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COMPREHENSIVE PURIFICATION OF GAS EMISSIONS
FROM HEAT POWER PLANTS

The article presents a comprehensive scientific approach to solving a pressing environmental problem — cleaning gas
emissions of thermal power plants from the most common pollutants: dust, sulfur dioxide, carbon monoxide and nitrogen
oxides. The relevance of the study is due to the growth in the volume of emissions of harmful substances and their critical
impact on human health and the state of the environment. The proposed technology for cleaning gas emissions consists
of four consecutive stages. Dust is cleaned using a cyclone-rotary dust collector, which allows capturing fine dust with an
efficiency of up to 99%. For the removal of sulfur dioxide, an absorption method of neutralization is proposed, in which
acidic flue gases are cleaned using alkaline wastewater from industrial enterprises. For the removal of carbon monoxide,
a catalytic method is proposed. A catalyst composition based on zinc, copper, chromium and aluminum oxides has been
developed. Unlike platinum analogues, it can operate in dusty gases and has low hydrodynamic resistance due to the
application of a paste-like mass to the inner surfaces of the reactor tubes. The final stage of the complex purification
system is the thermal neutralization of nitrogen oxides using an arc plasma torch. The processes of high-temperature
decomposition have been studied and it has been established that the introduction of reducing agents, such as methane
or ammonia, into the reactor allows to shift the reaction equilibrium towards the formation of molecular nitrogen and
oxygen. The proposed step-by-step purification system allows to reduce the concentration of harmful compounds in the
purified gases to the maximum permissible values.
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KOMIIVIEKCHE OYMIIEHHSA T'A30OBUX BUKUAIB TEIVIOEHEPTETUYHUX NNIANIPUEMCTB

Y emammi npedcmasneno komnnexcnuti Haykosuil nioxio 00 6UPIUEHHA AKMYanbHOI eKoN02IYHOI npodIeMU — 04Uy eHH S
2a308UX BUKUOIE MENIO0eHeP2eMUYHUX NIONPUEMCME 8i0 HAUOIIbW NOWUPEHUX 3a0pyOHI08auis: Nury, 0800KCUOY
cynohypy, MOHOOKCUOY KAPOOHY ma OKCUOi6 HimpozeHy. AKmMyanvHicmb 00CHIONCEHHS 3YMOBILeHA 3POCMANHAM 00CA2i8
BUKUOIB WIKIOIUBUX PEUOBUH MA IXHIM KPUMUYHUM BNIUBOM HA 300P08 51 TIOOUHU Ul CMAH HABKOTUUHBLO20 Cepedosuiyd.
3anpononosana mexHonoz2is OYUUeHH 2a308UX BUKUOIE CKIAOAEMbCA 3 HOMUPLOX NocnioosHux emanie. Ouuujenns
8I0 NUAY 30IUCHIOEMbCS YUKTIOHHO-POMAYILIHUM NUNOGTO0TI08AYEM, WO O0360IIAE G108NI08AMU OPIOHOOUCTIEPCHUTI NUTL
3 eqpexmugnicmio 00 99%. J{na suoanenuss 0600KCUOY Cyib@ypy 3anponoHo8ano abcopoyiinuti memoo neumpanizayii,
8 AKOMY KUCA OUMOSI 2a3u OUUWYIOMbCA 3d OONOMO20I0 JYHCHUX CMIYHUX 800 NPOMUCIO8UX nionpuemcms. [na
8UOANIeHHS MOHOOKCUOY KApOOHY 3aNpONOHO8AHO Kamanimudnutl memoo. Pospobneno cxknao kamanizamopa Ha OcHO8I
OKCUOI8 YUHKY, MIOI, Xpomy ma amominito. Ha 6i0Miny 8i0 naamunosux ananocis, 6in Modice npayoeamu y 3anuieHux
2azax i Mae HU3bKUil 2iOpOOUHAMIYHUL ONIP 3A60SIKU HAHECEHHIO NACMONO0OIOHOL Macu HA 6HYMPIWHI NOBEPXHI mMpyd
peaxkmopa. 3a8epuanbHum emanom KOMIIEeKCHOT cucmemMu 04U eHHsl € mepMiiuHe 3HeUKOO0X CeHHs OKCUOI8 HImpo2eHy 3d
00nOoMO2010 0208020 NAA3MOMPOHA. J]0Ci0dNHCEHO NPOYecU 8UCOKOMEMNEPANYPHO20 POIKIAOAHHS Md 8CIAHOBNEHO, WO
66€0€HHsL 8 peaKmop 8IOHOBHUKIB, MAKUX, IK MeMarn abo AMOHIAK 00360JA€ 3MICIuUmMu pigHosazy peakyii y Oik ymeopenus
MONEKYIAPHO20 A30my ma KUchio. 3anponoHosana noemantia cucmema OYUweHHs 0036015€ IMEHWMUMU KOHYeHmpayii
WIKIOUBUX CNOJIYK 8 OUUWJEHUX 2a3aX 00 SPAHUYHO OONYCIUMUX 3HAYEHD.

