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Abstract This paper reports the results of the chemical composition modeling for an

atmospheric pressure DC air discharge with water cathode. The modeling was based on the

combined solution of Boltzmann equation for electrons, equations of vibrational kinetics

for ground states of N2, O2, H2O and NO molecules, equations of chemical kinetics and

plasma conductivity equation. Calculations were carried out using experimental values of

E/N and gas temperatures for the discharge currents range of 20–50 mA. The effect of H2O

concentration on the plasma composition was studied. The main particles of plasma were

shown to be O2(a1D, b1R), O(3P), NO, NO2, HNO3, H2O2 and OH. Effective vibrational

temperatures of molecules were higher than gas temperature and they did not depend on

the discharge current. Distribution functions on vibrational levels for N2, O2, H2O and NO

ground states were non-equilibrium ones.

Keywords Atmospheric pressure DC air discharge � Water cathode � Modeling �
Active species concentrations

Introduction

The large number of published works during the last year concerning the non-equilibrium

plasma of atmospheric pressure in contact with solutions emphasizes the interest in this

field of plasma physics and plasma chemistry [1]. Already several applications were

successfully tested for such kind of plasmas. One of them is the wastewater purification
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from organic pollutants. To date, many devices were designed for these purposes; e.g. a

corona discharge over the surface solution [2], a Contact Glow Discharge Electrolysis [3],

a pulsed streamer discharge in solution [4, 5] and under solution [6], dielectric barrier

discharge [7], gliding arc [8] and some other ones. In any case, plasma is a source of

different kinds of active species. Some of them (e.g. O, �OH, HO2�, �H,O radicals and

H2O2) can be formed in the gas phase followed by their penetration into the solution. Other

particles react with water molecules at the gas-liquid interface resulting in non-equilibrium

water dissociation under the action of ion-electron bombardment and VUV radiation. For

understanding the mechanisms of the processes taking place in liquid it is necessary to

know the active species concentrations in a gas phase and their change under variations of

discharge parameters. Except for ozone concentration such data are rather limited. Inde-

pendently on a discharge type the emission spectra show the radiation bands of excited

states of N2, OH and NO and lines of atomic H and O at discharge in air or oxygen [1, 9].

But quantitative data are lacking. There are some studies where the OH radical concen-

trations in ground state were measured in gas phase for the atmospheric pressure DC

discharge with aqueous cathode in an ambient air, He, Ar and N2 by a LIF method [10–12]

and applying the absorption in UV region for Ar/H2O [13]. For the air it was discovered

that OH concentration was about 101-–1016 cm-3 in the current range of 10–30 mA. It is

safe to say that measurements of species densities in liquid plasmas are largely an unex-

plored area. For this reasons the modeling becomes an efficient method of plasma com-

position study. There are several studies devoted to modeling chemical composition for

discharges containing additions of water vapor.

In study [14] a zero-dimension Global model was developed for the description of

plasma chemical processes in the helium RF atmospheric pressure discharge with

admixture of water molecules. The model considered 46 species and 555 reactions

including reactions of excited states of atoms and molecules and positive and negative

ions. Authors did not use any experimental data on plasma parameters. The input data for

the calculation were electron density and initial composition of plasma-forming gas. The

discharge power and therefore reduced field strength, E/N, were determined from the

balance equations of charge particles. Gas temperature was assumed to be 300 K. The rate

coefficients for processes of electron impact were determined by means of Boltzmann

equation solution. Vibrational kinetics for H2O molecules was not taken into consideration.

In study [15] the zero-dimension modeling the chemical composition was carried out for

an atmospheric pressure DBD in oxygen containing 2.3 % of water molecules. The species

were O, O2, O3, OH, H, H2, H2O and H2O2 described by 37 reactions. The measured wave

forms of voltage and discharge current were used for determination of E/N and current

values averaged over impulse. The rate coefficients for electron impact and electron drift

velocity were calculated from stationary Boltzmann equation taking into account electron

collisions with O2 in a ground state only using averaged value of E/N. The electron

densities were determined from plasma conductivity using averaged value of discharge

current. Reactions of excited states were not considered as well as the vibrational kinetics

of molecules.

The plasma chemistry processes were simulated in study [16] for an atmospheric

pressure RF discharge (13.56 MHz) in helium containing admixtures of O2 and humid air.

The O2 content was 0.5 % and humid air one was 0.05 %. The air composition included

10-2 % of CO2, 10-3 % of N2O, 10-5 % of NO2, and 10-6 % of NO. Water content in air

was change in the range of 0–2.3 %. For the simulation authors used 0-D and 1-D Global

models. The 0-D model included 1048 reactions and 59 species. The 1-D model included
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184 reactions and 20 species. For the calculations of rate constants of electron impact

Boltzmann equation was used. Both models shown good egreement.

This paper aims to estimate the active species composition for DC discharge of

atmospheric pressure with distilled water cathode burning in an ambient air. As far as we

know, plasma chemistry for that system was not analyzed yet.

Description of the Model

The model included Boltzmann equation for electrons, equations of vibration kinetics,

chemical kinetics equations, and equation of plasma conductivity. The last equation was

used for determination of electron density on the base of measured current density since the

exact ionization mechanism is unknown.

The electron energy distribution function (EEDF) was obtained from the solution of the

homogeneous Boltzmann equation using two term expansion in spherical harmonics.

Collision integrals concerning charge particle formation were written as for usual inelastic

processes. This is possible because the electron energy losses in these processes are

negligible (less then 0.01 %) compared to the losses for other inelastic processes. It means

that Boltzmann equation can be independently solved using charge balance equations.

Collision integrals include the collisions of electrons with N2, O2, H2O, NO molecules in

electronic ground state and with O(3P) atoms. The collisions of second kind with vibra-

tionally excited molecules were taken into consideration as well. The cross-section sets for

N2, O2, H2O, NO molecules and O(3P) atoms were taken from studies [17–21], respec-

tively. Mathematical details of solution were described by us elsewhere [22, 23].

