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Abstract. Oxygen-containing HO; and HO" radicals are one of the most effective and environmentally friendly
oxidants, one of the sources of which are ozonated aqueous solutions, the mechanism of the processes occurring
in them has not yet been precisely established. The purpose of the work is to compare, to confirm or refute,
mechanisms proposed by S.D. Razumovsky and H.S. Stolyarenko as the most modern ones based on the processes
of suppressing the formation of “thermal” nitrogen(ll) oxides during fuel combustion. For this, changes in the
concentration of all compounds involved in ozone destruction processes in aqueous solutions and the effect
of these compounds on the formation of “thermal” nitrogen oxides have been investigated using a kinetic
mathematical model.During the study, kinetic mathematical models of the process of suppressing the formation of
“thermal” nitrogen(ll) oxides during fuel combustion using the process of ozone destruction in aqueous solutions
have been obtained according to mechanisms proposed by S.D. Razumovsky and H.S. Stolyarenko. Based on the
results of the comparison of both mechanisms, it can be stated that the mechanism of H.S. Stolyarenko more
realistically reflects the process of decomposition of ozone in aqueous solutions. The dependences of changes in
the concentration of substances that participate in the process of decomposition of ozone in aqueous solutions
on time, as well as the amount of ozone consumed for this process have been determined. Establishing of the
mechanism of ozone destruction in the same solutions and the obtained dependencies will make it possible to
more freely use oxygen-containing HO; and HO" radicals, which are formed during the destruction of ozone in

Article’s History: Received: 07.09.2023; Revised: 14.11.2023; Accepted: 18.12.2023.

Suggested Citation:

Viazovyk, V., Shynkarenko, D., & Kurochka, A. (2023). Kinetic models of ozone decomposition mechanisms in aqueous solutions
as sources of oxygen-containing HO; and HO" radicals. Bulletin of Cherkasy State Technological University, 28(4), 70-81.
doi: 10.62660/2306-4412.4.2023.70-81.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
BY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


http://orcid.org/0000-0001-7113-9892
https://orcid.org/0000-0003-1400-6131
https://orcid.org/0009-0002-7354-5127

V. Viazovyk et al.

the same solutions, for the processes of gas flows cleaning, especially for their denitrification, as well as for the
intensification of oxidation processes in chemical industry, for example, in the production of nitric acid

Keywords: hydroxyl radical; peroxide radical; destruction of ozone; nitrogen(ll) oxides; oxidiser

INTRODUCTION

In the case of chemodestruction or removal of toxic
impurities from process gas streams or exhaust gases,
high reactivity of chemical compounds, as well as the
intensification of diffusion processes are of great im-
portance. The use of highly reactive reagents - radicals
is the most effective method of accelerating chemical
processes. Oxygen-containing HO;, and HO" radicals are
found in various chemical processes: they play a sig-
nificant role in the combustion of any fuel; are synthe-
sised during the formation of ozone holes; are formed
in various chemical processes in which ozone partici-
pates. The processes of synthesis of oxygen-containing
HO; and HO" radicals during the destruction of ozone in
aqueous solutions are of great interest. In most cases,
the presence and high reactivity of oxygen-containing
HO; and HO" radicals during the destruction of ozone
in aqueous solutions has been experimentally proven.
Ozonated aqueous solutions are one of the widespread
sources of oxygen-containing radicals. However, there
is still no precisely formed mechanism for this process.
The decomposition of ozone in water environments has
been studied for quite a long time, and already in early
works attempts were made to explain its kinetics and
mechanism.

The authors A.B. Murphy et al. (2023), F.G. Beltran
and FJ.Rivas (2023) studied and described radical mech-
anism of ozone decomposition in water environments,
which was first proposed by D. Weiss in 1935. In the
mechanism of D.Weiss, for the first-time the existence of
H,0 - O, in the system was noted for superoxide radical,
the formation of which was explained by the absorption
band in the blue region of the spectrum during ozona-
tion of a 40% KOH solution at a temperature of -40°C.
In this mechanism, ion-radical mechanism of ozone
decomposition and spontaneous interaction of radicals
after their occurrence in the solution were shown. In
this, the main role is given to HO; radical. It has been
established that the absorption band in the region of
430 nm is due to the formation of O;™ ozonide ion-radi-
cal under the same conditions as those used by D. Weiss.

