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ABSTRACT 
 
Nitrogen oxide (NO) exhaust gas has deteriorated the natural air environment. In this article, the pulse streamer 
discharge technique is applied to remove such gas. Emission spectra indicate that NO has been decomposed into O 
and N by electron collision, and further productions such as N2 and NO2 are also found in the discharge. A 
zero-dimensional reaction model is established, and reveals that most of NO has been transformed into NO2 and N2, 
with N and O as essential intermediate radicals. In order to improve the NO removing process, the formaldehyde 
(CH2O) at 1% concentration ratio is added, and the NO removal efficiency has been obviously heightened. NO 
molecules are transformed into other forms with NO2, N2, CO as major productions and a little of H2O also 
appeared. The modified main reaction kinetics is evaluated. Furthermore, more CH2O additive have arose out 
higher NO removal efficiency, due to more radicals of HCO and HNO produced from CH2O for further accelerating 
the NO removal reactions. CH2O additive is beneficial for NO pollutant gas remediation through the pulse streamer 
discharge technique. 
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INTRODUCTION 
 

Nitrogen oxide (NO) emission from automobiles, power plants or factory exhausts has induced serious 
environmental problems together with SO2, such as the acid rain deposition [1-2]. Its oxidized species of NO2 can 
further produce the photochemical smog [3]. Such pollution has deteriorated the natural air environment in Asia 
especially in China [4]. Many methods have been practiced to treat NO exhaust gas. The direct combustion is 
efficient though it should be applied at very high temperature [5]. Nowadays, the catalyzing reduction on NOx has 
been focused on. But such technique usually requires temperature higher than 100 ℃ [6-7]. The two techniques are 
not suitable for NO removal at compact space in automobiles or other civil machines. Non-thermal plasma technique 
is a candidate for such purpose, and the inputted electrical energy can be efficiently utilized for generating high 
energy electrons rather than heating the exhaust gas [8]. NO molecules are decomposed after colliding by electrons, 
and chemical-physical reactions are further carried out between the radicals [9]. There have many reactions 
embedded, and the emission spectra, FT-IR detection and so on have been applied for monitoring the macroscopic 
irradiation from the discharged gas [10-11]. Concentration variance of productions in discharge is usually obtained 
through time-resolved spectra [12]. 
 
Investigations imply that the N or O atoms decomposed from NO can further deoxidize NO into N2 or oxidize NO 
into NO2 as well as other higher order nitrogen oxides (NxOy) [13-14]. The injected electrical energy is essential for 
such dissociation of NO. But question must be put forwards to find adequate methods for removing NO with higher 
efficiency at lower energy consumption. One way is to modify the discharging technique. For example, the 
radio-frequency (RF) discharge technique can resonantly accumulate lower electrical field into very high energy 
[15]. The other way is the additive gases for adjusting the reaction directions. The CH4, NH3 or even H2O etc. are 
found effective when mixed with NO at suitable concentration ratio. The fractures of additive gases or even 
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themselves can react with NO or the decomposed components such as N or O [16-17]. 
 
The formaldehyde (CH2O) is an important but poisonous reactant. Its additive effect on NO removal in discharge 
technique has drawn few attentions. In this article, the emission spectra from NO discharging plasma is detected and 
evaluated. Then a zero-dimensional model is established. The removal process of pure NO or NO mixed with a little 
of CH2O additive gas is kinetically monitored. In Sec. 2, the discharging system is introduced. In Sec. 3, the 
experimentally detected emission spectra and the numerically simulated concentration variance of the productions 
are discussed. Conclusion is finally followed. 
 

EXPERIMENTAL SECTION 
 

The emission spectra have been experimentally detected from discharge, and a zero-dimensional reaction model is 
established and numerically processed. 
 
2.1 Pulse streamer discharge system for NO removal 
The NO and other gas are delivered into the glass tube from gas cylinders, and their concentration ratio is controlled 
by the gas valves. The discharge is taking place between two pointed tungsten needles in the glass tube initiated by 
pulse high voltage. Bright filament is observed between the needles, and its irradiation is collected and recorded by 
optical system consisted by the lens, monochromator and Boxcar. The signals are further analyzed to investigate the 
NO decomposing process. 
 

 
 

Fig. 1 The diagram of pulse streamer discharge system for NO removal 
(1) Power supply, (2) glass discharging tube, (3) quartz window, (4) lens, (5) monochromator (ARC, AM-566), (6) Boxcar (SRS 280/255), (7) 

computer, (8) gas cylinders, (9) gas valves 
 

The pulse discharge is carried out at room temperature, and pressure in the glass discharging tube is set to 1 atm. The 
recorded spectra signal is 0.1 nm resolved. The voltage is loaded at 4.8 kV with pulse width of 50 ns. 
 
