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Abstract—The mechanism of formation of an ozone—hydroxyl mixture and its properties have been investi-
gated. The main channel for the consumption of hydroxyl radicals is the buildup of hydrogen peroxide. In the
absence of ozone, almost all OH" radicals formed are converted to hydrogen peroxide. In the presence of
ozone, the reaction O3 + H,0, gives hydroxyl radicals again. The concentration of OH" radicals is main-
tained until ozone and hydrogen peroxide are consumed. This allows the transport of hydroxyl radicals up to
45 cm from the reactor. The results are confirmed by an experiment on the oxidation of oxalic acid.
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INTRODUCTION

An electric discharge is often used to produce
plasma in which chemically active species are gener-
ated [1]. The composition of active species depends on
the characteristics of the discharge and the composi-
tion of the gas in which the discharge burns. If oxygen
is present in the gas phase, then ozone may form
during discharge. Ozone is a long-lived species, but its
chemical activity is relatively low, so ozone is a selec-
tive oxidizing agent [2]. Hydroxyl radicals are highly
likely to decay in interactions with each other, forming
more stable but less active species. Therefore, the
action of hydroxyl radicals is manifested at small dis-
tances from the place of their formation.

The concentration of hydroxyl radicals at different
distances from the site of their formation in an argon
plasma with water vapor was studied in [3]. There was
neither oxygen nor ozone in the discharge region. The
diameter of the region with the maximum concentra-
tion of radicals was about 2 mm. Hydroxyl radicals
appear mainly in the ground state and are not detect-
able by measuring the emission spectrum. Hydroxyl
radicals were visualized via their excitation by a laser
pulse. The concentration of hydroxyl radicals after
passage of a laser pulse decreases to a background level
within 150 ns. This figure allows us to judge the life-
time of hydroxyl radicals.

In [4], we explored the possibility of transport of
hydroxyl radicals outside the reactor in which ozone
was generated along with hydroxyl radicals. It was
shown that OH " radicals can exist for up to 1 s under
these conditions, but their concentration decreases
several times.

In this work, we selected a solution of oxalic acid as
the detector, which is oxidizable only by hydroxyl rad-
icals [2]. The decomposition of oxalic acid by products
formed during a spark corona discharge and trans-
ported through the tube to a distance of 45 cm was
studied. The properties of the ozone—hydroxyl mix-
ture formed in a pulsed corona discharge reactor in an
atmosphere of air saturated with water vapor were ana-
lyzed in terms of a kinetic model of the process.

EXPERIMENTAL

The block diagram of the experimental setup is
shown in Fig. 1. A spark corona discharge, in which a
wide spectrum of active species including ozone,
hydrogen peroxide, and hydroxyl radicals was formed,
occurred in discharge chamber / filled with air. The
discharge chamber housing was made of aluminum,
and the chamber lid was made of PTFE. Discharge
electrodes 2 were introduced into the chamber
through holes in the lid. The stainless steel electrodes
were of 2 mm in diameter and 40 mm in length, and
their number was 24. The distance between the elec-
trodes was 25 mm. Discharge electrodes 2
were arranged at a height of 6.5 mm from ground elec-
trode 3. A high voltage of negative polarity was applied
from an 11-kV power supply through an RC matrix.
Each electrode was connected to the power source
through a ballast resistor of R =20 MQ and grounded
through a capacitor of C = 32 pF. Given the voltage
drop across the ballast resistor, the voltage across the
electrode was 9.6 kKV. The selected design and power
circuit of the discharge electrodes ensured the forma-
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Fig. 1. Block diagram of the experimental setup: (/) discharge chamber, (2) discharge electrodes, (3) ground electrode, (4) liquid
under treatment, (5) ejector, (6) water cooling; M is the circulation pump, HV 11 kV is the power supply, and L is the suction tube.

tion of Trichel pulses on each electrode [5]. The
Trichel pulse repetition rate was ~100 kHz, the pulse
current was up to 2 mA, the average current from each
electrode was 70 pA, and the total current at all
24 electrodes was 1.7 mA.

