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Many factors affect the reaction characteristics of nitrogen oxides and SO2 in a 
dielectric barrier discharge reactor. Changing the SO2 initial concentration, ox-
ygen content and water vapor content to study the reaction mechanism of NO and 
SO2 in the dielectric barrier discharge plasma process has been conducted. It 
was shown that the initial concentration of SO2 varied in a larger scope has little 
effect on the reaction characteristics of NO and SO2 in the N2/SO2/NO system. In-
creasing the water vapor content in the N2/NO/SO2/HO system would reduce the 
concentration of SO2 significantly in the flue gas, and the influence on SO2 is 
more obvious than on NO. Then, the influence of oxygen on the reaction charac-
teristics of SO2 is not obvious, increasing the O2 concentration in the 
N2/NO/SO2/O2 system, the changed of SO2 concentration is less than 10%. But the 
adding of O2 affects the reaction of NO in the dielectric barrier discharge pro-
cess obviously, it can promote the conversion of NO2 and other NOx, at the same 
time, the generation of NO was also being accelerated under certain conditions. 
By analyzing the reaction mechanism, it was found that the activated radicals 
produced in the dielectric barrier discharge process concerned SO2 reaction 
mainly OH, while related the reaction of NO, the O and N play an important role. 
Through the experiment and analysis, it was also deduced that there are oxida-
tion and reduction reactions existed at the same time, also the generation and 
removal of NO occurred simultaneously. 
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Introduction  

Non-equilibrium plasma discharges have been a hot topic of research in recent years 

in the field of contaminant treatment [1-5], including electron beam, corona and dielectric 

barrier discharges (DBD) which is a gas discharge with an insulating medium inserted into the 

discharge space. This discharge is very uniform, diffuse and stable, and can work in a wide 
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range of pressure that is from 10
4
-10

6
Pa and frequency that is from 50 to 10

6
 Hz. Although 

this kind of discharge has been developed and applied more widely, the research on it has 

only been in the past two decades. So far, there is no complete mechanism analysis of nitro-

gen oxides and SO2 in DBD, which cannot be analyzed completely, because there are many 

possible mutual reactions among N, O, water vapor, nitrogen oxides, and SO2, and the current 

reaction rate of many reactions is unknown. Also, in the system, in addition to atoms and 

ionic groups, the excited states of all atoms, molecules and positive and negative ions are also 

taken into account. Therefore, a complete mechanistic analysis of the reaction must in-

clude the interactions between these species. Matzing [6] listed more than 700 discharge 

reactions in flue gases. Kossyi et al. [7] gave more than 80 reactions in the nitro-

gen/oxygen system alone. 

Much work has been done in this [8-11], mostly numerical simulations [12-14], sug-

gesting that the main possible reaction channels for NO and SO2 in non-equilibrium plasmas are: 

 Electron dissociation of oxygen produces many oxidising substances, including ozone, 

which then oxidises SO2 to SO3 and eventually to sulphuric acid with water. 

 Electron dissociation of nitrogen to produce reducing substances such as N atoms, which 

reduce NO to N2. 

 Electron dissociation of water produces OH etc. that reacts directly with nitrogen oxides 

and SO2. 

This manuscript mainly discusses and analyzes the reaction mechanism of NO and 

SO2 in DBD through experiments in which different oxygen content, water vapor content and 

SO2 inlet concentration are selected. This manuscript discusses the reaction mechanism based 

on the product and has an in-depth understanding of the mechanism, which is helpful to opti-

mize the process by selecting the power source, reactor structure, etc., and the reaction prod-

uct can be controlled by changing the flue gas composition. 

Experiment and methods 

The experimental system is shown in fig. 1. The test was carried out at atmospheric 

pressure and room temperature, and a total flue gas flow rate of 5 lpm and an initial NO con-

centration of 500 ppm in the mixed flue gas were selected. There are two nitrogen inlet chan-

nels, one of which is to enter the gas mixing cylinder with other mixed gases, and the other is 

to pass through the water bath heater, carry the water vapor whose amount is controlled by the 

temperature of the water bath heater required in the experiment to mix with other gases and 

enter the reactor. The concentration of flue gas components entering and exiting the reactor 

was measured online using the 350 pro flue gas analyzer produced by Testo. 