2.2 Numerical simulating method 
There would have many chemical-physical reactions during and after the discharge. The reactions can be 
numerically monitored. 
 
For a reaction, it can be defined as 
 

CBA →+                                                                                (1) 
 
The concentration variance of A, B and C can be mathematically denoted by differential equations as 
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Bd −=  
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BAk
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Cd +=                                                                           (2) 

 
In which, k is the reaction rate coefficient. 
 
Such differential equations can form an equation system when several reactions are considered. It should be noticed 
that no spatial components are appeared in Eq.(2), and the equations are only related to time variance. The equation 
system is zero-dimensional, and can be solved by Runge-Kutta method [18]. 
 

RESULTS AND DISCUSSION 
 
3.1 Emission spectra diagnosis on the pulse streamer discharged NO gas 
The emission spectra in Fig. 2a are utilized to determine the production categories in the discharge. There has a 
sequence of emission peaks appeared, and the highest emission is at 777.1 nm. When locally amplifying the spectra, 
such as the wavelength range from 220 to 290 nm in Fig. 2b, the emissions are not sharp lines but profiles with 
definite widths. 
 
Such width of emissions is derived from two factors. One is the instrumental broadening from the monochromator, 
and the other is that there have emissions irradiated from molecules which possesses continuous energy band 
structure. For example, the emissions in the UV range are obviously corresponding to molecules with 
semi-continuous energy bands, and the emission at 777.1 nm is probably sourced from the atom irradiation due to its 
sharpness. 
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Fig. 2 (a) The emission spectra of NO in the pulse streamer discharge at the wavelength range from 220 to 900 nm, and (b) the locally 

amplified spectra at the UV band 
 

Such emissions and the corresponding species categories have been vastly investigated during the pervious century, 
and can be conveniently evaluated. After inquiring the NIST database [19], the emissions are classified in Table 1. 
New productions such as molecules of N2 and NO2 or atoms of N and O have been discriminated out. It means that a 
part of NO molecules have been decomposed and further recombined into new productions. 
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Tab. 1. The evaluated species categories and the corresponding irradiation paths 
 

Emission bands  /nm Categories Transition paths 
236.3 - 294.4 NO A2

∑→X2∏ 
297.7 - 470.6 N2, N2

+ C3∏u→B3∏g 
494.0 - 673.6 NO2 A2B1→X2A1 

746.4, 821.4, 867.6 N 2s22p2(3P)3p→2s22p2(3P)3s 
777.1, 844.2 O 2s22p3(4S°)3p→2s22p3(4S°)3s 

 
The reactions in discharge must include the electron impact dissociation on NO, and other reaction routes should be 
further analyzed. 
 
3.2 Numerical simulation of NO removal reactions through pulse streamer discharge 
The reactions embedded in the discharge are evaluated. The first one is the decomposition of NO collided by 
electrons. Then the produced atoms of N and O are further reacted with NO due to the high concentration of NO 
molecules, which means higher collision probabilities between NO and N or O. Finally, there also have minor 
reactions between N or O themselves. Such reactions are outlined in Table 2, with the corresponding rate 
coefficients present. The reaction rate coefficients have been inquired from NIST database except that of the direct 
electron impact decomposition of NO, which is calculated in this article based on the collision cross sections. 
 
There have eight reactions outlined in Table 2. 
 

Tab. 2 Reactions and corresponding rate coefficients of discharged NO gas [20] 
 

R. Reactions k  /cm3s-1 
R1 e*+NO→N+O+e 8.50×10-10 
R2 NO+N→N2+O 3.22×10-11 
R3 NO+O→NO2 3.01×10-11 
R4 NO+O→O2+N 3.68×10-13 
R5 N+N→N2 1.25×10-32 
R6 O+N→NO 3.03×10-32 
R7 O+O+N2→O2+N2 1.10×10-33  a 
R8 O2+NO+NO→NO2+NO2 3.67×10-39  a 
a The unit is cm6s-1 for the three order reactions. 

 

Consequently, the reactions are graphically schemed in order to elucidate the main reaction routes. In Fig. 3, the N2, 
O2 as well as NO2 are expected as main productions. The N2 and O2 are benign, and the NO2 also can be removed 
conveniently by alkali scrub. In the scheme, N and O have played essential roles. 

 

 
 

Fig. 3 The reaction routes of pure NO during and after pulse streamer discharge 
 

The simulating results are shown in Fig. 4. During discharge, a part of NO has been removed and NO concentration 
is monotonically decreased. The removal efficiency (η) is achieved to about 4.1198%. After discharge, the 
production concentrations are not distinctly varied. 
 