Kniouogi cnosa: 2azosi euxuou, cucmema O4UUeHHS, MeENI0eHeP2emuKd, nuil, 080OKCUO CYIb@ypy, MOHOOKCUO
KapOOHY, OKCUOU HIMPO2EeH).

Problem Statement

At the current stage of energy development, the database of maximum permissible concentrations (MPC) contains
more than two thousand harmful substances that pollute the atmosphere. However, the overwhelming majority of emis-
sions from heat power enterprises are formed by only four components: dust, sulfur dioxide (SOz), carbon monoxide
(CO), and nitrogen oxides (NxO,) [1, 2]. These compounds are formed during the combustion of any type of fuel — solid,
liquid, or gaseous — and their ratio depends on the characteristics of the energy carrier [3]. In 2024, the volume of pol-
lutants from stationary sources amounted to 8.5 thousand tons, which exceeds the indicators of 2023 (7.4 thousand tons)
by 14.9% [4, 5]. A person passes about 20 m® of air through the lungs daily. Even small doses of pollutants have a cumu-
lative negative effect. In particular, carbon monoxide interacts with blood hemoglobin 300 times faster than oxygen, and
its concentration of 0.32% is lethal. Sulfur dioxide and nitrogen oxides are the main factors in the formation of acid rain,
which acidify soils, destroy building structures, and accelerate metal corrosion. Dust, in addition to direct harm, acts
as an adsorbent that transports other toxic substances over long distances. Existing gas purification methods are often
highly specialized or too expensive. For example, catalytic post-oxidation using platinum catalysts is economically
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impractical for large gas volumes, and efficient electrostatic precipitators require significant electricity consumption.
Thus, there arises an urgent scientific and practical task of developing a comprehensive purification system capable of
simultaneously removing solid and gaseous impurities while ensuring compliance with MPC standards with minimal
operating costs.

Analysis of Recent Research and Publications

Modern methods of purification of industrial emissions are based on the use of gravitational, inertial, centrifugal, and
electrical forces [6]. Depending on the nature of the forces used in dust-collecting apparatuses, dry and wet purification
methods are applied [7]. Dry purification methods are carried out in dust-settling chambers, cyclones, porous and electric
filters. Wet purification methods are implemented in apparatuses irrigated with liquid. The apparatuses may be used inde-
pendently or in combination with each other. They may form a single-, two-, or three-stage purification system depending
on the required gas purification quality. For any dust-cleaning equipment, the main characteristics are primarily: collec-
tion efficiency (%); velocity of the gas-dust flow (m/s); hydraulic resistance (Pa).

Analysis of traditional equipment indicates significant limitations: dust-settling chambers and inertial dust collectors
have a low collection efficiency (40-50%) and are used only for preliminary purification. Cyclones effectively capture
particles larger than 50 um; however, fine dust (less than 10 um) is almost not retained by them. The most advanced
apparatuses (electrostatic precipitators and fabric filters) have high operating costs or cannot withstand high temperatures
of flue gases from thermal power plants [8, 9]. This determines the necessity of developing combined cyclone-rotary
devices (CRD), which combine the advantages of centrifugal separation and wet deposition [10, 11]. For sulfur dioxide
removal, absorption methods are promising; however, the use of special reagents increases the process cost [12]. Carbon
monoxide purification is traditionally performed by catalytic post-oxidation on platinum catalysts, which is economically
inaccessible for large emission volumes [13—16]. In addition, existing packed catalysts have high hydraulic resistance and
are quickly poisoned by dust.

Oxygen compounds of nitrogen may exist in the form of the following oxides: nitrous oxide N-O, nitric oxide (IT) NO,
nitrogen dioxide NO-, dinitrogen trioxide N2Os, dinitrogen tetroxide N2O4, dinitrogen pentoxide N2Os [17]. The oxidation
state of nitrogen is largely determined by temperature. Depending on temperature, certain nitrogen oxides may exist. In
the presence of an oxidizing agent (oxygen or ozone) and at low temperature, the oxidation reaction of nitric oxide (II)
proceeds spontaneously and irreversibly in the following direction:

NO + NOZ — N204 — N205

Nitrogen oxide (V) may exist in the solid state at low temperatures. Solid N2Os in its stable form is nitronium nitrate
NO:" NOs™. When heated in the gaseous state, it dissociates into NO2 and NOs~. NOs™ is easily oxidized by releasing an
oxygen atom. Nitrogen oxide (IV) easily polymerizes into a dimer according to the reversible reaction:

2NO, 2 N0,

The degree of polymerization also depends on temperature. Already at 21.15°C, liquid N=Oa dissociates into NO2
molecules. At temperatures above 140°C, the reaction is completely shifted to the right, and only NO: may exist in the
gas phase. Upon further heating of nitrogen oxide (IV), it decomposes:

2NO, 2 2NO + O,.

