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The kinetics of the N»(A*Z,"), NZ(B3Hg), Oy lAg), and 02(b12g+) excited states in the barrier-discharge plasma in
atmospheric air is calculated and their effect on the concentrations of derivative products — ozone and hydroxyls
OH, HO,, and H,0, is analyzed. It is shown that the largest deviations in the concentrations obtained with and
without taking into account the excited states are observed for H,O, (=60%) and O; (= 40%) at a relative humidity
of 20%. The variation of the air humidity from 20...80% does not result in qualitative changes in the behavior of the

ozone and hydroxyl concentrations in the barrier discharge.

PACS: 52.80. Tn

INTRODUCTION

An interest in the study of a barrier discharge in
atmospheric pressure air is stipulated by a wide range of
its practical application, such as purification of exhaust
gases, sterilization of medical instruments, surface
modification, etc. Simulation of plasma kinetics in
barrier discharges opens the way to understanding the
nature of kinetic processes in its active media and the
relationship between their input parameters and the
concentrations of secondary products — hydroxyls,
ozone, acids. Therefore, of great importance is the
creation of an adequate model of plasmachemical
reactions in a barrier discharge.

Typically, such models take into account the kinetics
of the initial discharge components — nitrogen and
oxygen — in the ground states. However, the analysis of
the cross sections of their inelastic collisions with
electrons testifies to the active formation of Nz(A3Zu+),
N,(B’T1,), and Ox('A,), Ox(b'Z,") excited molecules in
the discharge. In this paper, the kinetics of these excited
states in the barrier discharge plasma in atmospheric
pressure is calculated. The effect of kinetic processes
involving the Ny(A’%L,”), NyB’Il,), O('A,), and
Oz(blZg) excited molecules on the concentrations of
derivative products — ozone as well as OH, HO,, and
H,0, hydroxyls is also investigated.

1. CALCULATION MODEL

The calculations presented in the paper are obtained
using the numerical model of plasma kinetics in a
homogeneous volume discharge, where the input
parameter is the introduced power density. This power
is converted to gas heating and inelastic collisions of
electrons and particles in the active medium, i.e.

Z z (1)

where W¢; and W; are the specific powers spent for
inelastic and elastic collisions, respectively [1]. Given
that the energy introduced into the discharge is
uniformly distributed over the discharge chamber, the
rate of an electron-molecular reaction with the threshold
energy &, can be presented as
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Derivative components in the discharge are formed
due to both electron processes and plasmachemical
reactions. Thus, one obtains the following kinetic
equation for the concentration N; of particles of kind i

dN,
E=S,+ ) kN, + D kNN, +.... 3)
J Jid

dt

where S is calculated by Eq.(2), k;, ki stand for the
rate constants of two- and three-particle molecular
reactions leading to the formation or destruction of the
component under study.

The component composition in the discharge was
calculated at the following input parameters: electric
field in the plasma of 20 kV/cm, embedded power of
1.5 W/em®, and two humidity values — 20 and 80%. The
time dependences of the excited Ny(A), Ny(B), O,(A),
O,(X)states were analyzed together with their effect on
the densities of O, H,O,, OH, and HO, molecules.

The system of kinetic equations (3) was solved with
regard for the elementary processes described in [1]. To
analyze the effect of the excited nitrogen and oxygen
states on the discharge kinetics, the reactions listed in
Tables 1 and 2 were added to the kinetic model.

Table 1. Reactions involving N»(4) and N,(B) states

Ne Reaction Rate constant

1 Nz(A)+02 > N2+O+O 2.54e-12 2
2 N,(A)+0O, > N,0+0 7.8e-14 2
3 NL(A)+N,0 > N,+N+NO 1.0e-11 2
4 Nz(A)+N2 > N2+N2 3.0e-18 2
5 N>(A)+NO > N,+NO 7.0e-11 2
6 NL(A)+O, > NL+O5(A) 6.45¢e-13 2
7 NL(A)+0O, > N,+0,(2) 6.45¢-13 2
8 N,(A)+0O; > N,+0,+0O 4.2e-11 3
9 N,(A)+H,0 > N,+H+OH 6.0e-14 3
10 | No(A)tNO, > N,*+NO+O 1.3e-11 3
11 Nz(A)“"Nz(A) > N2+N2(B) 4.0e-10 3
12 | No(B)+N, > No(A)+N, 5.0e-11 2
13 | No(B) > Ny(A) 1.1.5e5 2
14 | No(B)*NO > N,(A)+*NO 2.4e-10 2
15 | No,(B)+O, > N,+0+0O 3.0e-10 2
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Table 2. Reactions involving O,(A) and O,(2) states

