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1. INTRODUCTION

Toluene (C6H5CH3) is among organic solvents
most commonly used in modern chemical, light, tex�
tile, numerous paint and varnish industries, and oth�
ers. Toluene vapor emission into an air medium of
industrial facilities and through ventilation exhausts
into the atmosphere has an adverse effect on human
health and environmental conditions. The character�
istic feature of these ventilation flows consists in a
comparatively low concentration of toluene vapor,
which, nevertheless, exceeds the maximum allowable
sanitary norms by several orders of magnitude. In this
case, the use of conventional methods of gas purifica�
tion (thermal burning, catalytic oxidation, absorption,
and adsorption methods) becomes inefficient and
economically unprofitable. This situation stimulates
the search for new more advanced methods for neu�
tralizing gas exhausts. Currently, active studies on the
development of nonequilibrium plasma methods of
gas purification are performed in all developed coun�
tries. These methods are based on the formation of a
high concentration of chemically active and ecologi�
cally safe particles in polluted gas using nonequilib�
rium low�temperature plasma without appreciable
heating of a treated gas flow. Generated chemically
active particles react with pollutant molecules and
decompose harmful impurities. In this case, toluene
vapor is a very popular object of laboratory studies,
used to test the efficiency of nonequilibrium plasma�
chemical purification of air from harmful impurities,

since toluene vapor is also a very complicated object
from the viewpoint of its decomposition and removal
from exhaust gas flows [1–6].

The spectrum of the active particles providing the
plasma�chemical conversion of toluene is controlled
to a large extent by the composition of the treated gas
mixture. One of the main components of the most pol�
luted gas flows is molecular nitrogen, in which a signif�
icant fraction of the energy deposited into the dis�
charge is stored. Therefore, in recent years, the prob�
lem of the role of excited nitrogen molecules and
atoms in mechanisms of toluene decomposition in
various hydrocarbons is actively discussed. In [7],
based on an analysis of the composition of by�prod�
ucts of plasma�chemical decomposition of cyclohex�
ane C6H10O in the spark discharge, it was assumed that

excited metastable nitrogen molecules in the N2(A3 )
state are involved in C6H10O aromatic ring decompo�
sition. The results of numerical simulation [8] of pol�
yaromatic hydrocarbon C10H8 (naphthalene) removal
in nitrogen using the pulsed corona showed that the
basic mechanism of naphthalene decomposition is

associated with its interaction with excited N2(A3 )
molecules and N(2D) atoms. Detailed experimental
studies of toluene removal in pure nitrogen and its
mixtures with oxygen in the dielectric barrier dis�
charge are described in [9]. To explain the results
obtained, the authors of [9] propose various channels
of the interaction of the toluene molecule with the
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metastable N2(A3 ) nitrogen molecule. We note that
the purely energy approach to the reaction probability
is used in [7–9]: the internal energy content of the

N2(A3 ) molecule is sufficient for chemical bond
breaking in the hydrocarbon molecule. Such an
approach is unobjectionable if particular final reaction
products [8] are not indicated. If the final reaction
products are indicated [7, 9], to estimate the probabil�
ity of this reaction, other conservation laws should be
considered, in particular, the spin conservation law.

Molecular oxygen, along with nitrogen, exists in
various concentrations in polluted gas flows. The oxy�
gen appearance in the initial gas mixture results in
generation of new (in comparison with nitrogen)
chemically active particles: oxygen atoms O, excited
molecules O2, ozone, and hydroxyl radical OH (due to
plasma�chemical reactions), which, at first sight,
should significantly increase the efficiency of pollut�
ant removal. However, experimental studies do not
give such an unambiguous answer. For example, it was
found [10] that a small (≤2%) oxygen additive to nitro�
gen substantially increases toluene removal in the
dielectric barrier discharge (BD); however, an increase
in the O2 concentration in the mixture over 2% results
in a decreased efficiency of C6H5CH3 removal. Similar
results were obtained in [9]. Falkenstein [10] attributes
the nonmonotonic behavior of the efficiency of tolu�
ene removal to the ozone formation process, in which
the oxygen atom, highly active in relation to toluene,
is converted into ozone having an extremely low reac�
tivity with C6H5CH3. The other point of view to the
existence of the optimum oxygen concentration in the
mixture N2 : O2 was advanced in [11]: oxygen is an
electronegative gas; therefore, its additives at high
concentrations lead to an appreciable decrease in the
electron density and the electrical energy contributed
to the discharge; at low O2 concentrations, the effect
of electron attachment is insignificant, and generation
of highly reactive O atoms comes to the fore. The
effect of oxygen additives on the toluene removal effi�
ciency in the glow discharge and spark was studied in
[12]. It was found that the amount of removed toluene,
as in [10], nonmonotonically depends on the oxygen
concentration; however, the reduced efficiency (the
amount of removed toluene per unit energy deposited
into the discharge) monotonically increases with the
O2 concentration in the mixture. It should be noted
that it is rather difficult to make unambiguous conclu�
sions about the effect of oxygen on the toluene
removal efficiency based on the experimental results
[12], since their interpretation should consider ther�
mal decomposition of toluene in addition to plasma�
chemical decomposition: the neutral gas temperature
in used discharge types was in the range of 1000–
2000 K; in this case, the oxygen content had a signifi�
cant effect on the gas temperature.
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The contribution of direct electron impact dissoci�
ation to the process of aromatic hydrocarbon removal
was discussed in [11, 13]. The cross sections of elec�
tron impact dissociation of aromatic hydrocarbons are
currently unknown; therefore, the estimate of the role
of this channel in the hydrocarbon removal mecha�
nism is presumable. In [13], to estimate the depen�
dence of the hydrocarbon dissociation rate on the
electron temperature, it is proposed to use approxima�
tions similar to the Arrhenius law in which the role of
the gas temperature is played by the electron tempera�
ture. In our opinion, the dissociation rate constant
taken in [11] is significantly overestimated for the
dielectric barrier discharge conditions, and the con�
clusion on the crucial role of electron impact dissoci�
ation in the xylene removal mechanism seems doubt�
ful.

The above review shows that, despite the large
number of experimental studies on toluene decompo�
sition, the concepts on the kinetics of this process are
currently in the development stage. A comprehensive
kinetic model of plasma�chemical transformations of
toluene, which would allow description of the actual
kinetics of this process under conditions of nonequi�
librium low�temperature plasma of the gas discharge,
separation of controlling reactions, and determination
of optimum conditions of the process, has not yet been
presented in the literature. The available models
describe, as a rule, only the first initial stage phase of
toluene decomposition, omitting the long chain of
intermediate reactions accompanying C6H5CH3

plasma decomposition; in this case, comparison with
the experiment is performed only by the degree of tol�
uene removal. The absence of the comprehensive
model with predictive power significantly complicates
critical analysis of available experimental results on
plasma�chemical decomposition of toluene, which
are obtained under different conditions and often sig�
nificantly contradict each other. Furthermore, the
development of such a model is extremely important
from the viewpoint of analysis of intermediate prod�
ucts of C6H5CH3 conversion, since modern trends in
the development of plasma�chemical gas purification
methods consist in the combination of the plasma
reactor with a catalyst or an adsorbent [14, 15], which
will make it possible to lower significantly the purifica�
tion energy cost and to achieve total hydrocarbon oxi�
dation to CO2 and H2O. As experiments show, such a
combination will make it possible to lower signifi�
cantly the catalyst operating temperature (to room
temperature), to increase its efficiency, and to increase
absorbing power and capacity of adsorbent. It seems
quite reasonable to explain the above effects based on
the interaction of the catalyst and adsorbent with
active intermediate components produced during
decomposition of initial pollutant material.

The main objective of this study is to develop the
mathematical model of plasma�chemical processes of
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toluene decomposition, initiated by nonequilibrium
low�temperature plasma in the mixture of nitrogen
and oxygen, to determine basic mechanisms of
C6H5CH3 removal, to identify the main intermediate
and final products of its conversion, and to determine
optimum conditions of the process of gas purification
from toluene impurities.

2. MODEL

The developed model consists of two intercon�
nected parts: the gas�discharge stage describing the
process of nonequilibrium low�temperature plasma
generation, the production of chemically active parti�
cles and plasma�chemical processes in an external
applied electric field, and the postdischarge stage in
which plasma�chemical processes occur in the
absence of an electric field. The gas�discharge stage is
modeled by a periodic sequence of voltage pulses
whose pulse�repetition time significantly exceeds the
pulse duration. The gas discharge in molecular gases at
atmospheric pressure most often is a plasma structure
(streamer, spark) sharply inhomogeneous in space and
nonstationary in time. In this case, the comprehensive
self�consistent description of the discharge should be
based on the nonstationary three�dimensional model
of gas�discharge and plasma�chemical processes in
which the discharge formation should be considered
simultaneously with plasma�chemical reactions in the
discharge channel. In nonequilibrium low�tempera�
ture plasma at atmospheric pressure, a large number of
reactions occur, whose spectrum depends to a large
extent on the initial gas mixture composition. Cur�
rently, it seems impossible to exactly describe the
plasma�chemical reactor, taking into account both
above factors (plasma inhomogeneity and nonstation�
arity and a large number of plasma�chemical reac�
tions); therefore, various simplifying assumptions are
made in the numerical simulation of actual plasma
devices. In this study, numerical calculations were per�
formed for the experimental conditions of [9], in
which toluene removal using a unipolar pulse�periodic
barrier discharge in the gas mixture N2 : O2 was studied
at atmospheric pressure in the coaxial geometry. The
choice of the study [9] as a basis for verifying the devel�
oped plasma�chemical model was caused by that, in
addition to the determination of the degree of toluene
decomposition, a large number of intermediate prod�
ucts of its decomposition were measured. In the exper�
iment [9], the repetition rate of unipolar voltage pulses
was varied within f = 0–200 Hz; in this case, the
typical discharge current pulse duration at half the
amplitude was 50 ns. The specific energy deposition
into gas was varied by varying the current pulse repeti�
tion rate at a fixed gas flow and was within Q = 0–
400 J/L. The oxygen content in the working mixture
was varied within 0–10%. The experiments were per�
formed at two initial toluene concentrations, 100 and
400 ppm.