Complete decomposition of nitrogen oxide (IV) into nitric oxide (II) and oxygen occurs at a temperature of 600°C. Nitric
oxide (II) is quite stable; however, at temperatures above 1000°C it is in a dissociated state: 2NO 2 Nz + O.. Thus, the
temperature region of existence of various nitrogen oxides in the gas phase may be represented by the following scheme:

—140° —600° C 600-1000° C
N204 21,5-140°C N()2 150-600° C NO N2 + 02'

Thermal decomposition of NO according to the equation: 2NO — N, + O, is an energy-intensive process requiring
temperatures above 1000°C [18, 19]. The use of plasma technologies makes it possible to achieve the required tempera-
tures; however, the issue of shifting the reaction equilibrium toward molecular nitrogen using available reducing agents
remains relevant.

Formulation of the Research Objective

The purpose of the research is the scientific substantiation and development of a comprehensive high-efficiency sys-
tem for the sequential purification of gas emissions from heat power enterprises from dust, sulfur dioxide, carbon monox-
ide, and nitrogen oxides by combining mechanical, absorption, catalytic, and thermal methods. To achieve this purpose,
the following tasks were set:

1. To investigate the operation of a two-stage cyclone-rotary dust collector (CRDC) capable of operating in both dry
and wet modes;

2. To develop a technology for neutralization of acidic flue gases from boiler houses using alkaline industrial
wastewater;
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3. To obtain a new catalyst for the conversion of CO into CO- capable of operating in dusty flue gases and to develop
a technology for its application;

4. To investigate the conditions of nitrogen oxides decomposition by the plasma-thermal method and using reducing
agents.

Presentation of the Main Research Material

Any processes of purification of industrial gases become complicated if dust is present in them. At the first stage, the
contaminated gas must be purified from solid suspended particles. An apparatus has been developed which, unlike known
cyclones, can effectively capture fine dust particles up to 4 um in size. The apparatus was named a cyclone-rotary dust
collector (CRDC) because it implements the principle of two-stage separation of dust-gas systems in a centrifugal field.

First, in the first — lower stage, operating according to the cyclone principle; and then in the second — upper stage,
which operates according to the principle of a rotary dust collector. The CRDC has a number of advantages compared to
existing cyclones:

— acting as a gas blower, it creates a vacuum in the suction nozzle and pressure in the discharge nozzle; the dust col-
lector can operate autonomously (without a fan) and purify gases that do not have initial excess pressure;

— due to the increase in centrifugal force acting on a particle in the rotary part of the dust collector, dust particles
smaller than 10 um are captured;

— by means of the rotor, fine dispersion of the liquid and uniform irrigation of the apparatus walls are achieved, which
contributes to increased efficiency of capturing fine and agglomerating dust.

The efficiency of gas purification from dust in cyclone apparatuses depends on the centrifugal force acting on a parti-
cle, which in turn depends on the circumferential velocity of the gas flow (Figure 1). An increase in this velocity leads to
dust carryover from the apparatus. This disadvantage was eliminated in the developed CRDC design.

- 5\: oy .
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Figure 1. Cyclone-Rotary Dust Collector

The dust collection efficiency in wet mode reaches 99%, and in dry mode 98%. Therefore, irrigation is recommended
only when working with dust that tends to agglomerate and may clog the apparatus. Thus, after purification of exhaust
gases from solid contaminants, they may be purified from gaseous components.

At the second stage of purification, it is necessary to remove sulfur dioxide from the gas flow. The presence of sulfur
dioxide in exhaust gases determines their acidic reaction. At the same time, a significant number of industrial enterprises
discharge alkaline wastewater with a pH value of 12—14 into the sewer network. In the work, an absorption method and
an apparatus (absorber) for neutralization of acidic flue gases containing sulfur dioxide by means of alkaline wastewater
are proposed. The influence of various physicochemical factors on the gas neutralization process was investigated, and
the optimal process parameters were determined.

The studies were carried out on a laboratory installation (Figure 2) using the method of mathematical planning of the
experiment.

In the work, the method of a full four-factor experiment was applied, which makes it possible to obtain a mathematical
description of the investigated process.

The results of laboratory studies were confirmed on an industrial installation (Figure 3), where production acidic gases
of the thermal power plant and alkaline wastewater of textile production were used.

The industrial toroidal absorber with a diameter of 3 m and a height of 1.5 m has a gas capacity of 5 thousand m*/h. A
closed irrigation cycle was used in the apparatus. Gas supply was carried out directly from the gas duct. Contact between
liquid and gas in the absorber was carried out by spraying the liquid through five centrifugal sprayers with intersecting
irrigation fields. The studies demonstrated the effectiveness of acidic gas purification by neutralization.

