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Modeling of the oxidation of nitrogen oxides by ozone

A mathematical model of the process of ozone oxidation of nitrogen oxides in a chemical
reactor is presented. The conformity of the model to the real process is checked by
comparing the results of calculations with the data of physical experiments on a laboratory
installation. The results of numerical modeling of the process in the reactor using the
specified mathematical model are presented. The results of the calculations revealed the
influence of the initial parameters of the process on its performance characteristics, in
particular on the efficiency of conversion of nitrogen monoxide into dioxide. Based on the
analysis of the calculated characteristics, the optimal operating parameters of the reactor
at different modes are determined. Bibl. 5, Fig. 6, Table. 4.
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Along with flue gases from coal-fired thermal
power plants, various harmful substances enter
the environment, including nitrogen oxides
(NO,). The order of the Ministry of Ecology and
Natural Resources of Ukraine [1] establishes
Technological standards for permissible emissions
of nitrogen oxides from thermal power plants,
the nominal thermal capacity of which exceeds
50 MW. There are several technologies to reduce
NOy emissions. The most acceptable technology
is the semi-dry method, but first it is necessary
to convert nitric oxide (NO), which is sparingly
soluble in water, into easily soluble compounds.
Such compounds are nitrogen dioxide (NO»),
nitrogen trioxide (NOs) and trioxide (N»O3),
tetroxide (N>O4) and pentoxide (N>Os) of diazot.
Ozone (O3) can be used for oxidation of NO to
NO, as a more active oxidant compared to mo-
lecular oxygen (O,) [2].

A chemical reactor is a part of the gas path
into which a certain amount of ozonated air is
fed, which mixes with flue gases (model gas).
Atmospheric humid air consists of Nz, Oz, COsy,
Ar and H,O, the content of which corresponds
to the average data. After ozonation, Oj; is
formed in the air. The ozone content depends on
the type and capacity of the ozonator and does
not exceed 5 % vol. A mathematical model has
been developed for a more detailed study of the
oxidation process. The mathematical model of
the reactor takes into account the following
chemical reactions [3, 4]:
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NO + O3 —» NO; + Oy; (1)
NO; + O3 - NO3 + Oy; 2)
NO + NO; — N»Os; (3)
N02 + NOZ —> N204; (4)
N02 + N05 - Nzos. (5)
N2O3; — NO + NOy; (6)
N>,Os = NO; + NOy; (7)
N205 - NOZ + N03 (8)
NO + NO3 — 2 NOy; 9)
2NO + Oy = 2 NOy; (10)
N,Os + H,O — 2 HNOs. (1)

Thus, the model controls the concentration of
the following individual gases in the chemical
reactor: CO,;, NO;, NO, O, N, Ar, H,O, O3,
NOs, N2O3, NyOy, N2Os, HNO:s.

The change in the concentration of the i-th in-
dividual gas during the residence time of the gas
mixture in the chemical reactor is determined by
the formula

[X]” = [X]/ + Z(cij-viAt, mol /L

where [ X] and [X];” — the concentration of the
i-th individual gas at the beginning and end of
the time step;ci; — stoichiometric coefficient of
the i-th individual gas in j-th chemical reaction,
positive for the reagent and negative for the
product, or zero in the absence; v; — the rate of
the j-th chemical reaction; At — step by time, s.
The rate of passage is determined for each reac-
tion of the species
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aA + bB —> ¢C + dD,

where A, B, C, D — chemical substances;
a, b, ¢, d — stoichiometric coefficients.

The rate of the j-th reaction is calculated
by the formula

vj = -k;-[A]*[B;]°, mol /(L-s),

where k;—the rate constant of the j-th reac-
tion, 1/sorL/(mols) orL?/(mol*s), de-
pending on the order of the reaction; [A] and
[B] — reagent concentrations, mol /L; a, b —
stoichiometric coefficients; i — individual gas
index; j — the reaction index.

The value of the rate constant of a chemical
reaction at a certain temperature of gases is
calculated according to the kinetic parameters
[5] by the formula

k = A-(T/298)"exp(E,/(R-T)),

where A — the pre-exponential coefficient;
n — degree indicator; E, — activation energy
of reagents in a certain chemical reaction,
J/mol; R — universal gas constant,
J/(mol'K); T — the absolute temperature of
the gases, K.