In [9], the spatial discharge structure was not stud�
ied experimentally; in the introduction, the authors a
priori make the statement about its spatial inhomoge�
neity. Since in this paper emphasis is made on the
development of the detailed kinetic model of plasma�
chemical conversion of toluene, while the discharge
development and generation of chemically active par�
ticles is described within the spatially uniform model,
we present a number of reasons in favor of the use of
this model. First, we note the recent experimental
work [16] in which the spatial structure of the dielec�
tric barrier discharge in air, excited by nanosecond
voltage pulses, was studied using high�speed electron�
optical cameras. There was found that the spatial
structure of this discharge has a diffuse (not channel)
shape. As can be seen from the discharge current and
voltage oscillograms presented in [9], the main energy
deposition into treated gas occurs not at the leading
edge of the current pulse, corresponding to the dis�
charge development stage, but at the trailing edge,
when the interelectrode gap is filled with plasma. The
initial geometrical inhomogeneity in the electric field
distribution over the interelectrode gap in the cylindri�
cal electrode system almost completely disappears
when this gap is filled with plasma [17]. In this case,
the use of the homogeneous discharge model seems
quite reasonable.

At the same time, it is well known from the litera�
ture [18] that the dielectric barrier discharge in the gas
mixture N2 : O2 at the sinusoidal voltage with a fre�
quency of 50 Hz to 100 kHz passes from the spatially
homogeneous phase in pure nitrogen to the multi�
channel (microdischarge, MD) mode as the oxygen
concentration in the mixture exceeds ~450 ppm.
Assuming that such a scenario of the discharge evolu�
tion is also possible under conditions of [9], let us show
that the homogeneous discharge model can be applied
to describe generation of chemically active particles in
this case as well. The characteristic radius of an indi�
vidual microdischarge at atmospheric pressure is
about 100 μm, the distance between individual MDs
completely filling the interelectrode gap is ~1 mm.
The results of experimental studies of recent years
[19–21] suggest that chemically active particles are
mostly generated in streamer�type discharges at the
plasma channel decay stage, when the basic energy
deposition into gas occurs. Estimations show that the
lifetime of free radicals, electron�exited atoms, mole�
cules, and other chemically active particles (except for
ozone which has no appreciable effect on the toluene
removal process due to the low rate of ozone reactions
with toluene and decomposition products, k = 10–18–
10–22 cm3/(molecule s)) generated in the discharge
under chosen experimental conditions does not
exceed 100 μs. For this time, active particles generated
in the microdischarge channel have no time to appre�
ciably diffuse from the MD channel to ambient gas;
hence, all plasma�chemical reactions mostly occur in
the microdischarge channel. Thus, the processes of
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active particle transport from the MD volume have no
significant effect on the dynamics of toluene removal
(we note that this conclusion can become invalid in
the case where O3 is an active reagent, e.g., when
removing nitrogen oxides). However, such an energy
deposition localized in narrow channels leads to gen�
eration of increased concentrations of chemically
active particles and, in principle, can cause the
appearance of nonlinear processes of mutual recombi�
nation of produced radicals. The radical recombina�
tion is an undesirable phenomenon from the view�
point of plasma gas purification, since it causes ineffi�
cient expenditure of the energy deposited to the
discharge and a decrease in the purification energy
efficiency. However, estimations using concentrations
of O, H, N, OH radicals, and N2 and О2 molecules in
electronically excited states, measured in the MD
channel [19–22], show that the loss of active particles
in nonlinear recombination processes at toluene con�
centrations of 100 and 400 ppm is small in comparison
with their loss in reactions with toluene (at least until
the C6H5CH3 concentration decreases to ~10 ppm).
During linear processes of generated particle expendi�
ture, the toluene removal efficiency is controlled only
by the number of these particles and is independent of
the spatial distribution of their generation regions.

In the simulation of plasma�chemical processes of
toluene decomposition, it was accepted that, accord�
ing to the experiment, for the time of residence in the
discharge region, a given gas portion is subjected to a
train of current pulses whose number depends on the
voltage pulse repetition rate. For the time between
current pulses t > 5 ms, the activated gas medium of
each individual microdischarge has time to uniformly
mix with neighboring microdischarges due to diffusion
broadening. Thus, to the beginning of the following
current pulse, a uniformly treated gas mixture with a
changed composition will be in the entire gas�dis�
charge chamber volume. Such a description corre�
sponds to the instantaneous mixing approximation.
Then, this mixture is subjected to the following cur�
rent pulse and so on. In our opinion, the above argu�
ments (generation and expenditure of active particles
in the microdischarge plasma channel, the absence of
nonlinear processes of their loss, uniform diffusion
mixing of the activated microdischarge medium in
pauses between current pulses) show the applicability
of the homogeneous model to describe generation of
chemically active particles in the dielectric barrier dis�
charge.

The spatially homogeneous model for describing
the barrier discharge is constructed based on relevant
models of nonequilibrium plasma in atmospheric air
[23, 24] and includes more than 100 elementary pro�
cesses involving electrons, positive and negative ions,
molecules and atoms in ground and excited states, and
radicals. The basic processes included in this model
are listed in Table 1. The model considers excitation of

rotational, vibrational, and electronic levels, as well as
electron�impact ionization and dissociation of N2, O2,
and H2O molecules (H2O molecules appear in this gas
mixture due to plasma�chemical reactions). Some of
these processes (excitation of rotational and vibra�
tional levels of molecules) have no direct effect on tol�
uene removal (do not enter the C6H5CH3 conversion
mechanism); however, their consideration is necessary
for correct determination of the electron energy distri�
bution function. The self�consistent set of reduced
cross sections for N2 and О2, given in [24] was used. As
in [24], the total cross section of excitation of vibra�
tional levels of N2, O2 and H2O molecules is used in the
present study. In describing the excitation kinetics of
nitrogen electronic states, three electronic levels are
introduced. The first one corresponds to the lower

metastable N2(A3 ) level; the second level corre�

sponds to the sum of the metastable N2(a'1 ) level
and N2(a1Πg) and N2(w1Δu) levels; and the third effec�
tive level N2(Esum) corresponds to the sum of other
electronic levels. According to the model, the first two
metastable levels play an important role in the toluene
conversion mechanism. For the O2 molecule, two

metastable O2(a1Δg) and O2(b1 ) electronic levels are
considered. For nitrogen and oxygen atoms, in addi�
tion to ground states, excited metastable N(2D),
N(2P), and O(1D) states were taken into account.

As was noted in the Introduction, electron�impact
dissociation cross sections of the C6H5CH3 molecule
are currently unknown; therefore, it seems impossible
to accurately calculate the contribution of this process
to toluene removal. In this study, we perform model
calculations of electron�impact toluene dissociation
using approximations for the interaction constants of
electrons with the C6H6 molecule [13]. These calcula�
tions showed that the direct contribution of the elec�
tron impact to toluene decomposition to the dielectric
barrier discharge does not exceed 2%. Charge

exchange reactions of N+, , , O+, , and 
ions on C6H5CH3 molecules, which result in toluene
removal during the discharge stage, are included into
the positive ion kinetics. Accurate constants of these
reactions are unknown to the authors; according to
[37], they varied in numerical calculations within
10⎯9–5 × 10–9 cm3/s. It was found that the contribu�
tion of this channel to toluene decomposition under
the conditions of this study does not exceed 1%. The
electron affinity energy of the toluene molecule is neg�
ative [38]; therefore, the formation of negative
C6H5CH3 ions was ignored in this model. The electron
loss is controlled by electron–ion recombination

(including that with the C6H5C  ion [36]) and
attachment (dissociative and three�body) to elec�
tronegative oxygen molecules. For the experimental
conditions of [9], as in [24], the ion recombination
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Table 1.  Main processes included in the gas�discharge stage of the model

No. Process Rate constant,
 s–1, cm3/s, cm6/s, T = 323 K Reference

1 N2 + e  N2(rot) + e BE* [25]

2 N2 + e  N2(Vsum) + e BE [25]

3 N2 + e  N2(A3 ) + e BE [25]

4 N2 + e  N2(a'1 ) + e BE [25]

5 N2 + e  N2(Esum) + e BE [25]

6 N2 + e   + e + e BE [25]

7  + e  N + N BE [25]

8 N2 + e  N + N + e BE [25]

9 N + e  N(2D0) + e BE [26, 27]

10 N + e  N(2P0) + e BE [26, 27]

11 N(2D0) + e  N(2P0) + e BE [26, 27]

12 N + N + M  N2(A3 ) + M 1.7 × 10–33 (M = N2, O2) [28]

13 N + N + M  N2(Esum) + M 2.4 × 10–33 (M = N2, O2) [28]

14 N2(A3 ) + N2(A3 )  N2(Esum) + N2 4.5 × 10–10 [25]

15 N2(Esum) + N2  N2(A3 ) + N2 3.0 × 10–11 [25]

16 N2(a'1 ) + N2  N2(Esum) + N2 2.0 × 10–13 [23]

17 O2 + e  O2(rot) + e BE [29]

18 O2 + e  O2(Vsum) + e BE [29]

19 O2 + e  O + O + e BE [29]

20 O2 + e  O + O(1D) + e BE [29]

21 O2(Vsum) + e  O + O + e BE [29]

22 O2 + e  O2(a1
Σ) + e BE [29]

23 O2 + e  O2(b1
Σ) + e BE [29]

24 O2(a1
Δ) + e  O + O + e BE [29]

25 O2(b1
Δ) + e  O + O + e BE [29]

26 O2(a1
Δ) + e  O2(b1

Σ) + e BE [29]

27 O2 + e  O– + O BE [29]

28 O2(Vsum) + e  O– + O BE [29]

29 O2(a1
Δ) + e  O– + O BE [29]

30 O2(b1
Σ) + e  O– + O BE [29]

31 O3 + e  O– + O2 BE [29]

32 O2 + e + O2   + O2 BE [29]

33 O2 + e + N2   + N2 BE [29]

34 O2 + e   + e + e BE [29]

35 O2(a1
Δ) + e   + e + e BE [29]
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Table 1.  (Contd.)

No. Process Rate constant,
 s–1, cm3/s, cm6/s, T = 323 K Reference

36 O2(b1
Σ) + e   + e + e BE [29]

37 O2 + e  O+ + O + e + e BE [29]

38  + e  O + O BE [29]

39 O– +   O + O2 3.0 × 10–7 [24]

40  +   O2 + O2 1.1 × 10–6 [24]

41  +   N2 + N2 + O2 1.1 × 10–6 [24]

42  +   O2 + O2 + O + O 1.1 × 10–6 [24]

43  + O2 + O2   + O2 2.4 × 10–30 [24]

44  + e  O2 + O2 2.2 × 10–7 [24]

45  + O2   + N2 + N2 2.5 × 10–10 [23]

46  + O   + O3 3.0 × 10–10 [24]

47  + O–  O2 + O3 1.1 × 10–6 [24]

48 H2O + e  H + OH + e BE [30]

49 H2O + e  H– + OH BE [30]

50 H2O + e  H2 + O– BE [30]

51 H2O + e  H2O+ + e + e BE [20]

52 O + e  O(1D) + e BE [29]

53  + O+  O2 + O2 3.8 × 10–7 [29]