At the third stage, it is proposed to purify gases from carbon monoxide (CO) using the developed catalysts.
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Figure 3. Diagram of the Toroidal Absorber

Despite the high toxicity of carbon monoxide and the large volumes of emissions into the atmosphere, until recently
neither in our country nor abroad have effective methods of sanitary purification of gases from this component been
implemented. The only exception is automobile exhaust gases, purification of which is carried out by catalytic post-oxi-
dation of carbon monoxide using platinum-vanadium catalysts. However, platinum is a very expensive metal, and its use
for purification of large volumes of gases is impossible. Research in this direction led to the development of new types
of catalysts that meet the specified requirements. The main task was to determine the optimal catalyst composition that
has maximum activity. Catalytic activity — the main characteristic of catalysts — was investigated on a flow installation,
the diagram of which is shown in Figure 4. The investigated catalysts were produced from a mixture of catalytically
active substances — zinc, copper, chromium oxides, aluminum powder, and cement — which were thoroughly mixed until
a homogeneous mass was obtained. Ammonia water was added; at this stage hydrogen was actively released from the
obtained mixture, and a foamed porous pumice-like structure was formed.

This catalytic mass in a paste-like state is applied to the inner surface of tubes using a punch. After hardening of the
contact mass, it is dried and calcined at a temperature of 350°C. The post-oxidation process is carried out in tubular reac-
tors (Figure 5). In existing apparatuses, gas is forced through a layer of packed granular catalyst. Due to this, such reactors
have high hydraulic resistance.

The proposed reactor design consists of tubes mounted on tube sheets and combined into a common casing [20]. A
catalyst layer of 3—5 mm is applied to the inner surface of the tubes. Unlike existing apparatuses in which gas is forced
through a packed granular catalyst layer, the proposed tubular reactor has very low hydraulic resistance. The advantages
of using a paste-like foamed catalyst consist in the fact that gas passing through the tubes coated with catalyst does not
encounter significant resistance. The reactor has high throughput capacity and provides a high degree of purification with-
out requiring large operating costs. In addition, the tubular reactor can operate with dusty gases.
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Figure 5. Tubular Reactor: 1 — shell; 2 — cover; 3 — tubes with catalyst; 4 — tube sheets; 5 — bottom.

At the fourth stage of purification, neutralization of nitrogen oxides is carried out. To achieve this purpose, it
is advisable to use thermal methods of decomposition of nitrogen oxides (NO,). Under heating conditions, higher
nitrogen oxides undergo thermal decomposition with the formation of lower oxides, as well as elemental nitrogen and
oxygen. This regularity forms the basis of the developed method of thermal decomposition of nitrogen oxides, which
was investigated in the temperature range from 500°C to 5000°C. To achieve high temperatures, a 20 kW arc plasma
torch with a tungsten cathode and a copper anode cooled by flowing water was used (Figure 6). Arc stabilization was
carried out by a magnetic-vortex method. The plasma torch was positioned vertically with the lower arrangement of
the cathode.

Figure 6. Diagram of the Plasma Torch for Decomposition of Nitrogen Oxides
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A reactor was connected to the exhaust nozzle of the plasma torch, which simultaneously performed the function of a
heat exchanger for preliminary gas heating. Nitrogen was used as the plasma-forming gas, and liquid dimer of nitrogen
oxide (IV) served as the source of nitrogen oxides. The plasma-forming gas with a temperature of 10,000-15,000°C
entered the reactor, where it mixed with nitrous gas preheated in the heat exchanger to 600°C. As a result of mixing, the
mass-average temperature of the gas mixture in the reactor reached 1000-3500°C. The installation was equipped with a
set of measuring instruments for determining gas flow rate, temperature, and other process parameters.

The resulting gas mixture was heated to a temperature of 2000—4000°C, at which decomposition of nitrogen oxides
occurred with the formation of molecular nitrogen and oxygen. The degree of decomposition was determined by meas-
uring the concentration of nitrogen oxides at the inlet and outlet of the reactor. The initial concentration of NO was
0.001-10%, and the mass-average temperature in the reactor was 2000-2100°C. With an increase in nitrogen oxide con-
centration, the degree of decomposition increased. At the same time, the concentration of nitrogen oxides after thermal
decomposition remained sufficiently high and reached up to 2%, which is unsatisfactory from the standpoint of sanitary
gas purification.

For more complete purification of the gas mixture, the influence of reducing agents on the decomposition process
of nitrogen oxides was investigated: gaseous (hydrogen, ammonia, methane); liquid (kerosene, gasoline, fuel oil); solid
(coke, coal, graphite). The results showed that in the presence of gaseous and liquid reducing agents, the reaction equi-
librium shifts toward the formation of molecular nitrogen and oxygen. The concentration of NO after treatment with
reducing agents decreased to 0.1-0.3% at an initial concentration of 2—-3%.

Conclusions

1. A holistic four-stage system of comprehensive purification of gas emissions from heat power enterprises has been
developed, which allows sequential removal of dust, sulfur dioxide, carbon monoxide, and nitrogen oxides to the level of
maximum permissible concentrations.