Scientists such as A. Mojiri et al. (2019), W. Fan et
al. (2020) and M. Rodriguez-Pena et al. (2021) in their
works studied the mechanism of ozone decomposition
proposed in 1950 by M. Alder and G. Hill. The scientists
noted that this mechanism is more prone to neutral
and acidic environments. The rate of ozone decompo-
sition according to this mechanism is determined by
the reactions of the formation of HO; radical and de-
composition of HO® radical. The authors A.B. Murphy et
al. (2023), as well as F.G. Beltran and F.J. Rivas (2023),
in their works described the mechanism proposed by
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E. Abel in 1955. The authors noted that E. Abel tried to
take into account all intermediate complex compounds
that are formed according to this mechanism and are
determined spectrally: 0°-0°0°0OH", O;, HO;, 0°°0°0",
0?%. In the mechanism of E. Abel, the formation of an
intermediate O O°0" particle, which is essentially a O;
ion-ozonide radical with an electron localised on a cer-
tain oxygen atom, was proposed for the first time.

Researchers A. Mojiri et al. (2019) and W. Fan et
al. (2020) in their studies, among more modern mech-
anisms, described the mechanism of ozone destruction
in aqueous solutions proposed by S.D. Razumovsky, and
the mechanism proposed by H.S. Stolyarenko (2021;
2023). However, both of these mechanisms due to short
existence time of compounds participating in the pro-
cess (existence time is 104-10° s) and therefore the im-
possibility of determining them by analytical methods,
have not received exact confirmation or refutation.

The purpose of this study was to theoretically con-
firm the mechanism of ozone decomposition in aque-
ous solutions based on laboratory studies of suppress-
ing the formation of “thermal” nitrogen oxides during
the combustion of gaseous fuel using ozonised solu-
tions and to create kinetic models of the investigated
process based on the mechanisms of ozone destruction
in aqueous solutions, proposed by S.D. Razumovsky, and
the mechanism, proposed by H.S. Stolyarenko. For this
purpose, the following tasks were set:

e to investigate the process of suppressing the
formation of “thermal” nitrogen oxides during the com-
bustion of gaseous fuel using ozonated solutions;

e to develop kinetic mathematical models based
on the results of research into the process of ozone de-
struction in jet streams of aqueous solutions.

MATERIALS AND METHODS

Two mechanisms have been singled out, for which ki-
netic mathematical models were compiled and solved:
the mechanism proposed by S.D. Razumovsky (Mojiri et
al., 2019; Fan et al, 2020) (hereinafter the first meth-
od) and the mechanism proposed by H.S. Stolyaren-
ko (2021; 2023) (hereinafter the second method). The
purpose of this mathematical model, based on litera-
ture data and the results of studies of the intensifica-
tion of combustion processes, is to select from these
two mechanisms the one that would correspond to real
results of the studies. Research on the intensification
of combustion process consists in the use of oxygen
radicals to suppress the formation of “thermal” nitro-
gen oxides during the combustion of gaseous fuel. The
results of these researches are compared with the




Kinetic models of ozone decomposition mechanisms...

results of mathematical modelling and it is determined
which of the two mechanisms best corresponds to the
ongoing process.

The exit of radicals is determined by changing the
concentration of “thermal” nitrogen(ll) oxide in flue gas-
es. By simulating the process of the formation of “ther-
mal” nitrogen(ll) oxide before and after the introduction
of radicals into the combustion zone, it is possible to
calculate theoretical values of the concentration of the
radical in the combustion zone. By comparing the re-
sults of modelling by both mechanisms with the results
of research, the mechanism of the process can be es-
tablished. In laboratory studies, the degree of suppres-
sion of the formation of nitrogen(ll) oxides is achieved
by 80% (Stolyarenko, 2023). Ya.B. Zeldovich proposed
a chain scheme of nitrogen(ll) oxidation, in which free
oxygen and nitrogen atoms play an active role accord-
ing to reactions (1-2) (Cellek, 2022; Gao, 2022):

0,+M—0+0+M - 494 kl/mol (chain initiation); (1)
O+N,—NO+N - 314 kl/mol; (2)
N+0,—NO+0+134 ki/mol, (3)

0+0+M—0,+M+494 kl/mol (chain break). (4)

The concentration of oxygen in combustion prod-
ucts can be determined from the empirical equation
(Cellek, 2022; Gao, 2022)

aLo—Lo

Co,=0.21 722, (5)

where a is the coefficient of excess air; L_is theoretical-
ly necessary amount of air, m*/m3.