54  +   O + O + O3 1.0 × 10–7 [29]

55  +   O2 + O2 + O3 1.1 × 10–6 [24]

56 O– + O2  O3 + e 5.0 × 10–15 [29]

57  + O3  O2 + O2 + O2 + e 1.0 × 10–10 [29]

58  + N  NO2 + e 5.5 × 10–10 [24]

59  + N  NO + O + e 5.5 × 10–10 [24]

60 O– + N  NO + e 2.6 × 10–10 [24]

61 O– + CO  CO2 + e 5.5 × 10–10 [31]

62 H– + O2  HO2 + e 1.5 × 10–9 [31]

63 OH– + N  HNO + e 1.0 × 10–11 [31]

64 OH– + O  HO2 + e 2.0 × 10–10 [31]

65 OH– + H  H2O + e 1.0 × 10–9 [24]

66 N2(A3 ) + O2  N2 + O + O 4.0 × 10–12 [24]

67 N2(Esum)  N2(A3 ) + hν 2.0 × 105 [24]

68 N2(A3 ) + O2  N2O + O 4.6 × 10–15 [24]

69 N2(a'1 ) + O2  N2 + O + O 2.8 × 10–11 [24]
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Table 1.  (Contd.)

No. Process Rate constant,
 s–1, cm3/s, cm6/s, T = 323 K Reference

70 N2(Esum) + O2  N2 + O + O 3.0 × 10–10 [24]

71 N2(A3 ) + NO2  N2 + NO + O 1.0 × 10–12 [24]

72 N(2D0) + O2  NO + O(3P) 1.6 × 10–12 [23]

73 N(2D0) + O2  NO + O(1D) 6.2 × 10–12 [23]

74 N(2D0) + N2  N(S) + N2 1.5 × 10–15 [23]

75 O +   O– + O2 3.3 × 10–10 [29]

76 O(1D) + N2O  NO + NO 7.2 × 10–11 [24]

77 O(1D) + NO  O2 + N 8.5 × 10–11 [24]

78 O(1D) + NO2  O2 + NO 1.4 × 10–10 [24]

79 O(1D) + O2  O + O2(b1
Σ) 3.1 × 10–11 [24]

80 O(1D) + O2  O + O2 9.3 × 10–12 [24]

81 O(1D) + O3  O + O + O2 1.2 × 10–10 [24]

82 O(1D) + N2  O + N2 2.5 × 10–11 [24]

83 O(1D) + O3  O2 + O2 2.3 × 10–11 [24]

84 O(1D) + O3  O2(a1
Δ) + O2 1.5 × 10–11 [24]

85 O(1D) + O3  O2(b1
Σ) + O2 7.8 × 10–12 [24]

86 O(1D) + H2O  OH + OH 2.0 × 10–10 [24]

87 O(1D) + CH4  CH3O + H 2.5 × 10–11 [32]

88 O(1D) + CH4  CH3 + OH 1.2 × 10–10 [33]

89 O2(a1
Δ) + O2  O2 + O2 2.2 × 10–18 [29]

90 O2(a1
Δ) + N2  O2 + N2 1.4 × 10–19 [29]

91 O2(a1
Δ) + H2O  O2 + H2O 5.6 × 10–18 [29]

92 O2(b1
Σ) + O2  O2 + O2 1.5 × 10–16 [29]

93 O2(b1
Σ) + N2  O2 + N2 2.0 × 10–15 [29]

94 O2(b1
Σ) + O2  O2(a1

Δ) + O2 4.0 × 10–17 [29]

95 O2(b1
Σ) + H2O  O2 + H2O 5.1 × 10–12 [29]

96 O + O + M  O2 + M 1.0 × 10–32 [29]

97  + N2 + N2   + N2 2.6 × 10–29 [34]

98  + e  N2 + N2(Esum) 3.0 × 10–7 [35]

99  + C6H5CH3  C6H5C  + N2 1.6 × 10–9 [36]

100  + C6H5CH3  C6H5C  + N2 + N2 1.2 × 10–9 [36]

101  + C6H5CH3  C6H5C  + O2 + O2 1.8 × 10–9 [36]

102  + C6H5CH3  C6H5C  + O2 1.8 × 10–9 [36]

103 O+ + C6H5CH3  C6H5C  + O 1.8 × 10–9 [36]

104 C6H5C  + e  C6H5 + CH3 1.0 × 10–7 [36]

105 C6H5CH3 + e  C6H5CH2 + H + e 1.0 × 10–9 [13]

* The rate constant is determined by solving the Boltzmann equation (BE) for the electron energy distribution function (EEDF). Process con�
stants are given in the units of [s–1], [cm3/s], and [cm6/s] for one�, two�, and three�body processes, respectively.
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occurs due to the three�body and two�body ion–ion
recombination. For most pairs of recombining ions,
the typical temperature dependences of the constants

of two�body  cm3/s and three�

body  cm6/s interactions were
used. According to [24], the recombination constants

were chosen in the form , where М is the
concentration of the third component involved in the
reaction.

As noted above, the main energy deposition into
gas and the generation of active particles under condi�
tions of [9] occurred at the plasma channel decay stage
corresponding to the current pulse trailing edge. Based
on the current and voltage oscillograms presented in
[9], let us estimate the discharge electric field at this
stage. This can be done by calculating the voltage drop
at the dielectric barrier (a quartz tube with a wall thick�
ness of 2 mm) by the displacement current density
through the dielectric barrier, known from the oscillo�
gram. Supposing that the quartz permittivity for these
electric field frequencies is 4 [39], we obtain that the
reduced electric field strength in the discharge at the
plasma channel decay stage varies within 70–90 Td.
This value is in good agreement with the results of
numerical two�dimensional calculations [40] of the
barrier discharge in air, in which it was found that the
reduced electric field strength E/N (where N is the
neutral gas density) in the microdischarge of the bar�
rier discharge at the plasma channel decay stage, when
the main energy deposition into gas occurs, does not
exceed E/N = 80 Td. We also note the studies of
famous researchers of the dielectric barrier discharge
[41, 42], in which it was shown that most radicals and
excited particles are generated in the dielectric barrier
discharge at the plasma channel decay stage, rather
than in the “head” of the developing streamer. At this
stage, the main energy deposition into the working gas
occurs. Considering all the above results, in this study,
to determine the rate of the processes occurring in the
discharge during collisions with electrons and result�
ing in generation of chemically active particles, the
Boltzmann kinetic equation was numerically solved
for the electron energy distribution function at the
reduced electric field strength varied within E/N =
70–100 Td.

The kinetic model of plasma�chemical toluene
removal in pauses between current pulses (postdis�
charge stage) includes ~300 reactions involving 90
components consisting of both initial substances and
radicals generated in the discharge, nitrogen and oxy�
gen atoms and molecules in ground and excited states,
toluene decomposition and oxidation products. The
reactions involved in plasma�chemical toluene
decomposition were searched for and selected by liter�
ature sources. The first stage of toluene decomposition
in the mixture N2 : O2 is the interaction of the toluene
molecule with electronically excited nitrogen mole�

( )ii /
0

2
.574 10 300k T−

×=

( )ii /
2.52

3
54 10 300k T−

×=

ii ii
2 3k k Mk= +

cules and atoms N2(A3 ), N2(a'1 ), N(2D), and oxy�
gen atoms. These processes lead to generation of
hydrogen atoms H, radical CH3, and aromatic ring

cleavage (due to the reaction with N2(a'1 )). Hydro�
gen atoms generated due to fast reactions with oxygen
atoms form the hydroxyl radical OH whose rate of the
interaction with the toluene molecule is approxi�
mately 100 times higher than the rate of the similar
interaction for oxygen atoms.

The second stage in the toluene decomposition
mechanism is the interaction of its molecule with gen�
erated hydroxyl radicals and hydrogen atoms H. Due
to the high rate of the hydroxyl radical OH reaction
with the C6H5CH3 molecule, even low concentrations
[OH] in comparison with [O] have a significant effect
on the toluene removal kinetics. The radical OH in the
mixture N2 : O2 is generated in the postdischarge stage
exclusively due to plasma�chemical reactions between
products of initial gas mixture decomposition.

Toluene reactions with metastable nitrogen mole�
cules and atoms have high rates and are completed in
the first stage. The interaction of toluene molecules
with hydroxyl radicals occurs in two channels:

(i) hydrogen atom abstraction from the side methyl
group CH3 by the radical OH;

(ii) radical OH addition to the aromatic ring.
For the conditions in nonequilibrium low�temper�

ature plasma, the contribution of channel (i) does not
exceed 10%. Therefore, the main channel of the inter�
action of toluene molecules with the radical OH
occurs according to mechanism (ii) and results in the
formation of the radical C6H5OHCH3 which rather
actively interacts with molecular oxygen. The intricate
oxygen�enriched peroxide complex C6H5OHOOCH3

formed due to this interaction is unstable and is easily
destroyed during further interaction with molecular
oxygen.

We note that the further stages of plasma�chemical
decomposition of the generated peroxide complex
have not yet been reliably experimentally confirmed
and are hypothetical. In this study, we chose the dicar�
bonyl mechanism of peroxide aromatic complex
cleavage, which is preferred by most researchers [43,
44]. The rate constants of the reactions of the peroxide
aromatic complex with molecular oxygen (reactions
117, 130, and 131 in Table 2) are unknown to the
authors. In numerical calculations, they varied within
10–15–10–18 cm3 s–1. The upper limit of the variation
range of the constants was chosen equal to the rate
constant of reaction (69), which is reliably determined
experimentally. The simulation results slightly varied
as constants from this range were varied. Decomposi�
tion products of the obtained complex (carbonyls,
dicarbonyls) oxidize to final products (CO, CO2,
H2O) due to the reactions of the interaction with oxy�
gen atoms O, hydroxyl radical OH, and radical HO2.
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Table 2.  Main processes included into the postdischarge stage of the model. Process constants are given in the Arrhenius form
k = A(T/298)nexp(–Ea/RT), where [A] = s–1 for one�body processes, [A] = cm3/(molecule s) for two�body processes, and

[A] = cm6/(molecule s) for three�body processes, [T] = K, [Ea] = kJ/mol, R = 8.31 × 10–3 kJ/(mol K) is the universal gas constant