2. The efficiency of the cyclone-rotary dust collector has been proven. Due to two-stage separation in a centrifugal field,
it ensures the capture of fine dust (less than 10 pm) with an efficiency of up to 99% in wet mode and 98% in dry mode.

3. The method of neutralization of acidic flue gases by their absorption with alkaline wastewater of industrial (in par-
ticular textile) enterprises with a pH of 12—14 has been substantiated. This makes it possible not only to purify gas from
sulfur dioxide but also to rationally utilize aggressive industrial wastewater.

4. A low-temperature catalyst based on zinc, copper, chromium oxides, and cement has been synthesized. Due to its
paste-like structure and application to the inner surfaces of reactor tubes, the system has minimal hydraulic resistance and
is capable of operating in dusty flows, which is a significant advantage over platinum analogues.

5. The parameters of thermal neutralization of nitrogen oxides using an arc plasma torch in the temperature range of
2000-4000°C have been established.

6. It has been proven that the introduction of reducing agents (methane, ammonia) shifts the reaction equilibrium toward
the formation of molecular nitrogen, reducing nitrogen oxide concentration from critical levels to sanitary standards.

Bibliography

1. Hakaz MO3 VYkpainu Big 09.07.2024 Ne 1192 «IIpo 3aTBepmKeHHS Aep>KaBHUX MEIHKO-CaHITApHUX HOPMAaTHBIB
JOITyCTUMOTO BMICTY XIMIYHHX i 010JOT1YHMX pedoBHH y MOBITpi pododoi 3oHmM». URL: https://zakon.rada.gov.ua/laws/
show/z1107-24#Text (nara 3BeprenHs: 17.01.2026).

2. Haka3z MO3 VYkpainu Big 05.08.2021 Ne 1657 «IIpo 3arBepmxensst 3MiH 10 ['irieHiYHUX peryiaMeHTiB TPaHUIHO
JIOITyCTUMOI KOHIIEHTpAIlii Ta Opi€EHTOBHO O€3MeYHUX PiBHIB BILUTUBY XiMIYHHX 1 0i0JIOTI1YHUX PEYOBHH B aTMOC(EepHOMY
moBiTpi HaceneHux Micp». URL: https://zakon.rada.gov.ua/laws/show/z1249-21#Text (zata 3Bepuerns: 17.01.2026).

3. bexeto B. €., €pryxosa I. I1. [Ixepena Ta nporecu 3abpyaaerHs atmocdepu. Xapkis : XHYMI im. O. H. bexke-
TOBa, 2019. 113 c.

4. Buxuay 3a0pyIHIOIOYHIX PEYOBHH 1 TApHUKOBHUX ra3iB B armocdepHe moBiTps. URL: https://zt.ukrstat.gov.ua/dostat/
dost_vykydy.pdf (gara 3Beprenns: 16.01.2026).

5. Haxka3 miHicTepcTBa OXOPOHH HABKOJIHUIIHBOTO TPUPOTHOTO cepenoBuima Ykpainu Bix 27.06.2006 Ne 309 «IIpo
3aTBEPIKEHHS HOPMATHBIB TPaHUIHOOITYCTUMIX BHKH/IB 3a0pyIHIOIOUAX PEUOBHH i3 cTamioHapHHUX kepem». URL:
https://zakon.rada.gov.ua/laws/show/z0912-06#Text (nara 3Beprenss: 09.02.2026).

6. T'anmax O. B., benoycos 1. O., Caxuaenko M. /1., Kapakypxkui I. B., Matukin O. B., Kocapes O. B. Metonu ounmieHas
ra30BHUX BHKHIIB BiJ XiMiuHO-HeOE3IEUHNX PEIOBUH IS MiABUIICHHS €(EKTHBHOCTI PITBTpyBaNbHUX cucTeM // Bichuk
Hayionanvroeo Texuiunozo Yuisepcumemy «XI1l». Cepis: InHo8ayitini 00CTIONCEHHS ) HAYKOBUX pobomax cmyoeHmis,
2018. Ne 18 (1294). C. 89-93. http://idnrs.khpi.edu.ua/issue/view/8938

7. Kpycip I. B., Magani M. M., N'apkoBuu O.J1. TexHika Ta TeXHOJIOTii OYHIIIEHHS Ta30BUX BUKUAIB. HaBd. mOCiOHUK.
Oneca: OHAXT-Ogeca, 2017. 207 c.

8. Kysnenos C.I., Benrep 0.0., besnansuenko B.M., Cemenuenko O.0O., Iskina €.C. ExexrpocraTinanmii GiasTp 115
OUHINEHHS Ta3iB Bix muiy. Bueni 3anucku Taspiticokoco HayionanvHo2o yHieepcumemy imeri B.1. Beprnaocekoeo Cepis:

77



BICHHK XHTY M 2(97), 2026 p. IH’KEHEPHI HAYKH

Texniuni nayku T. 36(75) Ne 2. Y.1.2025. C. 62-67. https://www.tech.vernadskyjournals.in.ua/journals/2025/2 2025/
part_1/12.pdf

9. Jlinenxos 1. B. AHani3 cygacHUX CHCTEM OYWIIEHHS BUXITHIUX ra3iB y CyIHOBHX €HEPreTHUYHUX YCTaHOBKaX. Mono-
outi guenuil. Texniuni nayku. 2020. Ne 1(77). C. 1-4. DOLI: https://doi.org/10.32839/2304-5809/2020-1-77-1.