To determine the population of vibrational levels of N2, O2, H2O, NO molecules in

ground state the equations system of quasi- stationary kinetics was solved. This system

takes into consideration the single-quantum V–V, V–T exchange, e–v pumping and some

other ones. These processes are listed in Table 1.

H2O molecule was described as three anharmonic oscillators—(100, 010, 001). The

temperature dependencies of V–T rate constants K01(T) for N2, O2, H2O, NO molecules

were taken from studies [24–31] and V–V rate constants K01
10(T) were taken from works

[26, 28, 30–33]. The level rate constants were calculated using SSH generalized theory

[24]. We did not use any approximations for the translational factor and the constant of V–

T exchange for n ? n-1 transition was calculated as follows:

Kn;n�1 ¼ K10ðTÞ
nð1� XeÞ
1� n � Xe

� Ztrðhn
V ; h

n
LT ; TgÞ

ZtrðhV ; hLT ; TgÞ
;

where Xe is dimensionless anharmonicity constant and Ztr is translational factor which was

numerically calculated as

ZtrðhV ; hLT ; TÞ ¼
16

p2

hLT

hV

� �2Z1

0

e�zdz

sh2 ð2h1=2
LT � T

1=2
g =hVÞ ðzþ hV=TgÞ1=2 � z1=2

h in o:

In this formula Tg is gas temperature, hLT ¼ p2mABx2
0

2a2k
is characteristic temperature for the

first level, hn
LT ¼

p2mABx2
n

2a2k
—characteristic temperature for the nth-level, hV ¼ �hxAB

1

k
is char-

acteristic vibrational temperature for the first level, hn
V ¼

�hxAB
n

k
—characteristic vibrational

temperature for the nth-level, k is the Boltzmann constant, mAB is reduced mass of the

colliding particles, a is reverse radius in exponential repulsive potential of interaction, xn
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is frequency for n ? n-1 transition. The level V–V rate constants were calculated by the

similar expressions [24].

The molecular parameters were taken from [34, 35] and a values are given in [36]. For

the collision of H2O molecules with other molecules a values are unknown. For this reason

they were estimated by the expression given in study [24]:

a ¼ 3:74 � IAB

IM

� �1=2

¼ A
0�1

where IAB and Im are ionization potentials of colliding particles.

The equations of chemical kinetics included the set of reactions which are listed in the

Table 2.

The two-body reactions were chosen on the basis of reaction sets proposed in studies

[22, 93, 94] for modeling reaction mechanisms in a plasma of oxygen and air. These sets

described the experimental data quite well for DC discharges. Three-body reactions were

chosen according to study [53, 63]. Of course, we carried out the preliminary estimation of

particles life times with respect to different reactions and some reactions were rejected.

Specifically, we did not take into consideration the numerous reactions with ions of charge

exchange and recombination types since the rates of such reactions are limited by the

ionization rates. Under experimental values of E/N (18–28 Td) the ionization rates are less

than rates of excitation and dissociation more than several orders of magnitude. For

example, at E/N = 28 Td and water content of 0.05 % the ionization rate constant of

O2(X) with electron impact is 9.1 9 10-19 cm3/s, the dissociation rate constant is

8.7 9 10-14 cm3/s, the rate constant of O2(a1D) excitation is 3.1 9 10-11 cm3/s. The

ionization rate constants for N2 and H20 equal to 1.1 9 10-21 and 4.5 9 10-19 cm3/s,

respectively. The molecules and atoms under study do not have metastable states able to

provide ionization at collisions with ground states of particles. Thus, ion-molecular reac-

tions did not practically influence on the concentrations of neutral species. Of course, the

models proposed in studies [14, 16] include more reactions. But about more than half of

them are ion-molecular reactions. These reactions necessary to take into account if the E/N

values are unknown because E/N (or average electron energy, Te, for Global model) is

determined from the equations of charge balance. But in our case the E/N was taken from

experiment. Also, these reactions are important if we want to known the ion composition of

plasma. But it was not the aim of given study.

Also, the reaction of H2O2 thermal dissociation was not included in reactions scheme.

As it will be shown below the distribution of ground states of molecules on vibrational

levels is not equilibrium. For this reason it is impossible to use the equilibrium dissociation

rate constant and the correct determination of dissociation rate through dissociation con-

tinuum requires the solution of appropriate vibrational task. Unfortunately, we do not have

appropriate data to carry out such calculation. That is why we assume that calculated

concentrations of H2O2 can be overestimated.

Another disadvantage of our model is that we do not take into account the discharge

heterogeneity. To consider the heterogeneity it is necessary to solve the continuity equa-

tions system for every component with appropriate boundary conditions and equation of

heat conductivity. Unlike classical discharges which have holding walls this discharge does

not have one. Therefore, in radial direction the boundary is infinity where the component

concentration has to be zero. Additionally, it is necessary to have the diffusion coefficients

for neutrals and mobility for ions which are unknown for such complex system. It is clear

that the solution of this task is impossible in a reasonable time. Though, we suppose that
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Table 2 Processes and corresponding rate constants

No. Process Rate constants
(cm3s-1, cm6s-1)

Ref.