No. Process A n Ea Reference

1 N + NO2  N2O + O 3.0 × 10–12 0 0 [45]

2 N + CH3  HCN + H2 3.9 × 10–11 0 3.49 [9]

3 N + CH4  HCN + H2 + H 10–15 0 0 [45]

4 N + C2H2  HCN + CH 2.7 × 10–15 0 0 [9] 

5 N + CH2  CN + H2 1.6 × 10–11 0 0 [9]

6 N + CH  CN + H 2.1 × 10–11 0 0 [9]

7 N2(A3 ) + O2  N2O + O 7.8 × 10–14 0 0 [24]

8 N2(A3 ) + O2  O + O + N2 2.5 × 10–12 0 0 [24]

9 N2(A3 ) + N2O  N2 + N + NO 10–11 0 0 [9] 

10 N2(A3 ) + C6H5CH3  C6H5 + CH3 + N2 6.0 × 10–11 0 0 This study

11 N2(a'1 ) + C6H5CH3  C5H6 + C2H2 + N2 6.0 × 10–11 0 0 This study

12 N2(A3 ) + C6H5CH3  C6H5CH2 + H + N2 6.0 × 10–11 0 0 This study

13 N2(A3 ) + C6H5CH3  C6H4CH3 + H + N2 6.0 × 10–11 0 0 This study

14 N2(Esum) + O2  O + O + N2 3.0 × 10–10 0 0 [46]

15 O + NO + N2  NO2 + N2 1.03 × 10–30   –2.87 6.49 [45]

16 O + NO2 + N2  NO3 + N2 9.02 × 10–31 –2.0 0 [45]

17 O + O3  O2 + O2 8.0 × 10–12 0 17.13 [45]

18 O + H + N2  OH + N2 4.36 × 10–32 –1.0  0 [45]

19 O + CH3  CH2O + H 1.4 × 10–10 0 0 [45]

20 O + C2H2  CO + CH2 3.49 × 10–12 1.5 7.07 [45]

21 O + C2H2  H + HCOO 1.5 × 10–11 0 18.96 [45]

22 O + CH2O  OH + HCO 1.78 × 10–11 0.57 11.56 [45]

23 O + CH3O  OH + CH2O 3.0 × 10–12 0 0 [9]

24 O + CH3O2  O2 + CH3O 6.0 × 10–11 0 0 [45]

25 O + CH3CO  CH3 + CO2 2.56 × 10–10 0 0 [45]

26 O + C6H5CH2  C6H5CHO + H 2.75 × 10–10 0 0 [9]

27 O + C6H5CH3  C6H5CH2 + OH 5.2 × 10–15 1.21 10.7 [9]

28 O + C6H5CHO  C6H5CO + OH 1.0 × 10–11 0 7.57 [45]

29 O(1D) + N2O  NO + NO 7.2 × 10–11 0 0 [45]

30 O(1D) + N2O  N2 + N2 4.4 × 10–11 0 0 [45]

31 O(1D) + O3  O2(a1
Δ) + O2 2.65 × 10–10 0 0 [9]

32 O(1D) + CH4  OH + CH3 1.13 × 10–10 0 0 [45]

33 O3 + O2(a1
Δ)  O2 + O2 + O 5.2 × 10–11 0 23.61 [45]

34 O3 + NO  NO2 + O2 1.4 × 10–12 0 10.89 [45]

35 O3 + H  OH + O2 1.4 × 10–10 0 3.91 [45]

36 O3 + OH  HO2 + O2 1.7 × 10–12 0 7.82 [45]

37 O3 + CH3  CH3O + O2 2.61 × 10–12 0 0 [45]

38 O3 + HCO  H + CO2 + O2 8.3 × 10–13 0 0 [45]

39 OH + CH3  H2O + CH2 1.2 × 10–10 0 11.64 [45]

40 O3 + CH3 + N2  CH3OH + N2 4.4 × 10–30 –0.09 0.2 [9]
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Table 2.  (Contd.)