10. Kuznietsov S., Venher O., Grygorieva L., Semenchenko O., Bezpalchenko V., Ivkina E. Gas cleaning from dust in
a cyclone rotary device. Exonoeiuni nayku. 2023. Ne 2(47). C. 22-26. http://ecoj.dea.kiev.ua/archives/2023/2/3.pdf

11. Ky B. I1., I'ymanuekuit . M., Maprism O. M. MOXIHBOCTI 3aCTOCYBaHHS IIJTOBJIOBIIOBAYiB KOMOiHOBAHOI il
Ha IIIPUEMCTBAX MepepoOHOi ramysi perioHy i eKOHOMIYHa OIiHKa e(eKTHBHOCTI Ipolecy MUIOOYHIIeHH. Haykosi
npayi OHAXH. 2016. Bum. 1. T. 80. C. 138-143.

12. ABopcekmii B. T, T'enem A. B., AABopcrkwii 1. €., Kamumon 5. A. Teopernunnii ananiz xemocopouii cyinsdypy (IV)
okcumy. OOrpyHTyBaHHS BHOOpPY edekTuBHOro MacooOMiHHOrO amapara. Eastern-European Journal of Enterprise
Technologies. 2015. T.1, Ne 6 (79). C. 32-40. DOI: 10.15587/1729-4061.2016.60312.

13. Patel D. M., Kodgire P., Dwivedi A. H. Low temperature oxidation of carbon monoxide for heat recuperation: A
green approach for energy production and a catalytic review. Journal of Cleaner Production. V. 245, 2020. P. 118838.
https://doi.org/10.1016/j.jclepro.2019.118838.

14. Isanenxo O. 1., Mapruriok A. C., Baria A. B., losroman C. 1. KaramiTnyae 3HEUIKOMIKEHHS MOHOOKCHIY BYT-
Jetro eduer obnamy tuiy piaramepa. Hayxoesuii JKypnan Meminsecm Ilonimexuiku. Cepis: Texuiuni nayku, Ne 3. 2025.
C. 14-25. https://doi.org/10.32782/3041-2080/2025-3-2.

15. Isanenxo O. 1., Hosronam C. [I. 3acTtocyBaHHS (epUTHOTO METOAY [UIS 3HEIIKOMKECHHS TOKCHIHUX Ta30BHX Bil-
xoniB. Exonociuni nayku. 2023. Ne 2 (47). C. 228-231. http://ecoj.dea.kiev.ua/archives/2023/2/37.pdf DOI https://doi.
org/10.32846/2306-9716/2023.ec0.2-47.37

16. Effects of Doping on the Performance of CuMnOx Catalyst for CO Oxidation / Dey S., Dhal G. C., Prasad R.,
Mohan D. // Bulletin of Chemical Reaction Engineering & Catalysis. 2017. Vol. 12, Issue 3. P. 370-383. doi: https://doi.
org/10.9767/berec.12.3.901.370-383.

17. Kuznietsov S.I., Venher O.0., Bezpalchenko V.M., Semenchenko O.0., Ivkina Ye.S. Classification of methods for
sanitary purification of gases from nitrogen oxides. Bichux XHTY. Ne 1 (92). U.1. 2025, C. 105-114. https://kntu.net.ua/
ukr/layout/set/print/content/download/123902/691205/file/Bicank%201(92),%20Tom%201.pdf

18. Kyzuemos C. 1., Manees B. O., besnansaenko B. M. Bucokoremreparypaa HelTpatizallis HITPOTEH OKCHIIB Y
BHXJIOTIHUX Ta3aX CYTHOBUX JBHUTYHIB. 30ipHux Haykosux npayv Hayionanvnoeo ynieepcumemy imeni aomipanra Maka-
posa. Ne 2 (476). 2019. C. 73-76. DOI https://doi.org/10.15589/znp2019.2(476).11

19. Kuznietsov S. 1., Kachuk D. S., Venger O. O., Ivkina E. S. Method of neutralization of nitrogen oxides in area
of low-temperature plasma. ITumanna ximii ma ximiunoi mexuonoeii. 2024. Ne 2(153). C. 32-39. http://dx.doi.org/
10.32434/0321-4095-2024-153-2-32-38.