1 O2(X) ? e ? O2(a1D) ? e K = f(E/N)

2 O2(X) ? e ? O2(b1R) ? e K = f(E/N)

3 O2(X) ? e ? O2(A3R) ? e K = f(E/N)

4 O2(a1D) ? e ? O– ? O(3P) K = f(E/N)

5 O2(a1D) ? e ? O2(b1R) ? e K = f(E/N)

6 O2(X) ? e ? O(3P) ? O(3P) ? e K = f(E/N)

7 O2(X) ? e ? O(3P) ? O(1D) ? e K = f(E/N)

8 O(3P) ? e ? O(1D) ? e K = f(E/N)

9 O(3P) ? e ? O(1S) ? e K = f(E/N)

10 O(3P) ? e ? O(3s3S) ? e K = f(E/N)

11 O2(X) ? e ? O(3p3P) ? O(3P) ? e K = f(E/N)

12 O2(X) ? e ? O(3s3S) ? O(3P) ? e K = f(E/N)

13 H2O ? e ? H(1S) ? OH(X) ? e K = f(E/N)

14 O2(X) ? e ? O2
? ? 2e K = f(E/N)

15 H2O ? e ? H2O? ? 2e K = f(E/N)

16 O3 ? e ? O(3P) ? O2(X) ? e K = f(E/N) [37]

17 O2(X) ? e ? O– ? O(3P) K = f(E/N)

18 O(1D) ? O(3P) ? O(3P) ? O(3P) 0.8 9 10-11 [37]

19 O3 ? e ? O(3P) ? O2
– 1.00 9 10-9 [37]

20 O2
– ? O2(a1D) ? 2O2(X) ? e 2.00 9 10-10 [38]

21 O2
– ? O2(b1R) ? 2O2(X) ? e 3.60 9 10-10 [39]

22 O2(A3R) ? O(3P) ? O2(X) ? O(1S) 1.4 9 10-11 [40]

23 O– ? O2(a1D) ? O3 ? e 3.00 9 10-10 [38]

24 O– ? O2(b1R) ? O(3P) ? O2(X) ? e 6.90 9 10-10 [37]

25 O(3P) ? O3 ? O2(a1D) ? O2(X) 2.0 9 10-11 9 exp(-2,280/Tg) [37]

26 O2
– ? O(3P) ? O3 ? e 1.50 9 10-10 [38]

27 O– ? O(3P) ? O2(X) ? e 5.00 9 10-10 [39]

28 O2(b1R) ? O3 ? O(3P) ? 2O2(X) 1.80 9 10-11 [41]

29 O2(b1R) ? O2(X) ? O2(a1D) ? O2(X) 4.3 9 10-22 9 Tg
2.4 9 exp(–241/Tg) [42]

30 O2(b1R) ? O(3P) ? O2(a1D) ? O(3P) 8.00 9 10-14 [40]

31 O2(b1R) ? O(3P) ? O2(X) ? O(1D) 3.39 9 10-11 9 (300/Tg)0.1

9 exp(–4201/Tg)

[43]

32 O2(A3R) ? O2(X) ? 2O2(b1R) 2.93 9 10-13 [40]

33 O2(A3R) ? O(3P) ? O2(b1R) ? O(1D) 9.00 9 10-12 [41]

34 O(1D) ? O2(X) ? O(3P) ? O2(b1R) 2.56 9 10-11 9 exp(67/Tg) [44]

35 O(1D) ? O2(X) ? O(3P) ? O2(X) 6.4 9 10-12 9 exp(67/Tg) [44]

36 O(1S) ? O3 ? O(1D) ? O(3P) ? O2(X) 2.9 9 10-10 [45]

37 O(1S) ? O3 ? O2(X) ? O2(X) 2.9 9 10-10 [45]

38 O(1S) ? O2(a1D) ? O(3P) ? O2(A3R) 1.3 9 10-10 [46]

39 O(1S) ? O(3P) ? O(1D) ? O(3P) 5.00 9 10-11 9 exp(-301/Tg) [47]

40 O2(a1D) ? O2 ? 2O2(X) 2.2 9 10-18 9 (Tg/300)0.8 [42]

41 O(1S) ? O2(X) ? O(3P) ? O2(A3R) 3.17 9 10-12 9 exp(-850/Tg) [48]
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Table 2 continued

No. Process Rate constants
(cm3s-1, cm6s-1)

Ref.

42 O(1S) ? O2(X) ? O(1D) ? O2(X) 1.43 9 10-12 9 exp(-850/Tg) [48]

43 O(3p3P) ? O2(X) ? O(1S) ? 2O(3P) 4:62� 10�11
ffiffiffiffi
T
p

g [49]

44 O(3s3S) ? O2(X) ? O(1S) ? 2O(3P) 9:81� 10�12
ffiffiffiffi
T
p

g
[49]

