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OXIDATION OF NITROGEN OXIDES BY OXYGEN IN THE LIQUID PHASE

Atmospheric air pollution ranks first in the degree of chemical danger to humans. Nitrogen oxides are among the
most common and dangerous air pollutants on our planet. Waste gases, which include nitrogen oxides, are produced in
a number of chemical industry productions, in oil refining processes, and during fuel combustion. The sources of waste
gas emissions differ in their content of nitrogen oxides and other impurities, the degree of oxidation of nitrogen (II) oxide,
temperature and pressure. Oxidation methods of sanitary purification of waste gases from nitrogen oxides based on
preliminary oxidation of nitrogen (Il) oxide with subsequent absorption of nitrogen (IV) and nitrogen (III) oxides (NO,,
N>0;) by various absorbers are described in the work. The rate of oxidation of nitrogen (Il) oxide is the limiting stage of
the overall process to nitrogen (IV) oxide. Since this reaction takes place in the gas phase, absorption devices must have
a fairly large free volume, so the absorption process is carried out in multi-stage packed or plate columns. In experiments
on the absorption of nitrogen oxides by various liquid absorbers, the degree of absorption was 80-90%. In the process of
absorption, nitrogen oxides are oxidized not only in the gas phase, but also in the liquid phase. Research was directed to
the intensification of the process of oxidation of nitrogen (Il) oxide in the liquid phase. The paper compares the results of
studies on the rate of NO oxidation in the gas and liquid phases. The principle of oxidation in the liquid phase is included
in the development of an absorption unit for the production of nitric acid. It has been proven that the intensification of the
process of absorption of nitrogen oxides is possible by increasing the proportion of NO that is oxidized in the liquid phase.
This is achieved by saturating the working solution with oxygen.

Key words: purification of waste gases, oxidation of nitrogen oxides.
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OKHUCHEHHS OKCH/IIB HITPOTEHY KMCHEM B PIIKIN ®A3I

3abpyouenna ammocgeprozo nogimps 3a cmynenem XimiuHoi Hebeznexu 0 T0OUHY nocioae nepute micye. Okcuou
HIMpo2ceHy 8x005Mmb 00 YUCAA HAUNOWUPEHIWUX | Hebe3neuHux 3a0pyOHI08ayie Nosimps Ha Hawliti naanemi. Bioxioui
easzu, 00 CKkAady AKUX 6X00AMb OKCUOU HIMPOeHY, YMBOPIOWMbCA Y pAli 8UPOOHUYME XIMIUHOI NpOMUCIOB0CHI,
6 npoyecax HagpmonepepodKu, npu cnamo8anui 6yOb AK020 Muny naiusa. J{ocepena UKudié 2asié GiOPi3HAIOMbCA 3d
BMICTNOM 8 HUX OKCUOIG HIMPO2EeHY Ma IHUWUX OOMIUWOK, CmyneHem OKUCHeHHs: okcudy Himpozeny (1), memnepamyporo,
muckom. B pobomi onucano oxuchi memoou canimaproi ouucmxu IOXIOHUX 2a318 8I0 OKCUOI8 HIMPO2EHY, WO 3ACHOBAHI
Ha nonepeoHboMy OKUCHeHHi okcudy nimpoezeny (1) 3 nooanvuium noenunannam oxcuoie nimpozeeny (IV) ma (I11l) (NO,,
N>0;) pisnumu nocnunavamu. Cmaodis, wo AimMimye cymapHull npoyec, € weuoKicms OKUCHeHHs okcudy Himpoeeny (11)
00 oxcudy Himpoeeny (IV). Ockinbku ys peakyis npomikae 8 2a3osiil ghazi, abcopoyilini anapamu noSUHHi Mamu 00CUMb
GenuKuULl GibHULL 00 €M, Momy npoyec abcopoyii nposodsmsv y 6A2amoCmyniH4acmux HAcaokosux abo mapituacmux
Konouax. B oocnioax no abcopbyii okcudie Himpoeeny pisHUMU PIOKUMU NOSTUHAYAMU CMYNIHb abcopOyii cmanosuna
80-90%. B npoyeci abcopoyii 6i06y6acmuvcsi OKUCHEHHsT OKCUOI8 HIMPO2eHy He MINbKU 6 2a306ill, ane U 6 piOKil ¢asi.
Jlocnioocenns O6ynu nanpaeneni Ha iHmMeHcuUQikayiro npoyecy okuchenHs oxcudy nimpoeery (Il) 6 piokii ¢aszi. B pobomi
NOPIGHAHO pe3yibmamu 00CHioxdceHb 3a weuokicmio oxkuchenusi NO 6 eazo6iii i piokit ¢hazax. I[Ipunyun oKucHewHs
8 pioKill ¢hazi nokniadeHo 8 po3podKy abcopbyilinoeo azpezamy 015 8UPOOHUYMEA HimpamHoi Kuciomu. JJogedeno, ujo
inmencugixayis npoyecy abcopoyii okcudis Himpo2eny MoXcauea uiisaxom 36intvutenns yacmru NO, wo OKUCHIOEMbCS
6 piokiil ghasi. Lle docazaemves HacuueHHAM POOOU020 PO3HUHY KUCHEM.