Initial concentration of atomic oxygen in the flame
during the combustion with an excess of oxidiser ac-
cording to the formula:

¢S = [K1\/Cop (6)

where [K] is the equilibrium constant (Cellek, 2022;
Gao, 2022).

61000

[K] = 1,3*10* exp(— 222, 7)

The reaction rate for each component taking into
account the decomposition reaction of nitrogen oxide
according to the reaction 2NO —%5 ,N_ +0,:

daCo,

~22 = 0; (8)
dCN2 2.
2= —kyCn,Co + ks(Cno)* ©)
d_‘;v = kZCOCNz - k3CNC02; (10)
ac
d—f = Cg - kZCNZCO + kSCNCOZ - k4(C0)2; (11)

ACno _
dt

= k,CoCy, +k3Co,Cy — ks(Cno)%  (12)

Reaction rate constants k,, k,, k,, k, according to
equations (Surl et al,, 2021; Cellek, 2022; Gao, 2022):

316500

=5,01-10" exp(——_—); (13)
ks =3,8-103 exp(— 33500), (14)
ks =11039VT; (15)

ks =3-10°exp( —2220), (16)

Solving the system of equations (8-12) by the
Runge-Kuttamethodat T=1300K,x=1.18,L =8.83m*/m’,
(O, =2.8 mg/dm*and pH =11, the dependence of the
change in the concentration of nitrogen(ll) oxide on
time is obtained (Chauhan & Srivastava, 2019; Ince et
al, 2021). The formation time of the equilibrium con-
centration of nitrogen(ll) oxide is taken to be 0.3 s.

The process of suppressing the formation of ni-
trogen(ll) oxide during the combustion of gaseous fuel
is based on the process of binding of atomic oxygen
by HO; radical according to the reaction (Ragupathi et
al, 2023)

HO;+0" —X¢ 5 HO;+0,. (17)

According to the chain scheme of nitrogen oxi-
dation, proposed by Ya.B. Zeldovich, the formation of
nitrogen(ll) oxide decreases with a decrease in the
concentration of atomic oxygen. Then the system of
equations taking into account HO;, radical will take the
form (18-22):

dCo,

20z o (18)

dCn, 2.
o —k,Cy,Co + ks(Cno)%; (19)

dc
d_N —_ kZCOCN k3CNC02; (20)
T Co = kaCny Co + ksCyCo, — ka(Co)” — k6CoChoss (21)
dc

dNO k,CoCy, + k3Co,Cy — ks(Cyo)?  (22)

Each mechanism of ozone decomposition in aque-
ous solutions is considered. The first mechanism of
ozone decomposition process in aqueous solutions is
presented in reactions (23-29). Reaction rate for O,,
OH-, HO", H*, O3, HO3, HO; taking into account the re-
action H,0 =3, frg” H*+HO" and assuming that CH,0=1:

45 _ .
=0 (23)
dCog—
;:I = _k7C03 Con— — k11Con-Chor — ky3; (24)
dCype
;‘1[0 = k7CO3COH_ - klOCO3COH_ - kIICOH_CHO'; (25)
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ac

L = ke Coz Cyt + ks (26)
dcdié_ = k7Co,Con— — kgCos~Cpy+; (27)
d%aé = k10Co,Cho; (28)

dc:Toa = k;Co3-Cy+ — koCyos 29)

Reaction rate constants: k,=1.9-10%, k,=1.9 - 10%,
ky=1-107, k,=2-10% k,=18-10° k,=3-10°,
k,,=2.86-10*s" (Feinberg, 2019; Tan et al., 2019; Liu et
al, 2023). The concentration of ozone at the phase
boundary is calculated according to the expression
(Stolyarenko, 2023):

Co—C
Co—Cp

=11- %exp( —4m%F,"), (30)

where F,' = Z—f is the Fourier diffusion criterion; C,, C
are initial concentration and concentration at the mo-
ment of time 6 Cp is the concentration at the phase
boundary.

RESULTS AND DISCUSSION
The idea of using a kinetic mathematical model to con-
firm or disprove one or another mechanism of ozone
decomposition in aqueous solutions belongs to the au-
thors of this article. This article presents the results of
these studies without comparison with the results of
other researchers, which are presented in this form for
the first time.