The experimental power supply is an AC high-voltage power supply. The voltage 

range is from 4.5-6.5 kV and the frequency range is from 5.5-7 kHz. The current and voltage 

waveforms is recorded with a digital oscilloscope (Tektronix, TDS2024), and the power is 

calculated by Lissajous [15].  

The length of the DBD reactor is 500 mm, and there is a stainless steel rod with a 

diameter of 34 mm as a low-voltage electrode inside it. The medium tube, which is wrapped 

by a layer of 300 mm stainless steel mesh that is used as a high-voltage electrode, adopts co-

rundum with a thickness of 2 mm and a diameter of 40 mm. 

The change rate of NO and SO2 concentration in this paper is defined: 

in out

in

100%M

C C

C



           (1) 
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where Cin [ppm] is the inlet concentration and Cout [ppm] – the outlet concentration. Subscript 

M can be NO, SO2 or NO2. When  is a positive value, it means that the outlet concentration 

is less than the inlet concentration, and the systemic reaction is a removal reaction. On the 

contrary, when  is a negative value, it means that the outlet concentration is greater than the 

inlet concentration, and the systemic reaction is a formation reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Results and discussion 

Influence of the inlet concentration of SO
2
 on the reaction of NO and SO

2
 

In the experiment, the concentration of NO was kept at 500 ppm, and the concentra-

tion of SO2 was taken as 0 ppm, 460 ppm, 987 ppm, and 1507 ppm. Figure 2 is a graph show-

ing the influence of SO2 initial concentration of NO and NO2 concentration variation. It can 

be seen from the figure that as the initial concentration of SO2 in the NO/SO2/N2 system in-

creases, the removal rate of NO decreases slightly. Similarly, the SO2 concentration changes 

from 460 ppm to 1507 ppm, and the reduction in NO removal rate is not large, within 10%. 

When the system does not contain SO2, the NO removal effect is the best. The NO removal 

rate increases as the discharge power increases, and the maximum NO removal rate can reach 

93.99%. Under the discharge power of 79.64 W, the NO removal rate corresponding to the 

initial SO2 concentration of 0 ppm, 460 ppm, 987 ppm, and 1507 ppm are 65.53%, 41.64%, 

40.79%, and 36.48%, respectively. This means that the NO removal rate decreases relatively 

quickly when the initial SO2 concentration is from 0 to 460 ppm and the decrease gradually 

becomes smaller if the SO2 content is increased. Therefore, after SO2 already exists in the 

system, the change in concentration has little effect on the removal rate of NO. Also, in the 

SO2/NO/N2 system, the amount of NO2 generated is very small and the change is within 2%. 

In the SO2/NO/N2 system, the removal rate of SO2 is relatively low and the highest 

is less than 15%. As the concentration of SO2 increases, the removal rate is reduced. As 

shown in fig. 3, at different concentrations of SO2, the SO 2 removal rate increases with the 

increase of discharge power. Moreover, when the discharge power is greater than 80 W, The 

SO2 removal rate at inlet SO2 concentrations of 460 ppm has the highest growth rate, compare 

that to others. When the inlet concentration of SO2 is 460 ppm, 987 ppm, 1507 ppm, and the 

Figure 1. Schematic diagram of the DBD plasma experiment; 
1 – SO2 cylinder, 2 – NO cylinder, 3 – relief valves, 4 – N2 cylinder, 
5 – O2 cylinder, 6 – flow-meters, 7 – valve, 8 – water bath humidification, 
9 – mixed bottles, 10 – gas sampling, 11 – the DBD reactor, 
12 – the HV generator, 13 – numerical oscilloscope, 14 – gas analyzer, 
15 – alkali absorption bottle, 16 – exhaust, and 17 – heating belt 
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power is 79.64 W, the removal rate of SO2 is 3.48%, 3.25%, and 3.19%, respectively. Exper-

iment shows that changes in the concentration of SO2 within a relatively large range have 

basically no effect on the removal of NO and SO2 and the production of NO2. 