No. Process A n Ea Reference

41 OH + CH4  H2O + CH3 6.18 × 10–13 2.0 10.64 [45]

42 OH + HCN  H2O + CN 1.2 × 10–13 0 3.3 [9]

43 OH + CH2O  H2O + HCO 5.79 × 10–13 2.98 –14.55 [45]

44 OH + CH2O  H + HCOOH 2.0 × 10–13 0 0 [45]

45 OH + CH3O  H2O + CH2O 3.0 × 10–11 0 0 [45]

46 OH + HCOOH  H2O + CO2 + H 4.5 × 10–13 0 0 [45]

47 OH + CH3COCHO  H2O + CH3COCO 1.5 × 10–11 0 0 [45]

48 OH + C6H5CH3 + N2  C6H5OHCH3 + N2 1.5 × 10–31 0 –1.5 [9]

49 OH + C6H5CH3  H2O + C6H5CH2 2.6 × 10–13 1.0 3.65 [9]

50 OH + C6H5CHO  C6H5CO + H2O 1.3 × 10–11 0 0 [9]

51 H + HCN + N2  H2CN + N2 7.75 × 10–31 –2.73 32.09 [45]

52 H + CH3 + N2  CH4 + N2 6.29 × 10–29 –1.8 0 [45]

53 H + O2 + N2  HO2 + N2 5.47 × 10–32 –1.8 0 [45]

54 H + CH2O  H2 + HCO 1.44 × 10–11 0 14.5 [45]

55 H + CH3O  H2 + CH2O 3.0 × 10–11 0 0 [45]

56 H + CH3O2  OH + CH3O 1.6 × 10–10 0 0 [45]

57 H + CH3CO  CH3 + HCO 2.16 × 10–11 0 0 [45]

58 CH + CH  C2H2 2.0 × 10–10 0 0 [45]

59 CH2 + CH2  C2H2 + H + H 2.0 × 10–10 0 3.3 [9]

60 CH3 + O2 + N2  CH3O2 + N2 3.6 × 10–31 –2.35 5.5 [9]

61 CH3 + HO2  OH + CH3O 3.0 × 10–11 0 0 [45]

62 NO2 + NO3 + N2  N2O5 + N2 2.5 × 10–31 –2.18 3.1 [9]

63 NO2 + OH + N2  HNO3 + N2 2.6 × 10–30 –2.9 0 [45]

64 NO2 + CH3  CH3O + NO 2.5 × 10–11 0 0 [45]

65 NO2 + CH3O + N2  CH3ONO2 + N2 2.81 × 10–29 –4.5 0 [45]

66 HO2 + CH2O  HOCH2OO 9.7 × 10–15 0 –5.20 [45]

67 O2 + C6H5CH2  C6H5CH2OO 7.61 × 10–14 0 –1.58 [45]

68 O2 + C6H5CH2O  C6H5CHO + HO2 3.7 × 10–14 0 3.8 [9]

69 O2 + C6H5OHCH3  C6H5OHCH3OO 3.7 × 10–15 0 0 [45]

70 CH3O + CH3O  CH3OH + CH2O 1.0 × 10–10 0 0 [45]

71 CH3O + CH3O2  CH3OOH + CH2O 5.0 × 10–13 0 0 [45]

72 HO2 + CH3O2  O2 + CH3OOH 3.8 × 10–13 0 –6.49 [45]

73 CH3 + CH3O2  CH3O + CH3O 4.0 × 10–11 0 0 [45]

74 HCO + CH3O2  CH3O + H + CO2 5.0 × 10–11 0 0 [9]

75 CH3O2 + CH3O2  CH3OH + CH2O + O2 3.7 × 10–14 0 –3.0 [9]

76 CH3O2 + CH3O2  CH3O + CH3O + O2 7.4 × 10–13 0 4.32 [45]

77 HOCH2OO + HOCH2OO  HCOOH + CH2OHOH + O2 5.7 × 10–14 0 –6.24 [45]

78 C6H5CH2OO + C6H5CH2OO  C6H5CHO + C6H5CHO + O2 + H2 1.38 × 10–14 0 13.9 [9]

79 C6H5CH2OO + C6H5CH2OO  C6H5CH2O + C6H5CH2O + O2 1.38 × 10–14 0 13.9 [9]

80 O + O2 + N2  O3 + N2 5.6 × 10–34 –2.80 0 [45]

81 O + O2 + O2  O3 + O2 6.9 × 10–34 –1.25 0 [24]

82 H + HCO  CO + H2 2.0 × 10–10 0 0 [45]

83 H + CO2  CO + OH 2.51 × 10–10 0 111 [45]

84 O + CO2  CO + O2 2.81 × 10–11 0 220 [45]

85 OH + HCO  CO + H2O 5.0 × 10–11 0 0 [45]
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Table 2.  (Contd.)

No. Process A n Ea Reference

86 O2 + HCO  CO + HO2 5.89 × 10–12 0 0 [45]

87 C6H5 + H  C6H6 3.65 × 10–10 0 0 [45]

88 H + H + N2  H2 + N2 6.04 × 10–33 0 0 [45]

89 N2(A3 ) + N2(A3 )  N2(Esum) + N2 4.5 × 10–10 0 0 [24]

90 C6H5CH3 + H  C6H6 + CH3 1.35 × 10–13 0 0 [45] 

91 C6H5CH3 + N(2D0)  products 3.0 × 10–11 0 0 [47] 

92 C6H6 + N2(A3 )  прproducts 1.6 × 10–10 0 0 [45] 

93 N(2D0) + N2  N + N2 1.7 × 10–14 0 0 [45]

94 C6H5CO + O  C6H5 + CO2 2.32 × 10–10 0 0 [45]

95 C6H5CO + H  C6H5CHO 4.98 × 10–11 0 0 [45]

96 N2(a'1 ) + O2  O + O + N2 2.8 × 10–11 0 0 [23] 

97 N + O + N2  NO + N2 1.0 × 10–32 –0.5 0 [24]

98 OH + N  NO + H 4.8 × 10–11 0 0 [24]

99 HO2 + O  OH + O2 2.9 × 10–11 0 –1.7 [24]

100 HO2 + O3  OH + O2 + O2 1.0 × 10–13 0 10.4 [24]

101 HO2 + NO  OH + NO2 8.7 × 10–12 0 –2.0 [24]

102 N + O2  NO + O 3.3 × 10–12 1.0 26.0 [24]

103 H + NO + N2  HNO + N2 2.1 × 10–32 0 –2.5 [24]

104 H + NO2  OH + NO 8.0 × 10–11 0 0 [24]

105 OH + OH  O + H2O 1.0 × 10–11 0 –4.57 [24]

106 OH + NO + N2  HNO2 + N2 6.6 × 10–31 –2.4 0 [24]

107 OH + NO2 + O2  HNO3 + O2 1.8 × 10–30 –2.9 0 [24]

108 OH + HNO2  H2O + NO2 1.8 × 10–11 0 –3.2 [24]

109 OH + N2O  HNO + NO 3.8 × 10–17 0 0 [24]

110 OH + O  H + O2 2.3 × 10–11 0 –0.9 [24]

111 OH + HNO  NO + H2O 7.1 × 10–11 0 0 [24]

112 OH + H2  H2O + H 7.7 × 10–12 0 8.3 [24]

113 OH + HNO3  NO3 + H2O 1.5 × 10–14 0 –5.9 [24]

114 O + H2  OH + H 1.6 × 10–11 0 38 [24]

115 O(1D) + H2O  O + H2O 1.2 × 10–11 0 0 [24]

116 O(1D) + H2O  OH + OH 2.2 × 10–10 0 0 [24]

117 C6H5OHCH3OO + O2  OOC6H5OHCH3OO 8.5 × 10–16 0 0 This study

118 C2H2O2 + OH  HCOOH + HCO 7.0 × 10–12 0 0 [48]

119 H + HO2  H2 + O2 4.2 × 10–11 0 2.9 [24]

120 H + OH + N2  H2O + N2 4.3 × 10–31 0 0 [24]

121 C6H5CH2 + O  C6H5 + CH2O 5.5 × 10–10 0 0 [45] 

122 C5H5 + O  CO + C4H5 2.4 × 10–11 –0.28 2.0 [49]

123 CH3 + O  CH3O 1.22 × 10–10 0.05 –0.57 [45]

124 CH3 + O  CO + H2 + H 6.0 × 10–11 0 0 [45]

125 C4H2 + O  CO + C3H2 3.0 × 10–12 0 0 [50]

126 C3H3 + O  C3H2 + OH 5.3 × 10–12 0 0 [51] 

127 C6H5 + OH  C6H5O + H 8.3 × 10–11 0 0 [50]

128 C6H6 + OH  C6H5 + H2O 2.78 × 10–14 4.1   –1.26 [45]

129 C6H6 + O  C6H5O + H 4.0 × 10–11 0 19.5 [52]
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Table 2.  (Contd.)

No. Process A n Ea Reference

130 OOC6H5OHCH3OO + O2  CH3COCHO + C4H4O2 + HO2 + O 1.0 × 10–16 0 0 This study

131 OOC6H5OHCH3OO + O2  C2H2O2 + C5H6O2 + HO2 + O 1.0 × 10–16 0 0 This study

132 C2H2O2 + OH  H2O + HCOCO 1.1 × 10–11 0 0 [45]

133 C2H2O2 + H  CO + H2 + HCO 5.98 × 10–14 0 0 [45]

134 CH3COCO  CO + CH3CO 1.2 × 1010 0 11.7 [45]

135 C4H4O2 + OH  products 4.5 × 10–11 0 0 [45]

136 C5H6O2 + OH  products 5.6 × 10–11 0 0 [45]

137 CH3CO  CH3 + CO 7.31 × 1012 0 59.7 [45] 

138 CH3CO + H  C2H2O + H2 1.0 × 10–11 0 0 [45]

139 CH3CO + O2  CO2 + CH3O 7.37 × 10–14 0  –4.51 [45]

140 CH3CO + OH  C2H2O + H2O 2.0 × 10–11 0 0 [45]

141 CH3CO + HO2  products 5.0 × 10–11 0 0 [45]

142 HCO + CH3CO  CH3CHO + CO 1.5 × 10–11 0 0 [45]

143 CH3CO + CH3  C2H6 + CO 5.4 × 10–11 0 0 [45]

144 OH + HO2  H2O + O2 1.1 × 10–10 0 0 [45]

145 HO2 + HO2 + N2  H2O2 + O2 + N2 1.9 × 10–33 0 –8.15  [45]

146 OH + OH + N2  H2O2 + N2 6.9 × 10–31 0 0 [45]

147 HO2 + NO3  O2 + HNO3 1.9 × 10–12 0 0 [45]

148 O + HCO  H + CO2 5.0 × 10–11 0 0 [45]

149 HO2 + HCO  OH + H + CO2 5.0 × 10–11 0 0 [53]

150 CH3 + CH3  C2H6 4.2 × 10–11 0 0 [45]

151 C6H5OH  C5H5 + HCO 6.08 × 1012 0 59.41 [45]

152 HCOCO  CO + HCO 1.4 × 1012 0 26.27 [45]

153 C2H2 + HCCO  CO + C3H3 1.66 × 10–14 0 0 [45]

154 CH3O + HCO  CH3OH + CO 2.0 × 10–10 0 0 [45]

155 CH3COCHO + O(1D)  products 9.4 × 10–13 0 –6.49 [45]

156 C6H5CHO + O  C6H4CHO + OH 1.0 × 10–11 0 7.57 [45]

157 C6H4CHO + O  CO2 + C6H5 2.3 × 10–10 0 0 [45]

158 CH + NO  H + NCO 4.0 × 10–11 0 0 [45]

159 O + NCO  CO + NO 6.5 × 10–11 –1.14  0 [45]

160 H + NCO  CO + NH 2.2 × 10–11 0 0 [45]

161 CN + NO2  NO + NCO 8.05 × 10–11 0 0 [45]

162 H + HCCO  CO + CH2 1.7 × 10–10 0 0 [45]

163 O + HCCO  CO + CO + H 1.6 × 10–10 0 0 [45]

164 C2H2 + OH  H2 + HCCO 1.91 × 10–13 0 0 [45]

165 CH3COCO + O2  CH3COCOO2 5.1 × 10–12 0 0 [45]

166 CH3COCOO2  CO2 + C2H2O + OH 1.0 × 102 0 0 [45]

167 CH3CO + O2  CH2O + CO + OH 3.0 × 10–14 0 0 [45]

168 CH3CO + NO2  CO2 + CH3 + NO 1.66 × 10–12 0 0 [45]

169 C2H2O2 + HO2  HCOCO + H2O2 5.0 × 10–16 0 0 [48]

170 NCO + NCO  CO + CO + N2 5.0 × 10–12 0 0 [45]

171 O + CH2  CO + H + H 1.2 × 10–10 0 0 [45]

172 C2O + N  CN + CO 5.5 × 10–10 0 0 [45]

173 C2O + O  CO + CO 8.6 × 10–11 0 0 [45]

174 C2O + H  CO + CH 2.2 × 10–11 0 0 [45]

175 NO + HCCO  CO + HCNO 1.4 × 10–11 0 –2.66  [45]
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No. Process A n Ea Reference