Knrouosi cnosea: ouunyenns 6i0XiOHUX 2a3i6, OKUCHEHHs OKCUOLE HIMPO2EH).

Statement of the problem

The intensive development of industry leads to continuously increasing emissions of pollutants into the atmosphere. The
total volume of industrial, agricultural and municipal waste on the scale of the entire planet per year is currently estimated
at billions of tons. Various chemical substances contained in waste, entering the soil, air or water, pass through ecological
links from one chain to another, eventually entering the human body. Depending on their nature, concentration, time of
action on the human body, they can cause various adverse consequences. Short-term exposure to small concentrations
of such substances can cause dizziness, nausea, heartburn, and cough. For example, nitrogen oxides strongly irritate
the respiratory organs, causing inflammatory processes in them; under their influence, methemoglobin is formed, blood
pressure decreases, dizziness, vomiting, shortness of breath, loss of consciousness is possible [1, 2]. Atmospheric air
pollution ranks first in terms of the degree of chemical danger to humans, which is due to the fact that pollutants from
the air have the widest distribution [3]. A noticeable deterioration in the state of atmospheric air in a number of countries
occurs due to the most large-tonnage (million tons per year) global atmospheric pollutants: carbon dioxide (2-10%), dust
(250), carbon (200), sulfur dioxide (150), hydrocarbons (>50), nitrogen oxides NO, (50) [4]. Pollution of the atmosphere
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by harmful substances contributes to research, development and use of more advanced technologies, effective methods
and equipment for cleaning waste gases, in particular during the operation of stationary installations [5]. Waste gases,
which contain nitrogen oxides, are produced in a number of productions of the chemical industry, in the processes of oil
distillation, during the burning of fuel. The sources of emissions of waste gases differ in many parameters: in their content
of nitrogen oxides and other impurities, the degree of oxidation of nitrogen (II) oxide, temperature, pressure, etc. [6]. This
requires the development of new effective methods of gas purification.

Analysis of recent research and publications. In practice, mainly NO and NO, are emitted with the waste gases in their
simultaneous presence. Nitrogen (II) oxide NO is poorly soluble in water, salts and organic compounds. Nitrogen (IV)
oxide NO,is formed as a result of oxidation of nitrogen (II) oxide by oxygen. It easily forms nitrate and nitrite acids with
water. Nitrogen (IV) oxide N,O,is formed by the polymerization of nitrogen (IV) oxide NO, and is a strong oxidizer.
Four classes of methods for cleaning gases from nitrogen oxides are known: oxidative, reducing, sorption, and others.
This classification is based on the ability of nitrogen oxides: 1) to oxidize under the action of liquid, solid, and gaseous
oxidants; 2) is reduced to nitrogen under the influence of high temperatures and in the presence of liquid, solid and
gaseous reducing agents and catalysts; 3) enter into chemical reactions with various groups of compounds, forming
various salts and complex compounds that can be regenerated [7, 8, 9].

Oxidative methods of sanitary purification of gases from nitrogen oxides are based on the preliminary oxidation of
nitrogen (II) oxide with subsequent absorption of nitrogen (IV) and (III) oxides (NO,, N,O;) by various absorbers.