Ne Reaction Rate constant

1 | O,(A)+0; > 040,40 | 9.7e-13*exp ™" | 2
2 | O)(A)+N >NO+0O 2.0e-14*exp T 2
3 | O5(A)+N, > Or+N, 3.0e-21 2
4 | 0,(A)+0, > 0,40, 2.2e-18(T/300)™* 2
5 | 0,(A)+0 > 0,+0 7.0e-16 2
6 | O(A)JfNO >0, +NO | 2.5e-11 2
7 | O,(A)+H,0 > O,+H,0 | 5.0e-18 3
8 | 0,(2)+0;> 0,+0,+0 | 1.8e-11 2
9 | 02)+N, > 0,(A)tN, | 4.9e-15%exp™"" 2
10 | 0x(2)+0, > 0x(A)+0, | 4.3e22¥T*™exp™" | 2
11 | 04(2)+0 > 0,(A)+0O 8.0e-14 2
12 | O)(2)+NO>0,(A)+NO | 4.0e-14 2

In our calculations, we compared the concentrations
of derivative molecules and radicals calculated without
reactions involving Ny(A), N»(B), Ox(A), Oy(Z), taking
into account only those with excited N,(A), N»(B) and
with excited O,(A), O,(X), and with regard for all
processes listed in Tables 1,2.

2. CALCULATION RESULTS

The time dependences of the N,(A), N»(B) densities
obtained for RH =20 and 80% are presented in Fig. 1.
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Fig. 1. Time dependences of the N>(4), N»(B) densities
at air humidity of 20%

One can see that the concentrations of the both
molecules are low, yet significantly differing in favor of
the former component: the N,(A) density in the
discharge reaches 2e10cm’, whereas the Ny(B)
concentration does not exceed 1e8 cm®. Moreover, the
both concentrations very quickly reach their stationary
values: the concentration of N,(A) stops changing at
t=5e-7 s, while that of N,(B) — at t = 5e-9 s.

Such a behavior of the considered dependences is
obviously explained by kinetic processes. The N(A),
No(B) excited levels are generated by electronic
excitation from the ground state of nitrogen molecules.
As concerns their deactivation channels, the dominant
processes for Np(A) are those with participation of
oxygen (reaction 1.1) with a rate of 2.54e-12 cm’/s.
The deactivation reaction due to collisions with nitrogen
has a much lower rate of 3.0e-18 cm’/s, while the other
reactions with noticeable rates involve derivative
molecules such as N,O and NO,, whose concentrations
in the discharge are much smaller than those of the
initial components - nitrogen and oxygen.
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N»(B) molecules are mainly deactivated in collisions
with nitrogen (reaction 1.12, k=5,0e-11 cm’/s) and
oxygen (reaction 3.15, k = 3,0e-10 cm’/s). It is clear that
these values significantly exceed the rates of Ny(A)
deactivation.

Thus, analyzing the kinetic processes in Table 1, one
can draw the following conclusions:

1. The main decay channels of N,(A), N»(B) excited
molecules are the reactions involving the major
components of the active medium — nitrogen and
oxygen in their ground states. Thus, the stationary
concentrations of the excited nitrogen states are
determined almost exclusively by N, and O, densities,
so that they quickly reach their stationary values.

2. The considerable excess of the deactivation rates
of Ny(B) molecules in collisions with N,, O, over the
rates of the corresponding processes involving Ny(A)
results in a significant gap between the concentrations
of the excited nitrogen states in favor of the latter.

3. The humidity value has no significant effect on
the N»(A), N,(B) concentrations. In the case of N,(B)
molecules, there are no direct interaction channels with
water or hydrogen-bearing components, whereas in the
case of N,(A), there is a deactivation reaction in
collisions with H,O, though its rate is comparatively
low (6.0e-14 cm?/s).

