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One of the common sources of oxygen-containing radicals is ozonated aqueous
solutions. During the decomposition of ozone at the first stage, the formation of
ozonide (O3: ) or superoxide (O; ) radicals occurs, which “launch” the entire

mechanism of ozone decomposition in the presence of water. Of all the known
mechanisms of oxidant chemodestruction, the mechanisms proposed by
Razumovsky S.D. [1] (hereinafter the first method) and Stolyarenko G.S. (hereinafter
the second method) [2] are of greatest interest. The first of them describes series-
parallel reactions that with a sufficient degree of probability occur in the volume of the
solution with a constant supply of an ozone-air mixture, i.e. in a mixing reactor, when
the primary stage is O; +HO". The second mechanism considered the possibilities of

ozone decomposition pathways in the flow, when the solution and the ozone-air
mixture move in space, 1.€. in a displacement reactor. The purpose of this model, based
on literature data and research results on the intensification of combustion processes,
was to select from these two mechanisms the one that would correspond to the actual
research results.

The yield of radicals was determined by changing the concentration of nitric oxide
(II) in the flue gases. By modeling the process of formation of nitric oxide (II) before
and after the introduction of radicals into the combustion zone, it is possible to calculate
the theoretical values of the radical concentration in the combustion zone. By
comparing the results of modeling for both mechanisms with the results of research, it
is possible to establish the mechanism of the process.

Description of mathematical models. Ya.B. Zeldovich proposed a chain scheme

for nitrogen oxid (II), in which free oxygen and nitrogen atoms play an active role
according to reactions (1-4):

0,+M = O+O+M—494k/Ix/Monb (chain initiation), (1)
O+N; - NO +N -314 k/{x/ mo7b, (2)
N+O,; ->NO+0+134 k/[>x/ Mob, 3)
O+ 0+ M- O, +M + 494 x]I/ mons (chain break). 4)
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The oxygen concentration in combustion products can be determined from the
empirical equation [3]:
C,=02 ]u,
: l1+al,
where a is the excess air coefficient; L, is the theoretically required amount of air,
m?’/m?>,
The initial concentration of atomic oxygen in the flame during combustion with
an excess of oxidant is given by
C, =[K] C,, .
where [K] is the equilibrium constant [1].

Reaction rate for each component taking into account the decomposition reaction
of nitric oxide by reaction 2NO —&— N, + O,

dC,,
—92 ), 5
C. Q)
ac
- =_k2CM C0+[(5(CN0)2’ (6)
dr :
ac
dN — kzcoch _]%CNCOZ R (7)
T
dC
dz'o - Cg _kchz Co +1(3CNC02 _k4(C0)2 > (8)
ac
20— kzcoch +1(3C02 CN _[%(CNo)z' (9)

T

Reaction rate constants kj, ks, ks, ks according to the equations given in [5].

As can be seen from the calculations, the process under study refers to the
processes that occur in small heating and industrial boilers. Thus, the ratio of “thermal”
nitrogen oxides (II) to “fast” in the combustion products is approximately 1:1. The
process of suppressing the formation of nitrogen oxides (II) during the combustion of
gaseous fuel is based on the process of binding atomic oxygen with the HO radical

by the reaction
HO: +O* —%5 HO* + 0,.(9)

According to the chain scheme of nitrogen oxidation proposed by
Ya.B. Zeldovich, with a decrease in the concentration of atomic oxygen, the formation
of nitrogen oxide (II) decreases. Then the system of equations (10-14) taking into
account the radical HO; will take the form

dCOZ

d =0, (10)
T
ac

dzl_vz =_k2CNZC0+kS(CNO)29 (11)
dac

=k CoCy —kCyCoy (12)
dC, 2

dr = Cg _kchz Co +1(3CNC02 -k, (C) _kscOCHOZ- s (13)

391



Science, Technology and Industry in the Digital Age

ac
TNOZIQCOCA@ +1(3C02 CN_ks(CNo)z- (14)

Let us consider each mechanism of ozone decomposition in aqueous solutions.
The first mechanism of the process of ozone decomposition in aqueous solutions
is represented by the reactions:

O;+HO %5035 +HO", (15)
O +H* —% HO:, (16)
HO; —& >HO" +0,, (17)
HO" + 03 — 5 HO; + Oy, (18)
HO* +HO- %4 H,0+0", (19)
O +0; —%£50; +0.. (20)

Reaction rate for O;, OH-, HO*, H*, O;, HO:, HO; taking into account the
reaction H;,O —%&— H"* + HO~and assuming that C , ,=1

dc,
—% =0, 21
- 21

dc.
o~ _k.C,C, —k,C,, C,. ks, (22)

dr O, ~ o 11~ oH ~ HO

dc,
"'k C,C —-k,CoC —k,C C (23)

7 - 10 11 ’
dr O; ~ oH O ~ oH OH™ ~ HO'

acC .
dZF'I :_kxcggcm_'_kls: (24)
dCO;,

- Z](7C0C ,—](SC C ., (25)

dr s~ OH o T H

ac

HO
dr = [(10C03 CHO- ) (26)

dc,,
=k Cy O~k Coy 27)

The reaction rate constants ks, ks, ks, ks according to the equations given in [3].