The main difficulty of absorption processes is related to the low chemical activity and solubility of nitrogen oxide (II).
There are several ways to solve this problem: 1) complete oxidation of NO to NO, in the gas phase; 2) partial oxidation of
NO to NO,, with the formation of an equimolecular mixture of NO and NO,; 3) use of selective absorbents; 4) oxidation
in the liquid phase or the use of absorption catalysts and conversion of NO into chemically active compounds (NO,, N,O;,
N,Os) [4]. Industry uses the method of homogeneous oxidation of NO in the gas phase with oxygen. However, as practice
shows, at low concentrations of NO, the rate of homogenous oxidation is extremely low. From the kinetic equation

dNO
i L= KPI%IO 'Poz

it can be seen that with a decrease in the NO concentration, for example, from 1,0 to 0,1%, i.e. 10 times, the oxidation
reaction rate decreases by 100 times, which leads to the necessity of using bulky and expensive oxidizing volumes. To
intensify the process, in some cases oxygen is dosed into the nitrous gas, increasing its content to 8-10% and more. Such
a method is not effective due to the extremely small increase in the degree of purification and the low degree of use of
dosed oxygen (not more than 0.1-0.5%). The rate of oxidation of nitrogen oxide (II) by gaseous oxygen increases in the
presence of catalysts. The most active of them is hopkalite at a temperature of 120°C. Intensification of the processes of
oxidation and absorption of nitrogen oxides is also possible by increasing the rate of oxidation of NO in the liquid phase
in two variants: oxidation by oxygen and ozone in the liquid phase or simultaneous oxidation and absorption by liquid
oxidants. The rate of dissolution of gaseous oxidants (oxygen and ozone) in the liquid phase depends on temperature,
pressure, concentration of components, the size of the interfacial surface, turbulence of flows, and so on. The dissolution
of oxygen and ozone in the liquid phase is a slow process and limits the process of NO oxidation in the liquid phase. When
using liquid oxidizers, the dissolution stage is not limiting. The following oxidants are used for the NO oxidation process:
KBrO3, I‘INO3, HzOQ, KMI’IO4, (NH4)2Cr207, Nazcr204, chr207 [10]

For the absorption of nitrogen oxides (NO,, N,Os, N,O;), water, alkali solutions, selective sorbents, acids and oxidizers
are used. When nitrogen oxide (IV) is absorbed by water into the gas phase, a part of nitrogen oxide (II) is released, the
rate of oxidation of which at low concentrations is low:

3NO,+ H,0 — 2HNO ;+NO + Q.

This process is a typical heterogeneous process, including the main stages: 1) diffusion of NO, from the gas phase to
the liquid phase; 2) chemical interaction with the formation of nitric and nitrous acids; 3) decomposition of nitrous acid
with the formation of HNO; and NO; 4) diffusion of NO from the liquid phase to the gas phase; 5) oxidation of secondary
nitrogen oxide (II) to NO,, after which the cycle repeats:

N204+ Hzo = HNO3 + HN02+ 59,2 kJ,
N2 O3+ Hzo =2HNO + 55,4 kJ.

The rate of oxidation of NO to NO, is the limiting stage of the overall process. Since this reaction takes place in the
gas phase, the absorption apparatus must have a sufficiently large free volume, so the absorption process is carried out in
multi-stage packed or plate columns. Developed more effective methods of increasing the rate of oxidation of NO, it is
possible to achieve a high degree of purification of gases from nitrogen oxides.
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The purpose of the study is to select the optimal conditions for the oxidation of nitrogen (II) oxide in gaseous
emissions during the operation of stationary installations.

Presentation of the main research material

Carrying out numerous experiments on the absorption of nitrogen oxides by various liquid absorbers, it was noted that the
degree of absorption usually exceeded the theoretically possible. Thus, conducting alkaline absorption of nitrous gas containing
1% of nitrogen oxides with a degree of oxidization of 30%, the theoretically possible degree of absorption (assuming that
absorption is in the form of N,O;) should be 60%. It was established by calculation that in the process of absorption, additional
homogeneous oxidation of NO in the gas phase takes place by another 5%. Therefore, the total possible degree of absorption
should be 70%. In fact, in experiments in these conditions, the degree of absorption was 80-90% and more.

When analyzing this phenomenon, they came to the conclusion that in the process of absorption, oxidation of nitrogen
oxides occurs not only in the gas phase, but also in the liquid phase. Further studies were directed to the intensification of
the process of oxidation of nitrogen oxides in the liquid phase. The amount of the liquid phase in the mass transfer process
is hundreds and thousands of times less than the gas phase. This gives great advantages, since technological operations
with liquid can be carried out in much smaller reaction volumes. Investigation of the nitrogen (II) oxide oxidation process
in the liquid phase was carried out on the experimental setup of Fig. 1.