The temporal dynamics of the Oy(A), Oy(%)
concentrations presented in Fig. 2 is more complicated.
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Fig. 2. Time dependences of the O,(A), O5(Z) densities
at air humidity of 20%

The concentrations of excited oxygen molecules
reach significantly higher values than those of excited
nitrogen — 8e13 cm?/s and 6el1 cm’/s, respectively, and
do not come to stationary values in the time range up to
5's. As follows from Table 2, nitrogen and oxygen in
their ground states are involved in the deactivation of
excited O,(A), O,(X) molecules, still the rates of the
corresponding processes are very small and do not
exceed le-18 cm’/s. In this case, of major importance
are reactions with participation of derivative products,
particularly the main channels of O,(A) deactivation are
collisions with NO (reaction 2.6) and Oj; (reaction 2.1).
The same situation is observed in the case of O,(X) with
the most powerful decay channel being collisions with
ozone (reaction 2.8).
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Thus, analyzing the kinetic reactions involving
excited oxygen states O,(A), O,(X), one can state that:

1. The main deactivation channels of the excited
oxygen states are processes involving ozone and NO
(for O,(A) molecules).

2. The insignificant role of deactivation of excited
oxygen by the initial mixture components — nitrogen
and oxygen in the ground states — provides noticeable
values of the O,(A), O,(X) densities in the discharge.

3. The time dependences of excited oxygen have a
complicated form determined by the behavior of the O;
and NO concentrations. For example, the O,(Z) density
grows in the time interval t<le-4 s, where the ozone
concentration in the discharge is insignificant. After
that, it decreases due to the rise in the ozone density in
this period. Att= 0.5 s, the ozone concentration reaches
a maximum and starts falling slowly, which in turn
results in a slight increase in the O»(Z) concentration.

4. The same way as in the case of N,(A), N,(B), the
humidity has no noticeable effect on the excited oxygen
concentration due to the absence of deactivation
reactions involving hydrogen-bearing components.
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Fig. 3. Time dependences of the ozone concentration at
RH =20 and 80% calculated without excited states
(—, with Ny(4), Nx(B) (= =), Oz(A), Ox(2) (= =)

and with all nitrogen and oxygen excited states (—+ —+)

The influence of excited nitrogen and oxygen on the
ozone density can be traced in Fig. 3. One can see that
adding processes involving excited nitrogen molecules
to the kinetic model leads to an increase in the ozone
concentration, in spite of the process of N,(A) de-
activation in collisions with ozone (reaction 1.8). The
observed growth of the O; density may be due to the
additional channels of formation of atomic oxygen
(reaction 1.1, 1.15), which is the main factor in the
ozone generation in the discharge.

If adding processes involving excited oxygen O,(A)
and Oy(Z) to the kinetic model, one, on the contrary,
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observes a decrease of the ozone concentration in the
discharge. The deactivation reactions involving excited
oxygen molecules do not result in the dissociation of O,
molecules and, consequently, do not contribute to the
efficient ozone formation. Besides, there are processes
of direct destruction of ozone due to collisions with
excited oxygen molecules (reactions 2.1 and 2.8).

In spite of some compensation of the opposite
effects made by excited nitrogen and oxygen, their
cumulative influence leads to an increase in the O;
density. The rise in the humidity to 80% does not
change the behavior of the studied dependences.

[HO,], 10** cm™

RH =20%

0 T r r T
1E-5 1E-4 1E-3 0,01 01 1

t,s

[HO,], 10" cm™

RH = 80%
10+

0 T T T T ;
1E-5 1E-4 1E-3 0,01 0,1 1
t,s
Fig. 4. Time dependences of the HO, concentration at
RH = 20 and 80% calculated without excited states
(—, with Nx(A4), Nx(B) (= =), Ox(A), OxZ) (=- =)

and with all nitrogen and oxygen excited states (—+ —+')

The effect of the kinetic reactions involving excited
nitrogen and oxygen on the OH concentration is
negligible. Taking separately into account either excited
nitrogen or oxygen leads to some increase in the OH
density, but this tendency is very weak. It is worth
noting that the reactions listed in Tables 1, 2 include
deactivation processes of excited states in collisions
with water molecules (reactions 1.9 and 2.7). Such
reactions could result in the decreasing efficiency of OH
generation in the discharge, but their rates are too small.

The rise in the air humidity from 20...80% leads to a
growth of the absolute OH concentrations, but does not
affect the behavior of their time dependence.

Fig. 4 shows the time dependences of the HO,
concentrations calculated at humidities of 20 and 80%.
One can see that taking into account either reactions
involving excited nitrogen or oxygen leads to a decrease
of the HO, concentration, moreover, this effect is more
pronounced in the former case. Among the main kinetic
reactions, whose competition is responsible for the form
of the HO, time dependence, one can mark out:
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Fig. 5. Time dependences of the H,O, concentration at
RH = 20 and 80% calculated without excited states
(—, with Nx(A4), Nx(B) (= =), Ox(A), OxZ) (=- =)

and with all nitrogen and oxygen excited states (—+ —+')

1. Variations in the ozone concentration, as the most
powerful process of HO, formation at the late discharge
stages is reaction 2.16 (OH + O3 —» HO, + O,).