Employees of the Department of Environ-
mental Problems of Energy (EPE) of the In-
stitute of Coal Energy Technologies of the
National Academy of Sciences of Ukraine con-
ducted a series of physical experiments in a
laboratory to study the process of ozone oxida-
tion of nitrogen monoxide. According to the
initial parameters of physical experiments on a
mathematical model of a chemical reactor, a
series of calculations were performed. The
technological scheme of the device is as fol-
lows. Two streams of gases are fed into the
chemical reactor — model gas and ozonated
moist air. Model gas is a mixture of nitric
oxide and molecular nitrogen (N) as a carrier
gas. In the gas cylinder, which is part of the
experimental laboratory installation, the NO
content according to the certificate is 1000
ppm, although in physical experiments meas-
urements have shown that the content is 950
ppm. The consumption of model gas is set in
the range of 0.5... 4.0 L /min. During the ex-
periments, the ozone content in the air varies
in the range of 629... 908 ppm depending on
the set power of ozonator. The consumption of
ozonated air is set at 0.5 L/min and

1.0 L /min. After mixing these two streams in
a chemical reactor, the NO content in the mix-
ture ranges from 475 ppm to 844 ppm, and the
O; content from 94 ppm to 454 ppm. The mo-
lar ratio of O3;/NO varies in the range of
0.11... 1.37 mol /mol. The temperature of the
gases during physical experiments is 12 °C. In
the Table 1 shows the initial content of nitro-
gen monoxide and ozone (inlet) and the final
content of mono- and nitrogen dioxide (outlet)
in the chemical reactor of the laboratory in-
stallation in various physical experiments.

Table 1. Parameters of experiments

Ne Inlet Outlet

- NO O3 NO NO,
1 456 454 106 200
2 530 285 247 196
3 655 213 434 195
4 715 171 549 167
5 846 94 765 96
6 360 434 33 206
7 435 317 155 184
8 556 254 335 186
9 627 213 438 174
10 785 126 684 108

In order to verify the adequacy of the
mathematical model, a comparison of the re-
sults of calculations with the data of physical
experiments is made. During experiments in
the laboratory, the content of monoxide and
nitrogen dioxide at the outlet of the chemical
reactor was measured. In Fig. 1 and Fig. 2
show the difference between the values of the
content of these individual gases. In the fig-
ures, the solid line indicates the points of
complete coincidence of the values of the gas
content, and the dotted lines indicate the de-
viation of the values within + 10 %.

The calculations showed a good coincidence
of the values of the concentration of nitrogen
monoxide determined in numerical and physi-
cal experiments, so the points are within the
deviation of 10 %. To assess the quality of the
description of the mathematical model of
chemical processes in the reactor, the coeffi-
cient of determination R? is used. The model
describes the process of conversion of nitrogen
monoxide with a coefficient of determination
close to 1.00, which indicates a very high
quality.
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Fig. 1. Comparison of calculations with experimental
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Fig. 2. Comparison of calculations with experimental
data for NOy

For nitrogen dioxide, only three points are
outside the “corridor” £ 10 % at an Os/NO ratio
of 0.17, 0.23 and 0.30. The figure shows that the
mathematical model also describes well the be-
havior of the concentration of nitrogen dioxide in
a chemical reactor. The value of the coefficient of
determination R? is close to 0.95.

According to the mathematical model, calcula-
tions of ozone oxidation of nitrogen oxides, which
are part of real flue gases, were performed. The
calculations were performed in the temperature
range 130 ... 170 °C, which corresponds to the
real flue gas temperatures after the electrostatic
precipitator with seasonal changes in atmospheric
air temperature. Depending on the composition of
coal and technology and mode of its combustion,
the content of nitrogen oxides in the flue gases
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changes. It is assumed that the initial NOy con-
tent ranges from 900... 1500 mg,/Nm?, of which 5
% is nitrogen dioxide, and 95 % (in terms of
NO;) — nitrogen monoxide. The purpose of the
numerical study is to determine the amount of
ozone required for the complete conversion of NO
to NO,. The stoichiometric ratio O3/NO at the
beginning of the process in a chemical reactor was
chosen as an indicator. In the calculations, this
figure ranged from 0.20 to 1.85.