45 O(3p3P) ? O(3s3S) ? hm 2.8 9 107 [50]

46 O(3s3S) ? O(3P) ? hm 6.0 9 108 [50]

47 OH(X) ? OH(X) ? H2O2 1.5 9 10-11Tg
-0.4 [51]

48 OH(X) ? OH(X) ? O2(X) ? H2O2 ? O2(X) 6.5 9 10-31(300/Tg)-0.7 [52]

49 OH(X) ? OH(X) ? H2O ? H2O2 ? H2O 1.5 9 10-31(1/Tg)2exp(22/Tg) [53]

50 OH(X) ? OH(X) ? H2O ? O(3P) 2.9 9 10-20Tg
2.6exp(945/Tg) [54]

51 OH(X) ? O3 ? HO2 ? O2(X) 1.9 9 10-12exp(-1,000/Tg) [52]

52 OH(X) ? H(1S) ? O2(X) ? H2O ? O2(X) 6.9 9 10-31Tg
-2 [53]

53 OH(X) ? H(1S) ? H2O ? H2O ? H2O 4.4 9 10-31Tg
-2 [53]

54 OH(X) ? H(1S) ? H2O 2.7 9 10-14 [55]

55 OH(X) ? H(1S) ? H2 ? O(3P) 1.38 9 10-14Tgexp(-3,500/Tg) [54]

56 OH(X) ? O(3P) ? O2(X) ? H(1S) 2.01 9 10-11exp(112/Tg) [54]

57 OH(X) ? H2 ? H2O ? H(1S) 7.69 9 10-12exp(-2,000/Tg) [54]

58 OH(X) ? HO2 ? H2O ? O2(X) 4.8 9 10-11exp(250/Tg) [54]

59 OH(X) ? H2O2 ? H2O ? HO2 2.91 9 10-12exp(-160/Tg) [54]

60 H(1S) ? H(1S) ? O2(X) ? H2 ? O2(X) 2.7 9 10-31Tg
-0.6 [54]

61 H(1S) ? H2O ? OH(X) ? H2 7.6 9 10-16Tg
1.6exp(-9,281/Tg) [54]

62 H(1S) ? HO2 ? H2 ? O2(X) 7.11 9 10-11exp(-710/Tg) [54]

63 H(1S) ? HO2 ? OH(X) ? OH(X) 2.81 9 10-10exp(-440.2/Tg) [54]

64 H(1S) ? HO2 ? H2O ? O(3P) 5.0 9 10-11exp(-866/Tg) [54]

65 H(1S) ? H2O2 ? H2O ? OH(X) 1.69 9 10-11exp(-1,780/Tg) [54]

66 H(1S) ? H2O2 ? HO2 ? H2 2.81 9 10-12exp(-1,890/Tg) [54]

67 H(1S) ? O3 ? OH(X) ? O2(X) 1.1 9 10-10exp(-480/Tg) [52]

68 H(1S) ? O3 ? HO2 ? O(3P) 1.0 9 10-10exp(-480/Tg) [52]

69 H(1S) ? O2(X) ? O(3P) ? OH(X) 3.7 9 10-11exp(-8,450/Tg) [52]

70 H(1S) ? O2(X) ? O2(X) ? HO2 ? O2(X) 5.9 9 10-32(300/Tg) [52]

71 O(3P) ? O(3P) ? O2(X) ? O2(X) ? O2(X) 1.3 9 10-32(300/Tg)exp(-170/Tg) [56]

72 O(3P) ? O2(X) ? H2O ? O3 ? H2O 9.9 9 10-34exp(510/Tg) [52]

73 O(3P) ? O2(X) ? O2(X) ? O3 ? O2(X) 6.4 9 10-35exp(663/Tg) [56]

74 O(3P) ? O3 ? O2(X) ? O2(X) 1.8 9 10-11exp(-2300/Tg) [56]

75 O(3P) ? H2 ? OH(X) ? H(1S) 3.44 9 10-31(Tg/298)2.67

exp(-3,162/Tg)
[54]

76 O(3P) ? H2O ? OH(X) ? OH(X) 1.0 9 10-11exp(-550/Tg) [52]

77 O(3P) ? HO2 ? OH(X) ? O2(X) 2.91 9 10-11exp(200/Tg) [54]

78 O(3P) ? H2O2 ? OH(X) ? HO2 1.4 9 10-12exp(-2,000/Tg) [54]

79 O3 ? O2(X) ? O(3P) ? O2(X) ? O2(X) 7.26 9 10-10exp(-11,400/Tg) [56]

80 HO2 ? O3 ? OH(X) ? O2(X) ? O2(X) 1.4 9 10-14exp(-600/Tg) [57]

81 HO2 ? H2O ? H2O2 ? OH(X) 4.7 9 10-11exp(-16,500/Tg) [52]

82 HO2 ? HO2 ? H2O2 ? O2(X) 2.2 9 10-13exp(600/Tg) [54]
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Table 2 continued

No. Process Rate constants
(cm3s-1, cm6s-1)

Ref.

83 HO2 ? HO2 ? O2(X) ? H2O2 ? 2O2(X) 1.9 9 10-33exp(-118/Tg) [53]

84 O2(a1D) ? H2O ? O2(X) ? H2O 3.0 9 10-18 [43]

85 O2(b1R) ? H2O ? O2(X) ? H2O 6.7 9 10-12 [43]

86 O(1D) ? H2O ? OH(X) ? OH(X) 2.8 9 10-10 [57]

87 O(1D) ? H2O ? H2O ? O(3P) 2.8 9 10-10 [57]

88 O(1D) ? H2O ? H2 ? O2(X) 2.3 9 10-12 [57]

89 O(1S) ? H2O ? H2O ? O(3P) 7 9 10-11 [58]

90 O- ? H2 ? H2O ? e 6 9 10-10 [39]

91 O2(X) ? O2(X) ? e ? O2
- ? O2(X) 2 9 10-30 [59]

92 O2
? ? O2

- ? O(3P) ? O(3P) ? O2(X) 4.2 9 10-7 [60]

93 O2
? ? O- ? 3O(3P) 1.2 9 10-7 [61]

94 O2
? ? O2

- ? O2(X) ? 3O2(X) 1 9 10-25 [37]