 

 

Influence of the water vapor content on the reaction of NO and SO
2 

In the experiment, the concentration of NO and SO2 remained constant, 500 ppm 

and 1000 ppm, respectively, and the voltage and frequency were changed to change the dis-

charge power. The water vapor concentration was 0.6% (v/v), 1% (v/v), and 2% (v/v). The 

influences of water vapor content on the concentration variation of SO2 and NO are shown in 

figs. 4 and 5. 

As shown in fig. 4, the addition of water vapor has an obvious effect on the removal 

of SO2 when the discharge power is small. When the power is 45.82 W, the water vapor con-

centration is 0.6% (v/v), 1% (v/v), and 2% (v/v), the corresponding removal rates of SO2 are 

1.37%, 11.98%, and 21.61%, respectively. With the discharge power increasing, the differ-

ence between the effects of different water vapor contents on the SO 2 removal rate gradually 

decreases. When the discharge power reaches 130 W, there is basically no effect. The removal 

rates corresponding to the concentration of 0.6% (v/v), 1% (v/v), and 2% (v/v) are 34.66%, 

36.67%, and 37.78%, respectively. 

Figure 2. Influence of SO2 initial concentration               Figure 3. Influence of SO2 initial concentration 

of NO and NO2 concentration variation                           on SO2 removal rate 

Figure 4. Influence of water vapor content on                  Figure 5. Influence of water vapor content on 
SO2 concentration variation                                               NO concentration variation 
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However, the effect of water vapor concentration on the removal rate of NO is com-

pletely different from that for SO2. As shown in fig.5, the effect of water vapor is not obvious 

when the discharge power is relatively low. When the power is 45.82 W, the removal rate of 

NO corresponding to the water vapor concentration of 0.6% (v/v), 1% (v/v), 2% (v/v) is 8.9%, 

8.36%, and 7.56%, respectively. When the power was increased to 130 W, the NO removal 

rate changed significantly, which were 64.08%, 54.45%, and 48.17%. The concentration of 

NO2 detected in this set of experiments is too low, so it is not shown in the figure. 

Influence of the oxygen content on the reaction of NO and SO
2 

Generally, the flue gas produced by combustion contains 3-5% oxygen, and some 

even reach 6-8% rich oxygen. The effect of oxygen on the reaction of NO and SO2 was main-

ly investigated in this set of experiments. In the 

experiment, the concentration of NO and SO2 

remained constant, 500 ppm and 1000 ppm, 

respectively, and the voltage and frequency 

were changed to change the discharge power. 

The oxygen concentration was 3.6% (v/v), 6% 

(v/v), and 8.4% (v/v). As shown in fig. 6, the 

influence of oxygen on NO is more obvious 

than that of SO2. 

When the oxygen concentration is 3.6% 

(v/v), the NO concentration increases when the 

discharge power is less than 70 W, the NO 

generation rate is 15.5% when the power is 54 W, 

the NO concentration decreases when the power 

is greater than 78.6 W, and the highest removal 

rate reaches 25.1% when the power is 100 W. 

When the oxygen concentration is 6%, with the 

increase of the discharge power, the generation 

rate of NO in the system increases from 32.28% 

where the power is 53 W to 46.2% where the 

power is 100 W. The greater the oxygen con-

centration, the more the NO concentration in-

creases. The increase in NO concentration when 

the oxygen content is 8.4% (v/v) is greater than 

the increase when the oxygen content is 6% 

(v/v). The change of different oxygen concen-

tration does not have an obvious effect on the 

change of SO2 concentration. The change of 

different oxygen concentration is not obvious to 

the change of SO2 concentration. When the 

power is less than 70 W, the SO2 concentration 

of the three concentrations is almost the same. When the power increases, the SO2 outlet con-

centration corresponding to different concentrations of oxygen is different, but it is also 15% 

within. 

Compared with the SO2/NO/N2/H2O system, the total NO2 outlet concentration of 

the SO2/NO/N2/O2 system has increased significantly, and the NO2 outlet concentration has 

Figure 6. Influence of oxygen content on NO 
and SO2 concentration variation 

Figure 7. the generation concentration of NO2 
under different oxygen content 
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increased significantly with the increase in oxygen content. As shown in fig. 7, when the 

power is 85 W, the outlet concentration of NO2 corresponding to oxygen concentration of 

3.6% (v/v), 6% (v/v), 8.4% (v/v) is 15.85 ppm, 38.3 ppm, and 55 ppm, respectively. 