Reaction rate for O,, OH-, HO;, 0,7, HO", 0,7, O" as-
suming that CH,0=1:

V. Viazovyk et al.

dCon-
;TH = —ky4 - Cou~ + ky5 - Co - —
—kig - Co, - Con— + kaq - Co - ; (32)
dCyp.»
% =kiy - Co, - Con- + kys - Co,o= =
—k17 . CHOZ. : CO3 - k19 ' CHO' ’ CHOZ. +
+k20 N CHO' * CO3 + k22 ' CHO.CO.; (33)
dc,, -
:;Tz =ky, - CO3 < Cog- —kqs - C02°—; (34)
dCone
dOrH = ki " Co, - Cog=+ K17+ Co, - Co, —
—kig - C*yor — K19+ Cyo* * Cyoy- —
_kzz . CHO' . Co'; (35)
dcC, -
:z): = ki Con=Co, —ka1 - Cop— (36)
dcCpe
d_‘lr) =kig - Con* - Cro* — kap  Co* - Cyor. (37)

Reaction rate constants: k,,=1.2-10% k. =1.2-10%
k,=1.9-10%k ,=84-10%k =6.67-10' k =75-10",
k,=2-108 k,, =9.05-10", k,,=1.99- 10" s* (Tan et
al., 2019; Murphy et al.,, 2023). As a result of calculat-
ing the system of equations (23-29) and substituting
the obtained concentration of HO;, radical into the sys-
tem (18-22), the dependence of the concentration of
nitrogen(ll) oxide on time in the process of supressing
the formation of nitrogen(ll) oxide with the synthesis of
HO; radical according to the first mechanism is estab-
lished (Fig.1). The results of solving the system of equa-
tions (31-37) are presented in Figure 1, the dependence
of the concentration of nitrogen(ll) oxide on time in the
process of supressing the formation of nitrogen oxide
with the synthesis of HO;, radical according to the sec-

ac . . . .
?03 =0; (31) ond mechanism is also shown in Figure 1.
120
. 100 %
£ /
S~
[@)]
£ 80 <
e}
S //2
5 60 /
g 1
£ 40 ~
v] /
S
o 20 //
3
0
0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure 1. Dependence of the formation of nitrogen(ll) oxide on time
Notes: 1 - before the introduction of radicals; 2 — according to the first mechanism; 3 - according to the second mechanism
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction

process in aqueous solutions
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Figure 2 shows the dependence of the degree of

suppressing the formation of nitrogen(ll) oxide on time

by both mechanisms. The results of the calculation of

100

the system of equations (23-29) are presented in Fig-
ure 2. The second process mechanism is presented in
reactions (1-5).
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Figure 2. Dependence of the degree of suppressing the formation of nitrogen(ll) oxide on time
Notes: 1 — according to the first mechanism; 2 - according to the second mechanism
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction

process in aqueous solutions

As can be seen from Figure 2, suppression of the
formation of nitrogen(ll) oxide with the synthesis of
HO; radical by the first mechanism almost does not
occur, because the concentration of HO; radical is syn-
thesised from HO" radical. On the other hand, the in-
fluence of HO" radical is impossible due to relatively
low quenching rate of HO* + O". In Figure 1, the curve
of the change in the concentration of nitrogen(ll) ox-
ide over time when using suppression of the formation
of nitrogen(ll) oxide with the synthesis of HO; radical

according to the first mechanism coincides with the
curve of the change in the concentration of nitrogen(ll)
oxide before the introduction of radicals, which also in-
dicates a low degree suppression of nitrogen(ll) oxide.
Suppression of the formation of nitrogen(ll) oxide with
the synthesis of HO; radical by the second mechanism
reaches almost 80% of the suppression of “thermal” ox-
ides. Figure 3 shows the dependences obtained for the
main compounds of the investigated process according
to the first mechanism.

35

30
£ el
?E; 25
€ 50 /
C
© 15
=
o 1 /
o 10 :?
c
O /
(] 2 /7Z /__,..—--/‘

5 /ér/{%yl 5

O_

0 0,02 0,04 0,06 0,08 0,1
Time, sec

Figure 3. Dependence of changes in concentrations of substances over time according to the first mechanism
Notes: 1 - 100°Cox-; 2 - 100°Cho-; 3 — 10%°Cw; 4 - 10 Cor-; 5 - 1000 - Cro;
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction

process in aqueous solutions

The exit of HO; radical according to the second
mechanism is much higher than by the previous one
(Fig. 4). Comparison of Figure 3 and Figure 4 shows that

the exit of HO; radical by the first mechanism is an or-
der of magnitude lower than the formation by the sec-
ond mechanism. At the same time, the formation of HO*
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radical according to the first mechanism is 20 times low- to the second mechanism. In the first mechanism,
er than according to the second mechanism, and sever-  there is no superoxide radical, which plays an essen-
al times more ozonide radical is formed than according tial role in the formation of oxygen-containing radicals.