95 O2
? ? O- ? O2(X) ? 2O2(X) ? O(3P) 3 9 10-25 [62]

96 H2O? ? O- ? H(1S) ? OH(X) ? O(3P) 4.2 9 10-7 a

97 H2O? ? O2
- ? H ? OH(X) ? O2(X) 4.2 9 10-7 a

98 H2O? ? O2
- ? O2(X) ? H2O ? 2O2(X) 1 9 10-25 b

99 H2O? ? O- ? O2(X) ? H2O ? O(3P) ? O2(X) 1 9 10-25 b

100 O- ?O2(X) ? e ? O3 5.25 9 10-15 [53]

101 O2
- ?O2(X) ? e ? O2(X) ? O2(X) 2.09 9 10-18 [39]

102 O- ?O3 ? e ? O2(X) ? O2(X) 3.31 9 10-10 [53]

103 N2(X) ? e ? N2(A) ? e K = f(E/N)

104 N2(X) ? e ? N2(B) ? e K = f(E/N)

105 N2(X) ? e ? N2(a) ? e K = f(E/N)

106 N2(X, V) ? e ? N2(C) ? e K = f(E/N)

107 N2(X, V) ? e ? 2 N(4S) ? e K = f(E/N)

108 N(4S) ? e ? N(2D) ? e K = f(E/N)

109 N(4S) ? e ? N(2P) ? e K = f(E/N)

110 O(3P) ? N(2P) ? NO? ? e 1.00 9 10-12 [63]

111 O2
– ? N2(A) ? O2(X) ? N2(X) ? e 2.10 9 10-9 [64]

112 O– ? N2(A) ? O(3P) ? N2(X) ? e 2.20 9 10-9 [64]

113 O2
– ? N(4S) ? NO2 ? e 5.00 9 10-10 [65]

114 O– ? N(4S) ? NO(X) ? e 2.60 9 10-10 [66]

115 O– ? NO(X) ? NO2 ? e 2.60 9 10-10 [66]

116 N(4S) ? NO(X) ? N2(X,V = 11) ? O(3P) 1.05 9 10-12 (Tg)0.5 [67]

117 NO(X) ? O3 ? O2(X) ? NO2 4.21 9 10-13 [67]

118 N2(A) ? O2(X) ? N2(X) ? 2O(3P) 2.54 9 10-12 [68]

119 N2(A) ? O(3P) ? NO(X) ? N(2D) 2.00 9 10-11 [69]

120 N2(A) ? N2(A) ? N2(C) ? N2(X) 2.00 9 10-12 [70]

121 N2(A) ? O2(X) ? N2(X) ? O2(a) 6.00 9 10-12 [68]

122 N2(A) ? N(4S) ? N2(X) ? N(2P) 5.00 9 10-11 [71]

123 N2(A) ? O(3P) ? N2(X) ? O(1S) 2.10 9 10-11 [72]

124 N2(A) ? NO(X) ? N2(X) ? NO(X) 1.10 9 10-10 [73]

125 N2(B) ? N2(X) ? N2(A) ? N2(X) 5.00 9 10-11 [71]
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Table 2 continued

No. Process Rate constants
(cm3s-1, cm6s-1)

Ref.