Reaction mechanism analysis 

In the flue gas, there are about 287 chemical reactions related to 39 chemical com-

ponents which include electrons, positive and negative ions, atoms, molecules, free radicals, 

and excited atoms and molecules. A large number of studies have shown that the oxidation 

and removal of pollutants in the discharge process are only related to the chemical reaction of 

free radicals [16, 17]. Therefore, many chemical reactions related to ions can be ignored to 

simplify theoretical analysis. 

In the SO2/N2/NO system, the removal of NO is related to the discharge power. The 

increase in power increases the NO removal rate, but the concentration of SO2 is basically 

unchanged. The desulfurization rate is up to about 10%, and there is basically no NO2 gener-

ate. The removal efficiency of NO increases with the increasing of discharge power. The rea-

son is that electrons and N2 molecules ionize to obtain N atoms, and N atoms have a strong 

reducing effect on NO but little effect on SO2 in this system [17]: 

2N N Ne e          (R1) 

12

2N NO 2NO  9 0 10, k .                (R2) 

11

2N NO N O  5 9 10, k .                  (R3) 

The addition of water vapor can greatly improve the desulfurization effect. The rea-

son may be that electrons with high energy and water molecules attach and react to form hy-

drated electrons in the ionizing electric field: 2H O –
aqe e  . Hydrated electrons are a kind of 

free radicals with unique properties, and many chemical reactions are induced by –
aqe . When 

the electron has energy to reach the ionization energy of O2, N2, and H2O, the R4-R7 reaction 

occurs [18]:  

11

2H O H OH 7 2 10– –e e,k .                    (R4) 

2 2H O H Oe e          (R5) 

H2O
+
 under goes the following decomposition and ionization reactions: 

2 2 3H O H O H O OH             (R6) 

2H O H OH        (R7) 

This will produce active particles, such as OH, O, HO2, etc., mainly OH. Free radi-

cals such as OH and hydrated electrons are strong oxidants. Under the condition of no absor-

bent and no catalyst, OH reacts with SO2 and NO (R8-R12) to convert them into the corre-

sponding sulfuric acid and nitric acid for removal. The experimental results show that OH has 

a relatively large impact on the removal of SO2, and also has some impact on the removal of 

NO: 

12

2 3OH SO HSO   7 5 10, k .         (R8) 

12

3 2 4OH HSO H SO   1 0 10, k .         (R9) 

11

2 3OH NO HNO  1 0 10, k .                    (R10) 
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12

2OH NO HNO  6 6 10, k .         (R11) 

11

2 2 2OH HNO NO H O, 0 5 10k .              (R12) 

Hyun Ha Kim et al. [19] believes that SO2 removal is mainly through two main 

ways which are liquid phase process and gas phase process. The liquid phase process means 

that SO2 is first dissolved in water to form –
3HSO and oxidizes with OH and H2O2 in the solu-

tion to form 2–
4SO . The gas phase pathway means that SO2 directly reacts with OH, HO2, and 

O2 in the air to form SO3 and dissolve in water. He believes that the following reactions often 

occur during the oxidation and removal of SO2 in the gas phase: 

2 3SO OH HSO      (R13) 

2 2 3SO HO SO OH           (R14) 

3 2 2 4SO H O H SO       (R15) 

The (R13) can often be carried out quickly and effectively in a humid smoke envi-

ronment. Compared with other particles (O, O3, HO2), OH particles have a larger reaction rate 

constant during the oxidation of SO2. Therefore, the amount of OH particles has a great influ-

ence on the removal of SO2, which means that the desulfurization rate of the reaction with 

high moisture content is much higher than that of the reaction with low moisture content.  