In the Table2 shows the values of the rate
constants of reactions (1)—(11) at a temperature
of 150 °C. Given the values of the constants, it is
seen that the reaction (1) is likely to take place.
Reaction (2) is slower because, firstly, the con-
stant is two orders of magnitude smaller, and
secondly, its rate depends on the concentration of
nitrogen dioxide formed by reaction (1). Other
reactions also have a low rate due to the depend-
ence on the concentrations of the products of the
first two reactions. Thus, one should expect, first
of all, the conversion of nitrogen monoxide into
dioxide.

Table 2. Reaction rate constants

Ne| Chemical Reaction Value Unit
1INO + O3 — NO,+ O, [4.476107 | L /(mol's)
2INO,+ O3 = NOs;+ O, [2.48510° | L /(mol's)
3|INO + NO; = N,O3 7.690-10° | L /(mol's)
4|INO, + NO; = N,Oy 3.402:10% | L /(mol's)
SINO, + NO3 — N,Os 1.22310° | L/ (mol's)
6|N,0O; — NO + NO, 5.252:101° 1/s
7IN,O; — NO, + NO, 2.704:10° 1/s
8|N,05 — NO, + NO; 4.06310° 1/s
9INO + NO3; = 2 NO, 1.401:0" | L /(mols)

10[2 NO + O, = 2 NO;, 4.189-10° |L? /(mol*s)

11|N,O; + H,O — 2 HNO; [1.510-10" | L /(mol's)

Calculations of the oxidation process showed a
slight dependence of the parameters at the outlet
of the reactor on the temperature of the gases in
the range of 130 ... 170 °C. In the Table 3 shows
the results of calculations of the main parameters
at a fixed initial content of nitrogen oxides. The
molar ratio Os3/NO = 1.03. Here and further the
chemical formula N,Oy denotes the total content
of individual gases N>O3, N.O4 and N,O:s.

Table 3. The content of gases at NOx = 1200 mg,/Nm®

t, °C 130 150 170
NO,, ppm 509 506 503
N,Oy, ppm 11 13 14
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According to the calculations, a significant
dependence of the nitrogen dioxide content at
the reactor outlet on the initial content of ni-
trogen oxides in the range of
900...1500 mg/Nm?® was revealed. In the Table
4 shows the results of calculations of the main
parameters at a fixed temperature of gases. The
molar ratio of Os/NO is 1.03.

Table 4. The Gas Content at Temperature 150 °C

NOy, mg,/Nm? 900 1200 1500
NO,, ppm 378 506 630
N,Oy, ppm 10 13 17

It should be noted that in both cases all
ozone is consumed. Nitric oxide in the mixture
of gases at the outlet of the chemical reactor is
absent, so the efficiency of its conversion
is 100 %.

For example, in Figure 3 shows the depend-
ence of the content of O3, NO,, NO and N;Oy
and the conversion efficiency of nitrogen mon-
oxide at the outlet of the reactor at a flue gas
temperature of 150 °C and the initial content of
nitrogen oxides in them 1200 mg,/Nm?3.
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Fig. 3. The dependence of the parameters on the
ratio O3/NO: 1 — Os; 2 — NOy; 3 — NO;
4 — N,Oy, 5 — NO conversion efficiency.

In Figure 3 shows that the conversion effi-
ciency of nitrogen monoxide reaches a maxi-
mum of 100 % at a ratio of O3;/NO equal to
one. All ozone is spent on the oxidation of ni-
trogen monoxide to nitrogen dioxide, the con-
centration of which reaches a maximum, too.

When the Os;/NO ratio is less than one, the
NO concentration gradually decreases, and the
NO; concentration on the contrary increases.
The figure shows that when the ratio of
O3/NO is less than 1.0 there is an intense oxi-
dation of NO to NO..

A further increase in the ozone concentration
does not lead to an increase in the NO, content,
but on the contrary its content decreases due to
oxidation to nitrogen trioxide and heavier mol-
ecules are formed, namely trioxide, tetroxide
and nitrous oxide. But the first two are partial-
ly or completely decomposed according to reac-
tions (6) and (7), so most of the gas mixture is
N>O:s.