126 N2(B) ? N2(A) ? hm 1.5 9 105 [36]

127 N2(B) ? NO(X) ? N2(A) ? NO(X) 2.40 9 10-10 [73]

128 N2(B) ? O2(X) ? N2(X) ? 2O(3P) 3.00 9 10-10 [71]

129 N2(a) ? N2(X) ? N2(B) ? N2(X) 2.00 9 10-13 [74]

130 N2(a) ? O2(X) ? N2(X) ? O(3P) ? O(3P) 2.80 9 10-11 [74]

131 N2(a) ? NO(X) ? N2(X) ? N(4S) ? O(3P) 3.60 9 10-10 [74]

132 N2(C) ? N2(B) ? hm 3 9 107 [74]

133 N2(C) ? O2(X) ? N2(X) ? O(3P) ? O(1S) 3.00 9 10-10 [71]

132 O2(a1D) ? NO(X) ? O2(X) ? NO(X) 2.50 9 10-11 [75]

133 O2(b1R) ? N2(X) ? O2(a1D) ? N2(X) 3.36 9 10-15 [76]

134 O2(b1R) ? NO(X) ? O2(a1D) ? NO(X) 4.00 9 10-14 [77]

135 O2(A) ? N2(X) ? O2(b1R) ? N2(X) 3.00 9 10-13 [78]

136 N(2D) ? O2(X) ? NO(X) ? O(3P) 2.24 9 10-12 [63]

138 N(2D) ? O2(X) ? NO(X) ? O(1D) 8.97 9 10-12 [63]

139 N(2D) ? NO(X) ? N2(X) ? O(3P) 6.00 9 10-11 [45]

140 N(2P) ? O2(X) ? NO(X) ? O(3P) 2.60 9 10-12 [79]

141 N(2P) ? NO(X) ? N2(A) ? O(3P) 3.40 9 10-11 [80]

142 O(1D) ? N2(X) ? O(3P) ? N2(X) 2.11 9 10-11 [81]

143 O(1D) ? NO(X) ? N(4S) ? O2(X) 1.70 9 10-10 [45]

144 O(1S) ? NO(X) ? O(3P) ? NO(X) 1.80 9 10-10 [45]

145 O(1S) ? NO(X) ? O(1D) ? NO(X) 3.20 9 10-10 [45]

146 NO(X) ? e ? N(4S) ? O(3P) ? e K = f(E/N)

147 O(3P) ? NO(X) ? N2(X) ? NO2 ? N2(X) 9.37 9 10-33 [63]

148 O(3P) ? N(4S) ? N2(X) ? NO(X) ? N2(X) 6.79 9 10-33 [63]

149 O(3P) ? NO(X) ? O2(X) ? NO2 ? O2(X) 9.40 9 10-33 [63]

150 O(3P) ? N2(X,V) ? NO(X) ? N(4S) 9.61 9 10-11 [82]

151 N2(C) ? N2(X) ? N2(X) ? N2(X) 9.0 9 10-12 [83]

152 N2O ? e ? N2(X) ? O- K = f(E/N)

152 NO2 ? e (?M) ? NO2
-(?M) 3 9 10-11 [89]

152 NO2 ? e ? NO ? O- 10-11 [89]

153 O2
- ? N(4S) ? NO2 ? e 5 9 10-10 [65]

154 NO(X) ? O- ? NO2 ? e 2.6 9 10-10 [66]

155 N(4S) ? NO2 ? N2(X) ? O2(X) 7�10-13 [67]

156 N(4S) ? NO2 ? N2(X) ? O(3P) ? O(3P) 9.1 9 10-13 [67]

157 N(4S) ? NO2 ? N2O ? O(3P) 3 9 10-12 [67]

158 N(4S) ? NO2 ? NO(X) ? NO(X) 2.3 9 10-12 [67]

159 O(3P) ? NO2 ? NO(X) ? O2(X) 1.13 9 10-11 9 (Tg/1000)0.18 [67]

160 O(3P) ? NO3 ? O2(X) ? NO2 1 9 10-11 [67]

161 NO(X) ? O3 ? O2(X) ? NO2 4.3 9 10-12 9 exp(-1,560/Tg) [67]

162 NO2 ? O3 ? O2(X) ? NO3 1.2 9 10-13 9 exp(-2,450/Tg) [67]

163 NO3 ? NO3 ? O2(X) ? NO2 ? NO2 5 9 10-12 9 exp(-3,000/Tg) [67]

164 NO2 ? NO3 ? NO(X) ? NO2 ? O2(X) 2.3 9 10-13 9 exp(-1,600/Tg) [67]

165 O(3P) ? NO(X) ? M ? NO2 ? M 6.34 9 10-32 9 (300/Tg)1.8 [67]
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zero-dimension model will be useful for estimation of concentrations of main chemically-

active species. At least, the results obtained in study [16] at 1-D and 0-D simulations were

very close. Some results on estimations of radial distribution influence of plasma param-

eters on the results of calculations will be shown below.

Modeling was carried out using experimental data obtained in our previous study [23].

In this work, the averaged values of gas temperatures, vibrational temperatures of N2(X),

reduced electric field strengths (E/N) and diameters of plasma zone were obtained for the

discharge current range of 20–50 mA. It was shown that the gas temperature

(1,420 ± 90 K) and vibrational temperature (4,200 ± 100 K) did not depend on discharge

current whereas E/N dropped from 28 up to 18 Td under the discharge current increase

from 20 up to 50 mA. The diameter of positive column was linearly increased from 1.5 up

to 2.5 mm in the same current range. Because the diameter was measured optically the real

diameter can be a little more. Therefore, the electron density which was determined on

conductivity can be somewhat overestimated. The solution volume (cathode) was 80 mL.

Table 2 continued

No. Process Rate constants
(cm3s-1, cm6s-1)

Ref.

166 O(3P) ? NO2 ? M ? NO3 ? M 8.08-33 9 (1000/Tg)2 [67]

167 N2(A) ? O2(X) ? N2O ? O(3P) 7.8 9 10-14 [68]

168 O(1D) ? N2O ? NO(X) ? NO(X) 7.2 9 10-11 [81]

169 O(1D) ? N2O ? N2(X) ? O2(X) 4.4 9 10-11 [81]

170 N2(C) ? H2O ? N2(X) ? H2O 3.9 9 10-10 [83]

171 NO(X) ? OH(X) ? O2(X) ? HNO2 ? O2 7 9 10-31 9 (Tg/298)-2.6 [83]

172 NO(X) ? OH(X) ? N2(X) ? HNO2 ? O2 7 9 10-31 9 (Tg/298)-2.6 [84]

173 HNO2 ? OH(X) ? NO2 ? H2O 6.24 9 10-12 9 (Tg/298)

9 exp(-68.5/T)

[85]

174 NO(X) ? HO2 ? NO2 ? OH(X) 3.4 9 10-12 9 exp(270/Tg) [86]

175 NO2 ? OH(X) ? N2(X) ? HNO3 ? N2(X) 1.6 9 10-30 9 (Tg/298)-2.9 [87]

176 NO2 ? HO2 ? N2(X) ? HNO3 ? N2(X) ? O(3P) 1.8 9 10-31 9 (Tg/298)-3.2 [86]

177 NO2 ? OH(X) ? NO(X) ? HO2 3.01 9 10-11 9 exp(-3362/Tg) [85]

178 O(1D) ? NO2 ? O2 ? NO(X) 3 9 10-10 [88]

179 NO2 ? H ? NO(X) ? OH(X) 4 9 10-10 9 exp(-341/Tg) [90]

180 NO(X) ? H(1S) ? HNO 2.44 9 10-10 9 (T/298)-0.41 [85]

181 NO(X) ? H(1S) ? N2(X) ? HNO ? N2(X) 1.34 9 10-31 9 (Tg/
298)-1.32 9 exp(-371/Tg)

[85]

182 NO(X) ? H(1S) ? O2(X) ? HNO ? O2(X) 1.34 9 10-31 9 (Tg/
298)-1.32 9 exp(-371/Tg)

[85]

183 NO(X) ? H(1S) ? H2O ? HNO ? H2O 1.34 9 10-31 9 (Tg/
298)-1.32 9 exp(-371/Tg)

[85]

184 HNO ? O(3P) ? OH(X) ? NO(X) 5.99 9 10-11 [85]

185 HNO ? O(3P) ? H(1S) ? NO2 4.63 9 10-18 [88]

186 OH(X) ? HNO3 ? H2O ? NO3 8.3 9 10-15 9 exp(851/Tg) [91]

187 NO(X) ? NO3 ? 2NO2 1.79 9 10-11 9 exp(110/Tg) [86]

a,b Estimation on data of studies [45, 92]. K = f(E/N)—was calculated on EEDF. O2(X),O2(A),
N2(X),OH(X), NO(X), N2(A), N2(B), N2(C), N2(a) designate 3Rg

-, A3Ru
?, X1Rg

?, X2P, X2P, 3Pg, 3Pu, and
a’1R? states. Tg—gas temperature
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The system of equations was solved as follows:

1. The Boltzmann equation was solved for a given E/N, gas temperature, discharge

current density, initial composition of mixture (ground states of O2,N2 and H2O; O2:N2

ratio corresponds to air). Rate coefficients for the processes of electron impact as well

as electron density were obtained.

2. Using these values the equations of vibrational kinetics were solved. The relative

accuracy of calculation was 1 %. Vibrational level distributions were determined.