20. ITarenT Ha BuHaxix Ykpainn UA 62855A Vkpaina, MIIK 7 B01D47/00, C10K1/00. Crioci® ountieHHsS Bimxis-
HUX Ta3iB KOTENBHUX BiJl OKCHIY BYTJIEIIO Ta MPHUCTPiii 1t foro peanizamii / Kysuemos C.I. (Ykpaina); 3asBi.04.09.03;
Omy6m. 15.12.03, bron. Ne 12, 2003.

References

1. Nakaz MOZ Ukrainy vid 09.07.2024 Ne 1192 «Pro zatverdzhennia derzhavnykh medyko-sanitarnykh normatyviv
dopustymoho vmistu khimichnykh i biolohichnykh rechovyn u povitri robochoi zony». [Order of the Ministry of Health
of Ukraine Ne 1192 dated 09.07.2024. On the approval of the state medical and sanitary standards for the permissible
content of chemical and biological substances in the air of the working area]. Retrieved from https://zakon.rada.gov.ua/
laws/show/z1107-24#Text (accessed 17 January 2026).

2. Nakaz MOZ Ukrainy vid 05.08.2021 Ne 1657 «Pro zatverdzhennia Zmin do Hihiienichnykh rehlamentiv
hranychno dopustymoi kontsentratsii ta oriientovno bezpechnykh rivniv vplyvu khimichnykh i biolohichnykh rechovyn
v atmosfernomu povitri naselenykh mists». [Order of the Ministry of Health of Ukraine Ne 1657 dated 05.08.2021. On
the approval of the Amendments to the Hygienic Regulations on the maximum permissible concentration and tentatively
safe levels of exposure to chemical and biological substances in the atmospheric air of populated areas]. Retrieved from
https://zakon.rada.gov.ua/laws/show/z1249-2 1#Text (accessed 17 January 2026).

3. Biekietov V. Ye., Yevtukhova H. P. (2019) Dzherela ta protsesy zabrudnennia atmosfery. [Sources and processes of
air pollution]. Kharkiv : KhNUMH im. O. N. Beketova (in Ukrainian).

4. State Statistics Service of Ukraine (2026) Vykydy zabrudniuiuchykh rechovyn i parnykovykh haziv v atmosferne
povitria. [Emissions of pollutants and greenhouse gases into the atmospheric air]. 16.01.2026 Retrieved from https://
zt.ukrstat.gov.ua/dostat/dost_vykydy.pdf (accessed 16 January 2026).

5. Nakaz ministerstva okhorony navkolyshnoho pryrodnoho seredovyshcha Ukrainy vid 27.06.2006 Ne 309 «Pro
zatverdzhennia normatyviv hranychnodopustymykh vykydiv zabrudniuiuchykh rechovyn iz statsionarnykh dzherel».
[Order of the Ministry of Environmental Protection of Ukraine dated June 27, 2006 No. 309. On approval of standards for

78



BICHHK XHTY M 2(97), 2026 p. IH’KEHEPHI HAYKH

maximum permissible emissions of pollutants from stationary sources]. Retrieved from https://zakon.rada.gov.ua/laws/
show/z0912-06#Text (accessed 09 February 2026).

6. Halak O. V., Belousov 1. O., Sakhnenko M. D., Karakurkchi H. V., Matykin O. V., Kosarev O. V. (2018) Metody
ochyshchennia hazovykh vykydiv vid khimichno-nebezpechnykh rechovyn dlia pidvyshchennia efektyvnosti filtruvalnykh
system [Methods of cleaning gas emissions from chemically hazardous substances to increase the efficiency of filtration
systems]. Visnyk Natsionalnoho Tekhnichnoho Universytetu «KhPIy. Seriia: Innovatsiini doslidzhennia u naukovykh
robotakh studentiv, no. Ne 18 (1294), pp. 89-93.

7. Krusir H. V., Madani M. M., Harkovych O.L. (2017) Tekhnika ta tekhnolohii ochyshchennia hazovykh vykydiv.
[Techniques and technologies for cleaning gas emissions]. Odesa: ONAKhT-Odesa (in Ukrainian).

8. Kuznietsov S.I., Venher O.0., Bezpalchenko V.M., Semenchenko O.0O., Ivkina Ye.S. (2025) Elektrostatychnyi
filtr dlia ochyshchennia haziv vid pylu. [Electrostatic filter for cleaning gases from dust]. Vcheni zapysky Tavriiskoho
natsionalnoho universytetu imeni V.I. Vernadskoho Seriia: Tekhnichni nauky, vol. 36(75), no 2, part 1, pp. 62-67. https://
www.tech.vernadskyjournals.in.ua/journals/2025/2_2025/part_1/12.pdf

9. Lipenkov I. V. (2020) Analiz suchasnykh system ochyshchennia vykhidnykh haziv u sudnovykh enerhetychnykh
ustanovkakh [Analysis of modern systems of source gases purification in marine power plants]. Molodyi vchenyi.
Tekhnichni nauky, no 1(77). pp. 1-4. DOI: https://doi.org/10.32839/2304-5809/2020-1-77-1.