It should be noted that when O3;/NO > 1
not all ozone is consumed. Thus, the gaseous
medium becomes more aggressive towards the
materials from which the gas path is made.
With the subsequent use of the semi-dry meth-
od of removal of nitrogen oxides from flue gas-
es, the release of ozone into the environment is
unlikely because it is converted into molecular
oxygen.

In Figures 4—6 shows the distribution of the
content of the main for observation of individu-
al gases in a chemical reactor at an initial con-
tent of nitrogen oxides of 1200 mg,/Nm?® and a
gas temperature of 150 °C with different initial
ozone content. So in Figure 4 shows the de-
pendences of the content of monoxide and ni-
trogen dioxide on the time spent in a chemical
reactor at a given molecular ratio of Os;/NO
0.21.
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Fig. 4. The change in the content of nitrogen oxides
over time at O3/NO < 1: 1 — NO,; 2 — NO.
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The Figure 4 shows that at the outlet of the
chemical reactor, not all nitrogen monoxide is
converted to dioxide due to lack of ozone. The
formation of other substances occurs in very
small quantities or does not occur due to low
concentrations of nitrogen dioxide. With this
amount, all ozone is spent only on the oxida-
tion of NO to NO,. We can say that only reac-
tion (1) takes place. The oxidation process is
fast. After almost 10 ms, the parameters go to
the “shelf”.

In Figure 5 shows the dependences of the
content of monoxide and dioxide of nitrogen
and diazotes on the time spent in a chemical

reactor at a given molecular ratio of
03/NO 1.03.
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Fig. 5. The change in the content of nitrogen oxides
over time at O3/NO > 1: 1 =NO,, 2-NO,
3 = N,Ox.

A slightly different picture of the behavior
of the parameters is in a chemical reactor with
sufficient ozone. During the first 100 ms, all
NO is oxidized to NO,. Moreover, part of the
nitrogen dioxide is oxidized to trioxide. The
formation of NO, and NO; opens the way to
further processes. In Figure 5 shows that the
concentration of N;Oy compounds gradually
increases. These processes take 50 times longer,
but they eventually stop. They stop due to the
lack of ozone in the mixture of gases in the
chemical reactor.

In Figure 6 shows the dependences of the
content of monoxide and nitrogen dioxide and
diazotes on the time spent in a chemical reactor
at a given molecular ratio of O3,/NO 1.85.
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Fig. 6. The change in the content of nitrogen oxides
over time at O3/NO > 1: 1 — NOy; 2 — NO;
3 — N2Oy.

The pattern of parameter behavior in a chemi-
cal reactor changes radically with a large excess
of ozone. Due to the high concentration of Os,
the reaction rate is greatly increased. Thus, after
16 ms, the concentration of nitrogen monoxide
decreases by five orders of magnitude, i.e it prac-
tically disappears in the gas mixture. Moreover,
the concentration of nitrogen dioxide becomes
maximum. Then the same processes take place as
for O3/NO > 1. When calculating this option,
the residence time of the gas mixture in the chem-
ical reactor is limited to 1 s. The results show
that the gases contain the required amount of
ozone, so all NOy can be converted to N,Oy in a
sufficient amount of time.

Conclusions

The mathematical model better describes the
conversion of nitrogen monoxide than the conver-
sion of nitrogen dioxide. However, we can say
that the model adequately describes the chemical
processes in the reactor, as evidenced by a com-
parison of data from numerical and physical ex-
periments. Thus, the coefficient of determination
R? for the compared parameters is not less than
0.95.

Calculations prove that when the stoichiometric
ratio of O3,/NO is less than 1.0 there is an intense
oxidation of NO to NO,. A further increase in
excess ozone does not increase the NO, content,
while the NO content decreases. Calculations have
shown that not only nitrogen monoxide is oxi-
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dized, but also nitrogen dioxide with the subse-
quent formation of heavier molecules such as ni-
trogen trioxide (NOs) and trioxide (N»O3), tetrox-
ide (N2O4) and pentoxide (N>Os) of nitrogen.

The amount of ozone required for the complete
conversion (oxidation) of nitrogen monoxide is
determined by the stoichiometric ratio O3,/NO =
1 and obviously depends on the initial concentra-
tion of nitrogen monoxide in the flue gases. The
reaction time does not exceed 0.5 s. A further
increase in Os3/NO leads to the formation of
heavier compounds than nitrogen dioxide, and the
reaction time does not exceed 1.0 s. But there is
no need for excess ozone (O3;,/NO > 1) because
nitrogen dioxide already dissolves well in water
for further chemical binding by the semi-dry
method.