3. The composition of plasma was found by means of quasi- stationary equations of

chemical kinetics which were solved iteratively. The relative accuracy of every

concentration calculation was 1 %.

4. Calculated concentrations and vibrational distributions we returned to point 1 and so

on. The computational procedure was terminated when the particle concentrations

change did not exceed the error limit of 1 %.

The main problem at the modeling was the lack of data on water molecules concen-

tration in a gas phase. For this reason we used them as a given parameter.

Results and Discussion

The calculations showed that the best agreement between experiment and calculation for

vibrational temperatures of N2(X) is achieved at the water content of 0.05 % (Fig. 1). The

vibrational distributions are not equilibrium ones (Fig. 2).The vibrational temperatures for

H2O, O2(X) and NO(X) determined on the population of first two levels are represented in

Fig. 3. Vibrational temperatures for O2(X) and NO(X) are close to the gas ones (1,420 K)

due to the fast V–T relaxation rate of these molecules on O(3P) atomic oxygen in com-

parison with V–V relaxation rates. The slight dependence of vibrational temperatures on

the discharge current is related with slight dependence of excitation-de-excitation fre-

quencies by electron impact for the first vibrational levels on the discharge current as well

as with slight dependence of O(3P) concentration on discharge current (Fig. 4). The

increase in a discharge current results in the increase in the electron densities, Ne, (Fig. 5).

At the same time the rate constants, Kex, of electron impact are decreased with discharge

current due to the dropping of E/N. As a result, the (Ne 9 Kex) product changes slightly.
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Fig. 1 N2(X) vibrational
temperature vs discharge current.
Water content: 1—5 %, 2—2.3
%, 3—0.2 %, 4—0.05 %.
Experimental value is 4,200 K
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Electron density was determined from the relation Ne = J/(e 9 VD), where J is dis-

charge current density, VD is electron drift velocity, e is electron charge. The dependence

of electron density on the discharge current is related with dependences of electron drift

velocity and diameter of positive column on discharge current. Electron drift velocity

drops with the increase in a discharge current due to the decrease in E/N whereas diameter

is increased. In spite of the increase in a discharge current the discharge current density

drops. The change velocity of J and VD is different. As a result of common action of these

two factors the specific dependence of electron density on discharge current is observed.

Considerable quantity of nitrogen oxides with various oxidation levels are formed in

such plasma (Figs. 6, 7). Molecules of nitric acid (HNO3), nitrous acid (HNO2) and

nitroxyl (HNO) are formed as well (Fig. 8). Nitrogen oxide (II) is dissolved poorly in water

as well as N2O. But nitrogen oxide (IV) reacts with water fast forming nitric and nitrous

acids: 2NO2 ? H2O ? HNO3 ? HNO2. HNO3 is indefinitely dissolved in water. There-

fore, it can be expected that the discharge action has to be accompanied by the appearance

in a water of nitric acid and by the increase in solution acidity (the decrease in pH). Nitric

acid is a strong oxidizer and it reacts easily with organics. The large NO concentration

(order of magnitude higher than other particles) and low excitation threshold (*5.7 eV)
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cmFig. 5 Electron densities versus
discharge current. Water
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current. Water content: 1, 4—
0.2 %; 2, 5—2.3 %; 3, 6—5 %;
7, 8—0.05 %
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has to result in the high emission intensity in short-wave UV region of spectra

(200–271 nm) due to a radiation of c-system of NO molecules (A2R ? X2P transition) as

it was really observed in [23, 95].

The main oxygen-hydrogen particles were •OH, HO2
• radicals and hydrogen peroxide.

Their concentrations are shown in Figs. 9 and 10. The orders of magnitude of •OH radical

concentrations are close to those which were experimentally observed in study [10, 11]

(1015–1016 cm-3). Although it is not so correct we added into reactions scheme the

reaction of dissociation of H2O2 with equilibrium rate constant of 3.00 9 1014 9

exp(-2,4430/Tg)s-1 [51]. The result showed that H2O2 concentration could be overesti-

mated by a factor of 1.5.

The main oxygen-containing species were atomic oxygen O(3P) and two lower meta-

stable states of molecular oxygen O2(a1Dg) and O2(b1Rg
?) (Fig. 11). Unlike DBD of

atmospheric pressure, the concentration of ozone was very low whereas this of O(3P) was

higher [96]. Thus, for DC discharge the O(3P) concentration is about 1015 cm-3 and for

DBD-*1011 cm-3. For DC discharge the O3 concentration is about 1011 cm-3 and for

DBD-*1016 cm-3. This is due to the change in the mechanism of ozone loss. For both

discharges the main reaction of ozone formation is O(3P) ? O2(X) ? O2(X) ? O3 ?
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Fig. 7 The dependence of
concentrations of NO2 (1, 2, 3, 7)
and N2O (4, 5, 6, 8) on discharge
current. Water content: 1, 4—
0.2 %; 2, 5—2.3 %; 3, 6—5 %;
7, 8—0.05 %
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O2(X). For DBD the main reaction of ozone destruction is O(3P) ? O3 ? O2(X) ? O2(X).

In this reaction O(3P) atoms are not formed. For this reason, O(3P) atoms are transformed

to ozone. For DC discharge the reaction O3 ? O2(X) ? O(3P) ? 2O2(X) becomes the

dominant due to the difference in gas temperature (*300 K for DBD and *1,450 K for

DC) leading to sharp increase in a rate constant of the reaction mentioned above. In this

reaction O(3P) atoms appear again. Therefore, under the application of DC discharge for

water processing it can be neglected with the ozone action on oxidation processes in a

solution.

To check the influence of radial heterogeneity on the calculation results we acted by the

following way.