16
w14 -~
g 12 2/
g 1 //
£ 10
[
o 8
© 6 |
g 4 /,//5/ 2

L
0
0 0.02 0.04 0.06 0.08 0.1
Time, sec

Figure 4. Dependence of changes in concentrations of substances over time according to the second mechanism
Notes: 1 - 100°Cox-; 2 - 10 CHo; 3 - 10%°Co;-; 4 ~ 100 - CHo; (coincides with Co--); 5 - 10Co;-

Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction
process in aqueous solutions

Due to the fact that only the concentration of “ther-  results of the simulation of the process of suppress-
mal” nitrogen(ll) oxides decreases and the concentra- ing the formation of nitrogen(ll) oxide are adequate.
tion of “fast” nitrogen(ll) oxides remains constant, it It can be concluded that the second mechanism of
is impossible to achieve 100% suppression. Thus, the  HO; radical synthesis more realistically reflects the
results of the experiments on suppression of the for-  processes that take place during the decomposition of
mation of nitrogen(ll) oxides, given in Table 1, and the  ozone with increasing pH of the solution.

Table 1. Ozone concentration after passing through alkaline solutions at a contact time, t=006 s

Ozone concentration, mg/dm 3
OAM costs, dm?/min
0.1n 0.01n 0.001n To the solution
0.5 2.5 2.55 261 2.8
1 1.6 2.3 2.35 2.4
2 1.7 1.9 1.95 2.1

Source: compiled by the authors based on G.S. Stolyarenko (2023)

Based on the data given in Tables 1-3, the depend-  radicals on time for a 0.1 n solution is calculated at
ence of the change in the concentration of HO; and HO*  different ozone-air mixture (OAM) rates.

Table 2. Ozone concentration after passing through alkaline solutions at a contact time,t=0.12 s

Ozone concentration, mg/dm 3
OAM costs, dm?®/min
0.1n 0.01n 0.001 n To the solution
0.5 2.5 2.6 2.8 2.8
1 2.0 2.05 2.1 2.4
1.65 1.85 2.0 2.1

Source: compiled by the authors based on G.S. Stolyarenko (2023)

Table 3. Ozone concentration after passing through alkaline solutions at a contact time,t=0.18 s

Ozone concentration, mg/dm 3
OAM costs, dm?/min
0.1n 0.01n 0.001n To the solution
0.5 2.3 2.6 2.7 2.8
1 1.6 2.25 2.28 2.4
2 1.55 1.8 1.9 2.1

Source: compiled by the authors based on G.S. Stolyarenko (2023)
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Figure 5 illustrates the formation of HO; radical at
a specific time point, with the time parameter denoted
as t=0.06 s. This graph provides a snapshot of the con-
centration of HO; radical at this precise moment during
the reaction or process under consideration.

The figure captures a moment in the kinetic process,
allowing for a focused analysis of radical formation at
the specified time of 0.06 s. The shape and trajectory

of the curves in Figure 5 convey information about the
rate of radical formation or depletion at this particu-
lar time instance. Upon examining Figure 6, an analy-
sis of the behaviour of HO; radical at the specific time
instance is possible. The features observed, including
the curve’s shape, its slope, and any distinctive patterns
present, provide valuable insights into the rate of radi-
cal formation or depletion during this particular period.

45
4 /’
§ 81 1_~T 2
g 3 L~ -
E 25 -~ // )
§ 5 // 3
£ 15 ,A —
] A/
2 =
S 05
0 }
0 0.01 0.02 0.03 0.04 0.05 0.06
Time, sec

Figure 5. Formation of HO; radical,t=0.06 s
Notes: 1 - OAM consumption is 0.5 dm 3/min; 2 - OAM consumption is 1 dm?/min; 3 - OAM consumption is 2 dm?/min
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction

process in aqueous solutions

9
8
E 7
§6 1 //,2 -
c ; //j’/,-./‘
2>
.S 4 //,/
+—
g 2 e
C /
o 14
o
0 L}
0 0.01 0.02 0.03 0.04 0.05 0.06
Time, sec

Figure 6. Formation of HO; radical,t=0.12 s
Notes: 1 - OAM consumption is 0.5 dm?/min; 2 - OAM consumption is 1 dm?/min; 3 - OAM consumption is 2 dm?/min
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction

process in aqueous solutions

Figure 7 illustrates the formation of HO" radical at a
specifictime.The analysis of Figure 7 enables to examine
the behaviour of HO® radical precisely at the time point
1=0.12 s.The features of the graph, including the curve’s
shape, its slope, and any distinctive patterns, provide
valuable information regarding the rate of radical for-
mation or depletion during this particular time segment.