Liquid 4 to be processed was poured on the bottom
of the discharge chamber below the level of the ground
electrode. The total volume of processed liquid was
0.5 L. The bottom part of the discharge chamber con-
taining the liquid was cooled with running water. The
temperature of the liquid during its treatment was
maintained at 20—22°C. Active species formed in the
discharge chamber were sucked out through tube L by
ejector 5. The length of tube L varied from 1 to 45 cm.
The inner diameter of the tube was 4 mm. The liquid
was pumped from the discharge chamber to the ejector
by pump M. The pressure created by the pump at the
inlet of the ejector was 3 atm. The flow rate of the lig-
uid through the ejector was 160 L/h. The ratio of liquid
and suction gas flow rates was 1 : 1. The velocity of the
gas sucked through tube L from the discharge chamber
was 353 cm/s, and the time of its traveling through the
tube of a 45 cm length was 0.125 s. Water returned from
the ejector to chamber /1. Thus, the liquid was pro-
cessed in a recirculation mode. In the gas phase of the
discharge chamber, a steady-state concentration of
active species was established. To sample the liquid
during its treatment, there was a sampling tap installed
on the tube connected to the suction pump.

As test liquids, a 100 mmol/L aqueous solution of
oxalic acid and pure water were used. During process-
ing, dissolved ozone and hydrogen peroxide accumu-
lated in pure water. The treated water was periodically
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sampled, and the concentrations of ozone and hydro-
gen peroxide were determined in the samples. The
ozone concentration was determined iodometrically.
The volume of the sampled water was 30 mL; 30 mL of
a Kl solution of 5 g/LL concentration was injected into
it. The concentration of I, produced by oxidation was
determined by titrating with 0.02 N sodium thiosulfate
in an acidic medium. The hydrogen peroxide concen-
tration was determined by measuring the absorbance
at 410 nm of the complex formed by adding freshly
prepared TiCl, to the treated water sample [6].

Oxalic acid was used as a detector of hydroxyl rad-
icals. To estimate the lifetime of active species, a
decrease in the concentration of oxalic acid after 24-h
treatment was measured depending on the length of
suction tube L. The concentration of oxalic acid was
determined by titration with a 0.05 N potassium per-
manganate solution in an acidic medium at a tempera-
ture of 80°C. Ozone accumulated during the treat-
ment was destroyed at a temperature of 80°C and did
not affect the titration result. Hydrogen peroxide also
did not affect the result, because its concentration was
low. For the experiments, doubly distilled water at
pH 6.5 and the reagent grade chemicals were used.
The absorption spectra were measured with an Aqui-
lon SF-102 spectrophotometer (Russia).

The kinetics of the reactions of all reactive oxygen
species that could have formed during the electric dis-
charge treatment were calculated. The calculation was
based on a scheme of 30 reactions between active spe-
cies. The system of 11 differential equations describing
the formation and consumption of reactive
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oxygen species was solved using the software suite
Mathcad- 14.

RESULTS AND DISCUSSION

Ozone is produced in an electric discharge and dif-
fuses into water. Its concentration in the gas cavity and
in water increases with treatment time and reaches a
steady-state concentration after 30 min. The steady-
state concentration of hydrogen peroxide is estab-
lished after 20 min. Since the oxalic acid treatment
time was 24 h, it can be assumed that the gas mixture
with active species aspirated from the reactor was
always in a steady state. The steady-state concentra-
tion of ozone in water was (5.8 = 0.3) x 107> mol/L.
The Henry constant for ozone in water is 1.7 [2];
therefore, its concentration in the gas phase is [O;] =
(9.9 £ 0.4) x 107 mol/L. The steady-state concentra-
tion of hydrogen peroxide is (1.8 & 0.3) x 107> mol/L.