At conditions under study the EEDF characteristic time of relaxation sj can be esti-

mated as follows

sr �
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�e� e=me

p
� rm � N � d

;

where �e � 1 eV—electron average energy, me—electron mass, rm & 10-15 cm2—

momentum transfer cross section for electron collision with O2–N2 molecule,

N = 4 9 1018cm-3—total particle concentration, d ¼ ð1:2� VD= �VÞ—average energy

fraction losing with electron per one collision, �V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�e� e=me

p
� 6� 107 cm/c—aver-

age electron velocity, VD & 3 9 106cm/s—electron drift velocity.

The calculation gives the d & 0.06, sr & 6.9 9 10-11 s and �V � VD.

The EEDF characteristic length of relaxation k is determined as

k ¼ VD � sr:

The calculation gives the k = 2 9 10-4cm. Comparison this value with the radius of

discharge (R & 0.1 cm) shows that the EEDF is determined with the local value of E/N.

Typical values of diffusion coefficients, D, of neutral particles under the experimental

conditions are *6 cm2/s. It gives the characteristic diffusion time sD = R2/

D & 2 9 10-3s. The characteristic times of life of different species with respect to vol-

ume reactions are essentially shorter. Therefore, there is local balance of formation and

loss processes.

For the temperature profile we used the approximation

T rð Þ ¼ T0 � DT � r=Rð Þ2¼ T0 � T0 � TRð Þ � r=Rð Þ2;

where T0 is the temperature at discharge axis, TR = 300 K is the temperature at the

discharge boundary.

This expression gives the average over discharge cross-section temperature which is

measured as

�T ¼ T0 � 0:5� DT :

Using this expression the temperature profile was calculated and on its base the E/N profile

was calculated as well. For the electron density profile the following expression was

applied

Ne rð Þ ¼ N0
e 1� r=Rð Þ2
h i

;

where Ne
0 is electron density at discharge axis.
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Then the model was solved for every point of discharge radius. Obtained results were

averaged on discharge cross-section. Control computation showed that results of those

calculations differed from calculation on 0-D model slightly. Thus, for the discharge current

of 20 mA and water content of 0.2 % the concentration of O2(a1D) was 1.8 9 1014 cm-3

(1.7 9 1014 cm-3 on 0-D model), OH was 9 9 1014 cm-3 (1.3 9 1015 cm-3 on 0-D

model), NO was 4.8 9 1016 cm-3 (4 9 1016 cm-3 on 0-D model).

The data obtained allow estimating the maximal rates which can be provided for the

particles being formed in discharge under their penetration in a solution as follows. Flux

particle density is equal to J = N 9 VT/4, where N is particle concentration, VT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8�kb�Tg

p�m

q
is thermal velocity and m is the particle mass. If all particles reaching the solution surface

react into solution completely then average rate on volume can be expressed as
�W ¼ J � SC=VS, where Sc is square of solution contact with discharge and Vs = 80 cm-3 is

solution volume. The calculation gave the values of 1016, 6 9 1015 cm-3s-1 for •OH and

H2O2, respectively for discharge current of 40 mA and water content of 0.05 %. These

results can be compared with the data which were obtained in study [97] where the con-

centration of H2O2 was measured in a solution for the same set-up and for the same

discharge conditions and H2O2 formation-loss was modeled. Results of the modeling

showed that formation rates of H2O2 and •OH were more than *1017 cm-3s-1. Therefore,

the particles flux from plasma cannot provide the observed formation rates in liquid. And the

main source of H2O2 and •OH should be the reactions of water molecules dissociation which

are initiated under bombardment of liquid-gas interface by positive ions accelerated in a

cathode voltage drop as it was implicitly postulated, for example, in study [4].

Concentration dependences on discharge current are defined by the two main reasons:

results in the growth of electron densities (1) (Fig. 5) and in the decrease in E/N (2) taking

place under the increase in discharge current. The first factor promotes to a growth of

excitation frequency by electron impact. The second leads to the decrease in rate constants

of electron impact. The degree of the constants decrease depends on the process threshold

energy. For processes with the low threshold energy the increase in rate constants is slight

and the first factor is the predominate one. For this reason the concentration of O2(a1Dg)

(threshold is 0.98 eV for electron impact) is increased with discharge current while the

O2(b1Rg
?) concentration (threshold is 1.63 eV) barely depends on discharge current.

Of course, not all reactions in Table 2 are important for forming the composition of

plasma. The accomplished calculations allow revealing the main reactions by comparing

the rates of formation and loss. The knowledge of formation rates presents a separate

interest since they determine the top possibilities of plasma with respect to generation of

given kind of particles. The results of such analysis are listed in Table 3.

It is interesting to point out that the main processes of •OH formation are not the disso-

ciation of H2O by electron impact but the following reactions: O(3P) ? H2O ? OH� ? OḢ

and NO ? HO2
� ? NO2 ? �OH.

The low values of obtained concentrations show that it is possible to solve the Boltz-

mann equation independently on the equations of chemical kinetics that take in account the

electron collisions with N2(X) O2(X) and H2O molecules only. Nevertheless, super-elastic

collisions of electrons with N2 vibrational excited molecules are also important.

Conclusions

On the basis of experimental data on parameters of an air atmospheric pressure DC

discharge with water cathode the modeling chemical composition of plasma was carried
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out at the discharge current range of 20–50 mA. The main particles being formed in

plasma were shown to be NO, HNO3, HNO, •OH, H2O2, O(3P) and O2(a1Dg). The

dependencies of these particles concentrations on the discharge current are defined with the

change in an electron concentration and in an EEDF. The specific feature of discharge is

low concentration of ozone molecules and high vibrational temperature of N2 ground state.

The comparison of estimated fluxes of active species from plasma onto gas-solution

interface with available data on liquid phase allows to suppose that •OH, H2O2 molecules

are formed as a result of ion bombardment of solution surface. High concentrations of

HNO3 molecules in plasma have to lead to the formation of nitric acid solution and to the

decrease in solution pH.
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