rate varies 

between 8 L/min and 12 L/min.   

Figure 11 presents the relative importance of different process parameters on the 

plasma synthesis of NOx in this study (see explanation in section 2.2). The gas flow rate 

is found to be the most critical parameter affecting the NOx concentration with a relative 

importance of 58.7 %, while the O2 concentration is the most important process 

parameter to determine the energy consumption for NOx production with a weight of 

~48.5 %. Among the three process parameters, applied voltage is the least important 

parameter affecting the production of NOx in this process. The relative importance of 

the process parameters on the NOx concentration decreases as follows: gas flow rate > 

O2 concentration > applied voltage, while the relative importance of the process 

parameters on the energy consumption follows the order: O2 concentration > flow rate > 

applied voltage. 

 

Figure 11. Relative importance (%) of different process parameters on (a) NOx 

concentration; (b) energy consumption. 

 



3.6 Roles of reactive species in nitrogen fixation via air oxidation by RGA plasma 

The highly efficient NOx production using the RGA discharge is a result of the 

reactive plasma chemistry, which generates the energetic electrons and reactive species 

for chemical reactions. Herein, the emission spectrum of the N2/O2 RGA shows 

molecular bands including N2 second positive systems (SPS), N2+ first negative system 

(FNS), NO (A-X) and O2 (B-X), while OH molecules bands are also visible in the 

emission spectrum of the air RGA (Table S2). Previous plasma modeling studies 

revealed that the vibrationally excited N2 molecules could significantly contribute to 

the production of NOx in GA plasmas as the typical reduced electric field (E/N, where 

E is the electric field and N is the concentration of neutral particles) of GA is in the 

range of 5-100 Td [15, 20, 31]. This range of the reduced electric field could also apply 

to the RGA plasma in this study. For example, Jardali et al. used the reduced electric 

field of 5-30 Td in the modeling of NOx production in an RGA reactor [40]. Recent 

works reported that vibrational excitation can enhance the generation of NOx through 

the conventional Zeldovich mechanism[20, 34, 39]. 

N2 (v) + O → NO + N                                (R7) 

O2 (v) + N → NO + O                                (R8) 

NO2 can be formed through the further oxidation of NO by O atoms[20, 40].  

NO + O → NO2                                    (R9) 

 

4.Conclusion: 

In this work, we demonstrate that the RGA plasma can synthesize NOx from a 



mixture of N2 and O2 or air with relatively low energy consumption and high processing 

capacity. The lowest energy consumption for NOx production (4.2 MJ/mol) is achieved 

at an applied voltage of 10 kV, a gas flow rate of 12 L/min and an O2 concentration of 

20 vol.%. The results from the ANN model agree well with the experimental data. The 

relative importance of the process parameters on the NOx concentration follows the 

order: gas flow rate > O2 concentration > applied voltage, while the relative importance 

of the process parameters on the energy consumption of NOx formation decreases in 

the order: O2 concentration > gas flow rate > applied voltage. Higher gas flow rates 

result in a decrease of the NOx concentration and energy cost. On the other hand, 

increasing the applied voltage slightly enhances the reaction performance in terms of 

NOx concentration, but it is accompanied by the increased SEI and energy cost. The 

optimal O2 concentration for NOx synthesis is in the range of 20 vol.% to 40 vol.%, the 

results show that air can be directly converted to NOx using the RGA reactor. This work 

has shown that RGA plasmas have great potential to be developed as a small-scale and 

on-demand process powered by renewable energy sources (e.g., wind and solar power) 

for nitrogen fixation directly from the air, thus contributing to green industrial 

development. Nevertheless, more works are still required to further decrease the energy 

cost for NOx production whilst increase the yield of NOx. For instance, combining the 

RGA system with suitable catalysts has the potential to further enhance the reaction 

performance.  
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