The dependence of the concentration of oxalic acid
on the time of movement of the gas mixture through
the suction tube is shown in Fig. 2. The travel time
along the 45-cm long tube was 0.125 s. With a mini-
mum tube length of 1 cm and a mixture travel time of
0.003 s, a strong decrease in the oxalic acid concentra-
tion from 100 to 40 £ 7 mmol/L is observed. Such a
decrease corresponds to the concentration of hydroxyl
radicals in the gas mixture of 1.4 X 1077 mol/L. The
total discharge current was 1.7 mA. Hence, the yield of
hydroxyl radicals is (20 £ 3) moles of OH " radicals per
mole of electrons passed through the discharge circuit.
The high voltage applied to the electrodes is 9.6 kV.
Hence, the energy expenditure for the formation of
one hydroxyl radical is (480 = 70) eV. Figure 2 shows
that over a time of about 0.1 s, the mixture of active
species extracted from the reactor almost completely
loses its activity and the oxidation of oxalic acid ceases.
This means that during the movement of the mixture
for 0.1 s, the concentration of hydroxyl radicals
decreases to the level when the change in the oxalic
acid concentration as compared with the initial value
lies within the measurement error.

Based on published data, a scheme of the interac-
tions of reactive oxygen species that could have been
formed during a spark corona discharge in air was
compiled. Active forms of nitrogen were not taken into
account, since their yield during an electric discharge
of this type in air is small [7]. The reaction scheme is
presented in Table 1. During the discharge, a steady
state is established and all the active species are being
produced.

The calculation of the stationary state according to
the reaction scheme given in the table showed that the
main stable product is hydrogen peroxide. The calcu-
lation included the hydroxyl and ozone generation
rates in the discharge region of 3 X 107*and 5 x 10~
mol L !s™!, respectively, at which the concentrations
of active species (hydroxyl radicals, hydrogen perox-
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Fig. 2. Dependence of the concentration of oxalic acid
[C], mmol/L for oxalic acid samples with an initial con-
centration of 100 mmol/L, treated for 24 h with an ozone—
hydroxyl mixture on the drift time of the mixture from the
discharge chamber ¢, s. The squares with error bars show
experimental data, and the dashed curve represents calcu-
lation results.

ide, and ozone) corresponding to the experimental
values are reached in the steady state. The time to es-
tablish a steady-state concentration was 150 s. The
steady-state concentrations of the active species were

as follows: [OH"] = 1.4 x 1077, [HO;] = 1.4 x 1078,
[0°]1=5.8%x107 [H]=18 x 1074 [H,] =3 x 10712,

[H,0,] = 1.8 X 107>, [03] = 1.2 x 107%, [HO;] =1 X
1077, [0,S] =2.9 x 107%, and [0O5] = 9.9 x 1073 mol/L.
The obtained concentrations of hydroxyl radicals, hy-
drogen peroxide, and ozone corresponded to the ex-
perimentally measured values. Molecular oxygen was
formed as the final product of a number of reactions,
but it did not participate in further transformations of
the active species, so its concentration was not set as a
variable. Molecular oxygen and water vapor present in
the discharge region determined the yield of hydroxyl
radicals and ozone, but the mechanism of their forma-
tion was not considered; the yield of OH" and ozone
was set as a parameter.