Such phenomenon is ascribed that the N and O as the decomposed productions of NO are decided by electron 
collision, and their generations have been restricted by the discharge pulse process. After discharge, the N and O 
have been fast consumed out in Fig. 4b.  
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Fig. 4 Time resolved concentration evolution of (a) NO and electron, and (b) N, O, O2 (corresponding to the left axis), and N2, NO2 

(corresponding to right axis) 
 

Tab. 3 Reactions related to NO and the additive gas of CH2O, and their corresponding rate coefficients [20] 
 

R. Reactions k  /cm3s-1 
R1 NO+CH2O→HCO+HNO 2.83×10-13 
R2 NO+HCO→CO+HNO 1.35×10-11 
R3 NO+HNO→OH+N2O 7.14×10-13 
R4 HCO+HNO→CH2O+NO 8.19×10-13 
R5 HCO+O→CO+OH 5.00×10-11 
R6 HCO+O→CO2+H 5.00×10-11 
R7 HCO+NO2→CO+HNO2 2.95×10-20 
R8 HCO+NO2→CO2+NO+H 1.93×10-11 
R9 HNO+O→NO2+H 2.01×10-14 
R10 HNO+O→O2+NH 1.88×10-16 
R11 HNO+O→OH+NO 5.99×10-11 
R12 NO+NH→OH+N2 1.41×10-12 
R13 NO+NH→N2O+H 5.89×10-12 
R14 NO+H→NH+O 6.10×10-13 
R15 NO+H→OH+N 2.48×10-12 
R16 NH+N→N2+H 8.18×10-11 
R17 NH+H→H2+N 1.69×10-11 
R18 NH+H→H+H+N 9.82×10-13 
R19 HNO+HNO→H2O+N2O 1.02×10-15 
R20 HNO+H→NH2+O 2.39×10-11 
R21 HNO+NH2→NH3+NO 7.30×10-11 
R22 HNO+H→OH+NH 9.71×10-11 
R23 HNO+H→H2+NO 2.72×10-11 
R24 HNO+NO2→HNO2+NO 8.19×10-13 
R25 HNO+OH→H2O+NO 5.00×10-11 
R26 HNO2+O→OH+NO2 1.10×10-11 
R27 HNO2+H→OH+HNO 8.64×10-11 
R28 HNO2+NO2→HNO3+NO 1.00×10-22 
R29 HNO2+HNO2→H2O+NO+NO2 9.48×10-19 
R30 HNO2+OH→H2O+NO2 6.00×10-12 
R31 NO+OH→HNO2 4.57×10-34 
R32 N2O+H→OH+N2 3.50×10-11 
R33 NO+N2O→N2+NO2 3.36×10-12 
R34 NO+NH2→N2+H2O 2.14×10-13 
R35 NH3+NO→NH2+HNO 1.45×10-13 
R36 NH3+O→OH+NH2 7.68×10-12 
R37 NH3+NH→NH2+NH2 3.55×10-11 
R38 NH3+H→H2+NH2 3.03×10-11 
R39 NH3+NO2→HNO2+NH2 3.26×10-14 
R40 HNO2+NH2→NH3+NO2 8.30×10-14 

 
The O and N maximal concentration is at the magnitude order of 1015 and 1016 cm-3, which are lower than that of N2 
and NO2 at 1017 cm-3. It means that the O and N have been uninterruptedly reacted with NO to accumulate NO2 and 
N2, and the NO2 and N2 have no further consuming routes. 
 
Additionally, it should be noticed that there also have some O2 molecules generated, though its concentration at 
magnitude order of 1015 cm-3 is remarkably lower than that NO2 and N2. The oxidization on NO by O is obviously 
faster than the recombination process between two O atoms to form O2. 
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3.3 Effect of CH2O additive on NO decomposition through the pulse streamer discharge 
The formaldehyde (CH2O) is also a kind of pollutant gas and poisonous to human beings, even though it is 
consumed at very large quantities in factories. In given cases, the CH2O can be naturally or artificially mixed with 
NO gas. Its effect on NO decomposition through the pulse discharge technique is considered in this article. The 
CH2O concentration ratio to NO is 1%. 
 
The reactions related to CH2O and NO are outlined in Table 3, with the corresponding rate coefficients followed. 
 
After CH2O added, simulation indicates that the concentration variances of O, N and O2 are not distinctively 
affected in Fig. 5a, but the N2 as well as NO2 have been remarkably influenced. The NO removal extent has been 
improved in Fig. 5b. 
 
Since the improvement is mainly achieved after discharge at a relatively slow trend, it means that the electron 
impact dissociation on NO has played the essential role during discharge, and the CH2O effect is slowly displayed 
after discharge. Such a phenomenon is ascribed that the CH2O is reacted with NO at rate coefficient of 2.83×10-13 
cm3s-1, which is 10-3 order lower than the electron impact dissociation at 8.50×10-10 cm3s-1. And the CH2O molecules 
do not influence the electron impacting kinetics in the model due to its low concentration ratio of 1%. 
 