In Figure 8, the graphs depict the relationships
governing the formation of oxygen-containing radicals
at different contact times, using kinetic mathematical
models to describe the underlying processes. A similar
trend is observed in Figure 9, where the concentration
varies linearly with the contact time.

Figures 5-8 show the dependences of the forma-
tion of oxygen-containing radicals at different contact
times according to kinetic mathematical models. As
can be seen from Figures 5,7, 8, the change in the con-
centration of HO; radical is linear and the time of the
reaction almost does not affect the course of radical
formation. The same is observed in Figures 7 and 9 for
HO* radical. The concentration of HO" radical itself is
an order of magnitude higher than the concentration
of HO; radical. The issue of ozone decomposition in
aqueous solutions has been discussed in the literature
for a long time. Competitive kinetics and scavenging
assay are commonly used for radical quantification.
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However, the accuracy of the two methods has been against organic indicators may disrupt the quantita-
challenged in electrochemical advanced oxidation tive relationship between indicator consumption and
processes since the strong reactivity of electrode radical concentration.

N
o

L~ A
L3

A
/
o

A

Concentration mmol/m?3
— -t b -t b
O N Hh OO0 O N M O ©

0 0.02 0.04 0.06 0.08 0.1 012
Time, sec

Figure 7. Formation of HO" radical,t=0.12 s
Notes: 1 - OAM consumption is 0.5 dm?/min; 2 - OAM consumption is 1 dm?/min; 3 - OAM consumption is 2 dm*/min
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction
process in aqueous solutions
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- 12
g 10 /
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© /
(0]
(8]
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0 0.03 0.06 0.09 0.12 0.15 0.18
Time, sec

Figure 8. Formation of HO;, radical,t=0.18 s
Notes: 1 - OAM consumption is 0.5 dm?/min; 2 - OAM consumption is 1 dm?/min; 3 - OAM consumption is 2 dm?/min
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction
process in aqueous solutions
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Figure 9. Formation of HO" radical at t=0.18 s
Notes: 1 - OAM consumption is 0.5 dm?/min; 2 - OAM consumption is 1 dm?/min; 3 - OAM consumption is 2 dm?/min
Source: compiled by the authors based on compilation and solution of kinetic mathematical models of the ozone destruction
process in aqueous solutions
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Authors S.Q.Yang et al. (2020) in the study focused
on screening suitable indicators and developing suit-
able methods for determining steady-state concentra-
tions of SO, and HO* (SO,) and HO" in several EAOPs
(Electrochemical Advanced Oxidation Processes) for
water treatment based on competitive kinetics and
scavenging assay. The applicability of modified meth-
ods and available indicators were investigated through
experimental and kinetic analysis. Only in anodic pro-
cess, the competitive kinetics was more appropriate
than scavenging assay and benzoic acid met the basic
requirement of being a competitor to determine the
HO". In the work of M. Nambari et al. (2021), a great
role was given to the ozone decomposition process. But
their attention was paid to catalytic decomposition.The
catalytic decomposition approach showed higher effi-
ciency and higher durability with no generation of con-
siderable by-products, particularly manganese oxide
(MnOx) based catalysts, which can decompose ozone to
oxygen at room temperature.

Researchers M. Whiteside and J.M. Herndon (2022)
in their study paid attention to the catalytic effect of
various compounds on the destruction of ozone. But in
this work, iron is considered as a catalyst. Iron in pri-
mary and secondary aerosols plays a crucial role in the
formation of ice crystals in cirrus clouds and in polar
stratospheric clouds that are involved in the formation
of ozone holes. Iron is associated with reactive oxygen
species, like HO* hydroxyl radical that destroys ozone
in the stratosphere. Iron is known to activate halogens
including chlorine, bromine, and iodine.