In order to establish a quantitative assessment of the NO oxidation process, the operation of the installation in four
modes is provided. Of the four options for the operation of the installation, the first one gives an opportunity to estimate
the rate of NO oxidation in the gas and liquid phases, and the second, third and fourth — when NO is oxidized only in the
liquid phase. In the studies, the goal was not to achieve a high degree of processing of nitrogen oxides, but only to obtain
comparative data on the relative speed of the NO oxidation reaction in the liquid and gas phases. All studies were carried
out at atmospheric pressure and a temperature of 20°C.

Gas for analysis

-(;BS for analysis

M T

- e Sclution|
for analys's

J=

NO

Fig. 1. Scheme of the experimental setup: 1, 5, 7, 12, 13 — rotameters; 2, 11 — three-way faucets; 3, 10 — pumps;
4 — oxygen saturation reactor; 6 — nitrogen oxide absorption reactor; 8 — nitrogen oxide saturation reactor; 9 — mixer

The results of studies of the operation of the installation in all modes are shown in table 1. From the data presented, it
can be concluded that with parallel processes, oxidation in the liquid phase proceeds at a slower rate than in the gas phase.
The amount of NO oxidized in the liquid phase is approximately 30%. As a result of these studies, it was established that
during the absorption of nitrogen oxides from low-concentration and low-oxidized gases in order to intensify the process
of oxidation and absorption of nitrogen oxides, it is expedient to dose oxygen into the gas phase, bringing its concentration
to 6-7%. A further increase in the concentration of oxygen in nitrous gas is ineffective.
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Table 1
Comparative data on the rate of processing of nitrogen oxides during the oxidation of NO
in the gas and liquid phases
Mode Method The degree of conversion Tl(:: cr::::/t:r,:izzte The maximum
of operation oxidation of nitrogen oxides, % . . concentration of HNO;, %
of nitrogen oxides

I In gas and liquid phase 63 1 49

I In the llqulq phase when the solution is 3] 0.456 50
saturated with oxygen

o In the 11qu1q phgse when the solution is 8 0410 47
saturated with nitrogen oxide
In the liquid phase when the solution

v is saturated with oxygen and nitrogen 26 0,383 50

oxide

The principle of oxidation of nitrogen (II) oxide in the liquid phase, studied in the experimental model (Fig. 1), is
included in the design of the absorption unit for the production of nitric acid. A distinctive feature of the unit is that
an additional column of small diameter, having the same number of plates as the main column, is installed parallel to
the main absorption mesh column. Intensification of the process of absorption of nitrogen oxides is possible only by
increasing the share of NO oxidized in the liquid phase, which is achieved by saturating the working solution with oxygen
in the additional reactor.

Condensate, going to produce nitric acid, first enters the upper plate of the auxiliary column. Here it is saturated with
oxygen circulating in a closed cycle. Oxygen-saturated condensate flows through the hydraulic valve to the lower plate
of the main column. Here it absorbs nitrogen oxides from the purified gas, after which it again enters the upper plate of
the auxiliary column through the drain threshold and the hydraulic valve. On this plate of low concentration nitric acid
is again saturated with oxygen and the cycle is repeated again on all plates of the column. This system does not consume
a large amount of oxygen, as it circulates in the closed circuit of the additional column and is consumed only for the
oxidation of NO. After that, the waste gases practically do not need to be cleaned of nitrogen oxides.

Conclusions

Due to the intensively occurring process of oxidation of nitrogen (II) oxide in the liquid and gas phase, the speed and
completeness of the gas absorption process increase.

The maximum concentration of nitric acid is achieved due to the fact that, along with the oxidation of NO in the liquid
phase and the saturation of the acid with oxygen, the nitrogen oxides dissolved in it are partially blown off into the small-
diameter column. This can be explained by the fact that denitrified and oxygenated nitric acid absorbs nitrogen oxides
more fully and more quickly. A similar principle of saturation of working solutions with oxygen can be used in systems
operating under atmospheric pressure with acidic or alkaline absorption of nitrogen oxides.
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