After adding oxygen, the concentration of NO changes significantly. Oxygen gener-

ates a large number of oxygen atoms through the reaction of electrons with O2, such as 

2O 2Oe e   This oxygen atom active group can oxidize SO2, NO, NO2 to higher oxides 

[20], such as: 

13

2 2 3 2O SO N SO N  1 4 10, k .          (R16) 

12

2 2 2O NO N NO N  9 0 10, k .          (R17) 

12

2 2 3 2O NO N NO N  9 0 10, k .           (R18) 

At the same time, oxygen atoms also react: 

10

3 2 2 2 2O SO N SO O N  8 0 10, k .               (R19) 

11

2 2O NO NO O  1 0 10, k .                (R20) 

The rate constants of the two reactions (R19 and R20) are relatively large, and the 

oxidation rate of (R19) is greater than that of SO2 (R16). Therefore, the removal rate of SO2 is 

relatively low. Similarly, because of the occurrence of (R20), very few NO is oxidized by O 

to NO 2 or higher valence nitrogen oxides. Compared with the reduction reaction (R3 and 

R22) proceeds more slowly. However, the reaction constant of (R22) increases to k = 1.4·10
-15

 

as long as the temperature reaches 400 K. Also, the excited states N(
2
P) and N(

2
D) of nitrogen 

atoms have rated constants of up to 10
-11

 [21], and the number of these excited state accounts 

for 1% of the total number of N atoms. Therefore, the concentration of NO in the system 

changes rapidly: 

12

2 2N O N NO N  1 0 10, k .                     (R21) 

16

2N O NO O  1 0 10, k .                 (R22) 

16

3 2N O NO O  1 0 10, k .                  (R23) 
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In summary, using the reaction mechanism of figs. 8 and 9 to summarize the reac-

tion mechanism of NO and SO2, it can be seen intuitively that the removal of NO involves 

oxidation and reduction reactions. The oxidation reaction mainly produces NO2, HNO2, and 

other nitrogen oxides, and the product of the reduction reaction is mainly N2. The main reac-

tion mechanisms involved in this paper are circled in the figure, with red representing reduc-

tion reaction and green representing oxidation reaction. 

 

 

It can be seen from fig. 9 that there are three main ways for the reaction of SO2. One 

is that active groups such as O or HO2 oxidize SO2 to SO3, and further generate HSO3. This 

way is because the reverse reaction rate is relatively large, so the SO2 removed through this 

way is very limited. The second way is to directly oxidize SO2 to HSO3 by OH, and then gen-

erate sulfuric acid. Comparing the experimental results, this way is the main way to remove 

SO2 (Green mark as shown in figure). The third way is that SO2 is directly dissolved in water 

to generate H2SO3, and further oxidized to sulfuric acid. This way is suitable for flue gas with 

very high humidity. (The cyan marks in the figure are the first and third ways of SO2 removal 

which are not suitable for this paper.)  

Therefore, the chemical desulfurization and denitration process of DBD plasma de-

pends on the concentration of active particles (such as N, O, OH, HO 2, etc.), whose genera-

tion and concentration depend on the average energy of the electrons in the plasma from the 

external electric field, the type of background gas and its high-energy electron concentration. 

Conclusion 

 In the SO2/N2/NO system, changes in the concentration of SO2 in a large concentration 

range have little effect on the reaction characteristics of NO and SO2. The main reaction is 

the reduction reaction of NO and N, and there is almost no formation of NO2. The change 

of removal rate of SO2 does not exceed 10%. 

 In the SO2/N2/NO/H2O system, the increase of water vapor can greatly improve the desul-

furization effect, mainly relying on the reaction of OH and SO2. The increase of water va-

por also has an effect on NO, but it is not as obvious as on SO2. 

 In the SO2/N2/NO/O2 system, the increase of oxygen has a significant effect on NO, but 

the change of oxygen concentration has no obvious effect on the change of SO2 concentra-

tion. When the discharge power changes, the SO2 concentration changes, but the range is 

not large, and the range is within 15%. 

 According to the analysis of reaction mechanism, it is the active groups of N and O that 

mainly affect the reaction characteristics of NO, while the active groups OH mainly affect 

the reaction characteristics of SO2. 

Figure 8. Reaction mechanism of NO                      Figure 9. Reaction mechanism of SO2 
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 Further research will be carried out on other components in the flue gas，such as CO, CO2, 

N2, hydrocarbons and other NOx, etc. Understanding the reaction mechanism of each com-

ponent of flue gas in DBD with a more comprehensive analysis. 
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