10. Kuznietsov S., Venher O., Grygorieva L., Semenchenko O., Bezpalchenko V., Ivkina E. (2023). Gas cleaning from
dust in a cyclone rotary device. Ekologichni nauky, no. 2(47), pp. 22-26. http://ecoj.dea.kiev.ua/archives/2023/2/3.pdf

11.Kuts V. P., Humnytskyi Ya. M., Martsiiash O. M. (2016) Mozhlyvosti zastosuvannia pylovlovliuvachivkombinovanoi
dii na pidpryiemstvakh pererobnoi haluzi rehionu i ekonomichna otsinka efektyvnosti protsesu pyloochyshchennia.
[Possibilities of using combined action dust collectors at the enterprises of the processing industry of the region and
economic evaluation of the efficiency of the dust cleaning process]. Naukovi pratsi ONAKhN. vol. 1. no. 80, pp. 138—143.

12. Yavorskyi V. T., Helesh A. B., Yavorskyi L. Ye., Kalymon Ya. A. (2015) Teoretychnyi analiz khemosorbtsii sulfuru
(IV) oksydu. Obhruntuvannia vyboru efektyvnoho masoobminnoho aparata [Theoretical analysis of chemisorption
of sulfur (IV) oxide. Justification of the choice of an effective mass transfer apparatus]. Eastern-European Journal of
Enterprise Technologies, vol. 1, no. 6 (79), pp. 32-40. doi: 10.15587/1729-4061.2016.60312.

13. Patel D. M., Kodgire P., Dwivedi A. H. (2020). Low temperature oxidation of carbon monoxide for heat
recuperation: A green approach for energy production and a catalytic review. Journal of Cleaner Production, vol. 245.
p- 118838. https://doi.org/10.1016/j.jclepro.2019.118838.

14. Ivanenko O. I, Martyniuk A. S., Vahin A. V., Dovholap S. D. (2025) Katalitychne zneshkodzhennia
monooksydu vuhletsiu pechei obpalu typu ridhamera [Catalytic neutralization of carbon monoxide in kilns of
Riedhammer type]. Naukovyi Zhurnal Metinvest Politekhniky. Seriya: Tekhnichni nauky, no. 3, pp. 14-25. https://doi.
org/10.32782/3041-2080/2025-3-2.

15. Ivanenko O. 1., Dovholap S. D. (2023) Zastosuvannia ferytnoho metodu dlia zneshkodzhennia toksychnykh
hazovykh vidkhodiv [Application of ferritic method for disposal of toxic gas wastes]. Ekolohichni nauky, no. 2(47),
pp. 228-231. DOI https://doi.org/10.32846/2306-9716/2023.ec0.2-47.37.

16. Dey S., Dhal G. C., Prasad R., Mohan D. (2017) Effects of Doping on the Performance of CuMnOx Catalyst for
CO Ocxidation. Bulletin of Chemical Reaction Engineering & Catalysis, vol. 12, issue 3, pp. 370-383. doi: https://doi.
org/10.9767/berec.12.3.901.370-383.

17. Kuznietsov S.I., Venher O.0., Bezpalchenko V.M., Semenchenko O.O., Ivkina Ye.S. (2025). Classification of
methods for sanitary purification of gases from nitrogen oxides. Visnyk KhNTU, no. 1(92). part 1. 2025, pp. 105-114.
https://kntu.net.ua/ukr/layout/set/print/content/download/123902/691205/file/Bicank%201(92),%201om%201.pdf

18. Kuznietsov S. 1., Malieiev V. O., Bezpalchenko V. M. (2019) Vysokotemperaturna neitralizatsiia nitrohen oksydiv
u vykhlopnykh hazakh sudnovykh dvyhuniv [High-temperature neutralization of nitrogen oxides in the exhaust gas of
ship motors)]. Zbirnyk naukovykh prats Natsionalnoho universytetu imeni admirala Makarova, no. 2 (476), pp.73-76.
DOI https://doi.org/10.15589/znp2019.2(476).11

19. Kuznietsov S. 1., Kachuk D. S., Venger O. O., Ivkina E. S. (2024). Method of neutralization of nitrogen oxides
in area of low-temperature plasma. Pytannia khimii ta khimichnoi tekhnolohii. no. 2(153), pp. 32-39. http://dx.doi.org/
10.32434/0321-4095-2024-153-2-32-38

20. Kuznietsov S. I. (2003) Sposib ochyshchennia vidkhidnykh haziv kotelnykh vid oksydu vuhletsiu ta prystrii dlia
yoho realizatsii [Method of cleaning boiler waste gases from carbon oxide and a device for its implementation]. Patent
UA 62855A. (in Ukrainian)

Jama nepwioco Haoxoocenns cmammi 0o sudanua: 12.02.2026

Hama nputinamms cmammi 0o OpyKy nicisa peyenzyeanna: 17.03.2026
Lama ny6nixayii’ (onpuntoonenus) cmammi: 07.05.2026

79