Authors Y. Wang et al. (2021) attributed an impor-
tant role to the formation of oxygen-containing radi-
cals. But there, more attention was paid to the process
of fluorescence assay by gas expansion of these rad-
icals and no attention was paid to other compounds.
E.R.Jans et al. (2022) also attributed a great role to the
processes of the formation of HO; radical in diluted
mixtures of H, of O, Ar single bond, CH, of O, Ar single
bond, and C,H, of O, Ar single bond excited by a repeat-
ed ns pulse discharge in a heated plasma flow reactor,
measured by Cavity Ringdown Spectroscopy, a kinetic
model was created. But there, more attention was paid
to the process of the formation of HO; radical and how
other compounds of ozone decomposition in the same
solutions were not considered in the previous work.
In the study of H.Zhang et al. (2021), the authors paid
attention to the influence of external factors such as
ultrasound on the destruction of ozone in the process
of wastewater treatment, which also took into account
the processes of ozone destruction, but with addition-
al influence of ultrasound. This greatly accelerated the
process of wastewater treatment.

However, all of them are based on the results of
chemical and instrumental analysis of compounds in-
volved in the process under investigation. As already
mentioned, all these compounds exist for a very short
time (hundredths and thousandths of a second), they

instantly change into one another, and even with mod-
ern methods it is impossible to claim with great confi-
dence that one or another compound has been analysed
and their concentrations are precisely determined. For
this reason, it is proposed to use a fundamentally new
approach to research the mechanism of ozone destruc-
tion in aqueous solutions, such as kinetic mathematical
models, which allow to determine the concentrations
and time of appearance of all necessary compounds us-
ing a mathematical apparatus and the results of labora-
tory studies of processes that are well studied and the
main thing is that it is possible to accurately analyse
the formation of compounds by chemical and instru-
mental methods.

CONCLUSIONS

Oxygen-containing HO® and HO; radicals occur in var-
ious chemical processes. The ozonation of aqueous
solutions is one of the common sources of oxygen-con-
taining radicals. But until this moment there is no pre-
cisely formed mechanism of this process due to its very
fast course and short existence time of most of com-
pounds that take part in it. There are many mechanisms
of decomposition of ozone in aqueous solutions. All of
them contain HO" and HO; radicals, but each mecha-
nism has a different role. The presence of other radicals
has been proven in all mechanisms. Even in D. Weiss’s
mechanism, the presence of superoxide radical was
proven using spectral analysis. In some mechanisms
(for example, E. Abel’s mechanism), the authors try to
take into account complex compounds formed during
the decomposition of ozone and determined spectral-
ly. Among the more modern mechanisms of ozone de-
struction in aqueous solutions, there are mechanisms
proposed by S.D. Razumovsky and H.S. Stolyarenko.

To establish the detailed mechanism of these re-
actions, kinetic mathematical models were compiled
and solved. With the help of mathematical models, it
is established that the formation of nitrogen(ll) ox-
ides when using the first mechanism almost coincides
with the formation without the introduction of radi-
cals into the fuel-air mixture. This indicates that this
mechanism of ozone decomposition does not provide
such an amount of oxygen-containing radicals, which is
necessary for the degree of suppressing the formation
of nitrogen(ll) oxides. According to experimental data,
the formation of nitrogen(ll) oxides when using the
second method is significantly less than without the
introduction of radicals. The degree of suppressing the
formation of nitrogen(ll) oxides, obtained in the mathe-
matical model and experimentally, is almost the same.
It is established that the degree of suppressing the
formation of nitrogen(ll) oxides by both mechanisms is
very different. According to the first mechanism, it is no
more than 1%, which is very different from the experi-
mental data, while according to the second mechanism,
the degree of suppression almost coincides with the
experimental data.
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Based on all of the above, it can be stated that
the second mechanism more realistically reflects the
process of decomposition of ozone in aqueous solu-
tions. Based on the results of mathematical modelling,
time dependences of changes in the concentration of
substances that participate in the decomposition of
ozone in aqueous solutions have been established.
The obtained results of research on the determina-
tion of the mechanism of ozone destruction in aque-
ous solutions will allow this process to be more widely
used in chemical industry in the future as a source of
environmentally friendly oxidants, which are oxy-
gen-containing radicals. Using a kinetic model of the
ozone destruction process in aqueous solutions, it is
possible to determine more accurate concentrations

V. Viazovyk et al.

Perspective areas of research in the chosen top-
ic are: the study of detailed reaction mechanisms and
ways of decomposition of ozone in aqueous solutions;
the study of the influence of environmental factors
such as temperature, pH, and the presence of other
chemicals on the kinetics of ozone decomposition.
They also include the study of catalytic effect of cer-
tain ions or compounds in aqueous solutions on the
ozone decomposition process; the use of quantum
chemical calculations to complement experimental
data, as well as the development of dynamic system
models that consider the interaction between ozone
decomposition, the formation of radicals, and other
relevant chemical processes, etc.