176 NO + NCO  CO + N2O 3.3 × 10–11 0 0 [45]

177 O2 + CH2  CO + H2O 4.0 × 10–13 0 0 [45]

178 CH + O  CO + H 6.6 × 10–11 0 0 [45]

179 CH + NO  CO + NH 2.0 × 10–10 0 0 [45]

180 CH + O2  CO + OH 8.3 × 10–11 0 0 [45]

181 HCO + CH2  CO + CH3 3.0 × 10–11 0 0 [45]

182 HCO + NO  CO + HNO 1.35 × 10–11 0 0 [45]

183 HCO + C2H3  C2H4 + CO 1.5 × 10–10 0 0 [45]

184 HCO + HCO  CO + CO + H2 3.64 × 10–11 0 0 [45]

185 CH3 + HCO  CH4 + CO 4.4 × 10–11 0 0 [45]

186 CN + O  CO + N 1.45 × 10–10 –0.18  0 [45]

187 CN + NO2  CO + N2O 7.1 × 10–12 0 0 [45]

188 CN + NO  CO + N2 1.6 × 10–13 0 0 [45]

189 C6H5O + O  C6H4O2 + H 1.4 × 10–10 0 0 [54]

190 C6H4O2 + H  C5H5O + CO 4.2 × 10–11 0 19.6 [54]

191 C6H4O2 + O  C6H3O3 + H 2.5 × 10–11 0 18.9 [54]

192 C6H3O3 + H  C2H2 + C2H2O + CO + CO 1.6 × 10–10 0 0 [54]

193 C6H4O2 + H  C6H3O2 + H2 3.3 × 10–12 0 13.4 [54]

194 C6H4O2 + OH  C6H3O2 + H2O 1.5 × 10–13 2.0 16.7 [54]

195 C6H4O2 + O  C6H3O2 + OH 2.3 × 10–11 0 61 [54]

196 C6H3O2 + H  C2H2 + C2H2 + CO + CO 1.6 × 10–10 0 0 [55]

197 C6H3O2 + O  C2H2 + HCCO + CO + CO 1.6 × 10–10 0 0 [55]

198 C6H5OH + OH  C6H5O + H2O 4.35 × 10–13 2.0   –5.49 [45]

199 C6H5CH2 + HO2  C6H5 + CH2O + OH 8.3 × 10–12 0 0 [45]

200 C6H5 + O  C5H5 + CO 1.5 × 10–10 0 0 [56]

201 C4H5 + H  C4H6 1.51 × 10–10 0.2  –0.48 [45]

202 C4H5 + H2  C4H6 + H 1.14 × 10–13 0.5 15.46 [45]

203 C4H6 + O  CO + C3H6 9.96 × 10–11 0 7.48 [45]

204 C6H5 + CH2O  C6H6 + HCO 3.72 × 10–14 2.19 0.16 [45]

205 C6H5O + O  C5H5 + CO2 1.7 × 10–11 0 0 [54]

206 C2H2O + H  CO + CH3 6.19 × 10–14 0 0 [45]

207 C2H2O + OH  CO + CH3O 1.0 × 10–11 0 0 [45]

208 C2H2O + CH2  C2H4 + CO 2.09 × 10–10 0 0 [45]

209 HOCH2OO + HO2  O2 + HCOOH + H2O 3.6 × 10–12 0 0 [45]

210 C4H4 + C2H  C4H3 + C2H2 6.6 × 10–11 0 0 [57] 

211 C4H3 + O  C2H2O + C2H 3.0 × 10–11 0 0 [50]

212 C4H3 + O2  C2H2O + HCOO 1.7 × 10–12 0 0 [50]

213 C4H3 + OH  C4H2 + H2O 5.0 × 10–11 0 0 [50]

214 C4H3 + H  C4H2 + H2 4.2 × 10–11 0 0 [50]

215 C2H2O + O  HCO + HCO 3.4 × 10–11 0 9.6 [58]

216 C2H2O + O  CH2 + CO2 2.9 × 10–12 0 5.6 [58]

217 C2H2O + O  CH2O + CO 3.3 × 10–11 0 0 [58]

218 C2H2 + OH  C2H2O + H 1.0 × 10–13 0 0 [45]

219 C4H2 + OH  HCO + C3H2 5.0 × 10–12 0 0 [58]

220 C4H2 + O  HCCO + C2H 1.6 × 10–11 0 0 [58] 

221 C4H4 + H  C4H3 + H2 3.0 × 10–11 2 62.7 [50]
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Table 2.  (Contd.)

No. Process A n Ea Reference

222 C4H4 + OH  C4H3 + H2O 1.1 × 10–12 2 20.7 [50]

223 C6H5OH + C4H5  C6H5O + C4H6 1.0 × 10–11 0 0 [59]

224 C4H4O2 + OH  C3H4O + COOH 5.2 × 10–11 0 0 [48]

225 C3H4O  C2H4 + CO 1.0 × 109 0 0 [45] 

226 C4H4O2 + OH  C2H2O + C2H3O2 5.2 × 10–11 0 0 [48]

227 C2H3O2  CO2 + CH3 5.3 × 103 0 0 [45] 

228 COOH + O2  CO2 + HO2 2.1 × 10–12 0 0 [45]

229 C2H2 + COOH  CO2 + C2H3 3.0 × 10–14 0 0 [45]

230 C2H4 + COOH  CO2 + C2H5 1.0 × 10–14 0 0 [45]

231 COOH + O  CO2 + OH 1.44 × 10–11 0 0 [45]

232 COOH + OH  CO2 + H2O 1.0 × 10–11 0 0 [45]

233 C2H2O2 + OH  CO + HCO + H2O 7.0 × 10–12 0 0 [48]

234 C2H2O2 + H  H2 + HCOCO 5.98 × 10–14 0 0 [48]

235 C2H2O2 + H  CH2O + HCO 5.98 × 10–14 0 0 [48]

236 C2H2O2 + HO2  HCO + CH2O3 5.0 × 10–16 0 0 [48]

237 C2H2O2 + HO2  HCO + H2O2 + CO 5.0 × 10–16 0 0 [48]

238 C6H5CHO + OH  products 1.4 × 10–11 0 0 [45]

239 CH3O + O2  CH2O + HO2 9.6 × 10–12 0 0 [45]

240 CH3 + O  CH2O + H 1.4 × 10–10 0 0 [45]

241 CH3 + OH  CH2O + H2 1.7 × 10–12 0 0 [45] 

242 CH3O + NO3  CH2O + HNO3 1.5 × 10–12 0 0 [45]

243 CH4 + O(1D)  CH2O + H2 1.5 × 10–11 0 0 [45]

244 C2H4 + O  CH3 + HCO 1.5 × 10–12 1.55 1.79 [45]

245 C2H4 + O  CH2O + CH2 9.7 × 10–14 0 0 [45]

246 C2H4 + OH  CH3 + CH2O 1.66 × 10–12 0 –3.8 [53]

247 HCO + HCO  CH2O + CO 4.48 × 10–11 0 0 [45]

248 C4H6 + O  C3H4 + CH2O 1.7 × 10–12 0 0 [60]

249 C4H6 + OH  C3H5 + CH2O 1.7 × 10–12 0 0 [60] 

250 HNO2 + O3  HNO3 + O2 5.0 × 10–19 0 0 [45]

251 H2O2 + NO3  HO2 + HNO3 2.0 × 10–15 0 0 [45]

252 CH3CHO + NO3  CH3CO + HNO3 2.1 × 10–15 0 0 [45]

253 HNO2 + O  HNO3 1.0 × 10–15 0 0 [45]

254 CH3O2 + NO  CH3ONO2 3.0 × 10–13 0 0 [45]

255 C2H3O2  CO + CH3O 3.0 × 104 0 0 [45]

256 C2H3O2 + CH3O  CH2O + C2H4O2 3.79 × 10–11 0 0 [45]

257 CH3O + NO2  CH3ONO2 2.41 × 10–11 –0.88 0 [45]

258 C4H4 + O  CH2O + C3H2 4.98 × 10–11 0 7.57 [48]

259 C4H5 + O2  C4H4 + HO2 2.0 × 10–13 0 0 [59] 

260 C3H2 + O  C2H + HCO 1.1 × 10–10 0 0 [51]

261 C3H2 + O  C2H2 + CO 1.7 × 10–10 0 0 [50]

262 C3H2 + OH  C2H2 + HCO 8.3 × 10–11 0 0 [50]

263 C2H2 + OH  C2H + H2O 5.0 × 10–12 2 58.5 [50]

264 C2H2 + O  C2H2O 2.16 × 10–13 0 0 [45]

265 O2 + HOCH2O  H2O + HCOOH 3.5 × 10–14 0 0 [45]

266 HOCH2OO + HOCH2OO  HOCH2O + HOCH2O + O2 5.5 × 10–12 0 0 [45]
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Simultaneously with the channel described above,
there exists the other mechanism of toluene decompo�
sition, associated with the hydrogen atom abstraction
from the methyl group, which results in benzyl
C6H5CH2 generation. The radical C6H5CH2 interacts
with atoms O and radicals HO2 with the formation of
benzaldehyde C6H5CHO and with molecular oxygen
with the formation of the peroxide radical
C6H5CH2OO. The obtained products are efficiently
oxidized by atoms O, radicals OH, HO2, and molecu�
lar oxygen О2 to C6H5CO and then to С6H5 and CO2.
The transformation channels of the phenyl radical
C6H5 are currently studied in sufficient detail in con�
nection with the benzene oxidation problem.

In experiments on plasma�chemical toluene
decomposition, nonvolatile products of dark brown
color are always observed in the form of deposits on
electrode elements and gas�discharge chamber walls
[9]. A chemical analysis of these products shows that
their composition contains cresols, nitrobenzene,
bibenzyl, polyaromatic molecules, and others. Exper�
imental studies show that deposits on electrodes and
walls appear only during long�term operation of a
plasma�chemical reactor. Estimations using the
experimental data [3] show that no more than 5% of
removed toluene transform to nonvolatile products. In
the present model, these toluene transformation
channels are disregarded.

The list of reactions included in the toluene trans�
formation mechanisms described above is given in
Table 2. Reverse reactions are neglected in the devel�
oped model. This is mainly due to the absence of data
on thermodynamic functions of most intermediate
products of toluene decomposition. Estimations of the
possible effect of reverse reactions on the toluene
removal efficiency showed that their role is insignifi�
cant at a gas temperature of 323 K. In what follows, all
references to reaction number relate to Table 2.

One of the objectives of this study is to determine
the role of metastable electronically excited nitrogen
molecules and atoms in the plasma�chemical mecha�
nism of toluene decomposition. The experimental
results of [9, 10] show a rather high efficiency of
C6H5CH3 decomposition in nitrogen gas�discharge
plasma. Performance of experiments on toluene
removal under ultimately simplified experimental
conditions, in which the number of active components
is small and the results obtained can be unambiguously
interpreted, is very important, since it allows the most
reliable identification of C6H5CH3 conversion chan�
nels and the choice of rate constants of the main reac�
tions. Furthermore, as noted above, molecular nitro�
gen is a main component of the most polluted gas
flows into which a significant fraction of the deposited
gas�discharge energy comes; therefore, there is reason
to believe that excited nitrogen appreciably contrib�
utes to toluene decomposition under these conditions
as well. Taking into account the importance of elec�

tronically excited nitrogen as a reservoir of the stored
internal energy, we dwell on the features of its interac�
tion with toluene.

The list of the main reactions describing the
plasma�chemical model of toluene decomposition in
pure nitrogen plasma consists of processes (10)–(13),
(90), and (91). As a basis of the kinetic model, the pro�
cesses involving toluene, presented in [9], were taken.
In this list, first of all, attention should be paid to the
reactions of metastable electronically excited nitrogen

N2(A3 ) and N2(a'1 ) molecules with toluene (10–
13), from which toluene conversion begins and which
mainly contribute to toluene removal. It should be

noted that the reaction N2(A
3 ) with the other aro�

matic hydrocarbon, benzene C6H6 [60, 61], is cur�
rently experimentally studied,

and we know of no direct experimental confirmations
of reactions (10)–(13). Inclusion of reactions (10)–
(13) into the toluene decomposition mechanism is
based on the known experimental fact that the rate of

the reaction of N2(A3 ) state quenching by hydrocar�
bons of the same homologous series increases as they
are complicated. The presence of methane CH4 and
cyanic hydrogen HCN in toluene decomposition by�
products counts in favor of reactions (10), (12), and
(13) in which H atoms and methyl groups CH3 are
generated. The relative probability of reactions (10),
(12), and (13) can be estimated from their exothermic
effect. It seems that reaction (12), whose exothermic
effect of 2.3 eV is maximum, has the highest probabil�
ity. Reactions (10) and (13) have approximately iden�
tical probabilities, since their exothermic effects are
close and equal to 1.7 and 1.3 eV, respectively. How�
ever, the differences between the rate constants of
reactions (10) and (13), on one hand, and reaction
(12), on the other hand, should not be significant,
since all these reactions are strongly exothermic. In
our calculations, the rate constants are taken equal to
each other. Generation of an appreciable acetylene
C2H2 amount at the plasma�chemical reactor output
suggests that C6H5CH3 conversion is accompanied by
reactions with benzene ring cleavage. In [9], the fol�
lowing reaction is proposed

However, despite the fact that the electronic energy

store of the N2(A3 ) molecule is sufficient to over�
come the reaction energy barrier, an analysis of initial
and final products of this reaction shows its low prob�
ability due to spin nonconservation. In this study, as a
reaction with benzene ring cleavage, reaction (11) is
proposed, in which the nitrogen molecule in the meta�

stable triplet state N2(A3 ) is substituted with the
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molecule in the metastable singlet state N2(a'1 ) with
the rate constant equal to the rate constant of reactions
(10), (12), and (13). The magnitudes of the rate con�
stants of reactions (10)–(13) are taken equal to

, where kb is the rate constant of N2(A3 ) with
benzene. The reactions of C6H5CH3 molecules with
hydrogen H (90) and nitrogen N (91) atoms make a
noticeably smaller contribution to toluene removal in
comparison with reactions (10)–(13): their contribu�
tion does not exceed 10 and 5%, respectively. How�
ever, their inclusion into the toluene conversion
mechanism improves agreement of numerical simula�
tion results with experimental data. The contribution
of ion–molecule reactions to toluene removal does
not exceed 0.5% of the contribution of reactions (10)–
(13). Pooling reactions (89) have a significant effect on

the balance of N2(A3 ) molecules only at low toluene
concentrations.

Numerical calculations were performed using the
Chemical Workbench program [63] which allows
simultaneous solution of chemical and ion–molecule
kinetic equations, the Boltzmann equation for the
electron energy distribution function, and equations
for gas translational temperature.

3. NUMERICAL SIMULATION RESULTS, 
COMPARISON WITH THE EXPERIMENT

3.1. Plasma�Chemical Toluene Decomposition
in Pure Nitrogen

The main primary channels of toluene decomposi�
tion, initiated by nitrogen plasma, are associated with
C6H5CH3 reactions with metastable electronically

u
−

Σ

b0.25k u
+

Σ

u
+

Σ

excited N2(A3 ) and N2(a'1 ) molecules. Hydrogen
and nitrogen atoms make an insignificant contribution
to C6H5CH3 removal. Below we present these reac�
tions

(10)

(11)

(12)

(13)

(90)

(91)

A comparison of numerical simulation results with
experimental data [9] was performed by the degree of
toluene removal and by�product composition and
concentrations, depending on the energy deposition
to the discharge at various reduced electric fields in the
range E/N = 70–100 Td. Figure 1 shows the compari�
son of the numerical calculation results and experi�
mental data [9] on C6H5CH3 removal as a function of
the energy deposition at two initial toluene concentra�
tions. Numerical calculations showed that the simula�
tion results reproduce experimental data with good
accuracy at E/N = 70 Td.