The calculated concentrations of hydroxyl radicals
for hypothetical cases (with and without ozone)
depending on the transport time up to 0.2 s are pre-
sented in Fig. 3. The figure shows that the concentra-
tion of hydroxyl radicals after a drift for 0.2 s decreases
to 4.9 X 107 mol/L in the absence of ozone (Fig. 3,
curve ) and [OH'] = 1.5 x 1078 mol/L in the pres-
ence of ozone (Fig. 3, curve 2). To maintain the con-
centration of hydroxyl radicals, hydrogen peroxide
and ozone are consumed in reaction (30) (see
Table 1).
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Table 1. Scheme of reactions of reactive oxygen species; M is the third body
No. Reaction @k, Lmol !s™! Ref.
1 OH'+OH' +M - H,0,+ M 1.3 x 10'° [2]
2 OH"+OH' - H,0+ 0" 1.1 x 10° [2]
3 OH" +0' - 0,+H" 2 x 1010 [2]
4 OH' + 0" +M = HO, + M 2.2 %107 121
5 OH'+H ' +M > H,0+M 1.1 x 10' 2]
6 OH" + H,0, — HOj + H,0 4.1 x 107 2]
7 OH' + HO, — O, + H,0 6.6 x 10'° [2]
8 OH' +H,—> H" + H,0 4 x 10° 2]
9 HO; + HO; — H,0, + 0, 1.3 x 108 2]
10 HO; + H,0 - H,0" + 05 1.2 x 102 8]
Il H;0" + 05 — HO} + H,0 7.5 % 10° [8]
12 HO, + H" - H, + 0, 3.3 %10 [8]
13 HO, +H' - OH" + OH" 4.3 x 10" 9]
14 HO, + 0" > OH" + 0, 3.5 x 10" 2]
15 H'+0,+M— HO, +M 4.5 x 10" 2]
16 H" +H +M—>H,+M 1 x10° 2]
17 H' + H,0, > OH" + H,0 2.2 % 107 2]
18 H' + H,0, > H, + HO, 2.6 x 10° 2]
19 0" +H,0, > OH" + HO, 1 x 108 [2]
20 05 + HO, — HO; + 0, 8 x 107 [8]
21 HO; + H;0" — H,0, + H,0 10 [8]
22 H,+0 - OH  +H" 4 %103 [9]
23 0O, + OH® — H,0 + 0} 101 8]
24 05 + H" - % H,0, + % 05 103 [11]
25 05 — Decay In2/t;,=2.9 % 10"*s.  |[11]
26 0§ + o§ — Products 101 [11]
27 H,0,+ 05 - OH +OH" + 0O, 0.13 [8]
28 OH' + 0; > HO; + 0, 4 x 107 [10]
29 HO;, + 0; —» OH" +20, 1.2 x 10° [10]
30 H,0, +20; — 20H" + 30, 5.5 x 10° [10]
HIGH ENERGY CHEMISTRY Vol. 54 No. 3 2020
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Fig. 3. Concentrations of active species [C], mol/L,
transported from the generation region during time ¢, s:
(1) OH " radicals in the absence of ozone in the system,
(2) OH " radicals in the presence of ozone in the mixture,
(3) hydrogen peroxide, and (4) ozone. The initial concen-
trations correspond to the steady state in the generation
region, which was established after 150 s.

The values of the concentration of hydroxyl radi-
cals (Fig. 3, curve 2) were used to calculate the con-
centration of oxalic acid after 24-h treatment depend-
ing on the time of drift in the tube. The results for
comparison with experimental data are presented by
the dashed curve in Fig. 2. It can be seen that the cal-
culated values describe the experimental data, thereby
confirming the proposed mechanism of formation of
the ozone—hydroxyl mixture.

CONCLUSIONS

The results obtained show that an ozone—hydroxyl
mixture is formed in a pulsed corona discharge reac-

SPELL: 1. OK

HIGH ENERGY CHEMISTRY Vol.54 No.3 2020

209

tor. The formation of this mixture ensures the trans-
port of hydroxyl radicals from the reactor to a distance
of 40 cm. The concentration of hydroxyl radicals is
replenished via the reaction of accumulated hydrogen
peroxide with ozone. This feature makes it possible to
create devices for wastewater and drinking water treat-
ment with hydroxyl radicals. The concentration of
hydroxyl radicals extractable from the reactor and,
thus, capable of oxidizing water impurities is close to
the concentration in the reactor itself.
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