The ozone concentration at the phase boundary was calculated using the expression:
C,-C

C,-C,

6 '
=11- ?exp(—47z'2F0 ),

' D ) o o . )
where F, :d—f— Fourier diffusion criterion; Cy, C - initial concentration and

concentration at time 0; C, - concentration at the phase boundary.
The second mechanism of the process is presented in the reactions

O;+OH™ — 5 HO,* "0, (29)
0, +H,0 435 HO,* + OH-, (30)
O; + OH —%» HO* + 05", 1)
HO,* + 03— HO* + 20,, (32)
HO* + HO* —& H,0 + O°, (33)
HO*+ HO,* —% 5 H,O+ O,, (34)
HO®* + O3 —2—» HO,* + Oy, (35)

392



Science, Technology and Industry in the Digital Age

03 +H,0 —% 5 HO + HO* + O,. (36)
O*+HO* = HO; (37)
The reaction rate for O;, OH~, HO:, O3, HO*, O;, O* assuming that C mo=1:
dC
o,
=0, 38
dr G9
dCOFF__]( .C k.-C. -k -C, C k,-C 39
dr ==Ky Gy T K55 0" 16" Co, Cop T K o 7 ( )
a’CHOW.
drh =k, ‘Co3 'COH’ + ks 'Co;’ —ky 'CHOZ' -C03 ~ kg 'CHO‘ 'CHOz' + Ky 'CHO' 'CQ‘ +9 (40)
thy-C, .C,.
Cor k¢ .c —k..C 41
dr 4o T o T Ms T ( )
dCOH'_k .C..-C k. -C .-C. k.- C%*u —k.-C C -k, -C C 42
ar e S0 Con Ty Cppp " Cop ThigtCrmon = hg G G TR G S (42)
dCO}F:kM'C )~k C.. . (43)
dr OH™ 2} o,
dcC .
&=k CoppCrp ~hiy o C (44)

The reaction rate constants ks, ks, ks, ks according to the equations given in [3].

Discussion of the results. Having solved the system of equations (5-9) by the
Runge-Kut method at T=1300 K, a=1.18, Lo=8.83 m*/m?, C=2.8 mg/dm? and pH=11,
the dependence of the change in the concentration of nitric oxide (II) on time was
obtained, which is presented in Fig. 1. The time for the formation of the equilibrium
concentration of nitric oxide (II) was taken to be 0.3 s.

Fig. 2 shows the dependence of the degree of inhibition of nitric oxides (II)
formation on time by both mechanisms.

The results of solving the system of equations (5-9) are presented in Fig.3 and the
results of solving the system of equations (39-44) are presented in Fig.4, the
dependence of the concentration of nitric oxide (II) on time in the process of inhibiting
the formation of nitric oxide with the synthesis of the radical HO; according to the
second mechanism is shown in Fig. 3.

As can be seen from Fig. 2, the inhibition of the formation of nitric oxide (II) with
the synthesis of the radical HO; by the first mechanism almost does not occur, because
the concentration of the radical HO? is synthesized from the radical HO*. On the other

hand, the influence of the radical HO* is impossible due to the relatively low quenching
rate HO® + O°. In Fig. 1, the curve of the change in the concentration
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Figure 1. The time for the formation of the equilibrium concentration of nitric oxide (II) was taken

to be 0.3 s.
1 — before radical conduction; 2 — according to the first mechanism, 3 — according to the second
mechanism
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Figure 2. Dependence of the degree of inhibition of the formation of nitric oxide (II) on time.
1 — by the first mechanism; 2 — by the second mechanism
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Figure 3. Dependence of changes in concentrations of substances over time according to the first
mechanism
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Figure 4. Dependence of changes in concentrations of substances over time according to the second
mechanism
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of nitric oxides (II) over time when using the inhibition of the formation of nitric oxides
(IT) with the synthesis of the radical HO: by the first mechanism coincides with the
curve of the change in the concentration of nitric oxide (II) before the introduction of
radicals, which also indicates a low degree of inhibition of nitric oxides (II). The
inhibition of the formation of nitric oxide (II) with the synthesis of the radical HO; by
the second mechanism reaches almost 90% of the inhibition of “thermal” nitric oxides.
Comparing Fig. 3 and Fig. 4, it is seen that the yield of the radical HO; by the
first mechanism is an order of magnitude lower than the formation by the second
mechanism. At the same time, the formation of the radical HO* by the first mechanism
is 20 times lower than by the second mechanism, and several times more ozonide
radical 1s formed than by the second mechanism. In the first mechanism, there is no
superoxide radical, which plays a significant role in the formation of oxygen radicals.

References
1. S. D. Razumovsky Kinetics and mechanism of interaction between ozone and
rubbers. Materials science and engineering. Toronto, New Jerseyv.2, 2014, 116-132
2. Stolyarenko G.S. Mechanism of the reaction of chemodestruction of ozone in
heterophase oxidative processes. Bulletin of the Cherkasy Engineering and
Technological Institute. 1999, No. 2, 93-96.
3. Cellek, M.S. The decreasing effect of ammonia enrichment on the combustion
emission of hydrogen, methane, and propane fuels. International Journal of Hydrogen
Energy, 47(45), 2022, 19916-19934.
4.  Brune W.H,, et al., Airborne in situ OH and HO, observations in the cloud-free
troposphere and lower stratosphere during SUCCESS. Geophys. Res. Lett. 1998, 25,
1701-1704.
5. Zajemska, M., Poskart, A., Musial, D. The kinetics of nitrogen oxides formation
in the flame gas. Economic and Environmental Studies, 15 (4), 2015, 444-461.

395