of oxygen-containing radicals at any moment of the ACKNOWLEDGEMENTS
process, which in turn allows to design equipment (for  None.

example, injection systems) for the intensification of

oxidation processes when obtaining various chemical ~CONFLICT OF INTEREST
compounds and purifying gaseous flows. None.
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KiHeTMuHi Moaeni MexaHi3MiB po3Knaay 030HY Y BOAHMX pO34MHAX
fIK JyKepen KuCHeBMicHuX paaukanie HO; i HO®
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AnoTauis. OkcureHosMicHi pagukanu HO; i HO® € oaAHMMU 3 HaNeEKTUBHILLMX | €KONOTIHHO YMCTUX OKMCHMUKIB,
OLHUM 3 )Kepen IKMX € 030HOBAHi BOAHI PO34YMHU, MEXAHI3M NpoLeciB, WO BiAOYBaOTLCA B HUX, AOTenep
TOYHO He BCTaHOBNEHMIA. MeTa pob0oTH — NOPIiBHATH, NiATBEPANTM aB0 CPOCTYBATU MEXAHI3MMU, 3aNPOMNOHOBAHI
C. . PasymoBcbkuM Ta I. C. CTonsipeHKOM 1K HalbinbLl Cy4acHi, o 6a3yroTbCs Ha NpoLecax NPUrHiYeHHs YyTBOPEHHS
«TepMivHUX» okeuais HiTporeHy(ll) nig yac cnantoBaHHs nanuea. [1n5 UbOro 3a LONOMOroK KiHETUYHOI MaTEMATUYHOI
MofAeni [OCNioKEHO 3MiHY KOHLEHTPaLii BCiX CNONYK, WO 6epyTb y4acTb y NpoLEecax 030HOPYWHYBaHHS, y BOLHUX
pO34YMHAX Ta BMAMB LMX CMOMYK HA YTBOPEHHS «TEPMIYHMX» OKCUAIB a30TYy. B X04i AOCNiAKEHHS OTPUMAHO KiHETUYHI
MaTeMaTuUUHi Mogeni npouecy NPUrHiYeHHs YTBOPEHHS «TepMivyHUX» OKCUAiIB HiTporeHy(ll) npu cnantoBaHHiI
naavMBa 3 BUKOPUCTAHHSAM NpoLecy AeCTPYKLii 030HY Y BOAHMX PO3YMHAX 33 MEXaHi3MaMu, 3aNpONOHOBAHUMMU
C. . PazymoBcbkuM Ta I. C. CtonsapeHKoM. 3a pe3ynbTaTaMu NOPiBHAHHA 000X MEXaHi3MiB MOXHA CTBEPAXKYBATH,
wo MexaHi3M I C. CronspeHka 6inblw peanicTMyHO BigobpaXkae NpoLec po3kiafaHHS 030HY Y BOAHUX PO34MHAX.
Br3HauyeHo 3an1eXHOCTi 3MiHM KOHLEHTpaLii pe4oBUH, aKi 6epyTb y4acTb y Npoueci po3knagy 030HY Y BOAHMX
pO34MHaXx, Bif, Yacy, a TAKOX KifIbKOCTi 030HY, L0 BUTPAYAETLCS Ha Lel npouec. BCTaHOBNEHHS MeXaHi3My pyiHYBaHHS
030HY B LIMX XX€E PO34YMHAX | OTPUMAHI 3aNeXHOCTi [,03BONSTH DinbLU BifIlbHO BUKOPUCTOBYBATU KUCHEBMICHI pafnKanu
HO; i HO", aiKi yTBOPIOOTbCA NPU PYHHYBAHHI 030HY B LMX XK€ PO34MHAX, 4719 NPOLLECIB OYMLLEHHSA ra30BMX MOTOKIB,
0C06/MBO ANS iX AeHITpUdiKaLii, a TaKOX AN iHTEHCUDIKALT OKMCIOBANbHUX MPOLLECIB Y XiMiYHIM MPOMKUCIOBOCTI,
Hanpwknag, y BUpoOHULTBI a30THOI KUCNOTH

KntouoBi cnoBa: rigpoKCunbHWIA pagukan; NepoKCUOHWM pafduKan, pyMHYBaHHA O030HY; HiTporeH(ll) okcuaw;
OKMCTIOBaY
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