Figure 2 shows the calculated dynamics of the tol�
uene concentration in the postdischarge stage of the
second current pulse. There are also given the concen�

trations of N2(A3 ), N2(a'1 ), and hydrogen atoms
H. These particles control the main channels of
C6H5CH3 decomposition (nitrogen atoms N make a
significantly smaller contribution). As can be seen
from the results presented, the toluene decomposition
dynamics includes two characteristic stages: the fast
one (characteristic time is ≈5 μs) during which most
toluene is removed, and the slow stage with a charac�
teristic time of ≈100 ms which makes a significantly
smaller contribution to C6H5CH3 decomposition.

A comparison of the toluene decomposition
dynamics with the behavior of the main active compo�
nents of nitrogen (Fig. 2) shows that all active molec�
ular nitrogen components are expended at the stage of
fast removal (to 5 μs).

Slow toluene removal at times t > 5 μs is mostly
caused by hydrogen atoms generated in reaction (90).
We can see in Fig. 2 that more than 95% of generated

N2(A3 ) and N2(a'1 ) molecules are expended to
toluene molecule decomposition at an initial toluene
concentration of 400 ppm, while pooling reaction (89)

has an insignificant effect on the N2(A3 ) balance.
The numerically calculated energy expenditure ε for
one toluene molecule removal is ε ≈ 1150 eV/mole�
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Fig. 1. Dependence of the toluene concentration at the
reactor output on the specific energy deposition at
[C6H5CH3]0 = 100 ppm (squares) and 400 ppm (circles)
for T = 323 K. The symbols show the experimental data
[9], and the solid and dashed curves are the simulation
results for 400 and 100 ppm, respectively.
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cule. This value is rather close to the experimentally
measured one, ε ≈ 1200 eV/molecule [9].

Figure 3 shows the results of numerical simulation
of generation of some toluene decomposition by�
products at the initial concentration

 ppm and their comparison with
experimental data. We can see good enough agreement
of calculated and experimental data [9].

Among the results shown in Fig. 3, first of all, note�
worthy is the linear increase in acetylene C2H2 with
energy deposition. Such C2H2 behavior suggests that
reactions with benzene ring cleavage efficiently occur
in nitrogen gas�discharge plasma and produced acety�
lene weakly decays in the discharge. An analysis of the
calculated dynamics of the increase in C2H2 in the
postdischarge stage of each current pulse shows that
the increase in the acetylene concentration correlates
well with the fast C6H5CH3 decomposition stage. The
found correlation counts in favor of the fact that reac�
tion (11) proposed in the model, which occurs with
benzene ring cleavage and leading to the rapid forma�
tion of C2H2, actually occurs. Other acetylene produc�
tion reactions (58) and (59) under the experimental
conditions of [9] have substantially lower rates. Similar
conclusions can also be made with respect to methane.
The main channel of CH4 production is related to
reaction (52) between toluene decomposition prod�
ucts H and СН3 generated in reactions (10), (12), and
(13). This means that the proposed scheme of toluene

decomposition by metastable N2(A3 ) molecules
corresponds to actual processes. According to the
experiment, the kinetic model predicts cyanic hydro�
gen HCN generation during toluene decomposition in
nitrogen plasma. This substance is rather toxic; there�

6 5 3C H CH 40[ ] 00=

u
+

Σ

fore, its generation is strongly discouraged in gas puri�
fication technologies. An analysis of the HCN pro�
duction and decomposition kinetics within the devel�
oped model allowed the determination of purification
conditions under which the HCN yield is completely
suppressed.

3.2. Toluene Decomposition and Oxidation
in the Mixture of Molecular Nitrogen and Oxygen

In the gas mixture N2 : O2, to toluene decomposi�
tion reactions (10)–(13) in nitrogen plasma, the fol�
lowing channels are added

(27)

(48)

(49)

We note that the initial gas mixture does not con�
tain water vapor H2O; therefore, the hydroxyl radical
OH is generated in plasma�chemical reactions
between toluene decomposition products and oxygen
atoms. The main channel of the hydroxyl radical OH
generation is reaction (18)

(18)

The radical OH, in addition to reaction (18), is also
generated in a number of reactions between products
of plasma�chemical transformations (see Table 2);
however, reaction (18), according to numerical calcu�
lation results, does make the main contribution to OH
generation.

The degree of plasma ionization in the dielectric
barrier discharge in the gas mixture N2 : O2 at atmo�
spheric pressure is in the range of 10–7–10–6 [22]. In
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Fig. 2. Calculated temporal dynamics of toluene and active
nitrogen components in the postdischarge stage of the sec�
ond current pulse at the initial toluene concentration is
[C6H5CH3]0 = 400 ppm, gas temperature T = 323 K, and
specific energy deposition Q = 3.25 J/L: (1) toluene,

(2) N2(A3 ), (3) N2(a'1 ), and (4) H.u
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Fig. 3. Dependence of the concentration of by�products at
the reactor output on the specific energy deposition at
[C6H5CH3]0 = 400 ppm and T = 323 K: (1) C2H2 (trian�
gles and solid curves), (2) HCN (inverted triangles and
dashed curves), and (3) CH4 (circles and dotted curves).
The symbols show the experimental data [9], and the
curves show the simulation results.
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this case, as calculations showed, ion–molecule reac�
tions, as the direct electron impact, have no apprecia�
ble effect on the toluene decomposition mechanism.

Figure 4 shows the results of numerical simulation
of the degree of toluene removal as a function of the
energy deposition in the gas mixture N2 : O2 at three
oxygen concentrations [O2] = 0% (pure nitrogen),
1.5%, and 10% and the initial toluene concentration
of 400 ppm. For comparison, the experimental results
[9] are also presented.

We can see that the numerical simulation results
reproduce the experimental data with good accuracy.
However, it should be noted that, to achieve agree�
ment between numerical simulation and experimental
results on the degree of toluene removal at the oxygen
concentration [O2] = 10%, the reduced electric field
in the plasma channel of the secondary streamer
(where, according to the model, chemically active
particles are mostly generated) should be increased
from 70 Td (pure nitrogen and mixture N2 : O2 with
[O2] = 1.5%) to 80 Td. This value of E/N is in good
agreement with the results of [40]. The energy expen�
diture of one toluene molecule removal in the pres�
ence of oxygen in the gas mixture significantly
decreases in comparison with pure nitrogen and, at
[O2] = 1.5 and 10%, is 350 eV/molecule.

Figure 5 shows the numerical simulation results
showing the dependence of the toluene removal effi�
ciency on the oxygen percentage in the gas mixture at
a fixed energy deposition to gas. At first sight, the
results obtained seem rather unexpected.

It is easily seen from the results presented that the
model predicts the nonmonotonic dependence of the
toluene removal efficiency on the oxygen concentra�
tion [O2], i.e., there is an optimum concentration
[O2]opt at which the amount of removed toluene is
maximum. The energy expenditure of one toluene
molecule removal at the optimum concentration [O2]
([O2]opt = 0.1% at [C6H5CH3]0 = 400 ppm) decreases
from 350 eV/molecule at [O2] = 10% to 230 eV/mole�
cule. In [9], the experiments on toluene removal were
performed only at [O2] = 0, 1.5, and 10%; in this case,
the C6H5CH3 removal efficiency appeared almost
identical at [O2] = 1.5 and 10% (Fig. 4); therefore, no
optimum oxygen concentration [O2]opt was detected.
At the same time, it was experimentally shown in [10]
that the efficiency of toluene removal in the BD in the
gas mixture N2 : O2 at [O2] = 2% is higher than at
[O2] = 20%. We note that in [10], the amount of
removed C6H5CH3 in pure nitrogen ([O2] = 0%) was
also higher than in dry air ([O2] = 20%). Based on the
results obtained, it was assumed in [10] that the oxygen
concentration [O2] = 2% is optimum for toluene
removal. It should be noted that, unlike [10], in [9]
and our numerical calculations (Fig. 5), the oxygen
additive to nitrogen always leads to an increase in the
toluene removal efficiency.

The effect of molecular oxygen on the toluene
removal efficiency can occur in several channels.
Since oxygen, in contrast to nitrogen, is an electrone�
gative gas, the oxygen additive to the initial gas mixture
leads to the formation of additional electron loss
channels and the formation of new ion types in
plasma. If the oxygen content exceeds a certain level,
these effects can result in a change in discharge char�
acteristics. In [9], it is stated that the discharge charac�
teristics depend weakly on the gas medium composi�
tion. At the same time, in [64], where the effect of the
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Fig. 4. Dependence of the toluene concentration at the
plasma�chemical reactor output on the specific energy
deposition at various oxygen contents in the gas mixture at
the initial toluene concentration [C6H5CH3]0 = 400 ppm
and gas temperature T = 323 K: (1) 0% O2 (squares and
solid curves), (2) 1.5% O2 (circles and dashed curves), and
(3) 10% O2 (triangles and dotted curves). The symbols
show the experimental data [9], and the curves show the
simulation results.
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Fig. 5. Dependence of the toluene removal efficiency on
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tration [C6H5CH3]0 = 400 ppm, gas temperature T =
323 K, and specific energy deposition Q = 325 J/L.
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concentration [O2] on microdischarge characteristics
in the dielectric barrier discharge was studied at an
applied sinusoidal voltage with a frequency of 1 kHz, it
was found that a molecular oxygen additive of 2% to
pure nitrogen has no appreciable effect on MD char�

acteristics; however, at 10% O2, this effect becomes
noticeable. In the present study, as noted above, to fit
the numerical simulation results to the experimental
data at an oxygen concentration of 10%, the reduced
electric field strength in the discharge should be
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Fig. 6. Dynamics of C6H5CH3 decomposition and oxidation after the discharge stage of the second current pulse in the N2 : O2
mixture at [O2] = 0.1%, initial toluene concentration [C6H5CH3]0 = 400 ppm, gas temperature T = 323 K, and specific energy
deposition Q = 3.25 J/L. The toluene decomposition reaction rates in (a) (1) reactions (10), (12), and (13) and (2) reaction (11);
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increased from 70 to 80 Td. As seen in Fig. 5, the oxy�
gen concentration [O2]opt at which the maximum effi�
ciency of C6H5CH3 removal is observed does not
exceed 1%; hence, the effect of oxygen on the toluene
removal efficiency is unrelated to changes in discharge
characteristics.