The NO removal efficiency has been heightened from 4.1198% to 7.1589%, or in other words more 7.4671×1017 
cm-3 NO molecules have been reduced. N and O elements in the more reduced NO molecules have been transformed 
into other forms assisted by CH2O. 
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Fig. 5 Time resolved concentration evolution of (a) N, O, O2 (corresponding to left axis), and N2, NO2 (corresponding to right axis), and (b) 

NO and electrons 
 
It is obvious that most of the N elements in the further reduced NO have transformed into N2 and NO2 in Fig. 5a. For 
the more reduced O elements, the final produced NO2 also hold the major part. 
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Fig. 6 Time resolved concentration evolution of (a) the CH2O, HNO, CO, OH, H2O, (b) the HCO, HNO2, CO2, H, and (c) the H2, NH2, NH, 

NH3, N2O as well as HNO3  
 

In order to discriminate the NO removal kinetics assisted by CH2O, concentration variances of the other productions 
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containing C, H and O as well as the residual N elements are present in Fig. 6. There have CO and H2O finally 
generated as the major productions. The other productions are only accumulated to relatively low concentrations in 
Fig. 6b and c, such as HNO2, CO2, H2, NH3, N2O as well as HNO3. 
 
For the radicals, the final concentrations of H, NH and NH2 are ignorable. But the OH radicals have been 
accumulated to high concentration at 1017 cm-3 magnitude order. It also should be noticed that most of the CH2O, 
about 73.2052%, have simultaneously been removed, and the HNO and HCO radicals sourced from CH2O have 
been nearly consumed out after the simulation. 
 
The main reaction routes of NO removal assisted by CH2O during and after discharge are clarified from the above 
time-resolved analysis, and diagrammatically schemed in Fig. 7. Other reactions are minor and have been ignored. 
 
The radicals of HNO and HCO sourced from the reaction between NO and CH2O are played the essential roles, and 
the HNO is more important than HCO in the kinetic scheme. Another key radical is OH, and it has acted as essential 
intermediate reactant to remediate the poisonous pollutant HNO2 into benign productions of H2O and easy-scrubbed 
component of NO2. For the C element in CH2O, it has been transformed into CO and a small part of CO2. 
 

 
 

Fig. 7 Main reaction routes for removing NO assisted by CH2O additive gas during and after pulse streamer discharge 
 

It should be noticed that the spatial diffusion of all the molecules, atoms and radicals in the reaction scheme have 
been ignored in such zero-dimensional simulating model. 
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Fig. 8 Under different CH2O/NO concentration ratio, (a) the NO removal efficiency, and (b) the CH2O concentration variance (∆nCH2O) 

after the simulation 
 

The CH2O molecules are slightly increased from the concentration ratio of 1% to 15%, and CH2O concentration 
effect is present in Fig. 8a. NO removal efficiency (η) presents a monotonically increasing trend.  
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Such a phenomenon is ascribed to the reaction ruled by 
 
NO+CH2O→HCO+HNO     k=2.83×10-13 cm3s-1                                                 (3) 

 
More CH2O additive has heightened the consumption extent of NO, and more radicals of HNO and HCO have been 
produced for further accelerating the NO removal reactions schemed in Fig. 7.  
 
Such deduction is verified in Fig. 8b that more CH2O molecules have been consumed to participate into the reaction 
present in Eq.(3) and transformed into active radicals when CH2O/NO ratio increased. 
 

CONCLUSION 
 

NO removal through pulse streamer discharge is applied in this article. Evaluation on the experimentally collected 
emission spectra implies the effective decomposition of NO by electron collision, and more physical-chemical 
reactions are embedded. Based on the numerical results derived from the established zero-dimensional model, the 
major productions during the discharge are revealed as NO2 and N2, which are sourced from the reactions of NO 
with radicals of O or N. The CH2O additive has efficiently improved the NO removal kinetics mainly after discharge, 
due to the relatively low rate coefficient of the reaction between CH2O and NO. The main NO removal routes 
assisted by CH2O are determined by the intermediate radicals such as HCO, HNO and OH. The productions are 
including the benign species of N2, H2O, or easy-scrubbed species as NO2 and CO. Higher ratio of CH2O additive 
have supplied more HCO and HNO radicals, and further accelerated the NO removal. 
 
NO removal kinetics have been adjusted by a little of CH2O additive, and the CH2O itself as a kind of pollutant 
ingredient is also simultaneously remediated. The pulse streamer discharge technique is beneficial for 
high-efficiently reducing NO when adequate additive gas is mixed. 
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