In addition, there is no need to spend extra
energy on ozone generation. Moreover, the envi-
ronment with a lower concentration of ozone has
less effect on the materials of the chemical reac-
tor. The conversion efficiency of nitrogen monox-
ide increases to 100% in the range of O3;/NO
values to unity when all the monoxide has been
oxidized.

Author expresses his sincere gratitude to col-
leagues from the EPE department Mezin S.V.
and Yasynetsky A.A. for provided experimental
data, which were used to verify the adequacy of
the mathematical model of a chemical reactor for
the oxidation of nitrogen oxides by ozone.
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MoeOBaHHS POIECY OKUCJIEHHS OKCH/IB a30Ty 030HOM

[TpencraByieHo MaTeMaTHYHY MOJEJb IIPOIECY OKMCJIEHHS 030HOM OKCH/IB a30Ty y XiMiuHOMY pea-
KkTopi. BiamosigHicTh Mojesi peaJbHOMY Ipollecy IepeBipeHa IJISIXOM IOPIBHSHHS Pe3yJibTaTiB
po3paxyHKiB 3 maHuMu Di3UYHUX eKcIepuMeHTiB Ha JabopaTopHiil ycranoBii. Bukmageno pesy.ib-
TaTy 4YUCJOBOIO MOJEIIOBAHHA IIPOLECY Y PEaKTOPi 3 BUKOPUCTAHHAM BKa3aHOI MaTeMaTU4YHOI MO-
Jeni. 3a pe3yJsbTaTaMi BUKOHAHMX PO3PaXyHKIB BMSBJICHO BILUIUB BUXIJHUX I[apaMeTpiB Ipoliecy
Ha fioro po6oui XapaKTEepPHCTHKHU, 30KpeMa Ha eeKTUBHICTb MEPEeTBOPEHHS MOHOOKCHUAY a30Ty Y
niokcng. Ha migcrasi aHasisy pospaxoBaHMX XapaKTEPUCTHUK BH3HAUEHO ONTHMAJIbHI MapaMeTph
po6oTu peakropa Ha pisHUX peskumax. bi6a. 5, puc. 6, maba. 4.

KimouoBi cioBa: okcuan asory, 030H, PEaKTOp, MOJENb.
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MOZICJII/II)OBaHI/Ie nmponecca OKUCJCHUA OKCH/A0B 4a30Ta O30HOM

[IpencraBieHo MareMaTHYeCKyI0 MOJIENIb MPOIECCA OKUCTEHUST 030HOM OKCHIOB a30Ta B XUMIUe-
ckoM peakrope. COOTBETCTBUE MOJIEH PEAJbHOMY TPOIlecCy MpoBepeHa MyTEéM CPaBHEHUS Pe3yJib-
TATOB PAcyéToB C JAAHHBIMU (PU3NYECKUX HKCIEPUMEHTOB Ha J1abOpaTOpHOW ycTaHoBKe. 3moskeHo
Pe3yJIbTaThl YHCJIOBOTO MOJEJINPOBAHUS TIPOIlECCA B PEAKTOPe ¢ IMPUMEHEHNeM YKa3aHHOH MaTeMa-
tTyeckoit Mogenu. Ilo peayJsbTataM BBLITIOJTHEHHBIX PACYETOB BBISIBJIEHO BJIMSIHUE MCXOTHBIX Tapa-
METpOB IIpolecca Ha ero paboyre XapaKTepUCTUKH, B YaCTHOCTU Ha 3(P@PeKTUBHOCTb IpeobpasoBa-
HUS MOHOOKCHJA asoTa B amokcuJ. Ha ocHOBe aHa/sm3a pacyéTHBIX XapaKTEPUCTHK OIpeIeeHO
OTNITUMAJIBHBIE TTAPAMETPBI PA0OTBI PEAKTOPA HA PA3HBIX peskuMax. buba. 5, puc. 6, mada. 4.
KiroueBbie cjoBa: OKCH/IbI a30Ta, 030H, PEAKTOP, MOEb.