The other channel of the effect of oxygen on the
toluene removal efficiency is associated with a change
in the kinetics of plasma�chemical reactions of
C6H5CH3 decomposition as O2 is added. To determine
changes in the plasma�chemical reaction mechanism

with increasing concentration [O2], the kinetic depen�
dences of the rates of main C6H5CH3 removal chan�
nels in each current pulse were analyzed, their evolu�
tion with [O2] was determined, and the contributions
of these channels to the total degree of toluene decom�
position were calculated. As an example, Fig. 6 shows
the kinetic curves showing the temporal dynamics of
main channels of toluene decomposition (Figs. 6a–
6c), the contribution of each channel to the total
amount of removed toluene (Fig. 6d), and the dynam�
ics of the C6H5CH3 concentration (Fig. 6e) in the
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Fig. 7. The same as in Fig. 6, but for the 100th current pulse.
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postdischarge stage of the second current pulse in the
mixture N2 : O2 at the optimum oxygen concentration
[O2] = 0.1%. Similar dependences for the last, 100th,
current pulse are shown in Fig. 7.

It is easily seen from the results shown in Figs. 6
and 7, in the case of the multipulse effect of the dis�
charge on the polluted gas flow, the amount of
removed toluene in each current pulse monotonically
decreases with the pulse number. An analysis of the
results presented in Figs. 6a–6c and 7a–7c shows that
the main specific mechanisms of C6H5CH3 decompo�
sition correspond to each time interval in the postdis�
charge stage. For short times after the discharge end,
the main channels of toluene decomposition are con�
trolled by its reactions (10)–(13) with metastable
nitrogen molecules. For later times, the main channel
of C6H5CH3 decomposition changes, i.e., the
hydroxyl radical OH generated in plasma�chemical
reactions becomes a main reagent with toluene due to
reaction (48). It is interesting to note that atomic oxy�
gen O also appreciably contributes to C6H5CH3

removal at this stage (reaction (27)); however, the
amount of removed toluene due to channel (27) is
about two times smaller than in reaction (48). A com�
parison of Figs. 6 and 7 shows that the duration of the
stage of plasma�chemical toluene conversion in the
postdischarge phase due to reactions (27) and (48)
between C6H5CH3 molecules and radicals OH and O
becomes shorter with the current pulse number,
whereas the duration of reactions (10)–(13) increases.
This is due to gradual generation of plasma�chemical
toluene decomposition products in the treated gas

mixture, which actively interact with radicals OH and
atoms O. These processes increase the C6H5CH3 treat�
ment (oxidation) depth; however, they appreciably
lower the contribution of channels (27, 48) to primary
toluene decomposition. It is interesting to note that
the absolute amount of toluene removed due to its

reactions with N2(A3 ) and N2(a'1 ) molecules
remains almost unchanged over the entire toluene
removal process. An analysis of Figs. 6 and 7 shows
that the main contribution to toluene removal during
the first current pulses (Fig. 6e) at the optimum oxy�
gen concentration is made by the hydroxyl radical OH
and oxygen atoms O (60 and 20%, respectively). The
contribution of metastable nitrogen molecules is
~17%. At the same time, as the simulation results in

Fig. 7e show, the contribution of N2(A3 ) and

N2(a'1 ) molecules to C6H5CH3 decomposition dur�
ing the last current pulses is more than 50%.

Figures 8 and 9 show the numerical simulation
results presenting the contribution of the main chan�
nels of toluene decomposition during the second cur�
rent pulse at oxygen concentrations [O2] = 1.5% (8)
and [O2] = 10% (9). We can see that the main channel
of toluene removal at these oxygen concentrations is
associated with the hydroxyl radical OH (reaction
(48)). A comparison of Figs. 6d, 8, and 9 shows that
the contribution of this channel to total C6H5CH3

removal increases with [O2]. We note that the contri�
bution of each current pulse to toluene removal mono�
tonically decreases as its number increases at the opti�
mum oxygen concentration [O2] = 0.1%; however, the
difference between the first and last (100th) pulses sig�
nificantly decreases with the oxygen concentration in
the gas mixture. This is caused by a decrease in the
contribution of metastable nitrogen molecules to
C6H5CH3 decomposition with the oxygen concentra�
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oxygen concentration [O2] = 1.5%, initial toluene con�
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323 K, and specific energy deposition Q = 3.25 J/L:
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tions [O2]. The calculated results show that the basic
decrease in the degree of toluene removal with
increasing [O2] occurs exactly during the first current
pulses; whereas the amount of decomposed toluene
during the last pulses is almost independent of the oxy�
gen concentration.

Figure 10 show the data on the relative contribution
of reactions (10)–(13) to the total toluene removal as a
function of the oxygen concentration in the gas mix�
ture. We note that these data reflect only direct
C6H5CH3 decomposition by metastable N2 molecules
due to reactions (10)–(13) and ignore their contribu�
tion to generation of atoms O and radicals OH due to
generation of H and O atoms in reactions (10)–(13), as
well as in reactions (8) and (96),

(8)

(96)

We can see that the contribution of metastable

N2(A3 ) and N2(a'1 ) molecules to toluene decom�
position decreases as [O2] increases; however, it
remains appreciable to [O2] = 5%.

An analysis of the main channels of toluene
decomposition at various oxygen concentrations, per�
formed within the developed model, allowed under�
standing of the cause of the existence of the optimum
O2 concentration during C6H5CH3 removal. First, we
note that the role of metastable N2 molecules in the
toluene removal mechanism due to reactions (10)–
(13) decreases (Fig. 10) with increasing [O2], since
these molecules are efficiently quenched by molecular
oxygen in reactions (8) and (96). As simulation
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showed, the number of O atoms generated in the dis�
charge significantly increases to the concentration
[O2] = 0.1% as the molecular oxygen concentration in
the gas mixture increases. When the oxygen concen�
tration in the mixture exceeds 0.1%, the density of O
atoms in the discharge is significantly slowed down; in
this case, the rate of O atom conversion to ozone
increases (reactions (80), (81)), which, as is known, is
not involved in the toluene decomposition mecha�
nism. Thus, there simultaneously exist competing
channels of O atom expenditure: decomposition of
toluene and other products of its decomposition, gen�
eration of hydroxyl radicals OH in reaction (18)
(which also destructs C6H5CH3), and ozone forma�
tion. The importance and relative contribution of
these processes vary with oxygen and toluene concen�
trations in the gas mixture. A comparative analysis of
numerical simulation results on ozone generation in
the gas mixture N2 : O2 in the presence of toluene and
in its absence showed that appreciable ozone genera�
tion (at the level of 30 ppm) begins only at [O2] >
0.1% at the toluene concentration [C6H5CH3]0 =
400 ppm in the mixture. Thus, the existence of the
optimum concentration [O2] in the toluene removal
mechanism is associated with ozone formation pro�
cesses.

The presence of molecular oxygen O2 in the gas
mixture N2 : O2 has a significant effect on the compo�
sition of intermediate and final products of plasma�
chemical toluene conversion. First of all, it should be
noted that an oxygen additive results in total disap�
pearance of such an ecologically hazardous final prod�
uct of toluene decomposition in nitrogen as cyanic
hydrogen HCN.
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Fig. 10. Relative contribution of metastable N2(A3 ) and

N2(a' ) nitrogen molecules to the total toluene removal
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perature T = 323 K.
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Figures 11–13 show the generation kinetic curves
for some by�products detected in the experiment [9].

In the experiment [9], the concentration of carbon
oxides at high specific energy depositions (Q > 150 J/L
at temperature T = 323 K) monotonically increased
with the discharge glow time, reaching a steady state in
~6 min of discharge operation. Two possible explana�
tions of the observed effect are proposed in [9]: (i) a
gradual increase in the discharge zone temperature
followed by its stabilization due to thermal conductiv�
ity, which leads to a change in the oxidation rate of
intermediate products, and (ii) oxidation of deposits
on gas�discharge chamber walls. None of these sup�
posed processes was considered in the numerical sim�
ulation. Therefore, the numerical simulation results
on carbon oxide generation (Fig. 11) were compared
with experimental data obtained immediately after
turning�on the discharge.

The presented numerical simulation results show
that the developed kinetic model adequately predicts
the formation of a large number of experimentally
observed intermediate and final products of plasma�
chemical toluene decomposition. An estimation of the
degree of selectivity of C6H5CH3 decomposition to
final stable products CO and СО2 shows that up to
~22% of decomposed toluene transform to these
products at the specific energy deposition Q = 325 J/L;
as seen in Fig. 11, the CO concentration is noticeably
higher than the СО2 concentration.

4. CONCLUSIONS

(i) The kinetic model of plasma�chemical toluene
decomposition in nonequilibrium low�temperature
plasma in pure nitrogen and the mixture N2 : O2 was
developed. The results of numerical calculations using
the developed model are in qualitative and quantitative
agreement with available experimental data on both
the efficiency of plasma�chemical toluene removal
and the composition and concentration of intermedi�
ate and final products of C6H5CH3 conversion.

(ii) The main channels of toluene decomposition
in nonequilibrium low�temperature nitrogen plasma

are associated with metastable N2(A3 ) and N2(a'1 )
nitrogen molecules.

(iii) The presence of oxygen in the initial gas mix�
ture significantly changes the toluene decomposition
kinetics and significantly increases its removal effi�
ciency in comparison with the discharge in pure nitro�
gen.

(iv) There is an optimum molecular oxygen con�
centration in the mixture N2 : O2, at which the maxi�
mum efficiency of toluene removal is achieved. The
optimum O2 concentration increases with the initial
toluene concentration.

(v) In the gas mixture N2 : O2, the largest contribu�
tion to C6H5CH3 decomposition is made by the tolu�
ene reaction with the hydroxyl radical OH, which in
turn is generated due to plasmachemical reactions
between C6H5CH3 decomposition products and oxy�
gen atoms.
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Fig. 12. Dependence of the concentrations of (1) formic
acid HCOOH (triangles and dotted curve), (2) formalde�
hyde CH2O (circles and dashed curve), and (3) benzalde�
hyde C6H5CHO (squares and solid curve) at the plasma�
chemical reactor output on the specific energy deposition
in the gas mixture N2 : O2 at the initial toluene concentra�
tion [C6H5CH3]0 = 400 ppm, oxygen concentration
[O2] = 1.5%, and gas temperature T = 323 K. The curves
show the simulation results, and the symbols show the
experimental data [9].
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(vi) The presence of oxygen in the initial gas mix�
ture changes significantly, in comparison with pure
nitrogen, the composition of intermediate and final
products of plasma�chemical decomposition of tolu�
ene.
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