2. The influence on the concentrations of atomic
oxygen and nitric oxide NO that contribute to the
destruction of HO, in the discharge.

The form of the dependences obtained for H,0,
molecules (Fig. 5) coincides with that of the curves
calculated for HO,, but the quantitative effect is more
pronounced as the main channel of H,O, generation is
reaction 2.18: H02 + H02 +M - H202 + 02 + M. The
growth of the humidity in the case of both HO, and

H,0, leads to an increase in the absolute concentrations,
though has no effect on the form of the dependences.

CONCLUSIONS

Calculations of the plasma kinetics in a barrier
discharge in atmospheric pressure air allowed us to
study the effect of excited nitrogen and oxygen states on
the basic kinetic processes in the discharge. It is shown
that the largest difference in the densities of derivative
discharge components calculated with regard for excited
states and without them is about 60% for H,O, and 40%
for O; at 20% humidity. For the rest of the components
under study this difference does not exceed 20%. These
values are insignificant as compared to the error
introduced into calculations by uncertainties in reaction
rates and cross sections of electron-molecular processes.
This fact allows one to state that the neglect of reactions
involving excited nitrogen and oxygen does not lead to
a significant inaccuracy in calculations of the kinetics in
volume discharges in atmospheric pressure air.
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BJIMSTHUE BO3BYKJEHHBIX MOJIEKY.JI Ny(A’Z,"), Ny(B’II,), 0,('Ay) U 0,(b'E,") HA KHHETUKY
030HA ¥ THJPOKCHJIOB (H,0,, OH, HO,) B IIIASME BAPBEPHOTI'O PA3PSIIA
B ATMOC®EPHOM BO3/1YXE

A.I'. Kanioscnasn, B.B. [[uoako

PaccunTana kuHeTHKa BO30YK/ICHHBIX YPOBHEH Ny(A*Z,), NZ(B3Hg), Oz(lAg) u 02(b12g+) B OapbepHOM paspsie
B BO3JIyX€ U MPOAHATIU3UPOBAHO UX BIIMSHKE HA KOHUEHTpauu o30Ha u ruapokcuioB OH, HO, u H,0,. [Tokazano,
YTO MaKCHMaJIbHOE PACXOXK/ICHHE B KOHLIEHTPALHUSIX, TOJIy4YEHHBIX C yYETOM BO30Y>KACHHBIX COCTOSIHUM U 0e3 HHUX,
cocraBisier okoso 60% ans H,O, u 40% nnsa O; npu BaaxkHoctH 20%. BapeupoBanue BilaXHOCTH BO3IyXa OT
20...80% He NpUBOAUT K KaUECTBEHHOMY M3MEHEHUIO NOBEIEHHsI KOHIIEHTPaLUil 030Ha U TUAPOKCUIIOB B pa3psiie.

BILIMB 3BYKEHUX MOJIEKY.JI Ny(A’Z,"), Ny(BIL,), 02('A,), 0,(b'Z,")
HA KIHETHKY O30HY TA I'IJIPOKCHJIIB (H,0,, OH, HO,) Y ILIA3MI BAP’CPHOI'O PO3PSITY
B IIOBITPI ATMOC®EPHOI'O TUCKY

I'.I'. Kamoscua, B.B. Ilionko

TIpoBeIeHO PO3PaXyHKH KiHeTHKH 30ymkeHux ctaHiB No(A'L, "), Nz(B3Hg), Oz(lAg) Ta 02(b12g+) y Gap’epHOMY
po3psAni B TOBITPI Ta MpoaHANi30BaHO IX BIUIMB Ha KOHIEHTpamii o30Hy Ta rigpokcmwinie OH, HO, ta H,0.,.
[TokazaHo, M0 MakCUMaJbHE PO3XOKCHHS B KOHIIEHTPAIlSIX, OTPIMAHUX 13 BpaxyBaHHSAM 30y/DKEHHX CTaHIB Ta
0e3 HUX, cTaHOBUTH Oyn3bK0 60% s H,O, ta 40% nns Oz mpu Bosorocti 20%. BapiroBaHHS BOJIOTOCTI B MeXKax
Big 20...80% He MPU3BOANTH 10 SIKICHOI 3MiHM HOBEAIHKY KOHLIEHTPAL(iil 030HY Ta TIAPOKCUIIIB Y pPO3PsIi.
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